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SECTION 1

INTRODUCTION

The progress described in this, the first quarterly report, is being
performed under JPL Contract 952217, a 12-month, three-task program of

advanced thermionic converter development.

The first task consists of an investigation of single crystal rhenium
electrodes or other refractory materials for the purpose of yieiding a
low work function collector surface. Specific investigations include
vacuum emission vehicle determination of the effective and Richardson
work functions as well as qualitative and quantitative examination of
electrode surfaces using a thermionic emission microscope. Metal-~
lurgical examinations include X ray diffraction and metallographic and
= spectrographic analyses. These same electrodes will then be investi~

gated in a variable parameter test vehicle for minimum work function

iR and optimized power output. Based upon variable parameter test vehicle
data, a planar converter will be fabricated and tested for the purpose

of comparing test vehicle to converter performance.

Task II consists of the investigation of vapor-deposited tungsten-20 per-
cent rhenium alloy electrodes in the same manner as in Task I, i.e.,
utilizing vacuum emission, electron emission microscope, and variable
parameter vehicle evaluations with, however, the subsequent fabrication

and testing of two planar converters.

Task II1 completes the program effort with the design, fabrication,

and test of cylindrical thermionic converters for the principal purpose

of providing a direct performance comparison between planar and cylin-

drical converters.

4006-Q-1 1
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SECTION 2

ELECTRODE MATERIALS EVALUATION (TASK I)

Two special purpose devices previously designed and built by EOS for
electrode material evaluation are being utilized in Task I investiga-
tions. The first device, a vacuum emission vehicle, is employed to
measure the average effective bare work function of candidate electrode
materials. The second device, the EO0S thermionic emission microscope,
contains a Faraday cage for the measurement of the effective work
function of individual grains and a phosphor screen for displaying the
fine grain structure for visual observation and subsequent emission
micrograph documentation. The average value of a large number of in-
dividual Faraday cage measurements then provides a comparison to the
average measurement from the vacuum emission vehicle. Electron emis-
sion scans of the electrode surface are also constructed for investi-
gation of effective work function variations within single grains and

across grain boundaries.

For Task I, the emission microscope was modified to operate at a mag-
nification of approximately 80X to accommodate the relatively large
grains of the single crystal rhenium and (110) single crystal molybdenum
electrodes. The modification procedure involved the removal of the
projection lems, thus shortening the distance from the immersion lens to
the phosphor screen and reducing the magnification. The decelerating
collector/Faraday cage assembly was relocated in another part of the
microscope to accommodate the phosphor screem placement. Figure 2-1 is
a schematic of the present modified emission microscope with voltage

ranges indicated.

4006-Q-1 3
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2,1 (110) SINGLE CRYSTAL MOLYBDENUM

2.1.1 ELECTRON EMISSION MICROSCOPE INVESTIGATION OF (110) MOLYBDENUM

Single crystal molybdenum with the (110) crystal plane oriented parallel
to the surface was chosen for investigation in the modified electron

emission microscope.

The effective work function of (110) molybdenum was determined by in-
dividual Faraday cage measurements and by scanning techniques. The
difference in work function across low angle grain boundaries was

also determined. A rough estimate of the effect of recrystallized
grains of scribe lines upon the overall effective work function was
made. The primary objective of the emission microscope measurements

is to provide a comparison of effective work function with vacuum emis-
sion vehicle measurements and other techniques referenced from the

literature.

The molybdenum single crystal was electron beam welded onto a molyb-
denum support structure for mounting in the microscope. The emission
surface was fine-polished with Linde alumina A and B, then diamond
scribed. Figure 2-2 is a sketch of a portion at the center of the
surface. The center square is 0,050 in. per side, and the other scribe
lines are 0,025 in. apart. Two wires, exactly 2 in. apart, were spot
welded to the back of the phosphor screen holding plate for magnifica-
tion determination. By choosing a point on a scribe line coincident
with one wire and moving it to coincide with the second wire, the mag-
nification could be directly determined by simultaneous readings of
verniers on the drive mechanism. The exact magnification, as a result
of the previously described modifications, is dependent upon the volt-
ages applied to the grid and anode portion of the lens. The performance

of the Faraday cage was characterized by varying the decelerating

4006-Q-1 5
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Figure 2-2. Molybdenum Single Crystal (110) Orientation as Seen
on Crystal Surface Showing Low Angle Grain Boundary.
Magnification 11X
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voltage and plotting it as a function of Faraday cage current. The

grid voltage was 200 volts and the accelerating voltage was 12,250 volts
for the curve shown in Fig. 2-3. It can be seen that in the range of
operation of the decelerating grid voltage (i.e., 180 to 220 volts),

the Faraday cage current collected is independent of the decelerating

voltage.

The second phase of this investigation involved the recrystallization
and grain growth of the work-hardened single crystal surface, and the
é% measurement of electron emission with calculated effective work func-

tion values for characterizing the (110) single crystal material.

Returning to Fig. 2-2, the irregular line through the sketch of the
crystal face approximates the position of a low angle grain boundary.

2 The mapping was accomplished by recording the x-y vernier settings of
the drive mechanism as the sample was driven to follow the grain bound-
ary., Scribe line ihtersections were then used as references in plot-
ting the boundary. The letters refer to points where x-y settings were
recorded, The numbers in various areas are for reference for emission

micrographs and Faraday cage measurement locations.

Figure 2-4a is an emission micrograph of area #2 on Fig. 2-2 taken
o with the sample at a temperature of 15640C. All temperatures reported
;? are true hohlraum temperatures. The sample had been heét treated at

1564°C for three hours. The scribe lines can be seen as consisting of
ii various light grains where recovery and recrystallization have taken
place. The dark spot in the middle and continuing to the bottom of
the micrograph is the Faraday cage holder. Other white spots away
from the scribe lines may be either material pull-oﬁt from polishing

or thermal etch pits. The low angle grain boundary can be seen by

noting the slight difference in background intensity. When comparing

gi the low angle grain boundary in Fig. 2-4a with area #2 shown in Fig. 2-2,

ool

4006-Q-1 /
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a. 1564°C After 3 Hours at 15649C. Magnified 88X

G
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b. 1564°C After 8 Hours at 1564°C and 2 Hours at 1717°C.
Magnified 84X

Figure 2-4. Electron Emission Micrograph of Molybdenum
(110) Single Crystal

4006-Q-1 9




c. 1717°C After 16 Hours at 1564°C, 2.5 Hours at 1717°C,
2.5 Hours at 1768°C, and 1 Hour at 19239C. Magnified 82X

Figure 2-4. Electron Emission Micrograph of Molybdenum
(110) Single Crystal (contd)

4006-Q-1 10
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the location with respect to the two is inverse, since the image pro-
duced on the phosphor screen of the emission microscope is inverted
with respect to the actual sample surface. Figure 2-4b is an emission
micrograph of area #2 after 8 hours at 1564°C and 2 hours at 1717%.
Figure 2-4c¢ shows the same area after 16 hours at 15640C, 2-1/2 hours at
1717°C, 2-1/2 hours at 1769°C, and 1 hour at 1923°C. Considerable

secondary recrystallization has taken place as the single crystal

matrix has grown at the expense of the recrystallized grains due to

o scribing.

