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Abstract

In MHD generators designed to produce
nonequilibrium ionization by electron heat-
ing, the electrical conductivity may be
very high near segmented electrode walls,
where the concentrated dissipation pro-
duced by blockage of the conduction cur-
rent at the surface of the insulator may
produce much higher electron temperatures
than exist in the bulk of the gas., The
nonunliform conductivity tends to cause
Hall current shorts which increase the dis-
sipation and the conductivity near the
electrodes, The effect of this phenomenon
on the performance of segmented electrode
generators is analyzed, with the principal
aim of predlcting the electron temperature
rise in such devices, One conclusion of
the analysis 1s that generators with ratler
coarse segmentation are less subject to
this type of loss than are generators wlth
very fine segmentation, and will there- ’
fore yield larger electron temperatures. A
second conclusion is that, to maximlze the
electron temperature rise, operation at
high Mach number, but rather low Hall para-
meter, 1s desirable. While there is not
sufficient experimental data to properly
verify these concluslons, the avallable
data is at least consistent with them.

I. Introduction

As the title of this article indicates,
it i1s concerned wlth the losses which
occur near the segmented electrodes in
MHD generators designed to produce non-
equilibrium ionization by electron heat-
ing. The first clear evidence that elec-
trode losses in such generators are quali-
tatively different from those in equili-
brium generators, was provided by the fall-
ure of the segmenteg electrode generator
of Klepels and Rosat to produce the expec-
ted Hall voltages. -Attempts to correlate
the observed Hall voltages with the pre=
dictlons of the electgode theory of Hur-
witz, Kilb and Sutton® showed that the

losses were much larger than.the theory
predicted.

An explanation for these large losses
was offered in Ref. 3 where 1t was pro-~
posed that the Ohmic dissipatlion near the
electrodes results in elevation of the
electron temperature, and conductivity,
above their respective free stream values.
The resulting nonuniformity was found to
lead to the flow of local Hall currents,
which would further increase the local
dissipation and hence the conductivity.
Such a nonuniformity would therefore tend
to be self-supporting.

~13-

An approximate theory of generator
performance, based upon these ideas was
given In Ref., 3. It predicted even low~
er performance_than was observed by Kle-~
peis and Rosa,~ but this was acceptable
since the theory was expected to give an
upper limit to the losses.

This theory was however subject to
two principal criticisms, Filrst, it was
assumed in computing the elevation of
electron temperature near the electrodes,
that the electrons lost energy only by
elastic collisions, and the energy loss
coefficient was adjusted to account for
other losses. We know that energy loss
by resonance radiation cruclally infﬁu—
ences the electronic energy balance, »5
and that this loss cannot be represented
properly by an effectlve energy loss co-
efficient. Secondly, the theory was so
complicated (numerically) that it was dif-
flcult to draw general conclusions.

- Both of these deficiencies have been
corrected in the modified theory to be
presented here, The radiant energy loss
i1s computed locally, using the resonance
escape probability of Holstein® with the
result that the theory now contains no
empirical factors.

The results suggest the rather sur-
prising conclusion that a nonequilibrium
generator is more likely to succeed wlth
rather coarse electrode segmentation than
with fine segmentation.

There 18 at present very little data
with which to compare the theory. Apart
from the early experiment of Robben,
theri are only the data of Klepels and
Rosa~ and of Croitoru,_,Bekiarian,
Graziotti, and Pithon,8 although other in-
vestigators have reported faillure of non-
equilibrium generators £8 achieve the
expected performance,”»

Scanty as they are, these data appear
to conflrm the results of the analysis,
which 18 therefore offered as a gulde to

the deslgn of successful nonequilibrium
generators,

II, Distribution of Electron Heating

Before beginning a detalled calcuta-
tion of the electrode losses in a non-
equllibrium generator, it will be well to
consider the basic cause of the losses.

