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Introduction

Fusion devices are a promising solution for a new source of energy. Fusion power plants would present
a lot of advantages, among others: large amount of released energy, accessible feedstock supply, and
little nuclear waste. However, using fusion reaction to produce power using a magnetic confinement
is a scientific and technological challenge as it requires a high confinement in the core plasma at the
same time as a good control of plasma exhaust on the material walls.

This work is motivated by the key problematic of power handling in fusion power plants necessary
to avoid damaging or even melting the expensive plasma facing components. The understanding of
the physics underlying heat transport, and more specifically the establishment of the power Scrape-Off
Layer (SOL) width Ay, is a critical task for the engineering design of future Tokamak devices such as
ITER ([Loarte 07, Wischmeier 15]) and DEMO ([Wenninger 14]).

In this context, it is mandatory to make reliable predictions for power exhaust in order to correctly
size the future Tokamaks, and, if possible, to take advantage of the physics knowledge to improve the
design of the machine. This calls for a theoretical ground describing the way energy escapes the core
plasma through the separatrix and deposits on the PFCs. Some theoretical and experimental studies
attempt to achieve such a task, however no definitive conclusion have been drawn yet, and it is still
not clear what are the main mechanisms at play.

To achieve this goal, numerical modelling is a necessary complement to experimental results as
the latter give only an incomplete picture of the plasma state due to the difficulties inherent to
measurements in the hot plasma.

The 3D turbulent fluid approach for the edge plasma is an interesting tool to study this problem-
atic leading to international efforts on the development of edge plasma models. The code TOKAM3X
developed at IRFM is a part of this ongoing effort of plasma turbulence modelling. Among others,
the most advanced 3D turbulent codes are BOUT++ [Naulin 08], GBS [Ricci 12], and TOKAM3X
[Tamain 16], and each of this code has its specificity. The code BOUT++, extension of the gradi-
ent driven code BOUT precursor of 3D fluid modelling, includes several additional physics in the
fluid equations, in particular energy conservation, electro-magnetic and kinetic effects. This code
has recently investigated the problematic of the power SOL width with good comparison with ex-
perimental results [Chen 17]. The code GBS includes also important physical features as neutrals
description, electro-magnetic physics, and self-consistent fluctuations of temperature. Recent works
focus on turbulence in non-isothermal limited simulations, in particular describing the effect of the
limiter position on the pressure SOL width [Loizu 14] and discussing a possible explanation for the
narrow feature observed experimentally in L-mode [Halpern 17]. Earlier linear work, has been carried
out on the prediction for the pressure SOL width [Mosetto 13, [Mosetto 15| based on non-local linear



Contents 3

theory [Ricci 10k [Ricci 13]. The code TOKAMS3X, despite using a simpler physical model, offers the
possibility to use a flexible and complex geometry, including realistic X-points [Galassi 17]. Moreover,
the code has been recently extended to an anisothermal version, the study of this extended model is
one of the focus of this thesis. Note that these 3D codes follow the 2D codes also used to study trans-
port in the edge plasma, in particular the code HESEL [Rasmussen 16] and TOKAM?2D [Sarazin 98].
In particular, the code HESEL has produced interesting results on L-H transition, blobs dynamics in
presence of temperature dynamics [Rasmussen 15| [Olsen 16].

The study of the physics of power SOL width is one of the long-term objectives of TOKAM3X
and TOKAM?2D. However, both codes have been used only in their isothermal version until recently.
One of the aims of this work is to review the general characteristics of energy turbulent structures and
heat transport in the anisothermal versions, and to draw a comparison between turbulence features

in isothermal and anisothermal models.

This PhD work has been dedicated to the study of the different aspects of heat transport in the
edge plasma using a numerical fluid approach. Special focus was devoted to two types of mechanisms
suspected to play an important role in heat transport:

e turbulence established to be a major particle transport player in L-mode plasma. In H-mode,
turbulence strongly reduced in the pedestal and near-SOL. It is thus not clear which is the main
mechanism driving the transport through the separatrix.

e large-scale convective transport, and in particular the role of the magnetic drifts convection.
This mechanism has drawn much attention recently as models based on such mechanisms of
transport present a good agreement with the actual scaling law in the H-mode.

The problem of interest has been approached gradually using different numerical tools. In a first stage,
we have studied separately the two mechanisms:

e the basic properties of turbulence and heat transport in the presence of self-consistent temper-
ature evolution have been studied with the code TOKAM2D (Chapter 3);

e the large scale transport by the magnetic drift in realistic geometry but with a low level of
anomalous transport are studied with the code SolEdge2D (Chapter 4).

Finally, the study of simulations including both mechanisms, is made in the last chapter (Chapter 5).
This work has been done using the code TOKAMS3X in its anisothermal version, which solves both
energy turbulence and 3D geometry self-consistently in the same simulation.

Outline of the thesis

In the second chapter of this manuscript, we introduce the fluid model, and detail the assumptions
followed with this approach (high collisionality, drift approximations). We then present the physics
of the open-field lines due to the plasma-wall interaction, which determines the boundary conditions
used in the fluid models. Finally, we detail the derivation of the equations of one of the three code used
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in this thesis: TOKAM3X, as the two others studied codes (TOKAM2D, SolEdge2D) are somehow
included in TOKAM3X model.

The third chapter addresses the basis properties of turbulence in a simplified 2D geometry, and
the impact of the addition of self-consistent temperature variation. First, it is found that the inclu-
sion of temperature does not modify drastically the general features of turbulence, presenting similar
intermittent structures and highly intermittent transport. Nevertheless, the presence of electron tem-
perature fluctuations in the current parallel losses triggers an additional instability, the sheath negative
resistance instability, which acts in conjunction with the interchange drive. The characterisation of
the turbulence, using the input of linear analysis, has revealed that the additional instability has an
impact on turbulence, and also on the perpendicular equilibrium in particular on the power decay
length. The impact of ion temperature fluctuations is studied separately. Its inclusion, even though it
does not trigger a new instability, impacts the turbulence characteristic and the decay length through
the perpendicular balance equation, namely its impact on the vorticity expression.

The fourth chapter is dedicated to the study of large-scale transport due to magnetic drifts in simula-
tions where the turbulence is arbitrarily set via a diffusion coefficient. In this framework, we observe
the existence at low diffusion of a V B-drift dominated regime in which both transport and SOL widths
are determined entirely by the V B drift convection. Such a regime exists independently of parameters
and the geometry chosen. However, the latter is also characterized by a complex plasma equilibrium
presenting supersonic transition and steady-state shock. Moreover, this regime is reached only at
extremely low level of transverse transport, way below the neoclassical level. Finally, we discuss the
impact of some additional physics in the drift dominated regime as the addition of the centrifugal
drift, the temperature evolution and the neutral inclusion.

For the fifth and last chapter, we have run TOKAM3X fluid simulations in limiter realistic geometry,
one isothermal and one anisothermal, with the aim to characterize particle and energy turbulence
and transport and to compare the two models. The regime found for this geometry and this set of
parameters is a L-mode like regime, where turbulence is largely dominant both in particle and energy
transport. Here, the contribution of V B-drift convection to the global transport is negligible, which
is in agreement with the result of the previous chapter, as the drift dominated regime exists only at
very low anomalous transport level. Moreover, we find, as in 2D simulations, that there is no signifi-
cant modification of the turbulence features (intermittent structures and statistical properties) due to
the addition of temperature fluctuation. However, the temperature gradients induce a key difference
between isothermal and anisothermal simulations: it triggers the presence of a high amplitude elec-
trostatic shear layer. This shear layer comes along with a reduction of the turbulent flux penetration
into the SOL. However the exact impact of the shear layer on the turbulence remains unclear as they
does not appear at the same radial location.






Chapter 1

Issues of the power exhaust in
Tokamak devices

1.1 Fusion basics

Nuclear fusion, reaction occurring in stars, is a reaction of two light atomic nuclei which join to form
a heavier atomic nucleus. This reaction is associated with a reduction of the total mass of the system,
which leads to the release of a large amount of kinetic energy of reaction products, quantified by the
well known Einstein relation AE = Amc?. One would like to use this process as a means to have a
new source of energy in the future.

However such a reaction does not easily happen as it requires high-energy particles to permit the
atomic nucleus to overcome the long-range Coulomb repulsion force and get close enough so that the
short-range strong nuclear force can lead to fusion. In theory, fusion reaction would produce energy for
all element lighter than iron, but in practice, on earth, only the reactions involving hydrogen isotopes
are conceivable. Among those, the deuterium-tritium (D-T) reaction is the one chosen for future
fusion devices. Even then, the reaction of fusion requires very high temperature of the order of 107 K.
Given extreme temperatures involved, one can readily expect to have great challenges concerning
power exhaust.

A simplified power balance of the fusion plasma gives conditions for fusion to be energetically
profitable [Lawson 57]. The Lawson criteria gives the amplification factor, @) ratio between the energy
produced by fusions reaction Pps and the external energy input Pex : @ = Prys/Pext as a function of
plasma parameters Eq[1.T}

f(@Q)=nTrg (1.1)

where n is the plasma density, T is the plasma temperature and 7g the energy confinement times.
For economic reliability, one estimates that the amplification factor has to be above 40, or that
nT1E > 3.102'm3keV.s7! || The temperature being imposed by the D-T reactivity, two main ways

can be followed to reach this criteria :

e Inertial Confinement Fusion with extremely dense plasma (n ~ 103'm~3) but with short con-

In the world of nuclear fusion, the enery unit of electron-Volt (eV) is used as a temperature unit instead of the
Kelvin. One writes equally 7" and kg7 where kg is the Boltzmann’s constant and one has 1eV = 1.602 x 10 J ~ 10° K
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Figure 1.1: Tokamak magnetic configuration

finement times (7g ~ 10~!'s), such conditions are obtained by compression of D-T pellet with
laser beam.

e Magnetic Confinement Fusion with relatively low-density (n ~ 109 — 102m~3) but long con-
finement times (7g few s). This second fusion branch is the focus of this present work.

1.2 Magnetic confinement in the Tokamak configuration

1.2.1 Magnetic confinement in a Tokamak

No solid wall can withstand the extreme temperature required for fusion reactions. Thus fusion
reactions have to take place away from the wall. At this temperature, reactants are stripped from
their electrons, and matter is in the plasma state. Devices for fusion by magnetic confinement take
advantages of the property that charged particles in a magnetic field, B, have a helical trajectory
around field lines. The radius of this trajectory is the Larmor radius (pr,):

msv)
qsB

Where myg, v, and ¢s are respectively the mass, the cross-field velocity and the charge of the

P (1.2)

particle. The Larmor radius of a deuterium ion DT at 10 keV in a magnetic field of 3 Tesla is about
5.1072 m. This way the plasma is confined in the direction transversal to the magnetic field, but is
still free in the parallel direction.

In order to confine the particles in the parallel directions, the configuration of fusion devices uses
closed magnetic field lines, i.e which do not intercept any solid wall, this way the hot plasma of fusion
is also confined in the parallel direction. A straightforward idea is to produce a magnetic field, called
toroidal field and denoted Byor (reported in red on Fig, with circular field lines in a form of a
torus using circular coils which are toroidally distributed all around the plasma.

The produced magnetic field presents inhomogeneities. Considering the Ampere’s law one can
readily observe that Bior is proportional to the inverse of the distance to the center of the torus
Bior « 1/R. The magnetic field amplitude is lower in the outer region of the torus, called Low
Field Side (LFS) than the inner region the high field side (HFS). This inhomogeneity creates particles
vertical drift dependant of the charge sign, thus is in the opposite direction for electrons and ions
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Figure 1.2: System of coordinates used in Tokamak configuration

(see section . The induced vertical charges separation leads to a fast deterioration of the plasma
confinement. Therefore a more complex magnetic configuration is required. An additional field, called
poloidal field and denoted Bpe1 (reported in light green on Fig is added. This field is achieved by
driving a current in the plasma (current in the toroidal direction), this current is induced by induction
using primary coils in the center of the plasma.

Each field line of the total magnetic field, B = Byor +Bpol, is contained in a surface, called the flux
surface and labelled 1. Except for rational values of the safety factor, denoted ¢ Eq. , defining
the winding of the magnetic field lines, a field line never closes on itself and covers the entire magnetic

flux surface.
_B-Vyp

The plasma equilibrium on the flux surfaces v is described by the force balance, that writes in the

(1.3)

ideal Magnetohydrodynamics (MHD) approximation:
BxJ=-Vp (1.4)

where J is the current density in the plasma and p the plasma pressure. This equation implies that
the pressure is uniform on the flux surface (B - Vp = 0), which can be expected from the free motion
of particles on magnetic field lines. This pressure gradient is directed toward the center of the plasma,
so that the pressure is higher in the center region of the plasma, where fusion reaction take place, and
lower in the exterior region where the plasma is close to the material walls.

1.2.2 Limiter and divertor configurations

The plasma can not be in a infinite volume chamber, and, inevitably above a certain radial extension,
all magnetic field lines are intercepting a solid wall. The corresponding flux surfaces are called open
flux surfaces, to distinguish them from the core flux surfaces, i.e. the closed flux surfaces Fig. The
first surface intercepting a solid surface is the Last Closed Flux Surface (LCFS), also called separatrix.
The plasma region which intercepts the material wall, the Scrape-Off-Layer (SOL), is a region where

the plasma—wall interaction takes place.
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Figure 1.3: Scheme of the two geometry configuration limiter (left), divertor (right)

The SOL region is the transition between the core region, where extreme condition are required for
fusion to take place, and the solid wall, where rather low temperature are needed to avoid the materials
melting. It is thus a region presenting a complex physic, with important radial gradients. The Plasma-
Facing Component (PFC), limiter or divertor targets, are the first components intercepting the field
lines, and are designed to extract the high heat flux escaping from the core region via the plasma. It
is worth to note that the PFCs act not only as a sink, but also release neutral particles, by recycling

process, which are later ionized with energy provided by the plasma.

Two classes of magnetic configurations exist : limiter and the divertor configuration.

1.2.2.1 limiter configuration

The limiter configuration (represented on the left panel of Fig is the straightforward, and histor-
ically magnetic configuration. It is not the chosen solution retained for steady-state plasma in future
devices (see divertor configuration for reason). However it remains of importance as it would be the
configuration for the start-up plasma of ITER, and presents some challenge for the power exhaust
problematics.

1.2.2.2 Divertor configuration

In divertor configuration, also called X-point configuration (represented on the right panel of Fig.
the plasma—wall interactions take place somehow remotely from the core plasma. This permits to
avoid that plasma heavy impurity, created close to the strike point, penetrates in the core plasma and
radiates energy which would deteriorate the confinement properties. Moreover, it has been shown that

this configuration offers an easier access to the high confinement regime [Lipschultz 07) [Pitcher 97]

(see section [1.3.2.1)).
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1.3 Transport in Tokamak

The primary purpose of the Tokamak design is to ensure confinement (7z) of the fusion plasma.
Such confinement requires a transport in the parallel direction much faster than in the cross-field
direction. However, a perfect confinement does not exist and the significant differences of temperatures
between the edge and the core of the plasma impose a cross-field transport triggered by thermodynamic
forces and directed to the outward region of the plasma. A good understanding of this transport
is mandatory for the design of future machines for both estimation of confinement time and wall

interaction problematics.

1.3.1 Classical and neoclassical transport

In the plasma, particles interact together via collisions, which leads to particles displacement from
their trajectory. This process can be described by a random walk and modelled as a diffusion Eq.
. This description of the transport is referred to as classical. Due to the important density and
pressure gradient in the cross-field direction, the collisional mechanism results in a cross-field flux

directed against the gradient, that is to say toward the exterior of the plasma.

I p=-D,V.N (1.5)

In this collisional approach, the diffusion coefficient is estimated as a function of the collision fre-
quency, v and the Larmor radius py, representing respectively characteristic time, spatial scales of the
random walk. Thus, it can be assumed that D . ~ I/pQL . In the edge plasma, the classical diffusion

25~! for Deuterium ions. However, the

coefficient takes typical values in the range of 1074 to 1072 m
classical description of the transport does not explain the level of cross-field transport observed in the

experiments which is several order of magnitude higher than the classical predictions.

In a torus geometry, the magnetic field presents inhomogeneity and the particles experience the vari-
ation of B along the field lines in the parallel direction, which modifies the collisional transport. The
physics describing this effect is called the neoclassical description of the transport. The neoclassical
estimation of the diffusion coefficient is higher than one of the classical one of a factor ¢ (from 10
to 100) [Hinton 74]. However the experience proved that this still is not sufficient to explain cross-field

transport observed in Tokamak.

1.3.2 Turbulent or anomalous transport

As presented previously, the collision theory is not sufficient to explain the cross-field transport,
historically referred as anomalous transport as it was explained neither by classical nor by neoclassical
theory. In the low confinement regime of the plasma (L-mode, see section , experimental
evidence revealed that a large fraction of particles transport is driven by turbulence in the outer
mid-plane, with high amplitude fluctuations of density, temperature and electrostatic potential in the
edge plasma [Zweben 07, [D’Ippolito 11]. This intermittent transport takes the form of long range
filamentary structures aligned along field lines, usually called blobs or filaments. Blobs are then
radially transported by the local electric drift, denoted ug (see chapter 2), and the anomalous or
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turbulent transport writes:

I“curb = <ﬁaE> (16)

The turbulent transport is sometimes modelled by a diffusion term, with anomalous value for
diffusion. However, if this method is practical for the global modeling of the machine, a precise
comprehension of the turbulence is mandatory, especially to understand the transition toward the
high confinement regime (H-mode, see section , or the asymmetry in the cross-field transport

and to make reliable prediction for future devices.

1.3.2.1 H-mode and transport barriers

Turbulence is a key player in the particle cross-field transport, responsible, when fully developed,
for L-mode. Tokamak reliability requires to achieve high performance discharges, with the objective
to reduce the turbulence in order to reach higher pressure in the confined plasma. In 1982, an
unpredicted regime, the H-mode, presenting higher confinement time, has been observed for the first
time in ASDEX [Wagner 82]. The transition between L-mode and H-mode is due to a reduction of
turbulence in the vicinity of the separatrix. The transition comes along with steeper pressure profiles
in the region of reduced turbulence, forming a pedestal, and higher plasma pressure in the core plasma
Fig. The region of reduced turbulence is called a transport barrier.

A strong poloidal velocity shear layer, observed experimentally, is believed to be a key player of
turbulence reduction [Burrell 97, [Terry 00]. The turbulent structures are decorrelated by this shear
layer and do not propagate through the barriers transport leading to the formation of the pedestal.
The mechanisms triggering the formation of this shear layer, and thus responsible for the H-mode, are
not resolved yet.

One of the downside of the H-mode, is the apparition of a MHD instability which triggers high
frequency relaxations of energy, in the range of 10 to 1000 Hz: the edge localized modes (ELMs). Even
though this question is not treated in this work focusing on steady-state energy deposition, the ELMs
are also a critical issue for the life time of PFCs as they deposit extremely high amounts of energy.

1.3.3 Laminar large scale transport

In H-mode, the turbulence being strongly reduced in the pedestal and near-SOL, it is not clear which
is the main mechanism driving the transport through the separatrix. Some models proposed that the
direct advection of the steady-state mean fields by drift velocities (see section could explained a
part of the cross-field transport :

e A Heuristic Drift-based (HD) model |Goldston 12] proposed that, in H-mode, the direct ad-
vection by magnetic drifts uyp and ueent (see chapter 2) is the main mechanism driving the
cross-field transport across the separatrix.

e It has also been shown that the electric drift also drives large scale transport, and can present a
steady-state contribution to the global transport, especially in the X-point region [Galassi 17].
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Figure 1.4: Pressure profiles in different confinement regimes : Internal transport barrier in green and
H-mode barrier in red (compared to L-mode in blue.)

1.4 Power exhaust in steady-state at high performance : a critical

issue for future devices

Economical viability of future fusion devices requires a sufficient power spreading onto PFC, potentially
damaged by high energy deposition. For ITER, the design limit of divertor materials in steady-state
is estimated at 10 MW m~?2 [Loarte 07]. However, due to the anisotropic transport, faster along the
field lines than in the transverse direction, energy escaping the core plasma reaches PFC through a
narrow channel of plasma Fig[T1.5] Thus, the exhaust energy is deposited on a small surface, receiving
important heat flux. Nowadays, one has no certainty that ITER would stay within this constraint
[Eich 13b], and power spreading is a key problematic for operation of future machine. In order to
optimize the design of future machines, one needs to improve the predictive capability of the power
spreading, and to have a better understanding of the physic underlying the establishment of the peak
heat load is mandatory.

1.4.1 Power balance

Prrer = 500 MW + 50 MW (17)
fusion heating

In operational steady state of Tokamak, input and reaction power has to be evacuate one way or
another, for ITER Pt = 550 MW, 50 MW with external heating and 500 MW with fusion. During a
fusion reaction, 4/5 of energy, that is to say 400 MW, is transferred to neutrons, and the rest to the
plasma. Neutrons are not confined by the magnetic field and are dispersed on all the wall surface.
In the power transferred to the plasma, about 50 MW is radiated by bremmstralung, and impurities
radiations. Once again, this energy is dispersed on all the wall surface. The 100 MW left, denoted
Psor, is evacuated by plasma convection. For the need of confinement time of Tokamak, the cross-field
transport of particles gyrocenter has to be small compared to the transport in the parallel direction.
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Figure 1.5: Scheme of the SOL width

The downside is that the plasma crossing the separatrix flows towards the target without important
spreading, so the power evacuated by convection will be deposited only on a small surface, which
means important heat flux, and potential damage for the plasma facing component at the strike point.

1.4.2 SOL width definition

For a given power evacuated through the plasma Psor, the maximal heat flux, gmax is inversely
proportional to the wetted surface, Syet, that is to say the surface of spreading of the heat flux.
Considering the axisymmetry of the problem, the value of this surface is constrained by the width of
the heat channel, denoted \;, and a geometric parameter defined by divertor properties (discussed in

the next section).

¢ ~ Psor, N Psor,
k —_— Y
peak & g T YE0r R,

(1.8)

The heat channel width is thus a key problematic in the heat exhaust, and A, results from a
competition between the parallel and cross-field transport in the main SOL. From a general perspective
this thin narrow layer derived from the equality :

T~ TL (1.9)
The penetration length in the SOL ), is related to the physic of the SOL and its model of transport.
e For a diffusive transport model, used in transport code (see chapter 4), A, is defined by the

relation Eq. ((1.10)), where D can represent classical, neoclassical or anomalous transport.

2
I

1.1
D. "~ (1.10)

e For a convective transport model )\, is defined by the relation Eq. (1.11). For turbulence
modelling, the character intermittent of the transport has to be taken into account. An ex-

pression of a time-averaged perpendicular velocity has been proposed by Ref. [Fedorczak 17] :
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Figure 1.6: Schematic shape of the heat flux profile in the main SOL (red) and at the target (blue)

vﬂlrb = "t fyvp, where ny is the density of the blob, n the averaged local density, f; frequency

of apparition of a blob and 7 is life time, and vy its velocity.

|

vy Cs

(1.11)

It is worth to underline that the A\, notion is somehow a theoretical view of a concept that one
tends to resume to a single valued comprehension whereas it is multi-faceted. Indeed this narrow
channel has no reason to be uniform neither in time, in particular for turbulent regime, nor in space.
In fact temporal disparity, poloidal and radial asymmetry has been reported from experimental results
[Carralero 14, [Kocan 15| Dejarnac 15|, [Horacek 15| [Gunn 13].

1.4.3 Footprint : geometry impact

Even though the power SOL width is generally defined as the property of the main SOL, in experience,
Ag is mostly measured from the heat flux radial profile at the limiter or divertor targets, by IR
measurement or/and Langmuir probe methods.

Historically, the radial profiles were supposed to follow a decaying exponential. A\, is then defined
as the e-folding decaying length : ¢ = goexp (—r/);). The estimation of A\, was directly extracted
from the profiles at the target with two methods : by an exponential regression of the profile Ay exp,

quq% [Loarte 99, Fundamenski 11].
pea

In order to clean-up obvious geometrical effects and compare different machines, )\, is remapped

or by an integral definition At =

at the outer mid-plane A, — A,/ f;, where f, is the flux expansion between the outer mid plane
Rompool,orﬂp
Rtaerol,tar

to decrease the peak heat load. Another geometrical effect impacting the peak heat flux is the angle

and divertor targets, f, = . Note that the flux expansion is also a parameter allowing
between divertor tiles and the magnetic field lines (gwan = g sin («)). Both of these geometric param-
eters have an impact on the peak heat load apart from the transport in the main SOL, they would be
accounted in e, in Eq. Advanced divertor concepts take advantage of these geometrical effects
for the design of the divertor geometry : Snow-Flake divertor [Soukhanovskii 11} [Soukhanovskii 13,
SuperX-divertor [Valanju 10].
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More recently, the description of heat load at the target proposed by Ref. [Eich 11] parametrizes the
profile by a convolution of a decaying exponential, representing the transport in the main SOL, with
a Gaussian, representing a diffusive spreading in the divertor region Eq. This methods permits
to get rid of divertor effects and to extract a coherent multi-machine (JET, DIII-D, ASDEX-Upgrade,
C-Mod, NSTX, MAST) empirical scaling law for A, in H-mode [Eich 134, [Eich 13b].

2 _ _
_ qo S 3 S 3 L
=2 =) - fo = — th 5==s— 1.12
q(5) 26Xp<<2/\q> )\qu>er0<2)\q wa)+%g with §=s— 59 (1.12)

This description separates two different physic contribution of the transport:

e The transport in the main SOL represented by A,. Note that here \; would be e-folding length
of the decaying exponential profile at the divertor entrance (represented in blue on Fig. ,
there is no evident reason that it would be the same width at other poloidal locations of the
SOL

e Divertor physics, leading to a leakage into the private-flux-region (PFR),represented by the
factor S, usually called spreading factor.

Both A, and S have an impact on the peak heat flux. The spreading leave some possibility to
reduce gpeak, without playing on the main SOL transport. S can be easily linked to the integral SOL
width Ajn¢, directly linked to gpeak and it has been shown that Ay = A\g + 1.64S [Makowski 12]. A
scaling low for S has been proposed, showing a main dependency in B;oll both in both L-mode and
H-mode [Scarabosio 15]

The separated physic motivates a distinct extrapolation of A\, and S. However their is no clear evidence
yet that their is no interplay mechanisms, justifying that both of these effects can be easily decoupled.
In fact studies on TCV Tokamak have found a unexpected result: the variation of the length of the
divertor impacts essentially the estimated A, and not the spreading factor S [Gallo 16].

1.4.4 ), scaling laws

The current scaling law for the H-mode, derived from the multi-machine regression of Ref. [Eich 13a],
found that the strongest dependencies of A, is the one with By, Fig Eq. with a second
striking and unexpected result that no dependencies on R is found.

Ay Eich o 0.64B 10 (1.13)

pol

This functional dependencies seems to be somehow universal and has been retrieved in other
experiments [Thornton 14} [Sun 15| Wang 14]. Moreover, it is worth underlining that this feature is
not specific to H-mode, an empirical scaling law in L-mode show similar dependency with By :

e In divertor configuration on JET and ASDEX-Upgrade [Scarabosio 13]

Agt™ A 1.44B7 M (1.14)
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Figure 1.7: B, scaling of power SOL width

e In limitor configuration on Tore-Supra (add scaling law) [Gunn 13]

A 9.4B 57 (1.15)

The extrapolation of this H-mode scaling law gives for ITER A\; = 1mm to 3 mm rising concern,
as it might lead to heat flux above the constraint limit of 10 MW m™2 even taking into account the
detachment effect (see section [1.4.5)

So far, empirical scaling laws miss a theoretical grounds to back-up their prediction, and the
mechanisms driving the heat transverse transport in the edge plasma are not yet fully understood.
This is a central issue for the design and the sizing of future devices. Some theoretical studies attempt
to describe the way energy escapes the core plasma through the separatrix and deposits on the PFC
have been done, but no definitive conclusion has been drawn yet. In L-mode, it is accepted that
turbulence dominates the cross-field transport, theoretical model have been proposed based on linear
analysis using the gradient removal theory [Ricci 09], and based on a blob approach [Fedorczak 17] to
predict the value of the SOL width in L-mode.