Emission measurements were made of various areas of the sample on
either side of the low angle grain boundary and on small grains of
the scribe marks. Table I shows individual Faraday cage emission

g

measurements with calculated effective work function values, the

temperature of the sample at which they were taken, and the corre~-
o sponding area referred to Fig. 2-2. The "left" or "right" indicated
uz beside area numbers signifies which side of the low angle grain bound-
. ary the measurement was taken.
|

The work function values calculated in Table I from Faraday cage emis-
f{ sion measurements, at a given temperature (i.e., either at 19900K or
- at 1837OK) and on the same side of the low angle grain boundary are in

every case within experimental error. The area to the left of the low

angle grain boundary in Fig. 2-4 appears lighter in the emission micro-
v% graphs than the area to the right, and this observation is consistent
w with the emission measurements and effective work function calculations

of Table I. The work function of the dark area is in every case (for

a given temperature) lower than the adjacent light area. Emission

. : [e] .
measurements were made in area #2 at 1990 K and in area #5 at 1837°k

on each side of the low angle grain boundary with the measured areas
in each case being adjacent to one another and less than 0.010 in.

from the grain boundary. The difference in work function across the

grain boundary in area #2 at 1990°K was 0.07 eV and in area #5 at

1837OK was 0.09 eV.

4006-0~1 11




TABLE 1

EFFECTIVE WORK FUNCTION OF THERMIONIC (110) SINGLE CRYSTAL
MOLYBDENUM DETERMINED FROM ELECTRON EMISSION MICROSCOPE
FARADAY CAGE MEASUREMENTS

Sample ‘ Faraday Cage
Temperature Current
Magnification (°r) Area Number (amps) ¢eff(ev)
82x 1990 1 (left) 3.6 x 10°1° 4.82
82% 1990 3 (right) 2.62 x 10710 4.90
82% 1990 4 (right) 2.82 x 10710 4.88
82x 1990 2 (left) 3.2 x 10720 4.85
82x 1990 2 (right) 2.35 x 10710 4.92
88% 1837 5 (left) 2.43 x 10”1 4.84
88X 1837 5 (right) 1.30 x 10711 4 .94
88X 1897 6 (left) 1.6 x 1071 4.91
88X 1837 9 (left) 172 x 1071 4.90
88X 1837 3 (right) 2.2 x 107t 4.86
88X 1837 4 (right) 2.2 x 10711 4,86

Figure 2-5 is an electron emission microscope scan across the low angle
grain boundary in area #5, as shown in the emission micrograph, Fig.
2-6. The sweep speed was approximately 0,0001 in. per second. The
grain boundary appears to be about 0.001 in. from plateau to plateau,
but as Fig. 2-6 shows the grain boundary is at a 45° angle to the survey
direction (survey direction was from left to right in Fig. 2-6) which
would tend to reveal a slightly wider boundary thickness than actually
exists. From the scan, the high emission area current is approximately
3 x 10711 amp, the low emission area 2 x 10-11 amp. Subsequent calcu-
lation produces effective work functions of 4.79 eV and 4.88 eV, respec-
tively. These values, when compared with earlier individual Faraday
cage emission measurement from each side of the low angle grain boundary

in area #5 (see Table I) are within experimental error.

4006-Q-1 12
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Figure 2-6. Electron Emission Micrograph of (110) Single Crystal
Molybdenum Low Angle Grain Boundary at 1564°C After
Heat Treating for 8 Hours at 1564°C. Magnification
84X

4006-Q-1 14
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Figure 2-7 is an electron emission microscope scan from left to right,
according to Fig. 2-2, across areas #9, #5, and #10. The scan was
taken acroés the sample where the low angle grain boundary‘intersects
the scribe line (point D as shown in Fig. 2-2). This’is'also shown in

Fig. 2-7, where the average background current drops off after the scan

passes through scribe line 2. The spikes not labeled are caused by

high emission from material pull-out during polishing or from thermal
etch pits. These small areas are also visible on any of the emission
micrographs. The scan was taken after heat treating at 1564OC for 18

hours, at 1717°¢C for 2-1/2 hours, at 1768° for 2-1/2 hours and at

1923°C for 1 hour. The intensity from scribe line 3 is seen to be
much less than for the other three scribe lines. This is because
secondary recrystallization was nearly complete over the region where
the scan was made. The peak currents collected when crossing scribe
. lines 1, 2, and 4 are not shown in Fig. 2-7 but individual electrom-
eter readings were recorded as follows: (1) 1.0 x 10“10 amp, (2)

2.0 x 10-10 amp, (4) 2.6 x 10-10 amp. The respective calculated ef-
fective work functioms are: (1) 4.62 eV, (2) 4.53 eV, and (4) 4.48 eV.

The approximate average current to the left of the low angle grain

boundary is 2.8 x 10'.11 amp and to the right it is 1.85 x 10711 amp .

g? The corresponding effective work functions are 4.83 eV and 4.91 eV,
- respectively. These values compare favorably with the electron emis-
2 gsion scan of Fig. 2-5 across the low angie grain boundary from which
effective work functions of 4.79 eV and 4.88 ¢V were calculated. The
g difference in the two sets of values is (4.91-4.88) 0.03 eV on the
:;é high emission side, thus showing that the work function values from
two different scan locations are well within experimental.error

(£0.04 eV).

Three recent experimental determinations of the work function of (110)
molybdenum are listed in Table II. The reported values are Richardson

work functions and the A constants are reported here since it was

4006-Q~1 15
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necessary to convert the Richardson work functions to effective work
functions (A = 120 amps/degz-cmz) to make exact comparisons with the
values determined from the electron emission microscope measurements.
The temperature ranges over which the Richardson plots were made are

also listed with the appropriate work functions in Table II.

TABLE 1I
WORK FUNCTIONS OF (110) MOLYBDENUM FROM LITERATURE

()
® Richardson (ev) A (amps/deg2~cm2) Te( K) Converted ¢eff(ev)
5.10 0,051 270 +20 (1700°K-2100°%)  4.98 +0.05
5.00 +0.05(% 125 +15 (1700°K-2000°k)  5.00 +0.05
4.90 £0.073 125% (1600°K-1900°K)  4.90 0.07

* Not given in paper.

