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The experimental investigation on the drives of the poloidal flow in KT-5D tokamak are presented. It is found that the
poloidal flow is the main contributor to the radial electric field, and the Reynolds stress can drive significant poloidal flows
in ohmic discharges. The investigation on the relationship between the radial gradient of Reynolds stress and the poloidal
flow in biasing discharges indicates that not only Reynolds stress but also the Lorentz’s force can drive the poloidal flow.
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1. Introduction

Sheared poloidal flow is believed to be one of the most
effective measures in suppressing turbulence and the corre-
sponding anomalous transport in magnetically confined fusion
plasmas. With a sufficiently strong gradient in the direction
which is perpendicular to the propagating direction of the flow,
the shear flow will distort the turbulent eddies and finally tear
them apart into smaller ones. As a result, the radial correlation
length of the turbulence should be reduced. This will lead to
an enhancement of the energy dissipation of the turbulence, if
the intensity of the turbulence does not change. The gradients
of the density and the temperature, which are the free energy
source of the drift-wave turbulence, will not be changed by
the shear flow. As a result, the balance of the drift-wave turbu-
lence will be broken once the shear flow is excited. The new
balance will shape in smaller turbulence intensity. The reduc-
tions of the turbulence intensity and the characteristic length
of the eddies will reduce the diffusion coefficient. From this
point of view, the poloidal flows will restrain the anomalous
transport.

Many related investigations have been carried out be-
cause of the importance of the sheared poloidal flow in plasma
confinement.!'#! The ion orbit loss caused by the interac-
tion with the limiter was used to explain the generation of
sheared poloidal flows.>~7] The Reynolds stress of turbulence
may drive significant poloidal flows in the plasma boundary

8-101 poloidal flow, together with the Reynolds stress,

region. !
may play important roles in the L-H mode transition. Ex-
periments in the axially symmetric diverter experiment (AS-

DEX) tokamak showed the increase of the poloidal flow and
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the pressure gradient in the L-H transition.!'!! The poloidal
flow is the main contributor to the radial electric field F, at the
beginning of the H-mode,[!?! and it is also the main contrib-
utor to E, in the transport barrier.!'3! Experiments in DIII-D
tokamak demonstrated that the threshold power of L-H transi-
tion decreases as the edge toroidal rotation decreases, and at a
low edge toroidal rotation level, large changes in the shear of
the poloidal velocity of the edge turbulent eddies have been
observed prior to the L-H transition which may be strong
enough to induce the transition.!'"* Biasing provides an ef-
fective way to conveniently control E, and shear. The bi-
asing H-mode experiments have a long history starting from
the experiment in tokamak for technology oriented research
(TEXTOR), followed by a well organized quantification of
the role of Reynolds stress on the transition.[!>!6] In the bias-
ing experiments, radial current drives poloidal flow, and then
this poloidal flow drives E,,!'7] resulting in the reduction of
fluctuations not only in tokamak plasmal'®! but also in re-
versed field pinch!'®! and linear plasmas.”?”) The probe data
in tokamaks have revealed that the Reynolds stress compo-
nent shows a radial gradient close to the velocity shear layer
location, implying that Reynolds stress may drive significant
poloidal flows in the plasma boundary region.!?!l A detailed
overview of biasing experiments to understand the mechanism
of poloidal flow drives and fluctuation reduction in TEXTOR,
Czech Academy of Sciences torus (CASTOR), T10, and In-
stituto Superior Técnico tokamak (ISTTOK) and in reversed-
field experiment (RFX) reversed field pinch can be found in
Ref. [22].

In experiments, there are few studies on the Reynolds
stress parameter scaling and correlation with poloidal flows.
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This partly comes from the difficulty of diagnosing the
Reynolds stress and some other main parameters in the high-
temperature large tokamaks. More research is needed to quan-
tify its relative importance as compared with other mecha-
nisms. In this article, studies on the drives of the poloidal flow
in biasing experiments are presented. The rest of this article is
arranged as follows. In Section 2, a brief introduction of KT-
5D device is presented, together with the setting of the biased
dual-electrode. The main experimental results and discussion
are put in Section 3, and Section 4 is a brief conclusion.

