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Outline EPP?}
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Introduction WPP'&

> Understanding of momentum transport is behind of that of
particle transport and heat transport

» More interest in momentum transport, because toroidal rotation
Is beneficial to MHD stability (NTM & RWM)

[Fietz PPCF 55 (2013) 085010] [Bonderson, PPCF 45 (2003) A253]
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Introduction

[FPP

"> Toroidal rotation also plays a key role in dynamics of

confinement improvement
» Equilibrium radial force balance

Ug higher (lower) by turning off
(on) RMP coils

o je @: ¢ eiZlini VrPi

toroidal flow poloidal flow

O L-H transition: V.P; and Uy dominate @edge

O H-VH (very high):

Uy dominates @core
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Introduction

> Momentum transport equation

0
a(Tqub) + V. Fr,gb = T(p

0T, ,: turbulent momentum flux

74 torque including driving and damping, external and
self-generated

» Driving: neutral beam injection, JxB force (orbit loss,
electrode bias), turbulent source/sink

= Damping: NTV (neoclassical toroidal viscosity), charge
exchange between bulk ions and neutrals
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Introduction WPP'&

> Turbulent momentum flux: Triplet term

[y = (0)(5, U YU )5,y (5,0, ) 5 07T

o(Ug)

r

» Reynolds stress divided to terms o
of (U)

and (U ), and independent

o~ d
My = (7:Up) = —X¢ %ﬁb) + Vo (Up) + My res

4 x4 Diffusivity (Viscosity)
V,: Pinch velocity

11y es: Residual stress — non-diffusive & non-convective term
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Introduction WPP'&

d 1 ( T
—= (P¢)dr = nm& - (r)(U¢(r)) [y, res(r)) + = f r'tedr’
S B ~
Diffusive flux Pinch (convective) flux || Residual stress &
Co: (Ug)’<0->ctr torque || Can be in or out momentum source/sink
Ctr: (Up)*>0->co torque | |
' Flatten or steepen Intrinsic rotation drive
Flatten

» Rotation profile is a key:
 Diffusion
d Pinch

» External momentum drive may not efficient in future reactor:
O Intrinsic rotation
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Outline [FPP2

€ Part |: (toroidal) momentum transport and intrinsic rotation

> Introduction

» Reynolds stress

A Diffusion « Two review papers:
d Pinch v Diamond et at., Nucl. Fusion 53 (2013) 104019
> Intrinsic rotation v Ida and Rice, Nucl. Fusion 54 (2014) 045001

 Residual stress
 Beyond residual stress

€ Part |l: turbulent acceleration and momentum conservation
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Reynolds stress - diffusion

d(Ugp)
> Hr,qb = —X¢ a7 T %(Uﬁb) T qu,res

» Early 90’s: toroidal momentum diffusivity (viscosity) Is
comparable to heat diffusivity, x4 /x;~0.8 — 2

» Rough agreement with theoretical predilections based on ES
ITG or TEM turbulence

Trrrr[rrr1rTxyriarT rTTr1r 71T 71T T 1T
"] I il Al ! |

A

2

4ff
x? (m®/s)

[Scott S.D. et al, 1990 Phys. Rev. Lett. 64 531]
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Reynolds stress - diffusion

[FPP%

» Different observations on JET [ de vries, PPCF 2006 48 1693]

Momentum diffusivity [m%s]
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Momentum pinch? &

Possible heat pinch?
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Reynolds stress - pinch (convection) WPP??

(U ) .
» Mg =—xp— + V(Ug) + Ty ,ps [ deVries, PPCF 2006 48 1693]

