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 Stmsry in English.

Rotating highly ionized plasmas may be genereated in systems of cylindricsl
symmetry by passing a large radial current through a low density ges in an
‘ - . axial magnetic field. The rotation is hindered by contact with the sta-

... .. ‘tionery wells of the vacuum chamber. Under the simplifying assumptions
S " of steady state laminar fluid flow end uniform viscosity, two extreme cases
v .- may be treated analytically. In the first, the flat disc approximation,
o " the flow is considered to be controlled by sxial shear alone. If zero
ot - 8ldp is assumed to exist at—+he insulating surfaces which confine the
;. plasma axially the current is shown to flow in & thin boundary layer, the
. " thickness of which is of the order & = (1/B){i/0). Conmsequently, the
electrical resistance of the plasma appears many times larger than in the
absence of the magnetic field. It also follows that the speed of rotetion
oFf the plasms in this case should be inversely proportional to the distance
from the axis. These conclusions are partially supported by experimental
evidence.

In the second case treated analytically, the long cylinder approximation,
only radial shear is considered importent. In this case the current
density is independent of the axial position. Here the apperent resistance
i even higher beceuse now all the current has to psss through regions of
‘rapidly spinning plasma in whose frame of reference the electric field is
very low. It is therefore practically impossible to construct & simple
rotating plasms machine whose volume resistance is lower than the resist-
ance along the end plates. In ope obvious scheme to prevent the current
o from flowing near the insulators ah attempt is made to keep the entire
- plesma from meking contact with the insulator surfaces. The first of such
‘ models is briefly introduced at the end of this paper and the main results
are summarized.

*Work done under the auspices of the U. S, Atomic Energy Commission.



RIS . o ' ' | UCRL-~8861
. Page 2
.Authot;
.f-Title:

1.i Introduction )
Some experiments with highly ionized rotating plasmas have
been described in.the literaturel™> and their relationship to con-

trolled thermonuclear fusion research has been discussedz'#. As an

example,'thé'machiﬁe described as & hydromagnetic cepacitor has been

| sketghed;schematically in Fig. la. Very briefly, the operation is

. agnfoilows} th this case é condenser bank of 50 or 100 uf is dis~
chafged.throughithe gas between two coaxisl electrodes. This
..raéia;-current serves threé purpbses. The initial large pulse of
':curfeﬁt.is'uséd.Both_to icnize the gas and to set it into rotating
. ﬁotién be¢$u5§ if’flows acrose aﬁ already existing axial magnetic

"_fiéld; 'Whénvthé_rapidly spinning plasma develops an BMF equal and

oppﬁsité to that of the driving condenser bank the current drops
éb & relatively low vﬁlue/which is Jjust sufficient to keep the
piéémé s§i£ning.in ﬁhe face of viscous drag at the stationary
.‘”béundarieg; vit is~a.aisﬁcssion‘Qf this qﬁasi-stationary state of
_.rotétioh Qf'the plasma which is the topic of the present paper.
Lo ' As:pqinféd-qut before,t the viscous drag is equivalent to an
iﬁternai leakage reéistancé of the hydromagnetic capscitor and as
éﬁch is easily‘obsérvablé. Under very dréstic simplifying assump-
tionsvcénqefﬁiﬁg thé plgama this effective resistance may be expressed
.'géza relétively‘simple function of magnetic field and temperature so
fhat for a:given magnetic fiel@ a measurement of this resistance

shcﬁld yield an estimate of the temperature.



Author:
Title: _
"2, Simplified viscous flow models

Let us assume there exists a nearly steady state of.rotation
%heré the plasma has nearly uniform density, i.e. where the cen-
tripetalvarcé is supplied_byAan azimuthal current jgy rather than
by a pressure gradient. This means we assume laminar flow in azi-
ﬁuthal symmetry and we cean neglect all time derivatives. Let us
‘furthermore assume that we can treat the plasma as a fluid médium,
neglecting mean free paths and Larmor radii. Because of the finite
conductivity o of the gas there must, of course, be a plasma drift
Vr redially outward which can be estimated from the radial com-

ponent of the equation of fluid motion

©
n
i

Vo . 2 (1)
- = JgBy = VB .

" where the notation is the same as that used previously.l The second

. . ‘equation in (1) mekes use of the fact that Eg must be negligible in

" this symmetry because all time derivatives are negligible. Based
v'én eq. (1) it is easily shown that in the plasmas under study we
v_indeed have always vp/Vg_<< 1, sothat the flow may be regarded as
almost purely azimithel.

