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l. Summa[y of Phenomenolog¥
K= W a) -

R ARIA Intrinsic Rotation Basics - a

Intrinsic (Spontaneous) toroidal rotation observed |

* H-mode phenomenology demonstrates Clear
phenomenology remains

* In H-mode:

= rotation typically co-current
- Avg ~ __\H',.fﬁ.. Ma ~ 3y (Rice et al.) .1

~ Offset in torque scan matches intrinsic
rotation (Solomon et al.)
N rnfﬁ.‘l\y v Me f’b f'r'ot\fv 1 6eq - v
* Observations appear consistent with rotation “
originating at the edge with transition (4)
- Observed co-current velocity builds inward '
from periphery (Ince-Cushman Rice et al.) "a

= rotation direction inverts at L—-H mode
transition (cevfeca ca )< )

I’ U'\QVMQ k IQ Z‘/



b) Boundary Condition Effects = JoL.=» Core Coup)in

‘n l=med e .
(¢ | A .
lai] wegs the dag -~ - i ) n-mm-omwsz.ﬂm
* Strong SOL flows observed with ¢ ; O ,2\ Ya
= strong ballooning" particle Lo 9.';‘ ,‘,' """3’:{ b
flux«~soutboard mid-plane source \S/ _,} b® f\ 4’
~ SOL symmetry breaking (LSN. (’ AN
USN)

* SOL flow correlated with A U

Increment in L-mode l.e. C-Mod
(LaBombard et al. 04)

LSN — 1% toward X-point -+ A co

USN — Vvr away from X-point — Ay,
But:




¢.

Indications of Off-Diagonal Momentum Elux
(Enfemal

* Historically, \« ~ \/ (S. Scott et al. 90, Mattor, P.D. '88), yet many

deviations from I’y ~ 1 observed . B <LZ (Paw) = oF deagonal T
Nent L

: . : . Compo
* \V Fl=driven momentum pinch suggested b‘mductnve analysis

(Tda et al. 2001 ) exfendcny /775 pafev

* Perturbation Experiments From JT-60U (Yoshida et al. 20086)
-~ npple loss + pulsed beams => pulsed torque
- inward | clearly indicated
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€.) Indications of Off-Diagonal Momentum Flux
C.c:'\‘f'u

‘rr'.suhml — ln.(‘c‘:\rlrc'd o ‘

perturbation Observed 'n - i-SCan on
JT-60U (Yoshida et al 2008)
1/

A4

residual coincident with region of steep V' /’,

- I’\riﬂecrtﬁ/ ‘ V aphean c'/\SQF‘g'CfW
Te -tccouﬁf'y wxpjomC‘/ag‘)af h".‘y‘\ .




T\ ConFPrentind the Phenemendlagy N Q- V4

OV ev g 1

W /
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Il.  Addressing the Phenomenoloc

P Ptructum o Homen o ng F7¢-4 -2 4o

, Focus: Off-Diagonal Momentum Flux in

Turbulence-lNWARQ COMPONENT?! J
- QwAy then e
- i Beyond “Diffusion and onvection"

~  Particle number conserved — [, ms ~D!§E2+V {n)
* pinchis only ‘off-diagonal” for particles 4

- but: wave-particle momentum exchan e possible!
y = (A)r{ﬂeyﬂ. S'YV,)"' (\/’> A

e = () elig) + tvg) (Bo)

X U )

c,‘l.",.l°...‘:' — - \'.' -——- - .+. l ~:l ‘;. + nf.".\.ﬁ.-ldi
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) Propecties of § Mes'd
— 5"Q’\ oL S° M’#Q(‘S - Co
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> Confrasf with pinch !

— Balonce w - th xy = L'V)a o pehol\

= eachcan play o tiffRrent e fons of
O e g/@

— Oﬂ‘)f oNe, 6\}0’\ of V ((O —. ('chf‘c()
X'y O’a"c‘ Lo I‘d'f"f'(b/).

—- Pach cCanneft awelerefe rolelioqa fam vest

RcG:'Juq / J"f'/héj" ) Ce\ (e,O'!‘u"//)/ d’&"‘/;' Cf"
from, a Pehch

N-8. Folely thet Pach end retduc| SIS worke oy e theys
o foran fﬁ+‘!l'{'/0\ﬂ ﬁfb‘{: /C?
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ll. Key Theoretical Issues - Foundetiong of
Mesn F;‘b/d/ @@ -L.
T’heof\/ e Momentum .

