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Section 6. Plasma edge physics and support
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Abstract

The EDGE2D code with drifts can satisfactorily reproduce measured target asymmetries in the JET field reversal
experiments. It also reveals the parallel flow pattern in the main scrape-off layer (SOL) region, which mainly consists of
the ion Pfirsch—Schliiter flow and the return parallel flow caused by the poloidal E; x B drift. Individual switches for the
drifts in the EDGE2D enabled one to separate effects of various drifts. It was found that VB and centrifugal drifts cause
the largest target asymmetries and SOL flows. However, £ x B drifts were also found to produce the right trends in the

asymmetries. © 2001 Published by Elsevier Science B.V.
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1. Introduction

Inclusion of classical drifts into 2D edge codes is an
important step in the scrape-off layer (SOL) and divertor
modelling. It provides the clue for understanding
changes in the target asymmetries observed in field re-
versal experiments and the nature of SOL flows. The
version of EDGE2D with drifts has been created in view
of achieving these goals. Main equations of this code
and the results of the attempts to model JET experi-
mental data have been reported in [1-3]. Although only
a pure hydrogen/deuterium version of this code has been
realised so far (with the radiated power inside the
computational grid calculated according to [4]), the code
has demonstrated its ability to satisfactorily match ex-
perimental target profiles simultaneously for both (nor-
mal and reverse) toroidal field (B,) directions.
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Initial results runs of EDGE2D [2] were focused on
establishing the role of E x B drifts in creating target
asymmetries. Earlier models and conceptions, developed
in the approximation of cylindrical geometry, pointed to
either of these drifts, poloidal or radial, as being pri-
marily responsible for the target asymmetries [5-11]. At
the same time, diamagnetic flows were shown to have no
impact on the particle and heat flows [8]. The impor-
tance of E x B drifts, especially in the divertor region,
has been confirmed in some other 2D code calculations
in divertor geometry [12-16], however, they alone were
found to be insufficient to explain target asymmetries in
[17]. On the other hand, recent EDGE2D results have
brought out the role of the VB and centrifugal drifts in
creating target asymmetries and SOL flows [3]. To ex-
plain these latest results, a fluid model based on the ef-
fect of the ion diamagnetic flow on poloidal asymmetries
in high recycling SOLs in a simple foroidal geometry has
been developed [18]. The model predicts a significant
effect of j, x B forces caused by up-down pressure
asymmetry (seen in the EDGE2D output) on the target
asymmetries. j, X B forces were first proposed as a
possible explanation for the generation of the SOL to-
roidal momentum and target asymmetries in [19] (albeit,
in cylindrical geometry and neglecting strong local radial
currents in the magnetic pre-sheath regions).
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The present paper gives a systematic account of drift
effects on target asymmetries and SOL flows as seen in
the EDGE2D code. Individual switches for various
drifts have been introduced into the code to get a deeper
insight into underlying physics of drift effects in the
SOL. It was, however, found that blockage of radial
currents through the separatrix (in the conditions where
VB and centrifugal drifts where switched on in the core
but switched off in the SOL and vice versa) severely
affected numerical stability of calculations and created
unphysical boundary conditions for the SOL region. At
the same time, no such detrimental effects where ob-
served for E x B drifts, partly because the divergence of
E x B flows could be compensated by anomalous diffu-
sive particle flows. For that reason, all cases with only
E x B drifts switched on in the SOL were run under
conditions where VB and centrifugal drifts were also
switched off in the core, leaving the core without drifts.
At the same time, cases with £ x B drifts switched off in
the SOL were run under conditions where VB and
centrifugal drifts were switched on in the core, alongside
over E x B drifts. Thus, cases where VB/centrifugal and
E x B drifts were switched on separately in the SOL
were under different conditions in the core (all drifts
switched on in the core and all drifts switched off in the
core, respectively). This, however, did not affect the
plasma core profiles and created similar conditions at
the separatrix, since in both limiting cases in the core
radial profiles of plasma parameters, including ion to-
roidal rotation, were the same, with only the radial
electric field (E,) being different.

