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I. INTRODUCTION AND SUMMARY

This report summarizes the technical effort on the
NASA-OAST/JPL  thermionic converter studies at Thermo
Electron during 1980. The primary goal of this progranm
was to develop thermionic cenergy conversion (TEC) teche-
nology appropriate for nuclear electric propulsion (NEP)
missions. This space TEC effort was complementary to the
terrestrial TEC studies sponsored by the Department of
Energy (DOE), which have the goal of topping fossil fuel
powerplants. Since the technical details of the combined
space and terrestrial investigations are available in the
joint DOE/JPL Advanced Thermionic Technology Progran
Progress Report Nos. 42, 43, 44, and 45 - this document
(consistent with instructions from Dr. Katsunori Shimada
of JPL) will be essentially an executive summary report.

THC has been a primary conversion option for space
reactors because of its: (1) high operating temperature,
(2) lack of moving parts, (3) modularity, (4) established

technology and 5) develonment potential,
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During 1980, the primary focus of the NASA/OAST/JDL
program was on  characterization of promlsing oemitter-
collaetor palirvs. The Progress Reports cited previously
contiain a great deal of data on thermionic diode outputs
at the reference emitter temperature of 1650 K as a
funetion of collector temperature, cesium reservoir tem-
porature, and interelectiode spacing for a variety of
eclectrode combinations. Thaese data are summarized in
Section fI of this report.

The salient result 1is  that thermionic converters
(constructed with collectors formed by molybdenum subli-
mation in an oxygen atmosphere onto a niobium substrate)
can be reproducibly built with performances corresponding
to o mean barvrier index of 2.0 eV, At an emitter temper-
ature of 1650 K and the collector temperature ranging
between 750 and 900 K, this measured performance corrve-
sponds to a4 power density of over § \\'/cm2 at a calcu-
1ated electrode efficiency of around 12 percent. An
interesting result is that for converters built with
sublimed molybdenum oxide collectors, molybdenum and
tungsten emitters gave comparable outputs. Based on these
results, state-of-the-art TEC performance corresponds to a
barrier index of 2.0 eV. This represents an improvement

of about 0.1 eV during the past two years.
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Significant progress was made in understanding that
Lthe oxygen transport mechanism was associated with sub-
limed molybdenum oxide collectors. Based on mass spectro-
sCoOpy  measurements, Auger spectroscopy, thermochemical
analyses, and converter data summarized in Section ITI, it
appears that the oxygen transport from the collector to
the omitter 1¢ via Csn0 formed by cesium diffusion and
reaction with the molybdenum oxide in the sublimed coat-
ing. This insight may 1lead to improved converter
operation.

Development of cylindrical converter components
received a scecondary effort. In spite of the low program
emphasis, two results are noteworthy. First, a leaktight
prototype niobium bellows was fabricated. Second, a tech-
nigque was developed for casting sapphire between molybde-
num cylinders with diameters prototypic of the molybdenum-
lithium heat pipes and molybdenun emitters projected in
the JPL-LASL TUC reactor design. The temperature drop
across the sapphire was only 14 K at a heat flux of about
30 W/cm?2. Although the stability of the electrical
resistivity was marginal, the results are encouraging that
the heat pipe insulation problem can he solved. In par-
ticular, the stable operation of silicon carbide-carbon-

tungsten structures at a temperature of 1730 K for over
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j 0900 hours in the DOE TEC program suppest that silicon
carbide is a promising candidate for this application.
The component development eftort is discussed in Seetion

: 1v.
system studies summarized in Section V indicate that
| i the heat pipe~cmitter insulation problem c¢an be re-
i solved at 1660 K, specific mass values of approximately 20
; K /kWe can be expected with a TEC out-of-core reactor
‘ systom, If this insulation problem cannot be resolved,

vesults presented in this scection suggest that radiation

: coupling of the heat pipe to the thermionic converters

? coastitutes a viable system option that deserves furthop
exploration.

In  summary, the substantial technical progress in

r this  program demonstrates THC as a  viable conversion

system for reactor space power applications provided that

L Losuitable emitter temperature (2 1650 K) can he supplied.
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IX. THERMIONIC CONVERTER CHARACTERIZATION

Candidate emitter and collector palrs were character-
iwed for the operational temperatures of primary interest
for nuclear olectric propulsion (NEP). Converter perform-
ances were measured at the reference emitter temperature,
T, of 1650 K as a function of collector temperature,
TU' cesium temperature, TR, and interelectrode

spacing, d.