The effective work function values of Table I can be compared with the
effective work function values of Table II. The high work function
side of the low angle grain boundary is seen to compare well (within

experimental error) with the literature values.

2.1.2 VACUUM EMISSION VEHICLE MEASUREMENTS OF (110) MOLYBDENUM

Upon completion of the electron emission microscope measurements, the
same single crystal molybdenum sample was removed from the emission mi-
croscope and mounted in the vacuum emission vehicle for average effective
work function determinations, the main objective being to provide a com=-
parison with the emission microscope measurements. A second objective
was to obtain a rough estimate of the effect of the recrystallized grains

of the scribe lines upon the overall effective work function.
Figure 2-8 shows three vacuum emission vehicle Schottky plots with the

square root of the applied field, JE, versus electron current, 1.

Interelectrode spacings were determined experimentally at the listed

4006-Q-1 17
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Scribe Lines on Surface as per Emission Microscope
Experiments

4006-Q-1 - 18




temperatures, thereby providing values from which to calculate the

electric field. On each of the curves an experimental Schottky slope

]

was first drawn as accurately as possible through the "linear" portion

e

L

of the curve. The effective work function was then computed. Figure
2-8 shows Schottky plots taken of the (110) molybdenum with the scribe
lines exactly as the sample was when removed from the emission microscope.

Figure 2-9 shows three Schottky plots taken of the same sample after

taking a surface cut to remove the scribe lines, with subsequent fine

polishing with Linde alumina A, B, and C, and a moderate electroetch

in a 5 percent sulphochromic acid to remove any work-hardened material
from the surface. The sample was then returned to the vacuum emission
vehicle and vacuum outgassed at 2250°K for 1 hour prior to the Schottky
determinations. In Fig. 2~9 experimental Schottky slopes were drawn

57 and the work function was calculated. To determine the accuracy of

;Q the slopes experimentally extrapolated to zero field, theoretically
determined slopes were superimposed upon the three curves of Fig. 2-9.
The agreement is seen to be excellent. The theoretical slopes were

calculated from the well-known Schottky equation:

log JRS = log JR + (1.912/T) JE

where Iz is the zero. field Richardson current, and J__ is the Schottky

RS
current.

Table III gives comparisons among work functions obtained from the vac-
uum emission vehicle, the averaged electron emission microscope measure-
ments from Table I for the left side of the low angle grain boundary,
and some recent literature values determined by Richardson plots con-

verted to effective work functions.

2
: }x
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TABLE 1ITII

COMPARISON OF EFFECTIVE WORK FUNCTION OF (110)
SINGLE CRYSTAL MOLYBDENUM BY EOS VACUUM EMISSION VEHLCLE,
EOS ELECTRON EMISSION MICROSCOPE, AND LITERATURE VALUES

T eV
Method e ___?ffﬁii_il

EOS Vacuum Emission (Scribed) 2001°K 4.83 +£0.04

EOS Vacuum Emission (Scribed) 1947%k 4,84 £0.04

EOS Vacuum Emission (Scribed) 1874°k 4.80 +£0.04

| EOS8 Vacuum Emission 2003°K 4.85 £0.04
(Polished and Etched)

o EOS Vacuum Emission (Scribed) 1953°K 4,84 +0.04

" EOS Vacuum Emission (Scribed) 1903°K 4,82 +0.04

EOS Electron Emission Microscope 1990°K 4,90 £0.04

EOS Electron Emission Microscope 1837°k ' 4.89 +0.04

Richardson Plot (Ref. 1) 1700 - 2100°K 4.98 £0.05

= Richardson Plot (Ref. 2) 1700 - 2000°K 5.00 +0.05

Richardson Plot (Ref. 3) 1600 - 1900°K 4.90 £0,07

It can be seen in Table III that the difference in effective work func-
tion by vacuum emission measurements between the scribed and the polished
and etched (110) molybdenum is within experimental error. But, over the
temperature range, the work function of the scribed sample is consist~-
ently lower. This is reasonable and expected since it can be recalled

o from the emission microscope measurements that the scribed area exposed

o recrystallized grains of orientations different from the (110) matrix,

thus grains of lower work function and higher emission capability. An

1"

exact "scribed area" could not be determined since many of the grains

had already undergone secondary recrystallization and returned to the

(110) matrix orientation by the conclusion of the emission microscope

experiments.
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The effective work function determined by vacuum emission measurements
and by electron emission microscope Faraday cage measurements are seen
to be within experimental error in every case. The effective work
functions listed from electron emission microscope measurements are
averaged over five individual Faraday cage values from different areas
of the (110) éingle crystal matrix for each temperature indicated. The
effective work functions determined in this work are within experimental
error of the literature values in neafly every case. The apparently
consistently lower values of the EOS emission vehicle work can be easily
reconciled when it is recalled that the (110) single crystal has a low-
angle grain boundary dividing the sample almost equally into two halves.
The high work function side of the low-angle grain boundary yiélded, by
electron emission microscope measurements (from Table I), average effec-
tive work functions of 4.90 eV at 1990°K and 4.89 eV at 1837°K, well

within experimental error of the listed literature values.

2.2 RHENIUM SINGLE CRYSTALS

2.2.1 X-RAY AND METALLOGRAPHIC ANALYSIS

An attempt was made bj the Linde Crystal Préducts Division of Union
Carbide to grow a boule of single crystal rhenium with the (000l1) plane
oriented parallel to the end face of the boule. The boule produced was
unique in that the diameter was large enough so that discs could be cut
off for testing and subsequent incorporation into thermionic devices

of meaningful emission area. Linde Crystal Products furnished EOS with
a schematic approximately reproduced at 4:1 in Fig. 2-10, showing that
the boule was comprised of seven grainé. Laue back reflection X-ray.
patterns were then produced by Linde to determine the orientation of
each of the seven grains, with the results tabulated in Table IV. The
relationshipAof the'crystal plane normal of each grain with  respect to

the boule face normal is given by a tilt angle in the x and y directionms.

