o The GYSELA code
Association Bohm v.s. gyroBohm

Euratom-Cea With collisions

Collisional Gyrokinetic Turbulence
with GYSELA

G. Dif-Pradalier, V. Grandgirard, Y. Sarazin,
X. Garbet, Ph. Ghendrih, P. Angelino

Acknowledgements: N. Crouseilles, G. Latu, Ch. Passeron

Association Euratom-CEA, CEA/DSM/IRFM
Centre de Cadarache, 13108 St-Paul-Lez-Durance, France

Guilhem DIF-PRADALIER Theory of Fusion Plasmas, Varenna, August 2008



General outline:

® Presentation of the tool: GYSELA
— calculation of the equilibrium radial electric field

® Bohm v.s. gyro-Bohm transport scaling
— Influence of the size of the device p, & distance to threshold

(3) Inﬂuence Of CO”iSionS [Abel, Belli, Garbet, Gustafson, Hellsten. . .]

> accurate recovery of neoclassical results
m interplay collisions / turbulence
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. The GYSELA code GYSELA—numerics
Association Bohm v.s. gyroBohm GYSELA—physics =
Euratom-Cea With collisions Some achievements

A foreWOFd on GYSELA — the equations

A"

O
S

GYSELA = GYrokinetic SEmi—LAgrangian
e follow trajectories backwards

e on fixed grid (weak noise, moderate dissip.) ﬂém
rnv

Guiding-centre
O:f +ve -V f+vp -V F+ VHV||f—|— V.|| 8\,"/:: 0 or C(f)

Particles

- %r)VL ) [Bnocvlgb] + %(r) (¢ - <¢>) = f;rni ff dM dVHJO (f - f;'nit)

no w

¢ coordinates: (r,0,p, v, 1) ; electrostatic ; adiabatic electrons
[Grandgirard '07]
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The GYSELA code GYSELA—numerics

Association Bohm v.s. gyroBohm GYSELA—physics Ce:l
Euratom-Cea With collisions Some achievements

Numerics in GYSELA — parallelisation

Challenging parallelisation in GYSELA: [Crouseilles '07, Latu '07]

e Eulerian "™ domain decomposition
e Semi—Lagrangian ™ |oss of locality due to interpolation

Much memory per node

100 T SSaELA ~ 10Go at p, =2.1073
% 4L —o— 2D advection (r,0) > 1010 grld po|nts
3 2: —— Poisson solver
[}
§ 10 Efficiency = Speed-up / ideal
s i 93% on 2048 procs.
= 83% on 4096 procs.

L1

32 128 512 2048
Number of "
umher of processors m {MPIl 4+ OpenMP} parallelisation
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- The GYSELA code GYSELA—numerics
Association

Euratom-Cea With collisions Some achievements

The GYSELA code - physics

full-f code (# 47 ):

e Equilibrium & fluctuations: no scale separation assumption
e Non-Maxwellian background equilibrium

e Neoclassical theory

global code (# flux-tube):

GYSELA

e Large scale fast transport events
e Profile relaxation m steady state = flux-driven conditions

e Numerical challenge
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A The GYSELA code GYSELA—numerics
Association Bohm v.s. gyroBohm GYSELA—physics (@<))]
Euratom-Cea With collisions Some achievements

The delicate calculation of E, in full-f codes

Full-f: a background Maxwellian is not assumed

\at short times. . . ‘ [[domura '03 ; Angelino '06, Dif-Pradalier '08(a)]

e non-equilibrium initial state = large-scale transient E,
e cure: canonical equilibrium w correct E,, jj ... right from the start
e routine use in GYSELA (also in ORB5)

...at long times‘ [Dif-Pradalier '08(b)]

Global: profile relaxation = steady state = ‘flux-driven’ conditions

e same turbulence develops (X, Ac, Tc, Jj, Poo, Prms)
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The GYSELA code
Bohm v.s. gyroBohm
With collisions

Which scaling with p4?
Consistent with theoretical expectations

General outline:

® Presentation of the tool: GYSELA

— calculation of the equilibrium radial electric field

® Bohm v.s. gyroBohm transport scaling

— Influence of the size of the device p, & distance to threshold
® Influence of collisions

m accurate recovery of neoclassical results
m interplay collisions / turbulence
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Association
Euratom-Cea

The GYSELA code
Bohm v.s. gyroBohm
With collisions

Which scaling with p,?
Consistent with theoretical expectations

Turbulent scaling with p,

2.71’571.241/

*

] — —0.28
"wCTE x Py ‘

Consistent with gyroBohm scaling (Ac ~ p;)

3 gerBohm: { e small P

e close to instability threshold

(lin. physics, streamers)
o large p,

s Bohm:

e far from instability threshold

3.75

gyroBohm

25

alp,

400

[Lin ‘02]
1000

600

0 200 800

Open issues: departure from gyroBohm scaling

@ Distance towards instability threshold
@ Transition threshold in p,

® Physical mechanism of this transition

global code

w non diffusive large-scale transport (\. ~ v/ap7)
w turbulence spreading [Garbet '94, Hahm '04]
w shear flow stabilisation [Garbet '96, Waltz '02]
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The GYSELA code

Association Bohm v.s Which scaling with p4?
.s. gyroBohm . 5 . . (@<))]
Euratom-Cea With collisions Consistent with theoretical expectations

e gyroBohm: above threshold & low values of p,
e Bohm: near threshold & high values of p,

. N
T T T T ] T
6 -[ near threshold ®
s S ~@ above threshold -
\o i o D ]
<
oL i
" -/ — Bohm scaling
2x10° . —— gyroBohm scaling
1 | L n L ra—
5 6 7 8 9 2
0.01
more details: [Grandgirard '07] P parameter
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The GYSELA code NC theory
Bohm v.s. gyroBohm Chosen operateur
With collisions Conservation properties

General outline:

® Presentation of the tool: GYSELA

— calculation of the equilibrium radial electric field

® Bohm v.s. gyroBohm transport scaling
— Influence of the size of the device p, & distance to threshold

® Influence of collisions

m accurate recovery of neoclassical results
m interplay collisions / turbulence
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The GYSELA code NC theory
Bohm v.s. gyroBohm Chosen operateur Ce:]
With collisions Conservation properties

Association
Euratom-Cea

Neoclassmal theory = describe the effects of binary Coulomb

collisions in an inhomogeneous magnetic field in the presence of trapping

::E i —— w/o collisions trapped <V'9> =0 (sym) 7£ passing
=g —— with collisions| . . i
§r m regularisation: boundary layer v
2 [
s modelisation : friction force
£ 1 XNC
e [ H banana q
-V, Ve vV, Ve
V! Vi e
plateau Pfirsch-
Small causes. .. Schiuter
TNC 2> Tturb 7 XNC <K Xturb ™~ Xexp ‘ v
o Pk

. with strong possible effects on turb. transport
@ linear damping of residual Zonal Flows (ZF)
® value of poloidal rotation v, ™ value for E,?
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- The GYSELA code NC theory
Association

Euratom-Cea

With collisions Conservation properties

Neoclassical theory with GYSELA

(i) model the boundary layer ™ diffusion
(i) dominant transport: ion—ion collisions

Collisions with a full-f code:
Giiy full distribution function f must relax — fijaxwer

Collisions with GYSELA:
(iv) pitch-angle & energy variables ™ not adapted GYSELA: (v, 11)
(v) adiabatic electrons: conservation of momentum is not granted

Complex general framework: mini. model ™ max. physics ?
exact NC transport at low computational cost [Garbet, this conference]

Goal: interaction gyrokinetic turb. < neoclassical theory
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The GYSELA code NC theory
Bohm v.s. gyroBohm Chosen operateur
With collisions Conservation properties

©® Which choice for the collision operator?

® Neoclassical transport: results
w without turbulence (VT; < VT;.)