2. Experiment setup

The experiments are conducted in the double functional
device KT-5D.1?>?4 In the pulse mode discharge, KT-5D is
an ohmically heated small tokamak with a major radius of
R = 32.5 cm, a minor radius of a = 12.5 cm, and a limiter
radius of 9 cm. The coils can provide a toroidal field of up to
7000 Gauss with a maximal flattop time period of 8 ms. The
plasma current is 16 KA. The electron temperature is about
100 eV and the plasma density is of the order of 10" m~3.
These discharging parameters are much lower compared with
large tokamaks, while they make KT-5D a convenient device
for some fundamental physical studies, for example, the bi-
asing experiments performed in this article. There are two
main advantages for this pure simple ohmic discharge. One is
the stable working condition of KT-5D which is mainly deter-
mined by the stable capacitor banks, without any complicated
components such as wave heating and neutral beam injection.
This characteristic results in a high repeatability of KT-5D dis-
charging. Keeping the same discharging parameters, such as
the magnetic field and working gas pressure, we can accumu-
late data from many shots. The other advantage is that the flat-
top time is so short that Langmuir probes can work in plasma
without being burned.

Biased dual-electrode is used in experiments to change
the radial electric field and to improve the confinement. Two
electrodes, which are made of stainless steel discs with a diam-
eter of 2 cm and a thickness of 0.4 cm, are located at the radial
locations of r = 3 cm and r = 7 cm in the same poloidal cross
section, as shown in Fig. 1. The biasing voltages are supplied
from two charged capacitor banks (22 mF), controlled by the
thyristor switches.

Two biasing voltage combinations are set to these two
electrodes in the experiments. One is called shot I_N, which
means that a negative voltage of about —200 V is loaded on the
inner electrode and no biasing voltage is loaded on the outer
one. Similarly, the other is called shot . N_O_P, which is the
acronym for inner electrode, negative 200 V, outer electrode,
and positive 200 V. Experiments without biasing are marked
as NB (i.e., no biasing) in this article.

25261 arrays work as the main diagnosing

Langmuir probe!
tool in these experiments. A tungsten filament with a diameter
of 0.5 mm is chosen as the probe tip. It can move radially from
r=>5cm to 10 cm in the low field side. The measurement in
a radial location of r <5 cm is not compelling for the reason
that the probe tips are sometimes overheated because of the
high core plasma parameters. In the experiments presented in
this article, the probe tips stay in a fixed radial location with-
out moving in each shot. The signals in another location are
diagnosed in another shot. The tip location is adjusted artifi-
cially between shots. This manner is very different to that in
large tokamaks in which edge probes are pneumatically mov-
able and scan plasma in a designed radial range. The correct-
ness is based on the high repeatability of KT-5D discharging
as has been mentioned above. The moving step length be-
tween adjacent diagnosing locations is 2.5 mm. The temporal
resolution of the probes is 1 ps.

inner electrode

probe

outer electrode

Fig. 1. Setting of the two biasing electrodes.

3. Results and discussion

Figures 2(a)-2(f) respectively show the time revolutions
of the positive biasing voltage of outer electrode V5, the cur-
rent I, led by the outer electrode, the negative biasing volt-
age of inner electrode Vi, the current /; led by the inner elec-
trode, the floating potential of plasma V¢, and the radial electric
field E, diagnosed by Langmuir probes at a radial location of
r="7.5 cm in shot .N_O_P. The poloidal flow is determined
by E,x B flow, which has the same time revolution as E, be-
cause of the constant B < 1/(32.5 cm+r) at a fixed location r.
Biasing voltage is loaded at the time point of about 1.17 ms.