The viscous drag must now be calculated from the azimuthal com-
ponent of the equation of motion in which the sheer stress_tensor
is retained. The relations are rather complicated because in
general the viscosity coefficient in the presence of a magnetic

fleld is not a scalar quantity. Moreover, it is not really expected
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to ve uniform throughout the plasma. In two limiting cases, however,
in which one component of the velocity gradient dominates over the
ofher, analytic solutions are easily obtained if the wviscosity is
not a function of position
- 3. The flat disc approximation*

In the first case to be treated, which we shall call the flat
disc approximation, the axial shear dominates over the radial ope.
" This geometry corresponds most closely to the hydromegnetic cepaci-

1

tor described before.”™ Here the azimhthal component of the equation

of motion takes the simple form

d2vy

T
dzz

= §, By = o(cE. - vgB,)B, , (2)

It should be pointed out tha£ the electric field E which appears in
“v_Ohm’s law fér plasmes can never be direcﬁiy determinéd from boundary
éonditions but must, in general, be considered as & dependent vari-
able to be evaiuated in a self-consistent analysis of the plasma
d&namicé. The use of Ohm's law in this case is of advantage because
the'assumed syﬂmetry implies that E,. is independent of z, so.that

| éé. (2) can be solved directly. We find for the boundsry conditions
ve(+h/2) = v6(~h/2) = 0, i.e. no slip at the insulators which are

located symmetrically at z = +h/2 and z = -h/2.

r ~ ¢osh z/8
o =5, (- SR b/ (3)

*A more generalized treatment of this case, with essentially the same results,
has recently been cerried out by C. C. Chang (private communication).
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where the "skin-depth” or boundery leyer & is given by
5 = (l/B)(-Jﬁ/o). The function j,, is then found by substitution
6f.eq; (3) into eq. (2). Since J,. % 1/r, because it cannot bave
& finite divergence in the steady state, it follows thét in this
ecase voC 1fr and E« 1/r, just as the vacuum field in a long co-
a#ial é&p&citor. The effective resistance is now readily evalusted

40 be given by

| v /. cEdr o %, N '
Refe = T =~ gB/Z = Tmgp O g5 = BM cota M (y)

“iere the retio M = h/267Tay be called the Hartman mumber of this

.kg,'ﬁamticular type of channel flow5 and R, is the electricsl resist-

:fance of the plasua dise at zero megnetic field. It is easily
Ai;verlfied thet the total power imput I%Reee balances both the
'electrical and viscous dissipation rate.

" For an evalustion of & and Rype We have to substitute the
'apprcprlate expressions for ¢ and 4., The conductivity o has been
discusged amply in the litenature.6 For the coefficient of vis-
cosity in this case where the velocity gradient is parallel to the
magnetic field we have to use’ u = bo/[1 + (@ uo/p)z] with pg =
(5/8)(mi/ﬂ)l/2[(kT)S/z/(Ze)hzn‘A]. Here w is the ion cyclotron
frequency and p is the ion pressure. In many cases under consider-

ation here the quadratic term in the denominator of i, representing
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the effect of the magnetic field, may be peglected. if mumerical

values are substituted, we find thet in typicel cases it is pre-

" dicted that 8 = I_LO'Z cm and there is some doubt whether the fluid

model used is reslistic since both the ion cyclotron radius and
the mean free path are considerably longer. If the observed R, ares
which is usually between 0.5 and 1.0 olm in the rotating plasma
und-er study, is used to estimate the temperature one finds values
1n the neighborhood of 3 ¢V, This seems low but it is not too
um'easonable since we are dealing here with the temperature in a
_layer very close to the insulstor surfsce.

k. Bxperimental evidence

A more direct experimentel investigation of the flow'pattem

~would be provided by 2 measurement of jg, vhich eccording to eq. (1)

shiould be proporticnal to pvg”. In this symetry jo may be derived

from & determingtion of B,. It was not possible to measure B,

- inside the moving plesms, hovever, since the probes interfered too

" much with the flow. Therefore B, was measured by means of tiny

~ coils on the bounda.r:,? only.,-' and a network analog was used to deter-

mine the current distribution consistent with the cbserved field at
the boundary. Such. a éroée’du-re of coursé cannot give . an unsmbigu-
ous result. However , with the added assumption of nesr uniformity
in the z-direction, consistent with the results of the above analy~
sis, & definite distribution is found as shown in Fig. 2. If

vgo< 1/r,es suggested by eq. (3), then sccording to eq. (1)

, X 1/r7, provided p is uniform. In most of the reglon the fit

o——
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is rather good. Near the inner electrode, however, a very drastic
deficit is encountered, indicating & strong deficiency in pvy?
either by loss of plasma there or because the insulators have become
. conducting. In most of the region the time decay is almost exactly
' éxponential with a decay constant very nearly equal to twice that
of the voltage decay,.in good sgreement with eq. (1). It is also

““noteworthy, in this conpection, that the distribution does not

e c ’ 'V ‘very much in time, showing only a slight migbation of Ja

toverds larger radii, in egreement with quantitétive estimetes of
v;'according to eq;.(l). On the other hand, the observed signal of
B, displays some 20% or 30% of random noise superimposed ¢n the
'*§m§o£hly decreésing signel so that the assumption of stationary
'“iﬁﬁinar fiow is probably not quite justified.