® Interplay: neoclassical effects & turbulence
m above ITG threshold
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. The GYSELA code NC theory
Association Bohm v.s. gyroBohm Chosen operateur
Euratom-Cea With collisions Conservation properties

Adopted operator: on v| only

d

Lorentz operator on v| only: af = 8‘," (D aVH f— Vf>

w preferred collisional friction —along v
w (GYSELA: efficient parallelisation on p (MPI 4+ OpenMP)
finite differences (Crank—Nicolson)

3e3/2 U P(v)-G(v) Diffusion

qRy 7% 2v

_ VA
D=3%

-« O(v) = \% Iy e dx

d(v)—ve'(v)

D &V operators (a.u.)
o

- G(V) = 22
V(r, V) . VH £ f Convection
D - = — TMaxwell | |
(r,v) v, 5 0
Vi Vini
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. The GYSELA code NC theory
Association Bohm v.s. gyroBohm Chosen operateur C:ea
Euratom-Cea With collisions Conservation properties

Conservation properties
conservation of: n: exact

p, E —approximate

mnd;V; = en(E+ V,; x B) —Vp; — V -Ayc — mnv;o(Vi — Vo)

e parallel dissipation vje ™ vj; (< Vi)  selects (v ;) =0

conservation of momentum & energy is crucial:
@ not to overestimate the particle fluxes
® not to underestimate the bootstrap current
® no influence on the heat transport, flow damping

[Lin '95]

e Exact V - Myc ™ exact banana & plateau regimes  [Garbet, this conference]

Not suited for: generation of toroidal momentum

Suited for: interplay turbulence & collisions - banana+plateau
collisional enhancement of turbulent transport

turbulent generation of poloidal momentum (ITBs...)
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The GYSELA code
Bohm v.s. gyroBohm
With collisions

Association
Euratom-Cea

NC theory

Chosen operateur C:ea

Conservation properties

Conservation properties

conservation of: n: exact p, E: approximate

mnd.V; = en(E + V; x B) = Vp; — V - Anc — mnu;;V;

e parallel dissipation vje ™ vj; (<K Vi) — selects (v ;) =0

conservation of momentum & energy is crucial: [Lin '95]
@ not to overestimate the particle fluxes
A not to underestimate the bootstrap current
® no influence on the heat transport, flow damping

e exact V - My ™ exact banana & plateau regimes

[Garbet, this conference]

Not suited for: generation of toroidal momentum

Suited for: interplay turbulence & collisions - banana+plateau
collisional enhancement of turbulent transport

turbulent generation of poloidal momentum (ITBs...)
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Neoclassical results ‘Cat eye’
Gyrokinetics + NC. effects Consistency with force balance
Summary NC results

@ Which choice for the collision operator?

® Neoclassical transport: results
w without turbulence (VT; < VT;,)

® Interplay: neoclassical effects & turbulence
m above ITG threshold
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Association Gyrokinetics + NC. effects Consistency with force balance

Collisions broaden the loss cone boundary layer

iso-f initial state
contours

Parallel velocity v/, /vy,

Poloidal Angle 6

Neoclassical results ‘Cat eye’

Euratom-Cea Summary NC results —
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L Neoclassical results ‘Cat eye’
Association Gyrokinetics + NC. effects Consistency with force balance (@<))]
Euratom-Cea Summary NC results

Consistency with the force balance equation

Er — V@Bg -+ VgBLP = @

ne
(a) (b)
- Er _
VgBo PRI \
2 = 2
S .7 x s
g Y : g
£ 4y Vp/ne - E’ + chBe K =
2 n 3 2
" h
© Sy = Vqu/ L @
Vp/ne
-10x10° L L L L L I 0x10°
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.2
Normalised radius Normalised radius
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L Neoclassical results ‘Cat eye’
Association Gyrokinetics + NC. effects Consistency with force balance
Euratom-Cea Summary NC results

Neoclassical results (1/3)

NC thermal transport: xyc = —Q /nVT

10°
2 10" banana plateau
<107
2 Chang-Hinton
=10
=)
E
a 10

10'5 llllll 1 Illllll] 1 Illlllll 1 Illllll] 1 IIIIIIII L1
0.01 0.1 1 10 100 1000

