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FOREWORD 

This i s the f irs t quar te r ly p r o g r e s s r epor t submitted to the Atomic 
Energy Commission under Tasks 3, 5 and 6 of Contract AT(30-3)-217. 
It covers the work accomplished by The Martin Company Nuclear Divi­
sion on these tasks during the period from October 22 to December 31 , 
1959. 
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SUMMARY 

I. TASK 3--SNAP III GENERATOR 

P a r a m e t r i c tes t ing was not resumed during this period since the 
test generator , which failed late in August, had not been repa i red . How­
ever, an evaluation of the failed unit indicated that r epa i r was feasible 
and par t s were ordered for this purpose . The failure appeared to have 
been caused by operat ing the unit for considerable per iods of t ime at 
excessive hot junction t e m p e r a t u r e s , as indicated by considerable sub ­
limation of the the rmal e lements . 

A new tes t specification was wri t ten for evaluation of the per formance 
of smal l the rmoe lec t r i c gene ra to r s . This specification defines the 
procedures in detail and is designed to prevent overheating of the hot 
junctions. 

The o rde r has been placed for the new thermoelec t r i c genera tor 
manufactured by Minnesota Mining and Manufacturing Concipany for use 
in the generator life tes t . 

II. SUBTASK 5.1--ADVANCED THERMOELECTRIC POWER SYSTEM 

The Westinghouse SNAP III-A the rmoe lec t r i c genera tor was assembled 
and tested. A leak developed in the power flattening mechanism.. Attempts 
were made to r epa i r the leak, and the genera tor was delivered to Mart in 
Nuclear Division. When it was discovered that the leak pers i s ted , the 
generator was re turned to Westinghouse for complete repa i r , along with 
a request for an operat ing manual and a complete set of drawings. This 
was the s ta tus at the close of the report ing period. 

III. SUBTASK 5.2--BASIC THERMIONIC DEVELOPMENT 

Work was performed under this subtask in the following a r e a s : 

A. Cesium Diodes 

B. Effects of Cesium on Mater ia l s 

C. E lec t r i ca l Hea te r s 

D. Diffusion of Gasses Through Metals 

E . Work Function Study. 
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A. CESIUM DIODES 

Work was performed on four different types of cesium diodes during 
this report ing period. These a r e : 

(1) Close-spaced cesium diode. 

{2} Wire emi t te r ces ium diode. 

(3) Ribbon-emit ter ces ium diodes. 

(4) Elec t ron-heated cesium diodes. 

The c lose-spaced cesium diode t e s t s revealed that the cesium p r e s s u r e 
in the vicinity of the in te re lec t rode spacing was much less than the p r e s ­
sure indicated by the bulb t empera tu re , due to the fact that the in te r ­
electrode spacing is many t imes l ess than the mean free path of the 
cesium gas molecules . This indicates that resu l t s cannot be in te r ­
preted from the exper imental data. The tes t s with the wi re -emi t t e r 
ces ium diode were concerned with high tempera ture work. Attempts 
to conduct t es t s using these diodes were not too successful because 
of high t empera tu re s t ruc tu ra l problems encountered in the tubes. 

Work on the r ibbon-emi t te r cesium diode was aimed principally at 
determining the feasibility of a r ibbon-emit ter tube. The tes t s conducted 
indicate that such diodes a r e feasible. 

Work on the e lec t ron-heated cesium diode was in investigating and 
test ing to determine the best approach to the problem of building such 
diodes. 

B. EFFECTS OF CESIUM ON MATERIALS 

Two tubes were constructed that contained var ious samples of 
ma te r i a l s being considered for use in cesium thermionic diodes. The 
m a t e r i a l s in the tubes were exposed to a cesium a tmosphere at elevated 
bulb t e m p e r a t u r e s . The tubes were cut open and the samples sent out 
for analys is . One observat ion readily apparent was that there was a rapid 
react ion between the glass bulbs and the cesium. Therefore , in sub­
sequent t e s t s , metal cas ings probably made of copper will be substituted 
for the glass bulbs. 

C. ELECTRICAL HEATERS 

Two types of e lec t r i ca l hea t e r s were investigated during the quar ter . 
The first type has the heating wire fitted into hel ical grooves cut in a 
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ceramic cylinder. The second design consists of a metallized ceramic 
cylinder with helical grooves cut in the metallized surfaces. Tests 
made to date indicate that the metallized heater is the most promising 
from the standpoint of ruggedness and reliability. 

D. DIFFUSION OF GASES THROUGH METALS 

This work is being carried on to serve as a basis for obtaining better 
vacuums and being able to sustain these vacuums for longer periods of 
time. The work during this period was principally concerned with con­
ducting a literature search and compiling information. 

E. WORK FUNCTION TESTS 

Considerable effort was expended in this area in an attempt to obtain 
a collector work function less than 2.0 volts. Several types of collectors 
were tested. In particular, very significant results were obtained for a 
molybdenum collector used in conjunction with an impregnated emitter. 

A stable work function of 1.82-1.85 volts was achieved for an extended 
period of time. The key to this success lies in the outgassing procedure 
and the careful temperature control of the electrodes during activation. 

IV. SUBTASK 5.3--DEVELOPMENT OF LOW POWER 
THERMIONIC GENERATOR 

Plans to fuel a thermionic unit with a Cerium-144 heat source were 
cancelled since it was felt that much more could be gained by continuing 
the work with electrically heated units. 

A. TEE GO'S EFFORT 

The major effort under this subtask was devoted to prototype 
development. Unit lA was well along toward conapletion when 
leaks developed in the leadthroughs. Further tests on the type of lead-
through used in the prototype revealed that they were not adequate. New 
types of leadthroughs were evaluated. 

Heat transfer study and tests were conducted which were concerned 
primarily with the temperature drop across the film boundaries in 
the vicinity of the emitter. Two approaches were found to be effective. 
The first approach consists of using molybdenum dust between the sur­
faces; the second, of applying increased pressure across the film. 
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Vacuum tests in various prototype shells were conducted to determine 
the degree of vacuum that can be maintained in a prototype shell con­
taining typical leadthroughs, crimpoff tubes, etc. The effects of the 
gettermg action due to the titanium shells being raised to elevated tem­
perature for short periods of time were also studied. The titanium 
shell was found to be a vigorous getter and improved the vacuum consider­
ably. 

B. MARTIN NUCLEAR EFFORT 

A molybdenum fuel capsule suitable for fueling with Ce-144 fuel 
pellets to serve as the heat source for a thermionic generator was 
successfully developed. Burst tests were conducted to determine the 
structural integrity of the weld. 

A welding fixture to remotely heiiarc weld molybdenum fuel capsules 
was designed, developed, fabricated and tested during this period. The 
technology required to successfully heiiarc weld the fuel capsules was 
also developed. Tests were run to determine the structural strength 
of such molybdenum welds. However, the results were too sporadic to 
draw definite conclusions. Burst tests on the capsule itself revealed 
that the welded capsule had sufficient strength. Considerable progress 
was accomplished in controlling grain size in the welded area, 

A hazards report was written during this reporting period describing 
the hazards associated with a Cerium-144-fueled thermionic generator. 
A containm.ent cask for the fueled unit was designed and fabricated. 
The fabrication of the Cerium-144 fuel pellets and the procedures to 
be followed in fueling a thermionic unit were coordinated with ORNL. 

V. SUBTASK 5.5--OPERATIONAL THERMOELECTRIC 
2-- to 5-WATT GENERATOR FOR SPACE USE 

The objectives of this subtask are to prove the operational capabil­
ities of the SNAP III-type generator through tests simulating the antici­
pated environments and to develop conceptual system designs for this 
type generator. The generator test program is subdivided by the environ­
ments existing during the mission phases. 

A. OPERATIONAL ENVIRONMENTS 

The tests of the electrically heated generators to the vehicle-induced 
accelerations, vibrations and shocks were completed with satisfactory 
performance throughout. These tests are described in MND-P-2101, 
a three-volume report. 

/ 
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The first two phases of the altitude chamber tests on a unit with 
a bare external surface and a unit with a painted surface have been 
completed with satisfactory results. 

The controlled gas leak method of power flattening was proven to be 
feasible for periods of up to 70% of the radiosotope half life. A life 
test of the generator and orifice combination was initiated. 

The effectiveness of various flame-sprayed coatings on the sub­
limation rate of lead telluride thermoelectric elements was evaluated 
to select superior materials and processes for further testing in an 
electrically heated fixture. 

B. MISSILE FAILURE ENVIRONMENTS 

The statements of work and the final cost estimate for the tests 
simulating launch pad vehicle failure were submitted to the New York 
Operations Office of the AEC for approval. 

The impact tests were completed at Aberdeen Proving Ground. The 
simulated generator specimens survived with only minor deformation of 
the isotope capsule. The bare isotope capsule specimens failed to impact 
on the target due to unsatisfactory design of the track hardware. These 
tests will be repeated at a future date with a redesigned sled and specimen 
holder. 

Two phases of the corrosion tests are complete. Oxidizing atmosphere 
results indicate that the Haynes 25 specimens developed an oxide coat that 
appeared to inhibit further corrosion while the stainless steel specimens 
were highly sensitized. Salt water tests are complete and the specimens 
are being prepared for metallographic examination. The salt spray tests 
are still in process. 

Preliminary ejection test results are within 4% of the initial velocity 
required for a horizontal range of 200 feet. The thruster gun is currently 
being modified to effect a 15% increase. 

C. RE-ENTRY ENVIRONMENTS 

An analysis of the aerodynamic burnup characteristics of the gen­
erator has been completed. A subcontract to conduct plasm^a jet tests 
has been negotiated with the General Electric Aeroscience Laboratory 
and submitted to the New York Operations Office for approval. 

The internal pressure test facility fabrication is complete except for 
some components scheduled for delivery early next period. 
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A preliminary design of a shaped charge was completed and tested 
with satisfactory penetration of a steel plate. 

D. CONCEPTUAL DESIGN 

The intent of the second phase of this program is to complete con­
ceptual designs using the SNAP III-type generator as a means of pro­
viding a short lead time system for any low powered space application. 

1. Cerium-Fueled System 

The information for reports on this system is assembled, but evalua­
tion must await completion of the test phase. 

2. Polonium-Fueled System 

A simplified analysis of the temperature environm.ent of a generator 
mounted in a missile nose cone during ascent appears to offer a solution. 
The s t ress produced in the isotope capsule material by the formation of 
helium was calculated and compared to the boiler code allowable stresses 
for pressure vessels. Various mounting arrangements are being studied. 

3. Converter and Battery System 

A study was initiated with a literature search of battery performance 
and converter design information. 

VI. SUBTASK 5.6--1.0 WATT NUCLEAR POWER SUPPLY SPACE 
APPLICATION 

The purpose of Subtask 5.6 is to analyze and design a 1-watt (e) 
power supply system consisting of a Plutonium-238-powered generator 
and a static voltage converter. The electrical conversion components 
are series-connected lead telluride thermoelectric semiconductors. 
The technologies developed for the SNAP III and Strontium-90 generators 
under Atomic Energy Commission contracts have been utilized in the 
design of the proposed unit. 

The generator developed under this task will be optimized in power 
source, electric conversion system, and radiator design, and will have 
a safe unattended life of from 2 to 5 years in a space environment. 
Based on the heat transfer analysis of the preliminary generator con­
figuration, 4,9% of the nuclear source heat is converted to electrical 
energy. 

The work planned and accomplished during this quarter covers the 
design and analysis of a preliminary generator design. 
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VIL SUBTASK 5,7--100-WATT THERMOELECTRIC GENERATOR 
CONCEPTUAL DESIGN 

The objective of this program is to develop a conceptual design of a 
thermoelectric generator fueled with Curium-242 which will produce 
100 watts of electrical power for a space application. Work performed 
during the period October to December 1959 was largely devoted to heat 
transfer analysis, isotope requirem.ents, basic configuration design studies, 
selection and optimization of thermoelectric generator parameters, and 
radiation shield design. Evaluation of fuel containment problems under 
conditions of helium evolution and a program to measure thermoelectric 
materials data were also undertaken. 

