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Abstract. Zonal flows (ZFs) are known to play a prominent role in the self-regulation of turbulence in tokamak
plasmas. Non-linear fluid numerical simulations of flux-driven turbulence in the core and in the Scrape-Off Layer
(SOL) of tokamak plasmas are presented here, which investigate the dependence of zonal flows on plasma and
geometric parameters, and their effect on turbulent transport. Core lon Temperature Gradient (ITG) turbulence is
studied with a three-dimensional global model in which zonal flows are damped by ion-ion collisions. Improved
confinement is observed as collisionality is decreased at constant injected heat flux. This is found to result from
the non-linear upshift of the effective threshold for ITG instability, mediated by an increase of the ZF shear.
It is also shown that the threshold for the turbulence onset, and therefore the effective conductivity, increases
with input power. The fluctuation characteristics are analyzed in detail and correlation functions are presented.
Interchange turbulence is studied in the SOL assuming flute modes. When the so-called sheath conductivity,
which governs parallel losses, is small, turbulent transport is controlled by ZFs: its level strongly increases when
ZFs are artificially suppressed. At sufficiently larger conductivity ZFs eventually no longer regulate the turbulence.
In this case, the sheath response prevents local interactions in wavenumber space to drive ZFs and it clamps the
electric potential to the floating potential.

1. Introduction

Large scale flows such as zonal flows (poloidally and toroidally symmetric ExB flows) are
known to play a prominent role in regulating the turbulence level in tokamak plasmas [1].
Whereas the generation of zonal flows from turbulence by a parametric or modulational in-
stability mechanism is understood, the dynamics and saturation of such self-generated flows, as
well as their dependence on plasma parameters and quantitative impact on turbulent transport,
are still a matter of debate. The latter point is crucial to assess transport predictions for ITER.
The present paper investigates this question in the core and in the Scrape-Off Layer (SOL) of
tokamak plasmas, by means of fluid simulations of flux-driven turbulence [2, 3, 4]. Especially,
ion-ion collisionality appears to regulate the zonal flow amplitude in the core, and ultimately
the lon Temperature Gradient (ITG) driven turbulence. In the SOL, sheath boundary conditions
are shown to play a crucial role in such a regulation.

Most of the theoretical studies on the scalings of heat turbulent transport ignore the effect of
collisionality, on account of the essentially collisionless character of the underlying micro-
turbulence. However, it was first highlighted in [5] that an undamped component of the poloidal
flow persists in collisionless plasmas, which is ultimately damped by ion-ion collisions. This
drew the attention to a mechanism by which the ion collisionality can affect the overall trans-
port. The role of the undamped zonal flow component on turbulent transport, has been studied
theoretically [6] and by direct non-linear numerical simulations [7, 8]. Simulation results are
in agreement with the theoretical prediction of a reduction of the zonal flow level and a con-
comitant increase of transport, as the ion-ion collisionality increases. This mechanism has been
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clearly shown in three-dimensional global gyrokinetic particle simulations [8, 9], with fixed
pressure gradient boundary conditions.

Compared to the models used in previous numerical studies, fluid simulations with flux bound-

ary conditions present the advantage of allowing the study of the turbulent plasma in reactor
steady-state like conditions, on account of the easier accessibility to integration times longer
than the energy confinement time. This allowed us to explore the effect of both the collisional
damping and of the injected heat flux on core thermal transport in a turbulent stationary state,
where the equilibrium profiles result from the self-regulation of the flux-driven turbulence and
the damped zonal flows. The model and results of the study on the effect of collisionality on
core plasma turbulence are presented in Section 2.

The model used for the study of interchange turbulence in the SOL is detailed in Section 3;
results are presented on the role of sheath boundary conditions on the regulation of large scale
flows.

