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Abstract

Simulations have been performed to investigate the impact of gas puffing position on plasma toroidal rotation. It
was demonstrated that inboard puffing generates counter-current rotation in agreement with experimental observa-
tions. On the basis of the simulations a physical model was put forward, which is based on momentum transport by
vertical VB drifts and anomalous radial transport. Toroidal rotation is generated mainly due to radial transport of
the inboard/outboard particle fluxes by VB drifts. Its value depends on the location, radial and poloidal dimensions
of the ionization source on the closed field lines, increases linearly with the ion temperature and plasma density and

is inversely proportional to the plasma current.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In recent experiments on MAST [1] it was observed
that toroidal rotation inside the separatrix depends on
the position of the gas puff. For the inboard puff the
rotation at the low field side (LFS) was counter-current
directed while for outboard puff the direction of toroidal
velocity was co-current. Moreover, the inboard gas puff
reduced the L-H transition threshold. Co-current toroi-
dal rotation at the outer midplane for ion VB drift direc-
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ted towards the X-point has been observed in the SOL
on several tokamaks [2-4]. The simulations with
B2SOLPS5.0 [5], UEDGE [6] and EDGE2D [7] repro-
duced rotation in the same direction.

In the present paper a comparative simulation of two
similar MAST L-mode shots has been performed with
the code B2SOLPSS5.0, for two position of gas puff.
The observed change of toroidal rotation has the same
tendency as in the experiment. The inboard gas puff cre-
ates a high field side (HFS) source of ionization on the
closed flux surfaces. As a result the inboard—outboard
parallel fluxes arise. The transport of these fluxes by
the vertical ion VB drifts produces a torque in the coun-
ter-current direction. This torque results in the change of
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average toroidal rotation, which is damped by anoma-
lous viscosity.

2. Simulation results

Two L-mode Disconnected Double Null MAST dis-
charges nos. 6467 and 6468 with similar geometry (active
lower divertor) were chosen. The following modelling
parameters were taken: anomalous diffusion coefficient
D =1.5m?/s, electron and ion heat conductivity ./
ne = 2.5m>ls, wi/n.=3.75m?/s. The plasma density at
the inner boundary of calculational domain (6 cm inside
the separatrix at the outer midplane) was #g|core = 1.75 X
10°m™3, the electron and ion temperatures are
Telcore = 120eV, Tjlcore = 120€V. Initially gas puff of
I'=63x10*'s™! was imposed at the outer midplane
for shot no. 6467 and I' = 2.1 x 10*'s™! at the inner mid-
plane for the shot no. 6468. The simulation with inboard
gas puff I'=6.3x10*'s™" was also performed. In spite
of the fact that in the experiment the HFS gas puff
was three times smaller, this simulation case could be
rather representative, see discussion below. The experi-
mentally observed electron temperature and density
radial profiles at the outer and inner midplanes as well
as the saturation current and electron temperature dis-
tributions at the divertor plates are reproduced in the
simulations with reasonable accuracy. The calculated
and measured toroidal velocities in the core, Fig. 1,
are of the same order and change similarly while switch-
ing from the outer to the inner midplane gas puffing (the
increase of calculated core velocity is 2.7km/s for large
inboard gas puffing and 0.9km/s for small puffing). In
the SOL, where the accuracy of measurements is worse,
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Fig. 1. Toroidal velocity at the outer midplane for shots no.
6467 (outboard puff) and no. 6468 (inboard puff). Simulation
result with large HFS puff is also shown.

the calculated toroidal velocity is larger than in the
experiment. The poloidal profiles of the parallel velocity
in the core are shown in Fig. 2(a)-(c). For the LFS gas
puff, Fig. 2(c), the parallel velocity is of the Pfirsch—
Schlueter (PS) type while for the HFS, high gas puffing
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Fig. 2. Poloidal profile of parallel velocity in the core (15mm
from the inner separatrix at the outer midplane). (a) shot no.
6468, small inboard puff, (b) shot no. 6468, large inboard puff,
and (c) shot no. 6467, outboard puff.
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case, Fig. 2(b), the pattern is completely different from
that of the PS type. The pronounced fluxes from the in-
board to the outboard midplane are clearly seen. Since
the additional parallel fluxes are proportional to the ion-
ization source, for low gas puffing, Fig. 2(a), these fluxes
are less pronounced.

The mechanism responsible for the toroidal torque is
illustrated schematically in Fig. 3. In the upper part of
the torus the vertical VB drift transports positive (coun-
ter-current) momentum inwards creating positive tor-
que. In the lower part the negative parallel momentum
is transported downwards again producing positive tor-
que. This torque is balanced mainly by the radial trans-
port of toroidal momentum due to anomalous viscosity
and diffusion, Fig. 4(a) and (b). For inboard gas puffing,
Fig. 4(a), the radial flux of toroidal momentum associ-
ated with VB drift and the flux caused by the anomalous
viscosity and diffusion, which compensates it, are the
largest contributions to the momentum balance. For
outboard gas puffing, Fig. 4(b), these fluxes are smaller.
One can see that the mechanism proposed in [8] does not
play a significant role since anomalous transport of
toroidal momentum dominates over neutral viscosity
(curves 1 and 3). Note that this remains true for the wide
range of possible anomalous transport coefficients. The
effect considered is also significantly larger than the
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Fig. 3. Schematic of the particle fluxes in the discharge with
inboard puff.
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Fig. 4. Components of the average flux of parallel momentum
through the flux surface. (1) flux associated with anomalous
viscosity and diffusion; (2) flux associated with VB. drift; (3)
radial flux of toroidal momentum for neutrals; and (4) change
of the radial flux of toroidal momentum due to neoclassical
torque calculated according to [9]. (a) shot no. 6468 large
inboard puff, and (b) shot no. 6467, outboard puff.

change of the mometum flux due to existence of the neo-
classical torque [9].