Several general types of generator designs were conapared in order 
to select the one most advantageous from the standpoints of reliability, 
weight, efficiency, and ease of fabrication. The designs were based on 
the following system.s: 

(1) Liquid convection to remove heat from the hot junctions of the 
thermoelements to the radiating surface. 

(2) Radiative transfer of heat from the hot junction, with biological 
shielding (required before launch) contained entirely within 
the hot junction skin. 

(3) Similar to (2), with some biological shielding exterior to the 
radiator. 

Type (3) was selected for miore detailed analysis and design studies. 

A com.puter code was developed to optimize generator designs. 
Development of another more general and versatile code for this pur­
pose was begun. 

Design efforts were directed to general arrangements of major 
generator components, and to some detail of components independent of 
generator configuration. The com.position, form, and approximate 
quantity of the isotopic fuel were established. The requirements for 
biological shielding needed to permit safe handling of the power unit 
were calculated. Hazards associated with Curium-242 decay products 
and with the buildup of helium pressure in the fuel container were 
studied. A program to measure the Seebeck coefficient, electrical r e ­
sistivity, and thermal conductivity of thermoelectric materials was 
initiated. 
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VIII. SUBTASK 5.8--CONCEPTUAL DESIGN OF 13-WATT THERMO-
THERMOELECTRIC GENERATOR 

The objective of this program is to develop a conceptual design for 
a thermoelectric generator, fueled with Curium-242, to deliver 13 watts 
of electrical power for a space application. In order to achieve the 
minimum weight and maximum efficiency and reliability, several basic 
designs were examined. These designs were: 

(1) A combination of several generators of the SNAP III type, with 
the hot junctions of the thermoelements in direct contact with 
the fuel container. 

(2) A single generator of the SNAP III type, but enlarged so as to 
deliver 13 watts. 

(3) A generator with spherical hot and cold junction surfaces, 
and with radiative transfer of heat from the fuel block to 
the hot junctions. 

(4) A generator with radiative heat transfer, but with the thermo­
elements in contact with the lateral surfaces of two coaxial 
cylinders. 

By means of analysis of heat transfer and radiation shielding, and 
by means of generator and component design studies, the optimum con­
figuration was found to be of the radiative-cylindrical type. The weight 
of the generator, exclusive of voltage regulation equipment, is approxi­
mately 8.6 pounds, and the overall efficiency is 6.2%.. Additional detailed 
design studies were undertaken to establish the configuration. A shielded 
shipping cask was partly designed. 

Component design problems, especially the heat dump and the thermo­
element contacts, were investigated. Hazards associated with the curium 
fuel were evaluated. 

In Decem.ber 1959, Jet Propulsion Laboratory indicated the desirabi­
lity of application of the generator to a lunar impact mission, and recom­
mendations for revision and extension of this program were prepared. 

IX. TASK 6--FUEL TECHNOLOGY DEVELOPMENT 

This task covers the research, developm.ent, design and testing of 
radioisotope fuels. Included in this effort are the purification of 
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americium, compacting of this fuel into aluminum slugs for irradiation, 
vaporization of the aluminum slugs after irradiation, purification of 
the curium, conversion to suitable fuel compounds for combination 
with matrux naterials, encapsulation in suitable containers for meeting 
the anticipated environment, and testing of the source capsules. In 
addition, shielding hazards, and handling and transportation requirements 
for all phases of processing will be evaluated. 

A similar development effort for plutonium fuel forms is being 
conducted under this task (see MND-P-2176 Rev. 1). 

The principal effort of this quarter was directed toward a parametric 
study of the radioisotopes suitable for isotopic power, the feasibility 
of processing the selected isotopes, and the selection of the procedures 
for purification. This parametric study is scheduled for completion 
during the second quarter, but a preliminary basis of operation was 
established for design of equipment during this period. 

A survey of container miaterials suitable for maintaining the integrity 
of the capsule under abort conditions while capable of burnup during r e ­
entry from orbital flight has been initiated. 
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INTRODUCTION 

This is the f irs t of th ree quar te r ly p rog re s s r epor t s required by 
Contract AT(30-3)217 between The Martin Company and the AEC for 
fiscal 1960. 

The whole SNAP p rog ram has been extensively reorganized under 
the current contract . The presen t organization is as follows. 

TASK 1--INACTIVE 

TASK 2--CLASSIFIED 

TASK 3--NUCLEAR THERMOELECTRIC GENERATOR DEVELOP­
MENT (FORMERLY SNAP HI) 

TASK 4--CLASSIFIED 

TASK 5--ADVANCED TECHNOLOGY PROGRAM 

SUBTASK 5.1 ADVANCED THERMOELECTRIC POWER 
SYSTEM 

5.2 BASIC THERMONIC DEVELOPMENT 

5.3 DEVELOPMENT OF LOW POWER THERMIONIC 
GENERATOR 

5.4 (INACTIVE) 

5.5 THERMOELECTRIC 2 to 5 WATT GENERATOR 
FOR SPACE USE 

5.6 NUCLEAR 1.0 WATT POWER SUPPLY 

5.7 100-WATT THERMOELECTRIC GENERATOR 
CONCEPTUAL DESIGN 

5.8 13-WATT THERMOELECTRIC GENERATOR 
CONCEPTUAL DESIGN 

TASK 6- -FUEL TECHNOLOGY DEVELOPMENT 

SUBTASK 6.1 GENERAL DEVELOPMENT AND MATERIAL 
REQUIREMENT 

6.2 AMERICUM AND CURIUM RADIOISOTOPE 
PREPARATION PROCESSES 
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6.3 FUEL FORM 

6.4 HAZARDS CRITERIA AND SHIELDING 

6.5 RADIATION DAMAGE TESTING. 

Each task is separa te ly adminis tered . Tasks 3, 5 and 6 a r e now 
unclassified. This repor t is the f i rs t unclassified technical p r o g r e s s 
document published since the inception or the radioisotope power 
p rogram. It covers work done on the unclassified tasks during October 
through December 1959. This period is the first contract qua r t e r under 
the cur ren t contract and the twelfth project quar te r of the total p rogram. 

F o r p r o g r e s s on Task 2, see MND-P-3009 (secre t defense informa­
tion). F o r the preceeding period see MND-P-3008 (secret defense 
information). 

The principal efforts during the quar te r centered on conditional or 
conceptual designs, applied r e s e a r c h development and readings , and 
rev is ions to the p rogram plan. 
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1. TASK 3--SNAP III GENERATOR* 

During the preceding quar te r , a test generator failed after extended 
operational test ing. The efforts of this quar te r were directed toward 
analyzing the cause of the failure and revis ing the test specifications 
in line with the findings of this analys is . 

A, ANALYSIS OF GENERATOR FAILURE 

No specific cause was found for the failure of the generator . How­
ever , the normal hot shoe t empera tu re l imits had probably been ex­
ceeded for a considerable period of t ime; this was indicated by sub­
stantial sublimation from the lead tel lur ide e lements . One element 
was broken in half but was conducting sat isfactori ly due to the spr ing 
p r e s s u r e holding the two halves in contact. 

Although the specific cause for failure was not found, it is believed 
that failure was due to general deter iorat ion resul t ing from excessive 
sublimation and corros ion of the hot shoes which prevented element 
contact at the shoe face. This probably occurred at the P element junc­
tion since the P element shows very l i t t le tendency to form a weld 
bond with the hot shoe. Figure 1 is an enlarged photograph of the hot 
shoe faces; it indicates that a good weld is obtained with the N type 
element but l i t t le if any weld is present at the P element face. Figure 
2 shows the general condition of two element assembl ies as removed 
from the genera tor . 

The previous quar ter ly repor t , MND-P-3G08, s ta tes that the power 
output lead may have been open. This was not the case , however, since 
the lead proved to be an e lect r ica l ly intact c ircui t , although a break 
was indicated by the twisted junction of the wire ends. 

New thermoelec t r ic e lements of s tandard design were obtained 
from the Minnesota Mining and Manufacturing Company, An attempt 
was made to machine these e lements down to size to fit the tes t unit, 
with only par t ia l success due to the ex t reme br i t t leness of the ma te r i a l . 
Only two of six e lements remained intact after the machining operation. 
Due to severe deter iorat ion of the mica insulation s leeves which cover 
the e lements , new isomica s leeves were ordered from the Mica Insula­
tor Company of Schenectady, New York. 

At the end of this period, it appeared that the generator will be com­
pletely reassembled ear ly next month and will be back on test by the 
end of the month. 

*G. H, Storrs 
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B. TEST REVISION 

A new test specification (MNET-JV-49) dated November 19, 1959, 
was written for future testing of the thermoelec t r ic generator . In this 
specification, there a re two methods of evaluation. F i r s t , equil ibrium 
or s teady-s ta te pa ramet r i c conditions of power input, load res i s tance 
and heat sink t empera ture will be attained. At each equilibrium con­
dition, power output, open circuit voltage, "short circuit cu r ren t " and 
all generator t empera tu res a re to be measured . The second method of 
evaluation is to quickly measure (instantaneous values) output voltage 
and current for load res i s t ances from short circuit to open circui t , with 
the generator at equilibrium operating conditions under optimum load 
condition (maximum power output). 

Under s teady-s ta te conditions, each generator will be operated and 
performance data obtained for power inputs ranging from maximum 
permiss ib le power input to minimum useful power input. The five power 
inputs to be used a r e l isted in Table 1, These power inputs will be de­
termined with the generator under no load and when the hot junction 
t empera tu re is stabilized for the internal gas environment specified. 

TABLE 1 

Maximum Hot Junction Tempera tu res Allowable 
Vs Internal Generator P r e s s u r e s 

ut Power 
Level 

P max 

^2 

^3 

^4 

P . m m 

Gas at 1 Atmos 
(°F) 

1100 

1000 

900 

800 

700 

Vacuum 

900 

800 

700 

600 

500 

Other Gas at Pressures 
P m m Hg Pressure 

(°F) 

T = 900 + (P/760) (200) 

800 + (P/760)(200) 

700 + (P/760) (200) 

600 + (P/760) (200) 

500 + (P/760) (200) 
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This procedure is designed to prevent inadvertent overheating of 
the hot junctions. 

For each of the above power inputs, maximum equilibrium output 
current at "short circuit" (load resistance less than 0.10 ohm) will be 
obtained. Equilibrium conditions will also be obtained at nine load 
currents spaced approximately equally between zero and "short circuit" 
c-.rrent for each of the five power input levels. Data as listed below 
will be taken to enable the determination of generator power output, 
generator power input, load resistance, internal resistance and various 
temperatures at each equilibrium power-load condition. 

Output voltage 

Output current 

Input voltage 

Input current 

Hot junction temperature 

Cold junction temperature 

Shell temperature 

Heater temperature (if available) 

To determine the transient characteristics of the generator when 
stabilized at maximum power output for each of the predetermined power 
input levels, the output voltage and current will be obtained for three 
values (approximately equally spaced) between steady-state load and open 
circuit, and three values (approximately equally spaced) between steady-
state load and "short circuit." 
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II. SUBTASK 5.1--ADVANCED THERMOELECTRIC POWER SYSTEM* 

The objective of this subtask is to evaluate and determine the per­
formance characteris t ics of the electrically heated, 3-watt thermo­
electric generator (SNAP IIIA) presently being fabricated by the New 
Products Engineering Department of Westinghouse. This generator 
includes a variable heat dump mechanism for thermal power flattening. 

A. STATUS OF THE WESTINGHOUSE GENERATOR 

Modifications were made to improve the structural integrity of the 
thermoelectric elements in the generator. The revised elements are 
larger than the original, so fewer elements are required. These r e ­
vised elements were fabricated, the couples formed, and the generator 
assembled in the early part of December 1959. 