We note first that the distribution of
current denslty is glven approximately by
the generalized Ohm's law,
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5 (1)
where o 1s the scalar coggucggvityy A 1is
the Hall parameter, and £'=£+dxB 1s the
electric field measured in the fluild,

j.z O-E/-‘E

The conductivity is related to the
current density, or to the Ohmic heating
rabe, j°/o , by an expression of the form,

‘2
L =TF= a2 n, 2l (o) + @, (2)

where the first term represents the elas-
tic collisional energy loss, and @, repre-
sents the radiant energy loss. Increasing
j*l6 inecreases Tg , which in turn in-
creases 6,

Referring now to Eq. (1) and to Fig.l,
which schematically depicts a segmented
generator channel, we note that at a point
near the insulating segment of the Wall{‘
Jy=0, and Jy= Oy Ex; , the subseript "i"
denoting the surface of the insulator. In
the free stream, 1f the generator operates
in the Faraday mode, jx=0, and Jy= 0u £y, «
Furthermore, in the free stream,;;a=ﬁ;5;,,
and if the channel length is large com-

pared to its height (2H), Fxi 2 Exoo .
It therefore follows that

(J‘.E’)," - F{Ex: - 6"" 2
FFdm ™ wmer - wfe (3

From Eq. (2), we see that 1f @, is

1211 Te-Ty o« J-E’ and would therefore

» much larger near the insulator than in

1@ free stream. This could cause 6;/6..
.0 be greater than unity, which would fur-
cher increase 7z-7a. near the wall, The
net result ls that in a generator designed
to produce nonequilibrium ionization, the
electron heating is much more likely to
occur near the electrodes than in the free
stream,

This conclusion must be modified sligh-*
ly because @, is much larger near the wall

than in the free stream. We shall assume
in the present analysis that @.
equal to the energy loss for a transparent
gas, multiplied by the local resonance

escape probability. Then & may be writ-

ten,
2me*n hv,* -y
- g ° ﬁ’aTez wq- L.
= —_— :
@ e C* €4 (4 - 9 'Fz-w (4)

where #o 1s the density of seed atoms in
the ground state, », is the frequency of
the resonance line (or an average frequen-
ey for the doublet in the alkalil metals),
a; 1s t%e resonance escape probability
for the 1%R line, while 9; fi,o 1is the
product of degeneracy and emisslon oscll-
lator strength for the line. Values for
9; frao  2re glven in Ref, 11,

1s loecally

-14~

For the case of d%spersion (pressure)
broadening, Holstein,® gives the result

2z Ntfa
d;(y) = ;i?z_fﬁ_fz._J

c?he ﬂ,Y‘}-

where ¥ and 7Y+ are the natural and
total line widths, and is the distance
of the point in question from the (absorb-
ing) boundary of the plasma.

(5)

In choosing thls form for @. we have
implicitly assumed that the radiation al-
ways removes energy from the electrons,
whereas 1t can in fact elther add to or
subtract from thelr energy, depending on
whether the radiant energy flux is greater
than or less than the local equilibrium
flux,

However, our principal interest is in
the situation where the electron tempera-
ture is higher near the wall than else-
where, and in this case the assumption is
at least qualitatively correct,

For a typleal mixture of noble gas
and alkall metal, &= 10=3 for 4 = 1 cm, SO
that in the bulk of the gas, @, 1s much
less than it would be for a btransparent
gas. At the surface, & = 1, and & 1s so
large that the electron temperature must
be depressed there to a value near (or be-
low) the wall temperature. But if within
a length of the order of L. from the wall,
® (4) becomes small, the radiant energy
loss becomes of the same order as the elas—
tic cnergy loss, and a layer of highly
conducting gas can form. :

If L 1s sufficiently small, the ra-
diation will depress the electron tempera-
ture and prevent the formation of the
layer of highly conducting fluid, How-
ever, as we shall see, this should occur
only i1f L 1s a small fraction of a milli-
meter,

For the present purposes it will be
convenient to refer @, to the corres-

ponding wvalue in the main flow. Thus,
Y, o
O o (" -4 (B )
Qreo /) € (6)

where we are neglecting the variations of
Mo and Y4 In comparison to those of
(y/#) and the exponential. Also for the
sake of convenlence, we shall define an

effective 6. for the maln flow through
Eq. (2) as
(..
S =

(7

The magnitude of & 18 then calculagble

by use of Egs. (2), (4), and (5), In fact
we see that since 6. depends onH, we
may take &a , or the ratio Se as a
measure of the generator size.

Z"VT: e 1)c¢, -}k(Tew—Ew)
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III. Approximate Formulation

The essentlal elements of the desired
theory are, first a method for computing
the current distribution due to electrode
segmentation for a nonuniform gas, and
secondly, a method for relati the state
of the gas to the (dilssipative) losses.

