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Motivation

e Turbulence and the associated transport is known to
be the most important transport channel for
degrading confinement of hot plasmas

eIncreasing interest in understanding the momentum
generation and transport in magnetized plasmas :
importance for confinement scenarios

e Momentum is now measurable in Tokamak devices
and results on momentum transport are becoming
available, understanding is still lacking

e Discussion of momentum transport in simple
models, with illustrations from simulations and
experiments
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Momentum density

Toroidal magnetized plasma

N,

Momentum density (mass = 1) :
¢ Mo= M) = (nv)

(-) averaging over ° ux surface

Toroidal momentum density : My = (My) = (nvy)
Poloidal momentum density : My = (My) = (nvy) -
Consider here the B-perp momentum density and flux
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Anomalous transport in turbulent plasmas

i

Radial transport across confining magnetic field

Particle density flux :
Lo = (T) = (nv,) = ()

Energy density flux :

~

Qo = (Q) = (nTv,) = no(Tv,) + To(Rv,) + (RTv,)

Momentum density flux (poloidal momentum):

~

[Ty = (II) = (nvev,.) = no(Ve¥,) + vVeo(NV,) + (VT )

Reynolds stress term: Passive convection
turbulence = flows
n=ng+nT=Ty+T,v=1vy+ 7, (v,0=0)

Myra et al Phys. Plasma 15, 032304 (2008)
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Impact of fluxes

e Particle and energy flux degrade confinement and
provide hazards to plasma facing components

e Momentum flux is not directly harmful in the same
manner, but momentum flux sets up plasma

rotation and zonal flows that control turbulence and
transport

e Momentum flux is thought to be instrumental in the
L-H transition in Tokamak plasmas

eIn absence of sources and sinks:
Global momentum is conserved : 0; My + v,0, My = 0

No global spin up! Bi-polar flows excited
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Example: Turbulence - flow interplay

i

Turbulence model: ESEL - 2D interchange dynamics

A self-consistent description of fluctuations and intermittent
transport in the edge/SOL by employing the RIS@ ESEL ( Edge SOL
Electrostatic) model for interchange dynamics that:

* include separate plasma production ~“edge" and loss region ~"SOL",
« allow self-consistent flows and profile relaxations,

» profiles and fluctuations are NOT separated,

 conserve particles and energy in collective dynamics.

Results agree well with experimental observations!
E.g., TCV, Lausanne (Garcia et al. PPCF 48, L1 (2006)) and JET (Naulin et al IAEA-2006))

Garcia, Naulin, Nielsen, Rasmussen, PRL 92 165003 (2004 ); Phys. Plasmas 12, 090701
(2005); Physica ScriptaT122, 89 (2006); Fundamenski et al., Nucl. Fusion 47, 417 (2007).

Risg DTU International Symposium on Cutting Edge Plasma Physics 26-08-2009



Energetics and Energy Transfer

DTU
o>
e
o
ED T T T T 1'3 T T T B T
4 U eeeeees ; 54107 x Ky
i SK —— 7] : 10% % Fp
: ; ! .
40 1 8r ¢ : .F. : 7
: I :
35 S - . F @i
S PG N FUNE U O U - T
- oL ' N AT P S RN - SN TR T
) WA . 'I;l L ; ﬁ-ﬁ;‘_j‘ = :,.ﬁ"?'f::' éhf-'-'r$\;i*;;%'6"-$: 5 A E «'-h.';-."': .
25 | | ) S AL I LA EE R I
1 | ' = E
20 - ﬂrﬁ \ | a 1 4r ! .
154 lh'l ﬁul |‘ / |iﬂ || i
| AR ENYE l
10 F/ |/ ' L N4 2F ¥ g
N AR VY IRV BV Yy (A P
— | | I"\.-'II |I | ] | \ |"'IN'1I}|' ,"H"I || i ||L-.‘M
0 \q\ﬂ{ ! ! v ! 0 v |II I"""Mm K}'J L'fj lvl |.1-—"I- IIlu'JJ | |\"‘/~
1 101 102 103 104 105 1 101 102 103 104  1.05
10°%¢ 1076 ¢

Bursting : Kinetic energy contained in the mean ("zonal flow”),
U, and in fluctuating motions K.

The collective energy transfer terms F, (from potential energy in
gradients to fluctuations) and F,, (from fluctuation to flows)
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Spatial structure during a burst

i

Particle density (left) and vorticity (right) during a burst (4t = 500)
Blob like-structure in plasma density and dipole structure in vorticity
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Potential Vorticity, PV D1u

S
o

PV - originating from geophysical fluid dynamics - is a quantity
conserved on a fluid element along the Lagrangian trajectory.
Rhines Annual Rev. Fluid Mech 11 401 (1979)

Plasma case: ion momentum 0 W + We
equation for cold ions: PV -,
similar to fluid PV.
| |_ r_ ui | | 10 9
Intrinsically 2-Dim equation, = (% +v-V)Q2=0

ion vorticity o (¥ xv)

Conservation of PV dictates the dynamics

Effective mixing homogenisation of (; provide zonal flow < >
Rasmussen et al Physica Scripta T122, 44, (2006);
Basu et al. Phys Plasma 10, 2696 (2003)

Recently, applied to momentum transport in magnetized plasma
by Diamond et al (PPCF 50, 124018 (2008)).
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Potential Enstrophy Evolution I

i

Applying the drift wave scaling: fluctuations around a
background density, PV expands:
~w-—mn, Q=0+ v is the E x B velocity