During the calibration and demonstration runs, a leak developed in 
the valving mechanism of the variable heat dump system. Attempts 
were made to repair the valve, and the generator was delivered to Martin 
Nuclear for test. Examination disclosed that the valve was not sa t i s ­
factory, so the generator was returned to Westinghouse for further 
repair , along with a request for an operating manual and a complete 
set of drawings. This was the status of the generator at the close of 
the period. 

B. DESCRIPTION OF THE WESTINGHOUSE SNAP IIIA GENERATOR 

The generator is as shown in Fig. 3. The generator weighs 10.18 
pounds including the electrical heater, or approximately 7 pounds without 
the heater. The N elements are lead telluride and the segmented P 
elements consist of germanium telluride at the hot junction end of the 
element and zinc antimonide at the cold junction end of the element. 
The assembly of the generator is as shown in Fig. 4. As shown in 
Section A-A of Fig. 4, the generator consists of four sections located 
symmetrically around the cylindrical heat source; two thermoelectric 
ladders located 180 degrees apart, and two heat dump sections also 
located 180 degrees apart. 

The generator was designed to utilize an isotopic heat source; it 
therefore has a heat dump mechanism for regulating the power output 
over the life of the generator, as the isotope power output decreases. 
The design life of the generator is one half-life of the isotopic heat 
source. Theoretically, the gas heat-dump mechanism should conduct 
away one-half of the power output from the isotope at the beginning of 

*R. Harvey 
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112-40 X 9/16 SST set screw 
Clamp 
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Fig. 4. SNAP III-A Thermoelectric Generator Assembly 
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life, and no heat at the end of life. The genera tor must leak the gas in 
such a way as to match the exDonential decay of the isotopic heat source 
over the half-life. 

The heat dump mechanism opera tes on the thermal conductivity-
p r e s s u r e relat ionship of gases . Argon is the gas chosen for this gen­
e r a t o r . 

Table 2 l i s t s data for the argon fill gas taken at the highest and 
lowest p r e s s u r e points. 

TABLE 2* 

Per formance Data 

7 60 mm 

577°C 

224° C 

234° C 

482 mil l iohms 

169 watts 

1.78 watts 

0.7% 

Argon P r e s s u r e 

Hot junction t empera tu re 

Cold junction t empera tu re 

Heat dump tempera tu re 

Internal r e s i s t ance 

Power input 

Power output 

Efficiency 

0.07 mm 

544° C 

172°C 

175°C 

385 mill iohms 

91.5 watts 

0.83 watts 

0.9% 

*Data repor ted by Westinghouse. 

C. PERFORMANCE EVALUATION PROGRAM 

A detailed test procedure for evaluating the Westinghouse t he rmo­
elec t r ic genera tor was p repa red . The t e s t s a r e to consist of two par t s , 
the e lec t r ica l pa rame t r i c t e s t s and the power flattening t e s t s . 

The p a r a m e t r i c tes ts a r e to determine genera tor power output, 
efficiency and junction t empera tu re s as a function of power input, load 
re s i s t ance , internal gas p r e s s u r e and external environment. 
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The power flattening tests will be performed over a period simulat­
ing a half-life of the isotope, Po-210 in this case. Thermal power input 
to the generator is to be varied to simulate the decay of the isotopic 
heat source^ The power output, internal gas pressure, and generator 
temperatures will be monitored. The load will be a matched load and 
the environment will be a vacuum with a black body receiver at a signi­
ficantly low temperature. 

The limiting operating conditions of the generator will be determined 
by taking data manually. These same data points will be reproduced on 
the automatic data-taking device to serve as a checkout of this device. 
Following the successful checkout of the automatic equipment, all other 
tests will be recorded automatically 24 hours a day, five days a week. 

The test equipment was assembled. Construction of the vacuum bell 
jar base plate, on which the generator is to be mounted, was started. 
Passages through the base plate provide access for adjusting generator 
internal gas conditions, external environment, coolant flow and all neces­
sary electrical functions (heat leads, thermocouple leads, etcJo The bell 
jar system was approximately 70% complete before work was stopped 
due to the inoperative condition of the generator. 
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IIL SUBTASK 5.2--BASIC THERMIONIC DEVELOPMENT* 

The objective of this subtask is to advance the technology of t h e r m i ­
onic conver te rs , specifically, to inc rease the efficiency of thermionic 
genera tors by developing bet ter emi t ter and col lector ma te r i a l s and 
by reducing heat l o s s e s . This work is being performed by Thermo 
Electron Engineering Corporation. 

For convenience, the work has been organized a s follows: 

A. Cesium Diodes 

B„ Effect of Cesium on Mater ia ls 

Co Elec t r ica l Hea te r s 

D. Diffusion of Gases Through Metals 

E„ Work Function Study. 

A. CESIUM DIODES 

Work has been performed on four different types of cesium diodes 
during this report ing period. These a r e : 

(1) Close-spaced ces ium diodes 

(2) Wi re -emi t t e r ces ium diodes 

(3) Ribbon-emit ter ces ium diodes 

(4) Elec t ron-heated ces ium diodes, 

1. Close-Spaced Cesium Diodes 

A simple diode was constructed to study the effect of cesium on the 
space charge b a r r i e r between a closely spaced emi t te r and col lector . 
The diode consisted of an impregnated emi t t e r and a pure molybdenum 
collector., Both e lec t rodes were 0„748 inch in d iameter . The e lec ­
t rodes used in the prototype a r e of the same d iameter . This size was 
chosen in o rde r to observe direct ly the effect of ces ium on the cathode 
per formance . Sapphire spheres separa te the emitting and collecting 
surfaces , giving a spacing of approximately 0.001 incho The collector 
was cooled by radiation from i ts s ide. The emi t t e r was heated by a 
simple spiral-wound tungsten hea te r . The emi t t e r was shielded 

*R. Harvey 
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around the periphery to reduce radiation losses. After the tube was 
baked out for several hours, the cathodes were activated and the 
getter was fired before sealing off the tube from the vacuum pump„ 

The cesium source for this tube was contained in eight nickel 
capsules and consisted of a mixture of cesium chromate and silicon. 
The pure cesium was formed by heating these capsules in a radio-
frequency furnace. The section of the tube containing the cesium was 
immersed in a variable temperature oil bath. The top part of the tube 
and the presses were maintained at a higher temperature by means of 
a heater tape and a heater lamp. This was done to avoid condensation 
of cesium on the cathodes and supporting structure. 

Tests were made with and without cesium at very high emitter 
temperatures and, in the former case, at very high cesium bath 
temperatures. Unfortunately, sufficient cesium was not available at 
the highest cesium bath temperatures. It was determined that the 
space charge reduction due to cesium was small in this case, since 
almost as much output power had been obtained without cesiunio 

One reason for this appears to be the fact that the smallest mean 
free path of the cesium atom, determined by the highest cesium bath 
temperature, was several times larger than the emitter-collector 
spacing. This resulted in a decrease in cesium pressure in the inter-
electrode space, below that indicated by the bath temperature. This 
pressure gradient indicates that we cannot accurately interpret the 
experimental results. However, the results obtained from this 
cesium tube did indicate that there was a lesser pressure in the inter-
electrode space than in the rest of the tube. Two remedies could be 
triedo Either the spacing between the emitter and the collector might 
be increased, or higher cesium bath temperatures might be attained. 
The mean free path would be less than the spacing used in either 
case. 

The tests were terminated when a crack developed in one of the 
presses . 

2. Wire-Emitter Cesium Diodes 

In November, a cesium diode was designed with a tungsten wire 
emitter, a tungsten wire ion source and a tubular silver collector. 
Silver guard-rings were used to prevent collector end effects. 
Figure 5 is a drawing of the tube. 

The assembly for the wire-emitter cesium diode was completed 
and tested in a bell jar vacuum system. With the small diameter of 
the silver collector tube, it was extremely difficult to mount two 



Pyrex glass envelope 

Eight-leadNonex Press with 
graded seal to Pyrex Evacuation tube 

0 1 

Fig. 5. High Temperature Wire-Emit ter Cesium Diode 
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tungsten emitter wires with springs through the tube. Although the 
construction was accomplished three t imes, with modifications, when 
the wires were heated to operating temperature (about 2000° K) they 
shorted either to each other or to the silver tungsten wire emitter 
down the center of the collector. 

Springs of 0.020-in. OD a re wound from the same wire at each 
end for tension. Although the springs kept the wire straight and 
presumably in tension, the hotter spring (at the top of the tube 
away from the press) became longer and the colder spring became 
shorter; this permanent deformation is undesirable. Future springs 
will be made of larger diameter wire (0.025 in.). 

The filament was operated for about one hour at 2000 to 2500° K 
to determine effects of time and temperature on the structure. The 
silver tube became so hot that it melted at its center, despite care 
in construction to provide conduction paths away from the collector 
and to provide a large radiating area . The collector OD and supports 
were purposely roughened with emery cloth to increase emissivity. 
Approximately 300 watts input were necessary to reach 2500°K 
emitter temperature, 

3. Ribbon-Emitter Cesium Diodes 

A resistance-heated ribbon emitter is being investigated to deter­
mine the effects of cesium on output power and operating character­
istics of a close-spaced diode. Although the design of the device was 
not yet final, a preliminary configuration for the emitter structure was 
built and tested. 

The test apparatus consists of a 0.0013-in. tungsten ribbon, 1 
cm wide except in the 4-mm-wide test section, supported by two 
0.010-in. tantalum lead s t r ips . The test section is an emitting area, 
2 cm long, supported by two 0,040-in. tantalum wires . The ribbon 
at the extremities of the test section is bent in several places to 
produce a spring effect. It is then spotwelded to the 0.010-in, tantalum 
sheet. This is shown in Fig. 6. 

— K 
The emitter structure was tested in 10 mm Hg vacuum under a 

glass bell j a r . All temperatures were measured with an optical pyro­
meter and corrected for tungsten emissivity. Initially, the center of 
the emitting section reached a temperature higher than the area 
closest to the 0.040-in. supports as the element was electrically 
resistance-heated. 
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Fig. 6. Ribbon Filament Test Apparatus 
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As the I R heat input was increased, the high center temperature 
extended throughout the entire test section of the ribbon, until a uni­
form 1500° K was obtained, A further increase in the heat input to 
272 watts increased the temperature of the emitting area to a uniform 
2400° K. The spring area between the 0,010-in, tantalum sheet support 
and the 0,040-in, tantalum wire was at 1370° K, The temperature 
gradient between the 2400" K test section and the 1370° K spring area 
extended only over a ribbon length of 1 mm. The emitting area r e ­
mained flat, even through cyclic changes in temperature. The tan­
talum supports never became visibly hot. 

The results of this experiment offered an encouraging indication that 
tungsten ribbon might be used for the emitting element in a cesium, diode. 
The filament did not deform or heat nonuniformly; therefore, it is suitable 
for use in designs incorporating small emitter-collector separations. 

A device similar to the test apparatus was then constructed (see Fig, 
7), On each side of the ribbon emitter, a collector of 0,010-inch thick 
tantalum sheet was supported by ceramic washers 0,027 inch thick. This 
device operated very successfully, except for some overheating of the col­
lector. The emitter reached 2500°K and the collector at this temperature 
was at about 1500°K, The em.itter temperature appeared quite uniform 
over its length (above 1600°K according to measurements made with an 
optical pyrometer). The support structure did not become excessively 
hot. 

Because of the structural success of this device, it was decided that 
the tube should be rebuilt with a revised collector (see Fig, 8). Flat plates 
of molybdenum 0,020 inch thick and 3 cm wide were substituted. The in­
creased thickness and conductivity should reduce the high localized tem­
perature just above the emitter and allow the collectors to reach an evenly 
distributed, decreased temperature. The press has been sealed in an en­
velope, with an a rm for a cesium tube. This envelope is now being baked 
out pr ior to sealoff. 