5 _ —_—
@ Experiment @JET . w045 Simulationby _L

=5 5} 3} © kp=0.15 GK\W/ ]
Y = | T
<3} _+_ G I -
>—9— ol ——
T 2} _+_ 9 I ‘ |—‘*—

1t i_+_ ol —e—

0

1 A — == |
o.g | —— e e

0 0.1 0.2 0.3 00 0.‘.05 0?1 0.:|5 0j2 0.:25 0.3

€ £

> )%fvl after including momentum pinch

» Agreement between experiments and simulation
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0
> Mg =y LA G U)  1ly e IO

or
1.8 prrTeme e e e
__ tPeaked rotation profllé 120 -w.-E;-- T (Ib) - n.a"l\'/llod'dlét'for} ......
E 1% 1 2 | | € 0.2f amplitude (c )
2 i | 90} s F,
%05: \’\§ i ©  [Modulation ] T 0.1t 3
~I 3 ; [ 3 3
- : \'\g < E :phase 1 L a :- n 1 1 L 1
N T N : 10° ey = 90
- 3 o 10
2| 1 @4 (d)ig 25
'Tm 2 F 1 .,E_. 1 E OF
E s o .
¢ / \ K 825
x 1F : : -50
s | offfaxis torque\z 0 0.20.40.60.8 1 0 0.20.40.60.8 1
% r/a r/a
T [ Yoshida M. et al 2008 PRL 100 105002 |

[ K.Nagashima et al., NF 34 (1994) 449 ]
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Momentum pinch - theory

» TEP (Turbulent Equipartition) pinch from gyrokinetic theory
(Hahm PoP 2007, 2008, Gurcan et al., PRL 2008)

U R
(0 +vEg-V) (I ;m]) ~ 0

magnetically weighted angular momentum density is a locally
advected scalar due to toroidal geometry

-> angular momentum pinch — similar to TEP particle pinch

TEP __ 2FballoonX
Ang - Ang:
Ry °

» Coriolis pinch from fluid theory [Peeters PRL 98, 265003 (2007)]
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Outline EPP?}

€ Part |: (toroidal) momentum transport and intrinsic rotation

> Introduction

» Reynolds stress

O Diffusion « Two review papers:
d Pinch v Diamond et at., Nucl. Fusion 53 (2013) 104019
> Intrinsic rotation v Ida and Rice, Nucl. Fusion 54 (2014) 045001

 Residual stress
1 Beyond residual stress

€ Part |l: turbulent acceleration and momentum conservation
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Intrinsic rotation EPP% \

» (change of) rotation without direct external torque

]D I T T
14 T T T T B B BT G N O LR N [N
ongi  JIPP-TIIU i . %12 wal Ohmic and ICRF H
e NBI+ICRF T co / il modes @ C-Mod« \.:\ )
> 1.0 MA P ]
. -
10 % 0.8 MA o Y 6T
- w o oOw’
Q) @ | A0.6 MA - P e
a € 8 K. OO O -
‘E i &%\-\‘ S OB
=< 2 - @ Ohmic éﬁé\z -
= 3 6 S A O N
> < [2<\

_ _ X X 3
ctr-direction i
—40 I : : o) IFEFEPE PP BRI ST B EPEPE B
93 98 103 108 13 ) 20 40 60 80 100 120 14C
RADIUS (cm) AW/ (kd/MA)
[1da, Nucl. Fusion 31 (1991) 943] [Rice, Nucl. Fusion 38 (1998) 79]
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Intrinsic rotation WPP% \

» Zero toroidal rotation with unbalanced NBI torque

> DIlI-D #lngg No rotation with external torque
2 100k 3 co-NB source phase = Intrinsic torque ~ 1 co NBI torque
E 1> Momentum pinch cannot explain due
= 0 . to zero rotation
1 co+2 counter phase [Solomon, 2007 PPCF 49 B313]
00 05 10

P

net momentum 1nput to the plasma from the imbalance of neutral beams. Hence, we must

either have al@nalﬁus source of @iﬂ the plasma balancing out the residual from
the 2 counter+1 co neutral beam sources, or alternatively we are not accounting for all

possiblecmomentum fluxes (e.g. other oftf diagonal terms, or the residual Stress21]). As
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Intrinsic rotation — residual stress WPP%