2. ITG turbulence with collisionally damped zonal flows in the plasma core

A minimal three-dimensional fluid model for electrostatic ITG turbulence is used [4], consisting
of the evolution equations of three macroscopic fields: the ion density, the parallel velocity
and the ion pressure. Electrons are assumed as adiabatic; use is made of the quasi-neutrality
condition and of a simple parallel Landau damping closure. Curvature effects are included
as well as a model for the collisional damping of zonal flows. The simulation domain is a
toroidal annulus, at the inner boundary of which a constant incoming heat flux is imposed. The
normalised model equations are the following :
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where w = &— < & > —p2 V2 is the ion guiding center density, ® the electrostatic potential,
< . > represents an average over a magnetic surface; d/dt = 0,+vg-V, vy = —(V®x B)/B?;
wg = sin 00, + %cos 00y is the curvature operator; px = ps/a the ion sound Larmor radius
normalised to the minor radius, ¢ = a/ R the inverse aspect ratio, R the major radius, A = ¢/px,
kn = Vng/ng and I' = 5/3. Lengths are normalised to the minor radius, the parallel velocity
to ¢ = /T./m;, the ion temperature to 7, and the potential to 7, /e; time and conductivity are
in Bohm units ¢ gonm = a*/X Bohm» XBohm = (cT./eB). The poloidal flow damping is modelled
through a damping rate v, ;4 = 2/3 v« €/2/q, which is proportional to the collisionality v« =
Vi 5*3/2/(cs/qR) [5], where v;; is the ion-ion collision frequency and ¢ the safety factor.

The simulations have been performed with the ETAI3D code [10, 4]. As to assess the impact
of ion collisions on turbulent transport, simulations have been run for the case of a torus having
px = 0.02 and px = 0.01, with fixed injected fluxes F';, = 0.05,0.2,0.5 (measured in units of
pxcsT.n.) and values of the collisionality varying in the banana regime. A flat density profile
and a linear safety factor profile ¢ = 4r, are used; R/a = 4 and -, = 1. Note that in the
simulations presented here the m = (0, 1) coupling in the curvature operators is switched off.
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The impact of ion collisions on turbulent transport is a consequence of the self-regulation of
drift-waves and zonal flows: at lower collisionality zonal flows are less damped and can be

more effective in stabilizing the turbulence, so that ultimately collisions regulate the turbulence.
This is highlighted in Fig. 1, where snapshots of the electrostatic potential (b-d) and its fluctu-
ating part (a-c) on a poloidal section, in stationary state, are represented for two different values
of the collisionality v« = 3.5 (upper plots) and v« = 0.7 (lower plots). It is evident how radi-
ally extended structures which are present at high collisionality (a) give the place to localised
sheared flows when the collisionality is lowered (d).
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Figure 1: Contours of the electrostatic potential ® (b-d) and its flictuating part ® (a-c) on a poloidal
section of atokamak, for two turbulent stationary states corresponding to two different values of colli-
Siondlity v« = 3.5 (Upper plots) and v« = 0.7 (lower plots), and given injected fux F';, = 0.025 (in
units of pxcsTen.); px« = 0.01. The extension of radial convective célls is highlighted in (ac).

The net effect is an increase of thermal confinement. Following a sudden reduction of collision-
ality, one observes that this occurs in two steps, as it was detailed in [4]. First, the fluctuation
amplitude decreases, leading to a radial transport reduction. Subsequently, the temperature gra-
dient and the fluctuations rise again until a steady state is reached when the turbulent losses
balance the given injected flux. The key mechanism is zonal flow damping: a reduction of col-

lisionality increases the zonal flow shear, a stabilising factor for ITG turbulence, thereby rising
the effective ITG threshold. As a consequence, the effective ion heat conductivity increases
with collisionality. A similar effect occurs with increased injected power. In this case, the
dependence on input power is the result of two opposite effects, the intrinsic degradation due
to the increased temperature gradient and the stabilising effect from the increased zonal flow.
The temperature gradients in steady-state are shown in Fig. 2, as a function of the collisionality
and of the injected fluxes. Note that the average temperature gradient in steady-state does not
strongly exceed the effective critical gradient, thus the system is kept fairly close to threshold.
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10! ] Figure 2: Steady-state average temperature
gradient as a function of the collisionality v,
for different injected flixes and p s« = 0.02.

The data in red line correspond to a case with

The effect of collisionality on the profiles is shown in Fig. 3, where the self-generated poloidal
velocity (left) and the corresponding pressure profiles (right), averaged on a stationary state, are
plotted for two values of the collisionality, for the same simulations of Fig. 1. We observe that
the stronger zonal flows occurring at lower collisionality appear to be practically frozen, since
they evolve very slowly, as indicated by the time autocorrelation functions discussed below,
and their spatial structure persists for over a confinement time with very little fluctuations; this
situation also corresponds to a steepening of the pressure profile.
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Figure 3: Sef-generated poloidal velocity profile v (left) and corresponding pressure profi le (right)
averaged on an energy confi nement time in stationary state, for a case with p. = 0.01, fi xed injected fLix
F;, = 0.025 and two different values of collisionality vs. The vertical bars indicate the amplitude of the
variation of the fow around its average.

