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Introduction

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

• 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

• This suggests the existence of an energy exchange process
between different scales.
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Other observation from reversed field pinch

RFP configuration characterized by

the inversion of the toroidal field at

the edge. Configuration sustained

mainly by internal current through

dynamo mechanism

The edge region is characterized by the presence of a
double velocity shear layer
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What has been observed so far

Presently energy transfer mechanism has been considered between
fluctuations and flows

∂tK ∝ 〈ṽrṽφ〉∂rV φ

Observed in numerical simulation

V.Naulin et al, PoP 12 (2005)

And in experiments
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The model: Assumption and definition

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

Using the following common definition

ni = ne def
= n qi = −qe def

= q

ρ =
∑

k mknk ρc =
∑

k qknk

~J =
∑

k qknk ~V k ρ~V =
∑

k mknk ~V k

M =
∑

mk m = mime

mi+me m
′
= mime

mi−me

p = pi + pe π = πi + πe and ~R = ~Ri = −~Re

N.Vianello Turbulent Energy Balance in RFP
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The model equation

Usual algebra allows to determine the following equations

Continuity equation ∂tρ + ∂k(ρV k) = 0

Quasi-neutrality ∂kJk = 0

Momentum balance
∂t(ρVk) + ∂j

(
ρVjVk + m

q

JkJj

n

)
= −∂kp− ∂jπjk + εkjsJjBs

Current density

∂tJk + ∂j

(
VjJk + JjVk −

m

m′
JjJk

qn

)
=

q

2m′ (∂kp + ∂rπjk)+

q2

m
εkjs

(
nVj −

m

qm′ Jj

)
Bs +

q2

m
nEk +

q

m
Rk

Kinetic pressure

∂t

(
3

2
p

)
+ ∂j

(
3

2
p

(
Vj −

m

2m′
Jj

qn

))
+ ∂r

(
(pδjs + πjs)

(
Vs −

m

2m′
Js

qn

)
+ qj

)
=

(
−RjJj

qn
− m

2m′
Jj

qn
(∂jp + ∂sπjs)

)
− (−Vj∂jp− Vs∂jπjs)
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Energy balance in a plasma

Together with Maxwell equations we derive the energy balance equation for
Electromagnetic energy (Wem), Kinetic energy (K), Thermal energy (U) and
Relative kinetic energy (KJ = mn

2
( J

qn
)2)

Electromagnetic energy

∂ Wem

∂t
+ ∂j

(
SW

j

)
= − PWKJ

Kinetic energy

∂ K

∂t
+ ∂j(KVj + SK

j ) = PUK − PKKj

Thermal energy

∂ U

∂t
+ ∂j(UVj + SU

j ) = PKJ U − PUK

Relative kinetic energy

∂t KJ +∂j

(
KJVj + SKJ

j

)
= PWKJ − PKJ U + PKKJ
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The scheme

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

Wem

K
J

U K

PWKJ

PKKJPKJU

PUK

PWKJ

PKKJPKJU

PUK
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The scheme

But ...

Which are the transfer direc-
tions?

Wem

K
J

U K

PWKJ

PKKJPKJU

PUK

PWKJ

PKKJPKJU

PUK
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The role of fluctuations

Each of the energies (W,KJ , U, K) and of the exchanged powers P is a

non-linear function of the six variables ρ = Mn,V,J,E,B, T . In order

to understand the role of fluctuations we can easily define the

corresponding mean variables ρ = Mn,V,J, p = nT ,E,B and the

corresponding fluctuations

Ã ≡ A−A.

The corresponding ensemble average is easily defined as

〈Ã〉 ≡ 〈A−A〉

N.Vianello Turbulent Energy Balance in RFP
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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:

Wem

K
J

〈K̃J〉

〈W̃em〉

〈Ũ〉 〈K̃〉

U K

PWKJ

PKJ

〈P̃WKJ 〉

PKKJPKJU

PUK

〈P̃KJ U 〉 〈P̃KKJ 〉

〈P̃UK〉

PU PK

PWKJ

PKJ

〈P̃WKJ 〉

PKKJPKJU

PUK

〈P̃KJ U 〉 〈P̃KKJ 〉

〈P̃UK〉

PU PK

We focus on K

∂tK+∂r(KVr +S
K
r ) = P UK−P KKJ −PK

N.Vianello Turbulent Energy Balance in RFP



Introduction The model Results Conclusion

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:

Wem

K
J

〈K̃J〉

〈W̃em〉
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Mean power exchanged: tools

U-probe

Two 2-D arrays of electrostatic probes
5 (toroidal) × 8
(radial) pins with ∆r
6 mm and ∆φ 6 mm.
Pins with 3 mm �

Two arrays of 7 magnetic probe .
3-axial (ḃr, ḃθ, ḃφ)
coils. Size 7×6×8
mm, ∆r=6mm

5 MHz acquisition sampling with
high bandwidth

N.Vianello Turbulent Energy Balance in RFP
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Experimental measurements: the assumptions

Part of these quantities may be quantified with some assumptions:

First of all we will assume that

Br = Jr = 0

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

Secondary we will assume that

∂θ, ∂φ � ∂r

i.e poloidal and toroidal symmetry

We cannot presently evaluate some of the terms, essentially

Vθ ≈ V‖

and the off-diagonal part of the stress tensor. But we try nevertheless to
provide a balance
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Experimental measurements: Mean kinetic energy balance

PKKj = εrstJrV sBt −
m

q2

JrJs

n
∂rV s ≈

−JθV rBφ + JφV rBθ
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Experimental measurements: Mean kinetic energy balance
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PUK = −V r∂rp− V s∂rπrs ≈
−V r∂rp
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Experimental measurements: Mean kinetic energy balance
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Experimental measurements: Mean kinetic energy balance

How the energy flows

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

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
of pressure tensor −→ viscosity)

K
J

〈K̃〉

U K

PKKJ

PUK

PK

PKKJ

PUK

PK
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Temporal evolution

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

evolution.
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Although the strong

assumption (in particular the

missing non-diagonal terms

of pressure tensor) a fairly

good agreement between
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RHS of its balance equation

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.