4006-Q~1 . 22




¢x S

9 Figure 2-10. Rhenium Boule Face Sketch (4:1) Showing
’? Seven Grains of Various Orientation

s
o
5

4006-Q-1 23

31234



%

~

N\,
N,

———

(1000)

(1101)

(1101)

(1101

(1000)

(1101)

TBUION 9UBTJ PUODI3S B JO UOTIVAATd (X) 2ITIL 93a8aq@ (L) 9711 s9x8s(g TewION SUeTd

~ %V \ | K2
, .
" o¢o/ ol It
\ .
m omo/ : ot 1+
g ’ o8/ T-6T+
1W o .\“ W
4
1_ oS of*
- / o8/ 1-8+
/ o
T o 61T 0

¢+

LT~

¢/1-9-

ol/T-TT+

ot

(1101)

(1000)

(1000)

(1000)

(1000)

(110D

(1000)

ANIT FGI¥0S ANV TVWYON d0Vd A7009 FHI OL 103dSd¥ HIIM STVWION dANVId TVLSA¥D

J0 NOILVINII¥0 FHI 4O -SNOLIVNIWYALAQ NOILODITINY §MOVd AOVI A0 SITINSTH

AT JTIVL

BOIY

24

- 4006-Q-1



The direction in which a second plane normal lies with respect to the

boule face is given by H

After the X-ray analysis was completed (results indicated in Table IV)
it was evident that there was considerable departure of some of the
grains from a (0001) boule face orientation. The boule was then mounted
in a goniometer and tilted so that area #1 of Fig. 2-10 had its (000L)
plane parallel to the plane of the slice and therefore parallel to the
disc face. Area #1 was thus chosen to display exactly a (0001) crystal
orientation. Subsequent mechanical and electropolishing exposed the
grains shown in Fig. 2-11 indicating that there were a considerably
larger number than originally identified. Thus, except for the larger
grains such as areas #1, #4, #5, and #7, it is probable that the ori-

entation over various regions is different from that listed in Table IV.

Figure 2-12 is a photomicrogréph of fhenium sample No. 1 which had been
fine polished with Linde alumina A, B, and C, and vacuum-fixed at 2150°¢
for two hours. After annealing, it was observed that portions of the
mirror finish had apparently evaporated or diffused leaving behind a
substrate exhibiting the circular machine marks assumed removed by the
mechanical polishing procedures. In Fig. 2~12, the machine marks are
visible and small areas that look like scales on the surface are actu-

ally areas of high polish.

As a further investigation, sample II, which was also given a fine
mechanical polish, was electro-etched in a 75 percent sulfuric acid
solution long enough to remove the polished layer. Figure 2-13 shows

clearly that the machine marks are present in the substrate.
The conclusion drawn is that fine polishing of rhenium which has a prior

work hardened surface by grinding only smears material, filling the

surface irregularities, but does not remove the surface irregularities
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Figure 2-11.

4006-Q-1

Rhenium Single Crystal Sample II High-Polished with e
Linde Alumina A, B, and C, Vacuum-Annealed at 2150°C
for Two Hours, and Electropolished in a 75 Percent
Sulphuric Acid Solution. Magnification 4X
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Figure 2-12.

4006-Q-1

Rhenium Single Crystal Sample 1 High-Polished
with Linde Alumina A, B, and C, and Vacuum-
Annealed at 2150°K for 2 Hours. Magnification 10X
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Figure 2-13.

4006-Q-1

Rhenium Single Crystal Sample II High-Polished with
Linde Alumina A, B, and C, Electro-Etched in 75 Per-
cent Sulphuric Acid Solution. Magnification 10X
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of the work hardened 1ayer.' This is‘the reason that subsequent vacuum
annealing gave rise to a sufficient evaporation or diffusion of the
polished\surface layer to expose the now fully annealed grinding ridges.
Thus, to insure that a smooth surface remains after vacuum annealing,

a series of coarse to fine polishing papers should be used to remove

the grinding ridges before‘fine polishing. Electropolishing before

fine polishing may also achieve the same results. In Fig, 2-11'the
grinding ridges were removed by electropolishing. The sample was al-

ready fully annealed at 2150°C for 2 hours.

2.2.2 ELECTRON EMISSION MICROSCOPE INVESTIGATION OF SINGLE CRYSTAL
RHENIUM '

Rhenium sample II was electropolished and mounted in the electron
emission microscope. The area identified in photomicrograph Fig. 2-14
corresponds to the electron emission micrograph composite of Fig. 2-15.
The numbered grains on Fig. 2-14 correspond to the numbered grains on
the sketch of Fig. 2-10. Each emission micrograph of the composite of
Fig. 2-15 was accompanied by a Faraday cage current measurement from
which the work function was calculated. 1In Table V, those measurements
taken within grains No. 1 and 4 corresponding to the composite area

are listed. -The averaged effective work function for grain No. 1 (which
is supposed to be exactly a (0001) crystal orientation) is 5.26 eV.

The averaged effective work function of grain No. &4 is 4.92 eV, It

is of interest to note that Wichner and Pigford(4) have reported an ef-
fective work function for (0001) rhenium of 5.36 eV from experiment.
It, therefore, appears that grain No. 1 reportedly cut to exhibit the
(0001) crystallographic plane is, in actuality, off axis.

Accompanying the composite of Fig. 2-15 are three electron emission
current profiles, their locations shown by the lines drawn through the
composite. Approximate average effective work function values are in-

dicated by various sections of the profiles. High plateaus on the
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Figure 2-14.

4006-Q-1

Photomicrograph of Rhenium Sample IT High-Polished with
Alumina A, B, and C, Vacuum-Annealed at 21500C for Two
Hours, and Electropolished in a 75 Percent Sulphuric
Acid Solution. Magnification 4X
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TABLE V

EFFECTIVE WORK FUNCTION OF GRAINS NO. 1 AND 4 (SAMPLE II)
CORRESPONDING TO EMISSION MICROGRAPHS OF THOSE
AREAS SHOWN IN FIG. 2-15 COMPOSITE. MAGNIFICATION 86X.
TEMPERATURE 2053°K.

Grain No. 1 Grain No. &

Jo amps/m2 geV J;D atmps/m2 geV

0.729 5.23 4.28 4.92

0.774 5.22 4.19 4.92

“i 0.61 5.27 4,92 4.89
o 0.674 5.25 4.37 4.91
- : 0.647 5.27 3.92 4,94
- ; 0.565 5.28 3.10 4.97
R ‘ 0.483 5.31 4,28 4.92
ol 0.638 5.25 2.87 4.99
0.574 5.27 3.73 4.96

B 0.524 5.28 5.28 4,88
A 0.506 5,30 4,83 4.89
0.583 5.27 4,128 4.92

0.574 5.27 4,64 4.91

. : 0.528 5.29 4,01 4.93
- 0.473 5.31 3.82 4. 9%
3.64 4.95

0.492 5.30 4.28 4.92

0.465 5.31 3.73 4,94

0.520 5.29 4,19 4.92

0.546 5.28 3.84 4,94

0.546 5.28 3.66 4.9%

0.510 5.29 4.84 4. 94

- 0.555 5.28 3.82 4.9
) 0.611 5.26 2.91 4.99
s 0.665 5.25 3.20 4,96
» 0.601 5.27 3.64 4.95
¢ 0.701 5.24 3.64 4.95
| 0.783 5.22 4.01 4.93
0.783 5.22 4.01 4.93

0.692 5.24 3.96 4.93

0.729 5.23 3.46 4.95

0.747 5.23 3.46 4.9

0.856 5.20 3.10 4.98

3.11 4.97

3.0 4.98

3.05 4.98

2.73 5.00
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Figure 2-15. Mapped Composite of Rhenium Single Crystal Sample IIL
Area with Current Profiles. Magnification 86X (contd)
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profiles denoted grain boundary exhibited values of current greater

than that shown on the diagram due to limitations of the current scale.

