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Understanding turbulence dynamics

* Turbulence dominates transport.

e Saturation mechanisms?

o Stellarator geometry —> decisive.

e Simulations: GENE code.2:3 GENE

* |TG, adiabatic electron response.
e | ocal: Flux tube domain.

* Craft a predictive model:

: " 1J.A. Alcuson et al, Proceedings of 45th EPS Conference on Plasma
X1 — f (GCOthT Y, LZTLBCLT' phy S1CS ) Physics, (Vol. 42A, pp. 841-844). [P2.1088] European Physical Society.
2F. Jenko et al, Physics of Plasmas 7, 1904 (2000).
3 See: http://ww.genecode.org for details
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What are the geometric features
that influence saturation?




Outline

Geometry in Wendelstein 7-X
Gyrokinetic turbulence modeling
Reduced transport modeling

Summary
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Configurations of Wendelstein 7-X studied F)

* Experimental flexibility allows:
Low lota

. High lota

» Standard configuration High lota

¢ LOW IOta 1.2 || e High lota
= Standard
- - -— pOlOZdal tu,rns 1 o9 — /
where: o2 toroidal turns g

» Impact sample frequency of: X "
0.9 -
-
« Good / bad curvature 0.8- o
* Periods of geodesic curvature 00 01 02 03 04 05

Effective radius
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Curvature determines turbulence evolution

Curvature definition:

kK=b-Vb =Ky + K¢
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Curvature determines turbulence evolution

Curvature definition:

kK=b-Vb=ky+ K¢

Surface of W = constant

C.D. Mora Moreno | Geometric Considerations for Zonal Flow Activity in Stellarators



Curvature determines turbulence evolution

Curvature definition:

kKk=b-Vb=ky + kg

where:
n| 9|
and
n=VV¥ g=(BxVV¥) Surface of W = constant
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Curvature features in Wendelstein 7-X

Curvature definition:

kKk=b-Vb =ky + Kg

where:
n g
KN =K — Ko =K*—
n| 9]
and
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Curvature features in Wendelstein 7-X

Curvature definition:

kKk=b-Vb =ky + Kg

where;
I g Magnetic field lines
KN =K — Bor= R~ —
n| gl T~
C}'/'
and -
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Curvature features in Wendelstein 7-X

(.20 -

0.15 1

(.10 4

Curvature definition:

0.05 1

0.00 4

Normal curvature &,

kK=b-Vb=ky+ K¢

—0.05 1

. - ] = Standard
where: e

30 -20 -10 O 10 20
n g Arc length €(¢)/a

‘nl ) |g‘ 0.1 - m— Standard

(.10 M
and;

().00 4

n=VV¥ g = (B x V)

lesic curvature g,

= —0.05 1
O _0.10 f

Different iota: ballooning angle —> arc length 0151

30 -20 —10 O 10 20
Arc length £(¢)/a
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Primary modes are localized
In “bad” curvature regions

* Negative regions; 0.20 -
instability growth. i
0.10 -

* High particle drifts

Normal curvature k,

0.05 - ‘ ‘

0.00 r'
—0.05 1
—0.10 - Standard
30 -20 -10 0 10 20 30

Arc length €(¢)/a
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* Negative regions;
instability growth.

* High particle drifts

* Exact eigenfunctions
peak at the center.

Primary modes are localized
In “bad” curvature regions

C.D. Mora Moreno

(.20 A

0.15-
&;
> 0.10-
= 0.05-
= 0.00 -
Z. _0.05 - \J

—0.10 A Standard

30 -20 —10 O 10 20 30
Arc length €(¢)/a
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* Negative regions;
instability growth.

* High particle drifts

* Exact eigenfunctions
peak at the center.

e (Gaussian envelope:
Drift well.

Primary modes are localized
In “bad” curvature regions

0.20 -
0.15-

Lﬁé

© 0.10-

= 0.05

= 0.00-

< _0.05 - \ /
—0.10 - Standard

—30 —2(] —1() 0 10
Arc length €(¢)/a
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Mode coupling through curvature is
characterized by periodicity

0.15 -
* Kgcouples ky =0 mode to - 0.10{ A N d
acoustic wave. 3 \
5 0.05 -
* (Geodesic scale: ki of the mode. = 0.00-
. g : ._2 —0.05 -
» Characteristic geodesic scale La. = \
O —0.10- j N
= Standard Configuration
—0.15 A Best fit
30 -20 -10 0 10 20 30

Arc length ¢(¢)/a

Ka, fit = |kg|sin (2w £/Lg)
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Geometry in Wendelstein 7-X
Gyrokinetic turbulence modeling
Reduced transport modeling