Time autocorrelation functions are evaluated for the fluctuating and zonal component of the
electrostatic potential for all the simulations in stationary state, averaging over the poloidal and
radial coordinates and over several turnover times, typically over two confinement times. A
typical case is plotted in Fig. 4, corresponding to a simulation with pyx = 0.02 and F;,, = 0.2.
The first observation is that correlation times strongly depend on the collisionality value. It is
also evident, in particular in the low collisionality case, that the turbulence correlation time is an
order of magnitude smaller than that of zonal flows, typically 10 ~2¢pg,p.,. This clearly shows
that the zonal flows evolve much more slowly than the ambient turbulence, supporting the pic-
ture of frozen zonal flows discussed above. Note that this can be of practical use for analytic
calculations, since it allows to separate the time-scales of turbulence and of zonal flows.
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Figure 5: Two-point radial correlation functions averaged over a
functions for the flctuating elec- confi nement time, for the flictuating electrostatic potential & (full
trostatic potential & (full lines) lines) and its zonal component < & >(dashed lines), for two in-
and its zonal component (dashed  jected flixes F';,, = 0.005 (left plot), F;, = 0.2 (right plot) and
lines), for two values of the colli- two values of the collisionality v .

siondlity vy and F;,, = 0.2.

Figure 4: Time autocorréelation

Two-point radial correlation functions for the fluctuating electrostatic potential and its zonal
component are also evaluated, in the stationary state, averaging over the poloidal coordinate
and over a confinement time. The dependence of correlations lengths on both the collisionality
and the injected flux can be observed in Figs. 5, where correlation functions are shown for two
values of collisionality and injected fluxes F';, = 0.05 (left plot), £}, = 0.2 (right plot).

One can observe that the turbulence correlation lengths slightly decrease with decreasing col-
lisionality, growing with v« /F;,, whereas the zonal flow correlation lengths show an inverse
dependence. However, the radial correlation lengths of the turbulence and of the zonal flows,
evaluated as the half-height width, are comparable. Correlation functions for the fluctuating
component decay exponentially and do not present significant tails at large radial separation,
whereas it is interesting to note that the zonal flow component shows an oscillation of several
Larmor radii of amplitude.

The radial correlation functions are observed to be self-similar for different tokamak sizes,
as shown in Fig. 6 for two simulations having respectively px = 0.02, F;,, = 0.005 and
px = 0.01, F;,, = 0.025 (v« = 3.5). The typical radial size of turbulent structures results
to be of the order of 3.3 + 0.1px.
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Figure 6: Two-point radial corrélation func-
tions averaged over a confi nement time, for the
flictuating electrostatic potential ® (full lines)
and its zonal component < ® > (dashed lines),
for two sdf-similar simulations at v« = 3.5
having respectively psx = 0.02, F;, = 0.005
(red) and psx. = 0.01, F;,, = 0.025 (blue).
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3. Large-scale flows in SOL interchange turbulence

Interchange turbulence [11] is studied in the SOL with a fluid model. Several approximations
are made. The electron temperature T is taken constant, and a cold ion limit 7; /7, < 1 is
considered. Assuming flute modes allows for a field line average, which makes the system two
dimensional. Particle balance and charge conservation then couple the total density » and the
electric potential ¢:

om+[p,n] =S —oyne*?+DVin (4)
Vi + (¢, Vigl = oy {1 - "7} — g0, log(n) +vVig (5)