A Research Converter Description

The basic configuration of all the thermionic con-
verters used in  these studles is shown in Figure 1.
Doetails of design and fabrication depend on the electrode
materials in a particular diode. In a few cases, sapphire
vindows were incorporated into the converters in order to
observe the electrodes and discharges. The nickel bellows
permits the emitter-collector spacing to be varied from
0.1 to 2 mm. The converter is mounted in a test stand,
wvhich allows the J-V characteristics to be measured as a

function of T,, T¢, Ty, and d without removing the

hell jar enclosing the test stand.
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The refarence out-of-core thermionic reactor system

M

has an emitter temperature, Tp, of 1650 K. System con-

csmmatir

straints sueh as the output electrical power, dimensions
1 nf the space shuttle bay, maximum allowable specifie power
1

(L.0.,, kg/kWe), interface temporature drops, and radiator

heat pipe characteristics will be used in combination with
data on thermionic converter output as a function of

i nollector temperature, TC' to determine the collector

tempersture most appropriate tor the system. Recent
studies indicate that the optimum Tn will probably range !
botween 800 and 1000 K. However, the power density, Py,

and efficiancy characteristics of the thermionic converter

are sensitive to collector temperature in this range ana
must be hetter defined in order to establish the design
value of Tp. This problem is complex since, for a given
emitter and collector pair, Py is a function of Tp,
Tiy the current density, J, the interelectrode spacing, f
d, and the cesium pressure, Pog,» (which corresponds to
2 the liquid cesium reservoir temperature, Tp). Sometimes
an additional constraint is placed on the output voltage,
| V, or the current density. The measurements during this

program period provide a data base that can be correlated
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with models of the thermionie converter used in the systom
studies., Since the Ty value of 1650 K appeared to be
woll ostablished for the NEP misslon, most of the cone-

verter data wore taken at this temperature.

B. Tost Converter Summary

A summary of the JPL converters in this test soeries
is given in Table I. The most significant result is the
pood  performance obtained with most of the converters
built with sublimed molybdenum oxide collector:s. The
averape minimum barrier index, Vi, of JPL Converter Nos.
4, 9, 10, 11, 14, and 15 with molybdenum oxide collectors

was .01 eV,

2o Performance Characteristics

The performance of Converter No. 232 (JPL No., 4) was
typical of the converters with well activated molybdenum
oxide collectors. Thus, the data from this thermionic
diode will be presented as a representative of such con-
verters. Converter No. 232 had an electropolished (EP)
are  cast molybdenum emitter ond a sublimed molybdenum
oxide collector. It was built with a sapphire window
which allowed observation of the electrode region. The
vindow was cooled by a copper sleeve that was coupled to a

heat sink via copper cooling straps.
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TABLE I

B13=7

SUMMARY OF JPIL, CONVERTER TESTS

“IPLTTTECOT EMITIER | COLLECTORT] Min™ | Min
NO . NO, | MATERIAL MATERYAL Vn o$ COMMENTS
R 1 (ppm Oxygon) oV \)
1 07 Mo Nb 2,30 = Vi moasured ag s function of Tg
at Ta® 000 K, V=« 2,30 oV
AL To = 1100 K, VB a 2,40 oV
Reportad in 1070,
2 243 Mo wxny 2,106 | 1.60 | Window Diode
Convertor ostahlishod that an
oxide collector helps s Mo omittaer.
Reported in 1979,
3 231 Mo Ho,0 2.281 L4 ] Window Diode
(1.160) Vn messuired as 8 function of T
at Tg= 800 K, Vp= 2.28 @
at T = 1100 K, Vyy & 2,40 oV
4] B
4 RUR EP No Mox0 1.98 1 1,50 ] Window Dlodo
(11.500) Yp measured as o function of Te
ut T(" = 760 K' VB o 1,08 oV
at T © 000 X, VB s 2,12 oV
] 233 Mo/Re Ni 3.17 - Window Diode/ 1/2" pumpout
Hybrid emitter -~ fine stracture.
Hiybrid mode not observed - ghipped
to l’plu
6 219 laby Lally, Vory 1ittle output powor.
1 234 EE=F¥W Nb 9.12 1.656 Vy measured as a function of T
at Te = B00 K, Vp= 2,12 gV~
At T = 1000 K, V= 2.40 oV
9




TABLE I (Continued)