4, Electron-Heated Cesium Diodes 

Certain basic engineering designs and methods of operation have been 
developed for an electron-heated cesium diode. The unit consists of two 
chambers; one chamber contains the cesium diode, which is sealed, and 
the second chamber, which houses the electron'gun, is continuously pumped, 
A method for the controlled heating and cooling of the tube envelope, in order 
to obtain a desired cesium condensation temperature, has been developed. 
Envelope materials , leadthroughs and ceramic insulators have also been 
investigated. 
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Fig. 7, High Temperature I R-Heated Ribbon Emitter 
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To study the preliminary problems involved in electron heating, a test 
assembly was constructed as shown in Fig. 9, In the test apparatus, a 
0,030-inch tungsten filament and the tungsten impregnated emitter are 
supported by molybdenum posts. The three posts are firmly held by a 
porcelain plate. A bell jar covers the entire unit and is evacuated to a 

~ fi 
pressure of 10 mm Hg, To supply power to the apparatus, a 600-volt, 
500-ma unit was designed and constructed. 

When the filament current and the electron accelerating potential were 
adjusted to a maximum value, the temperature of the tungsten impregnated 
emitter was 1720°K. The accelerating potential was 420 volts at 520 
milliamps, yielding a heating power of 218 watts. The temperature ob­
tained was uniform over the emitter. No significant problems were en­
countered. 

Higher emitter temperatures are desired, however. To accomplish 
this, a 3000-volt, 500-ma power supply and a magnetic amplifier for 
filament current regulation are being constructed. 

In support of this effort, an investigation of construction techniques, 
assembly of information on standard parts, a preliminary sketch and a 
partial assembly drawing were accomplished. No new hardware has been 
constructed. Some parts (tubing, leadthroughs) have been ordered. The 
design is crystallizing and a list of steps in the design and testing of parts 
of this device has been drawn up. Calculations of heat losses, thermal 
expansions, and mechanical strength are now being made. 

Bo EFFECT OF CESIUM ON MATERIALS 

A literature search was undertaken to determine the corrosive and 
alloying effects of cesium on various materials at high and low tempera­
tures. Tubes containing cesium were also carefully investigated for the 
effects of cesium on ceramics, metals, presses, brazes and welds. 

Cesium corrosion may take place by several fairly common mecha­
nisms. One is a uniform solution attack on solid surfaces by the cesium 
corrodent in its liquid state. Others are direct alloying, intergranular 
penetration and corrosion by contaminants, A literature search seemed 
the most expedient method of determining these effects of cesium on 
metals. 

In addition, two vacuum, tubes were constructed to determine the ex­
tent of cesium attack on certain metals. The tubes were identical ex­
cept for the sample materials included in each. One contained OFHC 
copper, pure tantalum, tungsten and molybdenum; the second contained 
Type "A" nickel, an iron-nickel alloy, Kovar and pure silver. Figure 
10 is a drawing of the test setup. 
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The iron-nickel material, Driver-Harris No. 142, is a 41,5% nickel-
58.5% iron alloy. Kovar is a 29% nickel-17% cobalt-54% iron alloy. These 
metals match the thermal expansion of certain glasses and ceramics. At­
tack on these materials is being investigated since they will be used for 
prototype casings and for metal-ceramic and metal-glass seals. Tantalum., 
tungsten, nickel and molybdenum are being tested because of their use as 
either emitter and collector materials or as structural supports where high 
operating temperatures exist. Copper and silver will be used as braze mate­
r ials . 

To determine the extent of cesium corrosion on metals, the pyrex-
envelope tube containing samples of tungsten, copper, molybdenum, and 
tantalum was evacuated on a glass system, baked at a temperature of 

720° F for two hours and sealed at a pressure of 1 x 10 mm Hg. 

The cesium capsule was opened by induction heating the support wires 
which encircle the capsule until the wires were sufficiently heated to 
locally melt the glass cesium container. The cesium was also heated by 
the RF furnace, which produced sufficient vapor pressure to force the 
cesium out through the soft glass. 

With the sample metals exposed to the cesium corrodent, the tube 
was baked in an oven at 425° C for 118 hours. At the end of this period, 
no liquid cesium remained in the envelope. The pyrex, however, was 
a light yellow color. When the tube was opened, the yellow film readily 
flaked off the glass, leaving an etched surface on the pyrex. Prelim.inary 
analysis indicated a reaction took place between the cesium and the pyrex 
at 425° C, Samples of the yellowish film were sent to an outside firm to 
be chemically and spectrographically analyzed. 

No corrosive effects of cesium on the metal samples were evident. 
The results, however, are somewhat inconclusive since it is not known 
how long cesium vapor was present in the tube before the reaction 
which produced the yellow flakes consumed all the cesium. 

A second tube has been constructed with a pyrex envelope housing 
samples of silver, Kovar, Driver-Harris alloy and nickel. 

A third tube will be constructed as shown in Fig. 11. This tube will 
not employ a glass envelope and will permit higher temperature exposure. 

C. ELECTRICAL HEATERS 

Two types of heaters were investigated. 
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The first type has the heating wire fitted into helical grooves cut 
in a ceramic cylinder. The second design involves metallizing a ceramic 
cylinder with molybdenum and making a helical cut in the periphery of 
the metallized cylinder. The metallizing work was done by an outside 
facility and the cutting and grinding have been done at the Thermo Electron 
Engineering Corporation, Tests made to date show that this metallized 
heater is the most promising from the standpoint of ruggedness and 
reliability. 

The design features required of a long-life, reliable heater element 
include durability and stability in thermal shock and vibration. The 
heater should also be simple to make and install, and the geometry 
should be adaptable to various configurations. Heater designs have 
generally incorporated spiraled tungsten wire, wound on ceramic 
mandrels. However, other approaches, such as the metallized ceramics, 
are being considered. 

1. Wire-Wound Heater 

The heater element was made by winding 0,012-in, diameter tungsten 
wire on 0,010-in. molybdenum wire (see Fig. 12). When the tungsten 
had been annealed, the molybdenum, was either chemically dissolved or 
mechanically removed, so that a tungsten coil remained. A solid 
cylindrical mandrel was diamond-ground from 94% pure, dense aluminum 
oxide and provided with double grooves for supporting the heater wire. 
Four holes were drilled ultrasonically for the leads. 

The heater assembly was tested under a bell jar on a 3-inch vacuum 
system. The mandrel rested on ceramic washers in a shallow molyb­
denum cup. No heat shielding was provided, 

— fi 
The system was evacuated to 10 mm Hg and slowly increasing 

current was passed through the heater wire. At 45 volts, 2.75 amps, 
the wire temperature was a uniform 1900° Fo As the power was in­
creased to 65 volts and 3,75 amps, the wire temperature reached 2500^ Fo 
The temperature of the ceramic read 1450° F . Even though the heater 
wire was wrapped tightly on the ceramic, conduction between the wire 
and the ceramic apparently was poor, otherwise higher ceramic tempera­
tures would have been observed. 

The molybdenum leads should remain cool when heat is supplied to 
the tungsten filament to prevent embrittlement. Throughout the test, 
the leads remained at a sufficiently low temperature. Thus, the heat 
transfer design of the leads is judged to be satisfactory. 
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0.650 in. 
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Fig. 12. Wire-Wound Heater 
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Further testing of this heater unit will fllow. A 0,010-in. molybdenum 
sheet will be tightly wrapped around the ceramic mandrel. Conduction 
and radiation from the heater will ra ise the temperature of the cylindri­
cal shell to a level high enough to provide the required heat source for 
cesium diode operation. 

2. Metallized Ceramic Heater 

The metallized ceramic heater is a unit made from a pure aluminum 
oxide tubing of 0.962-in. OD, 0.695-in. ID and 0.625-in. length. The ex­
terior walls of the cylinder and its ends are metallized with a 0.003-in. 
to 0.005-in. coating of 94% molybdenum and 6% titanium. This heater 
is shown in the sketch below. 

Mo lead from 
Mo ring 

Mo disc 

Mo lead 

0.695 in. 

0.962 in. 

Metallized Ceramic Heater 
The metallized ceramic periphery is diamond-ground to produce 

a metal helix approximately 0.030 in. wide. Contacts for electrical 
leads are attached by brazing a molybdenum disk to one end of the 
ceramic tube and a molybdenum ring to the other end. To the disk is 
brazed a molybdenum rod which extends through the ceramic tube and 
serves as a lead. A lead wire is welded to the ring. 
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Since the hea ter i s to be operated between 1200 and 1300° C in 
vacuum., and since the aluminum oxide will soften at t empera tu re s above 
1400° C, the b raze mater ia l must melt and flow in the 1300 to 1400° C 
tempera ture range . At t empera tu re s below 1300® C, the braze must 

= f\ 
exhibit a vapor p r e s s u r e l e s s than 10 mm Hg. Brazes offering sui t­
able cha rac t e r i s t i c s a r e now being studied and evaluated, 

A s inter ing method for joining the molybdenum pieces to the me ta l ­
lized ce ramic i s being considered a s an a l ternate to the brazing p r o c e s s . 
The method involves s inter ing molybdenum powder at a relat ively low 
t empera tu re . The molybdenum disk and ring would be p re s sed firmly 
against the metal l ized ce ramic by a sufficiently heavy weight placed on 
top of the assembly . The ent i re unit would then be brought to a t e m p e r a ­
ture of 1400'' C for 1/2 to 3 hours in a 20° C to 40° C sa tura ted mixture 
of pure hydrogen and water vapor. A tight bond should then resu l t . 

The in te res t in developing this hea te r design s t ems from the need for 
a rugged, re l iable and easily mountable unit with long operating life. 
This assembly, when instal led in thermionic devices, should meet v ibra ­
tion and shock requ i rement s . If leads can readi ly be attached, this hea te r 
should meet all the specifications. 

D. DIFFUSION OF GASES THROUGH METALS 

To develop any device designed to operate in a vacuum, the phenomena 
of absorption of gases by meta l s and diffusion of gases through naetals 
must be thoroughly understood. Absorption or solution of gases in meta ls 
i s closely re la ted to the p roces s of gas diffusion through meta l s . The re ­
fore, the basic phenomena can be studied by investigating only diffusion. 
Fortunately, diffusion of gas through meta l s i s readi ly measu red by 
laboratory analysis^ Hydrogen exhibits the most advantageous c h a r a c t e r ­
i s t ics for a gas to determine the porosi ty of a medium and the ra te of 
diffusion. Because of this , diffusion of H„ through meta l s was investigated. 

A l i t e ra tu re search was undertaken on the diffusion of var ious gases 
through meta l s . Hydrogen general ly has the highest r a t e of diffusion 
through meta l s and the ra te va r i e s with the t empera tu re of the meta l . 
The l i t e ra tu re i s being cr i t ical ly reviewed to compile all the available 
data on the diffusion r a t e s of hydrogen through meta l s . Tempera tu re 
versus ra te data will be plotted. Diffusion of hydrogen from a high 
p r e s s u r e side at 760 mm of Hg to a low p r e s s u r e side below 1 micron 
of Hg in a clean sample will be the s tandards of measurement . The 
methods for calculating the diffusion r a t e s of hydrogen and other gases 
through meta l s will be investigated. A bibliography of pert inent ref­
erences will be compiled. 
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If the literature search yields insufficient information on particular 
materials applicable to the proposed prototypes, tests of specific metals 
will be undertaken. 

E. WORK FUNCTION TESTS 

This section describes tests which were conducted on various 
materials in order to study the variation of work function, <j)„, of these 

materials with temperature and time. Four different types of collectors 
are under evaluation. These are: 

(1) Impregnated nickel collectors. 

(2) Oxide-coated nickel base collectors. 

(3) Molybdenum collectors. 

(4) Nickel collectors. 

A low work function collector is one of the primary prerequisites in 
the development of an efficient thermionic power transducer. Before 
describing the work which has been done, the theory will be reviewed 
briefly. 