0(Ugp)
> Hr,qb = —)(¢ ar + Vp<U¢> + H([),Tes

» Experimental evidence of residual stress
Without NBI with ctr-NBI

. ' = [
10_""!""!""l'"'l""l_
0-5‘TEXTOR| | Té? - J-TEXT @ A
_"___I__,_\I_{-_N.-_ é@ 0}“{+“""’§H'H‘"‘$§H&{ -‘:‘
| > . EB source region 3
10
.| AR I B I s A
— el - +nEB
|5 ‘e 1EwygResidual force |-,
. — g 05;_ »+nEB+ntransr
_______________ 2 L (c)
o 2 o ﬂﬂﬂm 14
A .o =d<V, V> /dr - Gisk ‘H ‘fé
700 1m0t IDs A 178 @ UF sssdssisssibiisa
B ' —l ' ' b0 /e, -1k ! ! ! 1 ! ‘
Vi 45 46 47 4B 4945 46 47 48 49 20 15 -10 -5 0 5
r (cm) r (cm) Ar (mm)
[Xu, NF 53 (2013) 072001] [Sun, NF 56 (2016) 046006]
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Intrinsic rotation — residual stress LFPP 22

0{Ugp)
Mg =t L 4 (U, + e

- ~ \R
» g res = (vrvll> X Xk kyk|||¢k|2 X X kgzleslqbklz

=2k symmetry breaking is required for non-zero residual stress

Symmetric: balanced counter-
propagating wave populations -
Hgb,reSNO

— Asymmetric: imbalanced counter
balanced counter-propagating wave
populations 2 Il ,.cs # 0

& >=0 520 What are the mechanisms?

-- asymmetric turbulence intensity
[Gurcan, PoP 14, 042306 (2007)]
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Intrinsic rotation — residual stress LFPP 22

> k| symmetry breaklng by ExB shear Gurcan, PoP 14, 042306 (2007)

)(EH "‘_£+} (x qvﬂ X

}{'"~k B=0 surface (x = 0)

Shifts in the ion Landau resonant points Shifts of the turbulence intensity

X
_ _ ky=ky,—
» Without ExB shear: w + kjv; =0 YL X t/Lg =
y
+7
X: w
= ——= —>asymmetr
> With shear: w — k), Vg, px + kyv; = 0 P kyvi(liV,gXBﬁ—j) asymmetry
+7 -1
Sshift: ~ =S¥ V2 @ryy  Ls P sign depends on the

LS LS Wxe Ln Vi

turbulence modes
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Intrinsic rotation — residual stress ﬁ”’??

> k| symmetry breaklng by ExB shear — experimental evidence

— [ (O) L LOW ne 1= Maximum residual stress vs the local EXB
;i- st TEXOR : "% | shearrate >
5 6} § 3 & .  Critical shear rate for k; symmetry
ER | AV J .
= 4l Highn, | & ] breaking
=Ll *iL-g ) O ‘  Residual stress increases with
- ; - Increasing shear rate
: 0-301 (b) %@ )
& 0.25F AR O . _ _
Ny Py B 1= Higher EXB shear rate = higher cross
X sl #%3x o | correlation
> . * ° ]
WX 0.10F . &H :
V oo}  —E |
0.00[__ . . l -

ExB flow shear [10° s7'] [Xu, NF 53 (2013) 072001]
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Intrinsic rotation — residual stress WPP??
» k;, symmetry breaking by intensity gradient

‘ . , Iy T
DR o) =
osf Q) s ."\ ,‘ \\ M -| kp)=0 | s+ D)
| I | || | |
08 |- 1Y - 4 o8t
4 (J: ) * '| I
07 [ e 4 07F
+ - | € (5[1' ) Y
e(x) = |xl® | | 4\
6 [ l‘+ B . O.Gi*— i -
. +
05 - |+ i i | |
, | 05 h / A
04 - + 41 04t [+ x
[+ . '+ P
03 - '.' n1-1- 4 03} f £
f +f + +|' :
02t | * /l -}/ 4 02t '+ [
J Y | T 5
01f [+ /+ - Jr 1 01 ++ &
/S o+ ¢ 1 ! / '+ s
0 A+ / & 5 ol O L -1
0 02 04 10 02 0.4 1

~ ~\R
> g res = (vrvll> X Xk kykllld)kl2 X D kf,Lisé‘(x)

el e )
cx |.—o  [Gurcan, PoP 17, 112309 (2010)]

== Mg res #0

elx) = =(0) + x
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Intrinsic rotation — residual stress