It 1s clearly impractical to attempt an
exact solution, in which the local proper-
ties of the gas are determined by the
local dissipation. Rather, we shall adopt
an integral approach in which a profile
for electron temperature is assumed, the
losses are calculated, and then a form of
Eq. (2) which has been integrated in 4 is
satisfied.

A, Current Disteibution

Conslder a slightly ionized plasma in
ateady flow through a channel having the
configuration sketched in Fig. 1, The .
flow of currents within the plasma willl be

governed by Eq. (1), subject to the condi-
tions:

—p
VyrE =0
and
y-J =0

Combining these relations, we obtain a gen-
eral equation for the current:

FPT + N[BT (FpB ] + V() (TB) t B (7 H ) - B ) + (TPE =0 (8)

We will assume that B = Bz 1is uniform
and normal to both ¥J° and ¥ , and
that B (7L ) may be neglected. Somewhat
less confidently, we assume that 0 =0(y)
and pB=pgCy) , because convection should
tend to maintain uniformity in the x
(streamwise) direction. It is difficult to
prove that this assumption is valld, be-
cause very large concentrations of current
may develop, and these could induce sharp
variatlons in the x direction. Neverthe-

o%4 ¥
oxz T dyz

Now if we assume that the electron
temperature and the gas temperature both
vary linearly with y in a region of
height h near the electrode surface, then
both dg/dy and d logo/dy will be nearly
constants. We denote them as Y and ¢
respectively, and note that, for a slightly
ionized gas,

7}“=/+ 4 (y-H) | H<g<H+h

(11)
and
v (y=H#)
re _ e
Meo [+ ﬁ(— (y-4)
Al =)
=& ; H<y < Hth  (19)

PR d . d
SELIOL T R

less, 1t seems consistent with the present
Integral formulation to average these
variations in X -.

Defining a "stream function%pSuch that

. . a
k== 5 iy= & (9)

we find that Eq. (8) becomes,

- (10)

where A= €/2kTew if & 1s the ioniza-
tlon energy of the seed materilal. TFor .
complete consistency, the Hall parameter
should be treated as a variable in the
third term of Eq. (10), but to reduce the
equation to one with constant coefficlents.
we shall assume that this 4 1is o

B= Bastli /2 . The equation Is then
finally:

0482 5 i upn oo (3)

There 1s some difficulty in selecting
appropriate boundary conditions for_ this
equation, Hurwitz, -Kilb and Sutton? com-
puted the current distribution for &« = ¥ =
0, imposing boundary ~onditions such that
Jy = O on the insulators and £x = O on the
electrodes. Thelr results indlcate singu-
lar concentrations of current at the edges
of the electrodes. These very sharp concen-
trations result from the condition £x =Q
and since the large current concentrations
would in reality lead to sizeable electric
fields in the electrodes, they do not seem
to be completely realistic.

~15~
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Partially for this reason, and partial conditions are:
ly for ease in computation, we shall specil-

fy boundary conditions on the normal cur- ) . J . Y, 2
rent, Ju sat the electrodes rather than on Jy Ch) = Jyl-h)= 73 5 -H£<x<
. fn fact we shall assume that the

total current J per electrode is uniform-

ly distributed over the electrode width ad. . L
dyh) = dy(-k) = 0 ; -4 <x<dd<x<

Again for the sake of simplicity, we ¢ ¢

shall eliminate the problem of matching

the wall regions to the maln flow by com-

puting the currents in a single region of

height ah , and then separating its halves

by the uniform region of helght 2H . Thus The solution can be obtalned by a

defining y'= u-4 , the boundary - .straightforward seriles expanslon, Putting

o a P

(14)
where PBus= nri{Lk , we find The results for 4x and Prare quite com-
‘ plicated in general, but for Ruh large,
a,= J/L (15) they become
dA . - Jy!
3?=-5%(ﬁ'§)+6e ’ (16)
27 "Nl 2éudn kn --— ~R kh +__E_
Ap ~ Sth nFn
nnd I ) {Sf@unknh Cashﬂuk.,g ca;/(uk,,;
+ Sindukuh Stnh nkuy St fn y } (17)

Jh Vil
by - nL 22 5 ~Mnkuh+24
h &SM ( n ) z{sm/a“/ckh cosle A ki 4 COSMulkuy

+ CosUnkyh Sinh dukny Costy, kwy } (18)

where B. Performance Characteristics
"2 We define the voltages between elec-
[( 2 ;’J&)J +(+ trodes in the x and y directions by
f—k aL
: H+h
/ : "2 - f
(2 B - 2 o= 2 Fulondy
M “'f—._z:’ l ‘Hc;_’) [ 4l

and the net Hall current by
Hth .

