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Abstract 

This paper presents the results of a solar test program car-
ried out on a prototype thermionic generator. The program 
that was designed to evaluate the performance of the generator 
in conjunction with a 5-ft precision solar concentrator has 
demonstrated the ability of such a combination to produce very 
nearly its design power output levels in a space environment. 
The discussion contains a complete description of all special-
ized equipment and techniques employed in carrying out the 
tests and evaluations. The pertinent data and results are 
summarized and analyzed for all major phases of the solar test 
effort. These major phases include the evaluation of concen-
trator efficiency, flux profile and power distribution measure-
ments, cavity absorber efficiency, the environmental chamber 
and the Influence of the transparent vacuum enclosure, a 
comparison and correlation of solar test generator performance 
with laboratory test data, and an extrapolation of the earth-
bound test results to the true space environment. 

Introduction 

One of the more attractive applications of thermionic power 
generation is that which uses a precision solar concentrator 
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as a source of thermal energy to heat a thermionic generator 
and provide electrical power for a space vehicle. Earlier 
test and development efforts have advanced the state of the 
art in thermionic converter design to the point where consid-
eration could he given to systems-type testing. Improved 
thermionic converters vere designed to permit assembly into a 
supporting "block, thus forming what is called a cubical cavity 
generator. This generator consists of five converters mounted 
in five faces of a cubical moly block with the sixth face fit-
ted with an aperture disk to admit solar flux. The emitter 
surfaces of the five converters are placed within the moly 
block so as to form an efficient absorber cavity to use the 
radiation admitted by the aperture. This generator in con-
junction with a precision concentrator of the proper geometry 
constitutes a modular assembly that forms the building block 
of any space vehicle power system. 

Objectives 

One of the major objectives of the program is to establish 
a detailed design, performance^ and test specification for a 
prototype model of an advanced solar thermionic power system 
with a direct current electrical power output of 1.5 kw at 
28 v. The cubical cavity generator is sized for use with a 
nominal 5-ft-diaiiLj lightweight, high-precision, solar concen-
trator. The combination of the generator with concentrator 
constitutes the modular building block for the 1.5-kw system. 
The performance test objective then is to demonstrate the 
capability of the defined module to meet the requirements of 
this system within the limitations imposed by earthbound 
testing. Figure 1 illustrates the systems array and module 
structure for the prototype system. 

Test Requirement and Facilities 

To performance-test a thermionic generator, it is necessary 
to provide most of the conditions and hardware that would be 
included for a space module. It is necessary to provide a 
good vacuum environment that simulates deep space, a properly 
oriented and controlled precision concentrator, and an elec-
trical load. Other environmental conditions such as zero 
gravity and a 130-w/ft2 solar constant are desirable but un-
available in any earthbound test. Furthermore, it is essen-
tial that sufficient measurements be made on all components 
to permit a realistic evaluation of generator performance 
under solar test conditions. 

To meet the requirements of a properly oriented solar con-
centrator, the tests were conducted using a 5-^1-^1ат glass 
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concentrator mounted in a modified searchlight tracking rig 
shown in Fig. 2. The precision of the mirror was such as to 
insure 95^ of the concentrated solar flux to he focused 
through a 5/8-in.-diam aperture. The tracking rig is instru-
mented with solar cells and a servo control that permits 
tracking the sun with an average orientation error of less 
than 2 min of arc. It is known from analysis that tracking 
accuracies of 6 min are ahout all that can he tolerated in 
thermionic applications without suffering large losses in 
power output. The tracker also includes provisions for intro-
ducing orientation errors to permit an evaluation of just how 
alignment does influence performance. 

The space environment was simulated in this test with a 
special water-cooled evacuated chamber. The water cooling 
insures the radiators see a cold environment that keeps 
radiation levels to within 1$> of what is expected in space. 
The chamber is equipped with a 4-in. PMC-type diffusion pump 
and a 2-in. flexible metal hose with a suitable vacuum cou-
pling. The pump itself is mounted on the yoke of the tracker. 
Vacuums of 10"^ and better are attainable with this system 
under test. The chamber also is fitted with a pyrex dome 
sealed with a Viton A gasket and a motorized shutter mechanism 
to permit cutting off the solar flux for adjustments or sun-
shade simulations. The pyrex dome is ground optically and 
polished and located with its center of curvature at the 
cavity aperture. Preliminary tests had shown this dome to be 
free of residual stress and capable of transmitting better 
than 87$ of all concentrated solar energy. The environmental 
chamber is shown in Figs. 3 and k. 