In H-mode turbulence is strongly reduced in the vicinity of the separatrix, and it is thus not
certain whether turbulence plays the predominant role in the cross-field transport. The HD-model
[Goldston 12] (described in detail in chapter 4) has attracted much interest for its good agreement

with experience [Eich 13al [Faitsch 15| [Sieglin 16], in particular its prediction of the dependency on
By

1.4.5 Necessity of detachment regime

It is important to recall that the spreading of energy described above is in fact not sufficient to stay
below the operational constraint of 10 MW m~2 for future devices like ITER, even more so for DEMO.
Moreover, for the long-term erosion due to sputtering of electron, it is further mandatory to keep
the electron temperature below 5eV [Zohm 13]. For both these issues, a so-called detached regime is
foreseen. The physic of the detachment is linked a high recycling condition, in the detached regime

one observes a simultaneous decrease of density and temperature at the strike point which leads to
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a roll over of the plasma flux to the target. In such regime, the largest part of the incoming heat
flux will be dissipated by radiation in the divertor region, and the radiated power expected is of 60%
for ITER [Wischmeier 15], and 95% for DEMO [Wenninger 14]. Moreover, it permits to keep a low
electron temperature at the target. However detachment can affect the confinement properties if the

heavy impurity does not stay in the divertor region.

1.4.6 Narrow feature in L-mode start-up plasma

The start-up phase of ITER discharge will be in limiter configuration, with the limiter positioned
on the inner wall, i.e on the HFS wall. In this configuration, experimental g profiles at the limiter
target exhibit double exponential features: with steeper gradient in the vicinity of the strike point
(Agnarrow ~ few mm) [Kocan 15, Dejarnac 15, Horacek 15], followed by flatter profile in the far SOL.
This characteristic leads to a higher peak heat load onto the inner wall: the estimated gpear presents
up to a factor 4 compared with the value expected from single exponential approach [Kocan 15|
Arnoux 13|, and could exceed the material limit.

A theoretical model, using 3D fluid simulation, proposed that this feature could be explained by
the reduction of radial correlation due to a sheared poloidal flow E x B [Halpern 17]. However one

needs to have a better understanding of this feature in order to avoid possible damage of the wall.



Chapter 2

Fluid modelling of the edge plasma

The study of the mechanisms underlying heat transport via experimental results is a difficult task
due to the complexity of measurement in the hot plasma, in particular for ion temperature. Thus, a
complementary approach of the heat transport study using numerical tools is mandatory in order to
have a better understanding of the underlying physic.

In the edge plasma, the 3D turbulent fluid model is an interesting tool as it includes all the
physics suspected to play a role in the establishment of SOL width : self-consistent turbulence, drift,
temperature dynamics etc, with a reasonable computational cost.

In this chapter, the fluid model is derived, and we present the main approximation of this approach:
fluid closure, drift ordering. Moreover, some insights on the physic of the open field lien, specific to
the edge plasma, are provided. In the last section, we detailed one of the three numerical fluid tools
used in this thesis: the code TOKAMS3X in this anisothermal version. This code has been chosen as
the two others models studied in this work TOKAM2D, and SolEdge2D are somehow reduced models
of TOKAM3X.

2.1 Fluid approximation

Despite the great progress of supercomputers, the computational limits are still a key problematic of
the numerical approach leading to modelling efforts to reduce the cost of the physical model. The
most straightforward approach is the particular description, where the trajectory of each particles is
computed from the equation of motion (2.1 of a particle of mass m, and of charge e,.
dv
mad—ta =eq (E+ vy x B) (2.1)
where v,, E and B stand respectively for the particle velocity, the electric and magnetic fields.
The electric and magnetic fields are generated both by external fields and by the impact of all the
other plasma particles according to Maxwell’s equations.

For N, particles the computational cost is 6N, (6 degrees of freedom 3 for position and 3 for velocity).
In spite of the low plasma density ~ 10?°m~3 this approach is numerically inaccessible. That leads
the physicist to use more complex but less costly descriptions. Two approaches are mainly used: the

kinetic approach and the fluid approach.
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Kinetic approach:

The kinetic approach is a statistical approach solving the distribution function, fs, in spatial and
velocity space, its temporal evolution is described by the Boltzmann’s equation . This allows
to reduce the numerical cost to Ngts
approach further reduce the cost to 5 dimensions by taking the average along the cyclotron motion.

< 6N, where N is the spatial resolution. The gyro-kinetic

6tfs + vg - Vrfs +a;s - Vvsfs = 8tfs ‘coll (2'2)

Fluid approach:

The fluid approach is an other step to reduced the numerical cost. It only considers averaged quantities
of the distribution function, such as density, velocity and temperature, obtained by the momenta of
the distribution function (2.3)), that is to say integrals of the distribution functions along the velocity
space.

./Vlgn) - /Vs®nfs (r,vs,t) dvs with Vi =V @ Qv (2.3)
N———r
Q n times

This approach allows to further reduced the numerical cost to 3 dimensions plus times. Edge plasmas
are highly collisional, in this framework, the distribution function tends to be quasi-Maxwellian ([2.4]).

mg _|Vs - us|2
fs = ns (27Tk‘BTq> exp <2> (2.4)

ur
with ug the fluid velocity defined later (2.4), and vr the thermal velocity. The numerical cost of such
approach will then depends on the complexity of the model (number of moment solved, additional
mechanisms) and also of the spatial resolution of the grids.

2.1.1 Derivation of fluid equations

Fluid equations are obtained by taking the different momenta of the kinetic equation (2.2)) and then
by integrating over all the 3D velocity space:

/ Vs®natfsd3Vs+/ Vs®nvx'(vsfs) d3Vs+/ Vs®nvvs'(£ (E +vs X B) fs) dgvs = / Vs®ncsd3vs
Vs Vs Vs mg Vs

(2.5)
One can rewrite the Equation (2.5 by considering commutative properties as:

o ( / v fsd3vs>+Vx-< / v &t fsd3vs>+ / vs®nvvs.<& (E 4+ vs x B) fs) vy / v Cyd3vy
Vs Vs Vs ms Vs
(2.6)
momentum, i.e

The exact resolution of the n' momentum equations requires to know the n + 1t"

to solving the n + 1** momentum equation. Thus only the infinite set of fluid momentum equations
is equivalent to solve the kinetic model. In the fluid description, one truncates the momentum at a
certain order, and solves only few momentum equations (2 or 3). In this thesis, we discuss two type
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of models:

e Isothermal models : i.e assumptions of a constant temperature, for which 2 momenta equations

are solved.

e Anisothermal models for which 3 momenta equations are solved.

Both models relies on the classical closure used in fluid modelling, the so-called Braginskii closure,
which leans on the assumptions of high collisionality (presented in section [2.1.3]).

2.1.1.1 Continuity equation

For n = 0, the equation [2.6) writes:

oy (/ f5d3vs> + V- </ vsf5d3vs> +/ Vvs.(%fs) d3vsz/ Cyd®vg (2.7)

Using the quasi-Maxwellian hypothesis (2.4]), i.e the distribution function f, decreases exponentially

at infinity in the velocity space, one has:

VneN, lim vs®'f, =0 (2.8)

[vs| =400

The third term of (2.7)) can be then recomputed:

Vs—+00

/vs V.- (if) dPve = lim {]’;f} ™ 29)

Finally, we suppose here that the collisions do not create or destroy any particles, i.e. their is no
atomic reactions ( [Csdvs = 0). The particle balance equation then writes:
Q

Ons + V- (nsug) =0 (2.10)
Using the following definition for the momenta of the distribution function:

e the momentum of order 0 is by definition the mean particle density ng

ne (r,t) = MO (r,1) = /fs (r,vs,t) dvsg (2.11)
Q

e the fluid velocity ug is defined by the moment of order 1:

(neug) (r,t) = MY (r,t) = / Ve fs (1, Vs, 1) dvg (2.12)
Q

2.1.1.2 Momentum balance equation

For n = 1, the equation ({2.6) writes:

F,
o, ( / vsfsd3vs>+Vx-( / vs®vsfsd3vs>+ / VSVVS-(m—fS> By, = / veCodivs  (2.13)
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The particle velocity is split into its averaged part, the fluid velocity defined in (2.12)) and its
fluctuating part denoted wg in the following wg = vg — ug. By definition, one has fvs w, fsd3vg = 0.
Using this notation, the equation ([2.13]) becomes:

F, 1
0, (nsutg) + Vi - ( / (g + wy) @ (s + wy) fsd?’vS) N / veVy, - (H fs) Pvs= R, (214)
=A =B

We now develop separately A and B:

A=V - <us®us/ fsd3vs+us®l/wm4'l/wm@us+/ Ws®wsfsdsvs>

= Vg <’I’lels ®ug + Ws & stsd3Vs>

Vs

F + F
By, For —/ LLY.
V. mg

ms —c0

__ s (E/ fod3vy +/ Ve fsd3vg X B)
ms Vs Vs

We further introduce two fluid definitions:

e The total pressure tensor ﬁfft. One can notice that ﬁ?t is a symmetric tensor

ﬁgOt = Mg Ws @ W fsd>vg (2.15)

Vs

e The collisional momentum source Ry

R, = m, / w,Cyd>vy (2.16)

Finally, the momentum balance equation writes:
0y (mgnsus) + V- (msnsus ®us + msﬁ20t> = g¢sns (E+us x B) + Ry (2.17)

2.1.2 Second moment: energy equation

The derivation of the second momentum of equation (2.2)) is detailed in Annex [A] and leads to:

_ 1 _ 1 =
O (ns€s) + V- <2n5 (Es®us+ug ®Es) + 5 [ msWs ® U ® W fsd>vg + QS> (2.18)
Vs

1 _ _ 1
:iqsnS(E®us+us®E)+W:5XB+HS+§(RS®us+uS®RS)
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Using the definition of fluid quantities for the momentum of second order:

e the energy tensor &;:

— 1 1 =
ns€s = imsnsus X us + §H20t (219)
e the pressure flux tensor (38:
= 1 3
Qs = 5Ms | Ws @Ws ® Ws fsd'Vs (2.20)
Vs

e the collisional pressure source tensor Hj:

-1
Hy = 5m / Csws ® Wed>vg (2.21)
Vs

e the work tensor of the Lorentz force V:VSV sxB,

= 1
JvexB _ 2%/ (v x B) ® Vs + Ve @ (ve x B)) fudvs (2.22)

Equation is a tensor equation providing the transfer of energy in the three space directions.
Such precision is usually considered superfluous in standard plasma fluid codes as the pressure is
assumed quasi isotropic due to collisions. In this framework, the resolution of the tensor equation
would be a unnecessary numerical cost. The resolution of the total energy E'°! is considered sufficient
to describe the transport in the edge plasmas. The equation of the energy evolution is obtained by
taking the trace of the equation and leads to the following scalar equation:

8,5E§°t +V. (E;Otus + us - ﬁngt + qs) =nsqsE-us + QH,s +Rs - us (223)

e D, = %Tr (ﬁg“) is the scalar pressure

o Ft = %msnslus\Q + %ps is the total energy carried by the species s

e Qs = %ms fvs |ws|2Csd3vs is the collisional energy source

o %ms fvs |ws|>ws fsd®vs is the heat flux

2.1.3 Braginskii closure

The Braginskii closure on plasma fluid equation [Braginskii 65] is a closure for fluid equations of 2nd
of 3rd order. This closure was developed in the frame of a strongly magnetized and highly collisional
plasma, i.e we, 7e > 1 and w,,;7; > 1 where w,, /i and 7, /i are respectively the cyclotron frequencies and
the collisional times for electrons and ions. In this limit, the plasma is close to the thermodynamic
equilibrium and the distribution function exhibits a quasi-Maxwellian shape. It gives a closure for the
following undetermined quantities: the friction terms R;, the collisional energy source @) 5, the total
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pressure tensor lEIgOt, the heat flux ¢s. The principal results for single ion species plasma are recalled

below.

The collisional momentum source R, is made of two contributions: a friction force R* due to the
relative velocity between ions and electrons, and a thermal force due to the temperature gradient. For

electron, one has:

u . . 3 Ne
R, = RY +R{ = ene (ndyb +10j1) — 071V T, —

bxV,T. (2.24)

We, Te

where 7 and 7, are respectively the parallel and perpendicular Spitzer resistivities. Moreover, one
has R. = —R;.

The collisional energy source Q) s writes:

Q)i = 3%@ for electrons (2.25)
] €
. , L. Me Pe — Pi .
Qe = 77||jﬁ + 1143 + st RI — 3# 67_ * for ions (2.26)
e 7 e

The total pressure tensor can be decomposed in a scalar pressure part and a tensor (2.27). This
decomposition is motivated by the fact that the pressure is assumed to be quasi isotropic in a high

collisional plasma.
Mot = p, T + I15ree (2.27)

The Braginskii’s tensor can be itself decomposed in 3 components : a viscous tensor, a Finite Larmor
Radius tensor, and a residual tensor (2.28). Their expressions are detailed in Annex |A] but one
will retain that ﬁ;’is is the term of higher magnitude. Moreover, the diamagnetic cancellation shows
that the difference between the divergence of the diamagnetic advection and the one of the V B-drift
advection is compensated by the highest term of the T:IFLR divergence. This simplification will be used
to replace uy by uyp in the fluid equations and allows to suppress the contribution of ﬁFLR.

ﬁSBrag _ ﬁ\sfis + ﬁSLR + ﬁ;es (2.28)

The heat flux ¢, is made of two contributions: a friction force, and a thermal force due to the existence

of the temperature gradient.

3
qe - qz + qg = 071p€ (UEH - u’Lu) b + 5 pe b X (uel - u’il)
We, Te
5
~ e V)T =X, Vil = Pe yuww T, (2.29)
MeWe,
5 .
i ==X, V)T = xi, ViTi+ 5 P pxwv.T (2.30)
MeWe,

where x;/. are respectively electron and ion thermal conductivities.
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2.2 Drift ordering

The motion of a particle in magnetic field presents two main components, a free parallel motion at a
velocity of the order of the thermal velocity c¢s ~ \/Ts/ms, and a cross-field circular motion around
the field line (the cyclotron gyro-motion). Moreover, the presence of non-uniformity of the magnetic
field or of an electric field induces a transversal motion the guiding center which moves away from the
magnetic line. Such motions are called the drift velocities. The contribution of the gyro-motion in the
fluid velocity is null apart from the drift effects. Thus, the fluid velocity of species a s is decomposed
as follows:

us=ujstu s=uybt+u g

where u”b is the parallel motion and u| s is the contribution of the drift velocities.

In order to find the expression of the drift velocities, one applies the so-called drift ordering used in
the frame of the fluid modeling. This drift ordering relies on the assumption of two small parameters:

e The frequency of studied phenomena is assumed to be smaller than the cyclotron frequency and
gives us the first small parameter £, (2.31)).

o= — <1 (2.31)
We

e The characteristic plasma perpendicular length is supposed to be higher than the Larmor radius
and gives us the second small parameter g; (2.32)).

a=2L«1 (2.32)

=7
The motion in the perpendicular direction can be ordered as :

1 2 2 2
ul s = €Ul s + €'ul s “+o (5 )
—— ——
drift of 1st order  drift of 2nd order

Note that the parallel velocity is at least of the same order than the zero order of the cross field
motion, i.e the cyclotron motion : |u 5| ~ vr ~ pr/we, where vr is the thermal velocity.

2.2.1 Drifts of order 1

In order to isolate u g, we estimate the transversal projection of the first moment equation by taking:

B x [8,5 (mgnsus) + V- (msnsus R ug + I:Ii,"t) = gsns (E+ug x B) + RS} (2.33)

Using the splitting of the velocity into parallel and perpendicular contributions, and assuming a

magnetic field constant in time, the equation can be rewritten as :

O (mgnsB xu; ) + B x V- (mgnsus®us) +Bx V- (ﬁ';‘”) = qsNs (B x E + BQHJ_,S) + B x R,
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First, we can start by neglecting the following terms of an order higher than one with respect to &,
or g;:
| msOr (nsB xuyq)| mswu; w

~ ~ — ~ ~ 1
|QSnsuL,sBQ| gsu) B We cw 0( )

The second term of the left side of the equation one can distinguish several contributions: V -
(msnsus ®@ug) =V - (msnsu”’SQb ® b) +V. (msnsuwsb ® uLS) + V. (mgnsu s ®@uy g). The two
last terms are of an order higher than one and can be neglected in the drift ordering, indeed:

‘B x V- (msnsu”@b &® UJ_’S> | MsNsCsU | K| PL . (1)
~ ~ — Y l ~ 0O
lgsnsus | sB2| gsnsu B Iy
BxV- (msnSuJ_,SZ@J wis) | mansudky <Pl o o(])
|QSnsusJ_,sB | gsnsul B il

For the first order, one retains only the viscous part of the Braginskii stress tensor (see Annex |A)):
7B ~ TTVi mFLR 17 rvi
I ~ II7%  as I, TN << IIY° (2.34)

Moreover, apart from the curvature terms, which are neglected here, the divergence of the viscous

stress tensor can be rewritten as [Bufferand 17]:
v (0l) = —éV (p1=p) + V- ((py=pL)b) b+ (p —p1L) K (2:35)
With Kk =b- Vb

Finally, retaining only the term of first order, the projection of the momentum equation can be

rewritten as :

B x V- (msnautb@b+1l) + B x Vip=qmn, (BxE+ B’ ) +B xR,

Thus we get:
2 =
" :E><B+BxVLps+BXV'<msnsUHb®b>+B><VL-HL| B x R,
* B? nsqs B2 nsqs B2 nsqs B2 nsqs B2
ExB BxV,(p) BXV'<msnsuﬁ+(pH_pJ_))Bx B x R,
= K
B2 nsqu2 nst32 nst32

In the hypothesis of low  (ratio of kinetic and magnetic pressure), assumed in the edge plasma
modelling, the scalar pressure becomes isotropic, i.e p; — p; & 0. In the following, we will consider
an isotropic pressure and we neglected the terms of collision in Rg even though it can be a disputable
simplification at very high collisionality. The 1st-order perpendicular velocity is finally given by the
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Figure 2.1: (a): Ion and electron drift in magnetic field due to electric drift (particular representation).
(b): Ton drift due to diamagnetic drift (fluid representation)

sum of the E x B drift ug, the diamagnetic drift u,, and the centrifugal drift Ucent:

ExB B x Vp, BxV-(msnsuﬁ)

1
Ug| = B xk 2.36
St B2 nstB2 nstB2 ( )
Uug W Ucent

We now discuss the physical meaning of these three drifts.

Electrical drift ug:

In the presence of an electric field, E the cyclotron motion of a charged particle is distorted. For
example, if one considers an electron, the electron is accelerated by E (i.e presents a larger Larmor
radius), in the part of the gyro-motion where the electron velocity is in the same direction than the
electric field E. Conversely, in the part of the gyro-motion where the velocity is in the opposite orien-
tation than E, the electron is slowing down (i.e presents a smaller Larmor radius). This modification
of the gyro-motion implies an averaged perpendicular motion of the gyro-center as schemed on Fig.
)

For ions, the E force applies on the particle is reversed, however as the particle turns in the
opposite direction, the final drift is consequently in the same direction as for electron. This drift
depends neither on the particle charge nor on the particle mass. Thus it does not create any current
for a quasi-neutral plasma.

Diamagnetic drift u,:

The diamagnetic drift velocity is a fluid drift as it does not come from the drift of a single particle
motion but results from the collective motion of an high number of particles (statistical effect). As
illustrated on Fig. b), the presence of a pressure gradient induces a spatial inhomogeneity of
cyclotron velocity distribution. This spacial inhomogeneity results in global motion of the fluid.
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However, each the gyro-center of each single particle does not move. And one can show that the
particle flux associated with this drift is divergence-free except for the effect of the magnetic field
curvature:

1

V- (nsuy) = (Vps X V%) .B (2.37)

ds

In fact, in the fluid codes used in this work, the diamagnetic drift is replaced by the so called VB

drift uyp = :EQTSBTBYB, as it can be shown that the divergences V - (nsu,) and V - (nsuyp) coincide
(see Annex |A)).

Conversely to the diamagnetic drift, the VB drift can be understood from a particle point of
view. The difference of B implies that the Larmor radius of the particle is smaller on the size of the
gyro-motion where B is the strongest (p;, o< 1/B). Following the same lines of thought as for ug
drift, one understands how the V B drift induces a drift of the particle with a direction depending on
B x VB.

Note that the diamagnetic (or V B) drift is charged dependent and thus drives current for a quasi-
neutral plasma.

Centrifugal drift ucent:
The centrifugal drift is also a drift due to the inhomogeneity of B along the particle motion. This
drift comes from the difference of B that the particle experiences along its parallel motion, when in
the case of VB drift it comes from the inhomogeneity encountered along the transversal gyro-motion.
The centrifugal drift is a curvature term, but can make a significant contribution to the radial flux
when U ~ Vth- This contribution is of the same order as the one of the diamagnetic or VB drift. In
the fluid modelling, this term is sometimes neglected under the hypothesis of a small Mach number.
However, this drift should be considered as 1st-order term in the drift ordering, especially in the case
of large amplitude flows.

The role of the drifts in the transport is twofold:

e First the drifts plays a role in the dynamics of the turbulence. Indeed, the diamagnetic drift
is a mechanism of destabilisation of the turbulence and the electrical drift is the mechanism of
advection of the intermittent structures.

e They also play a role in transport from their averaged contribution. Indeed, the E x B and
V B drifts bring forth large scale flows, which play a role in the steady-state equilibrium of the
plasma.

2.2.2 Drift of order 2 : the polarisation drift

The same methodology, than the one for the drift of order 1, leads to the expression of the drift of
order 2, called the polarisation drift (2.38]).

B x V (II! + R,)
nsqsB*

Upol = 717;;3_;2 X (at (nsuj_,sl> +V. (nsul,sl & us)) +

The polarisation drift is an inertial term proportional to the mass of the particle. Thus, as

(2.38)

m;/me =~ 1000 > 1, only the contribution of the ion polarisation drift is taken into account in the
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fluid model. Moreover, us;, depends on the particle charge, thus as the diamagnetic drift, it generates
currents.

This drift is of the second order, that is to say of an order of magnitude lower than ug and u,.
Nevertheless, this drift plays a significant role in the equation of current conservation, as the divergence
of the current associated with uy, is of the same order as the one associated with u,. Moreover, the
electric drift does not induce any current. Consequently, one needs to keep the contribution of the
polarisation drift in the divergence operator of current advection to have a coherent ordering, but it
will be neglected in other advection terms. This last simplification, made for computational reasons,
is disputable, as V (nu,) and V (nup) are of the same order. However, the fact that V (nug) is still
of an order of magnitude higher makes it reasonable.

2.3 Physic of open field lines

The SOL is a specific region as it is comprised in-between the hot core plasma, and material PFCs.
In this region, the plasma following the magnetic field lines, intercepts the material walls, leading
to a plasma-—wall iteration. At the solid surface, the ions and electrons recombine and neutrals are
transported back in the plasma. Thus the wall acts as a sink, but also as an indirect source for the
plasma. These phenomena are not studied in details in this thesis but are of a key player for the peak
heat flux management at the target. For example, this is the mechanisms involved in the physic of
the detachment regime, crucial for the operation of future devices (section .

Moreover, the charged particles arriving at the wall interact with it, which leads to a modification
of the electric fields in this region. This phenomena induces specific boundary condition for the SOL
plasma at the PFC, which needs to be correctly modelled for a coherent fluid code.

2.3.1 Boundary conditions at the wall in fluid models

Ions and electrons present different thermal velocities at the same temperature, i.e T, = T;, vy /vr, =
\/mi/me > 1. Due to this difference of velocity, the wall intercepts initially a higher flux of electrons
than of ions, and thus charges negatively. Consequently, an electric field arises in the vicinity of the
wall. This electric field accelerates ions, and slows down electrons until an equilibrium state is reached
where ion and electron fluxes are equal.

Due to this mechanism a thin zone of charged plasma is observed in the proximity of the wall. This
region is called the sheath region. The characteristic width of the sheath corresponds to the Debye
length , that is to say the scale length of screening of an electric charge:

€0T
AD =/ — 2.
D=\ ez (2.39)

where €q is the vacuum permittivity. For a typical SOL plasma density of 10 m™3, an electron
temperature of 50 eV, Ap is about 107° m. Hence, the typical width of the sheath is of several order
of magnitude lower than the parallel length L = 2mrqR ~ 100 m.

Two regions of the SOL can be distinguished : the sheath region, and the remaining plasma
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Figure 2.2: Scheme of the sheath region and the quasi-neutral plasma

satisfying the quasi-neutrality assumption. The Poisson equation writes differently in the two regions:

d2
d—zf = % (ne —n;) for the sheath (2.40)
ne ~ n; for the quasi-neutral SOL (2.41)

where z is the coordinate in the parallel direction.

Considering the negligible thickness of the sheath, this region is not explicitly modelled in fluid
codes. However, they are taken into account via the boundary condition at the target, so-called the
Bohm conditions. These boundary conditions are derived below, and determine the equilibrium of the

main quasi-neutral plasma.

2.3.2 The Bohm condition

In the following, sheath is assumed to be collisionless due to its low width, smaller than the mean free
path. Moreover, the inertial terms of electron will be neglected and the plasma in the sheath region is
assumed to be isothermal. In a first part, we derive the Bohm condition under the cold ion hypothesis
(T; = 0). The momentum balance equation for electron in the parallel direction can be then

rewritten as:

vae = —neeE” (2.42)
kBTeV”ne = TLEGV”¢ (2.43)
giving the Boltzmann’s relation:
e (¢ — ¢o)
s )/ 2.44
e =negesp () (2.44)

We now estimate the acceleration of the ion due to the difference of potential between an upstream
point and the sheath entrance. Under the cold ion and collisionless assumption, the energy conservation

energy for ions gives:
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1/2mivf = —e¢ (2.45)

Moreover, assuming that the only source of ion is upstream, the parallel momentum is constant
(njv) = constant), and one can combine particle and energy balance to get:

n; = nse\/ ¢se/ @ (2.46)

where ’se’ stands for sheath entrance.
Using (12.44)) and (2.46]) the Poisson equation (2.40) then writes:

d2¢ . € Qbse € (d) - ¢se)
() e

The Taylor expansion of the previous equation as a function of the small parameters A¢p & ¢ge—¢p >

0 gives:

d’A¢ _ _enseA¢ ( e 1 > (2.48)
d$2 €0 k}BTe 2’¢se| ’
which admits a non oscillatory solution only if:
e 1
_ >0 2.49
<kBTe 2‘¢se|) o ( )

This expression is equivalent to the following expression (2.50), usually called the Bohm criteria.

kT,
Vg > € With cg = f;ue (2.50)
1

This result can be generalized for hot ion plasma [Stangeby 00] by modifying the expression of the
sound speed as following:

Te +7T;
Cs = M (2.51)
m;

where ~ is the polytropic index, in particular v = 1 for an isothermal plasma.

2.3.3 Solid Surface with an oblique angle with B : Bohm Chodura Condition

So far, the magnetic field lines have been assumed to be normal to the solid surface. However, in
realistic Tokamaks, it is not the case. In fact, a large angle between the target normal and B is
desirable in order to decrease the peak heat flux at the target gpeax = g| cos (), where « is the angle
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between the solid normal and B.