W hese. elo 2. 0. s Crmt‘@uwz
+ g ye

a) Wave Momentum (p.D*.et al. 2008) - o &fen semaplen Fo account fua

—  Momentum Budget: {Resonant * Non-Resonant > class e

Particles + Fields Q L Cengevugfien
“Non-Resonant" = “Waves" struciune

Wave momentum flux crucial for fluid-like DWT ey d fon coagen vefion

a) Calculating | b

- { = Hux of wave momentum?

origins of symmetry breaking?

—»

Necessary to compute radial flux of parallel mom. «» 1" — D turhy Ny
In simplest scenario, finite momentum flux requires: ‘
= radial wave flux «. (Uprz) £ 0

= Symmetry breaking «

(ky) #0 * c.e. Franspert of

Mmomentum of fon Mere

‘\‘fn nspe ent

Uiy /“/fc-'Qj = . % !




F:M'\*d'iﬂ o I

Wave Momentum Flux I.

* Proceed via Chapman -Enskog expansion (radiation hydrodynamlcs in

arge ogtlca depth limit) in Wave Kinetigs RIS

~ in short mean free path limnt expansion parameter given by: acwla a?
Tek (Vgr /Lt) . Texlve) ~ ¢ m\-]

(ﬂﬂ'vb
* Lowestorder: C, (Ni) =0 => sa-g"fted Spectrum’toto wave interactions
(N , 0N
* Nextorder, yields: SNy = —7, v, Vi) + To ko (vz) d (Nk)
b O k..




Wave Momentum Flux (cont'd)

chg@(‘i‘}S Uld‘up
*  Wave momentum flux: Slux A SPace, 4 Flux e bea
- > 8 K 4 ac\;l(z
“ — IkA: .'r\ ('1\’ N o '.r e y ,.k 4 0 o
v ‘/‘( {!{(L“ ] \iVk ) 7.k‘g af‘ +T'.kl% o(l[;) D/c,. }

2 06.3 L Mo ¢
dependent < N
* Second term « radiative diffusion of quanta 2 y >
- requires gradient in turbulence intensity profile (universally Increasing)
— related to momentum flux from edge? | = ‘Awerd

P relates sp eetm e % =D Lg) = co us
. Thirgwngwﬂ:'re r£ I0n induced wave population imbalance v

~ crucial for regimes of strong shear flow V4 \,.‘___)f Salirived  weve
—Mmost active near edge, or ITB Monteibons Ofox: o tr"‘“*(

-+sensitive to L—H mode transition. local steepening in V P

— mode dependence, via :— - posshbfe T/




Momentum Flux (cont'd)

. gl Mechanisms of symmetry breaking: —» Moments of W.K E
1. Influx: radial inflow of wave momentum :_ N ' T
- potentially critical in edge region e L
- gac;)tures possfble influx of momentum from influx SOL
N— E] Wind-up: mode sheared by poloidal velocity 5—",
.mosf -+ ala’ spiral arm | ~
cafenscvely requires magnetic shear, i.e. o1, /ol 0\ -J}/ AES Dose
§tudied —  critical in barrier regions, either pedestal or \ X |
ITB, but not limited to these l
3. Growth asymmelfry .
= enters due to parallel velocity shear - unlikely ~ Zir, ) = ﬂf s el <A
4.  Refraction due to GAMs — refractive force S 5.
- largely unexplored ~ (V! -

- likely to be most important near edge

Conelusion, - Residual Spress ancep fyally viable
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L_‘M Calecu qu‘(’o!;ﬂ‘ ,"Z

Physics of Residual Stress que Ve

.

* KeyPoint: —  (V,)' converts &) . Mest
poloidal flow shear into toroidal » s Tudied
flow shear via: asymmelry in wave outy e | 6uf‘v}_c_>'fJ
(0 particle momentum deposition bels ™ UNZUEC

* finite (v, ) + generic drift-acoustic
coupling “ | LK) o -

— shifted spectral envelope
(persists in torus)

' .\' -
l‘. ,u ! '.. - "

[S. Itoh, PF '92, Dominguez et al  PFB 93,

Dvarmond ef al., IAEA '94]
— special case of refraction-induced
‘winding” asymmetry ( See pmw‘bus)

¥ « directional imbalance in
— acoustic wave populations 2
— profile of momentum deposition
Dy ion Landau damping
~
blbke-f\ o‘ymw\ zﬁ)f c‘d R i)
Turbujence =d @k - eCfed
cnclyname fheoty,
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Toroidal Momentum Flux strongly correlated with 22>
Zonal Flow Shear in GTS ITG Simulations d