“IPL T TECO T EMITTER T | COLLECTOR™ | Min | Min |

’ NO, . MATERLAL MATERTAL Vi oG COMMENTS
i S S——— Appm_Oxygon)l oY} oV S

9 236 BEwFW Mo, 0 2,060 1.67 ) Vy momoured ag n function of Tp
' (1,880) at Te @ BOO K, Vi = 2,00 o

at Te = 1000 K, Vp = 2,30 oV

| Installad in life test ctation,
" &
- 10 240 RE-~FW Mo ,0 1,98 1.54 | Vymoasured na & function of T
| (1,880) Rt T = 800 K, Vg = 1.98 o
» at Tg = 1000 K, Vp > 2.40 By
l 11 241 AD=FW Mo 0 1.08 - Collentor coating flaked
; (18,800)
) i2 243 AD-Ro Mo, 0 - - Rhonium apparently not affected by
; (x§.300) oxygen., Collector coating flaked.
, ‘
| 13 269 EP-Mo Mo, 0 22,2 - No oxygon offoct obsorved.
f (13,300)

14 264 EE-FW Mo, 0 2,000 1.48 7 Stable at good performance for 200

(O,BXO) hours.

;’ =

15 249 EE-FW Moy 2.06 1.68 ] Stable at good porformance for 110

(9,880) hours.,
: 16 266 EE-FW MoxQy 2.2 - No Oxygen offect observed.
| (12,300)
)
10
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Initial performance measurements of Converter No. 232
gave a high barrier index. At an emitter temperature of
1650 K, the barrier index was 2.32 eV at 5 A/cmz. No
pronounced increase in emitter saturation current with
increasing collector temperature was evident and the
initial J-V characteristics of the diode appeared to be
somewhat resistive.

After approximately 30 hours of operation, the diode
output improved dramatically and the Dbarrier index
decreased to 1.98 eV for Tp = 16560 K, The J~V charac-
teristies at Tp = 1650 K, TC = 760 K, and d = 0.50 mm
are given in Figure 2 for a range of cesium reservoir tem-
peratures from 507 to 551 K - corresponding to a cesium
pressure, P,g, range of 0.25 to 1.0 torr, respec-
tively. vidently, cesium combines with oxygen in the
molybdenum matrix to form a volatile oxide a low work
function (relative to a cesiated metal). Oxygen transport
to the emitter provides a high current density for a given
cesium pressure, which allows the interelectrode spacing
L0 be increased. Consequently, addition of oxygen to the
converter from the sublimed molybdenum oxide surface
results in a higher performance with an electrode spacing

that is more practical.

11
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It should be noted that the output voltage given in
all the figures in this report are electrode, rather than
lead, potential because the emitter sleeve (see Figure 1)
is much thicker than optimum. Performance characteristics
at Ty = 1650 K for optimized collector temperature and
cesium pressure at spacings between 0.25 to 1.0 mm are
given in Figure 3. As the distance between the emitter
and collector increases from 0.5 to 1.0 mm, there are pro-
nounced changes in the J-V characteristics. Measurements
wvere also made as a function of collector temperatures.
For Tp = 1650 K, the diode was optimized for cesium
pressure and spacing at collector temperatures of 750,
800, 850, and 900 K. These results are shown in Figure 4.
It is evident that the output decreases significantly as
the collector temperature goes above 850 K.

A More typical performance was observed for Converter
No. 226 (see Figure 5). A barrier index of 2.1 eV, or
less, was maintained at collector temperatures up to 1000
K. This converter had an EP CVD fluoride tungsten emitter
which was highly oriented (100). The collector was poly-

crystalline nickel.
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i It is intervesting to compare the output of Converter
? ] No. 220 with that of 1ts sister diode, Converter No. 325,
% ¢ which also had a nickel colleetor. However, the emittor
f § ol Converter No. 225 was as deposited (AD) CVD fluoride
k ) tungsten. The J=V characteristices for Converter No. 226
% are shown in Fipgure 6. Over the collector temperature
; f ranpe from 900 to 1000 K, the performance of Converter No.
# 226 was much higher than that of Converter No. 20856,
E % The diode that was least sensitive to collector tem-
0 perature was Couverter No, 227 which had a molybdenum
‘ ‘l emitter and o niobium ecollector. The optimivzved J-V
; characteristicos tor this diode are given in Figure 7.
| Although its output is lower at Te = 900 K than any
i other converter in this study, its output at Tp = 1100 K
is higher.
r
n, Discussion
: M The foregoing plots of J-V characteristics versus
| caollector temperature should bhe useful [for out-of-gore
" thermionice reactor design efforts. However, these raw
; ﬁ davta are not convenient for comparing the performances of
z the converters beilng evaluated. A more transparent dis-
; play of the experimental results is shown in Figure 8.
;,
bl
1