*”5;. The long cylinder approximation

The second case which is readily analyzed may be called the

" long tube approximation. Herve the axial dimension is assumed to

“be very long compared to the radial one so that the viscous drag
ig‘dominated by the radial shear. fhis configuration is more nearly
realized in the experiment called Ixion,” although even there, as
will become clear, the length is probably not quite sufficient. If
Only‘radial shear is considered and the current density is inde-
pendent of z, the azimuthal component of the equation of motion

takes the form
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) pz-e--}._a.z@._dvesz =E.Z..g‘.‘ (5)
W T\ef rar ard 7z ~ 2nh © 5 o
The Solution is —
© m, /¢ -
Ve:: 2 —2'-+Czr-rznx> ' (6)

b \ T

entlaf.v1scosity is now given by7 po/[l + h(u)uo/P) }J. 1In the

,esence of statlonary boundaries, unless there is perfect slxp,

B

hod

VG now dlsplays & meximm somevhere between the electrodes, remi-

nzscent of the distributlons shown in Fig. 2. However, now we have

$\.\

nowhere & > simple reletion such as v 1/r..

The effective resistance R,pe may again be calculated as inﬁ1~
cated'in eq. (&) using Olm's lew as stated in eq. (2). In this

“case wa find
. . ) 2\ » 2 -
: 7 L2 1 . :
Reff=Rol+g§>%Ro~é§ (1)

Wheie R, and & are the same quantities as before and L2 is sn aresa
celculated by 1nteg1ating the bracket of eq. (6) between the bound-
aries and dividlng by 2 in b/a. For zero slip &t statlonary bound ~

eries L is of the order of the radius of the inner electrode. We
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. are now inia position.fo.judge whether & certain uniform roteting

' plasma may be. con31dered 8s a long tube approximation, i.e. vhether
;the current flowing along the insulator boundary layer may be
neglected\ We merely have to require that the volume resistance

=giveh in“eé. (7) is much smaller than the boundary resistance deter-
mined by eq. (4), or in other words that h >> 2L 4/5. Since & is

busually very short unless B is very veak, this»gamﬂiﬁidnls Just

A‘about impossible to realize in practice.

6 _éoncluaioo and introduction to the new exPeriments

“The pfeceding discuésiou, although highly idealized, serves to

'.xih demonetrate that if rotating plasmes behave as fluids it is very

: *1ikely ﬁhat in the steady state they are controlled by currents flow-

:fLiﬁé-Elbng'the'insulators with which they are in contact. Evaporation

‘fof material ‘and perhapo insulator breakdown is to be expected as a

’*\general consequence and the uséfulness of the scheme is severely

"»;Vllimited.= Therefore, configuratione have been and are being devel-

H6§éd in‘which it is”attemptéd to keep the plasma from touching the
'gﬁgai;éofé:aitogethef. 'One such design, which has beeﬂ ih>opera-
tioo“for_some time, is shown schematically in Fig. 1b. Here the
’:iqsﬂlatoré‘gre arrenged ﬁo be éarallel rather than normal to the
axis of.fofétion 80 ﬁhat full use is made of the centrifugal force
driving the plasma away from the insulatois. In this case the
 mggnetic field lines, of éoufse;vwill hsve to be curved into arcs
asoindiceted in the figure. 1In the present experiments the B field

is formed by means of a slowly pulsed current through a field coil
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on the inside of the innerAQZ;ctrode. When the gas breaks down into
a power discharge under the influence of an applied radial electrie
field, the current is indeed observed to be concentrated in the
central region at meximum distance from the insulators. Now it is
found, however, that during the period of near steady rotation the
current does not enter the anode in complete axial symmetry, but

'
clearly confines itself to a set of narrow strips, perhaps 10 or 12
in number, roughly equally spaced about the perimeter of the machine,
theirvlong dimension being perallel to the magnetic field and extend-
ing half way up and down towards the insulators. The nature of this
current structure, which appears to rotate with the plasma, and a.

' more complete discussion of the entire new configuration will be

thé topic of a subsequent paper.
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Figure Captions
The flat disc rotating plasma.
The “"Homopolar III" configuration.

Azimuthal current distribution.
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