Preliminary Solar Tests 

An accurate determination of the power supplied to the 
thermionic generator is of great importance in determining 
generator efficiency. To determine this available power and 
its distribution over the focal plane, a Ruge radiometer, 
shown in Fig. 5, was used. By traversing the focal plane with 
the radiometer, while at the same time noting the solar con-
stant with a pyrheliometer, it was possible to measure accu-
rately flux at various points distributed radially from the 
concentrator axis. By integrating the data, a total flux 
level and an overall concentrator efficiency were determined. 
Furthermore, the profile data were used to determine an 
optimum size for the generator aperture, that is, the size 
that will insure the most favorable balance between input 
power and radiated power. Because there is a transparent 
shield or dome required in the chamber housing the generator, 
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a second set of flux profile data was taken with the glass 
dome in place. This then permitted an evaluation of trans-
mission efficiency and distortion of the original concentrated 
image due to optical defects in the dome. 

Figure 6 shows the flux profiles taken in three planes, each 
separated from the other Ъу a U50 polar angle. Based on the 
integration of these curves and the continuous pyrheliometer 
measurement of local solar flux, the reflectivity of the con-
centrator was determined to be 89^. Since the Ruge radiometer 
is a i 10$> instrument, a value of 80$> for concentrator reflec-
tivity value is believed to he more consistent with the 
findings of other investigators using mirrors of this quality 
and represents a conservative value for use in subsequent 
calculations and evaluations. 

Figure 7 shows the flux profiles obtained with the pyrex 
dome interposed between the solar concentrator and the Ruge 
radiometer. It can be shown that in addition to the trans-
mission loss there is a reduction in the power available to 
the 5/8-in.-diam cavity aperture due to flux dispersion re-
sulting from optical defects in the dome and/or improper 
alignment with the concentrator axis. The calculated trans-
mission efficiency through the 5/8-in.-diam aperture is 82$> 
(%, = 82/0). 

In addition to the reduction in concentrated flux due to 
the transmission characteristics of the pyrex dome, there is 
also an indication of a displacement of the thermal axis from 
the geometric axis of the concentrator. This is shown in 
Fig. 7 Ъу the dissymmetry of the flux profiles. Other factors 
such as reflectivity variations, improper concentrator align-
ment, imperfect concentrator geometry, and tracking errors 
also contribute to the unsymmetrical flux profiles obtained 
on test. The integration of the flux profile curves with the 
pyrex dome shows that power inputs of 825 to 9̂-5 w are avail-
able for solar constants ranging from 70 "to 80 w/ft2, 
respectively, within a 5/8-in.-diam aperture. 

It Is not sufficient to know only the power introduced to 
the generator, however. Since the geometry of the cavity must 
be considered due to reflection loss, multiple reflections 
within the cavity, and internal radiant heat transfer, a 
second device is required. To evaluate the effects of geometry, 
a flux distribution calorimeter was built and instrumented. 
This device, shown In Figs. 8 and 9> is made up of five in-
dividual calorimeters designed to possess thermal properties 
nearly identical to those of the thermionic converters. That 
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is, the materials are the same to simulate emissivity and 
sized to produce the same emitter end and radiator plate 
temperatures for a given power input. Furthermore, the cal-
orimeters have a similar cavity geometry and are instrumented 
to measure power conducted from the cavity to the radiator 
plate as determined from a differential temperature measured 
in the shaft section. The initial calibration of each cal-
orimeter device in an arc-imaging furnace insured that all 
have the proper characteristics. All five calorimeters 
perform within k<f> of each other for a given power input. The 
calibration curves are given in Fig. 10. 

The importance of acquiring accurate flux profile data is 
highlighted when a detailed analysis of the cavity power dis-
tribution calorimeter data is made. Table 1 summarizes the 
power distribution data obtained on July 5, 1962. The cavity 
absorber efficiency calculation for run #1 can be made as 
follows: 

total power absorbed 
C A ~ (solar constant x area of solar cone.x NR xNrp )-rad.loss 

- (69.5 x 18 x oïs x 0.82) - 75 " 68^° 

The data obtained during run #3 and run jfh illustrate the 
effects on power distribution and cavity absorber efficiency 
due to shift of the aperture plane. It can be noted that 
l) the best radial distribution exists for the aperture in 
the focal plane; 2) the Bottom calorimeter receives less 
power than the side calorimeter with the aperture in the focal 
plane; 3) the best overall power distribution exists for the 
aperture l/l6 in. forward of the focal plane; and k) the 
thermal dissymmetry as indicated by the flux profile tests 
results in uneven heating of the side calorimeters when the 
aperture is moved forward (see runs #3 and #k of Table l). 