P




™H2-27
'8 i I I T 1 |
. CONVERTER NO.225
1 / Te : g’%ﬁ { EMITTERICVD TUNGSTEN
COLLECTOR: NICKEL m
16 {0.0,0] ¢ ‘ a
950K , Tg=1650 K
900K | Te=VARIABLE
\ TR=OPTIMUM
14— \ d =OPTIMUM -
™ BoLTzMANN
12}~ \ (V-2) .
\
& \
5 10}~ \ —
~
2 \
g \
8 = et
X | ‘\
& \ \
g
\
41— \ -
- \
2r \ . \ -~
. N\ \
N\
0 | | |  — r— —
0.2 0 02 0.4 0.6 08 1.0

Figure o.

r«n., e
e

OQUTPUT POTENTIAL (VOLTS)

J-V Chapacteristics ol Converter No. 225, Parametric in Collector
R

Temperature, for Ty = 1650 K and Optimized T

© e

a
4
4

18

and d.

I PR oy Ry . ST WAy




-
3
Al bl
it
it
i
3 %
i
4
»
{q
IH
A
2
5
?'e‘
W
-
!
4
-
i
B
IS
-
il
|
¢
M
a
it
i
o
N
!’*
' i
i
J
»
)
OF
K
s
|
-
4
.
- | 4
g
i
{
R

7912-9
18 | i I l
|
|
|
16— ‘\ —
T,=900 K |
950
1100 BOLTZMANN
14— 1050 “ v-2)
1000 ‘
\
12— \‘ _
\
oy \
§ 10
oS
-
(%)
& sl—
0
}.—
-4
L
&
S 6
O
COMVERTER NO.227 (JPL | )
4 MMOLYBDENUM EMITTER
NIOBIUM COLLECTOR
TE=|650 K
Tc=VARIABLE
2 Tip= OPTIMUM
d = OPTIMUM
o L | | ' e
20.2 0 0.2 0.4 0.6 0.8

Figure 7.

OUTPUT POTENTIAL (VOLTS)

J-V Characteristics of Converter No. 227, Parametric in Collector

Temperature for TE = 1650 K and Optimized TR and d,
19
: vwﬁgm we . ‘ e RS x




- (I °[qeL 995) SISIIBALOD yoxeasoy jo £L1or1eA B A0F I 0S9T1 = H 1®e sanssaxid
wmnisaD pur Suroedg poziwildQ 107 ainjeasdma], 10309[0D JO uUORdUN] ® se Ajisua@ xemod '8 2.n31g

(M) 3Y¥NLYY3IIWIL ¥019371103
oolli 000! 006 008 00L

m _ , 0
(G22) IN/M 14 GAD OV

LR ALY

g .

NG

/.:-:-.o:---!./u/p.....--.-b (Q3ZIWIL0 ATINd LON)

~

— czz) foxm Aasemovdd |
(222) 8N/OW OV d3 / o
/ﬂ / (€G)OW GNS/MTO GAD d3 | G
o g ~ \o- P (o M
(922) IN/M 14 GAD d3 -— ... o S bf
_— —liy \MI m
20 NI Q3WIN8ns -8ns S
qQ31vy0dvA3 -A3 Y38WNN 3
@3HSIT0d0Y¥ 10313 ~d3 yALY3IANOD H01937100 ¥3LLIN3 -
| @311S0d30 ¥OdVA TWIINGHO - -aA2 L | — P )
1Sv9 87 -0V (eee) d3 5
:gN393 1
__ JuNSS3Iy¥d WNIS3D G3ZIWILLD g
ONIOVdS Q3ZINILLD
ALISNIQ LN3¥¥ND Q3ZIWILDO
y OGOl - IUN1VY3IdWAL ¥3LLIN
ﬁ ﬁ i ; ,

06-508




v

I ol e

e

-t ‘ o gt P
k«.ﬁam e Bl s e XS AP IRCE B p 03 B aal M oo

v Thermo
'/E Electron

FAORDOHATION

This Cigure gives the maximum output power density (for
optimized current density, spacing, and cesium pressure)
as a function ot collector temperature for all the con-
vorters oevaluated in this study. For T < 900 K, the
performance of Converter No. 232 is clearly superior to
that of the other diodes, Surprisingly, the output of
Converter No 226, with an EP CVD fluoride tungsten cmit-
ter, is relatively high for collector temperatures up to
1050 K. As noted previously, Converter No. 227 (with an
KPR are cast molybdenum emitter and a niobium collector)
had the lowest power density at Te = 900 K, bhut the
highest at TC = 1100 K¥.