[FPP2:

Selective
Symmetry
Breaking
&
Physics of
symmetry
breaking

mechanisms

Relevant Stress
and Mechanism

Spatial
Structure

Key Physics

Macro
Implication

k, from spectrum
shift (config.)
or eddy tilt
(ballooning)

Centroid shift
induces mean (kj)
from 1 direction
acoustic wave
asymmetry

Tres ~ (UE)'.
Intrinsic torque
peaked at barriers,
steep gradients
Tres Can flip
with mode change

[Diamond, NF 53

(2013) 104019]

vy, I’
ntensity gradient

k, from spectra
dispersion due

II

Spectral dispersion
from intensity
gradient. Linked
to L Reyn. stress

Tres ~ 1’. relevant
to barriers but also
for more general
inhomogeneity.
Can change with
mode change.
Related to temp.
profile curvature

Stress from
olarizatior

acceleration
(E,V29)

(krk | |¢k|2)
stress due
radial 4 parallel
propagation,
(r,]) tilting

G.C. stress from
acceleration due
polarization charge
(k.k,) # 0 needed

As yet unclear.
Merits further
study. Linked to
mode v,r
and can flip

Stress from

8. (i
> (@) = Bo(JD
—> toroldsa

torque

(r, 0) tilting,
as for ZF

Same as
for ZF

J x B torque
originating from
polarization flux
I # 01 <krk0) # 0

needed

~ universal
mechanisms, closely
related to ZF,
tied to I’ and Iy
structure. Flips
with v,.. Merits
more study.
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Intrinsic rotation — beyond residual stress WPP%

» Total momentum flux: [ 4 = (n)(ﬁrU¢)+(U¢)(ﬁrﬁ)+(ﬁrﬁﬁ¢>

O Exp: nonlinear toroidal
momentum flux is strongly

Increased.
: b) case B O Theory: May contribute to intrinsic torque
a |[TORPEX. ... in strong turbulence regime, such as blob
= - | 1 ' ejection at tokamak edge plasmas
R O S T (R
‘-‘.ﬂ:ﬂ I {1“; v" Wang, Wen and Diamond, PoP 2015
P CETE v Kosuga, Itoh and Diamond, PRE 2017
= i ] B v Li, Li and Gao, NF 2019
:-_5 .................. :.. (ﬁrﬁUqB)-
5 z[cm) © S

[Labit et al., PoP 2011]
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Intrinsic rotation — beyond residual stress ﬁI’IW&.

» DIII-D: The torque from fluid Reynolds stress cannot explain
the edge rotation profile [Muller et al., PoP 18, 072504 (2011)]

2.5
2.0
1.5
1.0

Kinetic stress may be
needed to explain the
discrepancy

Thuid (meas.)

T (inferred)

2300 050 098 099 1.00 1.01 1.02 1.03
1/» normalized
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Intrinsic rotation — beyond residual stress ﬁI’IW&.

» MST: Kinetic stress driven intrinsic parallel flow has been
observed [W.X.Ding et al., PRL 110, 065008 (2013)]

Mean para flow 10- Kinetic stress force
» 0.5
£
< 0.0
| | | | | | -0'5_| 1 1 1 | |
00 02 04 06 08 1.0 00 0.2 04 06 08 1.0
r/a r/a

What’s kinetic stress?

Contribute to intrinsic torque?

- Part 1|
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Intrinsic rotation — beyond residual stress ﬁI’IW&.

» Turbulent acceleration — self-generated torque (force)

 Turbulent source for angular momentum
(Garbet, PoP 20, 072502 (2013) )

0,Lo + 0,11, =RoM) )

dTurbulent source for parallel flow velocity
(Wang & Diamond, PRL 110, 265006 (2013) )

0
a(”u) + V-1, = q

- Part |1
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Outline

Part I1: turbulent acceleration and

momentum conservation

» Turbulent acceleration of parallel flow
O Intrinsic flow drive by E.S. and E.M. ITG turbulence

» Consistency between turbulent acceleration and

momentum conservation

» Summary
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Outline EPP?}

Part I1: turbulent acceleration and

momentum conservation

» Turbulent acceleration of parallel flow
O Intrinsic flow drive by E.S. and E.M. ITG turbulence