Summary

C.D. Mora Moreno | Geometric Considerations for Zonal Flow Activity in Stellarators



m m 0.10 4
Linear estimates of transport
- m ;().()bﬁ
Ignore saturation
:; 0.04 -
* ITG-driven turbulence. .
¢ Slmple quaSiIinear model: “90.00 025 050 075 100 135 150 175 200

Wavenumber &,

Tky
XoL :CIZ -2 XAky
k, Y
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- = 0.10 4

Linear estimates of transport

- - ﬁ().(]8~

Ignore saturation

» |TG-driven turbulence. “—

¢ Slmple quaSiIinear model: 00000 025 050 045 100 155 150 175  2.00

Wavenumber £,

e High lota

X A k:y Standard

Low lota

D

Yk
Xor = C1 Z kzy
k, Y

Heat diffusivity x;

Nonlinear GENE simulations
o

() 1 I T I Ll L) )
025 050 0.75 1.00 125 150 1.75
Quasilinear estimate y; ,,
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Linear estimates of transport -
Ignore saturation

Growth rate ~;

5 0.04
e |TG-driven turbulence. “ m

- °1. [ ] ()] ' ' ¥ ’ ' !
o Simple quasilinear model: o0 035 050 0F 10 135 150 175 200

Wavenumber £,

@ High lota

f)/ky @ Standard
XQ v i — Cl E : k’2 X Aky ® Low Jota
k, Y

)]

* Pre-factor C1 clearly depends
on geometry.

Heat diffusivity x;

Nonlinear GENE simulations
RO

 Saturation dynamics to be |~
understood. 025 050 075 1.00 125 150 1.75

Quasilinear estimate x., i
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ITG-driven turbulence induces Zonal Flows

* Primary instabllity: initial eddies. ) z

* Secondary instability: < ’i§—’..
» Poloidal elongated structures. ; 2
» Saturation through shearing. :

y/pn
(@)

MO|} |euoz

1
o
[}

I
(@p)
)

30

0
x/ﬂti
Radial direction
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ITG-driven turbulence induces Zonal Flows

* Primary instability: initial eddies. 2
30 N
. . . o
» Secondary instability: S 2
é -30 5—h
e Poloidal elongated structures. 8 2
g 60
o Saturation through shearing. s, N
-30 5—"
=

1
(@p)
)

o Curiosity:

x/ptz'
Radial direction

Image credit: NASA/JPL-Caltech/SwRI/MSSS/Kevin M. Gill
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Saturation time scales dictate dynamics
of the linear zonal flow response

10 -

o0

e Turbulence saturation time.

/

V=
1

Heat diffusivity x;

| R
1

—_—
S—

50 100 150 200 250 300 350
Time a /vy

£ \
-
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Saturation time scales dictate dynamics
of the linear zonal flow response

104
e Jurbulence saturation time. L
. | 1.0 1 g 6 \
* Linear potential response. f
0.8\ -
e Characteristics of interest: - =

50 100 150 200 250 300 350

* Residual potential.

Zonal Potential (¢, ¢(1))

0.4 1 e Be
* [ransient damping. 0.2
0.0 F=======mmmm == g m = === ===————=- -
™ 50 100 150 200 250 300

Time a /vy
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Saturation time scales dictate dynamics
of the linear zonal flow response

10 -

* Turbulence saturation time. 8

* |Linear potential response.

Heat diffusivity x

 Characteristics of interest:

100 150 200 250 300 350
Time a /vy

50

* Residual potential.

+ Transient damping. —

Zonal Pote tial (. r(%))

0 50 100 150 200 250 300
Time a /vy
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Saturation time scales dictate dynamics
of the linear zonal flow response

10 1
» Turbulence saturation time. o o
. . 1.0 1 : é 6 \
* |Linear potential response. \ &
= 0.81\\, b
* Characteristics of interest: & -
e Residual potential. {—’é 0.4 50 100 15()me‘zgt/)m 220 300 30
5
» Transient damping. ~ 02
g
e Residual is very small. 0.0=, SS alnininiinie -
. . . 0.2 +— , : : : ; .
* [ransient damping is 40 1 50 100 150 200 250 300
comparable. Time a/vy;

25
C.D. Mora Moreno | Geometric Considerations for Zonal Flow Activity in Stellarators



Saturation time scales dictate dynamics
of the linear zonal flow response

10 -
» Turbulence saturation time. o o
* |Linear potential response. &
= 0.84\\! =
* Characteristics of interest: & -
e Residual potenti al. % 54 50 100 15()Ti111923(/)z',,- 300 350
5
» Transient damping. ~ 02
* Residual is very small. AT, _——— —— ==
. . . =2 ) &2 I r T u r 1 .' :
* Transient damping is ! 04' 50 100 150 200 300

comparable.