0f course, the data in Figure 8 for optimized current
density and optimized interelectrode spacing way corre-
spond to tmpractical values of these parameters for space
systom applications. Therefore, a comparison is made in
Figure 9 subject to the constraints of d > 0.25 mm and J =
8 A/cmz. Although the order of converter performance is
the same in both Figures 3 and 9, the power densities of
most of the dindes are tested and reduced significantly by
these constraints., In particular, the relatively out-
standing performance of Converter No. 232 in Figure 8 is

much less dramatic in Figure 9.

21




P R - R P v . S R - e

a_ “(I s1qe] 29s)
SIBIIDAUOD) YIABISHY 10 maéf.mb ® J03] ¥ HC9T = 3® ww ¢ tg wey], Isjeauas sSuroedg pue
2ANSSVIF wnISan paztundy Joj sanjexadwal uaﬂuwﬂmeu jo ucndung B SB AjIsus( J9mog g aanSig

(M)} 3YNivy¥3adW3lL Yo1o931100
101011 C00! 006 OOw 00L
i i i

(622) IN/M 1121 GAD aV

(£22) 8N/OW OV d3

s \
. —z
N/ /w// / Aﬁmﬁ Ko *m A3/OW OV 43 \
(922) IN/M 14 GAD d3 —_ \-\f
/ NS ane
/‘Io.o IF'I ae®

O

lo]

=

m

0
— NIGWNAN Treoe—e— - (gg)ow BNS/M 10 GAD d3 € m m
YILUIANOD HOLOITI0D ¥3ILLIW3 o a i
L “ — = .m
pr——————— A N A . < "
{2€2) OW 8BNS/ oW IV dIe—r - 3

- —v =

%0 NI g3WI8ns-8ns >

Q31VH0dVAI -A3 3,
Q3HSIT0d0Y1D03 13 -d3 - ,
- Q3.11S0d30 YOdVA T¥IINIHI-AAD e
g31IS0d3a Sy-av b m
1SvYD Juv -0V w 3
SECER] =

- JUNSS3IY¥4 WNIS3D GIZINILJO o
ww g2 0< 9NIOVdS 3
2W3/Y 8 - ALISN3A LN3YYND %
M OGSl - IHNLYHIINIL Y31 1IW3

N. R

16-s08




SN
i

A

.
et

mmmmr

T e

B TemeTa 3

et

-

Siemeatt

w/e= Thermo
V/E Electron

L OANORATION

The converter data presented hercein do not appear Lo
be amenable to Interpretation by an elementary analytical
mode of the ignited mode diode. However, it is signifi-
cant that the two best perforeming diodes (i.e., Converter
Nogs, 232 and 53) for Tp £ 900 K both utilized sublimed
molybdenum oxide collectors.

It is quite interesting to compare the outputs of
Converter Nos. 2256 and 296, both of which had nickel col-
lectors. At all collector temperatures, the performance
of Converter No. 226 (with an EP CVD fluoride tungsten
emitter) is far more superior to that of Converter No. 225
(with an AD CVD fluoride tungsten emitter) whose emitter
is highly structured. Therefore, these data are not con-
sistent with the results of Rasor Assoclates who have
reported better performance with a structured emitter.

The quite different outputs of Converter No. 220 and
226 are surprising since, from a simple thermionic con-
verter model, the variation in power density with col-
lector temperature 1is expected to be similar for osten-
$ibly identical nickel collectors. Although Woth col-
lectors were machined from the same block of 201 nickel,
fabrication and outgassing procedures may have differed ir

subtle, but significant, respects.
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Postoperational diwgnesties on the omitter of thoese
two converters did not clarify the discrepancy in their
porformances,  After heatineg to 1400 K, the elemental sur=
face composition of the emitter from Converter No. 2856
was, approximatoly: W(84%), 0(14%), and C(29).

IFor comparison, the composition of the emitter from
Converter No. 2206 was: W(63%), C(36%), and 81,0 (<1%)., 1t
was  expected that  the highly oxygenated emitter (1.0,
Converter No,. 228 would have the higher bare  work
function as  measured by the field oemission rvetardins
potentianl (FERP) technigue. As expected, the FERP work
function (measwmied after heating to 1800 K) of the omittor
from Converter No, 225 of 5.37 eV was higher than that
from Converter No. 226 of 4.85 eV, Typically, the omitter
with the higher bare work function would bhe expectad to
gmive the best results. However, this expectation was not

realized in t data from Converters No. 225 and 226,

K. Conclusions

The output power density measured as a function of
collector temperature (at a fixed emitter temperature of