The importance of internal reflectivity and radiant transfer 
within the cavity to obtain uniform power distribution is 
illustrated to some degree in Figs. 11-13, where the Л T vs 
time curves for S]_ calorimeter and the Bottom calorimeter are 
plotted. In each case shown, the A T value for the Bottom 
calorimeter (which is representative of absorbed power) ap-
proaches the A T value of Ŝ_ as thermal balance is reached. 

The difference in A T value under equilibrium conditions as 
noted in the foregoing also indicates the nonuniformity of 
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power distribution within the cavity. The improvement in 
power distribution by moving the cavity aperture forward of 
the focal plane by l/l6 in, is shown in Fig. 12. It should 
be noted, however, that, because of the displacement of the 
thermal axis relative to the concentrator geometric axis, an 
exaggerated nonuniformity of power distribution is produced 
in the. side calorimeters by the repositioning of the aperture 
forward of the focal plane. This is illustrated in Table 1, 
runs #2, #3, and jfh} by the power differential between sides 
S2 and Si}, which increased from Ik to 19 to 33 Wj respectively, 
while the Bottom calorimeter power absorption increases from 
9O.5 to 97-0 w« It therefore was concluded that, for the 
subsequent generator tests, the aperture should be placed 
1/16 in. forward of the focal plane (toward the concentrator). 

Based on the flux profile and power distribution solar test 
and laboratory performance test of the generator, prediction 
of solar test performance of the generator was made. The 
curve presented in Fig. ika illustrates generator power output 
on a function of process power Input as obtained from the 
laboratory tests. Figure ikb shows the required cavity power, 
inclusive of radiation losses associated with the generator 
operating temperatures as a function of process power. Using 
the cavity absorber efficiency (NQA = 68$>) obtained with the 
power distribution calorimeter, the measured transmissivity 
(NIJI = 82^) of the pyrex dome, and the conservative estimate 
of concentrator reflectivity (% = 80$>), a plot of cavity 
power vs solar flux level is shown in Fig. 1̂ -c. Also shown 
is a plot of cavity power vs solar flux level for a predicted 
cavity absorber efficiency NQA = 72$> f"0** "the generator. The 
expected increase in generator NQA from that measured with 
the power distribution calorimeter was predicted to result 
from the following: l) a reduction of noncontributing areas 
between the converters, 2) the increase in emitter-to-cavity 
wall area in the generator, and 3) the increase in emitter 
surface absorptivity due to surface roughening on the cavity 
wall side of emitters. 

By applying curves ika - ll·c, it then is possible to relate 
generator output to the solar constant using the predicted 
N C A = 72/0 as shown in Fig. ll+d. 

Solar Test of Cubical Cavity Generator 

The cubical cavity generator shown in Figs. 15 and l6 was 
subjected to extensive laboratory testing using electron 
bombardment heating. Typical performance data curves for 
various power inputs and cesium reservoir temperatures are 
shown in Fig. 17. 

768 



POWER SYSTEMS FOR SPACE FLIGHT 

Following the preliminary solar testing just described, the 
generator was installed in the solar test rig. After a series 
of outgassing runs, data curves typical of those shown in 
Figs. 18 and 19 were obtained. 

In Figure l8, data were taken with a solar constant of 
75-5 w/ft2 and represent the best performance achieved during 
the test series. It should he noted that the generator had 
not reached thermal equilibrium hefore the modulator was 
closed because of a rise in chamber pressure due to outgassing. 
This was an 11.5-min run. 

Figure 19 illustrates three typical I-V curves obtained with 
the generator under a solar constant of 70-5 w/ft^. The change 
in shape of the curves is indicative of the transition in 
performance due to changing cesium reservoir temperatures with 
time during warm-up. The maximum output was obtained in 
15 min corresponding to a cesium reservoir temperature of 2V7°C. 

Figure 20 is a plot of the I-V characteristic for solar test 
run #8 (July 10, 1962) and run #k (July 11, 1962), shown with 
the lowest power input data obtained during the laboratory 
testing. This curve shows good correlation between the solar 
test data and the laboratory data. Also, the peak power 
points indicated in Figs. l8 and 19, when plotted as a function 
of the solar flux level and compared to the predicted perform-
ance curve of Fig. Ü-d, show that the actual generator perform-
ance exceeded the predicted levels. From these data it was 
determined that the cavity absorber efficiency (NQA) for the 
generator must exceed the 72$> predicted value. This compari-
son is shown in Fig. 21. 

