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Motivation

e Orders of magnitude in tokamaks (ions)
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* Neoclassical= collisional transport enhanced by geometry and
resonant processes

« TwoO conseguences

- Dyeo < Dyury - collisional transport is often neglected

- When calculated, neoclassical and turbulent fluxes are
considered as additive and uncorrelated.
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Why is collisional transport back on scene?
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* Neoclassical transport coefficients are < 1.0 e

enhanced by poloidal asymmetries
Romanelli 98, Helander 98, Fuilop 99, L
Casson 14, Angioni 14, Belli 14, Breton 16
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Soft X-ray on-axis

« Momentum transport is sensitive to

Soft X-ray off-axis

collisional processes Parra 10, Barnes
13, Idomura 14
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Outline

Is there an interaction between neoclassical (=collisional) and
turbulent transport?

1) Relationship between collisional transport and flow symmetries

2) Recentresults

3) Anti-correlation of fluxes: artefact or fact?
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CQ@ What do you have to know about tokamak plasmas? éRﬁ’Vl

 Weakly collisional plasmas in a
toroidal magnetic configuration

« Field lines generate magnetic

E
surfaces Y(R,Z)=cte =
A=
. =
. “Modes” 0 '(N¢+mb) T
- n,m: toroidal and poloidal wave b
numbers
- n=0: axisymmetric modes _25_
[ ] 1 1 ]
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Major radius [m]
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Gyrokinetic approach is the appropriate framework

to compute collisional and turbulent transport

« Gyrokinetic Fokker-Planck equation Coordinates z=(Xg,V,;, 1)

oF 10 dz) @
—+—— | JF
ot " J oz (dt ):‘\
Multi-species collision operator,

] Catto 77, Xu & Rosenbluth 91, Brizard 04,
+ Maxwell equations Abel 08, Sugama 08, Belli 08, Esteve 15

« Guiding-center velocity

1x
/v \ motion along the field lines

E xB
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Curvature and [IB drift ExB drift velocity vp =
velocity = vertical



Radial fluxes: diffusion and pinch velocities

« Particle flux .~
= / d*vF(vp+vg+yb)
* Look for fluxes vs gradients, e.g.
Y _ @ average over
S~ magnetic
surfaces
 Multi-species — several

Height [m]

thermodynamic forces

— pinch velocity

d{N ” 1”I”I”IE”””IHEI””””*#I
I'Y'=-D {i.') —|—<i'\'> Major radius [m]
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DE LA RECHERCHE A L'INDUSTRIE

A
» Usual definitions of particle fluxes \_J

FE:/dSVFVE

'y = / IvEvp

—~
—~

How can turbulence and collisional contributions ,inm

be identified ? @

¢! B¢

turbulent

neoclassical

« (I'p-Vv) =0 without collisions

0 vp - Vi = vpsinf

— neoclassical flux is related to up-

down asymmetries of F

VA
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Collisional particle fluxes are proportional

to the parallel drag force

« Neoclassical flux ,. BrR | Ry

&

R, is the collisional drag force R :/JBVHWHC“(F)

« Depends on the shape of the distribution function in phase space
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Neoclassical transport is related

to large scale flow cells

Poloidal asymmetries are essential

Fluid drag force (impurities)

friction thermal force

Pfirsch-Schluter convection cell due to

perpendicular compressibility Pfirsch &
Schliter 1962, Hinton & Hazeltine 76

V.- I'=0

Relates parallel flows to perp. gradients

Z

v BrR depends
e @ on 6

R
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Interplay of collisional and turbulent fluxes:

a brief history

Interplay via kinetic processes : turbulence responsible for scattering in the
velocity space McDevitt 13

Interplay via large scale flows:

mean flows: i) neoclassical flow - stress tensor - toroidal spin-up Parra 10,
Barnes 13, ii) turbulence - stress tensor — poloidal spin-up Dif-Pradalier 09

zonal flows sensitive to collisions Vernay 12, Oberparleiter 16
poloidal flow asymmetries - modify fluxes Esteve 16

Anti-correlated fluxes: toroidal momentum Abiteboul 11, Idomura 14, particles
Esteve 16, heat transport near threshold Vernay 12
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Momentum transport

 Near cancellation of ldomura 14

neoclassical and turbulent
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Particle transport

« Competition at medium Z: neoclassical = turbulent transport.

« Negative correlation of turbulent and neoclassical fluxes

Time
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Evidence of flux anti-correlation

« Anti-correlation quite visible for medium Z impurities

« Less pronounced for high Z particles

Esteve PhD 15
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Components of the turbulent

Reynolds stress are correlated

Mean radial and parallel wavenumbers
are correlated for a given symmetry

breaking mechanism
Kf*” - I_“. ; = Symmetry
Ky = Cih breaking [V’

Correlated turbulent fluxes of poloidal
and parallel momentum

v 3 k'
Iz, = ??1[(3 vFvLuge

| | Poloidal spin-up
HE” = 'I??f(ESVFI’E'l‘|| — poloidal flow

\

Flux of // momentum
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A guasi-linear calculation predicts anti-correlated

IRfim
momentum fluxes @

. Turbulence intensity is inhomogeneous inthe =0 impurity density " c

poloidal plane 7
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— Reynolds stress is modulated
— poloidal asymmetries of ExB flow — F
— neoclassical flux of parallel momentum

v h = S ' O
HD” = m /d VFUDL-H

R

nZ0 impurity density

« Correlated radial fluxes of parallel momentum
[y .
HEH = qm Z lvEk|” O
k

n 2
g = T Z lvEK|” Ok
. k

Anti- ~1

correlation




Conclusion

« Interplay of collisional and turbulent transport — several possible
reasons:

- diffusion in the velocity space — anisotropy of the distribution function
- large scale flows: mean, zonal and poloidal asymmetries

 Indications of anti-correlated neoclassical and turbulent fluxes

effect is large for momentum flux, moderate for particle flux (Z
dependent), small for heat transport

- likely related to poloidal asymmetries of the flow

- can be explained by quasi-linear theory
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An illustration of “non-additivity”

Vernay 12
_ 4.5 : : : :
« Non additivity of ion diffusivities P4 vV (x/2=0.5)=0.45
Vernay 12 3.5

- neoclassical

turb /% neo .
_._turhulenl, FI!LTn=5.3 :

X}JUI{”H) >y W =0)+ g (V)

turbulent, H!LI_ =6.9
- 0

Heat diffusivity

« Explained by the effect of collisions
on zonal flow dynamics 0‘5:-.._ _ . .

=== Chang-Hinton

« Some hint of anti-correlated fluxes. i 68 WA 05 68 07 os

Minor radius
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Cea Scale separation and additivity principle

N
ﬂ frequency Alfvén eigenmodes
) high n, m
. Disparate scales in a Acoustic modes Turbulence
tokamak
n=0,m=0
_ Zonal flows Low n,m
« Multiscale problem MHD modes
« Scale separation —
fluxes are additive n=0.m=0 N=0. m=+1, m=+2. ...
Equilibrium || “Neoclassical” Wave number

7

F;ﬂ; — rﬁ':,neo “F Fw.t-urb ] ]
n,m = toroidal, poloidal wavenumbers
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Collision operator
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Poloidal asymmetries of the flows seem to be

« Momentum sources + Reynolds stress drive flow poloidal asymmetries

Electric potential

Involved

(m, n£0 modes)
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Collision operator
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