(convection velocity)

dQ 990 0 -
E—E—FUTW—I—V-VQ—O

Conservation equation for potential enstrophy,(2?):
0% + 0, (v,2) + (0,9)20,00 = 0

The poloidally averaged flow

~ 2
Oyvgo + O (v,0p) = 10 vgo — Vg0
Diamond et al PPCF 50, 124018 (2008)
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Potential Enstrophy Evolution I1I

~
~

Applying:  0,.(v,vp) = (v,0), (v,.92) =(v,0) — (v,7)

to obtain the zonal momentum conservation:

9 ( (02) ) 0, (0, ?)
Voo — — — < + ,u@ Voo — VVgo

ot 20, 20,€)g
T ‘ T \ N\

zonal velocity enstrophy transport  particle flux dissipation

wave momentum density

Poloidal flow connected to particle flux
Flow structures regulated by dissipation profiles
Stationary turbulence cannot excite zonal flow in absence of "RHS”
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Momentum Transport by Blob

MTI
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«10° Momentum Transport hyper t = [17500, 18500], n =[13, 13], x =[130, 130], Y, = 10
1.5 T T T T T T T T T
Total
Reynolds Stress
Convection
3rd Order E S E L
1k - . .
| simulations,
modelling
probe
0.5 —
= measurements
>
A .
2> in the SOL
g
v
0 <A
-0.5 —
_1 | | | | | | | | |
1.75 1.76 1.77 1.78 1.79 1.8 1.81 1.82 1.83 1.84

Time [ o_x 10°]

Components of momentum flux “measured” by probes in the SOL
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Momentum Transport by Blobs
Expanded scale.

x10°
1.5

Momentum Transport hyper t = [17800, 18100], n = [13, 13], x = [130, 130], y, = 10
I I I

Total Probe
Reynolds Stress Probe
Convection Probe
Total 2D

® Reynolds Stress 2D
A Convection 2D

\
1.785

\ \
1.79 1.795

|
1.8 1.805 1.81
Time [ w,x 10%]

Blob carries its momentum along
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Particle density flux in H- and L-mode in

ASDEX UG

Particle density flux [
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Probe measurements in the SOL of Asdex UG during ELMy H-mode
and L-mode.
lonita, Schrittwieser et al EPS 2008
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Pdf x stddev(I" ) (m”s™)

16

PDF of the particle and momemtum DTl

density flux in the SOL

Similar statistics!

Ionita et al/, ICPP - 2008
and to be published
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Renormalized PDF of momentum
density flux, 7, in H-mode during
ELM activities, in between ELMs

and in two L-mode cases.
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Momentum Flux in the JET Edge Plasma 0TU
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Summary

e Momentum transport and balance in magnetized
plasmas are governed by the Potential Vorticity
“conservation”

e Momentum transport is strongly related to
particle and energy transport

e Transport events, blobs and ELM structures carry
momentum along

e Momentum loss in the SOL important for flow
generation in the plasma edge

e Full 3-D description needed for poloidal and
toroidal momentum balance
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Thank you for your attention
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some details
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Model Equations: ESEL

2D model for cold ions and quasi-neutrality n; ~ n. = n.

o . L — . A _ 2
Vorticity 2 =V X up -2 =V] ¢ 2D interchange dynamics

dn n n
U s 0(6) — CnT) = V- (vepb(Vn— ovr) —
i C(0) ~ClnT) = V- (vep2(Vn— V) &
dp 5 5 3 p
— — —pC —C(pT) = =V - (kL VT + v.p>Vp) — —
o~ 3PC(@) +3COT) = 5V - (kLVT +vep,Vp) T
df) Q)
ar C(nT) = VQV?LQ ~ . (—0¢)+—— sheath dissipation
€2
Advective derivative and curvature operators defined by
d 0 1 . B 1 . B 1
%—E‘FEZXng-V, C—V(E)-ZXV, B(a?)—l_i—e_i—cx.

In SOL particle transport along open field lines: modelled by linear damping

21 Risg DTU International Symposium on Cutting Edge Plasma Physics 26-08-2009
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Geometry in the Simulations
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Domain L, = 2L, = 200, resolution 512 x 256, xrcrs = 50. SOL damping rates
on = 0q = or/5 = 3(/2mq with ¢ = 3; magnetic curvature € = 0.25, ( = 5 x 10™*%;
collisional diffusion v = 10~2; timespan 4 x 10°

@
,&) periodic
OO --------- F---------— -
@ \ 22 — ASH
? S o exp (—25§> o x 1+ 3 tanh ( 5 ) {!)
I
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I |
2| & -
SIS I
I R . . . . . ~
S P, P, Py P, Py Pg Py |
[ .
- J I
(@]
______ F_________________________-

T = / T =\1 =1L,
Edge region \ Scrape-off-layer, SOL, Parallel flows: damping
Last closed flux surface LCFS
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Instability, Energy Integrals

i

Interchange instability: N = —B’(py — 2B’

s B’) <0 instability at low field side.

Define the kinetic energy of the ° uctuating and poloidal mean motions,

vo(z,t) = Liy fOLy vy (Z,t)dy = O¢g/0x:

K(t) :/% (vﬁs’ * iz, U(t):/%vgdf.

Energy transfer rates from thermal energy to the ° uctuating motions, and from
the ° uctuating to the poloidal mean ° ow:

Rt = [ie@dz,  F(0 =[5, 50

v —_—
Y Ox

F, is also a measure of the turbulent energy transport.
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