In this configuration, one needs to take into account the transversal drift into the previous deriva-
tion of the boundary condition, which leads to the so called Bohm-Chodura boundary condition
[Chodura 86]:

| (uyb+uL) - nyan| > csb - nyan] (2.52)

where ny,) is the normal to the solid wall, and with the flux directed towards the wall.

2.3.4 Bohm conditions for energy balance

The sheath derivation permits to deduce the plasma outflux at the sheath entrance I'ss. However, the
energy outflux has still to be determined. Considering a collisionless sheath, the heat flux has to be

convective and expresses as:
e = 'Yek'BneTere and ¢ = ’VianTirse (2'53)

where 7, and -; are the sheath transmission coefficients. Their expression can be found in Ref.
[Stangeby 00|, and we have v, ~ 5, v; ~ 2.5.

2.4 Turbulent codes : TOKAM3X

In this section, we details the derivation of the equation of the code TOKAM3X in this anisothermal
version, one of the three codes used in this work. This code has been chosen as the two others models
studied TOKAM2D, and SolEdge2D are somehow reduced models of TOKAM3X.

TOKAMS3X is a first principle 3D turbulence fluid code for edge plasma, which has the specificity to
run in flexible and realistic geometry. The code solves fluid equations for a quasi-neutral plasma based
on the Braginskii’s closure and the drift approximation presented previously. Recently, the code has
been extended to an anisothermal version with self-consistent resolution of the temperature dynamic
and gradient. Before, the code solved an isothermal set of equations with temperature constant in
space and time.

TOKAMS3X is a flux-driven code, hence, the quasi steady-state equilibrium profiles are self-
consistent. The system is driven by volumetric sources of density, parallel momentum and energy,
which models the plasma influx from the central plasma. The volumetric sources are symmetric in
the poloidal and toroidal direction and are located at the inner boundary with a Gaussian shape in
the radial direction.

Moreover, diffusive terms are added to the balance equations. Such terms represent the dissipa-
tion mechanism at scales smaller than the mesh grid, thus not modelled self-consistently. They are
mandatory for the numerical stability of the code.

Above the Braginskii’s closure and the drift approximation, TOKAM3X makes further hypothesis in
order to obtain the final set of equations:

e TOKAMBS3X is an electrostatic code: the effects of magnetic fluctuations on the transport are

neglected under the low S hypothesis. Here, only the electric potential fluctuations are taken
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into account. With this hypothesis, B is considered constant in time and the electric field is
equal to the gradient of the electric potential ¢.

E=-V¢ (2.54)

e m./m; ~ 1073, therefore, inertial terms of electron are neglected with respect to the ones of

ions.

e The parallel resistivity, n and the parallel thermal conductivities x| /; are also simplified in the
version of the code presented in this work. The parallel Spitzer resistivity 7, which normally
depends on the temperature, is taken constant in time and space. In the case of the parallel ther-
mal conductivity only the temperature dependency is conserved and we take x| /i = Ko /iT5/ 2
where Ky, /i are constant parameters.

e A Boussinesqg-like approximation [Hinton 71| is realized on the current balance equation (see

section [2.4.4.4]).

e The centrifugal drift, only recently implemented in TOKAMS3X, has not been taking into account,
and the diamagnetic drift is replaced by the V B-drift under the diamagnetic cancellation (see

section [2.1.3)).

Note, that the drift of order 2, i.e the polarization drift, is kept only in the charged balance as
the current divergence of this drift is of the same order than the one of the drift of order 1. In the
other equations, only the drifts of order 1 are kept even though, as mentioned in section this is
a disputable simplification.

2.4.1 Magnetic configuration

The magnetic field, constant in time in TOKAMS3X, is fixed as an input parameter of the code. The
magnetic equilibrium is assumed to axisymmetric (i.e toroidally symmetric) and is thus described
using a 2D map of the poloidal plane. The code allows to use complex realistic geometries including
X-point configurations. However, in this work, the studied simulations are restricted to limiter config-
uration. For such magnetic configurations, the magnetic equilibrium is determined by two parameters:
a toroidal flux number F' = ByRy and a 2D poloidal flux function 4. The magnetic field is computed
accordingly, using the formula:

B = Btor + Bpol = FV(P + Vw X V‘P (255)

where By, and By, are respectively the toroidal and poloidal magnetic field, and ¢ is the toroidal
angle. The iso-1 surface are tangent to B and label the flux-surfaces.

The meshes used in TOKAMS3X are aligned to the flux-surface. They use the covariant and con-
travariant basis associated with the curvilinear coordinate system (1, 6, @), where 6 is the coordinate

along the poloidal direction.
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2.4.2 Boundary condition

In the parallel direction Bohm-Chodura boundary condition are imposed at the magnetic pre-sheath

entrance : ’ (UHb + uJ.) : nwall| > Cs‘b ) nwa11|7 qe = YekpneTel'se and q; = vikpnTilse

In the perpendicular direction, Neumann conditions are imposed at the inner and the outer boundary.

2.4.3 Normalisation

In the code, all quantities, F', are normalized with respect to a reference quantity. The dimensionless
variables are denoted F' , and defined by F=F /Fy where Fy is the reference quantity.
The reference density ng, and temperature T are chosen as typical values at the separatrix in

Tokamaks. The reference magnetic field By is defined as B on the machine magnetic axis. Spatial
eBog .

Accordingly, electric potential ¢, and the parallel velocity are respectively

quantities are normalized to the Larmor radius py, = , and time to the inverse of ion cyclotron

frequency Qs = %e.
normalized to % and cs9 = 1/%- The reference quantities are reported on Tab. as well as the

typical value of this quantity observed in Tore Supra at the separatrix.

Quantity ns(m=3) Ts (eV) o (V) B (T) | time (s) | distance (m) ug (m.s™1)
Normalization ng Ty oo ="To/e By w; PL cs,0 = /To/m;
Tore Supra | 5 x 10'® — 10" 30 30 3.1 | 3x108 2x 1074 5 x 10*

Table 2.1: Normalizations in TOKAM3X

In the following, the normalized quantities will be denoted with upper-cases and the over paren-
thesis will be omitted for a reason of simplicity of notations (N for density , P, for the pressure, ®

for the potential, etc...)

2.4.4 Braginskii equation in Tokam3X
2.4.4.1 Continuity equation

Considering the quasi-neutrality assumption (n. = n;), it is equivalent to solve the electron or the
ion continuity equation. In Tokam3X, we choose to solve the continuity equation for electrons
because the drifts are simpler to solve for electron as the polarization drift (o< m.) can be readily
neglected. In the case of density, the divergence of nu, and nuyp are rigorously the same (see Annex
A), and we define the electron perpendicular velocity as:

U| . =UE + UvBe (2.56)
The dimensionless continuity equation then writes:
N +V - (N (qu+uLe)) :V'(DLNVLN)+SN (2.57)
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where V - (D yV | N) is the diffusive term modelling small scales and Sy the source of particle in
the core region. Note that in TOKAMS3X the electron parallel velocity is in fact replaced by the ion
parallel velocity (u” ~ U~ ) Le g s neglected) due to numerical considerations.

2.4.4.2 Parallel momentum balance equation

This equation is obtained from the parallel projection of the momentum balance equation (2.35) of
both electrons (2.58)) and ions ([2.59)), where the electron inertial terms and the divergence of Braginskii

tensor are neglected.

0= —neeE” — V”pe + R” (2.58)
m; (atPH’i + V- (F” UH b+uy z)) ieEH — vai — R” + Sri (2.59)

Where Sr, is a source of parallel momentum on ions.

The sum of two equations, combined to the quasi-neutrality assumption and the diamagnetic cancel-

lation, becomes after normalization:
AT+ V- (T (s ui)) = =V (Pt P) + V- (DirNVL L4 Dy VN +50 (260)

where I';, = Niquib is the ion parallel momentum, and V - (DJ_I‘NVJ_% +DLN%VJ_N> is the

diffusive term modelling small scales.

2.4.4.3 Parallel Ohm’s law

The parallel current conservation also comes from the ion and electron momentum equations. However,
the inertial terms of electrons are not neglected in a first stage, and the equation on ions is multiplied
by me/m; which leads to:

Me (8t1—‘||,5 + V. (I‘”’e(u”@b + UJ_76>> = —neeE” - VHpe -V (ﬁBrag) ‘b + R” + Sre (2.61)
me ()i + V- (Db +urs)) = 7 (miel) = Vypi = V- (%) b — By +Sr,)  (2:62)

Here I'| ./; are non-normalized quantities

The difference of equation (2.61) and (2.62), neglecting now all the terms in m./m;, and using the
electrostatic assumption B = —V ¢, writes:

me (00 c + V- (D)t cb)) = me (A0 + V- (D b)) = —neeB) = Vype + By (2.63)

Electronic inertial terms and the divergence of the Braginskii tensor are neglected with respect to the
electrostatic force. Moreover, the parallel projection of the fiction term R); given by Braginskii closure
leads to R = enen)j) — 0.71n.V ¢ for a hydrogenic plasma. The parallel current conservation,
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also called the generalized Ohm’s law, becomes after normalization:
77||NJ|| = VHPe — NVHQ’ + 071NVHT3 (264)

2.4.4.4 Charge conservation

At first order, the charge conservation writes:
V-i=V-(jb)+ V(") + V- (pa) =0 (2.65)

where j. and j,o1 are respectively the diamagnetic and polarization current.

The charge balance equation is expressed as a function of the generalized vorticity (2.66)), denoted W.
Under the Boussinesq approximation , the generalized vorticity writes:

1 1
W=v- <§qu> + WVLB) (2.66)

The development of the charge conservation (not detailed) leads to the following normalized equation:

oW +V - (W (u” + UJ_’Z')) =V. (N(uVB,i — uVB,e)) + V- (JHb) + V. (DLWVLW) + Sw (2.67)
where V - (D yw VW) is the diffusive term modelling small scales, and Sy a source of vorticity.

2.4.4.5 Electron and ion energy balance equations

In both electron and ion energy balance equations , we keep only the parallel contributions, the
ones of highest magnitude (u > [u_|), from the terms n.E - us and Rs - us in coherence with the
drift ordering. We thus keep & ; R, £nu ;E|. Note that as for the equation on density the electron
parallel velocity is replaced by the ion parallel velocity in the energy balance equation.

Moreover, as done for the parallel momentum equation, the anisotropic part of the pressure tensor
V. (ﬁBrag) is not kept in the equation: V - (ﬁ"is) o p| —pL ~ 0 under the low 8 assumption and
AV (ﬁFLR> disappears in the frame of the diamagnetic cancellation.

The heat fluxes (2.68]) and the friction sources (2.69)), from the Braginskii closure, are further simplified
keeping the terms of highest magnitude because the others perpendicular terms are negligible compared
with turbulent or drift transport.

5/2
Ae/i = KO,e/iTe//Z‘ V| Teb (2.68)
where K ./; are constant parameters defined as an input of the code.

me Ne
—uve— (T, - T; 2.
3miy* - (T, - T3) (2.69)

Qi =—Q|e=
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Finally, the energy conservation equations, in the normalized form, writes:

I
OBe +V - ((Bet Po)up + Beu) = V- (KGTPV Tb) — PV - (uf) — B + R (2.70)

E.
TQ)e+ V- (DJ-TeNVJ_Te + DLNﬁVJ_N) + Sk,

oE; +V - <(EZ + PZ) uj| i + Elu1> =V. (KéT,S/z

)

V”Tib) A (ui) + FiEH — NRH (2.71)
E; I;
+QUi+ V- (DirNVITi 4+ Dix T VIN + DirTiV ) + 8,
3 3 117 E
where E. = 3N T., E; = N;T;+ 5, V- (Dir,NV.T. + D, y%V  N),
V- (DLTZ.NVLTi + DLN%VLN + DLFFiVL%) are the diffusive terms modelling small scales, and

Sk, and Sg, are sources of electron and ion energy.

e

2.5 2D fluid models

In the family of fluid models, one finds also further simplified model with 2 main types of 2D codes,

later studied in this work:

e 2D slab geometry model: turbulence code where the parallel dynamics is simplified with the
assumption that k| = 0 and with a simplified geometry. This is the case of TOKAM2D, used in
Chapter 3, to study the basic properties of heat turbulent transport.

e 2D mean-transport code : laminar code in realistic geometry, in which no self-consistent turbu-
lence is solved, and turbulence is arbitrarily set via a diffusion coefficient. This is the case of
SolEdge2D, used in Chapter 4, to study the drift transport in the limit of low anomalous trans-
port. Note that in this largest version, SolEdge2D contains physics not included in TOKAM3X:
neutral inclusions, and realistic walls. However the model used in the most part of the chapter
4, can be considered as a reduced model of the TOKAM3X equations.

code TOKAM3X SolEdge2D TOKAM2D
type 3D turbulent fluid | 2D mean fields fluid code 2D turbulent
geometry realistic realistic including the walls 2D slab
computational time ~2—4.10°s ~ 4 —8.10% 108 —2 —10%
for a simulation

Table 2.2: Comparison of the different models : geometry, and computational cost






Chapter 3

Mechanisms of heat turbulent

transport in 2D slab geometry

Turbulent transport of particle has been widely discussed and described both experimentally and
theoretically. However it is not the case of heat turbulent transport, especially for ion energy transport,
since in experiment electron temperature fluctuations are hard to measure and the ion temperature is
practically unknown in the edge plasma.

In order to have an insight into the basic properties of heat turbulent transport, we first investigate
the turbulence characteristics, and the resulting heat transport, in a simple slab geometry which does
not include complex geometrical effects, and only reflects basic properties of turbulence. Moreover,
the fast resolution of Tokam2D allows to scan the main parameters of the model in a short amount of
time which would be too costly in a 3D model such as Tokam3X.

The impact of the inclusion of both electron and ion temperatures dynamics on turbulence and
resulting heat transport are discussed in this section. Special focus is devoted to the contribution of an
additional mechanism due to the interaction of sheath boundary conditions with T, fluctuations, called
the Sheath-driven Conducting-Wall (SCW) instability, in simulations including electron temperature

dynamic, and to finite ion temperature effects in simulations including ion temperature dynamics.

3.1 Tokam2D: reduction of fluid modeling to a 2D model

3.1.1 Model

Tokam2D is a flux driven 2D fluid model, as TOKAMS3X detailed in the previous section, derived from
the two first momenta of the distribution function for the isothermal version [Sarazin 98, [Sarazin 03],
and from the three first momenta for the anisothermal version [Marandet 16]. The 2D treatment of
the turbulence comes from the so-called flute hypothesis which assumes constant perturbations along
the field lines, that is to say &k = 0, based on the fact that, in tokamaks, transport along the field
lines is much faster than in the cross-field direction. The parallel losses are then modeled by taking
the averaged loss along the field line between the two targets, and are represented by the sheath
conductivity coefficient o.

Tokam2D uses also a simplified geometry, the so-called slab geometry in which only a thin poloidal
extent is treated in the limit of large aspect ratio, so that the magnetic field is considered locally as
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straight lines and the effect of magnetic curvature is set by a free parameter denoted g. In the slab
geometry x and y represent respectively the radial and poloidal directions.

The model solves the Braginskii’s fluid equations for particle conservation (3.1]), charge conservation

(3.2) and electron and ion energy conservations (3.3)—(3.4) as follows:

AN +[6,N] = ~oNeyesp (A~ 2 ) + Dy VAN + Sy (3.1)
O +(6.W) = = L0, (P.+ P+ oc. (1—exp (A= 2 ) ) 4092w (32)
O (;Pe) + {4)7 g e} = —Ye0 PeCs eXP(A - T£> + XeVi (gPe> + SEe — SmeTgl (Pe — PZ) (33)
O @P ) + {@f% §Pi] = —vioPics + Xx; V1 (§P) + S, + SRl (P, - P) (3.4)
2 2 2 omy
1
W=V3¢+V- (ﬁvpi) (3.5)

where ¢ = /T, +T; is the normalized parallel acoustic speed, P, = NT, and P, = NT; are re-
spectively the electron and ion pressure, W is the generalised vorticity expression under Boussinesq’s
approximation, and [a, b] = 0,a0yb— 0,a0,b is the Poisson bracket, representing the E x B advection.
Like in Tokam3X all quantities are normalized: spatial quantities to the Larmor radius pr, time to
the inverse of ion cyclotron frequency €2s, computed with respect to a reference temperature Ty and
magnetic field By.

3.1.2 Parameters

In this chapter, the turbulence characteristics and the resulting cross-field transport are discussed
when releasing step by step the assumptions of the cold ion isothermal model, referred simply as
isothermal model in the following;:

1. addition of the self-consistent variations of electron temperature governed by the equation (3.3)),

this reduced model is referred as anisothermal-T, model,

2. inclusion of finite ion temperature term in the expression of the vorticity, and addition of the
self-consistent variation of ion temperature governed by the equation (3.4]). The model is referred
as full anisothermal model).

In this chapter, the cold ion assumption in isothermal and anisothermal-T, simulations is replaced
by the simplification of vorticity expression to W = Viqﬁ, i.e. suppression of the finite ion temperature
term in the vorticity expression. In fact, this is equivalent to a cold ion hypothesis, while keeping the
terms proportional to (T, + T;) at the same amplitude. Thus, for isothermal and anisothermal-T,
simulation, ion temperature is taken constant equal to 1 in the curvature term, (x g (T, + T3)), the
sheath loss term (oc o+/T, + T5), and T; = 0 in the vorticity expression.

All simulations are run for a grid of 256 x 256 p;, and with an integration time of 0.2Q;'. D, v, x
are respectively the cross-field diffusion, viscosity, and thermal conduction coefficients, taken equal to
5 x 1073p2 Q5 L, of the order of neoclassical diffusion coefficients. The influx from the core plasma
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crossing the separatrix is mimicked by a Gaussian volumetric density source at the inner boundary,
SN o< exp{(z — x0)?/A2}, with 7y = 16 and A, = 8 and homogeneous in the poloidal direction. The
corresponding electron and ion energy influx Sg, ) are equal to (./; * Sy where (./; is the normalized
thermal energy carried by one electron/ion. The terms :‘:Sml;Tg L (P. — P;) are collisional terms where
me, m; and T, are respectively the electron mass, the ion mass and the characteristic time of electron-
ion collision. The normalised floating potential, A, is equal to 3.88, and the electron and ion sheath
heat transmission coefficients v, /; are respectively set to 5 and 2.5. Here, the free parameters are g,
and (./; scanned to study their impact on turbulence and transport. In a diverted configuration the
sheath conductivity would be significantly higher in the Private Flux Region (PFR) than in the main
SOL. We study this effect by running two sets of simulations, one with ¢ = oppgr = 2 x 10~4 and this
other with 0 = ogor, = 1 x 107%, somehow representative of this variation between the two regions.

3.2 Main characteristics of turbulence in TOKAM2D

3.2.1 Linear analysis methodology

Even though turbulence in Tokam2D is a highly non-linear phenomenon, it is worth studying the
linear stability of the model as it offers an insight into the mechanisms driving the heat transport.
In particular, turbulence structures are partly shaped by the linear instability mechanisms, and its
characteristics, for instance structures size, or phase shift between density and potential fluctuations,
can be seen as markers of different instabilities. This tool will be used all along this chapter, its
assumption and calculation details are recalled below.

The linear analysis studies the stability of a small perturbation to the equilibrium. The method is
based on the assumption that the amplitudes of fluctuations are small in regard to the mean fields.
Each field f is split in a mean and a fluctuating part, respectively f and f L f=f+ f with f = (f >t7y.
The ordering assumption of small fluctuations gives € = f/f < 1, so that all the non-linear terms in
€2 are neglected. The balance equations f and vorticity definition are developed to the first
order with respect to e, the calculus being detailed in Annex

We also assume to have reached a steady-state equilibrium in which equilibrium fields are of the
form . It is worth mentioning here that equilibria found in turbulent simulations are far from
the one estimated by the linear analysis : An turb > AN lin, €vidence of strong non-linear transport.
However, the choice of assuming nonetheless a quasi steady-state equilibrium is justified by the fact
that the characteristic times of quasi steady-state equilibrium evolution, i.e. 1/0, )\%\, /D are of an
order of magnitude higher compared to the characteristic time of fluctuation evolution (inverse of the
maximal growth rate, see in the next section). Thus in regard to a fluctuation the quasi steady-state

is constant in time.
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N = Nyexp (—z/An)

T. =Teoexp (—x/Ar.)

T; = Tipexp (/A1) (3.6)
¢ = AT,

with A, = 222 and Az, = 28

Using the Fourier representation of the fluctuations of each field f in the linear relationship, one
obtains an equation of the form where M (w, kz, k) is a matrix depending on w, k,, k, and other
parameters of the system. The system (]/\7 , I//I\/, gg, T, , CIA}) admits a non trivial solution if and only if
the determinant of the matrix M (w, ks, ky) is zero. This condition yields to a 4th order polynomial

relationship in w.

f= ﬁ%ky exp(ikyx + ikyy) exp(wit) (3.7)
K ky

M (w, kg, ky) - (3.8)

SIS =)
I
(s

This offers some informations on the temporal evolution of a mode: a mode is unstable, i.e its amplitude
grows in time, if their exists w solutions of det (M (w, k5, ky)) = 0 such as Re (w) > 0 and is stable other-
wise. And the growth rate of a (k, k,)-mode, denoted 7, is defined as max {Re (w) : det (M (w, kg, ky)) = 0},
that is to say the growth rate of the most unstable mode.

For each linear mode (w, k;, k) an associated phase shift between density and potential fluctua-
tions, denoted 0y 4 and defined by dy 4 = arg %, can be also extracted by substitution and simplifi-

cation of the other fields in the linear spectral equations.

3.2.2 Characteristics of interchange turbulence in isothermal simulations

In the isothermal model with no finite ion temperature effect, the linear analysis (presented in Annex
is considerably simplified. The remaining part of the dispersion relation (det (M (w, kg, ky))=0)

yields to a second order equation in w:

W bw+c=0 (3.9)

where b = ﬁ+a+(DN +vk,)and ¢ = (0 + Dyk)) (ﬁ —I—V/ﬁ_) - /\kalgl —iga,]:—z with k| = k§+k§
We can observe that the b is a real strictly positive, thus the growth rate is equal to:

—b+ Vb2 —40}

. (3.10)

Vk ZRG{
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Figure 3.1: 2D snapshots of density in log-scale (left) and potential (right) for isothermal cold ions
simulations (top) and full simulations (bottom)

One can readily deduce that the term b has a stabilizing effect. Small spatial scales (high &)
are damped by the diffusive terms with a stabilizing effect proportional to ki, while large scales are
damped by the current parallel loss 0. The most unstable mode ky,.x will result from the competition
between this two stabilizing effects. In isothermal simulations, the only instability at play is the
interchange instability, and the destabilization comes from the interplay between the density gradient
and the curvature (i.e. the term o g/An)

In turbulent simulations, the particle source induces the creation of a density gradient which
builds up until the interchange modes become unstable. As one can observe on Fig. [3.1p) b), these
unstable modes form finite poloidal structures, usually referred as filaments or blobs, characterized by
long radial elongations (k; < k). Due to the quasi phase quadrature between density and potential
fluctuations, expected from linear analysis, the structures propagate radially advected by the E x B
radial velocity. In the far SOL, blobs loose their coherence and split into smaller structures damped
by the diffusive effect.

In steady-state, the simulations present an important intermittent feature, characterized by a
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high fluctuation level defined as the standard deviation normalized by the mean field, i.e. for density
o (N)y / (N)y,- Note that in 2D simulations the averaging is made both in the temporal and poloidal
direction assumed to play the same role on the statistics (ergodic hypothesis). In the TOKAM2D
simulations, the fluctuation level of density is of the order 10% to 50% in relatively good agreement
with experimental results [Horacek 10, [Hornung 13|. This turbulent flux starts from the source and
propagates outward radially in a quasi-ballistic motion, with a characteristic velocity of the order of
0.05¢5 of the same order of magnitude as found in Ref. [Myra 06]. The probability density function
(PDF) of the E x B flux is far from a Gaussian and presents a large positive tail representative of
rare but strong flux event in the outward direction responsible for the largest part of the transport
[Sarazin 98| [Sarazin 03].

3.2.3 Impact of electron and ion temperature dynamics

Properties of turbulent transport in Tokam2D have been largely studied with the isothermal closure,
and using the cold ion approximation, i.e T, = constant, T; = 0 [Sarazin 98|, [Sarazin 03], highlighting
the properties of strongly intermittent turbulence. Although the electron and ion temperature equa-
tion structures are rather similar to the density equation, turbulence in the full anisothermal model
presents, for the same set of parameters, significant differences compared to the isothermal model as
illustrated on Fig.

The most striking effect is the modification of the shape of the intermittent structures. They
present a larger poloidal extends (i.e small k,) and appears to be less radially elongated than in the
isothermal case. Moreover, they do not exhibit the typical mushroom shape observed in isothermal
simulations and the structures appear to stay somehow more coherent, i.e. to spilt up less into smaller
streamers.

In the light of the linear analysis of the anisothermal model, and of the literature, we can already
underline two impacts of the inclusion of temperature dynamics that could be a potential explanation
for these differences. Each of this effect will be further studied in details in the following of the chapter.

Effect of the inclusion of electron temperature dynamics:
The T,-fluctuations have an impact on the current parallel losses via Bohm boundary conditions. The
inclusion of the T, fluctuations in the current sheath losses term modifies the mode number of the most

unstable mode. Indeed, the stabilizing term ocs exp (A — T%) includes now T, fluctuations, and the
linear stabilizing term 005% becomes ocg (Ti — A%) It is equivalent to a reduction of the effective

parallel resistivity, i.e. a reduction of linear stabilizing term of the large scales. Consequently, one
expects that the most unstable mode will be at a lower k,, i.e. larger poloidal structures.

This is the focus of the section of this chapter. In particular, we will show that the presence
of T, fluctuations in the sheath loss is responsible for another instability explaining the modification
of turbulence characteristics.

Effect of the inclusion of finite ion temperature effect:

The inclusion of finite ion temperature effect, that is to say the inclusion of the diamagnetic contribu-

tion to the polarization drift in the vorticity expression (the second termin W = V- (%ng) + ﬁVPZ-))

has been pointed in the literature to impact turbulence properties [Bisai 13| [Olsen 16} [Jovanovié 08|,
Madsen 11]. In particular, the study of the seeded blob dynamics shows that it is responsible for more
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Figure 3.2: Scheme of the processes of the Sheath Conductive Wall instability. Time increases from
left to right

coherent structures. This particular effect will be discussed in the section [3.3] of this Chapter.

Finally, it is worth underlying that electron temperature radial gradient forces the apparition of po-
tential radial gradient (Fig. d) via the sheath loss condition. The induced poloidal flow creates an
additive channel for energy transfer between turbulence and mean flow.

3.3 Turbulent heat transport in the presence of electron tempera-

ture fluctuations

3.3.1 Superimposition of two instabilities in the presence of self-consistent elec-
tron temperature fluctuations

In this section, only the impact of electron temperature fluctuations is studied, i.e ’fz =0, Ay, = o0
and W = V2 ¢. The main difference in the linear stability of the model between the isothermal model
and the T, model is the apparition of an additional linear instability [Berk 91} Berk 93| [Cohen 94], the
electron temperature gradient instability induced by sheath conductivity, also know as Sheath-driven
Conducting-Wall (SCW) instability, which acts on top of the well-known interchange instability. Let
us first recall briefly the mechanisms triggering each instability and their principal characteristics:

e interchange instability is driven by the curvature of the magnetic field, and is unstable when
both pressure and magnetic field gradient are directed in the same direction, equivalent to g > 0
in the model. Thus this mechanism is unstable only in the Low Field Side (LFS) of tokamaks.

e Sheath Conductive Wall instability is driven by the impact of the T, fluctuations on sheath

losses.