The nomenclature is as follows: 

Symbol 

J 
o 

JR 

k 

P max 

T, 

Description 

Richardson's constant 

Diode current density 

Current density at critical point 

Boltzmann's constant 

Point of maximum power density 

Heat loss 

Emitter temperature 

Collector temperature 

Diode output voltage 

Units 

120 amps/cm^-°K^ 
/ 2 amps/cm 

amps/cm 

8.61 X 10"^ volts/°K 

watts/cm 

watts 

°K 

°K 

volts 
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Symbol 

^ o c 

VR 

^ T 

W 

*2 

6 

n 

Descript ion 

Open circui t voltage 

Voltage at cr i t ica l point 

Voltage thermal equivalent 

Diode spacing 

Work function 

Space charge b a r r i e r 

Efficiency 

Units 

volts 

volts 

T/11,600 

cm 

volts 

volts 

percent 

The cur ren t flow per sq cm of emiss ive surface in a thernaionic 
diode, assuming that the back emiss ion i s smal l , i s equal to 

J Q = A^T^-^ exp(-4>2/kT^) exp(-V^/kT^) expC-S/kT^) 

and the power output, 

P = J V - P , o o o 1 

and the efficiency, 

J V - P , o o 1 

(1) 

(2) 

(3) 

F r o m equations (1), (2) and (3), we can see that a smal l decrease in 
<j>„ r e su l t s in a l a rge inc rease in cu r ren t densi t ies and, therefore , 

higher power and efficiencies. 

The exper imental data was analyzed in the following way. 
For smal l cu r ren t densi t ies , it can be assumed that 6 = 0 and, there­
fore, equation (1) becomes 

J = A . T / e ^ ^ e ° ^ o 1 1 
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The experimental dependence of current density on output voltage 
plotted semilogari thmical ly gives a straight l ine. As the current 
densit ies increase , the space charge b a r r i e r should be considered. 
The effect of the space charge b a r r i e r on the current-vol tage curve 
causes depar ture from straight line dependency. The "c r i t i ca l " point 
occurs at the point of tangency of the straight line portion with the 
curved portion. 

F r o m the straight line portion of the plot (see sketch below), we 
obtain the following information: 

Cr i t ica l poin 

Ln J 

Taking the natural log of Eq, (3) gives 

in J^ = in AT^ 
2 \ 4>. 

£ T j " kT^ (4) 

Assuming <!>„ constant for a fixed T, and taking the f i rs t derivative of 

J with respec t to V , we have 
o ^ o* 

o r 

d i n J 1 
F T 1 

AV 
1 TsrjE~r' 

o 

(5) 

(6) 

Therefore, the t empera tu re of the emi t te r can be calculated from Eq. (6). 
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Also, solving for 4v, from Eq. (3), we find that the work function of 

the collector is given by 

AT 
4 , 2 = k T ^ i n - ^ - V ^'^ 

o 
Other characterist ics of a diode that can be found from a J - V 

o o 
curve a re the spacing between the emitter and collector, collector 
temperature, and maximum power output. 

W = I : I 2 9 i L M : l ! T^/4 (8) 

^ o c = * 2 T - 2 - l - ^ 2 k T ^ ^ n ^ (9) 

2 V 
•6 „ , ,„ ^2 

lo Impregnated Nickel Collector 

Four identical nickel collector tubes with Type S impregnant in a 
porous nickel base were designed. The emitters were ordered and re­
ceived. The presses , getters, glass tubing, nickel sheet for the 
collectors and the thermocouples are presently in stock. Figure 13 
is a drawing of the nickel collector tube. No tests of this design have 
been performed to date. 

2, Oxide-Coated Nickel Base Collectors 

Pr ior to this report period, progress in determining the true work 
function of oxide-coated nickel consisted of tests with assemblies which 
incorporated oxide-coated nickel as a collector, and a relatively low 
temperature (1600° K) emitter such as Type B inapregnated tungsten. 
However, the oxide-coated nickel collector work function value in­
variably was masked by the deposition of barium and other contaminating 
agents on the collector. If a pure metal such as tungsten or molybdenum 
were used as the emitter, the high temperature (2500° K) necessary to 
produce suitable emission would, by conduction through the sapphire 
separators and by radiation, heat the oxide-coated collector to the 
point of decomposition. 
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Evacuation tube 

Seven-lead 
p ress , W-Ni 
leads 

1. Emitter, with internal coiled- coil heater 

2. Nickel collector 

3 . Heater 

4. Thermocouple, Pt--PtlO%Rh 

5. Heater, getter (barium) 

6. Thernaocouple 

7. Getter (barium) 

Fig. 13. Nickel Collector Tube 
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Therefore, to determine the work function of an oxide-coated, 
nickel base specimen, a diode was designed and constructed which in­
corporated an oxide-coated nickel emitter and a molybdenum collector 
to achieve electrical continuity for the assembly. The collector was 
designed to be heated and outgassed by an RF induction furnace (see 
Fig. 14). 

3. Molybdenum Collectors 

Tests were run using a Type B emitter and a pure molybdenum collector, 
with an emitter temperature of 1540° K. During the first 20 minutes, the 
rate of change of cj)„ was quite large due to deposition of barium. This can 

be seen in Fig. 15, Collector Work Function vs. Time. After approximately 
an hour, a minumum value of cj)p was obtained at 1.9 volts. However, as 

more time elapsed, <j)„ slowly increased to a value of about 2.2 volts. This 

indicates that an excessive amount of barium must have been deposited 
on the collector. 

Another test run was made with the emitter operating at a temperature 
lower than 1500° K in an effort to decrease the rate of change of <j)„ 

by reducing the barium deposition on the collector. After 26 hours, the work 
function was observed to be still decreasing towards 2.0 volts (see Fig. 16). 

An alternate method for reducing <j)„ was tried in the next run. The 

deposition of barium on the collector was expedited until a minimum 
value of <j)„ was.obtained. The temperature of the cathode was then 

lowered to curtail further deposition of barium and thus to hold 4>p 

at this minimum. The high emitter temperature in this run was 1500° K, 
After the minimum of 1.8 volts was reached, the emitter temperature 
was lowered by 125° K (see Fig. 17). However, c|)„ increased very 

sharply up to 2.3 volts instead of holding at 1.8 volts. This shows that 
the temperature decrease must be very fast, almost instantaneous, in 
order to stop further deposition. 

Results obtained for the Type B emitter and Type B collector are 
given in Table 3. These resul ts show <j>„ to be about 2.5 volts, which 

is rather high. A possible explanation is that the collector was too hot. 
It was observed to be glowing. These tests were suspended since moly­
bdenum collectors not only give lower work functions than the Type B 
collector, but they can also be machined more easily. 
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Fig. 14. Oxide-Coated, Nickel-Base Cathode Tube 
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TABLE 3 

Type B Collector--Type B Emitter 

T Emitter 
(°K) 

1460 

1460 

1540 

c|> Collector 
(volts) 

2.44 

2.44 

2,74 

The next ser ies of tests was made to study the work function 
characterist ics of a nickel-based oxide-coated cathode. The cathode was 
placed opposite a plain molybdenum plate. Emission currents from the 
cathode were measured at various temperatures. From these, the work 
function of the cathode at each temperature was calculated. These values 
a re shown in the first part of Table 4. The average value of (j)„ is 2.4 
volts. 

The collector plate was then changed from molybdenum to titanium 
and emission tests were run again. The value of the work function of 
the nickel cathode was then observed to be around 2.0 volts. These 
values are shown in the last part of Table 4. Assuming that all other 
parameters are the same, the decrease in work function of the nickel 
emitter in the presence of titanium can be ascribed to the fact that 
titanium is a better getter than molybdenum, so there was better vacuum 
near the nickel cathode with titanium as a collector. 

Even though low work functions were obtained, further tests were 
necessary in order to establish a definite procedure for stabilizing these 
low values. It was planned to carry out these experiments with a Type 
B emitter and a molybdenum collector sealed in an evacuated tube. This 
would also facilitate testing for longer periods. 
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TABLE 4 

Oxide-Coated Cathodes 

Short Ci rcui t 
T 4) C u r r e n t 

(°C) (V) (ma) 

Cataphor i t ic coating (Raytheon) 
moly co l lec tor 788 2.34 0,4 

Cataphori t ic coating (Raytheon) 
moly co l lec tor 860 2.5 0.3 

Cataphor i t ic coating (Raytheon) 
moly co l lec tor 

Above cathode heated in hydrogen-a rgon 
a t m o s p h e r e to 882° C 

Cataphor i t ic coating (Raytheon) 
t i tanium col lec tor 

Cataphori t ic coating (Raytheon) 
t i tanium col lec tor 

Cataphori t ic coating (Raytheon) 
t i tanium co l lec tor 

Spraying coating (MIT) 
t i tanium col lec tor 

Spraying coating (MIT) 
t i tanium col lec tor 878 2.0 

In o r d e r to de te rmine the work function of the molybdenum, a Type 
B impregna ted tungsten e m i t t e r was incorpora ted in a tube with no 
molybdenum col lec tor a s shown in F ig . 18. Sapphire s p h e r e s control 
the i n t e r e l e c t r o d e spacing so that , at room t e m p e r a t u r e , the spacing 
was 0.0006 inch. It i s expected however , that, at high t e m p e r a t u r e s , th i s 
separa t ion will i n c r e a s e due to t h e r m a l expansion of the sapphi re s p h e r e s , 

A fea ture of the diode i s the co l lec tor design. The configuration m a k e s 
the molybdenum col lec tor r ead i ly a c c e s s i b l e for R F induction heat ing 
during ini t ia l diode outgass ing and ac t iva t ion . The co l lec tor i s of suf­
ficient length so that good coupling with the RF unit can be achieved. 

877 

860 

966 

945 

930 

889 

2.55 

2.51 

2,4 

2.45 

2.0 

2,1 
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Fig. 18. Type B Impregnated Tungsten Emitter Assembly 



43 

This length also minimizes the possibility of damaging the emitter-
structure and the leads through the glass press by heating caused by 
inductive coupling. The long cylindrical walls of the collector 
permit cooling by radiation while operating and testing the emitter 
at high temperatures . 

The purpose of these tests was to determine the effect of barium 
emitted from the Type B emitter on the work function of the collector 
as a function of operating time„ 

The diode consists of the following main par ts : 

(1) A Type B emitter encased in a molybdenum sleeve (see Fig. 19). 

(2) Coil heaters in the hollow molybdenum sleeve to heat the emitter. 

(3) A hollow molybdenum cylinder with a flat bottom used as the 
collector, and which is spaced 0.001 inch from the emitter by 
sapphire spheres. 

The tube was assembled with great care in keeping all par ts as clean 
as possible and allowing a minimum exposure of the emitter to the a tmos­
phere. The collector and radiation shield were fired in a vacuum at 
2000° F for 10 minutes before assembly. 

After the tube was completely assembled, it was connected to a glass 
-7 vacuum systenio A vacuum of 10 mm of Hg was obtainedo The glass 

tube was outgassed by means of an oven provided in the vacuum systemo 
It was baked out at a temperature of 700° F for 24 hours. 

The entire glass system, including the glass ways and cold trap, was 
outgassed to obtain the best vacuum possible. The emitter, collector and 
radiation shield were outgassed by the emitter coil heater and induction 
heatings The outgassing rate was adjusted so that the pressure never 

-5 
rose above 10 mm of Hg. Once the temperature of the emitter and col­
lector reached 1500° K, this temperature was maintained for 1-1/2 hours. 
At theend of the 1-1/2 hours of outgassing, the induction heater was main­
tained at 1500'' K. 

The output voltage at a fixed output current of 40 ma was recorded 
as a function of t ime. The emitter temperature, vacuum condition, and 
voltage across the emitter heater were continuously monitored. Suf­
ficient data were taken to determine the work function over a 122-hour 
period. After 12 hours of operation, the work function was essentially 
constant with time, as can be seen in Fig. 20. The stabilized value of 
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F ig . 19. Type B E m i t t e r and Molybdenum Sleeve A s s e m b l y 
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the work function is either 1.95, 1,82 or 1.80 volts, depending on which 
value is used for the temperature of the emitter. Pyrometer temperature 
measurements, with correction for spectral emissivity, indicate a 
temperature of 1530° K, resulting in a work function of 1,95 volts. Py­
rometer measurements applying the manufacturer 's correction indicate 
a temperature of 1475° K, corresponding to a work function of 1.82 volts. 
The emitter temperature obtained from the I-V curves is 1465° K, which 
corresponds to a work function of 1.80 volts. The I-V curves were taken 
at large time intervals, and the temperatures obtained are in good agree­
ment with each other. 