The nonuniform power distribution within the cavity as pre-
viously indicated by the power distribution calorimeter data 
was evidenced in the generator tests. Also, the roughening 
of the cavity wall, which is believed to be largely respon-
sible for the apparent increase in cavity absorber efficiency, 
contributed to the nonuniform flux distribution. The roughened 
emitter faces on the side converters were found to absorb 
most of the incident solar flux and reduce reflective type 
transfer to the bottom converter. This nonuniform distribu-
tion could not be corrected by relocation of the aperture. 

Figure 22 shows the thermal response characteristic for the 
radiator and cesium reservoir for thermionic converters #1 
stfiu #5 (#1 converter is on the bottom of the cavity) for solar 
test run #8 (July 10, I962). It should be noted again that 
thermal equilibrium was not reached during this run. Figures 
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23 and 2k illustrate the response with adequate time allowed 
for near-thermal equilibrium to he established for solar test 
runs #3 â-d $k on July 11, 1962. Figure 25 shows the power 
output for run jfk for a sufficiently long time to permit 
thermal equilibrium to be established] however, a reduced 
solar constant limited power output and the optimum cesium 
temperature was exceeded for the given power input. 

Figure 26 is a plot of optimum cesium temperature vs emitter 
temperature as determined from the laboratory tests. If the 
curve can be extrapolated into the cesium temperature region 
achieved on solar test during run #8, the estimated emitter 
temperature of l650°-1700° K can be correlated at Tcs = 27^°C. 

Furthermore, Fig. 27 was taken from laboratory parametric 
data established for the cubical cavity generator and the 
curves extrapolated into the 165O0 to 1700°K region, where 
the solar test data points can be correlated. 

Conclusions 

The flux profile and calorimetric measurements indicated 
that a power output of approximately 15 to 25 w could be 
expected with a solar constant of 83 to 97 w/ft^. The actual 
measured performance of the generator was found to be better 
than had been predicted. A power output of nearly 19 w was 
obtained with a solar constant of only 75 w/ft^. The genera-
tor characteristics under solar test were found to agree well 
with predicted characteristics based on laboratory tests. The 
higher generator cavity absorber efficiency is due to an in-
creased roughness of the cavity surface of the generator as 
compared to the power distribution calorimeter. From the 
results of this program, it now is possible to project the 
results of earth-bound testing of a thermionic generator to 
determine the performance that will be experienced in a true 
space application. Confirmation of projected performance of 
a solar thermionic system by a space test is a recommended 
follow-on activity to the work reported here. 
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Table 1 Power distribution calorimeter data summary for runs #1 through #4 (July 5> 1962) 

Run #1 

-3 
<1 
I-1 

Unit 

s i 

S2 

B 

S3 

\ 

Total 

Solar 

T2f?°
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1005 

1010 

905 

1010 

1000 

power, ч 

consty v/ft 

Aperture 
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temp., 

min 

°F 

T3f, C 

705 
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69.5 

(in focal plane) 
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T2f,°C T °C T3f, C 

7̂ 5 
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P, V 
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9O.5 
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97.O 

1+9̂ -5 

71.2 

(in focal plane 

76.O 

27.O 

o 

1025 

1025 

9̂ 0 

1035 

1035 
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ТаЪ1е 1 (Continued) 

Run #3 Run #k 

Unit T2f,°C T 3 f , ° c P, V 
* 2 f , o c 

1020 

1010 

965 

9̂ 0 

900 

T3f,°C 

710 

665 

670 

660 

665 

(1/8 
of ; 

P, V 

10Í4-.0 

113.0 

97.0 

91.0 

80.0 

^85.0 

67.1 

in. forward 
focal plane) 

18.0 

to 

s l 

S2 

B 

S3 

h 
Total 

Solar 

1015 

1035 

955 

1010 

1000 

power, w 

const, w/ft 

Aperture 

Baseplate 

Run time. 

temp.} 

min 

°F 

735 

700 

665 

710 

735 

9̂ .0 

109.0 

95.5 

97.5 

90*0 

486.0 

69.5 

(l/l6 in. forward 
of focal plane) 

76.O 

24.0 
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Fig. 1 Solar Concentrator Assembly 
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Fig. 2 Solar Tracking Rig 
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Fig. 3 Vacuum Chamber for Thermionic Generator 
Evaluation Test in the Solar Test Facility 
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Fig. 5 Ruge Radiometer 
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Fig. 9 Power Distribution Calorimeter Assembly 
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Fig , 16 Cubical Cavity Generator Assembly 
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Fig. 27 Thermionic Converter Performance Characteristics 
Average Data Based on Generator Performance 
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