APPLICATION OF ELECTRODE-DRIVEN SHEAR FLOWS
FOR IMPROVED PLASMA CONFINEMENT
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In open magnetic configurations (open traps, SOL) it is possible to control the plasma potential along magnetic field
lines via external electrodes. This is a possibility for direct drive of shear flows and suppression of instabilities if there
is a sufficient electrical contact of plasma with electrodes (such contact occurs across the Debye sheath and is not
particularly good even in 100eV plasmas). In contrast to the ITB shear flows, the governing equations in this case are
strongly dissipative: the same electrical contact (line-tying) that allows control of the plasma potential negates
conservation of energy and enstrophy for long-wavelength perturbations. Thus, the electrode-driven shear flows are not
particularly good for simulation of ITB physics. We show that nevertheless they can allow achievement of improved-
confinement regimes in open traps. Due to their dissipative nature the generated flow layers possess structural stability
that can be used for fast saturation of flute modes of different origin. Theoretical analysis is compared with
experimental data from the gasdynamic trap in Novosibirsk, the GDT.
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1. INTRODUCTION

Shear flows have attracted a lot of attention due to
their apparent ability to suppress turbulent transport
processes. Especially important role they play in
formation of internal transport barriers (ITBs) in
tokamaks [1]. However, in ITBs the shear flows are self-
consistent with the background turbulence, i.e., they are
simultaneously generated by the turbulence and modify it
as well. It makes analysis of the process difficult. There is
a temptation to model the shear flows while breaking the
interconnection with the turbulence. It can be done by
creating a direct flow drive via electrodes placed in
contact with the plasma.

One aim of this note is to show that while possessing
certain similarities, the physics and nonlinear dynamics of
electrode driven shear flows is very much different from
the traditional analysis of ITBs. The main difference is in
strong dissipation of long-wavelength modes due to line-
tying to the electrodes. This causes large-scale quasi-
stable vortex structures to dominate the flow pattern,
while the small-scale turbulence just fills in the gaps and
provides flattering.

The second aim is to demonstrate possible and actual
uses of electrode-driven shear flows. Surface insulation
requirements usually lead to such experimental setups
when the metal electrodes are separated by narrow
vacuum gaps. The main potential difference across the
magnetic field has these junctions of electrodes as a
source, while the electrodes themselves provide energy
and enstrophy sinks due to line-tying. As a result, the
generated flow structures are very well defined spatially
at the electrode junctions, and it is difficult to shift them
elsewhere. The flow width provides an external saturation
scale for convective modes. The flute-like instabilities
with transverse scales exceeding the flow width are
nonlinearly saturated at low levels.

Analytic analysis and computer simulation of
electrode driven flows in presence of finite-Larmor-radius
(FLR) effects and curvature-driven flute modes is in
agreement with experimental data of vortex-confinement
regimes in the gasdynamic trap in Novosibirsk. As

predicted, the plasma exhibits steadily rotating saturated
small-amplitude modes m=1 or m=2, and a good
(experimentally  indistinguishable  from  classical)
transverse confinement. But this happens only when the
flow layer exists due to applied potentials. Without it or
below the predicted threshold the plasma decay time
decreases dramatically due to flute convection and high
radial losses.

2. THE FLOW LAYER

In the simplest possible MHD model with a straight
uniform field, uniform density, and a straight thin junction
between electrodes the vorticity equation can be derived
from the current closure condition. In the normalized
form it can be written as

0Ap+{p,Ap}-RNp=p-0(x). (1)
The right-hand side represents currents that escape to the
electrodes along field lines, while 8(X)is the step-like

function, representing the applied potential at the x=0
electrode junction. Here the potential ¢ is normalized to

the applied potential, ¢, , the time is normalized to 7 and
all dimensions to d, where
d* = Lp! (ep,/T,)(env./3,).
r=d’B/ce,,
L is the plasma length, J,; is the ion current density to the
electrodes, V. =4/T,/m, , and p. is the ion Larmor radius

in electron temperature. While using the standard
electrode model, we also assumed that the applied
potential is less than the electron temperature. Otherwise
the right-hand side would become exponential, and the
ratio of the electron temperature to the applied potential
would appear as parameter of the equation.

As one can see, all parameters, except the very large
Reynolds number, R, can be normalized away, i.e., the
flow patterns are universal for all applied potentials and
plasma parameters (if the boundary conditions also scale
properly or are at infinity).