The dark areas of the composite can be seen to correspond to low current
emission and therefore high work function, while the light areas exhibit
high emission and low work functions. The transition region from a low
emission area to a high emission area (or vice versa)-does not appeaf
extremely sharp, the reason being that wide grain boundary regions have
been created by electropolishing. This effect can be observed on the

scans and compared with the same region of the composite.

In general, the work functions indicated in Table V are the same as
those on the current profiles for the particular grains examined (i.e.,
No. 1 and 4.).

2.2.3 VACUUM EMISSION MEASUREMENIS OF SINGLE CRYSTAL RHENIUM

The effective work function of the rhenium was determined experimentally
by vacuum emission vehicle measurements after the various surface prepa-
rations mentioned in Subsection 2.2.1:"(1) polished with Linde A, B,
and C alumine powders to a mirror finish, (2) polished as in (1) and
electroetched, (3) polished as in (1) and electropolished. After all
surface preparations, the samples were chemically cleaned in hydrochlo-
ric acid and triple-boiled in distilled water. Each sample was then
vacuum-annealed at 2150°C for 2 hours before vacuum emission tests were

begun.

Figures 2-16, 2-17, and 2-18 are Schottky plots corresponding to the
three preparations mentioned. The effective work functions are within
experimental error (+0.04 eV) in every case for a given temperature,
indicating that the surface preparations do not have any significant
effect upon the experimental results. Table VI is a resume of the data
of Figs. 2-16, 2-17, and 2-18.
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TABLE VI

EFFECTIVE WORK FUNCTION @ c* FOR RHENIUM
SINGLE CRYSTALS SAMPLE NO. I AND II FROM
VACUUM EMISSION VEHICLE MEASUREMENTS

Fine Polish Fine Polish

T°K Fine Polish (I) Electroetch (II) Electropolish (I)
1953 5.13

2003 5.09 5.10 5.09

2073 5.20 5.12 5.20

2101 5.05 5.08 5.05

2153 5.07 5.07

2.50 5.08

*Estimated ¢eff +0.04 eV.

Since grains No. 1 and 4 in sample II together constitute well over

50 percent of the surface examined, it is probably valid to attempt

some comparisons between the electron emission microscope results and
the vacuum emission vehicle test results. In Subsection 2.2.2, the
averaged effective work function from electron emission microscope meas-
urements for grain No. 1 was found to be 5.26 eV, and for grain No, 4,
4,92 eV. The average of these two numbers is 5.09 eV, which compares
very favorably with the vacuum emission results reported in Table VI.
Because of the large number of grains, a more precise comparison between

the two methods of investigation was found to be impractical.

The results of these measurements show that the rhenium samples inves-
tigated here exhibit an effective work function which is no higher, and
in most cases lower, than those reported in earlier work(S) on vapor

deposited rhenium.

2.3 VAPOR-DEPOSITED RHENIUM VARIABLE PARAMETER TEST VEHICLE

A variable parameter test vehicle with vapor-deposited rhenium electrodes
was fabricated and performance tested. Vapor-deposited sample II

was the emitter and vapor-deposited sample IV, the collector.

3
A
Sy
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The interelectrode spacing and parallelism in the variable parameter
vehicle are established by independently applying a force to three
spring~loaded rods of a differential thread drive mechanism. Contact
between the emitter and collector is indicated by a drop in the output
voltage of the device. When momentary or slight contact is made, the

emitter temperature decreases and the collector temperature increases.

The first task consisted of optimizing the dclcurrent output of the wve-
hicle as a function of spacing, cesium reservoir temperature, and col-

lector temperature. The optimizations of current were performed at two

different output output voltages and emitter temperatures which were
selected for comparison to previously tested thermionic converters.
Figure 2-19 shows the results of the current optimization for an emitter
temperature of 1800°K and a constant voltage output of 0.4 volt.

Figure 2-20 shows the current optimization for an emitter temperature

of 1700°K and a voltage output of 0.3 volt.

The complete optimization at a fixed output voltage and constant emitter
temperature consisted of three parts. First, the collector temperature
was held constant, the spacing was fixed, and the cesium reservoir tem-
perature was varied to achieve maximum output current.. Second, the
spacing was fixed again, but at a different value, while the collector
temperature was held constant as before. The cesium reservoir tempera-
ture was again varied to obtain maximum current output. The second

step was repeated for three or four interelectrode spacings while the
cesium reservoir temperature achieved optimized current output. Third,
the collector temperature was varied, performing steps one and two for

each temperature. Thus, for a given emitter temperature and constant
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TEMPERATURE CESIUM RESERVOIR(°C)

Vapor-Deposited Rhenium Variable Parameter Test
Vehicle Optimized for Converter S/N 109 Type
Performance, for an Emitter Temperature of 1798°K
and a Voltage Output of 0.4 Volt

40

|



§§ 48 I | r |
46 +— —
42 -
. Lot
(ol 40 ]
>
o ™
5 S
<
38 - |
Vo]
Q.
=
<
36 ]
— LEGEND ——
O Tcoll 2699°C d=8mils
O Tcoll=699°C d=6bmils
A Teoll=701°C d =6mils
34 + X Teoll=2722°C d =6mils —
0 Tcoll=700°C d =7mils
O Tcoll2720°C d =7mils
V Teoll2667°C d=7mils
1 | | | | |
280 290 300 310 320 330

TEMPERATURE CESIUM RESERVOIR (°C)

Figure 2-20. Vapor-Deposited Rhenium Variable Parameter Test Vehicle Opti-
mization for Converter S/N 110 Type Performance, for an Emitter
Temperature of 1700°K and a Voltage Output of 0.3 Volt
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output voltage, the above procedure produced a complete set of optimi-
zation data from which the maximum output current could be obtained as
a function of the variables: spacing, collector temperature, and cesium

reservoir temperature.