The important result is that the primary objective of this test ser ies 
was accomplished, in that a low work function on a molybdenum collector 
was obtained and maintained for an indefinite period. A work function 
of approximately 1.82 to 1.85 volts was obtained and, after 12 hours of 
operation, it remained constant at this value for 110 hours. The test 
was terminated because the heater was beginning to weaken. In order 
to prove reproducibility of the work function after the tube was in­
operative for some time, the tube was left in a cold condition for 5 days 
and then tested again. The work function had not changed, and all points 
were constant over a 2-hour period. 

Considerations as to why and how such a stability occured point up 
several interesting factors. Firs t , the emitter was outgassed at such 
a rate and period of time that the greatest part of barium emission 
from a Type B cathode occured during outgassing while the collector 
was hot. Therefore, little or no barium was deposited on the collector. 
When the collector was cooled down, the rate of barium emission from 
the emitter was only sufficient to deposit a partial coverage on the col­
lector, resulting in a low work function. The barium emission was not 
sufficient to deposit a thick layer, which would have resulted in a work 
function on the collector equal to that of barium, 2.2 volts. Secondly, the 
environment inside the vacuum tube was of constant quality. The vacuum, 

although it was not measured, probably was better than 10 mm Hg 
-5 (Before sealoff, the vacuum was 10 mm Hg without having activated the 

getter.) During the construction of the tube, great care was taken to keep 
all par ts as clean as possible, thus minimizing any poisoning effects of 
the emitter or collector by impurit ies. Also, the slow outgassing evaporated 
agents that might otherwise have poisoned the cathodes before the 
electrodes were very hot, at which time they a re more susceptible to 
oxidation. 

The work function of molybdenum was originally about 3 volts and 
started decreasing to a value of 1.70 volts within a matter of minutes. 



47 

Then, it slowly rose to the constant values as reported, depending on what 
temperature was used for the calculation of ^ „. The time it took <^ „ 

to reach a stable value was less than 12 hours. Although the change 
from the minimum to the steady cjs was relatively small (0.10 volt), it 
is obvious that excessive barium was deposited on the collector, thus 
altering its work function. It is hoped that this can be eliminated by longer 
outgassing of the emitter while the collector is kept at 1500° K and a 
constant value of 1.7 volts achieved. 

Although this tube was not designed for high power density, it pro­
duced a power output of 0.135 watt per square inch which is an excellent 
value for the spacing of the device. The maximum power output through­
out the 122 hours, plus the retesting 5 days later, was constant within 
5% of experimental e r ro r . 

The spacing obtained from the I-V data i s relatively large. This is 
because the emitter surface is off flatness by 0.0004 to 0.0006 inch, 
and the spheres used to separate the cathodes were protruding by 0.0003 
to 0.0005 inch. When the thermal expansion of the shperes is included, 
a spacing of 0.0015 inch (0.0038 cm) is fairly real is t ic . 

4. Nickel Collectors 

During this period, parts were completed for the nickel collector-
Type B impregnated tungsten emitter diode. When assembled, 
this tube was identical to the configuration described for the molyb­
denum collector except for the collector mater ials . The activation 
and testing will follow the procedures mentioned previously. 

5. Study of Vacuum Improvement in a Bell J a r System 

The development of an assembly designed to provide a vacuum better 

than 10° mm Hg was initiated in November. Most of the parts have been 
machined and assembled. Figure 21 is a drawing of the setup. 

The unit consists of a titanium housing within a glass bell j a r . 
Initially, the metal housing is raised from its mating base plate. The 
glass bell j a r is then evacuated to minimum pressure attainable with 

the system, generally about lO ' mm Hg. The titanium housing is then 
mated with i ts base plate, forming an independent system in a vacuum 
equal to that of the glass bell ja r system. The barium getter inside the 
titanium housing is then fired, and this should improve the smaller sys­
tem's vacuum appreciably. 
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IV. SUBTASK 5.3--DEVELOPMENT OF LOW 
""TDWER" THERMIONIC GENE 'EATOIP 

The objective of this subtask is to develop, design, fabricate, and 
tes t an operational power sys tem coupling a thermionic conversion 
device to a radioisotope heat source . The thermionic development i s 
being performed by Thermo Electron Engineering Corporation of Cam­
bridge, Massachuset ts , a s a subcontractor to The Martin Company. The 
work on the isotopic heat source and all other re la ted work is being 
done by Martin Nuclear Division. 

At the beginning of the qua r t e r , plans to fuel a 2- to 3 - watt thermionic 
prototype with a Cer ium-144 isotopic heat source during the f irs t week 
in December were sti l l in effect. As work p rogressed , it became 
apparent that there was l i t t le to be gained by proceeding with these 
plans. Much more could be learned about both the heat source and the 
thermionic device by working with each component individually. The 
electr ical ly heated thermionic units a r e more flexible than a ce r ium-
fueled unit, and therefore , it is possible to obtain much more basic 
data from them. This also applies to the heat source . Much more basic 
data on the Cer ium-144 pellets and thei r interact ion with the molybde­
num fuel capsule a r e needed before heat sources can be designed and 
fabricated with a high degree of rel iabi l i ty. Therefore, at presentat ions 
given in Germantown on November 13, 1959, and at the New York Oper ­
ations Office on November 23, 1959, it was recommended that the fuel­
ing of the thermionic unit be indefinitely postponed, but that the molyb­
denum fuel capsule be fueled as planned. 

The plans which had been made and the work performed in p r e p a r ­
ation for the fueling were extremely helpful. This work highlighted 
all of the problems one can expect when attempting to fuel a thermionic 
unit with a radioact ive heat source such a s Cer ium-144. The importance 
of not contaminating the electrode surfaces of the thermionic unit during 
fueling became apparent . Also, the difficulties involved in assembling 
a thermionic unit by remote operation in a hot cell a r e bet ter appreciated 
now. Thus, the work which was done was quite valuable in developing 
the a r t of fueling thermionic gene ra to r s . 

A, THERMOELECTRON ENGINEERING CORPORATION 
(TEECO)EFFORTS 

The work performed by TEECO can be conveniently broken down 
for report ing purposes as follows: 

*l i . Harvey 
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(1) Prototype Development. 

(2) Heat Transfer Study and Tes t s . 

(3) Vacuum Tes t s in Prototype Shells. 

(4) Cathode and Sapphire Support Creep Tes t s . 

(5) P a r a m e t r i c Study. 

1. Prototype Development 

Work in this quar te r was devoted to prototypes P T 3 , PT4, PT6, 
and Unit 1A„ Prototypes PT3 , PT4, and PT6 were al l designed as 
vers ions of the two-stage thermiionic unit which was to be fueled with 
the Cer ium-144 isotopic heat source . Figure 22 is assembly drawing 
of PT6o Unit lA was developed after the decision had been made not to 
fuel a thermionic unit with a radioisotope at this t ime . Unit lA is a 
s ingle-s tage unit, the purpose of which is to prove the feasibility and 
compatibility of the design fea tures , each of which was developed more 
o r l e s s individually. The objectives of the development effort on this 
unit were as follows: to get the unit operating by reproducible methods; 
to be able to accura te ly predict the performance of the generator ; and to 
be able to maintain this perform.ance for an extended period of t ime. 
It was not an objective to t r y to achieve a highly efficient generator^ 
This would be accomplished by an order ly improvement of the lA unit. 

Unit P T 3 . All the neces sa ry pa r t s for this two-s tage prototype were 
ready and assembly was under way, a s scheduled, at the beginning of 
October. 

The prototype housing was made of monel and consisted of two identi­
cal halves , Monel was chosen because it can be hel iarc-welded with the 
same welding equipment requi red for the molybddenum fuel capsule. 
After the final machining, thhe housing was tes ted for leaks by the differ­
ential absorption method. This tes t showed that the housing did leak. 
Investigation into the reason for this leak revealed that only forged 
monel i s nonporous enough to be leakproof. Forged monel was not 
readily available at this t ime, so it was decided to use ti tanium for the 
housing of the unit. 

Unit PT4o This unit was essent ial ly the same a s P T 3 . The only 
difference was in the choice of meta l s for the housing which, in this case , 
was t i tanium. The two halves of the housing were brazed together by a 
s i lver -copper eutectic which mel t s at 780°C« The housings were leak 
checked before and after the final machining and were found to be leak-
proof. 
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The unit was assembled with the electrical leadthrooughs brazed in 
place and the unit was evacuated with a twin vacuum system. The whole 
unit was placed in a chamber which was then evacuated. Provision for 
heating the housing was provided by an RF coil placed around the outer 
chamber, and the emitter of the unit was heated by an electrical heater. 

The RF unit and the electrical heater were turned on. The temper­
ature of the casing was kept below the melting point of the silver-copper 
eutectic braze. The unit was allowed to outgas for three hours; the 
length of the outgassing period was determined by the final stabilizing 
of inside and outside pressures considered suitable for the performance 
of the prototype. These conditions of pressure and temperature were 
maintained for another hour; then the temperature was raised until the 
braze melted and the unit was sealed. The temperature of the casing 
was kept 100® C below the brazing temperature for another three hours 
for further outgassing; then both the RF and electric heater powers 
were gradually decreased until the unit was cool. 

The unit was next leak tested by filling the outer chamber with helium. 
An immediate increase in pressure indicated a leak in the unit. 

The unit was removed from the evacuation system and subjected to 
a thorough leak test on the differential absorption leak detector. These 
tes ts showed that one of the leadthroughs was responsible for the leak, 
A crack had developed in the ceramic part of the leadthrough, causing 
the leak. This leadthrough was replaced by another, but the leak per­
sisted. Thermal cycling tests on other specimens of the same type 
showed that the leadthroughs were unsuitable for use under the operating 
conditions of this unit. 

The unit was machined open. An examination of the interior revealed 
the following: 

(1) The leadthroughs developed leaks due to the cracking of a nickel 
part which had formed a brittle alloy with the silver-copper braze 

(2) The leaks in the leadthrough were also caused by cracks which 
might have developed due to thermal shock received during the 
heating, brazing and cooling cycle, 

(3) One of the leaking leadthroughs, upon further examination, showed 
that the center tube was not adequately brazed to the ceramic. 

(4) The molybdenum spring structure of the collector holder was 
permanently deformed due to annealing while brazing, thus r e ­
ducing the effectiveness of the spring. This resulted in large 
emitter-collector spacing and improper positioning of the 
emitter s tructure. 
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(5) One of the ce ramic bushings, which insulated the collector 
holder from the housing, was broken. In addition, one of the 
sc rews supporting the collector holder was broken. 

(6) By operating the hea ter with the housing removed, it was noted 
that the heat t ransfer between the emit ter holder and the emi t ­
t e r was very poor. The tempera ture difference between the 
holder and the emi t te r was approximately 400° F . 

(7) During the t ime the unit maintained a good vacuum in the twin 
vacuum system, the two emi t t e r s were activated and tes ted 
for emission. A small amount of emission was observed for 
severa l minutes under a vacuum of 10"^ mm Hg before the 
leads had broken. 

Unit PT6. To avoid the objectionable features mentioned, prototype 
PT4 was redesigned. This new prototype known as PT6, was a two-
stage unit with provision for an isotopic heat source . During assembly 
of this unit, it was noted that the delivery date for isotope fuel would not 
be real ized, and the fueling of this two-stage prototype was indefinitely 
postponed. Instead, it was decided to concentrate efforts on an e l ec t r i ­
cally heated prototype which would be a two-stage unit to be fabricated, 
tested and delivered to The Martin Company. 