If we neglect the fluid viscosity completely, and
consider the time evolution of a straight (along the
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electrode junction) flow, its radial profile is self-similar in
form, while its width decreases with time as X[ 1/ \/E , as

shown in Fig. 1. During period of order one, the width and
velocity reach values of order one, and there is an onset of
instability.
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Fig. 1. Plasma potential profile during initial evolution
stage

(The flow with inflection points is always unstable, but
for slow flows in the beginning the instability simply has
no time to develop, as the growth rates are small.) The
instability is of the Kelvin-Helmholtz type, developing
sequence of vortices along the flow layer. The vortex
sizes are again of order one. In the nonlinear stage
vortices form two chains on both sides of the junction and
move along with the flow. Although the flow layer
becomes chaotic, namely, the vortices slightly fluctuate in
size and form, there is definitely no self-similarity in scale
as in turbulent models with viscous dissipation only. One
mode clearly dominates, while everything else amounts to
intermittent fluctuations. This dominant mode is shown in
Fig.2. The net result of the instability is appearance of
convective momentum transport across the flow, so that
its width can no longer decrease (while the velocity
cannot increase) and stays of order one.
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Thus, simulation of a flow along a straight electrode
junction shows that it is not straight but structurally
stable, and its saturated width is of order one in
normalized variables, if the Reynolds number exceeds 80.

3. THE VORTEX CONFINEMENT

The most interesting question is how this inherently
unstable but dissipative flow layer interacts with
convective instabilities across it. This interaction was
extensively studied due to its practical importance for
plasma confinement. In particular, the following
simplified set of equations, governing the two-
dimensional plasma dynamics on open field lines, has
been studied analytically and numerically [2]:

AP+, AP} =p—@,+ R'Np+V{Vp,Pl+k{P,r},

0P +{p,P}=VAP . )

It is supposed to describe the nonlinear drift-interchange
modes in presence of a hot-ion species that provides the
pressure, P. Two new terms in the right-hand side
describe the collisionless ion viscosity (drift-FLR effects)
and the curvature drive of the flute instability,
respectively.

If the collisional transverse diffusion remains small,
the flow layer still evolves into two moving chains of
quasi-stationary vortices on both sides of the central flow-
layer as shown in Fig. 3. The transverse-to-parallel ratio
of vortices is influenced by the FLR ion viscosity
term, V{V(ﬂ, P} , 1.e., vortices become elongated along the

flow. But the most important effect is the nonlinear
saturation of curvature-driven interchange modes. The
flow width provides a new transverse scale that limits
plasma convection across it. If the applied potential
exceeds the saturated amplitude of the interchange mode
the vortex chains do not overlap and the transverse
transport remains small.
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Fig. 2. Dominant flow-pattern in the co-moving reference
frame. Central flow is to the right

If the fluid viscosity cannot be neglected, there
appears a stationary straight flow, in which the flow width
is determined by viscous transport of momentum. Its
profile is very similar to the self-similar one, again with
many inflection points. However, it is unstable only if its
width is less than one. The critical Reynolds number is
about 80. (Since it enters in width in the power Y, it is
consistent with order one.)

Potential t=14.8 Pressure

=y
-

=
=

-1 0 1 -1 0 1

Fig. 3. Simulation of vortex confinement without (first
row) and with (second row) FLR effects



Recent GDT experiments largely confirmed the
above theoretical picture. When the biasing potentials of
order T, are applied at the edge of the plasma column, the

with applied electrode potentials the discharge exhibits
saturated rotating flute modes (Fig.4).
Removal of biasing results in immediate loss of

confinement. The characteristic width of the flow layer,
frequency and threshold parameters are in reasonable
agreement with predictions of the model.

transverse confinement improves to values only slightly
below classical diffusion.
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Fig. 4. Diamagnetic signal in angular position vs. time
coordinates; ““ vortex confinement” in GDT

Saturated rotating m=1 or m=2 modes are seen on a
variety of diagnostics. In particular, the magnetic probes
at the edge demonstrated that in confinement regimes
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NPUMEHEHUE T'EHEPUPYEMBIX 3JIEKTPOJIAMU CJABUTOBbIX TEUEHUI
JJIA YIIYUITEHUA YAEPKAHUA ITIJIAZMbI

