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Introduction
Introduction

e Turbulence is commonly recognized to rule particle energy and
momentum transport in magnetically confined plasmas

e Since the discovery of improved plasma confinement great
interest has been devoted to the relationship between sheared
flows and turbulence focusing on shear flow generation
mechanism Reynolds stress mechanism

e This suggests the existence of an energy exchange process
between different scales.
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the inversion of the toroidal field at
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Introduction
What has been observed

Presently energy transfer mechanism has been considered between

fluctuations and flows
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Introduction

What has been observedise

Presently energy transfer mechanism has been considered between
fluctuations and flows
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And in experiments

Observed in numerical simulation

(L
00025 = 1.0
5
0002 < %5
i W § (b)
, 000t [ 2 3
2 B
£ 0.001 2 _g
= =
& X 4
% 00005 =g
£ =
£, v 6L
£
-0.0005 22
/ a A
-0.001 ¥ 28
— 20
00015 0 15
5000 5050 5100 5150 5200 5250 E 10
te/L 75
g =
V.Naulin et al, PoP 12 (2005) 238 3.0 3.2

N.Vianello et al/, PPCF 46 2006

N.Vianello Turbulent Energy Balance in RFP



The model

The model: Assumption

We start from Boltzmann equations for the two species and we use the usual
simplifications and common definitions:

Using the following common definition
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The model
The model equation

Usual algebra allows to determine the following equations

Continuity equation d¢p + Ox(pV") =0
Quasi-neutrality OxJr =0

Momentum balance e,
O (pVi) + 0 (pVJVk + okl ) = —0kp — 0jTjk + €kjsJ;Bs

Current density
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Kinetic pressure
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The model

Energy balance in a pla

Together with Maxwell equations we derive the energy balance equation for
Electromagnetic energy (Wen,), Kinetic energy (K), Thermal energy (U) and

Relative kinetic energy (K7 = ”;”(qin)Q
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Together with Maxwell equations we derive the energy balance equation for

Electromagnetic energy (Wen,), Kinetic energy (K), Thermal energy (U) and

Relative kinetic energy (K” = % ()
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Energy balance in a plas

Together with Maxwell equations we derive the energy balance equation for

Electromagnetic energy (Wen,), Kinetic energy (K), Thermal energy (U) and

Relative kinetic energy (K” = % ()

Electromagnetic energy
a Wem
59 (8) =P
Kinetic energy
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The model

Energy balance in a plas

Together with Maxwell equations we derive the energy balance equation for

Electromagnetic energy (Wen,), Kinetic energy (K), Thermal energy (U) and

Relative kinetic energy (K” = % ()

Electromagnetic energy
a Wem
Ve o, () - -

Kinetic energy

0K

W—H%(KVJ-—I— Sf )= Pux — Pxi
Thermal energy
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The model
Energy balance in a plas

Together with Maxwell equations we derive the energy balance equation for
Electromagnetic energy (Wen,), Kinetic energy (K), Thermal energy (U) and

Relative kinetic energy (K” = % ()
Electromagnetic energy
a Wem

TJraj(st):—PWKJ

Kinetic energy

0K

W—H%—(KVJ-—I— Sf)= Puk — Pgki
Thermal energy

U o

W_Faj(U‘/}_F Sj )= Pgiy — Puk

Relative kinetic energy

J
o K7 +0; (K"Vj+ sK > = Pygs — Prig + Prgs
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The model

The scheme

W
Pyxs

The global energy balance in a
plasma including electromagnetic
and gradient effects can be
consequently summarized as Prcrw Precs
follows

© ®

Puk
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The model
The scheme

Puxs

But

WhICh are the transfer direc-

tions? Pyay Prxs
Pyg
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The model
The role of fluctuations

Each of the energies (W, K7, U, K) and of the exchanged powers P is a
non-linear function of the six variables p = Mn,V,J,E,B,T. In order
to understand the role of fluctuations we can easily define the
corresponding mean variables 5 = M7, V,J,5 = nT,E,B and the
corresponding fluctuations
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The model
The role of fluctuation

Each of the energies (W, K7, U, K) and of the exchanged powers P is a
non-linear function of the six variables p = Mn,V,J,E,B,T. In order
to understand the role of fluctuations we can easily define the
corresponding mean variables 5 = M7, V,J,5 = nT,E,B and the
corresponding fluctuations A = A — A.