» Consistency between turbulent acceleration and

momentum conservation

» Summary
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Gyrokinetic approach FFPP 2

» Starting from E.S. gyrokinetic equations [Hahm, Phys. Fluids 1988]

o dR b3 ffb”
&\ZFB )+ V- (EFB)_FE”({H FB)—U

Gyrocenter distribution function Gyrocenter EoM

» Taking the (0" and 1t order) moments to obtain equations for

A Gyrocne(ger density by 2= [ dudwv,
E?E + V- [({“”b + VExRB + Vde + Vd‘?) :-"1} =

 Gyrocenter parallel momentum per ion mass by %f v dudvy
9
ot

i P o
(n-l-“”) H#V - [—b +(VExB +3Vax + vav) nlj

m;

= |- [iﬁ - Vig + %B x (b - Vb) *w@U”] f > (7)

Tr;
: Momentum source

Similar to [X. Garbet, PoP 2013]
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Turbulent acceleration FFPP 2

> Mean parallel flow equation: — U" < [—( Uy) — Uy n]>

a— (U”) + V- HT,” = q Decouple density

t from momentum
1 ~ o715 on

@ = g <5??b . V’('ST?> — 2 < Tg Viv - V > <[ ||>

ed an ol
a7 . — —2— =9 ) 10
+ < IVav v ( 1} no T; >> ( )

d Local source/sink—turbulent acceleration

Q Ignored in previous works

O First term 1s dominant, and origins from parallel gradient of ion pressure
fluctuations

O It always exists, whether the magnetic geometry is toroidal or cylindrical
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Turbulent acceleration for ITG turbulence ﬁl’l"ﬂ

a” = vl,?hi <57/’\l1; ’ V6Tl>

» By using adiabatic approximation 67 = ?&ﬁ and linearizing
the ion temperature evolution equation 6T; = f(VT;, §¢)

» Parallel symmetry breaking is required. Intensity gradient
Induced symmetry breaking Is taken [Gurcan, PoP 2010]

_Tipi 2 2 0l

> 1f$§>0 and — > 0, a; > 0 co-current drive

» A new candidate for the origin of intrinsic flow--independent

of flow and flow gradient
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Turbulent acceleration vs residual stress ﬁpl’?ﬂ

» Mean flow equation: = (U} + 7 -1, =
d Residual stress is one component of the II,., so enters via its
divergence. Surface force—acting on the surface of fluid element

d Turbulent acceleration, a; as a source/sink. Volume force—
acting on everywhere of the fluid element

—

—>Surface force: F = — [V - Tl =-II,,|;2

—Volume force: F = [’ g
1

2
Can we write g, In terms of a divergence of vector (may plus
a curl of another vector) which has clear physical meaning?
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Turbulent acceleration vs residual stress ﬁpl’?ﬂ

> Mean flow equation: ~ () + 7 - 11, = g

dThe order of magnitude ;

A o5 = Pivtghl Zk(Re Ta)kgx® =X [Gurcan PoP 2010]

4 Lt
P Tlyres  To Lr L: scale length of I} ;..
— order of unity for L~Ly, T;~T,
= Turbulent acceleration is qualitatively different from,

but guantitatively comparable to the divergence residual
stress!

[Lu Wang* and P.H. Diamond Phys. Rev. Lett. 110, 265006 (2013)]
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Outline EPP?}

Part I1: turbulent acceleration and

momentum conservation

» Turbulent acceleration of parallel flow
O Intrinsic flow drive by E.S. and E.M. ITG turbulence

» Consistency between turbulent acceleration and

momentum conservation

» Summary
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Electromagnetic effects

» For low-p plasmas = electrostatic approximation
» Regions of steep equilibrium gradients, pedestal -
finite-B effects, electromagnetic contributions are important
[Scott B. Plasma Phys. Control. Fusion 39 1635, (1997)]

» DIII-D: The torque from fluid > MST: Kinetic Stress (related to
Reynolds stress cannot explain the  magnetic fluctuation) driven
edge rotation profile. Kinetic stress? intrinsic flow has been observed in
[Muller et al., PoP 18, 072504 (2011)] recent experiment on MST
- [W.X. Ding et al., PRL 110, 065008 (2013)]