The second task consisted of obtaining output voltage (V) versus inter-
electrode spacing (d) curves for comparison with the polycrystalline

rhenium emitter, polycrystalline rhenium collector system, and the poly-

crystalline rhenium emitter-molybdenum collector system curves as shown

in Fig. 2-19. The collector temperature (= 720 ilOOC), emitter tempera-

ture (1735 iSOC), cesium reservoir temperature (330 iloc), and current
(38A) were the same for all three curves. A comparison of the vapor-
deposited rhenium electrode system with the polycrystalline rhenium w
electrode system shows that the performance is very nearly the same. |
However, from the beginning of operation, it was very difficult to

determine exactly where the emitter-collector short would occur with

0.3-0.5 mil. Consequently, the region of the curve of increasing volt-
age at spacings less than approximately 0.5 mils is almost nonexistent -
on the vapor-deposited rhenium curve. Moreover, electrode parallelism ;g
was difficult to establish with 0.3-0.5 mil, and electrodes not in paral-
. lel also exhibit curves lacking an "upturn' in the electron space charge

region.

From the beginning of operation, it was very difficult to determine ex~-
actly when the emitter-collector short would occur as the voltage would
drop slowly rather than abruptly to zero as electrode contact was made.
Spacing was therefore extremely difficult to set as was the parallelism

of the electrodes. Approximately 300 hours of testing were accomplished

before it was concluded that the problem was internal to the vehicle,

Before the flanges were cut to open the system, the cesium was frozen

out in the reservoir by keeping the reservoir in liquid nitrogen while
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heating the body of the test vehicle with a hot air gun. The cesium
tubulation was then cut open, accompanied by a fire flash as the cesium

oxidized. The device was then leak checked and found to be leak-tight.

Upon opening the test vehicle, it was found that the emitter, collector,
and guard ring surface had been partially joined together during final
assembly. During operation and thermal cycling the electrodes subse-
quently parted, but the electrode surfaces were disrupted in such é way
that small projections of metal would make contact and short the elec-
trodes before the plane of the surfaces actually touched. A microscopic
examination revealed that the surface projections were almost a mil
above the electrode surface. This is consistent with operational dif-

ficulties in the 0.5 mil to 0.8 mil spacing range.
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SECTION 3

LOW TEMPERATURE (1700°K-1800°K) CYLINDRICAL CONVERTER (TASK III)

Four cylindrical converters consisting of vapor-deposited rhenium elec-
trodes are being designed and fabricated to provide performance compari-
son to planar converters of the same electrode material developed under
NASA Contract NAS7-514., An identical emitter area of 2.0 cm2 and col-
lector area of 1.88 cm2 will provide an exact comparison between the

two geometries.
The cylindrical converters (S/N 109CA, 109CB, 110CA, and 110CB) were de-
signed for maximum performance at the emitter temperatures and inter-

electrode spacings specified below:

Design Criteria

Converter Emitter Interelectrode Power
Designation Temperature Spacing Qutput
SN109CA, 109CB 1800°K 6 0.6 mils 10.5 W/cm?
SN110CA, 110CB 1700°K 10 1 mils 4.5 Wem?

The EOS concept of cylindrical converters is readily adaptable to radio-
isotopic and out-of-pile thermionic systems. Basically, this concept
allows the individual converters to be externally connected for series-
parallel choice hookup. Moreover, each converter contains a separate

reservoir which allows for individual converter testing and optimization.

As a conceptual application of the cylindrical converter, Fig. 3-1 de-

picts a five-converter heat pipe array with an estimated electrical

output of 100 watts at 2.0 volts. Ten such arrays emanating from a
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s

common heat source could provide an unconditioned power of 1 kW (e).

The key features of the five-converter array are: a segmented heat pipe

 joined by electron beam welding prealigned cylindrical converters, cast

sapphire trilayer insulation, and a completely pretested component sys=

tem in the same manner as the SET generator.

3.1 CONVERTER DESIGN

The design of the cylindrical converter has been completed. Figure 3«2
ghows the converter design. There are four major subassemblies: (1)
the emitter; (2) the emitter support structure, (3) the collector-
radiator, and (4) prefabricated ceramic-to-metal seals. All major sub-
assemblies are electron beam welded together to form the final converter

configuration.
3.1.1 EMITTER SUBASSEMBLY

The emitter subassembly of the converter is formed‘By the vapor deposi-
tion of rhenium on a molybdenum mandrel, After the deposition process,
the mandrel is removed by chemical etching. The final dimensions of

the cylindrical emitter are obtained by precision grinding. Figure 3-3a
shows the emitter of S/N 109CA.

As a design iteration, an emitter will be fabricated which forms a sec-
tion of a segmented heat pipe. This will be formed by machining a
fluted mandrel so that a replication of the grooves will form channels
on the inside diameter of the emitter subassembly. A cross section of
this emitter is shown in Fig. 3-3b. At each end of the segmented emit~
ter, steps are made to allow joining (by electron beam welding) to next

section of the segmented heat pipe (Ref. Fig. 3-1).
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Figure 3-3a. Vapor-Deposited Rhenium Cylindrical

394 IN.

Converter Emitter (S/N 109CA)
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3.1.2 EMITTER SUPPORT STRUCTURE

The thermal design for the emitter support structure, which is normally

_referred to as an envelope, must: (1) act as an effective heat choke,
thermally isolating the 1800°K emitter from the other structural members
of the converter, such as the ceramic-metal seals, (2) provide the con-

verter current path without large voltage drop over the length of the

envelope; and (3) maintain mechanical integrity and leak tightness.
The heat choke design requires balancing the electrical losses with the
}7 thermal losses. The ratio of electrical to thermal loss ¢ can be writ-

ten as:

o = 12 p(L/A)

: RORER)

‘(where radiation losses have been omitted in the first order approximation).

In practice, the L/A ratio must be obtained to minimize q.

For cylindrical geometry, the above equation is:

2 2 .
1”7 pln (rO/ri) KAT 2n4 17 pln (ro/ri)

o = 2n 3 1in (ro/ri) B ) 1

where I is the total current passing through the envelope, p is the re=

sistivity of the material, £ is the thickness of the material, ri is
the inside radius, r, is the outside radius, AT is the temperature drop
across the heat choke envelope, and K is the thermal conductivity of

the material.

In addition to the thermal design, the emitter support structure must

be considered from a materials selection standpoint. It has been pre-

viously demonstrated that the selection of a rhenium emitter is an
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a_priori selection of a rhenium support structure to insure long-life

high temperature compatibility of both members.