Time a/vy; _ b
. Regions of interest
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Damping is determined by geodesic curvature

 Weaker damping —>
Longer-lived Zonal Flows.

 Low lota configuration

might see lower

zonal flow activity.

0.0150

rate oy
==
-
 —
-
-

¢
[

12 Irale

mpil

cl

D

0.15
s  0.10
0.05 4

= 0.004

O —0.10 1

-().15 1

Y
/ \ 0.0000

0.0125 -

20 ().0075 -
= 0.0050 -

0.0025 -

Low lota

Standard

High lota

145 150 155 160 165  17.0 175
Geodesic curvature lengthscale L. /a
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How do zonal flows impact saturation?

A numerical experiment

S mes  \Vith zonal flows

Without zonal flows

e /Zero zonal flow contrib.
at each time step.

—-—
C
1

* [ransport delta;

Heat diffusivity y;
'—l
-

AX _ Xno—zr — XzF
XzF XzF

O
1

| o 0 100 200 300 400 500 600
e Configuration impact? Time /v
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How do zonal flows impact saturation?

e /ero zonal flow contrib.

at each time step.

4_
* Low lota depends on zonal | \\_—_~

flows to reach saturation.

=

9
=7
<| -t High iota
s —— Standard
= R
> —¥— Low lota
-
5=
-

()-r——————"“—"'_—‘\\.__———-—‘

2.0 2.5 3.0 3.5 4.0 4.5 5.0
Temperature gradient a/ Ly
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How do zonal flows impact saturation?

e /ero zonal flow contrib.

at each time step.

4_
* Low lota depends on zonal | \\____(
flows to reach saturation. ‘

e Zonal Flows make no
difference for High lota.

-t High iota
= Standard
i |, 0w 10ta

Diffusivity Ax/x,,

ween \Vith zonal Hows
15 s Without zonal Hows /*\—ﬁ
= 0 -
£ 2.0 2.5 3.0 3.5 4.0 4.5 5.0
2 Temperature gradient a/ Ly
T
Y0 5 100 150 200 250 300 350

. ¢
['me a vy,
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Linear predictions don’t help...

* | ow lota depends on zonal

flows to reach saturation. .
* Zonal Flows make no o 5
difference for High lota. = —
b -t High iota
> - —— Standard
0.0150 oot % —¥—Low iota
0.0125 4 u::
= A 1~
& 0.0100
;f 0.0075 - Standard
= () - r————/‘\._——————i
5 (.0050 - ' ' ' ' ' '
A . 2.0 2.5 3.0 3.5 4.0 4.5 5.0
0.0025 on o Temperature gradient a/ Ly
0.0000

14.5 15.0 15.5 16.0 16.5 17.0 17.5
Geodesic curvature lengthscale L /a
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Linear predictions don’t help...

* | ow lota depends on zonal

flows to reach saturation. .
* Zonal Flows make no 3 5
difference for High lota. = e
1211 101«
> - —— Standard
0.0150 oot % —¥—Low iota
0.0125 - é
~ A 1-
= 0.0100 4
;f 0.0075 - Standard
3 )= A———/"\.———————i
= (.0050 - - - ' ' ' ' '
- - 2.0 2.5 3.0 3.5 4.0 4.5 5.0
0.0025 1 oo Temperature gradient a/ Ly
0.0000 - - : y= x, X :
e l5.g;(-o(I(‘slif-’('_)-ur\'m\}12;({(‘11g1.l1l?;17(_? L(,./il.l.o e What abOUt ZOnaI ﬂOW generatlcn?
32
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The mode distribution
Influences zonal flow generation

* Secondary modes .
depend on primary. P
2 0.20 1
e Strongest mode. <015
%:. 0.10 -
= 005
-

p—
~—
.

—
S—
—_—
N

—30) —20 —10 0 10
Arc length £(¢)/a
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The mode distribution
Influences zonal flow generation

e Secondary modes _ ] 73
depend on primary. o
£ 0.20 1
e Strongest mode. <015 |
T é()l()
» Space filling factor:’ 3 J\/\/J | \/\/
E(J()o
-
* Estimates toroidal

p—
pa—
.

—
S—
g—
N

30 920 —10 0 10 o0 30

d IStrI bUtIOn - | N Arc length £(¢)/a
* Configuration and gradient .12 "
-dependent. 0 =\/|Pp| /max ( Pp )

1 G.G. Plunk et al, Physical Review Letters, 118(10), 105002 (2017).
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The mode distribution
Influences zonal flow generation

 Secondary modes
depend on primary.

p—
Cc—
'-

C

! |

> 0:20 -

ude ||

11

o Strongest mode. $0.15-

apl

yulent mo
o
—

o Space filling factor:1

"= 0.05 -

* Estimates toroidal 000 L | | i »
dIStrIbUthn - - Arc ](*ngr(.-;] ((p)/a » v

* Configuration and gradient .12 "
-dependent. 0 =\/|Pp| /max ( Pp )

1 G.G. Plunk et al, Physical Review Letters, 118(10), 105002 (2017).
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* \Very peaked modes in High
jota.

