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Abstract

EDGE2D simulations show that high SOL flows can be generated when an additional radial convective transport is

applied in the SOL and pedestal region along with a �ballooning-like� poloidal variation in transport. This model pro-

duces an inward particle flux at the inboard side of the plasma along with an enhanced outward flux at the outer mid-

plane. Parallel Mach numbers can be produced at the top of the machine which are comparable in magnitude to those

observed by the JET Mach probes. For the normal toroidal magnetic field direction, the parallel flow Mach number is

about M = 0.32 in this case. Applying these two additional mechanisms also allows experimental outer to inner target

power and out–in divertor line emission intensity asymmetries to be qualitatively reproduced.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The mechanisms underlying the generation of paral-

lel plasma flow play a significant role in our understand-

ing of transport physics [1]. In particular, plasma flows

are important contributors to plasma recycling and

impurity transport in the scrape-off layer (SOL) [2]

and in–out divertor target power and particle asymme-
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tries [1,3–5]. Understanding these flow drive mechanisms

is therefore central to explaining the observed asymme-

tries in particle and power flux in the divertor and in

impurity pumping and redeposition.

In JET, a high velocity parallel flow (Mach number

M = 0.4–0.6) is observed by a Mach probe located near

the top, low field side (LFS) of the machine when the ion

grad B drift is directed downwards, towards the lower

X-point (normal field direction) [6]. When the direction

of the magnetic field, BT and plasma current, Ip are

reversed, the measured flow across most of the SOL,

falls to a low value, typically �0.1 < M < 0.1. Previ-

ous code simulations [7], with the 2D multi-fluid code
ed.
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EDGE2D/NIMBUS [8,9] have satisfactorily reproduced

the general shape of M(r) and the target asymmetry

measured in JET field reversal experiments. However,

in normal field discharges, the measured parallel Mach

number is a factor 3–5 higher than that predicted by

EDGE2D [6]. This discrepancy is not unique to

EDGE2D simulations with classical drifts since similar

results have been obtained for JET [10,11] when using

both the UEDGE [12] and SOLPS5.0 [13,14] codes.

So, whilst qualitatively consistent with experiment in

general form and dependence on the sign of the mag-

netic field, the absolute value of the flow measured at

this specific poloidal location in JET, appears to present

a problem for all code packages that have been tried.

Fast parallel SOL flows towards the inner divertor at

the high-field-side (HFS) SOL have been measured in

both C-Mod [15] and JT-60U [16]. When applied to

the latter results, the UEDGE code with drift terms

switched on reproduces qualitatively the poloidal distri-

bution of parallel flow but not the magnitude [17].

This quantitative disagreement in measured and sim-

ulated parallel Mach numbers suggests further that

mechanisms other than classical drifts might be driving

the SOL flow (or of course that the drift terms are incor-

rectly included in the codes!). Several attempts have been

made to explain the high JET flows including the adhoc

addition of external momentum sources in the SOL [18]

and carbon impurities generated at the probe by plas-

ma–surface interaction [6]. In this paper we consider

two additional mechanisms. First, a major finding of

the experimental measurements is that the radial flow

profile, M(r), is not symmetric around the zero axis

when the field is reversed, but instead around an offset

value of M � 0.2. It has been suggested that this might

be caused by an additional, field independent mecha-

nism, such as �ballooning� type radial transport which

generates a larger efflux of particles from the core into

the SOL at the outer mid-plane. In JET, the experimen-

tally measured total turbulent particle flux, C?, is about

1–2 · 1020 m�2 s�1 at the separatrix at LFS [19]. Accord-

ing to results obtained from other tokamaks [20–23] we

assume the turbulent flux at the high field side (HFS) to

be about two times lower than at the LFS. In the present

modelling we describe the total turbulent flux by an

effective diffusion coefficient, D?, with an inverse depen-

dence on BT.

It is obvious that the turbulent flux must be field

independent and therefore cannot be responsible for

the parallel flow asymmetry seen when inverting the

direction of BT. We suppose that a second transport pro-

cess, an additional radial, quasi-stationary convection,

provides mechanism by which the total particle flux

maybe increased or decreased depending on the direc-

tion of BT. To modify the total particle flux this convec-

tive component should be of the same order as the

turbulent contribution. Assuming a convective flux mag-
nitude of 1020 m�2 s�1, a radial velocity up to 10 ms�1 is

possible if the plasma density is 1019 m�3. In the model-

ling, we specify the quasi-stationary convection as an in-

put parameter – the pinch velocity Vpinch. For the case of

normal BT direction, an outward convective flux at the

LFS and an inward flux at the HFS are imposed. This

is assumed to result in an increase of the in–out SOL

pressure asymmetry and a corresponding parallel flow

from the outboard to inboard side. In reversed field,

the adhoc convective flux direction is reversed giving

an inward flux at the LFS and an outward (i.e. directed

to the HFS) flux at the HFS leading to a decrease in the

in–out pressure asymmetry.