The components of the radial electric field E, are widely
studied. The radial force equilibrium equation is used to ana-
lyze E,1527]

1

E, =
I’liZie

VPif’u,gqu) +M¢B97 (1)

where Z;, e, ni, and P, are the charge number of ion, the elec-
tron charge, the density of ions, and the pressure of ions, re-
spectively. The subscripts of 8 and ¢ denote the poloidal and
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toroidal components. The experimentally measured profiles
of E, as a function of radius r are shown in Fig. 3. Although
there is a pronounced E, well around the radial position of
r ~ 8.5 cm, biasing or no biasing, biasing does change the
profile and deepen the well of E,.
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Fig. 2. Time revolutions of main discharging and plasma parameters
in shot I_ZN_O_P at a radial location of r = 7.5 cm: (a) the positive bi-
asing voltage of outer electrode V5, (b) the current I, led by the outer
electrode, (c) the negative biasing voltage of inner electrode Vi, (d) the
current /; led by the inner electrode, (e) the floating potential of plasma
Vi, and (f) the radial electric field E,.

—10 L L L ) )

5 6 7 8 9
r/cm

Fig. 3. The profiles of the radial electric field as a function of radius r.

In the KT-5D tokamak discharges, the toroidal flow term
and the pressure gradient term are almost equal and opposite in
this case, which has a similar discharging configuration as that
in Ref. [28]. These two terms to a large degree are canceled
out in the experiments. It is therefore not difficult to draw the
conclusion that the poloidal flow term is predominant for E,.

The measured profiles of the poloidal flow are shown in
Fig. 4 as a function of radius r. Every profile peaks at the ra-
dial position of r ~ 8.5 cm, and as expected, biasing increases

the peak. The wells in Fig. 3 and peaks in Fig. 4 are located at
the same radial position (r ~ 8.5 cm) and biasing takes effect
simultaneously on E, and poloidal flow, showing the fact that
poloidal flow dominates E,, which has already been drawn in
the preceding paragraph.

r/cm

Fig. 4. The distribution of the poloidal flow as a function of radius r.

It should be noted that in Figs. 3 or 4, the plasma be-
havior in [_.N_O_P shot shows similarity with that in I_N shot.
More experimental evidence can be found in Fig. 2. In these
figures, one can clearly see that the voltage V, and current I,
of the outer electrode change quickly when the biasing volt-
age is applied, while V| and I; of the inner electrode change
much more slowly. The floating potential V; and the radial
electric field E, (/poloidal E, x B flow) follow similar evo-
lutions as V| and I;, which indicates the dominate role of the
inner negative electrode. Similar conclusion can also be drawn
in some of the following figures. The difference between these
two shot modes and the underlying mechanism are out of the
scope of this article and are detailed elsewhere.>”! Therefore,
in this article, these two kinds of biasing modes can almost be
considered as the same one.

In the case with no biasing, which means no zero-order
component of radial current, the poloidal momentum balance

equation is given by 3"
(9 Ugi (9 - .
% = — 5, (Witio;) — Mo (uoi), 2

where ,i,Ug; stand for the radial and poloidal velocity fluc-
tuation of plasmas, the correlation coupling of these velocity
fluctuations (,i@g;) stands for the Reynolds stress tensor, ( )
stands for flux surface average, and y; stands for neoclassical
viscous coefficient. In the poloidal direction, neoclassical vis-
cous is balanced against the radial gradient of Reynolds stress.
i1, Ug;j can be calculated from the fluctuations of poloidal and
radial electric fields
By 1 09 E, 109
B, Broe B, Byor
The radial distributions of Reynolds stress Ry in KT-5D
discharges with and without biasing are shown in Fig. 5. From

(T g =

3
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this figure, one can clearly see the peak shift of Reynolds stress
caused by biasing. In the discharge with no biasing, the po-
sitions where the Reynolds stress gradient is the biggest are
just the velocity shear layer of the poloidal flow. This means
that the Reynolds stress may drive significant poloidal flows.
From the viewpoint of momentum balance, we can draw the
conclusion that the momentum transfers from the turbulence
into poloidal shear flow via Reynolds stress.

15 . T T

r/cm

Fig. 5. The radial distributions of Reynolds stress in the discharges with
and without biasing.