1650 K) do not appear to be amenable to interpretation by

24
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an elementary model of the ignited mode diode. For col-
lector temperaures below 900 K, converters built with sub-
1imed molybdenum oxlde collectors give the best perform-

ance, However, the data do not imply the superiority of

any particular emitter.
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III. OXYGEN TRANSPORT FROM AN OXIDE COLLECTOR

The success of converters built with molybdenum oxide
collectors has stimulated renewed interest in the oxygen
transport mechanism. For molybdenum oxide collector tem-
peratures greater than 750 K, an "oxygen effect'" occurs;
that is, an increase of collector temperature causes an
increase in emitter saturation current. This is believed
to be due to an oxygen containing gas being transported
acros:s the interelectrode gap and decomposing on the
emitter. It is unlikely that oxygen is transported as a
pas since it would be expected to react with cesium to
form an oxide. This expectation is consistent with the
negative results of experiments in which oxygen was intro-
duced 1into operating converters through the collector
(either through sintered lanthanum hexaboride or a center
hole).

The following four pieces of evidence indicate that
the most plausible oxygen carrier is Csq0. The first
stated evidence is from new data and the other three

factors are from previous data.
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A Mass Spectroscopy

A sublimed molybdenum oxide collector structure (from )
the same sublimation run as for the collector of Converter
No. 232) was mounted in front of a quadrupole mass spec-
trometer in the SCC, Mass spectra taken as a function of
sample temperature are shown in Figure Nos. 10 through 12,
The temperature was measured with an optical pyrometer
with an assumed collector emissivity of 0.4. Oxygen gas

is not detected for any temperature. MoOg 1s first

detected at 1450 K (at an estimated pressure of 10-11
torr). The occurrence of MoOgy, MoO, and Mo may be due
either to actual desorption from the collector or from
craciking of M003 in the mass spectrometer. The seven
peaks corresponding to each molybdenum oxide are due to
the seven major isotopes of molybdenum, and the magnitude
of cach peak corresponds well with the relative natural
abundance of that isotope.

On the basis of these data, one can rule out oxygen :
gas ecvolved from the collector as an oxygen carrier
responsible for the oxygen effect. One can also rule out
molyhdenum oxides cevolved from the collector since the

oxygen effect occurs at 750 K while molybdenum oxides are

not detected until the collector temperature reaches 1450 K,

28
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B. Auger Spectroscopy

Postoperational analysis of Converter No. 210
(tungsten emitter, sublimed molybdenum oxide collector)
showved no molybdenum on the emitter. The detectability
limit was 1% of a monolayer. This result also supports !

the conclusion that molybdenum oxides evolved from the

collector are not responsible for the oxygen effect.

C. Thermochemical Analysis

A thermochemical analysis for a tungsten-tungsten
oxide convertor reported in Progress Report No. 20 is
summarized and preseanted in tabular form in Table IL. The
elemental species concentrations are 1000 moles W, 1000
moles Cs and 100 moles 0. The data indicate that 89-080%
of the gas is cosium, with the remainder almost entirely
Csnt), The formation of Cso0 is  enhanced by lower
temperatures (800 K) and higher total pressures (2 torv). ;
The data imply the 0330 pressure at the enitter side may
be 2 to 10 times smaller than at the collector. Smaller

Cso0Q  pressures at the emitter are expected because of

32
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Cso0 decomposition on the emitter and formation of free
oxygen and tungsten oxides.  Some of the tungsten oxides
vaporize, but the majority stay in the solid phase at 1500
K. In summary, the thermochemical calculations indicate
that 0530 is the most predominant oxygen containing gas

for the given concentrations of W, Cs, and O.

D. Experimental Observations

Converter experiments indicate that the temperature
of the oxygen effect 1is relatively independent of a)
whether the collector is  tungsten oxide or molybdenum
oxide, and b) whether the sublimed molybdenum oxide is
deposited at a substrate temperature of 1025 or 12256 K.
These data are consistent with the hypothesis that the
Ltemperature of  the oxygen coffect corresponds to the
desorption  temperature of Csq0 and that the substrate
acts merely as a source of oxygen to form ngo.

The foregoing four pleces of evidence strongly
support the conclusion that the oxygen carrier in oxide
converters is Cszo, although one cannot completely rule

out such gases as Hy0, CO, or COy.
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Iv. CYLINDRICAL: CONVERTER COMPONENT DEVELOPMENT

In order to provide the technological infrastructure
for constructing a prototypic cylindrical thermionic con-
verter at a later date, a bellows subassembly was built
and electrode insulation tests were performed. The former
activity was successful while the evaluation of cast
alumina as an electrical insulaton at an emitter temper-

ature indicated that this material was, at best, marginal.