The emitter support structure for S/N 109CA design parameters are:

= 0.0127 cm (0.005 in. thick)

= 50 amps

p = 80 x 107 cm-ohm

K = 0.48 W/cm-°K (rhenium)
AT = 750°
r, = 0.45 cm

i
r = 1.2 cm

o]

Substituting the above values into Eq. 1, the total thermal power con-
ducted down the envelope is 58 watts, and the total joule heating of
the heat choke is 2.5 watts. Therefore, the total power lost down the
heat choke by conduction is == 56 watts for an emitter temperature of

1800°K with a current of 50 amperes flowing in the emitter.

The emitter support structure is a 0.005-in.-thick rhenium annulus
which is titanium brazed to a niobium emitter lead strap on the outer
diameter of the annulus and electron beam welded on the inside diameter
to the emitter. Since the support structure is simply a plate with a
hole in the middle operating at 1700°k-1800°K and constrained at a
perimeter which operates at 1000—1100°K, there is the probability of

warpage.
Two support structure designs are being considered:

1. The first approach employs a straight annular ring without a
convolute. TFigure 3-4a shows this design.

To determine whether or not thermal expansion will cause ex-
cessive warpage, a thermal mockup of this structure was fab-
ricated and tested. '
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The results of this test showed that this approach is feasible
with the addition of sapphire spacing rods between the enve-
- lope and the collector-radiator assembly.

The no-convolution annular ring approach has one distinct ad-
vantage; it is a simple geometry which lends itself to stand-
ard fabrication techniques.

2. The alternate design approach that EOS is considering is
shown in Fig. 3-4b in which the support structure incorporates
a single convolution to act as a bellows for the radial ther-
mal expansion.

To form a single convolution bellows structure of rhenium
presents fabrication problems. Rhenium, unlike tantalum and
niobium, work-hardens rapidly during cold forming operations.
Therefore, more exotic fabrication techniques must be em-
ployed such as special dies, interstage annealing between
each reduction, and special machining fixtures to accommodate
the convolution design.

3.1.3 COLLECTOR-RADIATOR STRUCTURE

The collector-radiator is a circular molybdenum plate which forms an
integral unit. Figure 3-5 is a photograph of a finish-machined collector-
radiator. The radiator portion of the assembly is shown with a high
emittance (0.78) coating of Rokide 'C'". The radiating area shown is

~ 40 cm2 total for two sides.

The collecting surface (inside diameter) is coated with a 0.020-in.-
thick vapor deposited rhenium surface. The area of current collection

is 1.88 sq cm2 corresponding to the EOS planar converters.

One problem area peculiar to cylindrical converters is the eccentricity
of electrodes. Where measurements have been reported, interelectrode
spacings of 5 to 7 mils are sometimes concentric to within only 3 mils.
EOS' experience in testing variable-spaced planar electrodes indicates
that skew electrodes can reduce potentially available power output den-
sities by as much as 25-30 percent (the performance comparison of planar
and cylindrical geometries is valid as long as electrode dimensions are

much greater than interelectrode spacing).
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Figure 3-5.

Cylindrical Converter Integral
Collector~Radiator Assembly
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Therefore, EOS has incorporated into the design a method to establish and .
retain the concentricity 6f electrodes during the fabrication processds.
Figure 3-6 is a drawing of the collector-radiator assembly. The three
holes drilled radially and placed 120° apart are alignment pinholes.

Pins are placed into the holes to precisely set the emitter concentric

to the collector. The subassemblies of the converter are electron beam

welded with the pins in place. The pins are then removed and the holes

are plugged and electron beam welded shut to form a vacuum-tight diode

assembly.,

Three other radial holes are drilled: one is for region transfer; the

other two are for temperature measurements of collector surface via im=

j

mersion thermocouples. The weight of the integral collector-radiator

is 176 grams.

For the collector-radiator design, it is necessary to calculate the
collector heat load that the radiator must reject at the design operat-
ing point of 53 amperes (i.e., approximately 21 watts for 1.88 cm2 at
0.40 volts).

The collector heat load, Q total, is the sum of three terms:

Qtotal = Qel ht + Qrad + ch cond

The first term, Qel ht is the heat generated by the drift electron cur-

rent as it dissipates the energy acquired by falling through the poten-
tial of the collector work function plus the random potential energy

in the plasma, i.e.,

Qel ht 1 (mcoll te kTpl/e)
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where I is the drift current, wcéll choll =~ 1.45 for vapor deposited

rhenium) is the collector work function, ¢ kTpl/e is .the random poten=-
 tial energy in the plasma. The value of ¢ is chosen as 1.3, and TpL
is selected to be 4000°K.

]

For: 1 53 amperes

"

Qel he 108 watts

The second term, Qrad’ is the net radiation heat transfer from emitter

to collector.

. ‘ 4 4
ugu Qrad - eeff-cA (Tem - T coll)

is the effective emissivity of the electrode system. The

- 920 -

. heres
W B Cogp

%w net radiation heat transfer for T = 1800°K, T
em coll

0.17 and for an area of 2 cm2 is:

Qrad =~ 17 watts

The last term, Q , cesium conduction is
cs cond

Qg cond =~ 4.0 watts
for a cesium temperature of 588°K.

The total collector heat load, Qtotal’ is

Qtotal = 129 watts
With the computed heat load of = 129 watts, the average temperature of
the radiator can be calculated using the dimensions of Fig. 3-6. Using
the solution for a cylindrical plate of thickness, ¢, with a hole in
the center of radius, s and the perimeter with radius, L and a thermal

heat flux, Q, -the AT is expressed as
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(In r - Lnri)'Q

AT = K2my

where K is the thermal conductivity of the material.

For a molybdenum collector thickness, ¢, of 0.125 in., r, = 0.56 cm and
r, = 1.9 cm, operating at a surface temperature of 993°K and 129 watts
heat flux the temperature at the collector root (top of Rokide "C"
portion in Fig. 3-5) is 917°k.

This yields a AT of 76° from collecting surface to the collector base.
The £ chosen in the above calculation was the thickness of the small-
est cross section (i.e., the area of the cutout for the niobium weld
ring and the side wall spacing ceramic). However, if it is assumed

that g is 0.227 in., the collector-radiator AT from collecting surface

to the collector base is 420.

A radiator of ~ 40 sq cm will reject the computed heat load of 129
thermal watts, when radiating at an average temperature of 910°K and

an emissivity of 0.78 (Rokide 'C").
3.1.4 PREFABRICATED METAL-TO-CERAMIC SEALS

The cylindrical converter has two seals which (1) electrically insulate
the emitter from the collector, (2) provide -structural support between
the emitter and collector, and (3) provide a hermetic seal between the

inside of the device and the ambient environment.