W Wang et al., Paper TH/P8-44. IAEA '08
PR L 205 7 :

Self-generated zonal flow

IS quasi-stationary

in global ITG simulations
Conversion: (no input V s)
Poloidal -+ Toroidal Zonal Flow
Strong correlation among
Zonal flow shear. ky Spectra,
Inward Momentum Flux
Mechanism:

Generation of Residual Stress
due to /;;, symmetry breaking
induced by ZF shear:

(extending the mechanism due to
N | S mean ExB shear)
time [Gurcan et al., PoP 07) &

r'i"mcl Structuves onl/ - e’:‘;:‘é‘g‘é;/um ot
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@ Turbulent Equipartition of Magnetically Weighted Quantities

2 o . : & e & =i
Turbulence Equipartition Pinch (TEP) of density has been = ‘

Yoty . . O
demonstrated via simple model with nonuniform B [Yankov ‘94, Naulin f & o of
o8| |

| . I/
(.l,u ' v . l.'l\'[.:') =t ‘-4\',: = 1) oy 4 Ve V)( ) ()

B
ala’ TCR) dave fn inferchany P B

> Extended to trapped electrons in tokamaks lisichenko ef al '97. Baker-MNR ?-"“*‘f‘/

3} ¢ R,
> Turbulence Mixing = Rglaxatio towards canonical proﬁ‘l-e?s V(’W, "’°J
(Garbet '05) & «fpea® <O phch above

# Inward Pinch in the observed field 1 as a consequence of a
tendency towards homogenization of the locally conserved field n/B

> For anaular momentum density sk of o Pol 20071

~ - o | nl R
(", (4.1 /z') ' V ‘ (u/ | /1'\'1."} ~ U V * Vi 38 i) l()f > Ve V' ( 1}-.;—) ~ ()
Comprtvh il dy ot ExG Velocty § ‘(e)/, @ge

- Inward Pinch in observed quantity nU R is a consequence of a tendency
towards Homogenization of the locallv conserved quantity nl_R/B?

=2 poeduced (T'EP p(acA.\ PR :‘;:ﬁ’ Frosen 7o 8}

- IR = Vo&:& :;:"ﬁfﬁ Y
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‘@ Turbulent Equipartition Pinch of Angular Momentum

(Hahm, Diamond, Gurcan, Rewoldt. PoP 2007 2008, Gurcan et al., PRL 2008]
From angular momentum conservation and compressible ExB flow

)y (l /»'i) + V - (' /.’v;;) ~= () V- v #£0 |

U R
e+ Vg - V) (fllf‘-'_) ~ )

Mixing/Diffusion of Magnetically weighted angular momentum nU"R/82

-=> Inward Pinch in observed quantity nU“

nam:«‘:\'iéi'ﬁ"UR/ B )::' = ... Quasilinear calculation ...

R
BZ

d :
'-‘-':-)f, ;;("U! )+ Vn-,,(ﬂ(/!)

with

(with definitions w.r.t. angular rotation freq: @, =U /R
also from derivation based on conservative gyrokinetic equati

Symmetry Breaking from Ballooning Fluctuations

= Density and Momentum TEP strongly correlated

“

= “Zawa %(”Usklgr)

10

~N
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Thermo-electric Pinch

Vru © Thermo-dynamic, piece of Reynolds stress related to 67;

Vi = 4<—2_Zkk0 Re (rc‘a)dl’5¢ X (‘YT;/T'))>

dependent on mode-characteristics (€.g., phase angle between

sensitive to gyrofluid approximation. dispersion relation.
and frequency broadening/shift etc.

Vi< 0 always (inward) for V., direction mode (TEM)
V> 0 typically (outward) for V., direction mode (ITG)

c.f. ITG-specific calculation DY [Peeters et al, PRL '07]

Convective Momentum Pinch also exists

r.¢ = (n) (0rd) + (vg) (5,7)
originates from particle
flx

oT and O¢ )



¥11_7_) Towards a snmple |llustrat|ve model

of lntnnsnc Rotatlon In H mode ‘ e

Key Elements:

/ H"  (Residual Stress) due (V;) and B.C.
o ——= Increment in rotation at L-H
— (Us) profile ~ (Up)

\ transition
$ \ A(VP)» AW,

'<\'F>&’_2!S.ﬁ9_ﬁ l,“dueY'\,;t()
(Ln)
—Couple to simple ExB shear-based L-H transition model
N.B. 1T/, decays with V)" slowerthan .. \i. D ...

