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3D modelling of edge parallel flow asymmetries
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The issue of parallel flows asymmetries in the edge plasma is tackled with a new first principle transport
and turbulence code. TOKAM-3D is a 3D full-torus fluid code that can be used both in diffusive and tur-
bulent regimes and covers either exclusively closed flux surfaces or both open and closed field lines in
limiter geometry. Two independent mechanisms susceptible to lead to large amplitude asymmetric par-
allel flows are evidenced. Global ExB drifts coupled with the presence of the limiter break the poloidal
symmetry and can generate large amplitude parallel flows even with poloidally uniform transport coef-
ficients. On the other hand, turbulent transport in the edge exhibits a strong ballooning of the radial par-
ticle flux generating an up-down m = 1, n = 0 structure on the parallel velocity. The combination of both
mechanisms in complete simulations leads to a poloidal and radial distribution of the parallel velocity
comparable to experimental results.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Momentum transport in the edge plasma of tokamaks has re-
cently appeared as a major issue in fusion research with the obser-
vation on all machines of a so-called spontaneous rotation of the
plasma in the poloidal and toroidal directions [1].

One of the most striking experimental evidence for momentum
transport is the issue of edge parallel flow poloidal asymmetries.
Indeed, measurements performed in the Scrape Off Layer (SOL) of
different machines at different poloidal locations exhibit a com-
mon asymmetric behaviour of the poloidal distribution of the par-
allel velocity [2]. The effect is not restricted to diverted tokamaks;
it is also seen in Tore Supra, which employs a toroidal belt limiter
to define the LCFS. In particular, a parallel mach number equal to
M � 0:5 (M ¼ u===cs is the ionic parallel velocity normalised by
the acoustic velocity cs ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðTe þ TiÞ=mi

p
) is measured at the top

of the machine, where symmetry considerations suggest that the
stagnation point M � 0 should be found [3].

Modelling of this phenomenon by transport codes has been at-
tempted and has demonstrated a possible role of large scale drifts
[4,5]. However, experimental amplitudes can only be reached by
assuming a strong ballooning of the radial transport, with an
anomalous diffusion coefficient 200 times higher on the Low Field
Side (LFS) compared to the High Field Side (HFS) [6].
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In this paper, we address the issue of edge parallel flow asym-
metries using the new edge transport and turbulence code TO-
KAM-3D [7,8]. This code solves fluid-drift equations without scale
separation in 3D full-torus geometry and is therefore able to han-
dle coherently small turbulent structures as well as global drifts.
Furthermore, the simulated region can cover both closed and open
flux surfaces. These features make it particularly adapted to tack-
ling these issues.

2. The TOKAM-3D code

TOKAM-3D is a first principle transport and turbulence code for
the edge plasma. A fully detailed description is given in Refs. [7,8].
It solves balance equation for the density N, the electrostatic po-
tential U, the parallel current J== and the parallel velocity M, which
is normalized by the acoustic velocity cs, following the same kind
of approach as Ref. [9]. The plasma is assumed isothermal with
Te = Ti. The modelled region is a toroidal ring of plasma between
minor radii rmin and rmax (Fig. 1), where rmin < a and a is the minor
radius at the Last Closed Flux Surface (LCFS). If rmax > a, it covers
both closed and open flux surfaces in limiter configuration, the lim-
iter occupying an angular sector Dlim at the bottom of the machine
where it imposes Bohm boundary conditions. Otherwise, rmax ¼ a
and the code treats exclusively outermost closed flux surfaces up
to the LCFS. We will designate these two variants as the ‘edge’
and ‘edge/SOL’ versions. In both cases, the system is driven by a
poloidally symmetric volumetric particle source located close to
the inner boundary r ¼ rmin.
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Fig. 1. Poloidal cross-section of the geometry of the TOKAM-3D code. The filled area
corresponds to the simulated region in the edge/SOL version.