I = .szx (Lyddy
(4

Because kyh = nh/L > these approxi- Then using Eq. (1) in the form,
mations are adequate.
—
Except for the determination of C the = R BN . 5 T B
solution for J i1s complete. From Egs. £ * / )J xE #uxs
(9), (14), (15), (16), (17), ;> can be cal-

culated 1f ¥ 1is prescribed.

=16~
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and Egs. (14) and (17) for j*, we can de- which is the current per electrode in an
termine the relations between the overall ideal generator with the actual free stream
voltages and total currents in the x and conductivity.
4 directions. )

It is convenient to define another We then find the followlng relation:
bParameter,

L

h [~ X [ U ﬁw(’ 2 fes ) —H
J . rt m(“‘,—-) h[ £ [ 9
J;Jea(

SN 0wy A P Sl S v]

ﬂ"( )(HH«){ +(/+ )[e'”i o Lh‘;’,_t‘)e_’uﬁ]} bk ok

Yy H+h

where the indicated sum is

co ; [ BV A (VI-1)
I put )
Z: - Z JM/'/;’ Stn nzl Sl ))L) i J)(ﬁ e )Ju (21)
n=i (nr A~ yL/2)* + (W un)® J
The quantity U is the mean flow velocity A similar relation is obtained for the
in the region of height h, while K is actual Hall voltage Vx , per electrode,
. the loading parameter, i.e., K=V /2b(»B(H+h). divided by the ideal Hall voltage:
H+h l e J L d
LAl TN /_______] L
O Vi h 2o vh Jideaf h oo Tideal
- (22)
-ﬁoo J.(Jea/ E»k—l H
| [ T

In addition to thes: parauwcters,we wish fields are known, 1t can be found from
to know the electron temperature in the Eq. (2). The result is that
main flow. Since the currents and electric
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Teo _
Tt - Se L)"
C%——/ )ZC‘IFZ’/ Sw J-IC!M/
H+h g (4—"‘3'“' J _ L _Ju z
Lar| T h 2o Yh |[Tdeal h Peodidest
fo | 5= =
weal e»L—f H
[ S T 7,'] (23)

where the ideal electron temperature rise,
(517} “/)/Jea/ is defined by

7-e_ ar 2,2 _ z
(B et = 35 Mo oo (1-k) (2h)

Here Y=C/¢v and Meis the flow Mach
number,

These relations completely specify the
performance of the generator if ) andflare
given., Some typlecal results are shown in
Figs. 2,3,4 for a case where the wall tem-
perature equals the gas temperature

W/Bew = 0), where there is no velocity
boundary layer (X /i#ee = 1), and where
Jy = 0., The value of 6w /&e = 5 1s apxro-

priate to a channel having a least dimen-
sion of the order of 1 cm } the_seed den-
sity is of the order of 10 em=3.

Tt will be noted that reductions and
increases in the conductivity near theelec-
trode are about equally damaging to the per-
formance, Perhaps the most striking fea-
ture of these results is the great redwe-
tion in the electron temperature increment
which is caused by even small values of

vh for large fo .

The effect of a reduction in wall tem-
perature is indicated in Filg. 5 which is
drawn for_c«k /e = -.5, 1.e., for a wall
temperature equal to one-half the gas ftem-
perature., In this case the performance is
greatly improved for yh < 0, over that for
the "hot wall".

C. Determination of Yh:

These results are incomplete in that J
and remain to be determined. As noted
above, we shall determine them by requir-
ing that the total dissipation in the lay-
er of fluid of height h be that required to
support the excess of electron temperature
implied by the assumed values of Y and h.

In Ref. 3 where radiant energy losses
were not included, an additional condition
was imposed, namely that the electron tem-
perature at the surface should be that
implied by Egs. (2) and (3). Thus, both
Y and were determined independently.
This second condition cannot be applied
when radiation is accounted for., The ralia-
tion depresses Teg very near the surface,
giving a profile which is too complicated
to be represented by a linear approxima-
tion.