As the latter instability is less known we start by briefly explaining its mechanism in the simplest
form. The mechanism can be summarized in 4 simplified steps schemed in Fig[3.2] The most reduced
model to explain the mechanisms takes the following assumptions : no density or ion temperature
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fluctuations N = i = 0, and no dissipative processes D = v = x = 0, so the system of equation
becomes:

OW + [, W] = o/T, (1—eA—%) 1)

_9
atTe + [(bv Te] = _’YeUPecseA Te

1. First let us consider a small sinusoidal perturbation of T (represented by a full blue line) to the
equilibrium (represented by a dashed blue line) in the presence of a T, gradient.

2. The sheath condition in the current balance equation will enforced a potential fluctuation gg in
phase with T..

3. The E x B advection creates a positive phase shift between i and 5 due to the mean T, gradient.

4. For such mode, if one considers a positive structure of T, fluctuation, and the direction of
the electric drift ugxg, reported in green, one can notice that the part of the positive structure
transported in the counter VT, direction is larger than the one transported in the V7 direction,
hence the initial fluctuation is amplified, i.e. the mode is unstable.

We now, study the linear stability of the model, in order to disentangle the roles of these instabilities,

we have set-up reduced models which separate their contribution in the global linear analysis:

e reduced model of SCW instability: the interchange instability is simply cancelled by setting the

curvature term to zeros, i.e. g = 0;

e reduced model of interchange instability: the most reduced way to cancel the SCW instability
is to take away the contribution of the fluctuation of temperature in the exponential part of the
parallel loss term in the equation of current conservation, i.e. replacing the sheath loss term

exp (A — T%) by exp (A — %t’y) in .

The linear growth rate as a function of poloidal mode number and for k, = 0 of the isothermal
model and its decomposition in the contribution of each instability, Fig. [3.3h, reveals that the SCW
instability destabilizes larger spatial scales, i.e. is unstable at lower k, than the interchange one. Thus
the SCW instability is the one responsible for the fact that the most unstable mode in the anisothermal
model, indicated by a marker, occurs at lower poloidal mode number than in the isothermal model.
In fact the scales destabilized by the interchange instability in the anisothermal case are even smaller
than is the isothermal case due to the additional contribution of the temperature gradient in the
curvature term g.

Another noticeable difference in the linear instability is the typical phase shift between fluctuation
of density and potential, i.e. arg (]V / @ The analytical linear results Fig. . predict a phase
quadrature between N and 5 for the interchange instability in the isothermal model (arg (]/\7\ / (;AS) ~ /2
at all k), when for the full 7, model or the SCW reduced model the shift phase between arg (J/V\ / @
is close to zero at very low k, unstable modes (k, < 0.15pzl), and decreases down to 0.257 at high
ky in SCW reduced model and down to 0.47 in the anisothermal model. At the maximal value of the
growth rate, arg (]v / qg) are respectively equal to 0.2 (SCW) and 0.37 (anisothermal-T¢).
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Figure 3.3: Linear growth rate (a) and linear phase shift between density and potential fluctuations (b)
for T, model, anisothermal SCW, interchange reduced models and isothermal model for ¢ = 1 x 1074,
g=4x10"% Ay = (e —1) A1, = 30p; as a function of the poloidal mode number k, and for
k; = 0. The linear phase shift is reported only for mode presenting a positive growth rate

Fig. [3-4h. depicts a 2D map of the maximal linear growth rate as a function of the local gradient
lengths and T¢, for ¢ = oprr, 0 = osor,. The black line is the delimitation between the predominance
domain of the two instabilities (Ymaxint = Ymaxscw). For the main SOL parameters (left), the
interchange instability has a broader domain of predominance (Ymax,int > Ymax,scw). Yet if we look
at the ratio between the SCW and interchange instability (Ymax,ScW/Ymax,int), Fig. [3.4p. we observe
that the ratio is around 1 for the most part of the domain of local parameter, so the SCW instability
is not negligible with respect to the interchange one. On the contrary, for PFR parameters (right), the
SCW instability has a broader domain of predominance. Moreover, for low T, expected in the PFR,
the SCW instability is largely predominant Ymax,Scw/Ymax,nt > 2. On Fig. [3.4b, we also observe
that the ratio Ymax,SCW/Ymax,int decreases with T¢ for a given value of local gradients and for the two
values of o, so the relative predominance of the interchange instability is favored by an increase of
T.. To conclude, we keep in mind that both effects of o and T, on the linear stability favor the SCW
instability in the PFR, which might play an important role in this region.

3.3.2 Modification of turbulence characteristics in non-linear simulations with the
additional SCW instability

We now turn to non-linear simulations to understand how the turbulence is influenced by the additional
SCW instability in light of the linear analysis. The reduced models for each instability applied in the
linear analysis can also be used in non-linear simulations to study separately the characteristics of the
turbulence driven by each instability. Note that in numerical simulations, the averaging of fluctuation
of T, in sheath loss term for the pure interchange model can only be done in the poloidal direction,
i.e exp (A — %y)

Let us start by mentioning that all types of simulations, regardless of the driving instability, exhibit
high amplitude structures of density, potential and temperature (in anisothermal cases) reminiscent
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of the so-called blobs observed in the experience. Nevertheless, the characteristics of these structures
change with the model and as a function of the main parameters (g, o and ().

In order to discriminate the intermittent structures we proceed to a conditional averaging for all
fields f (density, temperatures and electric potential), where we consider only the fluctuating part of
the events of high amplitude compared to the mean field, defined in where i.onq i a conditional
value, and where oy (z) is the standard deviation of density in time and space for a given radial
position x. In the following we take icong = 2.

f;cond (t,l’,y) = f (t,l',y) - <f (tvmay)>t7y fOI‘ (x,y,t) : N(t’$ay) 2 <N (t7x7y)>t,y + icondUN (:U)

ﬁcond (t,x,y) = 0 elsewhere
(3.12)
For a given radial position, each event, or blob, can be defined by its temporal and poloidal position
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Figure 3.5: Conditional averaging of the intermittent structures of density, potential and electron
temperature normalized by their maxima for isothermal (a) and 7, (b) simulations

(tp, yp) corresponding to the local center of mass of Nicon 4- On Fig. the averaged fields on all blobs
at the radial position x = 70p, on poloidal extend of 30py, on both sides of the maxima are reported for
isothermal and T, model. The shape of such averaged structure shows two main differences between
the two models: larger structures in the anisothermal-T., and a clear re-correlation of the density
and potential fluctuations. We can also note that the structures of density and temperature coincide
almost perfectly.

Now in order to characterize the poloidal spatial scale of each intermittent structure, we first
operate the conditional averaging defined previously, and restrict our interest to the radial position
where the turbulent structures are fully developed (here x = 70pr). Then the blob poloidal size
is estimated by the autocorrelation length, denoted L,. and defined as the width at half maximum
amplitude of the autocorrelation function on a poloidal extend of 30p;, on both size of blob
position:

V <tb7 yb) Y faUtO (T) = /Nicond (tb’ y) Nicond (tb’ y + T) y (313)
Yy

On Fig the probability density function (PDF) of the autocorrelation length, L,c, is reported
for the 4 types of simulation : isothermal, T, and both SCW and interchange reduced model. We
observe that the most represented spatial scale in anisothermal simulation is larger (= 10pz,) than in
the isothermal simulation (= 8pr). In light of the linear analysis, this difference is likely to be due
to the SCW instability, as it is the one destabilizing large scales, when the interchange instability
destabilizes even smaller scales in the anisothermal system than in the isothermal one. Indeed the
spatial scales distribution of the anisothermal-T, system presents a similar shape as the one of the
pure SCW simulation, even though the peak around 10py has a lower amplitude. On the contrary,
the distribution for the pure interchange simulations coincides almost exactly with the one of the
isothermal simulation. We conclude that the SCW has a stronger impact on spatial scales distribution,
even though for this value of parameters g = 8 x 107, o =1x10"" and T, ~ 1, Ymax,int 18 1.5 times
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Figure 3.6: PDF of poloidal autocorrelation length Figure 3.7: Averaged autocorrelation length in

of density fluctuations at the radial position xz = anisothermal simulation as a function of g for o =
70pr, for -T,, pure interchange, pure SCW and 1 x 1074

isothermal simulations for ¢ = 8 x 10—4, and

oc=1x10"1

higher than ymax,scw. This is in agreement with the results found in the reference [Sarazin 98|, which
proposes that the inverse cascade of energy excites large scales of turbulence. As a consequence, the
size of turbulent structures is mostly determined by the value of the smallest unstable poloidal mode,
and thus determined by the SCW instability.

Besides if we look at the variation of the averaged of L,. Fig somehow representative of the
relative weight of the two types of distribution, we see that the mean L,. decreases with the increase
of g, namely with increasing Ymax,int/¥max,scw, confirming that the SCW instability is the one which
triggers the destabilisation of the larger scales. The L,. variation with ( is in agreement with this
conclusion, but is not reported as less significant due to the fact that in this range of 7, the ratio

Ymax,int/ Ymax,scw does not exhibit important variations.

Another noticeable difference in non-linear simulation is that the addition of T, fluctuations triggers a
re-correlation between density and potential fluctuations. This characteristic is estimated by the rela-
tive phase shift between potential and density turbulent structures denoted dy/4, here no conditional
averaging is operated, however the results are in agreement with the conditional averaging results.
The phase shift is defined as the arc-cosine of the correlation coefficient of N and 5:

(V) 9),.

T @)

y,t y,t

dn/p = arccos (3.14)

Isothermal simulations present the typical phase shift of the interchange instability dy/4 = 5, when in
simulations we find d,/4 ~ 0.1 —0.157, Fig. If we look at simulations driven by only one instabil-
ity, we note that the phase shift for the full system is almost equal to the one of the SCW instability
dn/¢ =~ 0.1m and the one of the pure interchange simulation is closer to the one of the isothermal

system dp/¢ A~ 0.35 — 0.47. Once again the re-correlation of density and potential fluctuations can be
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Figure 3.8: Radial profile of dy/4 for isothermal, Figure 3.9: Averaged phase shift in anisothermal
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attributed to the addition of the SCW instability, this result is the one expected in regard with the
result of the linear analysis. Besides by varying g, i.e the relative importance of the two instabilities,
we find that 6N/¢ increases as Ymax,int/Ymax,SCW, 1.e. increases with g, and thus the phase shift is a
instability-weight marker. As for L,. variation with ¢ are not significant due to a weak variation of
Ymax,int/ Ymax,sCw i the range of parameters considered and are not reported on the plot.

Another important result from the conditional averaging Fig. 3.5 is that electron temperature struc-
tures, and even more so electron energy structures, coincide with the ones of the density. This result is
confirmed by the low phase shift between density estimated with this methods: d/7, < 0.057 for all
the studied parameters. Thus, in this regime, the energy is transported by the fluctuation of density.

The non-local intermittent transport translates into a broadened PDEE of the particle turbulent flux
which is positively skewed. The turbulent flux of particle, defined as I' v turt, = N 8ygg, is character-
ized by the superimposition of a Gaussian centered on zero corresponding to a diffusive-like transport
and a log-normal distribution for the tails corresponding to the intermittent bursts, responsible for the
largest part of the particle transport [Sarazin 03]. On Fig. a., we observe a significant reduction
of the PDF tail between isothermal and T, simulation, and positive skewness is reduced within a ratio
comprised between 1.5 and 2.5 depending on the radial position (Fig b. The decrease of the
skewness for I'y turh, could be linked to the diminution of dy/4, that was proved as one of the reasons
for this asymmetry [Carreras 96]. This seems to be confirmed by the shape of the PDF of the reduced
models, indeed the PDF of the interchange reduced simulations, presenting a quasi phase quadrature
between density and potential fluctuating parts, is close to the one of isothermal simulations, with
similar skewness yry ., € [1,1.5]. On the contrary, shape of the PDF in the reduced SCW simulations

'Note that the x-axis is normalized by the standard deviation, the PDF integral is thus not equal to one
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Figure 3.10: PDF of particle turbulent flux (a) and of energy turbulent flux (b) for T, pure inter-
change, pure SCW and isothermal simulations, a Gaussian fit of the PDF is reported in transparent
for anisothermal-T, and isothermal simulations. PDF are reported in log scale, centered on zeros,
normed by standard deviation

is close to the one of the anisothermal, with lower skewness yr .., € [0.3,0.7], in agreement with the
lower phase shift between density and potential fluctuations.

The fluctuation level of I'y 1, is higher in the T, simulation Fig. |3.11|a. compared to isothermal
simulation, and the fluctuation level of the full model is comprised between the one of the two models.
Note that once again the fluctuation level of the pure interchange simulation is close to the one of the
isothermal simulation.

Now, the PDF of radial turbulent flux of the electron energy vgeturb = —%E@@ for the T
simulation exhibits a longer tail of the distribution than the ones of I'y turb. This can be explained
by the fact that the fluctuations of N and T, coincide almost, so that the co-occurrence of two rare
events of N and T, will be even further in the tail considering the transport of energy. This feature
of the transverse transport is really important to keep in mind when talking about the problematics
of plasma facing components. In the case of an intermittent non-local transport, the time averaged
heat foot-print is not representative of the extreme and rare events that the PFC has to face up, and

which can drastically reduce the time life of the components.

To summarize this section two main conclusions can be drawn :

e The SCW instability plays a predominant role in the turbulence features and seems to be the one
setting the turbulence scales, and the re-correlation between density and potential fluctuations.

e The intermittent structures of density and temperature coincide, and so T, or P, fluctuations
present the same features as the ones of density leading larger intermittency for the energy flux

than for the particle flux.



52 Chapter 3. Mechanisms of heat turbulent transport in 2D slab geometry

(a) (b)

25 K 2.0 — anisothermal T, :
. BT N interchange H
20k R ‘ Vo -+ SCW .
B f »" —anisothermal 7, % 1.5f —isothermal &
E . Lot interchange 0 1
o OE S -+ SCW 2 :
i — isothermal 1 1.0 :
£10 & H
e
S | S T 0.5
5 ]
0 0.0
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
z (pr) z (pr)

Figure 3.11: Radial profile of the fluctuation level (a) and skewness (b) of particle turbulent flux for
T., pure interchange, pure SCW and isothermal simulations, the source area is colored in grey

3.3.3 Heat turbulent transport: a non-linear superimposition of the two instabil-
ities
In the previous section we have shown that the addition of electron temperature fluctuations have a

significant impact on the turbulence features. As in Tokam2D, the turbulence is responsible for more

than 90% of the transport, one can expect an impact on the time-averaged radial transport.

In order to compare the transport in isothermal and 7. model, we first look at the density radial
profiles. The most striking impact of T, fluctuations can be observed on the shape of the density
profile represented in log scale Fig. [3.12h. For isothermal simulations we obtain a purely exponential
profile, whereas for anisothermal-T, simulations exhibits slope variations. This is also found on other
field profiles: P, T., ¢. This feature can be explained by the existence of a poloidal shear flows
0?2 <<Z>)y7t in anisothermal-T, simulations, created by the presence of non constant T, gradient, and as
the sheath condition imposes (¢), ~ (AT.),, the averaged shear is likewise non zero Fig. |3.12b. As
mentioned earlier, this shear flow creates a channel for energy transfer between turbulence and mean
flow, the shear flow impacts turbulence and consequently the profile, which explains the presence of
slope variations. The correlation between the averaged shear and the flux profile is clear, indeed slope

variations of density profile appears at the same radius as the shear extrema indicated by a black
marker on the anisothermal-T, radial density profile.

Even though we have underlined the intermittent feature of the turbulent transport, the radial trans-
port is summed up, here, to the single value of SOL width, representative somehow of an averaged
transport. The SOL width of a field f is defined as the e-folding length of the time and poloidal

averaged radial profile (f), - denoted Ay, and estimated by a least squares regression on the radial
extent x € [30, 150] where turbulence is fully developed.

As for turbulence characteristics, the linear analysis permits to have an insight in the mechanisms

likely to dominate the non-linear dynamics according to the gradient removal theory (GR) [Ricci 09}
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Figure 3.12: Radial profiles of density (in log-scale) (a) and 9?2 <<Z>)y7t (b) for T, pure interchange, pure
SCW and isothermal simulations. The source area is colored in grey

Ricci 13]. This theory permits to link the growth rate of a linear mode to the SOL width. The
fundamental assumption is that the saturation of the turbulence occurs when the local flattening due
to the perturbation counterbalances the background density gradient, that is to say keN ~ N /AN
The following steps and hypothesis permits to obtain the relationship linking the growth rate
of the dominating mode and the particle SOL width.

e the balance between the parallel losses and the radial transport gives 0,1y ~ 'y /AN ~ C%, with
I'; the turbulent flux I'y = NOy¢ ~ k:yaﬁ ;

e the leading order of the density equation, i.e ;N = [N, ¢], gives an additional relationship
between gg and gives ny ~ N/\ Nk:ygg which permits to suppress 5 in the radial turbulent flux;

e Finally it is assumed that k, ~ \/ky/An, as proposed by the Refs. [Mosetto 13| Mosetto 15|
Ricci 13] in non-local linear-theory for interchange instability. Note that, here, we take the same
assumption for the SCW instability. This is justified by the fact such instability can be seen as
a drift-wave like mechanism following k, ~ \/k,/An in non-local linear-theory.

L ([~
AN~ — | — 3.15
N CsO <ky)max ( )

On Fig. [3.13h. we report the SOL width estimate based on the gradient removal theory for the
different reduced models, and the SOL width found in numerical simulations for different values of g.
The scaling on SOL width as a function of g shows that the gradient removal theory estimates correctly
the increasing trend of Ay with g for both isothermal and the T, models. However the Ay value is
not exactly predicted: for the isothermal model the ratio between the linear theory and the non-linear
simulation results stays relatively low with a relative error below 17%. For the anisothermal-T, model,
Ay from the non-linear simulations shows a negative offset in comparison with the linear prediction,
the absolute value of the relative errors decreases with ¢ from more than 20% for g = 2 x 10~* down
to less than 10% for g = 16 x 10~%. Now if we look at the reduced models, in both type of non-linear
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Figure 3.13: (a): Density SOL width Ay as a function of g for ¢ = 1 x 10~* estimated by the gradient
removal theory for the isothermal (red dashed line), interchange (dot black line), and anisothermal-T¢
(black dashed line) models, and estimated from non-linear simulations (marker). (b): Power SOL
width )\, as a function of g for ¢ = 1 x 107 and o = 2 x 107* in non linear simulations for the
interchange, SCW and anisothermal-T, models, the estimated value for pure diffusive transport is
reported by a black dashed line

simulations the SOL width is significantly smaller than the one predicted by the GR theory, with a
relative error of more than 30% in both case. For both reduced model, SOL widths from numerical
simulations exhibit greater discrepancy with the GR prediction than in the T, model, which seems to
point out that the global transport results from a non-linear interaction between the two instabilities.
Thus the rather correct estimate from the gradient removal theory in anisothermal-T, simulations
could be fortuitous as it seems that non-linear interactions plays a role in the radial transport.

In conclusion even though the gradient removal theory predicts correctly the trends of the SOL
widths, non-linear effects seem to have an important role so that this theory will not be sufficient in
itself to give a robust prediction of the SOL width. Moreover, we have showed that both instabilities

contribute to the radial transport.

The heat radial transport is characterised in the non-linear simulations by the power e-folding
length \g, with ¢ . = yeocsPeexp (A — ¢/Te). On Fig . Aq is reported as a function of g and
for 0 = ogo1, and o = oppgr for the 3 models. We first note that, as for Ay, power e-folding lengths
of the pure interchange and pure SCW simulations, respectively Agint, and Agscw (g = 0), are both
smaller than the one of the anisothermal-T, simulation, so the two instabilities are contributing to
the global heat transport. Besides Ay int and Ay scw are also significantly larger than the power e-
folding length estimated for a pure diffusive simulation A, qix ~ 5pr,, so their turbulent transport is
efficient. For o = 1 x 10™%, one or the other instability is dominating depending on g, for g = 4 x 10~*
Age SCW > 2% Aguint, for g = 8 x 107* Ay scw =~ Agint and for g = 16 x 107* A\, scw < Agints
however for o = 2 x 10™* the SCW instability dominates (Aj, scw > Ag.int) the heat transport for any
value of g, thus as predicted by the linear analysis, the SCW instability is expected to have a greater
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relative weight in the divertor region. Furthermore the ratio g, int/Aq, is smaller in simulation with
0 =2 x 107* than in the one o = 1 x 1074, reinforcing the previous conclusion.

Actually for both osor, and oppgr, even with a negative curvature (g = —4 x 10~*) the SCW
instability drives turbulence with a A\, well above 2\, gig. With our simplified model, the ratio of
transport between the internal and the external legs of the divertor A\, ,—4yx10-1/Agg=—ax10-4 (for
both value of o) would be smaller than 2.

In conclusion, if the turbulence features are strongly influenced by the characteristics of the SCW
instability, probably due to an important inverse cascade toward the low k, mode, the turbulent
transport seems to by driven from an interplay between the two instabilities, and both contribute to
the transport.

Let us also mention, here, that we could have chosen for the reduced interchange model to take the
averaged of electron temperature in all sheath loss terms, that is to say also for the equation on
density and electron energy Eq and (3.3). The reduced model has been run, the turbulence
features of such reduced interchange model are qualitatively the same as the model presented in this
section. However the SOL widths were significantly impacted. This can be explained by the impact
of the averaged on the amplitude of the sheath loss terms. Indeed, if we compare the amplitude
of the particle parallel losses in anisothermal-T, simulations: 1) without averaging on T¢, Iy =
ocsNexp (A —¢/T.), and 2) with averaging, I'y |, = ocsNexp (A — ¢/ (Te)), we find Ty | /Tn |«
varies between 2 and 6 depending on the radius due to the phasing between ¢ and T,. Hence, the
inclusion of T, fluctuations in the sheath loss term has not only an impact on the cross-field dynamic
but also on the amplitude of the parallel losses.

SCW instability: a potential player in the divertor region or in start-up L-mode plasma

In this section we have shown that the SCW instability contributes substantially to the heat
turbulent transport. However the reduced 2D-fluid model does not take into account the effect of the
strong magnetic shear in the X-point region that would prevent the sheath instability to propagate
into the main SOL [Ryutov 04]. Hence it is unlikely that such instability could play a role in the main
SOL of a diverted plasma.

Nonetheless it could play a role in start-up L-mode limited plasma and also on the turbulence
in the divertor region. In particular it could be of interest for the study of the spreading factor S
[Eich 11], as suggested in Refs. [Ryutov 04, Myra 97]. Indeed it provides an additional mechanism
to spread the heat flux in the divertor region and thus reducing the heat loads which is also a key
factor for the heat flux exhaust problematics. Moreover, contrary to the interchange instability, the
SCW instability would be unstable on both divertor legs and our simulations predict a ratio of only
2 between the SOL widths of inner and outer legs.
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Figure 3.14: (a) Linear growth rate and (b) linear phase shift between density and potential fluctua-
tions for the full anisothermal, full anisothermal SV, anisothermal-T, model, and anisothermal-T, GV
model for 0 =1 x 1074, g =4 x 1074, and Ay = (e — 1) Ar. = (% — 1) Ay = 30pL, s a function
of the mode number k, and for k£, = 0. Linear phase shift is reported only for mode presenting a
positive growth rate

3.4 Turbulent heat transport in the presence of ion temperature

dynamic

Fluid codes historically used the cold ions hypothesis based on the idea that the ions were motionless in
comparison to electrons due to their higher inertia. Furthermore, in the SOL, the potential follows the
electron temperature, thus it was expected to have a greater impact on turbulence features. However
experimental measurements show that the ion temperature is systematically higher than the electron
temperature in the edge plasma [Kocan 11], and 7T;/7T, even reached 10 for some tokamaks. Thus the
inclusion of finite ion temperature is required to describe properly the turbulence in the edge plasma.
Moreover, the ion temperature dynamics has been recently a field of interest for the edge plasma
turbulence and it has pointed out that the inclusion of finite ion temperature in the model impacts
the seeded blob dynamics [Bisai 13, [Olsen 16, Jovanovié 08, IMadsen 11]. In this section, we study the
impact of the addition of self-consistent 7; fluctuations first on the linear stability of the model, then
on the turbulence characteristics and heat transport. A special focus is devoted to the contribution

of the inclusion of T; in the vorticity term, which is shown to play a critical role in the model.

3.4.1 Linear damping of small spatial scales in the presence of finite ion temper-
ature effect

The linear analysis shows that the inclusion of self-consistent fluctuations of ion temperature does not
trigger any supplementary instability in our 2D-model. Indeed, the growth rate falls to negative value
when the destabilizing terms of interchange and SCW instabilities are set to zero.

The principal linear impact of the addition of T; fluctuations is to damp more efficiently the small
scales (large k) Fig. . Indeed, the growth rates of both full anisothermal and anisothermal-T,
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Figure 3.15: (a) Linear growth rate and (b) linear phase shift between density and potential fluctua-
tions for the full model, for 0 = 1x107*, T, =1, g =4x 1074 Ay = (Ve — D) Ar. = (V¥ — 1) Apy =
30pr, and T; = 1,2,5 as a function of the poloidal mode number k, and for k, = 0. The linear phase
shift is reported only for mode presenting a positive growth rate

models are quasi-equal for k, < 0.15p21, but for k, > O.QpEI, Ymax decreases drastically faster in the
full anisothermal model. The unstable mode of largest k, is about 0.5,021 for the full anisothermal
model compared with more than 1 for the anisothermal-7, model. In consequence, the impact on
the growth rate of interchange instability (destabilizing large k) is more important than for SCW
instability (destabilizing small k,) (results not reported here). Concerning the linear phase shift
between density and potential fluctuations, Fig. [3.14b, the impact of T; fluctuations is to increase its
amplitude for &k, > 0.1,021, and the absolute value of the phase shift of the most unstable mode is
about to 0.457 in the full anisothermal model compared to 0.37 in anisothermal-7, model.

The linear analysis also points out that the inclusion of finite ion temperature in the vorticity expression
is the dominant contribution when considering the role of the ion temperature inclusion as it will be
re-discussed later in the section. Indeed if one considers the two following intermediate models:

e anisothermal-T, GV (for Generalized Vorticity): model taking into account the finite ion tem-
perature in the vorticity expression but no 7; fluctuations, i.e. T; = constant and W =
Vip+ V- (T;VInN);

o full anisothermal SV (for Simplified Vorticity): model taking into account T; fluctuations but not

the finite ion temperature in the vorticity expression but no 7; fluctuations, i.e. T; = fluctuating
and W = Vi(ﬁ;

one finds that the anisothermal-T, GV model presents the same impact than the full anisothermal
model on both the linear growth rate and the phase shift, even though the effects are less marked.
One the contrary, the full anisothermal SV presents similar growth rate and the phase shift as the
anisothermal-T, model. Thus the inclusion of finite ion temperature in the vorticity expression is
the dominant additional contribution between in the linear stability of the full anisothermal and
anisothermal 7T, model.
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Figure 3.16: Conditional averaging of the intermittent structures of density, potential, electron and
ion temperatures normalized by their maxima for simulations with ¢ = 8 x 1074, 0 = 1 x 1074, {, = 5,
G =3 (a) and ¢; =10 (b)

The scan of Tj, presented on Fig shows that the increase of T; damps more efficiently small
scales, thus favors large scales, and yields to a larger of linear phase shift between N and ¢.

3.4.2 Highly intermittent turbulence in the presence of finite ion temperature

On Fig. [3.16) the typical blob shape for full non-linear simulation with ¢; = 3 at = 70pg, is
reported. The anisothermal simulation with {; = 3 are the one comparable to the anisothermal-T,
with T; o = 1 as T; =~ 1. The typical size of the structure is the same for both models, result also
confirmed by the PDF of the blob size (not reported here). This reinforces the assumption that the
inverse cascade favors the modes of largest k,, as the linear stability of both models coincides only for
low k,, that is to say the ones setting the poloidal spatial scales under the assumption of an inverse
cascade. Nonetheless, a strong damping of small spatial scales, predicted by the linear analysis, is
observable indeed in the far SOL in the full anisothermal model.