2. Changes to target profiles introduced by drifts

The main equations used in the drifts implementation
into EDGE2D code can be found in [1]. Boundary
conditions at the targets, set at the entrance to the
magnetic pre-sheath (MPS), have also been modified
according to [20]. They account for the poloidal E x B
flow into the MPS, but do not include radial £ x B drifts
in the MPS and the sheath. The computational grid used
for running EDGE2D cases is shown in Fig. 1. This
figure also shows the position of the reciprocating
Langmuir probe (RCP) in JET, for easy comparison
between the code output and experimental data. The
probe has two sides facing ion and electron drift direc-
tions and can measure the Mach number of the ion
parallel flow. Experimental profiles of the Mach number
measured by the probe have been presented elsewhere
[21,22] (see also [3] where Mach number profiles were
replicated for comparison with EDGE2D output). It has
been demonstrated that EDGE2D can satisfactorily re-
produce measured target asymmetries and their changes
in the JET field reversal experiments [3].
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Fig. 1. Computation grid used for EDGE2D cases, with the
position of the reciprocating Langmuir probe (RCP) indicated
by the arrow.

For detailed analysis of the drifts effects on the target
profiles and SOL flows, a case with the 6 MW of input
power into the grid, shared equally between ion and
electron channels, radiated power of 2 MW and separ-
atrix density n. = 1.2 x 10" m™ was selected. Input
power was reduced compared with the previously ana-
lysed case [3], in order to avoid high ion temperature
regime in the SOL where kinetic effects become impor-
tant. Transport coefficients, constant in the magnetic
flux space, were used with values at the midplane:
D, =01m?s7!, 5, =y =0.5m? s7!, pinch velocities
Voinch = 3 and 0.5 m s™! in the SOL and core, respec-
tively. Note that heat conductivities were reduced by
half compared with the previous case in [3], taking ac-
count of lower typical y, values extracted from the
DIVIMP modelling. All drifts were switched on both in
the SOL and in the core for all the results presented in
Figs. 2, 3, 5 and 8, unless otherwise specified (as in Figs.
4, 6, and 7).

Fig. 2 presents a plot of the n, contours in the divertor
region for the cases with normal (ion VB drift directed
towards the target) and reversed (ion VB drift directed
away from the target) B, directions. It demonstrates the
ability of the code to reproduce the main trend for higher
density plasma in the inner divertor leg observed in
normal B, discharges (see, e.g., [23]). Target profiles of #.,
T, target electric current density jieee and power flux,
Pareet» Which includes recombination power, are pre-
sented in Fig. 3. Density asymmetries introduced by
the drifts are accompanied by T, asymmetries, with the
plasma being much cooler at the inner target in the
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Fig. 2. Electron density contour plots in the divertor region in
cases with normal and reversed B, directions.

normal B; case, consistent with direct experimental ob-
servations [23] and the tendency for earlier plasma de-
tachment from the inner target in normal B, discharges
(see, e.g., [24]). Larger T, asymmetries cause larger cur-
rent densities jiree in normal B, case, which are mainly
due to the thermoelectric current [25]. Much lower T, at
the inner target in normal B, case is primarily responsible
for extremely large asymmetry of the power at the target,
Piarger. The total power flow, integrated over each target,
is 0.53 and 3.01 MW to the inner and outer target, re-
spectively, giving a ratio of 5.7. For the reversed B, case,
the power flows are 1.18 and 2.29 MW, still resulting in
the ratio of 1.9 in favour of the outer target.

In order to assess the relative role of £ x B and VB/
centrifugal drifts in creating target asymmetries, cases
were run with only £ x B drifts switched on in the SOL
(with all the drifts switched off in the core) and E x B
drifts switched off in the SOL (leaving all the drifts
switched on in the core). As was pointed out in Section
1, such an asymmetry between these cases with respect
to the situation in the core is necessary to ensure that
there is no blockage for the current flow across the
separatrix, since in the EDGE2D there is no compen-
sating mechanism for the divergence of radial currents
introduced by such blockage (no anomalous radial
conductivity). As for the core profiles (except for the
radial electric field), they were the same in both cases,
providing similar boundary conditions for the SOL. As
shown in Fig. 4 for n. profiles, both £ x B and VB/
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Fig. 3. ne, T, target electric current and power density profiles
for normal and reversed B, cases. Positive values for jirge
correspond to the current flow into the target.
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Fig. 5. Poloidal profiles of the ion plus electron static pressure, ion non-hydrostatic (viscous) pressure and total pressure, which also
includes ion dynamic pressure, for the third ring outside of the separatrix, marked by the arrow in Fig. 6, for normal (a) and reversed