We must therefore abandon the surface
condition, and replace it by a further
assumption regarding the electron tempera-
ture profile, Trial calculations have
indicated that the results are quite in-
sensitive to the magnitude of h , so it
will be assumed that h/L = 1,

The value of ?M is then determined b
the condition that the integral of Eq. (2¥
over the layer of height h , be satisfied.
That 1is ’

foh(J“'-F’)Jy =

h
=f {Se%waﬂc Th(rT) + @r(;)}dg,(%)
0 ‘

It would be quite.difficult to determine
the 1ef§41ntegral from the solutions for

Jj and E , but fortunately it can be deter-
mined from the overall characteristics.

We know that the losses in the generator
must all appear as Ohmic heating of the
gas, and the overall losses can be computed
fromg , Vy , and the 1deal voltage. Thus,
if we let the excess dissipatlon per elec-
trode pair (over that in the free stream)
be denoted D , it follows that

~-18-
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D:
h
= zf T E - (rE ), 74d
-l - Jdy
The right hand integral in Eq. (25) can be

evaluated , using the assumed form for
Tely) , which is 7e/fgew = (/(1-Y4/3) ;
H< 4 < H+th - The corresponding forms

- T[AHO Uew BV ] = # LOHH) o P& Ve ey Bkt (Tow= Taas)

Te
(7_4_. ()IJCa./

for /e and B are given by Egs. (11)
and (12),

With some manipulation, Eq. (25) can
then be written in the following form:

where

ez)hg’ JS’

2
o= fo(/-

1 vhy
Az; - d// e C{§J
o (1-4kgYisths)

258 ) (14 4/’%’3*)2

+T, +

7&:\’/72@ "I

S Se _&l/z few /T ~/_
(7 L (Tel7a~!)1dea

Se

(26)

€e
2eza»h 1 e h(z+—"i‘—h _uhh 28 ohy
I, = - _2/ 2g "’ /5“3")~7; . i 5‘//20,;
I+ £h z
ﬂ“’ ) (}f 7@;’5’)

and €e 1s the energy of the first excited
state of the seed atom.

This equation may be regarded as a
determination of Ph in terms of
(7e/72 —t) ideal ,» which is a design
parameter for the generator, The calcula~
tion is therefore completely closed, To
recapitulate, the generator design is
specified by the dimensions H , L ,and A .
The gas properties are determined by Mew ,
Bos s 7Taee and _eh/dn Pplus the usual

cross sections, ete. We assume h/L = 1.
Then 1f we specify the loading, K ,
Tel7u =1 ) ideal is determined. Now

if we specify the Hall current, Jy, , Eqs.
(7), (20), (22), (23), and (25 can’be
solved for Yh ,§./s204 the three perfor-
mance parameters, J/Jdes/s Owly /-Bow Jidenl s

and (7ew/ 720 ")/(7é/7;’/)1dea/

In practic[;a, /;Lt has/provenheasiest to
Specily fa. , Vh, #IL , L/L AU N/ B S!S
and Ju/Jdp,/ and compute the perfor‘mz’mc/ee
variables and

directly. The perforimance variables can

then be plotted as functions of

(7&/7_4 _/)/C(Pﬂ/ 3 ﬁu 3 /7(/& k) L/é ,/&4//5:»
JlTidea/ and Sx/Se .
The results will be given in this form in
the next section.

IV. Theoretical Results

Calculations have been carried out for
qulte a wide range of parameters. It will
be possible to display only a small frac-
tion of the results here. The resultswhich
will be given have been chosen to display
the major trends and to permit comparison
with experiments where they are avallable.

A, The Stability Boundary

The most important result of the ana-
lysis is illustrated in Fig.6, which gives
the predicted variation of the ratio of
actual and ideal electron temperature rises
as a function of fe and (7e/7a-/)1deals
for parameters appropriate to the genera-
tor of Klepels and Rosa.