Collisionality v*

theoretical prediction: [Chang—Hinton '86]
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L Neoclassical results ‘Cat eye’
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Neoclassical results (1/3)

NC thermal transport: xyc = —Q /nVT

10°
210"
S B GYSELA
< 10°
= Chang-Hinton
210"
=)
£
Q10"
10'5 llllll 1 IllIIIlI 1 IIIIIIII 1 IllIlLl] 1 IIIIIIII L L L
0.01 0.1 1 10 100 1000

Collisionality v*
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Guilhem DIF-PRADALIER Theory of Fusion Plasmas, Varenna, August 2008



L Neoclassical results ‘Cat eye’
Association Gyrokinetics + NC. effects Consistency with force balance
Euratom-Cea Summary NC results

Neoclassical results (1/3)

NC thermal transport: xyc = —Q /nVT

10°
210"
= m GYSELA
<107
2 Chang-Hinton
2 10°
>
£
a 40

Taguchi (banana regime)
10'5 |||||| 1 |||||||I 1 |||||||| 1 |||||||I 1 |||||||| L
0.01 0.1 1 10 100 1000

Collisionality v*

theoretical predictions: [Chang—Hinton '86 ; Taguchi '88]
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o L. Neoclassical results ‘Cat eye’
R Association Gyrokinetics + NC. effects Consistency with force balance
Euratom-Cea Summary NC results

Neoclassical results (1/3)

NC thermal transport —as a function of ¢ = r/R

>

T
Vi = 0.08

N

Chang-Hinton

Normalised diffusivity L, = e/ 2y,

o

0.05 0.10 0.15 0.20 0.25

€=r/R

=
o
o
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Neoclassical results ‘Cat eye’
Gyrokinetics + NC. effects Consistency with force balance
Summary NC results

Association
Euratom-Cea

Neoclassical results (2/3)

Collisional damping of {zonal 4+ mean} flows

0.2

—-= Theory (w/o GAMSs)

S N
JE 0.1 I -.\__\
: --\"'ﬁ..~__
0.0
I |
0.0 0.1 0.2 0.3

time / T,

theoretical prediction: [Hinton—Rosenbluth '99]
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Neoclassical results ‘Cat eye’
Gyrokinetics + NC. effects Consistency with force balance
Summary NC results

Association
Euratom-Cea

Neoclassical results (2/3)

Collisional damping of {zonal 4+ mean} flows

0.2

— GYSELA

= —-= Theory (w/o GAMSs)
Z 0.1
E=3
E
0.0
00 0.1 02 03
time/rii

theoretical prediction: [Hinton—Rosenbluth '99]
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L Neoclassical results ‘Cat eye’
Association Gyrokinetics + NC. effects Consistency with force balance Ce:]
Euratom-Cea Summary NC results

Neoclassical results (3/3)

lon poloidal rotation vy ; reverses sign with v,

B T 1 1L e A

[
w
T
1

o
=)

S
A
T
I

=)
T
1

Theory

Normalised poloidal velocity

wn

T B ETTT] B R AT TTT BTSSR TTT RS ETTTT BRI BT

10" 10° 10' 107 10° 10 10

5

. _— . llisionality V:
theoretical prediction: [Kim '91] Collisionality v
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L Neoclassical results ‘Cat eye’
Association Gyrokinetics + NC. effects Consistency with force balance
Euratom-Cea Summary NC results

Neoclassical results (3/3)

lon poloidal rotation vy ; reverses sign with v,

1.0 ARLL L LLL LU LLL LU LLL BB LLL IR L ALL BRI ALY
2
'g 0.5 -
)
7 vT =
V‘“NC:>V9:K]_§ g 0.0
o
©
= Q osf -
exact V - [yc ™ v, 3
banana & plateau T ol i
g Theory
zZ
150 i
/| 1 | Il | 1 m
10" 10° 10' 107 10° 10 10

. _— . llisionality V:
theoretical prediction: [Kim '91] Collisionality v
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L Neoclassical results ‘Cat eye’
Association Gyrokinetics + NC. effects Consistency with force balance Cea
Euratom-Cea Summary NC results