Here, we use Stix neoclassical viscous term instead of
Mo (uei)

% 1 v 2
Ko (upi) = <\F“6XP(—U§m)+ 1 >

2 R

X ((ugi) =V, ), @)
—E,/BoVin, s = mT, >'* /2 x 1012 is the col-
lision frequency of ions, Vi, = (2T; /mi)l/ 2 is the hot veloc-

where Upm =

ity of ions, g = rBso/RBg(r) is the safety factor, and V;\Ie" =
(—=0.5/eByo)(dT;/dr) is the neoclassical velocity. The com-
parison between the neoclassical viscous term g (ug;) and the
radial gradient of Reynolds stress —d(@,tig;)/dr is drawn in
Fig. 6. In general, the profiles of these two terms show similar
trends and are in accord with each other at most of radial loca-
tions. It is now clear that in the ohmic discharge, the Reynolds
stress of turbulence is the main drive of poloidal flows, and
that it is also an important cause of the radial electric field.

In the discharges with biasing, the Reynolds stress and
its radial gradient decrease (see Fig. 5), but at the same
time, the poloidal flow increases (see Fig. 4) compared with
those in the discharges with no biasing. This means that the
Reynolds stress is not the only drive of poloidal flow in this
case. Lorentz’s force caused by the radial currents is another
drive. The theory of L-H transition by biasing believes the
balance between the neoclassical viscous term g {ug;) and
the poloidal Lorentz’s force J x B which is caused by the ra-
dial currents

JrXB:V'HEnimiIJ.QUQi. (5)

Here, J, includes two parts, namely, the radial electric current
introduced by the biased electrode and the equivalent radial
electric current caused by the Reynolds stress of fluctuation
of the poloidal flow. IT is the Maxwell stress tensor. Vis-
cous coefficient Ug remains nearly constant in the case of low
flow velocity. It reaches a maximum value when the normal-
ized ion—ion collision ratio V,; reaches its bifurcation thresh-
old value of 1.5, and decreases rapidly once v,; exceeds this
threshold.!! The sharp falling of pg will bring a bigger flow
velocity and the decrease of the electric current. For KT-5D
plasma investigated in this article, a roughly estimated v, is
0.092, which is far from this threshold value of 1.5. So we
approximately consider Uy as a slowly changing value in dif-
ferent flow velocities. J, x B force provides an additional
poloidal flow as shown in Eq. (5). Comparing with NB exper-
iment, in biasing experiments, the poloidal flow (peaking at
r = 8.5 cm, Fig. 4) almost doubles (from about 5 km/s to about
13 km/s), while the Reynolds stress gradient is negatively re-
duced by half (from about —14 to about 7, Fig. 5). This in-
dicates that the Reynolds stress only accounts for a small part
of the contribution to the poloidal flow in biasing experiments,
while Lorentz’s force caused by the radial currents dominates.

10F —— HoUg
C\l:lJ —— —ARy/Ar
g
=
— 5F
3
2
= e N/AaN
<L] oF yé/-—./\'
3
~
ki
75 i 1 1 1 1
6 7 8 9 10

r/cm

Fig. 6. The comparison between the neoclassical viscous term and
the radial gradient of Reynolds stress. It should be noted that the y-
coordinate is negative radial gradient of Reynolds stress.

4. Conclusion

Dual-electrode biasing experiments are performed in KT-
5D tokamak to investigate the drives of the poloidal flow. The
poloidal flow is experimentally confirmed to be the main con-
tributor to E,. In the discharges with no biasing, the positions
where the Reynolds stress gradient is the biggest are just the
velocity shear layer of the poloidal flow. This implies that the
Reynolds stress may drive significant poloidal flows. In the
biasing electrode experiments, both the Reynolds stress and
the radial gradient of it decrease, while the poloidal flow in-
creases. This means that not only the Reynolds stress but also
the Lorentz’s force caused by the radial currents can drive the
poloidal flow. Lorentz’s force dominates the poloidal flow in
biasing experiments.
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