The absolute phase shift [0y/4| is also slightly larger in the full model in agreement with the linear
analysis /4 ~ 0.15m, however such low phase shift is still a marker of the SCW instability, which
seems to be also at play in the full anisothermal model.

Finally it is worth noting that the structures of density and both temperature, N , Tve, i coincide
perfectly as for anisothermal T, simulations.

The increase of T; has a significant impact on the blob shape, as it can be observed when we compared
the conditional averaging Fig |3.16} - 6| for ¢; = 3 (left) and ¢; = 10 (right). The scale of blobs increases
with an elevation of T;: the mean size of blobs is 11py, for (; = 10 in comparison with 9. BpL for ¢; = 3.
The absolute phase shift increases also with the elevation of T}, not only between N and gb Note that,
both features are in agreement with the prediction of the linear analysis Fig.
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Figure 3.17: (a): PDF of ion energy turbulent flux for T,, anisothermal-7T, GV and full anisothermal
simulations. (b): PDF of ion energy turbulent flux for the full anisothermal simulations for ¢; €
[3,5,7,10]. PDF are reported in log scale, centered on zeros, normalized by standard deviation

Statistical properties:

The inclusion of the ion temperature dynamic impacts also the statistical distribution of the
turbulent transport, as one can observe on the PDPﬂ of the radial turbulent flux of the electron
energy. For equivalent parameters, the full simulation presents a longer tail corresponding to the
intermittent transport in comparison with the anisothermal-T, one Fig |3.17, This corresponds to
an elevation of the positive skewness by a ratio around 1.5 Fig [3.18p. It is important to underline
that corresponding anisothermal T, GV simulation presents the same shape as the full anisothermal
simulation, even though the skewness is 20% smaller, while in the case of the full anisothermal SV
model, the tail of the skewness is significantly reduced (the PDF is not reported for readability purpose
but this can be observed on the skewness Fig ) This result is coherent with the linear study
which underlines that the inclusion of finite ion temperature in the vorticity expression is the dominant
contribution when considering the ion temperature inclusion. In fact this is in agreement with the
study one seeded blob [Olsen 16] which has shown that the inclusion ion temperature dynamic does
not affect the properties of the blob beyond this finite ion temperature effects.

Unlike the skewness, the level of fluctuation of I'yyw, g, is not significantly impacted by ion tem-
perature dynamics, and is about 5 regardless of the anisothermal model considered Fig [3.18] This
suggests that the addition of T; favors extreme but rare events of outward energy transport as the mean
fluctuation level is the same but nonetheless the extreme intermittent events are more represented.
Moreover, this high intermittent feature is favored by the elevation of T;, which impacts significantly
the PDF of the fluxes. Indeed, for high (;, i.e high T;, the PDFs of I'y;p, g, exhibit a peaked shaped
around the maximum of the PDF Fig. |[3.16p. The higher the ion temperature, the steeper the peak.
This peaked shape is characterised by a drastic increase of the kurtosis, representative of weight of
the PDF's long tails. Hence, the increase of T; further favors of the number of extreme outward burst
transporting high amount of energy.

2Note that the x-axis is normalized by the standard deviation, the PDF integral is thus not equal to one
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Figure 3.18: Averaged fluctuation level (a) and skewness (b)on the radial extent [30,150] in simulation
as a function of (; =3 for 0 =1 x 107* a,d g = 8 x 10~* and for other reduced anisothermal models

3.4.3 Enhancement of interchange driven mechanism in heat transport with finite
ion temperature

3.4.3.1 Enhancement of the transport due to a non-linear mechanism

Considering the prediction of the SOL width from the gradient removal theory with the same as-
sumptions as presented before, we would expect a rather weak impact of the ion dynamic on the SOL
density width. However this is not the case in non-linear simulation due to a greater discrepancy
between linear prediction and non linear simulation Fig If the gradient removal theory predicts
rather correctly the Ay dependency on g in the anisothermal-T, model, this is not the case for the
full model. Indeed, the gradient removal theory significantly underestimates the Ay dependency on g
: AN = Anscw + 10g in the linear theory against Ay ~ Ay ,scw + 20g in non-linear simulations.

This discrepancy can be explained by the addition of complexity in the model, we have already
found that the predictions were more satisfying in the isothermal model, with both qualitatively and
quantitatively agreements, than in the anisothermal-T, model, where only qualitative trends were
retrieve. Here, the non-linear results digress even more from linear theory.

Hence, if the shape of turbulent structures is, at least partly, shaped by the linear stability of
the system, the prediction of the SOL width based on the linear stability seems to be too imprecise
for experimental predictions as the transport results from non-linear interactions. Note that this is
coherent with the fact that the simulations including T; present statistical properties corresponding
to highly intermittent transport (high skewness, and kurtosis).

In particular, here, the increase of the positive dependence between Ay and g suggests that the
finite ion temperature effect favors the transport driven by the interchange instability via a non-linear
phenomenon. Another argument for this is that in non-linear simulation, Ay is larger in the full
anisothermal model for g = 8 x 1074 (AN,int = 7T1pr) than the in anisothermal-T, one (Anint = 55p1),
even though the linear prediction is the same for the two models (Ay = 100pz,).
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Figure 3.19: Density SOL width Ay as a func- Figure 3.20: Ion and electron pressure radial pro-
tion of g for ¢ = 1 x 107 estimated by the file for full anisothermal, anisothermal-7, GV and
gradient removal theory for T, anisothermal full anisothermal SV non-linear simulations with g =
model with T} values corresponding to the simula- 8 x 107% and 0 =1 x 1074

tion (; = 3,7,5 and 10 and estimated from non-

linear simulations

3.4.3.2 Predominant effect of the finite ion temperature inclusion

As shown in the results on linear analysis and statistical properties, the impact of ion dynamics are
mainly attributed to the finite ion temperature inclusion in the vorticity expression. This result is
also true for the turbulent transport. Let us consider two simulations : 1) a simulation with the full
ion dynamic, 2) a simulation without ion temperature fluctuations but with the term of generalized
vorticity and the same ion temperature profile of the first simulation. One can notice, on Fig [3.20b,
that both ion and electron pressure profiles match exactly for the two simulations. On the contrary,
the profile of the corresponding simulation with 7; fluctuations but with simplified vorticity term
presents a weaker transport (steeper gradient) than the two others.

Hence, one can conclude that the finite ion temperature in the generalized vorticity is the one
triggering an increase of radial transport.

3.4.3.3 Heat transport

Now we can look the transport of ion and electron energy characterised respectively by A, and Ay,
e-folding length of ¢ . and ¢ ; with ¢ ; = viocsP;. On Fig@ Ag; and Ay, are reported as a function
of g and for ¢ = 1 x 107 for the 3 models. As observed in anisothermal-T, simulations power SOL
width A\, and )y, of both reduced interchange and SCW simulations, respectively Ay, int, and Ay, scw
(9 = 0), are both smaller than the one of the anisothermal simulation, so the two instabilities are
contributing to the global heat transport. However the ratio A int/Ag, for ¢ = 8 x 107* is higher
when ion dynamic is taken into account: Ag, int/Aq. =~ 0.75 against 0.6 in the anisothermal-T, model.
Moreover, Mg, int/Ag; = 0.9 is higher than the one for g. thus interchange instability is even more
important for the ion energy transport. This reinforces the conclusion on Ay, that ion temperature
dynamics trigger an increase transport driven by the interchange instability.

Nonetheless A\, scw and Ay, scw are also both well above the value of the pure diffusive e-folding
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Figure 3.21: Power SOL width A, (a) and )y, (a) as function of g for o = 1 x 10~* for interchange ,
SCW (i.e. g =0) and full anisothermal simulation

length Agqig. The turbulence triggered by the SCW instability does not seem to be damped by
the inclusion of ion dynamics, in fact Ag, scw aniso > Ag.,SCW ,aniso T.- Hence, the inclusion of ion
temperature dynamics does not refute the conclusion of the previous section that the SCW instability
should be considered as a potential player in the divertor region or in start-up L-mode plasma.

Finally one can notice that the elevation of T; does not affect \;,, Ay, the same way. Indeed unlike
Ag; Which presents a positive dependencies on (;, A4 is roughly constant with (;. This difference
does not come from the cross-field transport of ion and electron energy, as Ary,_,..,sAr B, ury L€ both
increasing functions of T;, but is a result of an increase of the parallel losses of electron energy with T;.
This effect is due to the fact that the SOL width is not only set by the efficiency of the perpendicular
transport but results from a competition between parallel and perpendicular transport.

To summarize this section two main conclusions can be drawn:

e The predominant effect of the inclusion of ion temperature is attributed to the impact of the finite
ion temperature in the vorticity: explaining both the modification of turbulence characteristics

and cross-field transport.

e The ion temperature inclusion triggers an enhancement of the cross-field transport presenting
highly intermittent characteristics and is attributed to the interchange instability.

3.5 Conclusions

Even though the inclusion of temperature does not appear to drastically modify the general features
of turbulence, one observes a modification of the shape of the turbulent structures in anisothermal
models, and consequently a modification of the cross-field transport. In this chapter we underline the
principal effect of the inclusion of the electron temperature and of ion temperature explaining this

difference.
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The principal effect of the electron temperature inclusion is identified to be the presence of a
new instability mechanism. The characterisation of turbulence, using the input of linear analysis, has
revealed that the additional instability has a great impact on turbulence characteristic. This instability
appears also to play a significant role in the heat transport in conjunction with the interchange drive,
impacting thus the power decay length.

The impact of ion temperature fluctuations is studied separately. The finite ion temperature is
identified as the key player of the modification of the turbulence and heat transport. Its inclusion,
even though it does not bring a new instability, seems to trigger an enhancement of the perpendicular
transport, presenting highly intermittent features at high 7;. This increase of the perpendicular
transport is attributed to the interchange instability acting via non-linear effect.



Chapter 4

Large scale convective transport via
magnetic drifts

The current multi-machine scaling of A; in H-mode found that the strongest dependency is the one with
the poloidal field, Bpol, giving Ag target ¢ Bgoll [Eich 13al [Eich 13b]. Even beyond these studies, the B,
dependency seems to be a robust result and has been retrieved in several work [Thornton 14 [Sun 15]
and even for L-mode scaling laws [Scarabosio 13l [Gunn 13]. Theoretical models based on turbulent
transport have been proposed to predict A, in L-mode [Fedorczak 17, [Ricci 09]. However in H-mode
turbulence is strongly reduced in the pedestal and near-SOL. It is thus not clear which is the main
mechanism driving the transport through the separatrix. Indeed turbulent process, like studied in
the previous section with Tokam2D, might not be the predominant mechanism of transport anymore
and other mechanisms like large scale convection by plasma drift are pointed out to play a significant
role in this regime. Especially the Heuristic Drift-based (HD) model [Goldston 12] proposed that
the curvature drift is the main mechanism driving the cross-field transport across the separatrix in
H-mode, determining entirely the SOL power width. Similar description of the edge transport were
earlier proposed by Ref. [Hinton 74] with a neoclassical approach. Such neoclassical drift-orbit effect
has attracted much interest for its good agreement with experience [Eich 13al [Faitsch 15, [Sieglin 16],
in particular its prediction of the dependency on Bj,q.

The work presented in this chapter aims at understanding the impact of the convective transport
via the curvature drifts in the limit of weak collisional and anomalous transport. Similar work has
been published [Reiser 17, Meier 16] assessing the existence of a regime where the SOL width is related
to the V B-drift. In this study we further investigate the implication of such a V B-drift dominated
regime: its characteristics, its parametric dependencies and its limits with a mean-field transport
code, SolEdge2D. In a first step, this approach allows us to study the impact of drifts separated
from the complexity of the turbulence phenomenology in realistic geometry and in different regimes
of transport. However it is worth keeping in mind that one should go towards more complete models,
which would take into account mechanisms of interplay between turbulence and large scale convection
(topic of the last chapter). Especially since the drift governed by VB is charge dependent. It thus
has the ability to govern charge separation or at least polarisation, therefore generates electric fields
and consequent E x B drift.
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4.1 Study of drifts convective transport with arbitrarily level of
anomalous transport in SolEdge2D code

SolEdge2D is a mean-field transport code: turbulence is not solved self-consistently but is arbitrarily
set via a diffusion coefficient, and thus permits to run simulation in a chosen regime of transport:
L-mode (high anomalous transport, i.e high diffusion) but also H-mode (low anomalous transport). In
this discussion, one assumes that the anomalous transport in the SOL is arbitrarily low, this statement
has a large impact on the physics and the way it is addressed. In this context, the transport code
with reduced numerical cost allows studying many cases, for example performing scans of parame-
ters, but also adding some additional physics like the implementation of the wall-plasma interaction,
physic of neutral species etc... In this section, the model used for this study is briefly described, see
[Bufferand 15] for more details. We also underline the strong simplifying assumptions made.

SolEdge2D is a mean-field transport fluid code that assumes toroidal axisymmetry of all fields
and solves Braginskii equations for electrons and an arbitrary number of ions species. In the single
ion case, of interest in this chapter, the equation of the ion density n, parallel ion velocity v, and
temperature of electrons and ions 7T, and T; — are solved using a finite volume numerical
scheme. At the scale of the mesh grid, larger than the Debye length, the quasi-neutrality is justified,
and one has n = n, = n;. Moreover, in this work, we do not consider the physics of charge balance
following the framework of the HD-model, which was the starting point of our study. However, as
already mentioned, this is a restrictive assumption since the V B-drift is charge dependent and induces
a charge separation.

O+ V- (nub+nuy) =" (4.1)
B R
u + =2+ V . (vinViy)) + 5™ (4.2)
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Where b denotes the direction of the magnetic field b = %,
energy transfer due to collision. The inertia and viscosity terms of electrons are neglected giving

m; is the ion mass and @Q.; is an

enE| =V, (pe) — Re; where E) is the parallel electric field and R,; is the parallel friction force. Note
that contrarily to TOKAM2D and TOKAM3X, the present equations are not normalized.

In standard 2D transport code, turbulence is inhibited as turbulence requires the treatment of the
two transverse directions which is not compatible with the toroidal axisymmetry assumption. Cross-
field anomalous and collisional transport is arbitrarily set via diffusion operator: V-(—D; V n). The
cross-field flux is then equal to nu; = —D ) V 1 n 4+ nugr. The diffusion coefficient D stands for
the local level of anomalous and collisional transverse transport. For all the following simulations,

1

D is set to 1m?s™! on a zone of few millimeters at the inner and outer borders to avoid edge effect,
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Figure 4.1: Sketch of computational grid (black lines) for the diverted JET-like (a) and COMPASS-
like (b) plasma equilibria with the wall position (red lines), for the analytical circular equilibrium (c)
with the limitor position (red lines). For the purpose of readability only one in three edges in reported
for JET-like grid and one in four for circular geometry

and is a constant, labeled D, on the rest of the grid. D is the main free parameter of this work
and will be scanned to study the impact of the fluid drifts on the transverse transport for different
levels of anomalous and collisional transport. The viscosity v is equal to the diffusivity D, and for
anisothermal simulations ion and electron thermal diffusivities, respectively x. and x;, are equal but
fixed separately from v and D.

In this work, only the magnetic drifts are considered, uqyift = Uv B, + Ucent, Where uyp denotes the
V B-drift (in the fluid approach nuy p divergence coincides with the divergence of the diamagnetic

drift flux), and ucent (4.7) denotes the centrifugal drift [Chankin 97].

B x Vpi
;= 4.6
uVB, qB2 ( )
mUﬁ
Ucent — qﬁB X b-Vb (47)

The magnetic field is in the normal direction, that is to say uypg is downwards for ions. Note that
as the charge balance is not solved, a reduced model of SolEdge2D is considered where the electric
drift is omitted. This restrictive assumption will be re-discussed in the section on the limits of the

model (4.4.3)).

In the following, three set of simulations are considered:
1. simulations including no drifts, referred as diffusive simulations,
2. simulations including only V B-drift,
3. simulations including both V B and centrifugal drifts.

In a first stage, the plasma is supposed isothermal, and 7" is constant on all the domain, with

T. = T; = 50eV, and neutrals are not taken into account to stay within the assumptions of the
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HD-model. These assumptions are relaxed later to evaluate how they impact the transport and the

plasma equilibrium.

The simulated domain extends from closed flux surfaces in the vicinity of the separatrix, with Dirichlet
condition imposed to density n = 10" m™2 at the core boundary, to open flux surfaces up to the wall.
In the parallel direction Bohm boundary condition are imposed at the sheath entrance. Simulations
have been run for three magnetic equilibria, as illustrated on Fig a) a realistic diverted JET-like
geometry on a 80 x 139 (r,0)-grid with the following parameters Ry = 2.895m, a = 0.950m, qo5
defined as the safety factor on the flux-surface ¢ such as ¢ /1bsep = 0.95 is about 5 and By = 2.2T, b)
a realistic diverted COMPASS-like geometry on a 48 x 139 (7, 0)-grid with the following parameters
Ry = 0.55m, a = 0.17m, qo5 ~ 4, By = 1.15T, 2) an analytical circular geometry on a 240 x 180
(r,0)-grid, with the following parameters Ry = 1.075m, a = 0.287m, q95 =~ 4, By = 1 T. On diverted
equilibria, a penalization technique is used that enable simulation of the plasma up to the first wall
reported with a red line on Fig a and b.

4.2 Properties and implications of the magnetic drift transport in

the edge plasma

Before investigating the cross-field transport by magnetic drift in numerical simulations, let us first
recall some properties of the diamagnetic drift and associated model of SOL at a reduced turbulent
transport. First, we proceed to an estimation of the SOL width associated with such mechanism. We
then study what would be the consequences, or the markers, of a large scale convective transport by
V B-drift. Finally, we recall the assumptions and the derivation of the heuristic drift based model
which has been taken as a starting point for the simplified model used in the following work.

4.2.1 Estimation of a SOL width associated with the VB drift convection

As described in Chapter 1, the SOL width results from a competition between the parallel and cross-
field transport in the main SOL. Hence, one can define a fundamental SOL width associated with a
mechanism by taking the equality between the parallel characteristic time and the characteristic time
associated with this mechanism. We can thus get an estimate of the SOL width with:

. Al UV B
T~ TL ie — o~ — 4.8
[ I~ Avs (4.8)

The characteristic velocity of the vertical V B-drift writes:

T

~S — 4.
VB~ R (4.9)

Moreover, we take the acoustic speed ¢5 o< VT as the characteristic parallel velocity, and L ~ ¢R.

One thus has a fundamental definition of Ay p:

vvsly  TqR /1
~ TB 4.1
U” BRCS x A pol ( 0)

AvB ~
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where A = a/R is the aspect ratio a being the small radius.

4.2.2 Contribution of the diamagnetic drift to flux-surface averaged transport

In order to consider the contribution of the diamagnetic drift to the global transport, we study here
the flux surface averaging contribution, which conveniently provides a means to identify the transport
from one surface to another irrespectively of the flows within the surfaces. The flux surface averaging

for the source governed by the divergence of a flux, V - (fu), writes:

u- Vw
(V- fu)r / et (4.11)

where 9 is the label of the magnetic surface S(1), by construction one has <V . (be)>FS =0.

The charge balance equation in steady-state or quasi-neutral condition is:
vV.-J=0 (4.12)

with J = Jyb + J.. Here, we consider only the contribution of V B-drift, as one can show that the
divergence of the diamagnetic current coincides with the one of Jwp under the assumption of low .
Note that, for two species quasi-neutral plasma, the electric drift and diffusive transport are ambipolar,
ieJg =el'g; —el'ge =0 and Jp = el'p; —el'p. = 0. One can then determine the flux surface
average of Eq[4.12) which gives the following constraint that charge conservation on a magnetic surface
requires a balance of the Jyp current .

(V- T)ps = 0 (V- Jyn)ps = / Jop - ~Y a5 =0 (4.13)

S(¥) V1]

If one now considers the particle balance, the equation for the main ion species is given by:
on; +V.-I, =8 (4.14)

with I'; = T'g; + T'vp,; + I‘D i+ F” ;b. Moreover, I'vp; can be expressed as a function of Jyp =
el'vp,; —el'vpe: T'vpi = P+P Jvp. One can then determine the flux surface average equation for
the particle balance of ions with no particles source & = 0:

P; Vi oo
8t<n>FS+/S(¢) ((P_|_P)JVB+FEZ+FDZ> |V¢’dS 0 (4.15)

In steady state and in the limit where no particle flux driven either by the electric drift or cross-field
diffusion, I'g ; = I'p; = 0, the only transport term is associated to the V B-drift. Furthermore, Eq.
and Eq impose that such transport has to come with strong pressure poloidal up/down
asymmetry, as already underlined in [Chankin 13|, as P;/(P; + P.) must exhibit a dependence on 6
to obtain a non-zero flux-surface averaged transport. In particular, a model with 7, and T; constant
leads to P;/(P; + P.) = T;/(T; + T.) = constant. Hence, temperature inhomogeneity then appears
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essential for a transport associated with the V B-drift. Indeed, without this inhomogeneity, no particle
transport is possible without violating the charge balance i.e. (V - Jyp)pg # 0.

In fact, the neoclassical theory would give similar insight. Indeed, in the neoclassical description,
transport associated to the magnetic curvature depends on the collisions. Thus in this framework, one
needs a certain level of diffusion to have a transport associated with the magnetic drift.

4.2.3 Presentation of the HD-model

In this section, we recall the main assumptions and follow the calculation of the heuristic drift-based
model presented in the paper [Goldston 12].

The main assumption of the model is that turbulence does not play a role in the transport of
particles in H-mode and the only remaining source of particles for the SOL is attributed to the
VB and centrifugal drift direct advection. The particle SOL width at the target is interpreted as
a neoclassical drift-orbit effect. Hence, A\, is determined by the integrated radial displacement of
the poloidal flux, denoted A1, by VB and centrifugal drift transverse advection between the outer
mid-plane and the divertor entrance and remapped at the outer mid-plane. The radial displacement

writes:

Xpt dl” Xpt B
Aty = / (uwp + Ucent) - Vipp) — = / ((uwB + Ucent) - Vp) lep (4.16)
MP Y| MP pY||

The further assumption that the parallel speed is constant and equal to the half of the sound speed
between the mid-plane and the entrance in the divertor region v = c; /2 is made. Moreover, the

2
centrifugal component is implicitly neglected under the assumption that |uyp/Ucent| ~ (v”/ cs) ~

0.25 is small, and only the contribution of the V B-drift is taken into account, i.e uyp = %z. With
[Vl

the poloidal magnetic field written as B, = =5, the equation is simplified to:
N / Xpt ( V. >dl A (4.17)
= Z - f— .
Zev| Jup Vil ) P Zecs

It is worth stressing that such a displacement considered here as a kinetic calculation does not necessary
imply transport. As recall before, in the neoclassical theory, transport associated with such effect exists
only when adding collisions.

Finally the SOL width remapped at the outer mid-plane writes:

A B av/Tsep _
Ap = Sk 2\/5(14 PL = 2\/5756p X/ TsepB ! (418)
IV mp (BpR)yrp (BpolR)OMP v

Note that the parametric dependencies of Ay in (4.10) are the one found by the HD-model, as it
follows similar lines of thought. One retrieves here the dependence of the SOL width on B, L Until
now only the particle SOL width were considered. The last assumption of the model is that the

electron anomalous heat transport (Xanolamous = 1m? sfl) is fast enough to fill the particle plasma
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channel with electron heat, so that:
Ag & A < \/Teep By (4.19)

Note that the assertion A\, ~ A, is equivalent to Ay > A,,.

4.3 Drift dominated regime characterised by a complex plasma equi-

librium

In this section one first seeks a regime where the cross-field transport through the separatrix is dom-
inated by the V B-drift. Even in a low turbulence regime it is not evident that such a regime could
exist. Indeed as presented in the previous section, the current conservation implies that an outward
V B-drift transport requires a strong up/down pressure asymmetry, this result is also underlined in
Ref. [Chankin 13]. The second goal is to characterize such a regime and the associated SOL width.
In the last part, we compare our results with the HD-model.

4.3.1 Existence of a convective transport by magnetic drift at low anomalous
transport in JET-like geometry

In order to reach a regime of V B-drift dominated transport the anomalous and collisional transport,
set arbitrarily via the diffusion coefficient D in the model, is decreased until finding such a regime.
To study the role played by the V B-drift in the particle transverse transport, two sets of JET-like
isothermal simulations are first considered, the diffusive case, and the case including only the V B-
drift, for various levels of D. In these sets of simulations the coefficient D is scanned between 1 m?s™*
and 2.0 x 1074 m?s~!, with the aim to find out at which level of transport would appear a regime
where the large-scale convection by uyp is the main mechanism of particle transverse transport and
what would be the properties of such plasma equilibrium.

On Fig. . the total particle flux through the separatrix due to diffusion and to the
convection via uyp are reported for both V B-drift and purely diffusive simulations as a function

of D.

(I'Lp)rs = / —D;Vin-Viy (4.20)
sep

('L vB)Fs =/ nuyp - Vi) (4.21)

sep

Note that all the plotted fluxes are normalized by the mean density at the separatrix. For D >
1 x 1072m? s !, the diffusive operator is responsible of all the transport and the averaged convective
uy p flux is even sightly negative. In that range of D, there is no significant difference of I'| ,, between
simulations with or without drift, in both cases the particle flux scales as v/ D, expected for a standard

2571, the uyp convective contribution in the particles balance

diffusive process. At D =1 x 1072m
starts to rise and its relative weight continues to rise with the decreasing level of diffusive transport to
end up largely dominant for D < 1 x 1073 m?s™!, with a contribution of more than 90% in the total

balance. Hence a V B-drift dominated regime is reached at low transverse transport.
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Figure 4.2: (a): Total particle fluxes through the separatrix normalized by the mean density due to
diffusion (full red square), to VB drift (empty red square) for V B-drift simulations, and for diffusive
simulations (black triangles) as a function of D. (b), (c): Poloidal distribution of the particle flux
in VB drift simulations: total (full line), by diffusion (dot-dashed line), by uyp (dashed line) for
D=1x10"1m?s7! (b) and D =1 x 103 m?s™ ! (c)

In the previous section, we have shown that in the limits of very low anomalous and collisional
transport, the V B-drift transport has to come with temperature inhomogeneity in the poloidal direc-
tion. In the studied isothermal, the transport should thus tend towards zero then D tends towards
zero. One has to keep in mind that it is somewhat a contradictory result probably linked the restrictive
assumptions made in the model, in particular, the lack of the charge balance and electric field. It
could also be due to spurious numerical effects. However, test of convergence with the grid seems to
point out that the spurious effect are not dominant as the results are stable with the grid resolution.

In the following, we denote Dy, the threshold value of D, where we first observe a significant
contribution of VB-drift to the total flux, we take I'| vp/I'tor > 10% as reference. In this set of
2571, Dy, will also be referred as the transition towards the
V B-drift dominated regime. At this level of D, the diffusion source in the V B-drift simulations

decreases faster than for the purely diffusive simulations due to a relative flattening of the radial

simulations, we find Dy, = 5 x 1073 m
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profile around the separatrix (see section .

To evaluate where are the implications of these values of diffusion coefficients, let us recall some
typical value of the diffusion coefficient used when addressing anomalous transverse transport, as
well as classical and neoclassical processes. The typical diffusion for anomalous transport used in the
pedestal to match profiles in H-mode plasmas is of the order of 1 x 107! m? s~! [Chankin 06} [Horton 05,
Kallenbach 04, |Gulejova 07]. Moreover, the estimation of diffusion representing the dissipative process
as established in Ref. [Fundamenski 07] gives a typical diffusion of D¢ =~ 1.5 x 1073 m? s~ for classical

2571 for neoclassical process. Thus the transition towards a drift

process and Dyc ~ 2.5 x 1072 m
dominated regime appears to take place well below the neoclassical level and uyp is predominant only
at a diffusion level lower than the classical level, which raises the question of the possibility of achieving
such a regime. The onset of such a transport regime agrees with the previous works of [Reiser 17,
Meier 16]. In [Meier 16] this regime appears at higher D, but this difference can be explained by the
parameters of the simulations, in particular a higher temperature at the inner boundary of T, = T; =
500 eV, which seems of little relevance for a JET-like simulation, while a range of temperature of 50 eV
to 100eV used in this work.