-19-
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The most significant result is that
two modes of generator operation“exist."
One mode, which we may term the normal
mode exlsts for small values of
(Tella=1)ideal . In this mode, »h is
small, and the generator realizes a large
fraction of its i1deal performance., A
second mode, which we may term the
"shorted" mode exists for large
(7e/7a-1) dea!  « In this mode, Yhis
large, there are large losses near the
electrodes, and the generator realizes
only a small fraction of 1ts ideal per-
formance. For a given A« , there 1is a
value of (7e/7a-1),dea! below which only
the "normal" mode exists. Above this
value both modes are possible, but it seams
reasonable that the generator would select
the shorted mode, which produces much
greater dissipation,

Thus, in terms of (7e /7, -4/ ideal sthere
is a stable range and an unstable range of
generator operation. The actual electron
temperature rise is proportional to the
product of the abscissa and the ordinate,
and a little arithmetic shows that the max
imum of (Tea /7aew —i) occurs on the "norma
branch just at the stability limit, We see
from Fig. 6 that the stability limit moves
to the left as PFe Increases, Thus 1t
follows that the maximum electron tempera-
ture rise decreases as fe 1ncreases, for
a given generator design. This trend is
shown by the upper curve in Fig. 7, where
it 1s assumed, as in Fig. 6, that the wall
temperature 1s one-half the free stream
gas temperature.

It will be noted that in the "normal"
mode the performance improves as
(Te ITx~1) deal increases. This 1s
because the increased dissipation near the
wall raises the electron temperature there
and so reduces the loss due to the cool
wall. In the shorted mode the electron
temperature near the wall becomes greater
than the free stream temperature, and the
losses are very large.

Both of the other performance para-
meters show trends simllar to that of the
electron temperature rise, The ratio of
actual to ideal Hall voltages is displayed
in Fig, 8 for the conditions specified in
Fig, 6, To clarify-the relationship be-
tween the actual electron temperature rise
and the operating variables of the genera-
tor, curves of constant (7ew/Jaw —/) are
plotted versus Me (I-K) and B« Fig.,9,
again for the parameters specified in
Fig. 6. The stability boundary is indica-
ted as a dashed line. To the right of and
above it, the generator 1s "shorted". To
the left of and below it, the operation is
"normal"., We see that for this channel
design, the largest electron temperature
rise should have been achieved for g, < ¢
and for rather high Mach numbers. As we
have noted above, it was always operated
in the unstable region. The operating line
1s Indicated by the horizontal arrow.

B. The Effect of Wall Temperature

If the wall temperature is increased,
the stability boundary moves to the left,
since then the dissipatlion more readily
produces a conductivity excess near the
wall, This 1s shown in Fig. 10, which is
drawn for 7Tw=7a , O _ult/Bo =0, Fur-
ther, the performance in the "normal"” mode
decreases as (Te/7a —)idea! increases,
since now any dissipation near the wall
makes Yh>o and increases the losses
(See Fig. 4),

The maximum (7ee /7200 =1 ) is given
for this case also in Fig, 7. It is sub-
stantially less than that for the cooled
wall. We therefore tentatively conclude
that wall cooling should be beneficial in
nonequilibrium generators, though of
course this conclusion must be tempered by
the realization that very cold electrodes
will not emit properly.

C. TFineness of Electrode Segmentatilon

The effect of increasing H/L on the
electron temperature 1s shown in Fig., 11,
Here S /de has been held constant at
5 so that, to the extent that a constant
value of 6 implies a constant channel
slze, the variation of HIL implies a varia-
tion of L , holding H , and other para-
meters constant.

For values of H/L 1less than about 50,
and for _tl//Bee = -0,5, the performance
on the "normal" branch improves as H/L
1s increased, but the stability boundary
moves to the left with the result that the
maximum attainable (7ew /722 -/) decreases.

For values of HIL greater than about 5G
and again for ult/fe = -0,5,the performance
in the normal mode 1s very low because the
dissipation is not large enough to elevate
the conductivity near the wall., The best
performance is then obtained in the "short-
ed" mode, but just at the stability
boundary. )

By raising the wall temperature, the
performance in the "normal" maie can be
raised, but then the stability 1limit moves
left with the net result being a reduction
of (Tew /7am ~10 waasx . This is shown
in Fig., 11 for HI/L = 1000,

The maximum attainable values of
Teao/Tace -/ . are summarized in Fig. 12
for pBe = 10, We see that unless the seg-

méntation can be almost on a molecular
scale, the best choice is a rather coarse
segmentation. No calculations have been .
done for values of H/L below 4 because it
is felt that the model, which assumes thin
dissipative layers near the electrodes, is
not applicable for H/L < 4, However, there
must be an optimum 4/ L between O and 4
since for H/L = O, we have the case of
continuous electrodes,
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D. Generator Size