(b) B, directions.
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Fig. 6. Radial profiles of the Mach number of the parallel ion
flow near the RCP position for different EDGE2D cases. See
legend in Fig. 7.

centrifugal drifts cause changes in target density asym-
metries in a qualitative agreement with experimental
observations. However, VB/centrifugal drifts are more
efficient in varying n. at the inner target. The synergy
effect of the two drifts in creating density asymmetries is
not observed in these cases. In the modelling, it was not
possible to discriminate between the influences of radial
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Fig. 7. Poloidal profiles of the Mach number of the parallel ion
flow along the third ring outside of the separatrix, marked by
the arrow in Fig. 6. Positive SOL parallel ion flow corresponds
to the direction from the outer to the inner target.

and poloidal components of the £ x B drift on the target
profiles due to numerical instabilities in the normal B,
case with only the poloidal E x B drift being switched on
in the SOL. The possible origin of dips on the n. profiles
at the outer target introduced by E x B drifts was found
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Fig. 8. Poloidal E x B velocity and ion poloidal velocity (ex-
cluding ion diamagnetic flow) along the third ring outside of the
separatrix, marked by the arrow in Fig. 6, for the cases with all
drifts switched on and both B, directions.

to be related with the profile of the poloidal electric field
across the target, which will be discussed elsewhere.
The origin of the target asymmetries introduced by
E x B drifts was discussed in theoretical papers [6-11,23].
According to [5,7,8,11,23], it is the radial component of
the E x B drift which is responsible for the observed
asymmetries. The importance of E x B flows in the di-
vertor, especially in the private region where radial
electric field is large near the separatrix, was emphasised
in [12-14] based on the modelling with the UEDGE code,
where it was also found that the VB drift had a weaker
effect on the target asymmetries than £ x B drifts. On the
other hand, the role of VB/centrifugal drifts was recently
highlighted by the EDGE2D results [3], where they were
found to be more important than £ x B drifts. The rea-
son for the disagreement between EDGE2D and
UEDGE results on the relative role of VB/centrifugal
and E x B drifts is unclear. In EDGE2D, VB/centrifugal
drifts (and, to a lesser extent, £ x B drifts) influence
target asymmetries through the net effect of the toroidal/
parallel force exerted on the SOL plasma by pressure
gradients due to the existence of up-down pressure
asymmetries and the toroidal effect of larger area of the

outer part of the magnetic surface. The fluid formulation
of the problem was developed in [18], where the net to-
roidal j; x B force exerted on the SOL plasma in the
toroidal direction of the main plasma current was related
to the net current density due to surface-averaging of
local diamagnetic currents j, = Op/E,B00.

Fig. 5 shows poloidal variation of the static ion plus
electron pressure over the poloidal distance for the third
ring outside of the separatrix (marked by the arrow in
Fig. 6), for the normal (a) and reversed (b) B, cases. The
static pressure is highly up-down asymmetric and is
larger at the side towards which ion VB drift is directed
(at the lower half of the magnetic surface for normal, and
upper half - for reversed B, direction). Also shown in Fig.
5 are the ion non-hydrostatic (viscous) pressure and the
total pressure, which includes ion and electron static, ion
non-hydrostatic and dynamic pressures, which are all
components of the parallel momentum balance equation.
Near the X-point, the total pressure is larger at the en-
trance to the inner divertor than at the entrance to the
outer divertor in the normal B, case. This pressure
asymmetry is reversed for the reversed B, case. In either
case, the total pressure is larger at the side representing
the ion drift side. In order for such pressure asymmetry
between the sides to be sustained, a net parallel/toroidal
force exerted on the SOL plasma in the direction of the
main plasma current must exist. This force, identified as
the net j, x B force exerted on the SOL in the fluid for-
mulation of the problem, and the corresponding pressure
asymmetries at the entrances to the divertor, are believed
to be the main source of target asymmetries [18].