25
201
1.5
1.0

Mean para flow Kinetic stress force

o E 20 - 0.5
S 0.5 -_— — E od_ - _ _ :')E

A0F 9e(Ly) Tiluid (meas.) = S 0o

a5f (meas) — e = =20 0-

- T (INTEITE - |
=4 | | | | | 40 I T I I I | -0.5
2900 050 098 099 100 1.01 1.02 1.0 0.0 02 04 06 08 1.0 0o o o4 o o8 1o
> normalized . r/‘a T
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Parallel flow in E.M. turbulence WPP??‘

» Mean parallel flow velocity equation from E.M. GK equation

a<U||) = e D
— V- (6Vexp,r0U;) + —— V-(6B,6P;) + e V-(6B,6¢)

(6116B,) - VP;

(67D » VSP;) +
m;ny m;ny

v Turbulent stresses: enter the equation by their divergence-surface force
O Kinetic stress [TXi" = ——(8B..5P,),

ming
O Cross Maxwell stress M2 = — (§B,.5¢)
v Turbulent acceleration: source or sink-body force
! (6716B,.) - VP;, new E.M. turbulent acceleration

ming

DaM=

> All terms directly related to magnetic fluctuation (1%, MM%* q,,) can
drive intrinsic flow. IIR®Y and ap also bear E.M effects through E.M. effects
on §U, and 6 P;.
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Intrinsic parallel flow drive by EM. ITG WPP%

GK Simulation : E.M. [ITG || Our theoretical results using the same parameters:
dominant in DIII-D pedestal top | | [Shuitao Peng and Lu Wang*, NF 57 036003 (2017)]
by GTC [Holod et al., NF 2015] Intrinsic flow drive Non-resonant part Resonant part
250 ' ' ' ' Residual stress force es 41,
nool | ZHESk (1-48.) —LGgsk 4< )
o I Kinetic stress force L _ es
£ 150 e LZH?&( 20f.) _LZHESk( )
— 1004——o—
' Cross Maxwell stress force ;EZHNR [
sk I ESk \Pe
. - - - > 1 135
g - - - - Total stress force ZHESk — 23f, izzk:ﬂgfsk 2 ( )
. _Eﬂn-__ __lTG
N _q00} T - 1 21, 1 43/ 387,
E‘; _:::z e _ Turbulent acceleration a, ZZ“?& 16(1 +Tﬁe) sz:ﬂgﬁfkj(l +mﬁe>
= - 1 A _
_sool KBM . 1 Turbulent acceleration ay, L_znggk 16(-4.)
250 0z 04 o8 o8 Total turbulent acceleration | 1 " kNR 16(1 17 LN pres 434,387
B (%) a EZHEM ( +Tﬁ") EZHES,I(7( +1_72Be)
~ 12 k 22
Note: M}, = psc3 'Zﬁ' koky|6¢k|; nggsk = ; /%p czkgﬁize z|6¢x|”. These results are
T
obtained in the limits w, ~ —2w,,, k| = kgps ~ 0.17 and k2 = 2k} for typical parameters of
2
. R?
the pedestal top region on DIII-D [28]. ,Be ,Be 5 ¢ =0.144
n
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Implications on MST experiments ﬁl’l’%

9(575B,)

w
o
]

MST arr . > Kinetic stress (676 B,.) is measured (57;
25+ - R
A v <o V>0 IS difficult to measure from EXP.)
~ 520'
< ~ ~oB -
g tgw oen38,) W% <o » E.M. turbulent acceleration ay, =
© %hw' 1 d
5 — (616 B,) -~ P; can be also obtained
oo 02 o4 o5 o8 1o if pressure profile available
rla
= oo (a) > For this case, (676B,.) > 0, and if
E o |Paraflow | _—_g—"" " ;
- EPL <0
-2 a,, < 0, l.e., contributes a ctr-torque
- ->May explain the data of parallel flow
=
= and intrinsic torque more consistently?
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Outline EPP?}

Part I1: turbulent acceleration and

momentum conservation

» Turbulent acceleration of parallel flow
d Intrinsic flow drive by E.S. and E.M. ITG turbulence

» Consistency between turbulent acceleration and

momentum conservation

» Summary
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Existence of turbulent acceleration ﬁPP??