Figure 3-7 shows the prefabricated metal-to-ceramic seal assembly. The
seal assembly is designed to operate reliably at ~ 1000°K and the seal
components contain materials that exhibit low vapor pressures at the

temperature encountered during fabrication and operation.
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The metal flanges are 0.020-in. niobium active alloy (Ni-Zf) brazed in

vacuum to a high purity alumina insulator (AL995). The niobium flange
is formed with a small convolution to allow for self fixturing of the

A1203 insulator, while brazing.

Also, the niobium flanges contain right angle bends to allow for axial

expansion of the converter during operation.

The prefabricated seals are electron beam welded to the emitter lead

strap and the collector-radiator weld ring during final converter as-

sembly,
3.1.5 CESIUM RESERVOIR . ’ 5

The cesium reservoir is thermally isolated from the radiator base by
machining a thin wall section in the reservoir tubulation. A heater
is titanium brazed to the reservoir to enable the cesium pressure in

the converter to be adjusted.

The tantalum reservoir tubulation is electron beam welded as an assembly
to a tantalum adapter which is titanium brazed in the collector radiator

subassembly.

Thermal design calculations are obtained from consideration of heat

transfer by conduction from the collector-radiator base to the reservoir

and (for small radiation loss) is given by
Q = -KAAT/AX

where Q is the thermal conduction in watts, K is the thermal conduc-

tivity, and AT/AX is difference in temperature per unit length in dis-

tance along the reservoir.

i
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Assume that the collector-radiator is to be operated at 923°K and that
the tantalum reservoir is to be maintained at 5530K. The tantalum tubu-
lation has the dimensions of 0.187 in. outside diameter with a 0.007-in.

wall for a length of 1 in.

The conduction heat transfer to a first approximation is:

o
2 370
0.16 x 4.186 x 0.024 cm x A

~
]

2.3 watts

LD
(]

This amount of heat can be rejected by a Rokide 'C" coating (¢ = 0.78)

on surface area of 6 cm2 for 553°K operation.

3.2 THERMAL MOCKUPS

3.2,1 EMITTER ENVELOPE THERMAL MOCKUP

The side wall spacing in the cylindrical converter between the envelope
wall and the collector assembly is ~; 12 mils on a side. To determine
whether the deflection of the heat choke (i.e., warpage or oil canning)
due to thermal expansion, could be of sufficient magnitude to electri-
cally short the envelope to the collector, a thermal mockup of the emit-
ter was fabricated and tested. Figure 3-8 is a sketch of the emitter-

enve lope thermal mockup.

The thermal mockup dimensions correspond exactly to the converter emit-
ter, emitter support structure, and emitter lead straps. Tantalum was
selected as the structural material of the mockup because it has similar
expansion characteristics to rhenium, it is inexpensive, and it is

easily machined.
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Figure 3-8. Emitter Heat Choked Envelope, Thermal Mockup
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The center cylinder which simulated the emitter had a 10:1 blackbody
hole for determining temperatures with a micro-optical pyrometer. The
emitter support structure consisted of two flat annuli of 0.005 in.

thick tantalum which were electron beam welded to the emitter and to

~an outer tantalum ring which simulated the emitter lead strap. The

flatness of the emitter support structure (as welded) was measured and

found to be flat to a total indicator reading (TIR) of 0.015 in. on
both sides.

The emitter of the mockup was heated by an electron bombardment heater
to 1800°K and the emitter lead strap portion was allowed to come to
= 1050°K by heat sink strapping. Visual observations of the emitter
envelope mockup while at temperature showed no gross warpage or oil

canning, and the electron beam welds remained intact.

After a number of thermal cycles the unit was taken off test to mea-
sure the flatness of the envelope. The flatness of the heat choked en-
velope was again measured on two sides and found to be flat to a TIR of
0.013 inch and bowing outward on one side and flat to a TIR of 0.008

inch and bowing inward on the second side.

Although measurement of the thermal deflection warpage at temperature
was not attempted, it is felt that the cold warpage indicated by the
above measurement is enough to warrant sapphire rods placed between the
heat choke envelope and the collector-radiator to ensure that the growth
at temperature be forced in the outwards direction. However, since the
integrity of the electron beam welds in the thermal mockup remained
good, it is felt that this approach will most likely yield a reliable

envelope design.
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3.2.2 RADIATOR HEAT REJECTION

An integral molybdenum collector-radiator discussed in Subsection 3.1.3

was fabricated to provide a full-scale test for radiator heat rejection

of the computed collector heat load of 129 watts.

Figure 3-9 shows the collector-radiator with thermocouple locations for

measuring temperature. The radiating area is approximately 40-42 cm2
on two sides with an emittance of’0.79 (Rokide "C”). The assembly was
mounted in a vacuum system and héated indirectly at the collector sur-
face by electron-bombardment. Temperature profiles for four different
collector temperatures were obtained and plotted (see Fig. 3-10).

The total heat load, Qfotal’ that the collector-radiator rejects is

summed as follows:

Qtotal = Qrad moly * Qrad * Qcond

where Q

rad moly is the heat rejected by radiation from the molybdenum

collector portion, Qrad is the heat'rejected by radiation from the radi-

ator (Rokide "Cc" portion), and Qcon is the heat lost by conduction .

d
into the mounting straps.

The first term, Q

rad moly’ ;s expressed by
Q = A eoT4
rad moly moly
where ¢ = emittance (molybdenum = 0.1)
o = StefanBoltzmannconstant = 5.66 x 10‘12 watts cm'2 deg_4
A = area of radiation (cmz)
T = average temperature of molybdenum (OK)
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Figure 3-10. Radial Temperature Distribution of the Cylindrical
Converter Collector-Radiator Assembly as a Function
of Collector Temperature
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The total area of the molybdenum collector (from the collecting surface
to thermocouple No. 3) is 39 cmz. From Fig. 3-10, curve "A," the aver-.
age temperature 1is =-950°K, therefore

Q ~39 cem? x 0.49 W/em?

rad moly

Q

rad moly = 19 watts

The second term, Qrad’ is the heat rejected from the Rokide portion
of the radiator. From curve A, the average temperature of the radi-
ator is 910°K (obtained for thermocouple No. 2). The area of the radi-

ator is 42,cm2. The emittance of this radiating section is 0.79 (Rokide
"c"); therefore,

42 cmz X 3 watts

fol
L}

rad
cm

Q 126 watts

rad

The final term is the heat conducted down the mounting straps, Q
It is estimated to be approximately 15-20 watts.

cond’

total’ rejected from the collector-radiator is 160-165
thermal watts. Therefore, the collector-radiator design can accommodate

The total heat, Q

the calculated heat load of 129 thermal watts discussed in Subsectién 3.1.3

and in addition provide for the view factor correction when several

collector~radiators are stacked in a generator configuration.
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