A. Bellows Subassembly

A bellows subassembly for use in the cylindrical pro-
totypic converter was designed and fabricated, The
hellows consisted of four convolutions, as shown in Figure
13. Hach convolution consisted of a flat and a formed
member to allow for the largest axial movement in the
minimum space. Special electron beam welding fixtures
vere also designed and built, as shown in the photographs
in Fipgures 14 and 15. The completed bellows was subjected
to a number of mechanical extensions and remained leak-

tight.
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B. smittor-Heat Pipe Pleetrical Insulation

The out=of=core thermionic reactor design for nuelear
2lectric propulsion requires electrical insulation betweoen
the heat pipe and the thermionie converter at the emitter
temperature (1650 K) with only a small temperature drop
across Lthe insulation, Sapphire is a candidate material
for this application. Other approaches to this problem
are Lo use a thin metal closure to the converter or to
couple the heat to the converter by radiation (see Soe-

tion V),

1. kvaluation of Cast Sapphire

A technique for casting sapphire between molybdenum
eylinders with diameters prototypice of the NEP thermionice
reactor system design was developed last year. The
assembly for casting is shown in Figure 16, The sapphire
reservolr is charged with  crushed lLucalox, and  the
assembly is heated by RF in hydrogen atmosphere, The
molten sapphire [ills the annular gap (0.25 mm thick)
hotween the molybhdenum cylinders with the aid of the
associated capillary force. Completion of the casting is
signaled by the appearance of molten material at the bleed
hole. After the assembly is cooled, the top and bottom

were machined off and the center hole was made by electric

discharge machining.
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The three-inch long eylinder is mounted in a bell jav
and heated by e¢lectron bombardment. A photograph of a
cast sapphire unit under test is shown in Figure 17. The
outside temperature was 1650 K and the temperature differ-
ence across the cast sapphire layer was approximately 20 K
(measured by an optical pyrometer) at a heat flux of about
10 W/cmB. The outside of the unit was machined with a
fine thread to increase its thermal emissivity.

The initial room temperature resistance of the first
rast  sapphire unit was over 10% ohms. The initial
resistance at operating temperature (i.e., 1650 K) was two
ohms. After 100 hours of testing, the room temperature
resistance had decreased to about 0.1 ohms and the operat-
ing temperature resistance was almost a dead short.

After termination of Lthe test, the unit was sectioned
along the axis. Some cracks were evident, but were not in
a direction to decrease heat or electrical flow. Appar-
ently, the failure was caused by carburization of the
organic fluid that penetrated the radial cracks in the
cast sapphire during the electrical dishcarge machining.
There was also evidence of sapphire-molybdenum interaction

that presumably took place during the casting operation.
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The technique of casting sapphire was refined during
the subject reporting period. To minimize the reaction
haetween the alumina and molybdenum, the second casting was
performed only slightly above the melting point of the
alumina. Unfortunately, the alumina flow only filled the
top half of the fixture.

The second unit had an initial cold resistance of
10% ohms and an initial hot resistance (1650 K) of
approximately 120 ohms. After 30 hours of operation, the
resistance stablized at about 20 ohms. This casting was
tested at 1650 K for a total of 1585 hours. During this
period, a 10 volt bias was applied for 1450 hours and a 25
volt bias for 100 hours. In addition, the unit survived a
150 volt breakdown test.

On sectioning, there was no evidence of the conduct-
ive block substance found in the first casting. There was
no gross interaction between the sapphire and molybdenum.
Also there were fewer voids than in the first casting.

for the third test, the casting fixture was modified
by drilling a hole in the bottom of the outer cylinder to
provide better observation of the liquid sapphire. In

addition, both molybdenum surfaces were roughsned with 80
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threads per inch. During the casting, the bottom of the
fixture was held at a slightly higher temperature than in
previous ecfforts to improve the flow of the sapphire.
This flow was terminated as soon as it reached the bottom
vent hole. Inspection showed that the sapphire flow fill-
ed the entire fixture.

The 1initial cold resistance was greater than 108
ohms and the initial resistance at 1650 K was greater than
20 ohms. However, a vacuum pump fallure resulted in
severe oxidation of the molybdenum and shorted the test
fixture. After cleaning the apparatus and repairing the
vacuum system, the unit was returned to test. However,
the sapphire casting shorted at operating temperature.
Lfforts to clear the shorts with capacitor discharges were
not successful.