New leadthroughs were designed and manufactured. The modified 
design uti l izes the principle of matched thermal expansion. These lead­
throughs have kovar s leeves which a r e brazed to alumina ce ramic by 
the powder metal lurgy technique. The brazing mate r ia l i s copper. 
These leadthroughs successfully survived repeated the rmal cycling 
between ambient and brazing t e m p e r a t u r e s . 

Results of the tes ts ca r r i ed out on prototype PT4 indicated that the 
molybdenum spring would not maintain the desired in tere lec t rode spacing. 
The modified design uses a 0.001-inch thick platinum-10% rhodium, foil 
which is brazed to the casing. The foil has a tmospher ic p r e s s u r e acting 

on the ex te r ior and a p r e s s u r e of 10 mm Hg inside. This p r e s s u r e 
differential forces the collector against the emit ter assembly . The 
foil was tested for leaks at ambient and operating t empe ra tu r e s . 

The assembly for t es t s at ambient t empera tu re consisted of a t i tan­
ium container sealed off by a 0.002-inch thick platinum-10% rhodium foil. 
The whole assembly was placed on a differential sorption leak detector . 
The detector showed no leaks , which meant that leaks through the foil, 

— 8 
if any, were not more than 10 c c / s e c . 
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The arrangement for tests at operating temperatures consisted of a 
diode which was placed in a housing sealed off by a 0.002-inch platinum-
10% rhodium foil which also supported the emitter. A heater for the 
emitter was located inside the unit. The complete unit was heated by 
an external source and was contained in an inert atmosphere. The 
vacuum obtained in the unit was satisfactory and was held at elevated 
temperatures by the platinum-10% rhodium foil. 

The incomplete unit̂ , PT6j was an ideal vehicle for leak testing the 
1 mil platinum-10% rhodium membrane. The tests showed that the 
membrane did have leaks. Photographic testing of all the platinum-10% 
rhodium foil in stock indicated the presence of minute holes. 

Unit lA. Prototypes of the 1 series (lA^ IB, etCo,) will be designed 
for the power density of Cerium-144since many parts have been fabri­
cated on this basis. These units will serve only as test generators be­
cause it is not planned to actually fuel a low powered thermionic unit 
with Cerium-144. Prototypes of the 2 series (2A, 2B, etc.,) will be based 
on the power density of Curium-242 and, therefore, will be much more 
efficient, smaller and lighter. 

Fabrication of parts and the assembly of the prototype lA began in 
mid-November. Platinum-10% rhodium foil 0.001 inch thick was used, 
despite the fact that it was not completely vacuum-tight. The reason 
for this choice over 0.002-inch foil was to avoid doubling the heat losses 
with the thicker foil. The collector now has a rigid support. Molybdenum 
powder is included between the emitter and the holder to decrease the 
temperature film drop at this interface. (The use of molybdenum is 
explained in Section A,2.) 

The assembly was placed in a bell jar without the housing, and the 
emitter was raised to the operating temperature. Output current vs 
voltage for this unit is shown in Fig. 23. After satisfactory operation, 
the unit was assembled in the casing, electrical leads were fastened to 
the leadthroughs and appropriate braze shims were provided. Figure 24 
is a drawing of the assembly. 

The unit was heated externally by an RF coil and internally by an 
electric heater to outgas the unit thoroughly before sealoff. Figure 25 
is a diagram of the setup. The unit remained in this final stage for 
3 hours, heated to 700° C as measured by an optical pyrometer. When 

— f\ 
a pressure of 5 x 10 mm Hg was maintained for one hour, the out-
gassing was considered sufficient. The temperature was then raised 
gradually, to avoid thermal shock on the ceramic part of the lead­
throughs, to 780-800* C, which is the melting point of the Ag-Cu eutectic. 
All of the final brazes were successful, but the cap did not seat correct-
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ly due to uneven heating and partial melting of the brazing shim. The 
temperature was increased within the l imits allowed by the leadthroughs 
(lOOO'̂ C max.) but without effect. The unit was cooled to stop evaporation 
of Ag-Cu, which was causing high frequency discharges, endangering 
the bell j a r . 

Attempts to locally increase the temperature of the cap to melt the 
formed Ti-Cu-Ag eutectic were unsuccessful. A heavy molybdenum 
weight of suitable configuration to insure good RF coupling was placed 
on the cap. When the cap reached a temperature high enough to melt 
the braze, the weights forced it tight on the housing. Unfortunately, 
the excessive heat needed to accomplish this alloyed the platinum-10% 
rhodium foil with the titanium, and a leak resulted. 

Despite the fact that the unit was not vacuum-tight, it was tested 
under a bell j a r . A weight acting on the platinum foil of the cup sub­
stituted for atmospheric p ressure . The emission obtained was poor 
because of the poor vacuum inside the unit and the large spacing. Re­
peated exposure to the atmosphere and insufficient activation contri­
buted to the poor emission. 

The unit was then used to study temperature distribution while in 
operation. Holes 1/8 inch in diameter were drilled in the casing to 
facilitate temperature readings. Emitter, getter and shield tempera­
tures were 1100, 800 and 9l6°C, respectively, 

2, Heat Transfer Study and Tests 

There a re two sources of contact surface heat resis tance. One is 
between the emitter and the emitter holder and the other between the 
emitter holder and the heater . The second resistance is caused by the 
platinum-10% rhodium foil which is placed between the holder and the 
heater . These res is tances should be minimized to improve the heat 
transfer between the heater and the emitter. 

The surface coefficient between emitter and holder was reduced by 
placing a thin film of molybdenum powder (325 mesh) on the holder 
before securing the enaitter in place. This reduced the temperature 
difference between the two surfaces from 60°C to 20°C. 

To reduce heat losses from the heat source to the holder, the 
following procedure was followed. The holder was provided with a cup 
to accomodate the entire heater . A cap was used to close the opening 
after the heater was inserted. The heat radiated from, the side and top 
of the heater was collected by the holder. Great care was taken to 
make the alumina coating on the active side as smooth as possible to 
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increase the contact area for heat transfer. In addition, a molybdenum 
heat shield was placed around the entire cup assembly to reduce radi­
ation losses . 

A new heater has been designed which has the heat sources directly 
brazed to the emitter holder, thus eliminating one of the surface ba r r i e r s . 
The wire is imbedded on the side of the heater opposite that of the 
emitter holder. This alumina-coated side of the heater is very ca re ­
fully shielded to avoid excessive losses due to high thermal emissivity 
of the alumina. This heater is now under construction. 

As mentioned previously, there is a temperature gradient between 
the emitter and the emitter holder. An apparatus was constructed to 
measure this gradient over a range of contact p ressures . Figure 26 
is a drawing of the apparatus. 

The assembly includes a weight platform attached to the top of the 
collector heater and collector. Interelectrode separation is main­
tained by sapphire spheres. The emitter heater, holder and emitter 
rest in a molybdenum housing which supports the collector assembly. 
Contact pressure between the emitter and holder is a function of the 
weight placed on the platform. 

The unit was first evacuated to a pressure of 10 mm Hg under a 
bell jar on a 2-inch vacuum system. All temperatures were measured 
with an optical pyrometer. 

The emitter heater brought the holder up to an operating temperature 
of 2100° F. At this temperature, various weights were placed on the 
platforms. The temperature difference, ^ T, between the emitter 
and the holder was then recorded as a function of the emitter contact 
pressure developed by the weights. Figure 27 shows the results of 
this experiment. 

The experiment showed that,at a pressure of 8.0 psia, the tempera­
ture gradient between the emitter and emitter holder was only 30° F. 
This indicated that the weights reduced the film resistance between the 
holder and the emitter by increasing the contact area of the two pieces. 

It was found that the optical pyrometer temperature readings were 
not sufficiently accurate due to the dependency on spectral emiss i -
vities of molybdenum and tungsten which vary from specimen to speci­
men. Thermocouples were introduced into the same experimental set­
up and tests were run again to determine temperature difference, 
A T, vs contact p ressure . Results are shown in Fig. 28. 
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Comparison of the r e su l t s thus obtained with the ones obtained 
with the optical pyrometer shows the same behavior, but appreciable 
differences in exact value. ;:̂  T as measured by thermocouples is 
generally twice as grea t as that measured with a pyrometer . Readings 
were also taken while contact p r e s s u r e was kept constant to see the 
variation of ;̂ T with casing t empera tu re . The -̂ T r emains essential ly 
constant with variat ion of casing t empera tu re . An interest ing 
phenomenon occur red during these exper iments . S m a l l e r / ^ T ' s were 
achieved a s the t empera tu re was decreased. This can be seen in Fig. 
29. A possible explanation is that the contact a rea of the mating s u r ­
face i r r egu la r i t i e s has increased as a resul t of the p r e s s u r e and high 
tempera ture which produce some creep , thus increasing the heat con­
duction. However, this effect has to be investigated further before con­
clusions can be drawn. 

As mentioned previously, the heat t ransfer from emi t te r holder to 
emit ter may be improved significantly by coating the holder with a thin 
film of molybdenum powder. To improve the heat t ransfer further, a 
method of brazing the emi t te r to the holder must be developed. 

A suitable b raze must; 

(1) Wet both tungsten and molybdenum. 

(2) Not poison the emi t te r . 

(3) Allow for miismatch of the rmal coefficients of expansion. 

3. Vacuum Tes t s in Prototype Shells 

Titanium Casings. The shell is evacuated through the annular open­
ing formed by space r s around the braze r ing. These space r s a r e naade 
of the same mate r ia l a s the braze to insure a tight seal (see Fig. 30). 

A braze was performed in a vacuum bell j a r with an RF induction 
coil for heating. The ionization gage was connected to an amplif ier to 
permit monitoring the p r e s s u r e during the operation a s well as to pe r ­
mit outgassing of the ion gage components. 

An RF coil was also used to outgas the ionization gage. At the t ime 
-5 of the braze , the p r e s s u r e in the bell j a r was about 10 mm Hg. 

Immediately after brazi-ng, the p r e s s u r e inside the shell was observed 
- fi 

to be about 10 mm Hg. 
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Subsequently, the shell was heated by various means . A heating 
tape, bunsen burner , oven, and a hot plate were used to increase the 
r a t e of outgassing. Generally, it was found necessa ry to cool the 
ionization gage and i t s at tachment to prevent overheating these com­
ponents while the shell was being heated. Heating the unit with a gas 

-7 flame for a few minutes produced a p r e s s u r e of 6 x 10 mm Hg. 

The ent i re unit was l a t e r placed in an oven for 14 hours at a t emper ­
a ture of about 300° C. At the end of this t ime, the p r e s s u r e in the unit 

-3 
was higher than 5 x 1 0 m m Hg. The application of a spark coil show­
ed a black color. The loss of vacuum was at tr ibuted to the fact that 
the ion gage and associated kovar tube had been insufficiently outgassed 
during press ing , and gases were evolved during the bakeout. 

Titanium casing with dummy leadthrough and pinched-off copper 
tubulation. This shell was s imi la r in appea rance to SfielT no7T7"except 
a dummy leadthrough and a pinched-off evacuation tube were added. 

Evacuation was accomplished through the joint where the final braze 
would be made . At the t ime of brazing, the p r e s s u r e in the bell j a r was 

— f\ 
2.8 X 10 mm of Hg. After some t ime elapsed, the p r e s s u r e inside the 

-7 
shell was 7 x 1 0 m m Hg. 

The ionization gage assembly was immersed in a water bath. The 
shell itself was heated by an e lec t r ic hot plate to approximately 500°C 
for about 15 hours . At the end of this t ime, the gage was only part ial ly 
i m m e r s e d in the cooling bath and the amplifier was connected. The 
p r e s s u r e in the unit was shown to be 1,2 x 10~°mm Hg after 5 minutes. 
After heating for 15 minutes more , the p r e s su re was found to be 2 x 

-7 
10 m m Hg. 