» Another method to derive the mean parallel flow:

a(Uy) a(nUy) 6<n)
(1) auy) I

Py (n>[ <5U||a—5n) (6n—- 5U||)] Uu) <[%(”U||)—Un%n]>

= U,

with the mean parallel momentum density equation

(2) 20 = 7 - (Ve S (nl) ) ——\7 (8B,6P) — =-noV - (5B,59)
——<5n( V8¢ + 2‘”“"))

and mean density equation Cancelled!

(3) M = —7 - (8Vsxp 0n) — V- (6B,6(nly))

Linearizing density equation and parallel flow velocity equatigh to obtain

(4) (sy, %571) = —(8UyV - (8Vexsno)) — (6UV - (no(U)8B. )y~ (6UV - (6(nU))b))

(5)  (6n=5Uy) = —(6nV - (6Vexs(Uy))) ——(6n( V8¢ + =2 L)) — ——[(67b - V6P,) + (515B,) - VP}]

> Eqs. (1)-(5) also yield a mean parallel flow velocity equation
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Existence of turbulent acceleration m’l’%

» Two methods to derive the mean parallel flow:
v %(Uu) = <% [% (nUy) - Uu%"]}

. ouy) 1 [o(nUy) o(n) 0 0
VIl T = [ FER — (Uy) TE — (8U 5, 8m) — (Sn5:8U))|

— The SAME mean parallel flow velocity equation!
o{Uy)

— e —
7 + V- <6VE><B,r6UII> + o V. (6Br5pi) + E V. (6Br5¢)

(676B,) - VP;

(67ib « VSP;) +
miny m;ng

1 The turbulent acceleration DOSE exist.

A It is NOT because of simply regrouping terms!
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Momentum conservation m’l"&

» One frequently asked question: Dose the turbulent

acceleration of parallel flow contradict momentum
conservation?

> Answer: NO!

d lon flow (U;) and ion kinematic momentum (nU,) are different concepts!
The later one is strongly coupled with density.

O The conserved quantity can be either total parallel canonical momentum
carried by both species or total parallel momentum carried by particles
and field but not the ion kinematic momentum (nU,) or ion flow (U)).

d Turbulent acceleration DOES NOT contradict momentum conservation!

d We can also obtain the momentum conservation by summing momentum
equation over species.
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Momentum conservation ﬁpl’%

» Two equivalent momentum conservation equations: Aip.5=0

I. Canonical momentum conservation:

2

3 =~ Bvi
- Y(pis) + V - (8Vpsprmin;Uy; + 6B.P ——21,

 S¢b - Vo) = 0

v'Conserved quantity: Y.«(pys) = (mn;Uy; — nye; % 6A))

Kinematic momentum Magnetic vector momentum

Total momentum (particle + E.M. field) conservation:
2

9, c
E (Tflini U||i + m;n; ﬁ (5E X (SB) ||>

+T - (8Vgp,minUy; + 6B, P — < Loy, 5¢( V8¢ +222))=0

v'Conserved quantity: (m;n;U;; + myn; — = _ (6E % 6B),)

gr = 0D x 0B, where 0D = e0E
Particle E.M. field

€= .i*&.i;J'*.'{].—ﬁT |
[Shuitao Peng and Lu Wang*, Phys. Plasmas 24, 012304 (2017)]

E-
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Summary & Discussions FFPP 2

> Turbulent acceleration can also act as a new mechanism for intrinsic
rotation drive

» E. M. effects on intrinsic rotation in the edge pedestal are important

> Turbulent acceleration DOES NOT contradict momentum
conservation!

O Discussions: Turbulent electron momentum transport = Intrinsic
current [He, Wang and Zhuang, NF 2018]

- Interaction between turbulence and MHD
v" Intrinsic current effects on NTM

v Turbulence modulation by NTM
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[FPPZ

Thanks for your attention!
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