Apart from the steady rise/drop of the total pressure
between entrances to the divertor, it shows some varia-
tion in the main SOL (especially in the reversed B, case)
which can be attributed to the radial transfer of ion
parallel momentum between the rings and sharp drops
near the targets due to the plasma—neutral momentum
exchange.

3. Flows in the SOL

Radial profiles across the separatrix for the Mach
number of the ion parallel flow near the RCP position
(for the corner of the mesh shifted outwards from the
RCP position in Fig. 1) are shown in Fig. 6 for the above
mentioned cases with all drifts switched on, E x B drifts
switched off in the SOL, only E x B drifts in the SOL, as
well as for the no drift case. The Mach numbers are
about M =+0.2 and M = —0.3 for normal and reversed
By cases, respectively, for the cases where all drifts are
switched on. The overall shape of the Mach number
profiles agree well with experimental data [21,22].
However, in contrast with the experiment, where the
absolute value of the Mach number was greater in
normal B; discharges, EDGE2D predicts slightly larger



A.V. Chankin et al. | Journal of Nuclear Materials 290-293 (2001) 518-524 523

M for the reversed B, case, mainly due to larger E, in the
main SOL region, which causes larger return parallel
flow compensating poloidal £ x B drift. A possible ex-
planation of this disagreement is the possibility of a
strongly ballooning nature of the anomalous transport
which could create extra plasma flows from the outside
to the inside, thus adding to the flows in the normal B,
cases and subtracting from the flows in reversed B; cases.
This possibility was checked by creating large in-out
asymmetries in particle diffusion coefficient D, , but the
results did not show any significant changes in the ratio
of peak Mach numbers in the two cases with opposite B,
directions. Cases with strongly ballooning heat fluxes
have so far suffered from numerical instabilities.

Similar to the situation with target asymmetries, VB/
centrifugal drifts cause larger parallel flows (in cases
with E x B drifts switched off in the SOL) than E x B
drifts (when they are the only drifts switched on in the
SOL). This is related to the fact that in JET experiments
and EDGE2D modelled cases the ion diamagnetic flow
(which replaces guiding centre VB drift in the fluid
formulation) is larger than the poloidal £ x B drift. The
former originates from the ion pressure gradient and the
latter from the radial electric field and both contribute to
the velocity of the ion Pfirsch—Schliiter flow [26]:

2 i
Vli’szeT‘;sm 0<enE,f%), (1)

where poloidal angle 6 is counted from the bottom of the
torus, counter-clockwise and the sign is correct for
normal B, plasmas, assuming positive velocity directed
along the field lines from the outer to the inner target.
The ion Pfirsch—Schliiter velocity peaks at the midplane.
It was reported to have been detected by the Mach probe
positioned below the midplane on JT-60U [27]. In the
cases with only VB/centrifugal and only E x B drifts
switched on in the SOL, each of the two contributors to
the right-hand side of Eq. (1) were in turn effectively
switched off. The ion Pfirsch—Schliiter velocity is not the
only source of parallel flows in the SOL, since the return
parallel flow caused by the poloidal £ x B drift (which is
of the order E,/Bj) can also contribute to the overall
parallel flux pattern (see below).

Poloidal profiles of the Mach number for the above
cases are shown in Fig. 7, for the third ring outside of
the separatrix, where the parallel flow peaks, marked by
the arrow in Fig. 6. For the cases with all drifts switched
on one can clearly see that, on top of the poloidally
variable, in—out asymmetric ion velocity, which was
found to be equal to the Pfirsch—Schliiter velocity given
by Eq. (1), there is also a constant shift of the poloidal
velocity distribution, corresponding to the existence of
the SOL toroidal momentum in the direction of the
main plasma current. This results in larger absolute
values of the Mach number at the outer midplane than

at the inner midplane and the shift in the stagnation
point from the top towards the inner side. The toroidal
momentum has to be attributed mainly to the return
parallel flow caused by the poloidal E x B drift, as be-
comes clear from Fig. 8.