The corresponding ensemble average is easily defined as

(A) = (A-T)
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The model

The global balance

Avoiding the detailed calculation all the equations for mean and
fluctuating energies have been derived in order to establish all the
power density exchange terms. The complete scheme results as
follows:
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The model
The global balance

Avoiding the detailed calculation all the equations for mean and
fluctuating energies have been derived in order to establish all the
power density exchange terms. The complete scheme results as
follows:
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The model
Mean power exchanged:

Two 2-D arrays of electrostatic probes
5 (toroidal) x 8
(radial) pins with Ar
6 mm and A¢ 6 mm.
Pins with 3 mm &

B Poloidale

Two arrays of 7 magnetic probe .
3-axial (by, by, by)
coils. Size 7x6x%8
mm, Ar=6mm

5 MHz acquisition sampling with
high bandwidth
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The model
Experimental measure

Part of these quantities may be quantified with some assumptions:
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The model

Experimental measure

Part of these quantities may be quantified with some assumptions:
@ First of all we will assume that
B, =J-=0

i.e. the radial component of mean magnetic field and mean current
density are almost zero

@ Secondary we will assume that
097 0(,’) <L Or

i.e poloidal and toroidal symmetry

@ We cannot presently evaluate some of the terms, essentially
Vo~ V)

and the off-diagonal part of the stress tensor. But we try nevertheless to
provide a balance
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Experimental measure
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Experimental measurém
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Experimental measurém
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Experimental measure

How the energy flows

@ Mean kinetic energy receives power both
from mean thermal energy (plasma
espansion) and from fluctuations through
non-linear term Pg.

?UK
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@ In the strong shear region the role of
fluctuations is dominant but further inside
the two powers are of the same order.
Some of the power gained is spent in
sustaining the mean current
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Experimental measuréme

How the energy flows

@ Mean kinetic energy receives power both
from mean thermal energy (plasma
espansion) and from fluctuations through
non-linear term Pg.

@ In the strong shear region the role of
fluctuations is dominant but further inside
the two powers are of the same order.
Some of the power gained is spent in
sustaining the mean current

@ The unbalanced quantity could go in © > ®
some sort of dissipation (off-diagonal part K
of pressure tensor — viscosity)
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Temporal evolution

The balance of the energy equation is considered also in their time

evolution.
Kinetic energy

Although the strong
assumption (in particular the

missing non-diagonal terms

of pressure tensor) a fairly

good agreement between
time evolution of K and the

38.6 388 39.0 3‘9[.r2ns]39.4 39.6 39.8 40.0 RHS Of |tS balance equat|on

-4

is observed
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Conclusion

@ A complete set of the energy balance equations for electromagnetic,
thermal and kinetic energies is determined, including pressure
gradients and compressibility.
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Conclusion

@ A complete set of the energy balance equations for electromagnetic,
thermal and kinetic energies is determined, including pressure
gradients and compressibility.

@ The terms which describe the power density exchanged between
different energy basins are identified

@ Using probe measurements and equilibrium model to determine
mean field quantities a first estimate has been done for the mean
kinetic energy balance equation in order to identify how energy
exchange works between different basins
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Conclusion

@ A complete set of the energy balance equations for electromagnetic,
thermal and kinetic energies is determined, including pressure
gradients and compressibility.

@ The terms which describe the power density exchanged between
different energy basins are identified

@ Using probe measurements and equilibrium model to determine
mean field quantities a first estimate has been done for the mean
kinetic energy balance equation in order to identify how energy
exchange works between different basins

@ The role of kinetic fluctuation in driving mean kinetic energy in the
innermost region is retrieved also in the presence of pressure
fluctuations
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Addendum: Pg
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Addendum:kinetic energ

9 1 m Vadad;
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..or equivalently

0K
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Addendum: Electroma

Electromagnetic energy
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Addendum Relative kiné

Relative kinetic energy
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Addendum:Thermal Energ

Thermal Energy
3 3 U

R;J; m
( =Zde _ o qj%(a]p—i-a ﬂ-]S) )

— (=V;05p — Vi0ymjs)

where SY = —1 (3p) % + (pdjs + 7;5s) (VS " om qn) ta

2m

N.Vianello Turbulent Energy Balance in RFP



Addendum:Thermal Ené

Thermal Energy
3 3 U
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Addendum: Py
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Addendum: Py
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