It is important to stress that the appearance of a flux-surface averaged particle transport by uypg
is inevitably associated with strong poloidal asymmetries. On Fig. [£.2pb. and [.2c. the poloidal local
flux is reported, at relatively high diffusion D = 0.1 m?s™!, uyp convection is then found to contribute
a significantly locally, but with the symmetry the positive flux at the bottom strictly compensates the
sink at the top, so the flux-surface contribution is negligible. Conversely at low anomalous transport,
Fig. 1.2k, the uyp convective flux exhibits an up-down asymmetry, and the source at the bottom of
the torus becomes bigger than the sink at the top, explaining the rise of its weight in the flux-surface
balance.

4.3.2 Complex equilibrium and supersonic transition in drift dominated regime

In the previous section, it has been shown that at D (D < 1 x 1073 m?s™!) the convection by uyp is
the predominant particle source for the SOL, at both local and global scales. Let us now characterise
the plasma equilibrium in such a regime. On Fig. poloidal profile in the near SOL of the density
Vi v (b) are reported. At D > 2 x 1072, the density is almost

V Te +T’L
constant in the poloidal direction, and the Mach number relatively low far from the target. At low D,

(a) and parallel Mach number M =

the most striking result is the appearance of a complex parallel equilibrium presenting a supersonic
transition that comes along with the rise of sharp gradients and strong asymmetry of the density in the
poloidal direction. Note that the density tends to be higher at the bottom of the torus, in agreement
with the direction of the uyp convection which leads to an effective particle source in — sin € where 6
is the poloidal angle with # = 0° at the outboard mid-plane and § = 90° at the top. This supersonic
transition at low D comes from the strong asymmetry of the effective particle source, composed of a
large source at the bottom of the torus and a large sink at the top, creating important Pfirsch—Schliiter
return flows. When decreasing the diffusion coeflicient, the pressure gradient increases, and it enlarges
the Pfirsch-Schliiter flows amplitude (I') pg o< VP), reaching a supersonic transition coming along
with a steady-state shock in the poloidal direction. It has been verified that the transition is in
agreement with the model of supersonic transition presented in [Ghendrih 11] with the annulation of

derivative the parameter control A = % at each transition between subsonic and supersonic flows.
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Figure 4.3: Poloidal profile in the near SOL (£ = 1.004) of the normalized density (a), and the

a

parallel Mach number (b) for V B-drift simulations for D = 1 x 107! m?s™! (red line with square),
D =5x10"3m?s™! (blue line with triangles), and D = 2 x 1074 m?s~! (black line with circle)

In fact this transition can be explained by a reduced model for the parallel equilibrium Eq. (4.22)).
In a steady-state equilibrium, the continuity equation and the momentum balance can be simplified

in Eq. (4.22) by assuming that:
27rz“

1. the parallel particle flux distribution is of the form S; 4+ S5 COS(TH)v where 2| is the parallel
coordinate and L) the parallel length, representing a constant diffusive flux and a sinusoidal

uyp flux in a circular geometry

2. the total pressure is uniform in the parallel direction, that is to say nT (1 + M 2) is conserved.

FQ
It can be rewrite as WH + N is constant in the isothermal case (with I = nu).

3. the Mach number is equal to 1 at both targets

27rz”

8Z”FH = Sl + SQ COS(TH)

2
o, (R +N) =0 (4.22)
M| =1 for z;=0,L

This system has the following analytical solution:

T (z)) = Si(z — 0.5) + S sin (ﬁu)
M (z)) =3 (-1+VA4) (423)

and it is found that for ”;—f > 4.6 no subsonic smooth solution exists, thus it allows us to predict

the threshold in D when the supersonic bifurcation first appears. The diffusive particle flux is equal to
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Figure 4.4: Density radial profile for diffusive (dashed lines) and VB-drift (full lines) simula-

tions at the outer mid-plane (a), and at the outer target (b), for D = 1 x 107! m?s~! (red), and
D =2x10"*m?s! (black)

DVN = D%, with A, = \/% for a standard diffusive process. For the contribution of the V B-
drift, the coefficient S correspond to the maximum of the flux by diamagnetic drift So = nuvp max-

Note that uyp in the isothermal case in only a function of the geometry as the temperature is imposed.

Thus the bifurcation towards a supersonic transition should appear at value of diffusion, labelled here
Dirans, described by the following equation:

u 2raRou 2 R()u2
Vome _ VITARIUYBmax _ 46 ;o p,,, = 20UV R (4.24)

n

The numerical application of Eq. gives Dirans =~ 1.5 x 1072 m? s™! for a JET-like configuration.
In simulations supersonic flows first occur at D = 5 x 1073 m?s~! that it to say at lower diffusion than
predicted. This discrepancy can be explained by the assumption of a circular geometry in our model
Eq. . Moreover, the numerical scheme order was shown to impact the value of the transition
through its ability or not to capture shocks accurately. In fact for a circular geometry with a 2nd
order WENO scheme, the 1D-model predicts the correct value of Dyyans.

It is worth noting that the rise of the uy p convective transport appears in our numerical simulation
at the same diffusion than supersonic transition, i.e Diyans = Din, therefore it seems to be a necessary

condition to be in a drift dominated regime of transport as it allows strong symmetry breaking of the
density.

4.3.3 Saturation of the SOL width at low anomalous transport

4.3.3.1 On definitions of the SOL width

We now aim to define a SOL width looking at the radial profiles Fig. at the outer mid-plane (a)
and at the outer target (b). For D < Dy, radial profiles follow the classical description of a decreasing
exponential. Profiles of both set of simulations, with or without uypg, coincide except for a small
inward shift of the peak at the outer target due to the inward direction of uy g below the X-point Fig.
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Figure 4.5: Poloidal profile of A, in¢ for diffusive Figure 4.6: A, mich for purely diffusive (black tri-
(dashed line), V B-drift (full line) and both VB angles), and for V B-drift (red square) simulations
and centrifugal drift (dot-dashed line) simulations as a function of the diffusion coefficient, the dashed
for D=2 x 1074m?s! straight lines represents the v/D scaling, and the x-

and y-axis are in log-scale, for JET-like simulation

4.4 b. However for simulations with supersonic transitions, profiles of simulations with and without
drift differ significantly. Moreover, profiles at the outer mid-plane of V B-drift simulations are not
well fitted by an exponential function, thus the definition of SOL width by a single e-folding length
is no longer relevant. Hence we use the so-called integral decay length, denoted A, in; and defined
by Apint = fSOL N(r)dr/Ngep. This is a convenient definition as it permits to compare exponential

profiles with more complex ones.

Another way to define the SOL’s width, most commonly used in experiments [Eich 13al, is to proceed
with an Eich’s fit [Eich 11], convolution of a decreasing exponential and a Gaussian at the outer
target profile (see Chapter 1 for more details), the resulting estimation of the SOL width is
denoted A, Eich. Since it is the most commonly used in experiments, this Eich’s definition is prioritized
to investigate this model. Nevertheless, if in this set of simulations profiles at the outer target are
well described by an Eich’s fit, it is not always the case, and in such cases we settle for the integral
description. Note that all estimates of SOL width take into account the flux expansion by remapping
profiles at the outer mid-plane in order to get rid of geometry effects.

It is also important to point out that gradients vary not only in the radial direction but also in the
poloidal direction. On Fig we observe that at low diffusion A, in¢ is uniform for purely diffusive
simulations, but presents variation in the poloidal direction in the drift dominated regime. In this
set of JET-simulations variations stay at a moderate levels (of a factor about 1.5) but in other set of
simulations (see section poloidal variation amplitude of A, ;s can reach a factor 4. In conclusion
one must keep in mind that an estimation of a SOL width by a single value summarises the transverse
transport but is an oversimplification and hides the complexity of the plasma equilibrium.
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4.3.3.2 SOL width saturation in V B-drift dominated regime

On Fig. An,Eich is reported as a function of D. The estimate of the HD-model for the simulation
parameters and geometry is also reported in blue dashed line, but the comparison with the model
will be discussed latter in the section We observe a perfect v/D scaling for purely diffusive
simulations. The code is therefore robust in this low diffusion regime and is not dominated by spu-
rious numerical diffusion. As the use of low diffusion coefficient are numerically challenging we also
proceeded to a test of convergence with the grid spatial resolution, and found that the estimate of A,
does not change when increasing the resolution of the grid in V B-drift simulations.

For V B-drift simulations, A, gich scales also as diffusive simulations for D > 5 x 103 m?s! that
is to say for D > Dy, which is in agreement with the result of section [£.3.1] where we have established
that the diffusive operator is largely dominant in the transport in that range of D. This transport
mechanism is thus the one setting the SOL width. This is followed by a stagnation of A, gic, corre-
sponding to the transition towards the drift dominated regime, and A, gicn saturates at a non-zero
value when D tends towards zero. Hence, at low diffusion, one finds indeed a regime where the V B-
drift is the mechanism determining entirely the SOL width. In such regime, A\, gicn does not depend
on the diffusion level. One can then define the SOL width associated with the V B-drift large scale
transport by Ayp = lim Ap_,g. Here, we find Ay p ~ 1.5 mm.

The same scan can be made for A, iy estimated at the outer mid-plane, that gives similar trends
but with a lower value of stagnation =~ 1 mm. Note that once again the A saturation appears at the
same time as the supersonic transition, that is to say Diyn = Dirans, confirming that the V B-drift
dominated regime is governed by a complex parallel equilibrium.

4.3.4 Parametric dependencies

In order to have further insight in this transport regime, we now look at the parametric dependencies of
the SOL width in Ay g-drift in such regime. The scanned parameters are: the temperature T, =1T; =T
for T'=25¢eV, 50eV, 75eV and 100eV, and both poloidal and toroidal magnetic fields By, and Bior,
which vary independently. Note that here the scaling is done for A, in; because the target profiles at
high T" and low By, are not well fitted with an Eich’s description. However, we have already assessed
that the trends of Ay, gich and Ay, in¢ are similar.

On Fig. we report Ay, int for the lowest diffusion coefficient D = 2 x 10~*m?s! as an estimate
for Ay = limp_,9 Aint as a function of the main parameters. Note that for all parameters, the plasma
is in a V B-drift dominated regime at such low value of D. We find that the SOL width depends from
two principal parameters: the temperature and the poloidal magnetic field. First, Ay p presents a
positive correlation with 7', of the form T with «a strictly lower than 0.5 (A, int o VT is indicated by
dashed lines). The scaling in By shows a decreasing dependency of Ay p with B, close from the
inverse dependency A, ing o< Bl:oll observed in experiments.

The discrepancies of the numerical results with the rough estimation Ayp o AVT Byo~1 Eq.
can be explained by the fact the parallel flows evolve with By, and T, but this evolution is
not captured by the simplified estimation. In fact, the estimation of Ay p as the integrated radial
displacement driven by the V B-drift should depend on the parallel velocity and on the parallel length
travelled by particles flowing toward the outer divertor target. On Fig. we observe that the
stagnation point, separating particles flowing to the outer target and to the top of the machine, moves
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Figure 4.7: A\j, int SOL for V B-drift simulations at D = 2 x 1074m?s~! as a function of the temper-
ature with red dashed lines representing the /T scaling (a) and as a function of the multiplicative
factor, ap, on By, and By, with dashed lines representing the Bp_ol1 scaling (b)

downward with an increase of T" or a decrease of By, . This explain the weaker correlation between
Avp and T as the effective parallel length travelled by the particles decreases with 1", which is not
accounted in the estimation of Ay p scaling.

Finally, it is worth noting that there is an additive functional dependencies with Bio, Fig b),
weaker than the one in Bpo (15% of relative variation of A for By, against 60% for Bp1), but not
completely negligible either. This effect is also explainable by the parallel flows evolution, following

the same lines of thought as given above.

4.3.5 Drift dominated regime in a other geometries

The scan of the level of anomalous transport has been made for two other geometries: a circular limited
and a COMPASS divertor magnetic equilibrium (Fig , to study whether the conclusions drawn
in the previous sections are robust in other equilibria and what is the impact of the geometry on the
results. Though the HD-model has been developed for divertor configuration, it is also interesting to
study its application in circular configuration since the model has been pointed out to be a potential
explanation for the narrow feature in start-up plasma [Kocan 15, [Goldston 15]. In this section Ay, int
at the outer mid-plane is used for the definition of the SOL width in order to compare the circular
and the divertor geometry.

The same pattern is retrieved, with two regimes depending of the level of anomalous transport:

1. a diffusive dominated regime at high D where A, jn¢ scales as VD

2. a drift dominated regime with a stagnation of A\, in; and a non zero limit when D tends toward

Z€ero.

Let us stress that the threshold value of D, Dy, for the stagnation of A, in; occurs in both case

at Dirans, that is to say the bifurcation towards supersonic flows, hence the supersonic flows are a
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Figure 4.9: A, in¢ for V B-drift simulations normal-
ized by the heuristic model prediction in JET-like
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Figure 4.10: Mach number parallel profile for JET-
like (blue with triangle) COMPASS-like (red line
with circle) and circular (green line with square)
geometry at a distance of A\, jn¢ from the separatrix
and for D = 2 x 1074 m?s™!
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characteristic inherent to the V B-drift dominated regime which does not depend on the geometrical
configuration. In both geometry Dipang is correctly predicted by the simplified 1D-model presented
in section m predicting Dyiyans = 1.8 X 10~ m?s! for circular geometry with a transition for D

2571 for

between 1 x 107 m?s™! and 5 x 107' m?s~! in the simulations, and Dians = 2.8 x 107 ' m
COMPASS geometry with a transition for D between 1 x 107'm?s™! and 5 x 107! m?s~! in the
simulations.

We now compare the value of stagnation Ay p with the HD-model estimate, that is to say a SOL
width proportional to %\/T Bgoll also obtained in . We observe on Fig ) that the ratio
Avp/Aup is approximately constant ~ 2 — 3 for the three geometries. This invariable ratio in the
three geometry could be explain by the similarity of the parallel equilibrium. Indeed, on Fig
reporting the Mach number poloidal SOL profile at a distance A, iyt from the separatrix, one can
observe that the profiles at the LFS coincide for the three geometry. This interpretation is consistent
with the previous assertion that the parallel equilibrium has a strong impact on the establishment
of A\ in this regime and that the discrepancy with the rough scaling law comes from the assumption
of constant parallel speed and parallel length. This also explains that we find about the same ratio
for all geometries for the same LFS parallel flows. At the high field side, the parallel flows differ
greatly because of the symmetry breaking of divertor configuration: for COMPASS geometry the uyp
contribution is weaker at the HFS due to the triangularity implying weaker Pfirsch—Schliiter flows.
On the contrary the circular geometry presents a relatively symmetric parallel profile.

4.3.6 Power SOL width

The previous model does not address explicitly the heat transport. In this section, we further look
at the impact of self-consistent electron and ion temperatures variations on particles and power SOL
width.

Simulations are run for two values of thermal diffusivities x; = xe = 1m?s™!,x; = xe = 0.1m?s™ !,
chosen as they are representative of the classical value of thermal conductivities in the pedestal used
in mean field fluid simulations to fit H-mode experiment [Chankin 06, Horton 05, Kallenbach 04
Gulejova 07]. Concerning the boundary conditions, the electron and ion temperatures at the inner
boundary is taken constant, are equal to 100eV. On Fig. we observe that, for 1 m?s~!, the value
of A\pint as a function of D follows the same trend as in the isothermal simulation, and the value of
saturation of A, it is similar to the one found in isothermal simulation A, jn¢ = 1.1 mm. Moreover, we
find that A, int &= Ag,int, under the assumption of high thermal diffusivity. Let us also underline that
the equilibrium presents the same feature than in isothermal simulations, that is to say the presence
of supersonic flows and steady-state shock.

Simulations have been also run for this Y = 0.1m?s™'. It is found that the value of Anint at
low D is not impacted, but as we could expect the value of stagnation of Ay is smaller but only by
about 15%. In this range of x, the power SOL width are not strongly impacted due to the fact that
AT > Ay,

Thus, in the V B-drift dominated regime, and for the chosen thermal diffusivities, the assumption
that \; = ), seems reasonable, and the inclusion of temperature variations does not impact drastically
the equilibrium.
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Figure 4.11: A, int and Agine for VB-drift simulations as a function of the diffusion coefficient in
anisothermal JET-like simulation (a)

4.3.7 Comparison of the numerical results with HD-model

The reduced model used in this section corresponds to the main assumption made in the heuristic drift
based model. Hence, it is worth comparing A, gicn Wwith the one predicted by the HD-model Agp =

a4/ Tsep

QﬂW. The numerical application for the JET geometry gives Agp ~ 3 mm namely twice the
limit foundoil\rdlpsimulations limp_0 A\p Eich = 1.5mm. Let us recall that this discrepancy between our
numerical results and the HD-model estimate is also retrieved for the other geometry (section [4.3.5).
Moreover, the functional dependency on T (Agp o VT ) is not retrieved in our simulations. The
scaling in B, although it shows a better agreement with the model, is not unquestionable. Indeed,
the dependency seems to be weaker than predicted, as highlighted by the lower By, point, showing a
variation 40% lower than the HD-model prediction Fig. )

The discrepancy between numerical results and the model is readily explainable by the parallel
equilibrium, important in the establishment of the SOL width in the drift dominated regime. Indeed,
the reduced model predicts A, gich under the assumption that the parallel velocity is constant and
equal to ¢s/2 in the lower outer quadrant of the SOL, while the Mach number at low diffusion varies
between -cs and ¢, in this poloidal extent (Fig . Moreover, it assumes that particles flow from
the outer target to the entry of the divertor when in low diffusion simulations the stagnation point is
halfway between the outer mid-plane and the X-point so particles crossing the separatrix at the outer
mid-plane flow to the top of the machine and not downward to the divertor target. In conclusion,
within the main hypothesis of the model, the assumption of a V B-drift dominated regime seems to
lead to a contradiction with the first heuristic made that ”the parallel flow along B to the divertor
competes at order unity with the usual Pfirsch—Schliiter parallel flow to the opposite side of the
plasma” [Goldston 12].

4.4 Consequence of the relaxation of the simplifying assumptions

In the previous section we have analysed outstanding features of the V B-drift dominated regime.
However, we know that important simplifying assumptions have been made for this model. In this
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section, we discuss the inclusion of missing physics: drifts not accounted for, recycling physics, charge
balance, and their potential impact on the SOL plasma balance.

4.4.1 Inclusion of the centrifugal drift

In fluid models, the centrifugal drift is often neglected under the assumption of small mach number
in the SOL, % = M? << 1. However, we have previously assessed that in V B-drift driven
simulations supersonic flows are at play, thus neglecting ucent is not relevant. In this section, the
impact of the centrifugal drift on the transverse transport, parallel equilibrium and resulting SOL
width is investigated in a JET-like magnetic configuration. For this purpose, we compare simulations
including both VB and centrifugal drifts with ones including only the V B-drift.

On Fig we observe that the centrifugal drift flux is the largest term in the local particle flux
crossing the separatrix. However, its flux-surface averaged contribution is negligible (I'cent)pg / (I'tot) pg
10%. Contrary to the V B-drift flux, the centrifugal drift flux is not only dependent on the density
but also on the parallel flows amplitude. Now, the later presents opposite asymmetry to the one of
density, as a result the centrifugal drift has a negligible contribution to the particle flux averaged
on a flux-surface. Nevertheless ucent has an indirect impact on the transverse transport, through
pg- Lhe

plasma equilibrium response to the centrifugal drift is complex, and hard to capture as it results from

the modification of the poloidal equilibrium and (I'v B with ueent ) pg = 1-25 X (I'v B without ucent)

a complex inter-play between symmetry breaking of both the parallel velocity and the density, however
several effects on the plasma equilibrium and the transverse transport can be underlined.

The first impact of Ucent is to stimulate the symmetry breaking. Poloidal profiles present greater
variation for the parallel Mach number but also for A, iy (Fig and when it is included in
the model. The amplitude of variation in the poloidal direction of A, iyt at the LEFS for simulation
with centrifugal is twice the one for the same simulations without Ucent, and the maximum of the
Mach number is 1.5 times greater in the case with ucent. Moreover, ucent favors the transition towards
supersonic flows which appears at higher D for simulations including ucen; (above 1 x 1072 m?s!
against 5 x 1072 m?s~! for simulation including only V B-drift).

This drift has also an impact on radial profiles. At D < Dyy, radial profiles exhibit three distinct
layers (Fig in simulation including ueen;. When moving from the separatrix to the far SOL, one
first finds a boundary layer, of about 1.5 mm wide, characterized by flat gradient, followed by a second
layer with steeper gradients and finally the last layer with intermediate gradients. The first layer can
be interpreted as a thin layer due to the radial displacement via drift convection of particles from
the core. Simulations with only V B-drift included present also the same kind of pattern although
less marked. The second layer is a layer where the transport would be essentially diffusive, in fact
the e-folding length in this layer is about the same as the one in simulations without diffusion. The
explanation of the third layer is not straightforward, but is most probably link to the rise of the
diffusion coefficient at the outer border of the mesh, or to the boundary condition at the wall. Note
that this feature is also retrieved at the outer target, with irregular radial profile presenting a flat
layer in the area of the strike point. The scaling of A, it as a function of D gives the same trend with
or without the inclusion of ucens (Fig , An.int Saturates at a higher value in simulation with ucent
than in the one with only VB (A, ~ 1.5mm), but is still 2 times smaller than the value predicted
by the HD-model.
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4.4.2 Impact of recycling

Finally, we study the impact of the inclusion of neutral species in a low recycling regime in the case
where only the V B-drift is taken into account. Simulations have been run with tungsten PFC for the
divertor target and beryllium PFC for outer wall, with recycling coefficients of 0.99 and 1. respectively,
the density is set at 1 x 102°m™3 at the inner boundary and the density at the separatrix is about
1 x 10 m™3 in order to be in a low recycling regime (i.e. the framework of the HD-model) and
a diffusion coefficient is taken equal to 2 x 107#m?s™! to study the VB dominated regime. The
inclusion of neutrals is expected to impact the results as it modifies the value of parallel velocity in
the divertor region, and we have previously showed that the parallel equilibrium plays a major role
in the establishment of the SOL width. On Fig. [4.16] we observe that the inclusion of neutral species
results in smaller amplitude of parallel flows, even if a supersonic transition is still reached in this
case. This also impacts the parallel variations of the density which are of a smaller amplitude and less
abrupt.

Looking at the profiles at the outer mid-plane, we observe that the simulation including neutral
species presents radial profiles (not reported here) with flatter gradient, resulting in a larger SOL
width, Ay int = 1.7mm and Ay iny = 1.5mm. This can be explained by the fact that the Mach number
amplitude is lower in the lower-outer quadrant, so that particles crossing the separatrix at the bottom
and flowing toward the top of the machine, are drifting during a longer time, resulting on a larger
SOL width at the outer mid-plane. But the SOL width are of the same order of magnitude and still
lower than the prediction of the HD-model. However, if we now look at the outer target profile, we
observe the inverse effect, both density and heat flux profiles of simulation without the inclusion of
neutral are more spread than in the case with inclusion of neutral Fig The detailed study of the
physic in the divertor region is out of the scope of this work, but let us mentions several mechanisms
that can explain this effect. First it is important to underline that the repartition of particle sources
is completely modified, and the ionization of neutrals in the divertor region becomes a major player in
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the source for the plasma. This tends to decouple the physic of the main SOL and divertor explaining
that we observe opposite variation of the profile in the two regions. This effect can also be observed in
the parallel flow amplitude, in simulations without neutral only a thin boundary layer at the vicinity
of the separatrix presents a Mach number close to zeros, when in simulation with neutral the Mach
number is close to zero at the divertor entrance on all the radial domain of the SOL. The fact the
radial profile at the outer target presents sharper gradients at the strike point in the case including
neutrals could be partly due to ionization. Indeed this mechanism is proportional to the local density,

so will be maximum at the strike point, this way reinforcing the plasma source at the peak location.

4.4.3 Inclusion of the charge balance and electrostatic drift

In the model studied in this chapter the charge balance is not considered, and therefore E x B drift
is not included, following the framework of the HD-model. However, we know that the VB drifts
are charge dependent, and in the V B-drift dominated regime, the principal mechanism of transport
leads to a charge separation and must therefore drives significant electric fields. Moreover, it has been
shown that the electric drift has not only an importance in E x B turbulence but also drives large
scale transport that need to be taking into account even for a laminar approach [Galassi 17].

Due to numerical constraint, too demanding in the regime of low D considered here, no simulation
including the drift E x B have been run yet. However one could expect a strong effect of the addition
of the drift, especially in the low anomalous transport regime. Indeed, for a quasi-adiabatic electric
field model, one has ¢ (f) o In N (). Considering the large poloidal inhomogeneities of density, it
would create a large Jp¢, i.e. a large radial E x B drift velocity u;. Such E x B flows could modify
significantly the equilibrium.

Finally, in the V B-dominated regime, we expect high amplitude parallel Pfirsch-Schliiter return
currents (if they were considered) of the order of jsar ~ 10> A.m~2. Even though this is still several
order of magnitude lower than the plasma current one could question to what extent it would impact
the plasma local equilibrium.

In conclusion, the question of the charge balance and consequent electric drifts is critical for the
studied regime and should be a priority for further investigations.

4.5 Interpretation and conclusion on the drift dominated regime

In this chapter, we have studied the impact of the V B-drift on the cross-field transport and on the
SOL’s width for different levels of anomalous transport using the fluid code SolEdge2D.

The first conclusion of this work is that in all cases, including anisothermal simulations, simulations
taking account neutral species, and all geometries, a V B-drift dominated regime is reached at low
D. In such regime, the cross-field transport is dominated by the V B-drift contribution and the value
of SOL particles or power width is set by the magnetic drift and does not depend anymore on D.
However, the relevance of such a regime, beyond the neglected physics, is disputable as it presents

some intrinsic problematics:

e Existence only at level of diffusion way below the neoclassical level. As underlined in the section
the existence of a regime where the V B-drift is responsible for non-zero cross-field transport
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in the limit of extremely low diffusion level is problematic, as the neoclassical transport associated
with curvature drift requires collisions. In particular, in the isothermal model, it raises the
question of the charge conservation in the model (see section [4.2.2)).

e Complex equilibrium presenting steady-state shocks associated with supersonic transitions that
should have been observed in experiments. Furthermore, in this regime characterized by large
Mach number amplitude, the impact of the centrifugal drift should be explicitly taking into
account, as discussed in section [4.4.1

The comparison with the HD-model shows that in all the numerical studies in section corre-
sponding to the framework of the model, the resulting SOL width differs from the HD-model estimate
by a factor at least 2 (up to 3). This discrepancy can be explained by the hypothesis on the parallel
equilibrium in contradiction with a V B-dominated regime as proven by the 1D-model presented in
section [£:3.2] As for the turbulent 2D-models, we hence observe that one can not abstain from a
coherent resolution of the parallel transport, which impacts also the SOL width.

Finally, the problematics raised by the study of the V B-drift dominated regime call for further
investigations of the model. In particular, it calls for a self-consistent resolution of the charge balance
and of the electric field.