Fig. 3. Poloidal cross-section of the parallel velocity in the turbulent regime
(instantaneous snapshot). The black line is the M = 0 iso-contour.
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TOKAM-3D also offers some flexibility in the range of transport
regimes it can address. By simply acting on the diffusion coeffi-
cients D? (set equal for particle, momentum and current diffusion),
it can be used as a global diffusive transport code modelling exclu-
sively large scale structures (typically D? > 0:1) or as a full-torus
turbulence code but still handling coherently global flows
(typically D? < 0:1). These two extreme regimes will be designated
as ‘laminar’ and ‘turbulent’.

3. Effect of large scale drifts

So as to study the possible role of large scale drifts on the
development of parallel flow asymmetries, without having to deal
with any effect linked to intrinsic properties of turbulent transport,
we consider a simulation run with the edge/SOL version in the
laminar regime with homogeneous diffusion coefficients: a ¼ 100,
a� rmin ¼ 50, rmax � a ¼ 50, R0=a ¼ 3:4 and D? ¼ 0:2 (distances
are normalized to the ion gyro-radius qL and time to the inverse
of the cyclotron frequency).

The results show the development of an asymmetric poloidal
structure in the parallel velocity in the SOL (Fig. 2). The radial pro-
file of the Mach number at 3 different poloidal locations and the
poloidal profile just outside the LCFS are also given. The structure
is mainly located on the SOL side of the LCFS, with a non-zero Mach
number around M � 0:25 observed at the top of the machine at
r � a ¼ 20. The M > 0 area extends on the LFS towards the limiter
further than the equatorial plane.
Fig. 2. Parallel Mach number in the laminar regime. Left: poloidal cross-section with M =
plane.
An explanation for the development of this asymmetry is found
in the existence of a global poloidal ExB rotation induced by the
development of a radial potential profile determined by current
balance. This rotation of the plasma associated with the obstacle
that constitutes the limiter leads to a density accumulation
on the LFS of the limiter which feeds back parallel flows through
the parallel pressure gradient. An additional contribution from
the Pfirsch–Schlüter flow and from the poloidal compression
of the ExB rotation can be observed in the outboard mid-plane
with an amplitude M � 0:1. However, those effects do not con-
tribute to the Mach number at the top of the machine.
4. Effect of intrinsic properties of turbulent transport

We now switch to the other mechanism suggested to be likely
to generate parallel flows: the probable ballooning of the radial
turbulent transport. In order to do so without having to deal with
large scale effects linked to the presence of the limiter, we use the
edge version of TOKAM-3D and place ourselves in the turbulent re-
gime: a ¼ 200, a� rmin ¼ 80, rmax ¼ a, R0=a ¼ 3:4 and D? ¼ 0:02
(spatially constant).

Fig. 3 shows a poloidal iso-contour plot of the parallel velocity
in the established non-linear turbulent regime. Turbulence is char-
acterized by small scale fluctuating structures strongly aligned
0 iso-contour. Right: radial profiles at the top of the machine and in the equatorial



Fig. 4. Proportion of the total radial turbulent flux transported in each angular
sector Ri as a function of the poloidal position.

Fig. 5. Poloidal cross-section (instantaneous snapshot) of the parallel velocity after
the turbulent regime has been reached with the edge/SOL version of TOKAM-3D. The
black line is the M = 0 iso-contour.
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along the magnetic field. However, the main noticeable feature is
the existence of an (m = 1,n = 0) structure with an amplitude
M � 0:4—0:5.
Fig. 6. Toroidally averaged profiles of the parallel Mach number after the turbulent regim
the top of the machine. Right: poloidal profile at r � a ¼ 46qL; the symbols correspond
To explain this behaviour, it is necessary to study the poloidal
distribution of the turbulent transport. Let us divide the poloidal
direction in 16 equal angular sectors Ri and compute the propor-
tion PRi

Cr
of the total particle flux flowing radially through each sec-

tor. The poloidal distribution of PRi
Cr

is given on Fig. 4. The LFS is
characterized by a homogeneous flux of 10–12% per sector while
the flux drops on the HFS down to slightly negative values at the
inboard equatorial plane. The LFS is found to carry 90% of the total
flux. This result is in good agreement with the estimation proposed
in Ref. [3], although no similar sharp peaking around the equatorial
plane is observed. Note that since the diffusion coefficients are set
spatially constant, the poloidal inhomogeneity of the radial trans-
port is consistently driven by the interplay between turbulence
and curvature.