Based on the foregoing experience, it appears un-
likely that the cast sapphire would prove to be an

adequate electrical insulator at 1650 K for the opera-

tional lives required for NEP missions.
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2. Possiblility of Silicon Carbide Insulation

Since silicon carbide has a band pap of approximately
3 eV, pure material would be expected to be a good elec-
trical insulator at high temperatures. For a ceramic
material, silicon carbide has a high thermal conductivity.
It has a good thermal expansion match to tungsten and
carbon and a fair thermal expansion matcech to molybdenum.
In their ceramic heat pipe program, LASL has demonstrated
thermal cyeling to 1775 K of CVD silicon carbide os a
molybdenum substrate using a thin intermediate layer of
tungsten to minimize stresses. In the DOE TEC program,
Thermo Electron has developed techniques of chemically
vapor depositing silicon carbide on both tungsten and
molybdenum using an intermediate carbon layer. These
structures have operated as  hot shell-emitters of
combustion-fired thermionic converters for periods of 5100
hours at 1630 K and 5900 hours at 1730 K.

Based on these considerations, silicon carbide should
ba of interest as a high temperature electrical insulator.
A measurement of the electrical resistivity of Thermo

Klaectron's CVD silicon carbide at room temperature was
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approximately 80 ohm-cm. This value implies a high tem-
perature resistivity that would be too low for effective
c¢lectrical insulation. However, the possiblity of greatly
increasing the celectrical resistivity by improved purity

or an additive appears promising.
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V. SYSTEM CONSIDERATIONS

The system studies were directed at integrating the
thermionic converter subsystem with the other power sub-
systems; namely the nuclear reactor, the radiator heat
rejection subsystems and the power conditioning subsystem.
The power system is illustrated in Figure 18, The heat
from the reactor is transferred to the thermionic con-
vaerters by bent lithium heat pipes, the reject heat from
the thermionic converters is radiated to space by heat
pipes located on the periphery of the spacecraft.

The performance goals of the system are shown in
Table III. Four system configuration options were inves-
tigated as shown in Table IV. Option 1 corresponds to the
illustration of Figure 18. A layout of this system option
is sbown in Figure 19. This figure shows the reactor, a
typical lithium-molybdenum heat pipe passing c¢arough the
nuclear shield and propellant storage to a typical con-
voerter. The reject heat from the converter is removed by
2 heat pipe. The condenser of this heat pipe forms the

outer wall of the spacecraft, where the heat is radiated

Lo space. The thermionic converters in this concept
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{ TABLE III
! TEC NEP SYSTEM PERFORMANCE GOALS
, ©  SPECIFIC MASS 22 KG/kW
' ©  CONVERTER EFFICIENCY 12% MEASURED
®  LOW MASS RADIATOR
®  LONG LIFE - 40,000 HOURS MISSION LIFE
®  NET POWER PRODUCED 100 TO 120 kW
i
?
] 49
}1"' >
!




A

=K

T ——re— =
AT NP,

-

FRMTTT T R T S et e e - R

st s

R et

813-16

TABLE IV
SYSTEM CONFIGURATIONS OPTIONS

INSULATED SYSTEM WITH EMITTER AND COLLECTOR HEAT PIPES

RADIATION COUPLED SYSTEM WITH EMITTER AND COLLECTOR
HEAT PIPES

RADIATION COUPLED SYSTEM WITH INTEGRATED HEAT
RECEIVER AND RADIATOR

RADIATION COUPLED SYSTEM WITH INTEGRAL HEAT RECEIVER
AND RADIATIOR WITH REFRACTOR WALL.
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are eolectrically insulated from the reactor heat pipes,
thus allowing a series-parallel connection of the con-
verters, This results in the redundancy desired for
reliability an output veltage of 82 V de.

The projected performance of the insulated heat pipe
system is shown in Figure 20, for various collector and
emitter temperatures as well as dilfering combinations of
are drop for a collector work function of 1.5 eV. The
minimum powar system speceific mass with present day per-
formance (i.c., Vp = 0.5 eV and 1700 K emitter temper-
ature) is 20 kg/kW.

The scecond option considered, a radiation coupled
system with emitter and collector heat pipes is geomet-
rically similar to that shown in Figure 19. The emitter-
to=-heat pipe insulation, however, is replaced by a vacuum
sap so that the heat transfer occurs by thermal radiation
only. The available heat transport was too low to obtain
o speeific mass in the vieinity of 22 kg/kW.

A geometry better suited for radiation heat transfer
(designed as Option 38) was investigated where the heat
receiver and radiator are incovrporated into the converter

structure, as illustrated in Figure 21, The reactor heat
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