Chapter 5

Turbulent heat transport in 3D

toroidal geometry

Study of 3D turbulent simulations is mandatory to understand the mechanism of heat turbulence,
approached with a 2D model in Chapter 2, together with large-scale convective transport, approached
with a transport code in Chapter 3. Moreover, the 3D geometrical effects can also impact turbulence.
In particular, the third dimension allows to study a more realistic E x B plasma rotation known to
impact turbulence particles flux at the separatrix and to play a role in the apparition of the H-mode.

The fluid code TOKAM3X, used in this chapter, includes the physics suspected to play a significant
role in the heat transport: diffusion, drifts and turbulence, and solved the fluid equations in a realistic
geometry. The study of the physics of SOL power width is one of the long-term objectives of the
code, however, the code has been used only in its isothermal version until recently. Here, the recent
version of the 3D fluid code TOKAM3X, including self-consistent variation of both electron and
ion temperature, is used to investigate the impact of the addition of temperature dynamics on the
properties of turbulence and heat transport. In particular, the objective of this chapter is to answer

two questions:

e Does the inclusion of temperature dynamics have a significant impact on the turbulence and

transport characteristic ?

e Does the heat transport present the same characteristics as the particles transport. Indeed, this is
not evident since the recent experimental observation on various machines found an unexplained

narrow features in the radial decay of the parallel heat flux [Arnoux 13| [Kocan 15].

Particle turbulence and transport have been already described using the previous version of
TOKAM3X in Ref. [Tamain 14, Tamain 15| [(Colin 15a], but this is the first study addressing the
question of heat transport in this code. A comparison between results of one isothermal and one
anisothermal equivalent simulation is drawn to point out the impact of temperature dynamics. The
simulations run for the study are all in a L-mode like regime, with electrostatic turbulence largely

dominating the transport.
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5.1 TOKAMS3X anisothermal simulations : numerical and geometry

set up

The equations of TOKAMS3X : the density conservation (j5.1)),the parallel ion momentum conservation

(5.2)), the charge conservation (5.3, the electron and ion energy conservation (5.4)—(5.5), and the
parallel Ohm’s law (5.6]), detailed in chapter 2 are recalled here below :

8,5N+V‘(N (mﬁ—ui)) =V -(D,NyV | N)+ Sy (5.1)
. Iy r;
o, +V- (Fi (uH +u1)) = _VH(Pl) — NVHQS — RH +V. (DLFNVLN + DLNNVLN) + Sr (5.2)

AW +V - (W (uy+u')) = V- (N(uyp,; —uvpe) + V- (Jjb) + V- (Diw VL W) + Sw (5.3)
OiEe+ V- ((Ee+ Po)uy + Eou?) = V - (K§TY?V|Tb) — PV - (u) + IV 6 + uy R) (5.4)
Ee
+Q) e+ V- (DJ_TQNVJ_TE + DJ_NWVJ_N) + Sk,
OB+ V - ((Bi+ P)wy + Eay) = V- (KW Tib) = BV - (ul) = V6 — u) B (5.5)
E; L'
+QUi+ V- (DI NVLT; 4 DN VN + DirlyVi L) + S,

?7||NJ|| = V”Pe *NV”(I)‘FO.?lNV”Te (5.6)

2
where E, = 8N, T, and E; = 3N;T, + 7%, T; = Nuy.
Three simulations have been run:
e An isothermal simulation with 7, = T; = 1

e An anisothermal simulation where the amplitudes of the energy sources (Sg,, Sg;) have been
chosen so that the electron and ion temperature at the separatrix are of the same order than in
the first isothermal simulation (7t aniso + Tj,aniso = 2)

e An isothermal simulation with the same temperature radial profiles as the anisothermal simula-

tion, denoted as isothermal VT simulation in the rest of this chapter.

The three simulations are in a limiter geometry with circular concentric flux surfaces, the minor
radius, a, is equal to 256pr, and the aspect ratio to 3.4. This size is of the order of a small Tokamak
for example COMPASS. This simple geometry allows in a first approach to understand the basic
properties of turbulence and transport in the anisothermal model. The studies on divertor geometry
are out of the scope of this chapter and should be discussed in future work in complement of those
already led with an isothermal model [Galassi 17].

The simulated physical domain extends from the closed flux surface ryi,/a = 0.8, to the open flux
surfaces ryax/a = 1.2. In the parallel direction, only half of the torus is simulated, and Bohm-Chodura
boundary conditions are imposed at the sheath entrance. Simulations are run for a 64 x 512 x 64 (¢,
0, p)-grid and with an integration time of 1 Q1.

Under the TOKAMS3X normalization described in chapter 2, the parallel resistivity of the plasma
7| is taken constant in space and time and equal to 1 x 1075 in this set of simulations. Note that its
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dependency on T¢ (1) o T673/ 2) is not taken into account as it is a first stage work towards a more
complete model. Moreover, given the chosen normalization, the typical value of 7 in a medium-size
Tokamak is about 1079, thus larger than the parameter retained here. This choice is due to numerical
cost considerations. The influence of the value and dependency of the parallel resistivity will have to
be discussed in future work. The cross-field diffusion coefficients, D, g, for each field F', are fixed to
D, p=5x 1073 and the coefficients of parallel conduction for electrons and ions, KS/ i, are respectively
equal to 1 x 108 and 1 x 10*. Unlike the parallel resistivity value, the chosen value for these coefficients
is of the same order as the typical value in a medium-size Tokamak.

In Tokam3X, the computation of the electrostatic potential requires the inversion of the vorticity
operator, a highly demanding computational step. In the isothermal simulation, this operator does
not depend on time and can be inverted once and for all at the beginning of the simulation within the
Boussinesq approximation. However, in anisothermal simulation, the operator expression depends on
electron temperature via Bohm boundary conditions. The operator is thus time dependent, and should
be inverted at each time step. In order to reduce the computational cost, this operator expression
is modified only every 50 time steps, and the operator is inverted accordingly. Nevertheless, the fact
that the characteristic time of turbulence is about 400 Q; 1 >> 50! suggests that the dynamics are

probably recaptured correctly even though the operator is not solved at each time step.

5.2 Turbulence characteristics in anisothermal 3D simulation

In this section, we characterise general features of particle and energy fluctuating structures observed in
the anisothermal simulation, and we draw a comparison with the isothermal simulation with constant

temperature T, =1T; = 1.

5.2.1 Common features and differences between isothermal and anisothermal sim-
ulations

Both isothermal and anisothermal 3D simulations exhibit turbulent fluctuations of density, potential
and also electron and ion temperatures in the anisothermal case represented on Fig. On Fig.
representing the density on a flux surface at an arbitrary time, one can observe that the turbulent
structures form quasi field-aligned filaments, usually referred to as blobs by analogy with 2D sim-
ulations. They propagate intermittently through the SOL as coherent structures on long distances
reminiscent of experimental observations [Fedorczak 11, [Dudson 08]. Furthermore, fluctuations of
density and electron temperature present the classical ballooning feature signature of interchange-like
turbulence. Indeed, fluctuations in the SOL region exhibit a poloidal asymmetry, and turbulence in-
tensity is higher at the outer mid-plan than at other poloidal locations. Note that these characteristics
were already obtained for the transport of particles in the isothermal previous version of TOKAM3X
presented in Ref. [Tamain 14, [Tamain 15, [Colin 15a].

These blobs are advected by the E x B drift leading to a turbulent outward flux for each field F
denoted I'r g, . And the flux-surface averaged of the E x B turbulent flux ((I'r turb) 9#7) exhibits
long radial structures penetrating into the SOL Fig.

FF,turb = ﬁaExB,w (57)
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Figure 5.1: Snapshots of poloidal cross-section of density fluctuations for isothermal simulation (a) and
anisothermal simulation (c), of potential for isothermal simulation (b) and anisothermal simulation
(d), and of electron (e) and ion (f) temperature fluctuations for anisothermal simulation
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Figure 5.2: Snapshots density on a flux-surface in the near SOL

Even though the intermittent main features are observed both in isothermal and anisothermal

simulations, one can already note differences on turbulent structures on Fig. [5.1]:

Radial potential profiles : in the anisothermal simulation, the potential profile presents a maximum
in the vicinity of the separatrix, when in isothermal simulation the radial variation of the potential
is more or less monotone. This ring of high potential corresponds to a zone of high shear discussed
in section [5.3.2] This difference on potential between the two simulations will be explained by two
different effects in the core and in the SOL region :

e In the core region, the diamagnetic contribution to the polarization drift in the vorticity expres-
sion (the second term in W = V - (%V(]ﬁ + ﬁVPZ-)) pulls the potential to follow the opposite
of the ion temperature gradient.

e In the SOL region, the Ohm law forces the potential to follow the electron temperature via the
sheath boundary condition. Thus the potential presents a radial gradient in the anisothermal
case when it is rather flat in the isothermal case.

Penetration of density intermittent structures into the SOL : in the isothermal simulation,
density intermittent structures present a larger radial extend, and some of the structures even cross
all the SOL and go up to the wall. In anisothermal simulation, it is not anymore the case and it seems
that density turbulent structures are decorrelated from structures in the core plasma after crossing
the separatrix. In fact, this observation could be linked to the presence of a high amplitude shear
layer at the separatrix. This effect will be discussed in section of this chapter.

Finally, one can observe that the turbulent structures of both electron and ion temperature presents
different spatial repartition than the one of density, indeed there are no large amplitude fluctuations
of the temperature in the core region, and there are only evident in the SOL region. This point will
be further discussed on properties of turbulence in section [5.2.2

5.2.2 Characterisation of turbulence structures in TOKAM3X

To study turbulence properties, we start by a characterisation of the shape of intermittent bursts of
density, potential, and ion and electron energy in the poloidal and temporal directions. In order to
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Figure 5.3: Poloidal profiles of intermittent structures using conditional averaging of density, potential,
ion and electron energy and ion and electron temperature for isothermal (left) and anisothermal
simulations (right) in the core region ¢/a = 0.9 (top), and in the core region ¢/a = 1.05 (bottom).

discriminate the high amplitude events, we proceed to a conditional averaging for density, energies
and electric potential. The conditioning is made on /N, and only the events with an amplitude higher
than 2 local standard deviation above the local mean field in toroidal and temporal direction are
considered, as done in section for Tokam2D.

In 3D simulations, the intermittent structures are determined by their position in temporal, and
both poloidal and toroidal directions (¢, 0y, ¥p). Due to the ballooning nature of turbulence, the dif-
ferent poloidal position are not equivalent, as turbulence characteristics exhibit large inhomogeneities
in this direction [Tamain 14]. For this reason, the area of averaging is restricted to a poloidal extend
of 15° on both sides of the outer mid-plane, i.e. the region where turbulence is the most developed.

One can also define an averaged phase-shift, denoted §, in order to quantify a phase shift between
two fields. § is defined as the arc-cosine of the correlation coefficient of fluctuations between the two
fields (here no conditional averaging is applied).
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Figure 5.4: Temporal profiles of the intermittent structures using conditional averaging of density,
potential, ion and electron energy for isothermal (left) and anisothermal simulations (right) in the
SOL region ¢ /a = 1.05.
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On Fig 5.3 the typical bursts of density, potential, energies and temperatures are reported for
isothermal (7, and 7; constant) and anisothermal simulations. The radial positions (¢//a = 0.9,
¥/a = 1.05) have been chosen to be both far from the source area and the walls. The averaging is
made on at least 300 events. We check that the sample size is statistically significant by drawing
different sub-samples of 150 events with almost no variability in the conditional averaging results.
First, if one compares the density and energy turbulence, one observe that the structures of N and of
both 2/3 x E. and 2/3 * E; coincide almost perfectly in shape and in amplitude. In the core region,
this can be readily explained by the fact that the amplitude of temperature fluctuations are negligible,
about 10 times smaller in comparison to the ones of density. Hence, in the core region, the energy
turbulence is entirely due to the fluctuation of density and can be resumed by the study of particles
turbulence.

In the SOL region, the T; and i amplitudes are also smaller than the one of N , but not negligible
(about 2 times smaller for /Tve and 3 times for T’Z) However, T’e and IN’Z are rather well correlated with
N with & S (1,0) < 20 °, which explains the fact that density and energy structures coincide also

in this region.

We now compare the results between isothermal and anisothermal simulations. In the core region the
structures of density and potential of the two types of simulations present similar characteristics. In
both simulations, we find the same poloidal correlation length ~ 10pz, (defined in section T2D), and
a quasi perfect phase quadrature between density and potential fluctuations in agreement with the
experimental observation that found the potential to be in phase with the electric field i.e oy = 7 /2
[Fedorczak 11].
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In the SOL region, we observe a strong re-correlation between density and potential structures in
the anisothermal simulation. In fact, this correlation gets stronger when moving from the separatrix
to the far SOL, and the averaged phase shift between N and d; at the outer mid-plane, x4 s (¢,0°)
goes from ~ 7/2 in the core region down to 0.27 in the far SOL. In the isothermal simulation, N and
q~5 present also a re-correlation in the SOL, however this is less marked than in the anisothermal case,
and /4 s (1,0°) goes only down to ~ 0.37. One can speculate that this could be attributed to the
fact that electron temperature fluctuations are taken into account in the Bohm boundary condition
at the target, which has been proved to trigger a re-correlation of the structures of N and ¢ in the
2D models Tokam2D due to the sheath-driven conductive wall instability. Note that the turbulent
structures have been studied at other poloidal locations, and similar characteristics are retrieved both

at the top and at the inner mid-plane.

Finally, if we consider the temporal profile of the intermittent structures in the SOL region Fig we
find that the shape of the turbulent structures in isothermal and anisothermal simulations presents
once again similar shape, in particular they exhibit the same time scale ~ 4009, .

Note that all the conclusions presented on turbulent structures on isothermal simulation with constant
temperature are also valid for the isothermal simulation with temperature profiles thus the differences

observe in this section can indeed be attributed to the temperature dynamics.

5.2.3 Statistical properties

One can further study the intermittent features by looking at the statistical properties of turbulence.
In agreement with experimental results, turbulence in 3D simulations presents a high fluctuation level
of density at the outer board SOL, with the same order of magnitude in isothermal and anisothermal
simulations, comprised between 30% and 40%. The density fluctuations exhibit a poloidal asymmetry,
with a smaller amplitude at the inner board, lower than 20% for both type of simulations.

The low fluctuation level of temperatures in the core region, lower than 5%, is in agreement with
the previous results showing that the temperature fluctuations are negligible in the core region. In the
SOL region, the temperature fluctuation levels at the outer board are smaller than the ones of density,
~ 20% for T, and ~ 10% for T;. Moreover they do not present any evident in/out board asymmetry
in comparison with density. However, as the temperature fluctuations are coherent with the ones of
density, it results in a high level of energy fluctuation level at the outer board, higher than for density,
40% to 70% for E, and 30% to 50% for E;, with important in/out board asymmetry.

In fact the statistical properties of the temperature could have two main physical explanations detailed
below.

First, a significant difference between the equation of density and the ones of energy is the presence
of the fast parallel diffusive terms V - (Koe/ in//fV”T6 /ib) with KS/ * ~10*—10° > 1 in the equations
of energy. The expression in the divergence is of several orders of magnitude higher than other terms
of advection of the order of one or less. If one considers a flux-surface in the core region with an
irrational safety-factor value, all points in this flux surface would be fast linked with each other due to
the strong parallel transport. This homogenization on a flux surface could thus explain the low level

of temperature fluctuations in the core region. This argument can also explain the low fluctuation
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Figure 5.6: Flux-surface averaged radial profiles of Figure 5.7: Scheme of the particle and energy
the density, of the electron and ion temperature and sources as implemented in the code (top) and as
of the electron and ion pressure for the anisother- are expected in reality (bottom) TOKAM3X and
mal simulation. consequent density and temperature profiles

level in the SOL, however the symmetry breaking due to the presence of the wall can explain that
the intermittent structures of temperatures are more developed in this region. In the same way, the
smaller poloidal asymmetry of the fluctuation level of temperatures (i.e. less ballooned) can also be
attributed to this fast homogenization in the parallel direction.

It is worth to note that this high parallel diffusion is difficult to handle computationally and neces-
sitate a specific numerical scheme |Giinter 05]. This term could also be a source of an artificial spurious
effect damping partially temperature fluctuations. This question has not been investigating yet but
would need further numerical verification such as the one presented in Ref. [Cartier-Michaud 16].

The second explanation comes from the fact that, in the code, both sources of particle and energy
are located at the inner boundary, as TOKAM3X does not include self-consistent particle fulling. On
the contrary, in the reality, the principal source of particles comes from the wall region, and only the
source of energy is located in the core region, as illustrated on Fig. In TOKAMS3X, the source
location has for consequence that the density profile presents an important gradient in a core region
Fig. 5.6l This important gradient combined with the high density fluctuation level is responsible for
a large intermittent particle transport, efficient enough to transport both particles and energy from
the core to the SOL region, without further fluctuations or gradients of temperature. In fact, the
temperature gradients in the core are negligible compared to the one of density Fig. and ion
and electron pressure profiles coincide almost with the density profile. If the fulling in particles were
self-consistent, one could expect a different pattern with a flatter density profile in the core region and

sharper temperature profiles, inducing more temperature fluctuations in the core region.

On Fig. the PDF of the particles and energy turbulent fluxes at the outer mid-plane are
reported for anisothermal simulations in the SOL at ¥ /a = 1.05. The PDFs of particles and energy
turbulent fluxes are representative of a highly intermittent transport, with a shape far from a Gaussian
distribution representative of a diffusive-like transport. They exhibit a long tail both for large positive
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Figure 5.8: PDF of particles and energy turbulent Figure 5.9: Radial profile at the outer mid-plane of
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are reported in log scale, centered on zeros, normal-
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or negative values. The weight of the PDF wings can be quantified by the kurtosis momentum IC,
the kurtosis has a strong radial dependency and goes from 1 in the core region up to more than 10
in the far SOL Fig. In spite of the presence of a tail in the negative part, the distribution of the
turbulent transport is nonetheless positively skewed, from about 1 in the near SOL up to 4 in the far
SOL, explained by the fact that the tail in the positive part is longer. The amplitudes of skewness and
kurtosis are about the same in isothermal and anisothermal simulation, presenting similarity with the
work presented in [Tamain 15], small skewness and kurtosis in the core region and increasing in the

vicinity of the separatrix and all along the SOL.

In conclusion of this section, we have shown that in the studied regime:

e Turbulence exhibits similar characteristics in isothermal and anisothermal simulations : similar

intermittent structures, level of fluctuations, characteristic scales...

e In the present regime, we observe flat temperature profiles and little temperature fluctuations in
the core region. This has for consequences that in the core region the energy structure coincides
with ones of density, and the E x B turbulent transport is transported by density fluctuations.

5.3 Transport of particles and energy in Tokam3X

5.3.1 Intermittent transport of particles and energy in Tokam3X

We now characterise the cross-field transport averaged on flux surfaces. On Fig [5.10] the different
contributions to the ion energy flux on the flux-surfaces are reported as a function of the radial
position for anisothermal simulation. The figure is not reported for the electron energy flux, as the
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Figure 5.10: Ion energy flux averaged on a flux- Figure 5.11: Proportion P of the total E x B ion
surface as a function of the radius for anisothermal energy flux flowing through a poloidal angular sec-
simulations tion of Af centred on the outboard mid-plane.

fluxes present exactly the same characteristics. Note that here, the fluctuating and the mean-field

components of E x B cross-field fluxes are separated and defined as follows :

<Fu]*d_}3><B>t,9,s0 = <F><u%x3>tﬂ,w+ <fa%><B>t19,<P for '€ N, Ee, E; (5.9)
Fmean—ﬁeld Fturb
ExB ExB

The flux surface balance reveals that, in the studied regime, the radial transport of both particles
and energy is governed by the E x B-advection of intermittent structures FEIQ% which weights for
more than 80% of the total flux at the separatrix Table This result is also valid for the particles
flux of the two isothermal simulations, thus one can conclude that the studied regime here is a L-mode

like regime for the three types of simulation.

F Niso Niso,VT Naniso Ee E’L

Texpr | 9095 | 70% 84% | 90% | 93%

Ciot, P

Table 5.1: Contribution of the I'i,1, to the total flux at the separatrix for particles, electron and ion
energy balance and for both isothermal and anisothermal simulations

Moreover, the E x B radial fluxes present the classical ballooning feature, which can be estimated
by P the fraction of transport E x B advected within a poloidal extend of § around the outer mid-plane:

N
_ L'y ExB)te df
Py, ag) = =202 TvExlis

Py BxBip dO
On Fig. P is reported for the ion energy flux in the anisothermal simulations and at several

(5.10)

radial positions. As for the radial profiles of the flux, the figure for electron energy is not reported,
as the E x B flux presents exactly the same ballooning characteristic. One can observe that the
ion energy E x B flux averaged in time and ¢-direction presents a ballooned distribution, and more
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than 75% of the E x B flux crosses the separatrix in outer half of the torus, as already reported in
[Colin 15b]. This ballooning property is retrieved both in the core and in the SOL region. Thus this
is a property of edge turbulence and not only the SOL, even though the ballooning distribution is
less marked in the core region. Note that for radial positions in the SOL, the curves decrease in the
vicinity of Af = 180° that is to say when the poloidal extend comes close to the limiter. This effect
is due to inward flux in the limiter region.

In Table the values of P for ¢/a = 1.1 and Af = 120° are reported for the fields N, FE.
and E; for the three studied simulations. We deduce that the ballooning property is retrieved for all
fields and both isothermal and anisothermal simulations. However one can note that the simulation
without temperature gradient exhibits a lower value of P in the SOL, which is also true for other
radial location.

This ballooning transport is responsible for important poloidal asymetries on density which presents
a variation of a factor about almost 2 between inner and outer mid-plane.

F Niso | NisovT | Naniso | Fe E;

P/a=11,A0=120°) | 60% | 77% 3% | 73% | 71%

Table 5.2: P at the radial position 1/a = 1.1 for particles, electron and ion energy balance and for
both isothermal and anisothermal simulations

Finally, in the three simulations, the transport driven by V B-drift advection does not contribute
significantly to the total flux neither in particle nor in energy balance (|T'x/Ttot| < 5%). The observed
plasma regime is thus far from the V B-dominated regime presented in Chapter 4. Nevertheless,
this is in agreement with results presented previously. Indeed, a coarse estimation of the diffusion

22
szQms ,

corresponding to the anomalous transport in the simulations gives Danomalous =
well above the diffusion values of transition towards the V B-drift dominated regime. Hence, no
universal conclusions on the role of this type of mechanism can be drawn without further investigations,
specifically concerning H-mode like regime.

5.3.2 Impact of the shear layer on the cross-field transport

Even though the cross-field transport at the separatrix is dominated by E x B turbulence in the three
studied simulations, there is a significant difference of the radial shear of the poloidal E x B velocity
Eq. in the vicinity of the separatrix.

B, <]138¢¢>67 (5.11)

I

In anisothermal simulation, the amplitude of the shear is twice the one in isothermal simulation
Fig. a). Moreover the isothermal simulation with temperature gradients also exhibits this shear
increase with the same amplitude. Thus the shear increase can be attributed to presence of tempera-
ture gradients and not to the addition of temperature dynamics. The addition of temperature gradient
combines two different effects :

e T;-gradient impacts the potential profile in the core region via the modification of the second
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Figure 5.12: Flux-surface averaged radial profile of the radial shear of the poloidal E x B velocity (left)
and of the electrostatic potential (right) for anisothermal, isothermal V7' and isothermal simulations
(right)

term of the generalized vorticity. However, considering the flat ion temperature profiles in the
core region Fig [5.6] one expects little impact of the T;-gradient on the potential profile in the

core region.

o T.-gradient modifies the potential which follows 37, in the SOL due to the sheath boundary

condition.

Now, on Fig. b), one can observe that the potential radial profiles of anisothermal and
isothermal simulations present similar slope in the core region, as expected from the similar gradients
of N and P; Fig [5.6l The principal difference is observed in the SOL region where the potential
decreases in the simulations including V7., when it stays rather constant in the case with constant
temperature. Hence one concludes that, in this regime, the increase of the shear amplitude can be
attributed to the additional V7, modifying the potential in the SOL region.

The electrostatic shear is known to be responsible for a decorrelation of the turbulent structures
[Fedorczak 13|, which penetrates deeper into the SOL in the presence of a smaller shear amplitude.
On Fig. 5.13] we report the flux-surface averaged of the particular E x B flux as a function of time
and the radial position. We observe indeed that the E x B flux in isothermal simulation with constant
temperature presents a longer penetration length than in the simulations presenting a high amplitude
shear layer (i.e the anisothermal and isothermal VT simulations). This would lead to think that the
shear amplitude is the mechanism responsible for a reduction of the penetration of turbulent structures
into the SOL.

If we now look to the ratio of E x B particles turbulent flux in the total flux Fig. [5.14], we observe
that for the isothermal VT and anisothermal simulations, the proportion of the turbulent transport
in the total flux falls down to respectively 50% and 65% in the SOL. However, in the anisothermal
simulation, the maximal reduction of turbulence (¢)/a =~ 1.05) is located after the radial position of
the shear layer (¢/a =~ 1.005). Hence, even though we expect the high amplitude shear layer and the
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Figure 5.13: Color plot of the flux-surface averaged radial E x B particles flux as a function of time
and radius for anisothermal simulation (left), isothermal simulation with 7' constant (middle), and
isothermal VT (right)
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Figure 5.14: Ratio between the flux-surface averaged of radial E x B particles flux and total radial flux
as a function of the radius for anisothermal simulation (blue), isothermal simulation with 7" constant
(green), and isothermal V7' (red)

reduction of the turbulence in the SOL to be link somewhat, the mechanism of interplay between the
shear layer and the reduction of the turbulent flux in the SOL remains unclear, and requires further
investigations. So far, one can not talk about a transport barrier since the E x B transport proportion
in the global balance does not decrease significantly in the vicinity of the separatrix, i.e., the region
of high shear amplitude.

It is worth noting that the reduction of the turbulent transport is less pronounced in the anisother-
mal case, which could be attributed to a modification of the turbulence dynamic, for instance due to
the existence of an additional mechanism of instability at play in the presence of temperature fluctu-

ations.

The amplitude of the shear seems also to have an impact on the SOL density profiles. In isothermal
simulation with T, = T; = 1, others things being equal in particular transverse transport, the density
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Figure 5.15: (a): Radial profile of density at the outer-mid plane for isothermal, isothermal VT
and anisothermal simulations. (b): Radial profile of the heat fluxes at the outer-mid plane, grey
dots represent the dispersion of the value at each radial position, and the dashed lines the standard
deviation for the total heat flux.

profiles should be steeper than in anisothermal and isothermal VT simulations. Indeed, in the SOL
Te aniso + Tianiso < 2 @ Te aniso + Tianiso ~ 1.3 at ¢/a = 1.05 and ~ 1 at ¢/a = 1.1 and ~ 1. Thus,
the parallel sheath losses (o< /T, + 1;) are smaller by a factor up to y/2 in the anisothermal case.
However, one can observe on Fig. a), that the density gradient in the isothermal simulation is of
the same order as the one in the anisothermal and isothermal VT simulation, the SOL’s profiles are
even flatter in the isothermal case Fig. [5.I7] This can be explained by the diminution of cross-field
transport due to the smaller penetration length of turbulent structures into the SOL in anisothermal

simulation, which compensates the diminution of the parallel losses.

5.4 SOL width in TOKAM3X

In this final section, we draw some characteristics of the power SOL width observed in the anisothermal
simulation, the objective is not to give a quantitative description of A, for a experimental comparison
but to look at the qualitative features of the heat flux profiles.

Here, we define the power SOL width ();) as the e-folding length of the parallel heat flux .

9 = qe t+ 9 =VeVTe + TiNT. + v/ Te + T;NT; (5.12)

The e-folding length is estimated by a least squares regression.