Distances are normalized to the Larmor radius p, = m;cs/eB and time to w;! = m;/eB.
The Poisson brackets derives from the E' x B advection: [¢, h] = 0,¢0,h — 0,¢0,h, with x
and y the radial and diamagnetic coordinates, respectively. This model captures some essential
features of the interchange instability. First, it is flux-driven, in the sense that a constant particle
source .S, radially localized, drives the system out of equilibrium. Then, the average field line
curvature g o« p,/R accounts for both favorable and unfavorable regions. Finally, the sheath
Bohm criterion is accounted for through the parallel boundary conditions: parallel losses are
proportional to the sheath conductivity oy = p,/Lj. A ~ log(m;/m.) is the floating potential.
Most of the dynamical properties of the system are discussed in references [3, 12]. The present
paper emphasizes the impact of o on the large-scale flows, and ultimately on the turbulent
transport. These flows correspond to the £, = 0 component of the velocity along y, namely
v, = 0,¢, and are reminiscent of ZFs in the core plasma. From eq.5, the dynamics of (v,) is
governed by:

at <Uy> = _83[: <1~)3&{}y> + a|| /Om<1 - exp(A - gb)>de‘ + Vazx(”y) (6)

The Reynolds stress dominates by about one order of magnitude over the sheath term. The
viscosity v controls the linear damping of (v,).
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Figure 7: Mean density profi les for asmall (a) and alarge (b) value of o), when large-scale fbws are
included or not.

So as to assess the impact of the large-scale flows on the transport, a set of four simulations
has been performed: with and without these flows for two different values of o |, corresponding
to long (L) = 30m — oy ~ 1.13107°) or short (L = 1.5m — o ~ 2.2710~") parallel
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Figure 8: Dynamics of the radial particle fluxT" for L | = 30 when fows are included (g) or not (b).

connection lengths in the SOL. The simulations without flows are carried out with (v ) set
artificially to zero. Since the SOL e-folding length A, increases with L, runs at low o require
a large radial box. Indeed, a simple estimate based on a diffusive turbulent transport yields
Ap X Lﬁ/ 2,

The results are the following. For small o}, the inclusion of flows in the model generates a strong

reduction of the particle transport, typically by one order of magnitude, as highlighted by the
mean density profiles (n) (Fig.7a). A drastic change in the transport dynamics is also observed,
with more frequent and smaller avalanches. Also, the effective velocity of the propagating fronts
is much reduced, typically by a factor of four, as exemplified on Fig.8. The relative magnitude of
density fluctuations én/(n) is however similar in both cases, of order of 10%. In such a regime,

a good correlation is observed between the zonal flow activity and the broadening of the radial

spectrum of ¢. This is consistent with the random shearing of turbulent eddies by zonal flows,

which leads to an increase of the mean square radial wave number, as suggested in reference
[13]. Conversely, at sufficiently large o, the zonal flow amplitude decreases significantly, such

that zonal flows eventually no longer regulate the turbulence (Fig.7b).

These observations are found to result from the specific non linear response of the sheath bound-
ary. First, the linear analysis of egs.4-5 reveals that large y-structures, i.e. those with vanishing

= 3.9 SAMIPWAHWAWWIA o

15

o

o

§ Floating

= wee Ly =15 potential A
3.8

0.0 .05,
Radial direction (a.u.)

Figure 9: Mean profi les of the eectric potential (a) and of the root mean square of the large-scale fow
fuctuations (b) for L | = {1.5,30} .
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k,, are damped by 0. Consequently, large values of o) make local interactions in wavenumber
space inefficient at low £, thus inhibiting the zonal flow build-up from the small wavenumbers.
Secondly, at large oy, the electric potential ¢ is clamped to the floating potential A. Indeed, the
balance between transverse and parallel currents in eq.5 imposes: ¢ ~ A + (gk,/o))én/(n).
In this case, ¢ is almost constant radially and equal to A (Fig.9a), leading to a much reduced
component of zonal flows (Fig.9b).

4. Conclusions

Fluid simulations of flux-driven drift wave turbulence in the core and in the SOL of a tokamak
plasma have been presented. Results from 3D core ITG turbulence show that ion-ion collisions
are efficient in regulating ion heat transport. The key element is the increase of zonal flow
shear at lower collisionality which rises the effective ITG threshold. The resulting ion heat con-
ductivity is thus reduced at lower collisionality. Measuring the turbulence characteristics, one
observes that the main effect of the increased zonal flow shear is a reduction of the turbulence
correlation time, whereas the radial correlation length is comparatively less affected. In the
SOL, the parallel transport towards plasma facing components appears to be able to reduce the
magnitude of zonal flows. Ultimately, the level of turbulent transport and that of zonal flows

can be decoupled.
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