The main consequence of the ballooning of the radial flux is an
inhomogeneous poloidal distribution of the averaged density. Par-
allel flows are then generated by parallel pressure gradients to
counterbalance this mechanism. One may, however, notice that
the m ¼ 1 structure shown on Fig. 3 is not aligned with the equa-
torial plane. This is linked to the existence of a negative radial elec-
tric field that generates a poloidal ExB drift (anti-clockwise on
Fig. 3), which, in turn, advects parallel momentum and tilts the
parallel velocity structure.

5. Combination of both mechanisms

In the SOL of tokamaks, both previous effects should overlap. To
obtain a fully consistent insight on the physics at stake, we con-
sider a case run in the turbulent regime with the edge/SOL version
of the code: a ¼ 100, a� rmin ¼ 50, rmax � a ¼ 83, R0=a ¼ 3:4 and
D? ¼ 0:08.

Fig. 5 shows a poloidal cross-section of the parallel velocity. As
expected, turbulent structures are localized mainly on the LFS and
overlap with the laminar asymmetric structure described in Sec-
tion 2. The Mach number at the top of the machine is found equal
to M � 0:4—0:5, which is in good agreement with experimental
amplitudes [2].

A more advanced comparison with experimental data can be
obtained by looking at the toroidally averaged poloidal distribution
of the parallel Mach number in the middle of the SOL (Fig. 6). The
curve obtained in our simulation is qualitatively very similar to
multi-machine data compiled in Ref. [2]. Some difference can be
noticed on the LFS where the rise of the parallel velocity from
M ¼ �1 at the limiter plate to M � 0:4 at the top is not as steep
e has been reached with the edge/SOL version of TOKAM-3D. Left: radial profile at
to multi-machine experimental results compiled in [2].
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as experimental observations suggest. This discrepancy might be
linked to the recycling source (which is not included in our simu-
lation) and the fact that, for mesh and computation time reasons,
the diffusion coefficients used here are higher than the classical
ones which should be used to have a proper description of turbu-
lent transport.

An interesting feature can be noticed on the radial profile of the
parallel velocity at the top of the machine, also shown in Fig. 6.
Compared to the laminar profile (Fig. 2), a deeper expansion of
the asymmetry in the far SOL can be observed, probably just lim-
ited by the constraint imposed by boundary conditions at the
external wall. This feature, which is also observed in experimental
results but not recovered by transport codes, is due to the radial
transport of parallel momentum by density structures propagating
outward in the SOL.

6. Summary

The new edge transport and turbulence code TOKAM-3D has
been used to address the issue of parallel flow asymmetries in the
SOL of tokamaks. The characteristics of this code allow a coherent
insight on this issue without having to rely on ad-hoc hypotheses
concerning the shape of potential profiles or the poloidal distribu-
tion of transport coefficients. Our results, confirm the existence of
two different mechanisms susceptible to generate large amplitude
parallel flows in the edge, both driven by mechanisms in which par-
allel fluxes are driven by parallel gradients to compensate for per-
pendicular transport poloidal symmetry breaking linked to
curvature. On the one hand, the natural development of a potential
profile generates a poloidal ExB rotation of the plasma which, along
with the obstacle that constitutes the limiter, tends to accumulate
density on the outboard side of the limiter. On the other hand, tur-
bulent transport itself exhibits a strongly ballooned distribution
which leads to higher density on the LFS. Both mechanisms overlap
in the SOL of tokamaks leading to good qualitative and quantitative
agreement with experimental parallel flow patterns.

Thus, our results demonstrate the possibility to recover impor-
tant experimental trends by adopting a fully consistent approach
of the transport physics in the edge, even though deeper investiga-
tion is necessary to push further the comparison with experimen-
tal results. This may require including new physics ingredients in
the model, like the impact of temperature profiles or of ionization
and recycling sources.
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