On Fig. b), the radial profiles averaged in the toroidal direction and time of electron, ion and
total heat flux are reported at the outer mid-plane. On ¢, profile, one can observe a slight stiffening
of the profile at the separatrix. This feature, if not striking on radial profiles, is easily observed on the
radial profile of the local gradient Fig. b), presenting higher gradient amplitude in the vicinity
of the separatrix. This increase of the gradient is more significant for the heat flux profiles than for
the density profile, which is reminiscent of the narrow feature observed in experiment. This feature
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is probably linked to the presence of the shear at the separatrix as suggested by Ref. [Halpern 17],
however further work on this question would be required to have a better understanding of this physics.
Moreover, as said in the previous section, V B-drift transport does not contribute significantly to the
global energy transport, which seems to point out that it is not the mechanism responsible for the A,
narrow feature as suggested by Ref. [Koc¢an 15| [Goldston 15].

On Fig. b), the values of each temporal and toroidal point are reported as small scatter, which
also permits to remark that the heat flux profile in the SOL is highly intermittent. In particular, the
maximal value of the heat flux is about 3 times the mean values at the separatrix, but this ratio goes
up to more than 5 in the far SOL, thus the temporal variation of heat flux should not be overlooked.

Finally, on Fig. the estimation of A is reported as a function of the poloidal location. Observe
that the SOL width presents also significant poloidal asymmetry, observed experimentally in L-mode
for particle SOL width [Gunn 07], the factor between the maximal and minimal value of the \; as
function of the poloidal location is about 2. The poloidal asymmetries are the same for all the fields
N, ge and g¢;, with the highest values of A\, around the outer board, where turbulence takes place.

5.5 Conclusion

In this chapter, we have shown that turbulence in the anisothermal simulation presents similar char-
acteristics (fluctuating structures and statistical properties) than in the isothermal ones. Hence, the
impact of the temperature fluctuations on turbulence in 3D simulations is less striking than in 2D
simulations. The clear impact of the SCW instability described with TOKAM2D is not observed,
even though the high correlation between density and potential fluctuation in the SOL region in the
anisothermal simulation is reminiscent of this mechanism. However, only one anisothermal simula-
tion has been run so far, and further investigations, in particular with a parametric scan, would be
necessary to study the presence of the SCW instability in 3D simulation.

In the present simulations, the plasma regime is close to a L-mode like regime where the transport
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is dominated by turbulence. The transport of particles and energy presents the same characteristics
(highly intermittent, ballooned) and is close from the ones observed in the isothermal simulations.
This is in agreement with the fact that, in the studied simulations, the density fluctuations are the
ones responsible for the turbulent fluxes of energy, and that temperature fluctuations are rather low.

Nevertheless, a key difference between the isothermal and anisothermal simulations is observed with
the apparition of a shear layer of larger amplitude in anisothermal simulations. The shear amplitude
is due to the presence of an electron temperature gradient, which pulls the potential to follow T, in
the SOL region. However, such a shear does not seem driven by the addition of temperature dynamics
as a shear layer of the same amplitude is retrieved in an isothermal simulation with corresponding
temperature gradients. Moreover, this shear layer seems to be come along with a reduction of the
flux penetration length observed both in isothermal V7' and anisothermal simulations, but the clear
interplay between turbulence and this shear layer remains unclear.

Considering all the characteristics observed in this work it seems to point out that in the studied
regime, the addition of temperature dynamics has not a strong impact apart from the one due to the
addition of temperature gradient.

Finally, we have shown that the power heat fluxes are highly inhomogeneous (in time and space)
in particular a narrow features reminiscent of experimental results is observed on the heat flux profile.
However, the mechanism responsible of such feature is not clear identify, and this problematic would
need further investigations.



Conclusions and perspectives

This work was motivated by the power exhaust problematics. This is a critical issue for the economical
viability of future fusion devices requiring a sufficient power spreading on Plasma Facing Component
potentially damaged by high energy deposition. For a given input power, the peak heat flux at the
target is set by the SOL heat channel width, )\;, and divertor spreading. Hence, the heat channel
width is a key parameter for tokamak operation. This work is dedicated to the improvement of the
understanding of the physic underlying the heat transport, a critical task for the engineering design
of future Tokamak devices like ITER and DEMO.

The study of turbulent heat transport in anisothermal L-mode like simulations has been realised using
two fluid codes: TOKAM2D, a 2D model with simplified geometry, which has permitted us to review
the basic properties of energy turbulent structures and transport and TOKAM3X which has allowed
us to have a more complete approach with the study of 3D properties of the turbulence.

The first conclusion drawn from the comparison between isothermal and anisothermal model is that
the inclusion of self-consistent fluctuations of temperature does not change the general phenomenol-
ogy of the turbulence. Indeed, in isothermal and anisothermal simulations, one observes the same
kind of intermittent structures with comparable shapes and an highly intermittent transport. In 3D
simulation, one retrieves the same poloidal asymmetries (ballooned fluctuation levels and ballooned
turbulent fluxes) which are characteristic of interchange turbulence. Furthermore, in 3D simulations,
we point out that the turbulent flux of energy seems to be transported almost entirely by density
fluctuations. One should be caution with this conclusion, as no parametric scans has been performed
so far with TOKAM3X simulations. Thus, the result of the present studied regime might not stand in
other types of regime (for example H-mode, divertor simulations, or other regime of collisionality). In
particular, we point out that if the neutral description was included, the modification of the particle
source localisation could lead to a completely different pattern with a flatter density profile in the core
region, inducing more temperature fluctuations. Nevertheless, if this were proved to be true, at least
in a certain range of parameters, this is significant information permitting to reduce the numerical
cost of the simulation under certain conditions.

Although the general phenomenology of turbulence stays the same, one can also point out dif-
ferences between isothermal and anisothermal models. First, the inclusion of electron temperature
fluctuations drives a drift-wave-like mechanism of instability, the sheath negative resistance instability,
triggered by the T, fluctuations in the Bohm boundary conditions. In the simulations, this additional
mechanism acts on top of the well known interchange drive. The characterisation of the turbulence
features in TOKAM2D simulations, using the input of linear analysis, has revealed that the additional
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instability has a significant impact: it increases the turbulence scales, triggers a re-correlation be-
tween density and potential fluctuation, and a diminution of the statistical skewness. This instability
impacts not only the turbulence characteristics but also the steady-state equilibrium, thus the SOL
width, through the modification of the level of cross-field turbulent transport and of the parallel losses.
Although this mechanism has been clearly identify only in the 2D simulation, some features in 3D
simulations seems to point out that such mechanism could also be at play in anisothermal simulations.

Finally, another key difference between isothermal and anisothermal simulations can be underlined.
In 3D simulations, the addition of temperature gradients, whether one takes into account temperature
fluctuations or not, triggers a high amplitude shear layer via the modification of the potential profile.
This shear layer seems to impact somewhat the turbulence, resulting in a consequent reduction of
turbulent flux penetration length. However, the mechanism of interaction between the shear layer
and the turbulence remains unclear. This impact on turbulence might also have something to do with
large inhomogeneity observed on the heat flux radial profiles in the SOL region. More specifically, the
heat flux radial profiles present a sharp narrow feature reminiscent of experimental results. However,
as for the role of the shear layer, the physic of the formation of such a narrow feature remains unclear
and requires further investigation.

Going towards the understanding of transport mechanisms at play in the H-mode regime, we have
studied the plasma equilibrium in the limits of low anomalous transport with the means of transport
code. In this paradigm, the work on SolEdge2D was entirely dedicated to the study of the large scale
transport by magnetic drifts as such drift orbits effects has been pointed out as a potential key player
in the transport in H-mode plasma. The first conclusion of this work is that in all cases, including
anisothermal simulations, simulations taking account neutral species, and all geometries, a VB drift
dominated regime is reached at low anomalous transport level. In this regime, the value of the SOL
particle or power width is set by the VB drift and does not depend anymore on the diffusion level.
However, the relevance of such regime remains questionable as it exits only at extremely low level of
transverse transport, way below the neoclassical level.

Furthermore, this regime is also characterized by a complex plasma equilibrium presenting super-
sonic transition and steady-state shocks. If this regime indeed exist, one should be able to retrieve
its highly distinctive characteristic in experiments, namely high poloidal inhomogeneities as well as
important poloidal gradients of the density and the parallel Mach number. So far, such characteristic
has never been reported in experience. However, this is to balance with the fact that one has only
an incomplete picture of the plasma state for each experiment. This is specially true for H-mode
experience where it is challenging to dive probes into the plasma without taking risks for the integrity
of the diagnostic. Hence, to draw further conclusions on the relevance of such mechanism one should
design dedicated experimental sessions.

In any case, if this VB drift dominated regime was proved to exist, one should take into account
the complexity of the parallel equilibrium in order to make a reliable estimate. In particular, the
centrifugal drift should not be neglected.

Our results cast also a new light on the heuristic-drift based model, which relies on such a type of
regime, and allows us to discuss its validity and its limits. We show that the oversimplification of the
parallel dynamics leads to discrepancies with the numerical estimations. The SOL widths found in
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numerical simulations are significantly lower, of a factor comprise between 2 and 3, than the estimate
of HD-model. Moreover, the parametric functional dependencies of the estimate, in particular the one
on T, are not perfectly retrieved.

Finally, to further investigate large scale convective transport it would be necessary to look deeper
into the role of additional physics. In particular one should investigate the role of neutral in different
recycling regimes and above all the impact of the inclusion of E x B drift. If the study of the charge
balance is out of the scope of this work, due to its high numerical complexity, we expect an important
response with it inclusion. Indeed, in the V B-drift dominated regime, the principal mechanism of
transport leads to a charge separation. Hence, taking into account the charge balance would lead
to an important response of the electric field, and to large parallel Pfirsch—Schliiter return currents.
Further work on this question is mandatory in order to have a better understanding of this physics

Conclusions on both turbulence and large-scale transport have been drawn in this work. However, we
should goes further into the investigation of their interplay and predominance in different regimes with
3D turbulent simulations in realistic geometry. So far, no parametric scans has been performed for
TOKAMS3X anisothermal simulations due to their numerical cost. The anisothermal simulation stud-
ied in the present work exhibits a regime close to L-mode, where both particle and energy transports
are largely dominated by turbulence, with I'tyb/Tior ~ 75%. Thus, we can not draw any statement
on the existence of a VB drift dominated regime in a turbulent simulation. In fact, the high level of
anomalous transport observed in the turbulent simulation is well above level of the transition towards
a V B-drift dominated regime found in Chapter 4. Hence, the fact the V drift does not contribute to
the total flux of the turbulent simulation is in agreement with the results of the work dedicated the
large-scale drift transport.

Likewise, the conclusion on the high similarity of turbulence phenomenology between anisothermal
and isothermal simulations only stands for the studied regime (L-mode) at relatively high collisionality.
Especially, the result that the energy transport is essentially driven by the density fluctuations is
susceptible to change, in particular as mentioned earlier with a self-consistent description of the neutral
species. Furthermore, in 3D simulations, we could expect a greater impact of temperature fluctuations
for higher SOL temperatures (for example by a injected power scan). Indeed, it would increase the
parallel thermal conductivity (o< 5/ 2) and might impact the parallel gradients coming along with
new mechanisms. However, one could be confident on the fact that the general phenomenology of
turbulence would stay the same as this result is true for all the parameters tested in 2D simulations.

In future work, we will aim to obtain a transport barrier, and to reach a H-mode like regime to
study the mechanisms at play in such case. In particular, one should proceed to a scan of the ion
power injection, pointed out to trigger the creation of transport barrier in experiment [Ryter 14] and
in 2D fluid code [Rasmussen 15]. Furthermore, we should also study divertor configurations which
contributes to the appearance of an edge transport barrier both in experiments but also in TOKAM3X
isothermal simulations (work of Davide Galassi).

Taking a step back, we have seen all along this thesis that the SOL width is a notion of usually resumed
to a single value, but hiding a more complex picture. Indeed the heat channel has no reason to be

uniform neither in time, in particular for turbulent regime, nor in space. Moreover, the SOL width
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results from a complex interplay between the parallel dynamics and the perpendicular transport and
none of them should be overlooked.



Appendix A

Details for derivation of fluid equation

A.1 Equality of divergence of the particle flux associated to the
diamagnetic drift and to drift
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A.2 Braginskii’s closure

In the following, we consider a plasma of two species: electrons and one ion species of hydrogen isotope.
The limit case of strongly magnetized plasma (w., 7. > 1 and w,,7; > 1) is considered in Braginskii’s
closure.

The total pressure tensor I1:° is decomposed into a scalar pressure ps and a residual tensor Hf’rag:

Y = p,T + TS (A1)

For a standard basis (e, ey, e,) in which b = e,, this Braginskii’s stress tensor I157% writes :

*%O(Wm + Wyy) — %(Wm = Wyy) — n5Way =i Way + %(Wm = Wyy) —4niWay — 203Wy.
=N Way + %S(Wm - Ww) _%O(WM + Wuy) - %(Ww - Wﬂﬂw) +n3Way  —4AniWys + 205Wo,
—AniWe, — 2n3Wy, —A4ni Wy, + 2n5W,, —niW 2

In this formulation, the rate-of-strain tensor W is a measure of the deformation of plasma volume
elements and is defined as: 9 P 9
(' Uk
Wiy = — — 25,V - A2
ik 6xk + 6:Bj 3 ik v ( )

The Braginskii’s stress tensor formulation (A.2) involves three different viscosity coefficients which

differ slightly for ions and electrons:

T]é: 0.96p;7; ; 778: 0.73peTe

mi= 03%-  mi= 0518 (A-3)
ny= 050~ 5 m§= -0570

One can notice that the ratios between these three viscosity coeflicients are proportional to powers of

We, Tst
m om 2 o3
= X We,Ts >1 5 o (We,Ts)” >1 5 = Xwe, T > 1 (A4)
M3 U m
which leads to:
M >3 > i (A.5)

It is thus convenient to separate the Braginskii’s stress tensor into three tensors according to the

dependency of these different viscosity coefficients:

ﬁSBrag _ ﬁ;}is + ﬁELR + ﬁ;es (Aﬁ)
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Viscous tensor: Terms proportional to 7 correspond to the viscous part of Braginskii’s stress

tensor:
— B (Wae + Wyy) 0 0
0 0 _nSsz
Gyro-viscous or Finite Larmor Radius tensor:
=15 Way %(Wm = Wyy) —2n5Wy,
SFLR _ | s
Hs - %(Waﬂx - Wyy) 77§ny 277§sz (AS)
—2n3W,y. 2n3W. 0
Residual viscous tensor:
_%I(Wm Wyy) MM Way —4m W
I = 1 Way I (Wyy — W) —A0S W, (A.9)
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A.3 Derivation of energy equation
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Appendix B

Linear analysis of Tokam2D

B.1 Tokam2D Conservation Equations

N + [¢,N] = —oN\/T, + Ty ?/Te 4 DV N (B.1)

W + [p, W] = —%ay (N(T. + 1)) + o/Te + T; (1 — *9/7) + V3 W (B.2)
SONT) + 516, NT.) = —07 NTVT. T~/ 4\ VANT., (B-3)
SOUNT) + 3 [0, NT = 07 NToy/To + T + X VINT, (B.4)

With W = Viqﬁ—i—v- (%VJ_.PZ‘) Note that in this derivation the collisional terms j:i%_ev'e_l (P.— F;)
are neglected in the following derivation as they have no impact on the results (in agreement with
their low order of magnetude < m,/m;)

B.2 Linear Analysis

Each field f is split into a mean and a fluctuating part f = f+ f, and an assumption of small

amplitude of fluctuations, % << 1is made

B.2.1 Steady State Solution

In order to study the linear stability of the system, we supposed that a quasi steady-state is reached
so we have ;N = 0;¢ = O, W = 0,T, = 0;1; = 0. And the steady-state regime gives us the following
set of equations. In the linear analysis we keep only the first order of development with respect to the
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small value %

0 =-oNVT+DV:N
W =vVi¢+vI;VIN
V1o VLV (B.5)
0 =—-07%NT.VT +xV2NT,
0 =—-oyuNTVT +xV2NT,

where T =T, +T;
In the following will make the assumption that:

e the mean potential follows the value of the floating potential ¢ = AT, (so we have eh=9/Te = 1)

e all mean field radial profiles are decaying exponential X o exp{ﬁ} the e-folding length is noted
AN

B.2.2 Preliminary calculation
For two fields X and Y:
X+ X,V +7] = [XF]+ [X,V] + [X,V] + [X7]
= 0, X0,Y — 0, X0;Y + 0,%X0,Y — 8, Y, X
= 0, X0,Y — 0,Y0,X

Te+T _ g, 1T

1 .
2V +T, 2 VT

—_

VI + T+ T+ T, = T + T, +

- T, T. ¢
e Te+Te = ] =+ A:e — Ai =1 + A:e — i
T, ¢ . T.

Let us also introduce E' = In N for simplification of the calculation and to overcome the dependence
on N. Using: In (W (1 - %)) = InN +In (1 + %) ~ InN + %, we obtain that at first order

of development £ = InN and E = % It is evident that ‘%TN = 0, F = _AlN' We also have
@,E =0y (%) = @NN = ByE as N is independant of 3, the same way we have OE = % Finally we

have %N = 9,F + E0,, and %Y = 02F + 20,E0,F + 0FE



114 Appendix B. Linear analysis of Tokam2D

B.2.3 Density equation

- e = A-%2 -
dN+N)+[¢+ 6 N+N|=-o(N+N)WT+Ti+T.e 7+t + DVI(N+N)

S~ o = =T ¢ T+ T, =~ — ~
N + 0,¢0,N — 9,Noy¢p = —oNVT — oNVT <AT - ;f) 0N 2\4/% —oVTN + DV2N + DV2N

in steady state and by dividing all term by N:

atE+ axaayf?f &;E@% — _oAVT <;:e — 2) - 1JW Te - 1Ji — Jﬁﬁ+ D(V2

Finally we obtain :

_ = ~ VT _ ~ VT 1 — c \ ~
8 + A, To0, + oVT — DV2 ) E + [ —0— — 8,ED A+ — | T+ (2= )T =0
(0 + ,+o ?) +< = v o+ | A+ = +< T>

B.2.4 Vorticity equation

o, (W+W)+ [+ W+ W= —Niﬁay((ﬁﬂv) (T+Te+T;))

—— —sl -
+a\/T+Te+n<1—e Te+Te>+uVi(W+W)

OW + 0,90, W — 0,W0yp = ———2—— 9, (TN) — —2—o, (NT.) - —L—0a, (NT;
t + ¢y y¢ N—i— 2(}; y( > N—l—ﬁ y( ) N—l—ﬁ y( )
2nd order
= T. _T . ¢ = =
— 0 ﬁ"‘ 2\/? (ATE—Te>—|—I/Vi<W+W>

2nd order

In steady state we have VVinO:
BT + 0,50, — 0,307 = — 9L 0§ — g0, Tc — 90,Ts + oVTL — o AVTLE 4 92 17
i +:v¢y _y¢m *_ﬁy —90yle —goylito ?_0’ ?"’_V L

Finally we obtain :

<9Tay) E+ (—@W@, - af) &+ (0 + MO0, — vV ) W + <g8y +oh—

T\ _

(B.7)
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B.2.5 Poisson equation

1
W=Vi¢g+V. (NVLPZ-)

=Vi¢+ViT,+ V- (,V.InN))

— V3 (3+3)+ V2 (T+T)+ V- (T +T) Ve (n (N +N)))

Cseviasim i (ro(x (i 5))) v (men(s(12)

=A1 =As

_ N 0. F 0. F O0.FE + 0.E
V. In(N[1+ <= + —
o, E o, E

We can develop A; : Let us note that 9, F = 9, In N is independent of x as N o< exp(—X/Ay).

T; (0.E + 0,E)

iaE

Il
QJQ)
e
Q.)
T 5
+
QD
=
Q)
y &
+
QD
/@
QD
= 5

Ay is calculated the same way (with 7} instead of 7;) and leads to:
Ap = 0,E0,T;
Finally, the vorticity can be written:

W =026 + 0°T; + 0,T;0. E
W
V26+ V2T, + T,V2E + 8,T,0,E + 0, E0, T,

AsW =W — W, we have:

— (0,T30, + TV3)N = V3¢ + W — (V3 + 8,E0,) T, =0 (B.8)
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B.2.6 Energy equation
B.2.7 preliminary calculation

Let us first develop advection terms and diffusive terms which are identical for electronic and ionic
energy conservation equations.

Advection:

(N +K)[6+6.To+T] + (Ta+ ) [#+ 6, N + N])
== (N9,60,To — N0;Ta0y¢ + Ta0spOyN — Ta0:Ny9)

S5+ 0. (V4 F) (T +T0)] =

== (N0w¢0,To — (N0 To0y + Ta0:NOy) 6 + Ta0rpOyN)  (B.9)

M\OO[\D\CO[\D\OJ

Diffusion:

XaVi (N +N) (Ta +T.) =xa (VI (NTo) + V3 (NT.) + TiV2 (NTL))
“Xa V3 (NT%) + Xa (02T% + 20,To0s + Ta V2 ) N
+ Xa (02N +20,N0, + NV2) T, (B.10)

B.2.8 electronic energy conservation

20 (N4 R)(T4T) + 2[5+ 0. (N+ N) (T4 D)) =00 (N4 N) T+ T)VT + T4 T 7ovts
=A
+xVi (N+N)(T.+ 1)

Let us develop first A:
A=-0v(N+N) T\f+\fT+ (Te + 7)) 1+Ai i
ﬁ T. T.

—T;

:—U%NTeﬁ—U%N«ﬁ(AH) )T VTg+ L )—meTeﬁN

2ﬁ WT '

Using (2.4), (2.5) and the development of A we obtain:

; (NOT, + Too,N + N0,00,T. — (NO,To0, + Te0.NO,) & + To0,00,N)
I . = ™\ o R
S— eNTeﬁ—aeTeﬁN—aeN<ﬁ A+1)+ e)TeJraeN\/f — o N—T,
Y Y Y ( ) /T Y ¢ — oy Nes

+x. V1 (N7Ta) + Xe (8§Tj +20,T,0, + TjVi) N + Xe (aﬁﬁ +929,N0, + NVi) T
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in steady state and by dividing all term by N:
> (T + T + 0,60, T. — (0.T20, + T:0,50,) 6 + T:0,50,F)
= — T \ — —— T ~
:70"76Te\/EE70"}/e (\/f A+1)+ e) Te+owe\/f¢>fa%%Ti
WD+ o7 T
_ __ _ 1
+ Xe <8§Te + 20,120, + T, <V2 T )) E + xe (02E +20,E0, + V3) T,
3= 3 = p— _ _ 9 2 1 ~
“Tody + AT, T, + o7 TNT — x ( 0°Te +20,Te0, + To (VE = —+ 5 | ) | E
2 2 v AL
+ (—a%f— ; (0.Tc + T.0.E) 0 ) é
3 R — T. _ _ . T -
+{ =0, +*A827Tea +o e( e) — 8%E+2aanx+V2 )Te+0 e%j—‘izo
(B.11)
B.2.9 Ionic energy equation
ey 3~ O =
50 (N+N)(Ti+Ty) +3 6+, (N+N)(Ti+T)] =—0w(N+N) (G+T)VT +T. + T

=B
+xV: (N+N) (T, +T)
Let us first develop B:

BI—U%(N—FN)( ﬁ<T +T)>

T =
:—U%NT\/>—0% <\/>+ ﬁ>T—|—U%N2\/%Te+0%Ti\/fN

Using (2.4), (2.5) and the development of B we obtain

N W

(Nati; + Tiatﬁ + N(?z% Tz

— (N0.Tidy, + T;:0.N9y) ¢ + T:0,00,N )
—ov;NT; NTNVT - oviN (

T
Ti + oy N——T, + o7, TIVTN
\/T) k WT
+xe V3 (NTL) + Xe (02Ta + 20:Tabs + Ta V3 ) N + X (02N + 20, N0, + NV2) T;
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In steady state (B.5) and by dividing all terms by N:

g (0T + Tio E + 0,60, T; — (0, T:0, + Ti0.E0y) ¢ + T;0,60,N)
— T\~ T L
= —0Y; \/f—i-% TZ'—‘rO'i%Te—i-O'iTi\/fE
! ( NT) N !
2

__ __ __ 1 ~ _ _ ~

_ . = . _ _ 9 1 ~ _ -
(;’m + %Anaﬂeay + oW VT = x <6§n +20,Ti0: + T; (Vi v A2))) E+(—%am (NT;) ay) ¢
N N
+ T Tot (200 + 200,00, + o (VT + T (0%E +20,E0, + V) | T; = 0
0"722\/? e 2t 9 xleOy T 0% = X\0; T T L P =

T
(B.12)

B.3 Spectral Analysis

We assume to find a solution of the form :

E= > ko, E\kxky exp(ikyx + ikyy) exp(wt)

b= D kaky akz,ky exp(ikyx + tkyy) exp(wit)

Te = Yk by Teky i, €XP(ikzx + ikyy) exp(wyt)

Ty =3 koky T;k:zky exp(ikzx + ikyy) exp(wit)

Where E , QAS, ﬁ, ﬁ are the Fourier transforms of E, 5, i, ﬁ respectively

As all average profiles are decaying exponential, we have 8%)( = (&”TX)O‘ = —/\%.
X

The equation (B.6)), (B.7), (B.11]), and (B.12)) can be written in Fourier space as :

T. . = o ike 1Y)\ = VT ik, ~
(Wk —Aglkyﬁ—U\/f"_D (k?J_ +2E — %)) E}gac7ky + <_U Te + )\]\i) stw,ky

(x/f 1
+o

~ o o~
T zﬁ) T ek )

o Y T, _
(gTiky> Ekx,ky + <—8xWik:y — U? (z)kx,ky + (wk — Agiky + Vki) ka,ky

e

: T\~ R
+ <gzk‘y + oA ) Tegy k, + (9iky) Tig, p, =0 (B.14)

T.
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T ) - L e
()\ikx + TJCE_) Ekx,ky + kﬁfﬁkw,ky + ka,ky <II€J_ + z)\ ) TZkI,k:y =0 (B.15)
T; N

2 — — .
3__ 3 T = T, T, _ ke 1 —
(Tewk — AT iky + 0 TVT — Xe ( 2 ik, — T, (ki 4o ))) Bk, k,

2 27 A1, Y AN AL
< U'ye\f T+ = (AN ) ) ¢kx,ky
3 3 T, . 1 T.
+(2“’“ — A *”‘f( ) 3w ’“)) Loty ¥ =ik, =0

(B.16)

3~ 3, TT, — L T - iky 1 =
Tiwp — sA=—"ik TNT = xi | = —2+—ike — T, (KL +27 - = ) ) | E
( sk = A gy ikt TVT X(Aa Az (“ Ay m)))
3 (T, 1 T ~
5 7 Te
+< (i 3 ) ) B i o

3 1 'k 7
+ ( Wi — fA Zk + o7; ( Xi <2 — ]ﬂ)) ikgky =0 (B.17)
A% AN
Where k% = k2 + ki

2 2 A1,
This system of 4 equations with 4 unknowns has a non-zero solution if and only if its determinant is

2ﬁ> -

null, so we have a condition on wy, for given values of ky, ky, A, 0, D, V, Xe, Xis Yes Vis 9> Les Ly, ANy A1y T
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T
Ny
T 1Le0 + o= m*e
L ¢ Y X — RAGIIEY
e~ ) - et )i
AK/N +K/v Lot g vsT
2 1L /NG 2 2
gV E g Hpoo 0 e () § LA+ e TV iz
N N
Al_m\v\| H£SN| ‘<v oX— AAN%K - MN‘&MNLII_W.@\V N|
L/NC 2 2
(45 gptov) o (e )b e ) arier
%u\\gwmmkb iy N.M/\m — v:sm 0 %\/mﬁbl figa mwM/\m — &3m@m
o+ Ty 0 I Ty T + “1
iyl M;E + a1l A+ Xy — A Mx e 70— iy 6
N
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