We do not pretend here to be able to propose the ori-

gin of the underlying mechanism that drives the convec-

tive plasma motion. One such mechanism leading to the

convective flux in the SOL can be a radial drift in the

poloidal electric field Eh [5,24,25]. However, the 2D fluid

code calculates a value of Eh that would be too low by a

factor of �10 to generate the proposed radial flux veloc-

ity of 10 m/s.

Despite the ad-hoc nature of this approach, the fol-

lowing section will show that the inclusion of an addi-

tional convective transport mechanism allows us to

reproduce a number of the experimentally observed

trends that cannot be matched by the code when classi-

cal drift terms alone are included.
2. Results of modelling

To study the influence of the additional transport on

the SOL and divertor parameters a regime with fixed

separatrix density 0.8 · 1019 m�3 has been chosen. This

is a relatively low density in which drift flows might be

expected to be relatively high. Power entering the SOL

is varied in the range 1–4.5 MW with deuterium the

main plasma species. Ion and electron heat conductivi-

ties, vi, ve, and D? are all fixed to a value of 0.5 m2 s�1

at the outer midplane separatrix. Due to the assumed in-

verse dependence of the transport coefficients on BT, D?
is lower by about a factor 1.8 at the inner midplane. An

additional flux expansion dependence of the transport

(due to the Shafranov shift) has not been taken into ac-

count (this would lead to a LFS/HFS midplane D? ratio

of �1.4). Throughout the SOL and into the pedestal re-

gion (about 2 cm inside the separatrix) Vpinch = 10 ms�1

is imposed. Carbon impurity was included in all calcula-

tions to which the same assumptions regarding transport

coefficients and Vpinch are applied. At the inner an outer

boundaries of the simulation grid, a boundary condition

of Vjj = 0 are imposed. With the exception of some cases

to be discussed later, all drifts were switched off in the

simulations.

Fig. 1 presents radial profiles of C? for both field

directions at the outer and inner midplanes. The value
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Fig. 1. Radial profiles of the total perpendicular particle flux at

outer (OMP) and inner midplanes (IMP) for normal (—–) and

reversed (- - - ) BT cases. PSOL = 2.5 MW. -0.02 0.00 0.02 0.04 0.06
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Fig. 3. Radial profiles of the parallel Mach number at the JET

Mach probe location for different cases. 1, 2: with radial

convection for normal and reversed BT directions; 3: without

radial convection and poloidally constant D?; 4: without pinch

and with poloidal dependence of D?; 5, 6: cases with all

classical drifts switched on and poloidally constant D? for

normal and reversed BT directions. PSOL = 2.5 MW.
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of the outboard particle flux C? is about

2 · 1020 m�2 s�1 in the normal field case. This value is

halved when the outboard radial convection is reversed

(reversed field case). At the HFS, convective transport

is comparable to the turbulent component, leading to

a very low total particle flux in the normal field case

since the radial convection is inward. In reversed field

the additional outward convection leads to an increase

of the total particle flux at the HFS so that it becomes

comparable with the outboard total flux. Such a particle

flux would be expected to result in modification of the

plasma pressure. It should be noted that the radial pro-

files of the density are slightly different for normal and

reverse field cases.

Poloidal profiles of the total (ion and electron) static

pressure calculated at a radius rsep + 1.5 cm (with rsep is

the separatrix radius) are shown in Fig. 2. A large paral-

lel gradient directed from the inboard to outboard sides

is clearly apparent in the normal field case and would be

expected to generate particle flow to the HFS. In re-

versed field, the HFS directed convective flux decreases

the outboard plasma pressure and the parallel pressure

gradient disappears.

Fig. 3 compiles a number of simulated Mach number

profiles at the poloidal position corresponding to the

Mach probe location. In the convention adopted here,

positive M corresponds to a flow directed towards the

inner divertor. The parallel flows clearly differ strongly

for the two different magnetic field directions (curves 1
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Fig. 2. Poloidal profiles of the total static pressure for both

field directions (RCP – Mach probe location). PSOL = 2.5 MW.
and 2). For reversed field (curve 2) the Mach number

M � 0 everywhere in the SOL. In contrast, M increases

with radius in the normal field case (curve 1) reaching a

value of M � 0.32 at a distance of rsep = 3–4 cm. This is

not far from the experimentally measured values.

For comparison, Fig. 3 also includes simulated M

profiles computed in the absence of the additional radial

convection. Curves 3 and 4 were respectively obtained

without and with the assumption of poloidally depen-

dent transport coefficients. When the radial transport

is assumed independent of the magnitude of BT,

M < 0.1. The ballooning-like transport leads to an in-

crease of the in–out plasma pressure asymmetry and

the parallel flow toward the inner divertor rises. How-

ever, this effect on its own does not seem to lead to par-

allel Mach numbers greater than 0.17, which remain low

in comparison with experimental measurements. They

are nevertheless still in excess of what is predicted when

only classical drifts (DB, E · B and centrifugal on both

D and C ions) are applied (curves 5 and 6 in Fig. 3).