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

N.Vianello Turbulent Energy Balance in RFP



Introduction The model Results Conclusion

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

N.Vianello Turbulent Energy Balance in RFP



Introduction The model Results Conclusion

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

N.Vianello Turbulent Energy Balance in RFP



Introduction The model Results Conclusion

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

N.Vianello Turbulent Energy Balance in RFP



Introduction The model Results Conclusion

Addendum: PK

PK = ρV r〈ṽs∂sṽr〉+
V 2

2
∂r〈ρ̃ṽr〉

+ mVs

〈
n∂r

(
n∂r

Jr
qn

Js
qn

)
− n∂r

(
nJr

qn
Js
qn

)
n

〉
+[

ρV r

(〈
∂rp

ρ
− ∂rp

ρ

〉
+

〈
∂rπrs

ρ
− ∂rπrs

ρ

〉)]
−

εrstρV r

(〈
JrBt

ρ
− JrBt

ρ

〉)
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Addendum:kinetic energy

Kinetic energy

∂

∂t

(
1
2ρV 2

)
+ ∂j

(
1
2
ρV 2Vj + m

q2
VsJsJj

n

)
=

(−Vr∂rp− Vs∂rπrs) −(
εjstJjVsBt − m

q2
JjJs

n ∂jVs

)

..or equivalently

∂ K

∂t
+ ∂j(KVj + SK

j ) = PUK − PKKj
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Addendum: Electromagnetic energy

Electromagnetic energy

∂

∂t

(
1
2
ε0E

2 +
B2

2µ0

)
+ ∂j

(
εjstEsBt

µ0

)
= − EsJs

..or equivalently

∂ Wem

∂t
+ ∂j

(
SW

j

)
= − PWKJ

N.Vianello Turbulent Energy Balance in RFP



Introduction The model Results Conclusion

Addendum Relative kinetic energy

Relative kinetic energy

∂t

(
mn
2

(
J
qn

)2
)

+ ∂j

(
mn

2

(
J

qn

)2(
Vj −

m

m′

Jj

qn

))
= EsJs −(

−RjJj

qn − m
2m′

Jj

qn (∂jp + ∂sπsj)
)

+(
εjstJjVsBt − m

q2
JjJs

n ∂jVs

)

..or equivalently

∂t KJ + ∂j

(
KJVj + SKJ

j

)
= PWKJ − PKJU + PKKJ
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Addendum:Thermal Energy

Thermal Energy

∂t

(
3
2p
)

+ ∂j

(
3
2
pVj + SU

j

)
=(

−RjJj

qn − m
2m′

Jj

qn (∂jp + ∂sπjs)
)

− (−Vj∂jp− Vs∂jπjs)

where SU
j = − m

2m′

(
3
2p
) Jj

qn + (pδjs + πjs)
(
Vs − m

2m′
Js

qn

)
+ qj

..or equivalently

∂ U

∂t
+ ∂j(UVj + SU

j ) = PKJU − PUK
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Addendum:Thermal Energy

Thermal Energy

∂t

(
3
2p
)

+ ∂j

(
3
2
pVj + SU

j

)
=(

−RjJj

qn − m
2m′

Jj

qn (∂jp + ∂sπjs)
)

− (−Vj∂jp− Vs∂jπjs)

where SU
j = − m

2m′

(
3
2p
) Jj

qn + (pδjs + πjs)
(
Vs − m

2m′
Js

qn

)
+ qj

..or equivalently

∂ U

∂t
+ ∂j(UVj + SU

j ) = PKJU − PUK
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Addendum: PKJ

PKJ =

[
m

q

(
Jr

qn
∂s〈ṽsj̃r〉 −

K
J

qn
∂s〈ñṽs〉

)
− m2

m′

Jr

qn
∂s

〈
JsJr

q2n
− JsJr

q2n

〉]
−

Jr

n
〈ñẼr〉 −

[
〈R̃r〉Jr

qn
+

m

2m′

Jr

qn
〈∂r〈p̃〉+ ∂s〈π̃rs〉

]
+[

−εrst
Jr

n
(〈nVsBt − nV sBt〉)−

m

m′ εrst
Jr

qn
〈j̃sb̃t〉+

m

q

Jr

qn
∂s〈j̃sṽr〉

]
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Addendum:PU

PU = U

(
〈Ṽr∂rT̃e〉

T
+

∂r〈ñṼr〉
n

)
+

〈
n∂rS

U
r − n∂rS

U
r

n

〉
−〈

nPKJU − nPKJU

n

〉
+
〈

nPKKJ − nPKKJ

n

〉
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