It was noted above that the generator
size is principally reflected in Sa/Se
Figure 13 shows for H/L = 100, that as
$o/Se 1s reduced, the performance in the
"normal” mode improves, but the stability
1imit moves to the left. The net result
is a slight increase in (Tew/Tuw -!) max
as the generator size l1ls increased. These
maxima are tabulated with the channel di-
mensions implied by the values of Sa/dLe
assuming that the seed mole fraction is
about 0,001,

2

V. Comparison wilith Experiments

There appear to be only two sets of
data which are sultable for comparison
with the theory. Klepeis and Rosa~ report-
ed systematic measurements of Hall wvoltage
in a segmented channel under conditions
conducive to electron heating. Much more
recently Cyproitoru, Bekilarian, Graziotti
and Pithon® have reported measurements of
load current in a segmented channel with
similar conditions. We shall compare the
predictions of the theory with the results
of both experiments.

A, Comparison with Data of Klepeis
and Rosa

For this generator, n/L

= 23,
&w/Sg =

5, and Ma=x 0.5, It was operated
with K O for values of Be from about 4
to 15. Referring to Fig. 6 where this load
line is indicated, we see that the opera-
tion was always in the unstable region.
This is also indlcated in Fig. 9 where the
load line is Indicated by the norizontal
arrow.

The ratios of actual to ideal Hall
voltage obtained from Fig., 7 are compared
to Klepels and Rosa's data in Filg. 14.
This 1s the curve for Twl!Taes = 0,5. Curves
for Tw/Tawe ='0,25 and 1.0 are also shown
since the actual wall temperature was not
determined. The result given in Ref, 3 is
also presented for comparison. We note
that it 1s not very different from that ob-
tained from the present analysis. Thus it
appears that the results are rather insen-
sitive to the details of the model used
for the dissipative layer. This 1s en-
couraging.

On the other hand, the actual perfor-
mance is considerably better than the
predicted performance., No firm explana-
tion can be offered at present. However,
we may note that thls generator operated
with such a low gas temperature (1750°K)
that the electron density was below the
limit for applicability of the simple two
temperature conduction law.l2 In §Sf. 1%
it was noted that for Ne < 3 x 10+¢ cm™23,

0~ 1s much less sensitive to J than the
simple theory would predict. Thils would
tend to reduce the value of Yh , and
‘hence the losses.

B, Comparison with Data of Croitoru et al,

For this generator, H/A = 3, B = 20,
Mo = 0,57, Jaw = 2250°K, and the equili-
brium conductivity was approximately 31
mho/em. _From these data, (Fe/7a~/) (deal =
68(1-1()2. Performance curves similar %o
those of Fig. 6 were computed for this
case., Then for several values of K ,
(Tei7a-1) deal was determined, and
from this, J/Jideal , and finally J were
computed. A single theoretical curve of

J , the current per electrode vs Vy ,
the terminal voltage, results, It is com-
pared with the data in Fig. 15. Each sym-~
bol represents a different pair of elec-
trodes.

Two points should be noted. First,
the experimental load line is curved,
which strongly suggests nonequilibrium ion-
ization, and the theory gives about the
same curvature. Secondly, the magnitude of
the predicted current compares very well
with the mean of the measured currents for
the several electrodes.

Again the theory indicates that this
generator operated in the shorted mode,
even though H/L was small, because
was 8o large,

C. Other Data

There are other, less quantitative data
which support the theory. In his early
measurement of the performance of a non-
equilibrium generator, RobbenT obtained
only a small fraction of the expected con-
ductivity increase. Furthermore, he obser-
ved large potential drops near the elec~
trodes, such as are predicted by the
theory, Brederlow, FEustis and Riedmﬁller,9
and Chapmanl® report much less than the
expected performance from small generator
channels operating with noble gases at high
Hall parameters,

VI. Concluding Remarks

If we accept the validity of the pro-
posed model for electrode losses in non-
equilibrium generators, then we may
conclude:

1. For a given generator configuration
there is a value of (7e/7z-7)ideal
above which the generator is subject
to Hall current shorts along the
electrode walls. The performance of
the generator operating in tha
"shorted" mode is very low unless the
segmentation is exceedingly fine.