 Mode Is spread more evenly
In Low lota.

The mode distribution
Influences zonal flow generation

-4 High Iota
= Standard
i |,0w JOta

2.0 25 3.0 3.5 1.0 4.5 5.0
Temperature gradient a/L;

o= |és|mnx (|
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Saturation dynamics within configurations stand apart

- High lota
il Standard
i | 0w lOta

3 \\

o o o

Space filling factor o

=
(—

0.0 —— ' : r : , :
2.0 2.9 3.0 3.9 4.0 4.5 2.0
Temperature gradient a /Ly

Diffusivity Ax/x .

o

Do

e
1

-a= High iota
- Standard
-t [, ow 10ta
2.0 2.0 3.0 39 4.0 4.5 5.0

Temperature gradient a/ Ly

* Evenly spread primary modes: efficient generation of zonal flows.

* Low lota: Stronger dependence on zonal flows for saturation.
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Geometry in Wendelstein 7-X
Gyrokinetic turbulence modeling
Reduced transport modeling

Summary
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What are the implications?

e /Zonal flow damping:
iInverted predictions.

* Lg: Rapid prediction of
damping.

 Improve phenomenological
transport models.’
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12" rat

a0

Dampii

).0150
0.0125 -
< 0.0100 -

0.0075 4

0.0050 -

0.0025 -

Low lota

Standard

0.0000

curvature K.

(Geodesic

High lota
14.5 15.0 1.9 16.0 16.5 17.0 LT
Geodesic curvature lengthscale L, /a
0.15
0.10{ A n d
\
0.05 4
().00) -
—-).05 1
~0.10 1 P oo
Standard Conhguration
~0.15 Best fit
—30 20 -10 () 10 20) 30

T M. Nunami et al, Physics of Plasmas, 20(9), 092307 (2013).

Arc length €(¢)/a
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What are the implications?

¢ Zonal ﬂOW damplng: Normal curvature

iInverted predictions. =

g 0.2
» La: Rapid prediction of 2

damping. g 01

* Improve phenomenological ¥ oo
transport models. £
-

—().1

®* KN—> O _ _ _10 10

Arc lonoth ((@)/a

T M. Nunami et al, Physics of Plasmas, 20(9), 092307 (2013).
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What are the implications?

o Zonal flow damping: Normal curvature
iInverted predictions. 5 | |
o 0.2 A
g \ »
* Lg: Rapid prediction of £ \
* Improve phenomenological ERY
transport models.’ £
—0.1

* KNT>0 30 -20 -10 0 10 20 30
. Arc length ¢(¢)/a
o Drift well: proxy for a.

T M. Nunami et al, Physics of Plasmas, 20(9), 092307 (2013).
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What are the implications?

e Zonal flow damping:
iInverted predictions. 1 o High lota »

& Standard

e Lg: Rapid prediction of * Lawlot
damping.

Heat diffusivity y;

)

 Improve phenomenological
transport models.’

* KG—>O 025 050 075 100 125 150 175
Quasilinear estimate x. )L

* Drift well: proxy for o.

e« Next: Extend QL estimate i = f (Geometry, Linear physics)

T M. Nunami et al, Physics of Plasmas, 20(9), 092307 (2013).
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Summary

» Basis for improved transport modeling dwells in the field geometry.

* (Linear) Damping predictions are in disagreement with observations.
 Low lota: Zonal flows have a bigger impact on transport.

* High lota: Highly localized modes saturate through other mechanisms.
» Space-filling factor o: Zonal flow generation.

* Qutlook: Build a reduced model with geometry features and linear estimates.
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Transient damping rate

as a function of the wavenumber

* Zonal flow damping rate
depends on the radial length-
scale

* Regions of interest: shearing
scales and computational “box”
sSize

* No significant variation
observed at large scales

e Small scales reflect the same
trend

=
oo

Damping rate -y

&
N

=
-

=
=
|

o
N

—®=— High Iota

—®— Standard Configuration
-—®— Low lota

== Shearing scale

Box size scale

101

I
Wavenumber k., py;
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Linear zonal flow response

and the effect of the upper integration limit

Damping rate -y

—_
O
L

—_
5
N\

== High lota

m— Standard

Low lota

W W
Time interval
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