AJ. beknemuwes, I1.A. bazpanckuii, B.B. Ilpuxoovko

B OTKpPBITBIX MAarHUTHBIX KOH(UTYpanusax (OTKPBITHIX JIOBYIIKaX, SOL) MOXXHO yIpaBisiTh TOTEHIMAIIOM IIIa3MbI C
TIOMOIIBIO AJIEKTPOJOB. DTO TO3BOJSIET HANPSMYI0 BO30YXKIaTh CABHIOBBIC TEUEHHS M, BO3MOXHO, ITOJABIISATH
HEYCTOIYMBOCTH, €CIIM CYIIECTBYET JIOCTATOYHBIA KOHTAKT IUIA3MBI C 3JIEKTPOJAMH (3TOT KOHTAKT MPOUCXOIUT Yepe3
neOaeBCKUil CIIOW W, MOTOMY, HE CIHIIKOM XOpOII B IUIa3Me ¢ TeMmmepaTypoil mopsnka mwim Oomsimre 100 3B). B
OTJINYHE OT CABUTOBBIX TEUCHUH BO BHYTPEHHUX TPAHCHOPTHHIX Oapbepax Tokamakos (ITB), aTor ciyyaii onncsiBaeTcst
CHJIBHO JIICCHITATHBHBIMH YPaBHEHUSIMH: TOT K€ CaMBIA JJIeKTpHUeckui KOHTAkKT (line-tying), KOTOpHIH MO3BOISIET
yIpaBIeHUE IOTCHIMATIOM IUIa3Mbl, YHHUYTO)KACT COXPAHCHHWE OHEPrHM M SHCTPOGUHM IS ITMHHOBOJIHOBBIX
Bo3MymeHui. Takum oOpa3oMm, paccMaTpuBaemas 3ajada HE MOXKET CIY)XUTb ISl MOJEIUPOBAHUS BHYTPEHHHUX
TPaHCIIOPTHBIX 0apbepoB. MBI TOKakeM, 4YTO, TEM HE MEHee, PacCMaTPHBAEMble CJBUTOBBIE TEUEHHS MOTYT
UCIIONIb30BAThCsl JUIsl  YJIyUIICHHs YIEp)KaHWsl IUIa3Mbl B OTKPBITBIX MAarHUTHBIX KOHQurypammsx. M3-3a wux
JTUCCUIIATUBHOM MPUPOIBl TEHEpUpyeMble TE4eHHUs] 00JafaloT CTPYKTypHOH YCTOWYHMBOCTBIO, YTO MPHUBOAMT K
OBICTPOMY HACBHILIEHUIO JKEJIOOKOBBIX MOJ| pPa3iIMYHOM mnpupoxsl. TeopeTHdeckuil aHajau3 CpaBHHBAETCS C
9KCIIEPUMEHTAILHBIMHU JIaHHBIMU, NOJTy4eHHBIMU Ha yctaHoBke ['JIJI B HoBocuOupcke.

3ACTOCYBAHHS 3CYBHUX TEUIMH, IO TEHEPYIOThCS EJEKTPOJIAMU,
JJIA IIOKPAINEHHA YTPUMAHHSA 11IJIAZMHA

O./1. bexnemiwes, I1.A. bazpancvkuii, B.B. IIpuxoodvko

VY BiIKpUTHX MarHiTHuX KoHQirypauisx (Biakputux nactkax, SOL) MoXKHa KepyBaTH MOTEHIIAIIOM IUIa3MH 3a
noromororo enextpoxiB. lle mo3Bomsie GesmocepenHpo 30ymKyBaTH 3CyBHI Tedii i, HMOBIpHO, NPHAYIIYyBAaTH
HECTIMKOCTI, SIKIIO ICHYE JOCTAaTHIM KOHTAKT IJIa3MHU 3 eJIEKTpoJaMu (Ll KOHTaKT BiOyBaeThcs Kpi3b J1e0a€BChKUit
miap i TOMy He Jy’Ke IMPUEMHUH JUIs TUIa3MHU 3 TeMIeparyporo nopsiiky abo ouneure 100 eB). Ha BiamiHy Bin 3cyBHUX
Tedid y BHYTpILIHIX TpaHCHOpTHHX Oap'epax TokamakiB (ITB), 1ell BHMamoK ONMUCYETHCS CHIBHO THUCCHUITATHBHUMHU
PIBHSHHSIMH: TOH >Ke caMHi eJIeKTpUuHMHA KOHTakT (line-tying), mio M03BOJIslE KEpyBaHHsS IMOTEHIIAIOM IUIA3MHU,
3HUIIY€ 30epeKeHHs eHepril 1 eHcTpodil Uil JOBroXBHIBOBHX 30ypIoBaHb. TaKMM YHHOM, PO3IIISTHYTa 33/1a4a HE MOXKe
CITy)KUTH JUISI MOJICTIFOBaHHS BHYTPIIIHIX TPAaHCIIOPTHUX Oap'epiB. MM MOKakeMo, 10 IPOTE PO3IIISTHYTI 3CyBHI Teuil
MOXXYTh BHKOPHCTOBYBATHCS VISl IOJIMIICHHS YTPUMaHHS IUIa3MH Y BiIKPHUTHX MarHiTHHX KOHQirypamisx. Yepes ix
JMCCUTIATHBHY INPHPOLY Tedii, II0 TE€HEePYIOThCA, MAIOTh CTPYKTYPHY CTiHKICTh, IIO NPUBOAUTH IO IIBHIKOTO
HACHYCHHS >KOJOOKOBHX MOJ| pi3HOI mpupoan. TeopeTHdHmid aHai3 MOPiBHIOETHCS 3 €KCICPUMEHTAIBHUMHE JTaHIMH,
otpumannmu Ha ycranoBi I'II1 y HoBocuGipcerky.
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