Neoclassical results (3/3)

lon poloidal rotation vy ; reverses sign with v,

1.0 ARLL L LLL LU LLL LU LLL BB LLL IR L ALL BRI ALY
= ] m GYSELA
g osp i
)
7 vT =
V‘“NC:>V9:K]_§ g 0.0
5]
©
= Q osf
exact V - [y m» vy 3
banana & plateau T o
S
zZ
150
mi 1 m
10" 10° 10' 107 10° 10 10°

. _— . llisionality V:
theoretical prediction: [Kim '91] Collisionality v
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Neoclassical results
Gyrokinetics + NC. effects

Summary

@ Which choice for the collision operator?

® Neoclassical transport: results
w without turbulence (VT; < VT;.)

® Interplay: neoclassical effects & turbulence
m above ITG threshold

[ Gyrokinetics + neoclassical ™ heavily demanding (global & full-f) ]
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L Neoclassical results
Association Gyrokinetics + NC. effects
Euratom-Cea Summary

Coll. & turbulence: crucial players for transport?

Close to exp. regimes: banana v, < 0.1 + turb. strength

@ Collisional enhancement of turbulent transport

0.8
~—~ 06
collisions / m ZF \, m turbulence /"

S04

strongly dependant on the R 02
turbulent regime oo

= distance to threshold R/L+
FIG. 2.

0.0 0.1

al ¢ clivit;

0.2 0.3 0.4

v [Lin '99]

> in_nonlinear gyrokinetic simula-
tions with§R /L7 = 5.3}vs the|ion-ion collision|frequency.
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L Neoclassical results
Association

Euratom-Cea

Summary

Gyrokinetics + NC. effects (@<))]

Generation of poloidal flow - (1/2)

® turbulent generation of poloidal momentum (ITBs. . .)

Common belief: poloidal flow set by NC theory

= Crombé '05
GtVQZ—V-ﬂRS—uNC (VQ—VQNC) T T T [ D)
. [ t=6.8s ¥ (b)
=y = Ve —}—vg“r 0 - —
v
E, — VSOBQ + VQBS@ = n_g E -40 RV
=|E, +# ENC a: —
-80F ¥ expvy ]
X Shot No 58094-
NC NC . . .
Experiments: vy, E, > v, E, Y Y N
[Crombé 05, McDermott 'O8] R[m]
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L. Neoclassical results
Association Gyrokinetics + NC. effects
Euratom-Cea Summary

Generation of poloidal flow - (2/2)

Vi =0.05

/r\'J\Ve turb
0 paN

Poloidal velocity
8 3
T

S
S

R/L, =109
Il-/ | 1 1 1

0.40 0.45 0.50 0.55 0.60
Normalised radius
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Neoclassical results

Association Gyrokineti NC. effect:
Euratom-Cea IR 5 Su;r::r; &
Generation of poloidal flow - (2/2)
v =0.05 v =0.01
turb =
e R/L =71

0/.,/ \\/AW 0
3 Vo=V, turb \, NC 8 0
2 2
Z 20 =
© [\
T K]
o o
S S 20
a 30 o

-40
R/L.=10.9| -30x0°
T
_50”0'3 () ~/ Il Il 1 | Il Il Il | |
0.40 0.45 0.50 0.55 0.60 0.40 0.45 0.50 0.55 0.60
Normalised radius Normalised radius

= new result, ongoing interpretation
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Neoclassical results
Gyrokinetics + NC. effects
Summary

Association
Euratom-Cea

Summary of the main results

GYSELA: global & full-f addressing gyrokinetics + NC theory

2 full-f codes: careful calculation of the E,
w% canonical initial equilibrium

2 Turbulent scaling with p, & R/Lt
m ovroBohm: above threshold & low values of p,
w Bohm: near threshold & high values of p,

2 Simplified collision operator for the banana & plateau regimes
m exact NC transport, flow damping, poloidal velocity

> With turbulence: turbulent generation of poloidal flow found
m experimental trends recovered (ongoing exact quantification)
w strong dependance with distance to threshold
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