In these latter cases, transport coefficients were main-

tained constant in the poloidal direction and drifts were

switched on only in the SOL. (though similar results

have been obtained in [6] with both core and SOL drifts

switched on). The difference between the normal and re-

versed field cases is insignificant for the conditions and

input parameters chosen for the simulation. However,

as also found in [6], the difference in M(r) at the probe

location between the two field directions is dependent

on the separatrix plasma density and increases with den-

sity for both normal and reversed BT. It should also be

emphasized that the calculated poloidal electric field is

very low, about 0.02 V/cm, and is thus several times low-

er than that which would be required to generate a radial

convective flux with a velocity Vpinch = 10 ms�1.
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As mentioned above, the arithmetic mean between

the normal and reversed field measurements of M is

about 0.2 across the SOL. The calculated value of M

is very close to the experimental value in the �far� SOL

in case of poloidal variation of the transport coefficients

(Fig. 3, curve 4). However, in all cases the parallel Mach

number decreases in the vicinity of the separatrix and

does not therefore match the experiment.

We now consider the influence of radial convection

on asymmetry of the divertor plasma parameters using

the examples of simulated cases 1 and 2 in Fig. 3. From

experiment we know that strong out–in target power

and particle asymmetries exist in JET [26]. Fig. 4 pre-

sents the simulated and experimental dependencies of

the target power asymmetry, Aout/in, on PSOL, the power

entering the SOL. In the experiment, PSOL is computed

as the total heating power minus radiated power in the

plasma core. The experimental values of Aout/in are de-

rived from divertor thermocouple measurements of the

inner and outer vertical tile temperatures in L-mode dis-

charges (strike points are positioned on these tiles). For

comparison, the simulated values are computed as the

ratio of outer to inner total power loads integrated over

the target plates. For PSOL < 3 MW, the experimental

ratios are linearly dependent on PSOL, saturating some-

what at higher values of input power into the SOL. For

normal field, the simulated asymmetry increases linearly

with power PSOL and therefore slightly exceeds the

experimental values at the highest PSOL. In reversed

field, simulation is entirely consistent the experiment.

Comparison of the results of simulations with exper-

imental values for the out–in divertor asymmetry of the

Da and CIII line emission intensities has also been per-

formed and the results summarized in Fig. 5. Experi-

mental Da and CIII emission asymmetries depend only

slightly on PSOL in reversed magnetic field. In normal

field, the Da out–in asymmetry decreases and the CIII
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Fig. 4. Experimental and simulated target power asymmetries

versus power entering to the SOL. j – EDGE2D, normal field;

m – EDGE2D, reversed field;h – experiment, normal field;n –

experiment, reversed field.
asymmetry increases with input power, especially for

PSOL > 2 MW. Both the experimental and simulated

emission intensities are integral values, including, for

each divertor the total volume covered by the spectro-

scopic lines of sight. Fig. 5 demonstrates that the calcu-

lated results are in qualitative agreement with the

experimental data. We note that in all simulations of

divertor asymmetry all input parameters other than the

power entering the SOL have been held constant.
3. Conclusions

Simulations with the EDGE2D/NIMBUS code show

that an additional field independent mechanism such as

�ballooning� generating a larger efflux of particles from

the core into the SOL at the outer midplane can lead

to an increase of the in–out plasma pressure and as a

consequence to an increased parallel flow towards the

inner divertor. This effect on its own, however, cannot

produce parallel Mach numbers in excess of �0.17 in

our simulations and is still considerably lower the than

experimentally measured values.

By including an additional radial convection along

with a �ballooning-like� poloidal variation in transport,

stronger SOL flows can be generated. Parallel Mach

numbers can be produced at the top, low field side of

the machine which are comparable with the magnitude

of those observed by the JET Mach probes. The maxi-

mum simulated normal field parallel Mach number is

about M = 0.32 without switching on classical drift

terms.

Applying these two additional mechanisms also al-

lows the experimental trends with power entering the

SOL of the outer to inner target power asymmetry and



G.S. Kirnev et al. / Journal of Nuclear Materials 337–339 (2005) 271–275 275
out–in divertor Da and CIII emission intensity asymme-

tries to be reproduced without varying the assumptions.

We are not aware of a physical basis for the radial

convective plasma transport proposed here. Neverthe-

less, the inclusion of such a mechanism into the code al-

lows us to reproduce some of the experimentally

observed trends without recourse to a case by case

adjustment of the assumptions. For as long as anoma-

lous cross-field transport is poorly understood and codes

including classical drifts effects fail to quantitatively

match experimental data, the possibility that convection

effects contribute to SOL flow should remain open.
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