2. The stability limit mowves to lower
(7e 17a ~1)1deal as o is
increased and for this reason the
maximum attainable (7ea/7aee /)
decreases as Jdw increases, for a
given generator design.

3, The stability limit moves to lower
(7e /72 = )idea | as H/L 1is
increased, and for this reason the
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maximum electron temperatgre rise
attainable in the "normal" mode de-
creases as H/L 1s increased.

Cooiing of the electrode wall moves
the stability limit to larger

(7e1Ta -1) dea | , and so in-
creases the maximum (Tew /7200 -/.)

In general, for given (7e/7z-') dea/ ,
operation at low fwx and large Me
is preferable to operation at high
fBe and low Mo .

The loss due to electrode shorting
decreases only very slowly as the
generator size is increased. It
does not scale according to a
surface/volume law.

Certainly the confirmation of the

theory by experiment is only very tenta-
tive since all of the data appears to be
for generators operating in the "shorted"

mode,

A direct demonstration of the exis-

tence of two modes of operatlon is needed
to substantiate the principal results of
the theory.
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ELECTRODE
INSULATOR

Z,B
Fig. 1 Schematic diagram of segmented electrode channel showing
region of height, h, near electrodes in which the conductivity
is larger than the free stream conductivity.
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Fig. 3 The ratio of actual to ideal Hall voltage as a function of the

assumed conductivity excess near the electrodes and the
Hall parameter. The wall temperature is equal to the gas
temperature, while the value of §,/6, is characteristic of a
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least channel dimension of & 1 cm.
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The ratio of actual to ideal transverse current as a function
of the assumed conductivity excess near the electrodes and the
Hall parameter. The wall temperature is equal to the gas
temperature, while the value of 6@/6e is characteristic of a
least channel dimension of &~ 1 cm.
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The ratio of actual to ideal electron temperature rise as a
function of the assumed conductivity excess near the electrodes
and the Hall parameéter. The wall temperature is equal to

the gas temperature, while the value of 5«»/53 is characteristic of
a least channel dimension of = 1 cm.
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Fig. 5 The ratio of actual to ideal electron temperature rise as a
function of the conductivity excess near the electrodes and the
Hall parameter. Here the wall temperature is one-half the
gas temperature, while the remaining parameters are the
same as in Fig. 4.
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channel dimension) as a function of Hall parameter and wall
temperature {ph/Be). Cooling the electrode ‘wall and lowering
Bw are both beneficial.
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operation are shown, the "normal”’ mode at small (Te/Ta'l}.deal

and the "'shorted'' mode at large (T /Ta-l)idea . .
approximate operating line for the genérator o{l Klepeis and
Rosal is indicated, It operated in the “'shorted' mode.
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number, M= loading factor, k, and Hall parameter = for a
channel having H/L = 23, 6, /8, = 5, and a wall temperature
equal to one~half the gas temperature. The dashed line is the

boundary between the normal mode and the shorted mode. The

operating line of the Klepeis-Rosa generator is indicated by
the horizontal arrow.
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Fig. 11 The ratio of actual to ideal electron temperature rise as a func-
tion of the ideal electron temperature rise for revised ratios of
channel height to electrode spacing, H/L. For the solid lines
the wall temperature is one-half the gas temperature. For the
dashed line it is equal to the gas temperature. Note that for
H/L > 100, the performance is very low in the ""normal’ mode
because the conductivity is very low near the wall.
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Fig. 13 The effect of generator size on the ratio of actual to'ideal _ Fig. 14 Comparison of the above theory with the experimental results of

electron temperature rise for a Hall parameter of 10.

Values

of the least channel dimension, d are tabulated with 8w /6e and

the maximum attainable electron temperature rise.
assumed that the seed concentration is 101
the dependence of (Te

Itis
em-3, Note that

Lo Ta., ° " 1) on d is very weak.

Theoretical curves are given for three

Klepeis and Rosa.
The theoretical result of

ratios of wall to gas temperature.
Ref. 3 is also given.
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Fig. 15 Comparison of ghe above theory with the experimental resuits of

Croitoru et al,

generator and for a generator with continuous electrodes.

and with their theoretical results for an ideal

Note

that both the data and the theoretical curve show a strong
curvature, indicating nonequilibrium ionization, and that the
magnitude of the predicted current agrees fairly well with the
mean of the electrode currents. :
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