The poloidal E x B drift velocity and the ‘total’ po-
loidal velocity, which, however, excludes the ion dia-
magnetic drift, are plotted in Fig. 8, for the same ring as
in Fig. 7. The latter includes the poloidal £ x B flow and
poloidal projection of the ion Pfirsch—Schliiter and re-
turn parallel flows and can be expressed as

VOLOl = —Er/B + B()/B X (I_/II + Vifs)7 (2)

where V11 denotes surface-averaged, poloidally constant
parallel ion velocity. This simplified equation ignores the
possibility of the poloidally dependent anomalous particle
flux and associated closing parallel flux (however, no such
poloidal asymmetry of anomalous fluxes was assumed in
the EDGE2D calculations described in this paper). Since
the ‘total’ poloidal velocity, as can be seen from Fig. 8,
mainly exhibits poloidally variable ion Pfirsch—Schliiter
velocity, one has to conclude that the net poloidal E x B
flow is almost compensated by the poloidal projection of
the surface-averaged parallel flow with velocity:

Vu =~ E, /By, (3)

This velocity, which determines the SOL toroidal mo-
mentum, has the nature of the return parallel flow
caused by the poloidal E x B drift, as was first pointed
out in [6]. The net j, x B force, therefore, mainly creates
target asymmetries rather than accelerates the plasma
along the field lines. This is apparently due to high re-
cycling conditions near the targets, which exclude the
possibility of any significant net poloidal rotation (apart
from the one caused by the ion poloidal diamagnetic
flow, which, however, is almost divergence-free) in the
main SOL. Similar parallel flow pattern, consisting of
the ion Pfirsch—Schliiter and return (closing poloidal
E x B drift) flow, has been obtained in recent modelling
with B2.5 code [28,29].

4. Conclusions

The EDGE2D code with drifts can satisfactorily re-
produce measured target asymmetries in the JET field
reversal experiments. Strong effect of the drifts was ob-
served on both target asymmetries and parallel ion
flows. Individual switches for various drifts introduced
into the code enabled one to get a deeper insight into the
drifts effects on target asymmetries and SOL flows. It
was found that VB and centrifugal drifts cause the
largest target asymmetries and SOL flows. These results
are consistent with the predictions of the fluid model
based on the influence of the ion diamagnetic flow on
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poloidal pressure asymmetries in toroidal geometry,
which generate j, x B forces [18]. Under typical condi-
tions in the JET SOL, ion diamagnetic flow is consid-
erably larger than the poloidal E x B flow. However,
E x B drifts (which both radial and poloidal components
switched on in the SOL) were also found to produce the
right trends in the target asymmetries. The results ob-
tained differ from previous theoretical expectations of
the predominant role of E x B drifts in creating target
asymmetries (see, e.g., [23]).

According to the EDGE2D results, parallel flow
pattern in the main SOL region mainly consists of the
ion Pfirsch—Schliiter flow superimposed on the return
parallel flow (of the order E,/By) caused by the poloidal
E x B drift. This parallel flow is directed from the outer
to the inner target in normal B, plasmas and from the
inner to the outer target in reversed B; plasmas. It is
responsible for most of the SOL toroidal momentum.
The poloidal projection of this parallel return flow was
found to be largely compensated by the poloidal E x B
drift flow. Therefore, EDGE2D does not predict any
significant net transfer of ions from one target to the
other, with only ion Pfirsch—Schliiter flows affecting lo-
cal ion poloidal transport.

EDGE2D can also reproduce qualitatively the main
feature of the parallel Mach number measurements with
the reciprocating probe (RCP) in JET: the reversal of the
flow with the B, reversal. The magnitude of the flow and
the shape of the radial profile of the Mach number at the
RCP position can roughly be reproduced by the code.
Differences remain, however, over the symmetry of the
Mach number profiles with the B, reversal. In the exper-
iment, a shift in the two profiles, implying an extra flow
from the outer to the inner target, is observed, which
makes the Mach number larger in the normal than in re-
versed B, discharges. EDGE2D, on the contrary, predicts
rather symmetric profiles, even with slightly larger flows
in reversed B, cases. The reason for this difference between
experiment and the code results has not been clarified yet.
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