In the real experiment the inboard puff was about
three times smaller than that for outboard case and
was strongly toroidally localized. The effect on toroidal
rotation in the corresponding simulation is modest.
For larger HFS gas puff the change of rotation is more
pronounced. It is in the same direction and all other ef-
fects are also similar. In the simulations with large HFS
gas puff, in addition to the ionization source on the
closed flux surfaces created by direct penetration of neu-
trals an effective source was also produced by an inward
diffusive ion flux caused by the inversion of the ion
density profile near the gas injector. For smaller HFS
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Fig. 5. Radial electric field at the outer midplane for shots no.
6467 (outboard puff) and no. 6468 (large inboard puff).

injection no inversion of the density profile is observed
and the whole effect is weaker.

In the simulation a toroidally uniform inboard injec-
tion has been imposed, while in the real experiment the
injection took place at a specific toroidal position. It is
possible that in the real experiment the inversion of
the density profile exists in the vicinity of the injector,
which might amplify the whole effect. It is also possible
that for the toroidally non-uniform injection neutral
penetration is deeper, which also results in a larger
change of the toroidal rotation in the core. In the future
experiments on MAST toroidally uniform gas puff is
planned so the effect will be tested.

The radial electric field for the two shots is shown in
Fig. 5 for the case of equal LFS/HFS gas puff. In the
case of HFS puff the radial electric field in the core is
more negative in accordance with its neoclassical charac-
ter and the change in toroidal rotation velocity. How-
ever, in the core the shear of electric field is even
smaller for HFS gas puff. In general it is difficult to judge
on the shear of electric field, which is the key issue for
the L-H transition.

3. Analytical estimates

Consider the radial flux of toroidal momentum. The
condition of zero average current through the flux sur-
face can be expressed from toroidal momentum balance
[10] (({(F))=$Fhh. dx/$h.h. dx, x and y are coordinates
along and across the flux surfaces accordingly, z is the
toroidal direction, b = B/B):

o ((0ror ) = ()
(n
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ion-neutral friction force. The calculations demonstrate
that the r.h.s. of Eq. (1) may be neglected. Without puff

where h, =

the average toroidal velocity is determined by the bal-
ance between the momentum flux connected with anom-
alous viscosity (second term on the lh.s.) and the
momentum flux corresponding to the diffusive flux of
particles (first term on the Lh.s.). With the gas puff an
additional convective toroidal momentum torque arises,
Fig. 3.

The parallel velocity associated with the location of
the particle source can be found using the model particle
continuity equation

1 0
\/— ox
Here I is the particle source while 7 represents the dif-

fusive escape of particles. The parallel velocity created
by the source together with the average parallel velocity
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where the subscript ‘in” denotes the values at the inner
midplane.

Accounting for diffusion and VB drift as the most
important contributions to Eq. (1) we have

<<h m; "(V(Gha + V,(Vdm)Vu>> = <<hzf1 ZI;L>>> (4)

(d -2 . . .
where V ) _ 7%213&; is the VB drift velocity and

V;d‘ff) is the radial diffusive velocity.
From Egs. (3) and (4), the three components of
momentum flux may be estimated as
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where A and ¢ are radial and poloidal scales of the
source. Egs. (4) and (5) yield:
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where 1 = anm;D. This estimate is reasonable when the
source I(x,y) which represents the gas puff, is localized.
The expression in parenthesis in Eq. (6) is of the order
of unity, if the source localized at the inner midplane
and anomalous diffusion are the only factors determin-
ing plasma density.

The effect is very strong for the MAST parameters.
The upper estimate is:
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In reality the major part of particle source is con-
nected with recycling and is mainly situated at the outer
part of torus. As a result the expression in parenthesis in
Eq. (6) is less than unity and is proportional to the gas
puff at the inner midplane. Therefore the distribution
of parallel velocity is more gradual and the whole effect
is an order of magnitude smaller. However, the paramet-
ric dependence, i.e. linear dependence on the ion temper-
ature and inverse dependence on the plasma current are
important predictions of the model.

4. Conclusions

It is demonstrated that counter-current toroidal tor-
que can be generated by inboard gas puff by creating
inboard/outboard parallel fluxes associated with the ion-
ization source on the closed field lines. These fluxes are
transported by the vertical VB ion drift providing coun-
ter-current acceleration. The model is qualitatively con-
sistent with simulation results and might explain some
MAST experiments.
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