&
Qﬂ/MM'{':)(

——— peaking on axis

tegiduqgl sTeess v 4U5>
— fix (V¢)at boundary - St p)et F

ey
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Opv = Yp 4D
Slmple Illustratwe Mode| — ot pert i o i
Conservation Laws:
9 19 | . | TEP Pinch for
‘.‘._*')+—‘(_(rr"}:.§"‘ rn:-' ﬁf')""'-le '(")',':""“.’ Mo‘“emum
3}7 rl (){’) I Jr : and Density
N 2 T T L, UL,
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IL. 108 M{\ I o
It e ) =16 wiere '§'= —safe) (1- i:’.’.’) o
Angular Momentum o or 2 \
WNG{’ V¢ quJ\J n (2"' - X o \ ")p Resid 1S
| = " ™ X1f—— esigual Stress
Radial Force Balance: A o due to ExB Shear
| ConVe vty [
E = T B, +uB, L-mode Turbulence Intensity 0
: (’c' : muw_h 4 only adjustable parameter
&
L= 0 e .
My 8.C.'s: Lé(a)sV‘s(a),'(a) - given
|+ ﬂ( ‘ “) \
ExB Sh ~ 4
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+»  Dimensional analysis for pedestal flow velocity
suggests scaling with width:

SCalrg wer hom
WDUNCe characisrstcs

T
Vo Vo, aXA,m/ GW)’@M/ a)

»  With the simple model linking width to height,

LK #*\“
where AW » - Incremental Stored Energy

» I, scaling not recovered for GB model-.
pedestal/edge turbulence issues?

- nyd ed moc{ e/
Modo‘l?s not q)::amitatively aocuée.

\

Jaty]” Predicts a scaling of the pedestal toroidal
PN VE'OC”}' with the pedestal width.

Vg ped % B ped P,

~  but recovers qualitative behavior

-

’ 4 ‘fc‘f’ao'q
o ede) +¢ H-mclea catansic fo
/':t’? ft!c(ec‘;fl st ruCfuve
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Physics of Boundary Condition Effects
* SOL Flows: LaBombard ot sl N& 04] ————n- b

“ballooning” particle flux
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Conclusnons what have we learned?

. Momentum Transport ---> Off-diagonal Flux : { Residual Stress
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* Intrinsic Prandtl Number in Stiff Profiles *#/4, < 4

* Off-diagonal I'1""““+ B.C. --> Intrinsic Rotation — folame fr- 45 —e a5 ne
~Model recovers essentials

A myd*"' 5.
Kce




Ongoing and Future Theoretical Work
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* Electromagnetics:

= Saturation of intrinsic rotation with ﬂ {McDevitt, Diamond. PoP 08)
~ Alfvenic waves in buming plasmas --> field momentum
Alternative Symmetry breaking mechanism :
Polarization effects = M®ev ff, of:af. 5cbmiffed = Plerpetin
GAMs and refractive force i
SOL effects ~> Ceaplae v VC"' P‘-‘-"Q

Poloidal Rotation4—+ cec. P /cd o fure, fa | wvie <VE>/
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= anomaly: off-diagonal elements
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SOL-Core coupling Dynamics Ap{: ;51 ,fif“ﬁi,?} ,‘;Q%roﬁcflgﬁ,j/‘u '
SOL Stress on Core —p, & oty Y=/, ~

Symmetrization at L-H transition > source for SOL? —p tefe wi #-
blobs and wave breaking

Detailed Modelling Work --—-> Specific Phenomenology
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Boundary Condition « SOL Flow-Core interaction ?
— dynamics/evolution auring slow transitions

-~ Low vs high neutral opacity regime comparisons
- SN vs DN comparisons
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— ITB regime intrinsic rotation - (R magnetic shear sensitivity — £ =

- Intrinsic Prathl Number in Stiff Profiles ? Cl‘_'*r‘g"
= Corrugated (1", ) Profile due Zonal Flows? |
Intrinsic Rotation in Electron-domina

ted Plasmas (ITER relevant!)
- CTEM as transport agent

Relative Stiffness of on channels ?
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Big Picture

"‘General Circulation in the Tokamak” as a fascinating and critical
problem?! - Cen wWe se¢f (F & (ea) science I

* Ocean/Atmosphere .
~ rotation (ea<th)
- continents
- solar heating
- eddys
- jets - zonal flows
-~ Hadley cells - poloidal flows
- annular modes - KH of zonal flows
- weslern boundary layer - pedestal

g, Lo

hierarchical structure of
‘global® flow pattern?