When the ion gage was again completely i m m e r s e d in the cooling 
bath, a hand torch was applied to the shell . Before heating with the 

— fi 
torch, the p r e s su re was recorded a s 1,2 x 10 m,m Hg, Immediately 

-7 after the heating was stopped, p r e s s u r e was 3 x 1 0 mm Hg. The 
amplif ier was turned off. After about two hours , the amplif ier was 

-7 again turned on, showing a p r e s s u r e of 3 x 10 mm Hg. 

It i s concluded from these t e s t s that the titanium shell ac ts a s a 
vigorous get ter when heated to a t empera tu re of 400 to 600°C. Unfortu­
nately, p r e s s u r e s inside the unit cannot be measured while the shell i s 
being heated due to the overheating of the glass and kovar pa r t s 
associa ted with the gage. 
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Titanium casing with metal ce ramic leadthrough. Shell No. 3 was 
s imi la r to~Wo7T~except~that'a leadthrough was Brazed to the side of the 
shell . This unit was p rocessed in the same manner a s the other units . 

-5 
During brazing, the p r e s s u r e in the bell j a r was 2 x 1 0 mm Hg, and 

-4 the p r e s s u r e inside the shell r ead 7 x 1 0 mm Hg. When the unit was 

cooled to room tempera tu re , the p r e s s u r e was 3 x 10 m.m Hg. The 
shell was heated by a burner and the ion gage was imimersed in a cooling 
bath. The lowest p r e s s u r e observed after heating for 5 to 10 minutes 

-7 was 6 x 1 0 m m Hg. 

Titanium casing with platinum membrane . To tes t the leak t ightness 
of thF'memBrarhe~t6"Ee~uiie3~Tr^ of 0.002-inch 
thick platinum-10% rhodiuxn foil was brazed to a t i tanium shell (see Fig. 
31). A plunger was applied behind the membrane to act upon the inside 
of the shel l . Suitable outgassing holes were provided in space between 
the membrane and the casing. 

In the f i rs t attempt to b raze this unit a copper evacuation pipe, which 
was pinched off at the end, was included. Overalloying of the copper took 
place due to excessive brazing t empera tu re , resul t ing in a porous b raze . 

In the second at tempt, the copper tube was removed and al l the b razes 
were successfully completed. At the t ime of the braze , the bell j a r p r e s -

-6 -4 
su re was 7 x 10 mm Hg, and in the shell 1 x 1 0 m m Hg. When the 
unit was cooled to room tempera tu re , the shell p r e s s u r e was 1 x 1 0 
m m Hg. 

Titanium, and monel shel l . A shell was p repared in which a monel 
ring~was sandwiche3''"Betweeh two t i tanium cups, forming the r e s t of the 
shell . The pa r t s have been p repared and a r e awaiting braz ing. 

CFI leadthroughs. A l a rge -d i ame te r CFI leadthrough was removed 
from~aTeaEy unit'anH sectioned to facilitate physical examination. It 
was then evident that no copper brazing mate r ia l was al loyed with o r 
f irmly attached to the metal l ized portion of the c e r a mic . The metal 
section could easily be removed from the ce ramic pa r t . It i s not known 
whether the s t ra in resul t ing from the physical removal of the lead-
through from the housing or the continued reheating of the ce ramic 
caused i ts fai lure, 

A sma l l e r d iameter CFI leadthrough was incorporated in a sealed 
housing containing an ionization gage. The unit was heated to a tenaper-
a tu re of 1000° C for 10 minutes to b raze severa l jo ints . After extensive 
test ing, the housing proved to be vacuumtight. This indicated that the 
CFI leadthrough did not leak and could be considered re l iab le . 
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TEECO metallized ceramic leadthrough. Six matched expansion 
metallized ceramic leadthroughs were"cbnstructed from thin-wall kovar 
cylinders and Raytheon R-95 ceramic washers^ metallized with Ti-Mo 
metallizing compound. An OFHC copper braze joined the parts. The 
six units were tested on a differential absorption leak detector. One 
assembly leaked due to insufficient metallizing on the inner diameter of 
the ceramic washer. 

A leakproof unit was examined by cross sectioning. Good bonding 
was evident. The thin-wall kovar tubing was then stripped off the 
ceramic. Considerable force was required to accomplish this separation. 
Metallization adhered well to both the ceramic and kovar, although no 
ceramic chips stripped off with the metal. 

Another unit was repeatedly thermally cycled from ambient temper­
ature to 900° C. No leaks developed. 

Initial tests indicate that the TEECO metallizing technique is quite 
successful. The process is lengthy, however, since the metallized 
ceramic pieces must be vacuum fired at 1500° C and nickel plated before 
brazing. 

TEECO reactive metal leadthroughs. Four titanium, nickel shim, 
and ceramic leadthroughs were designed and constructed. Two were 
made with 0,00075-inch nickel shims and a tight fit between the ceramic 
and titanium. The second two were made with 0.003-inch nickel shims. 
The titanium and ceramic were fitted loosely so that the nickel alloy 
would form fillets. Fillets did form, but one unit leaked. One unit was 
sectioned and showed good adherence of alloy, both to the ceramic and 
the titanium, 

4. Cathode and Sapphire Support Creep Tests 

Tests on prototype PT4 showed that the flexible collector support 
developed significant creep at the high temperatures necessary for 
brazing and outgassing. Therefore, the flexible support was changed 
to a riffid suDDort which was brazed to the collpotor with nir>kp] hra'zp'-
The collector assembly was held in position by alumina insulated screws 
and an alumina disc provided insulation from the housing. 

The results reported in Section A.2. indicate that an increased 
pressure between two surfaces will improve the thermal conductivity 
across the film. However, this would increase the pressures t rans­
mitted by the sapphire rod spacers, which will aggravate the creep 
problem. Effort was initiated at the close of this quarter to determine 
the feasibility of increasing the contact pressure. 
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5. Parametr ic Study 

A parametric study was begun this quarter to lay the foundation for 
later isotopic-fueled thermionic generator designs. Information is 
sorely needed concerning the character is t ics of the thermionic generator 
for different isotope power densities--the optimum power level, the 
efficiency, etc. 

Considerable thought was given to the approach to be taken during 
the early part of the work. It became apparent that all parameters could 
not be considered equally, so the first task was to determine which 
parameters were paramount. It was decided that the power level, the 
emitter temperature, the efficiency, the design approach and the power 
density of the isotope were most important. It was further decided 
that the power density of the isotopic heat source would be used as 
the common abscissa and the power level as the common ordinate, 
with the other te rms as vaariable parameters . These other parameters 
would then be shown over the possible ranges of interest . The analy­
tical work is now underway generating points for such a graph(s). 

B. MARTIN NUCLEAR DIVISION EFFORTS 

The work performed by Martin Nuclear Division can be broken 
down for reporting purposes into the following categories: 

(1) Development of Molybdenum Fuel Capsules, 

(2) Heliarc Welding of Molybdenum Fuel Capsules, 

(3) Hazards Report on Ce-144-Fueled Thermionic Unit. 

(4) Fabrication of Containment Cask for Ce-144 Unit. 

(5) Fueling of the Molybdenum capsule with the Ce-144 Fuel 
Pellets Fabricated by ORNL. 

1. Development of Molybdenum Fuel Capsules* 

In October, six molybdenum fuel capsules were fabricated for use 
in making practice heliarc welds and to determine the fabricability of 
these capsules. One of these capsules is shown in Fig. 32. 

Eight additional molybdenum fuel capsules were fabricated. Five of 
these were sent to ORNL. ORNL personnel will use two or three of 
these to make practice welds with the Martin-furnished welder. One 
of the others will serve as the capsule to be fueled with Cerium-144 
fuel pellets, and the remaining capsule(s) is a spare. 

*W. Bierds 
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Fig . 32. Molybdenum Fuel Capsule 
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Several of the original six molybdenum capsules were used in burst 
tes ts . The capsules were modified to allow the internal pressure to be 
increased by introducing gas at various p ressures . The capsules were 
then heliarc welded. The temperature of the capsules was then raised 
to 1700* F and the internal gas pressure raised in increments until the 
capsules failed. P res su res as high as 2200 psi were obtained before 
failure of the capsule occurred (see Fig. 33). 

In two valid tests , the peripheral molybdenum weld failed in line 
with the parallel faces of the mating par ts . One capsule came com­
pletely apart at the weld (1600° F at 2000 psig), while the other cap­
sule (1700° F at 2200 psig) showed a split of about 3/8 inch around the 
circumference where the gas pressure relieved itself. The molybdenum 
was ductile at this temperature, resulting in the expansion or bulging of 
the flat ends of the right cylinder by approximately 0,036 inch (Fig. 33). 

One problem had to be solved before the burst test could be carried 
out. An adequate means had to be found of attaching a tube to the 
molybdenum capsule to permit raising the internal gas pressure in the 
capsule. The tube attachment had to be leakproof, able to withstand 
temperatures in the neighborhood of 1700° F, and inherently stronger 
than the capsule weld. After attempts to braze stainless steel tubing 
to the molybdenum capsule failed, the use of molybdenum tubing was 
investigated. This approach was successful because a molybdenum-
to-molybdenum weld could be used. 

Better data on the thermal coefficient of expansion of eerie oxide 
indicated that the expansion of fuel pellets in going from low tempera­
ture during the fueling to the operating temperatures would be approxi­
mately double the expansion of the molybdenum fuel capsule. This 
would rupture the fuel capsule. Therefore, it was decided to put a 
modified Belleville spring in ser ies with the two fuel pellets to absorb 
the differential expansion. Inquiries were made to locate a spring 
manufacturer who could provide a spring that would operate satisfactorily 
at the high temperatures to be encountered in the fuel capsule. Manu­
facturers of ceramic as well as metallic springs were contacted. How­
ever, all vendors contacted considered it a development item, and were 
reluctant to commit themselves. Therefore, The Martin Company 
attempted to develop a spring for use in the eerie oxide fueled capsule. 
Tantalum-tungsten alloys were first examined as the spring material . 

A satisfactory spring requires a material that will retain its 
elasticity at 2700° F. A ser ies of seven experiments was made. All 
samples were subjected to an argon atmosphere in a furnace at 2700' F, 
and the spring material was subjected to a 35-gram load. In all cases, 
the material failed to retain its elastic properties. The seven samples 
were as follows: 
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b. Micrograph of Burst Test Capsule Weld 

Fig. 33. Burst Test Capsule 
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(1) 7.5% tungsten-92.5% tantalum, 0,012 inch thick, original 
deflection 0.032 inch. 

(2) 10% tungsten-90% tantalum, 0.023 inch thick, original de­
flection 0.041 inch. 

(3) 100% tungsten, 0.005 inch thick, original deflection 0.036 inch. 

(4) The same as (3), except rectangular-shaped spring instead 
of cross type. 

(5) 10% tungsten-90% tantalum, chemically etched to a thickness 
of 0.007 inch, original deflection 0.032 inch. 

(6) 7.5% tungsten-92.5% tantalum, 0.0115 inch thick. Material 
was given a special heat treatment at the suggestion of the 
supplier, Fansteel, original deflection 0.032 inch. 

(7) Same as (6), except the sample was etched to a thickness of 
0.007 inch. 

The results of a typical run can be seen in Fig. 34. 

Separate tests have not been conducted to determine the effects on 
the molybdenum capsule of oxygen generation from the ceric oxide fuel. 
However, the various tests that have been conducted have shown that 
the molybdenum fuel capsule as designed, fabricated, and welded is a 
suitable container for a Cerium-144 heat source. The work is now 
complete. 

2. Heliarc Welding of the Molybdenum Fuel Capsule* 

Welding fixture. Modification of the welding fixture continued in 
order to simplify the remote welding of the fuel capsule and the shell 
of the thermionic unit. An electrode positioning mechanism, was con­
sidered that would permit positioning the electrode relative to the 
piece to be welded before the bell jar was lowered into place. This 
positioning mechanism would also permit adjustments during the weld­
ing operation. Because of schedule p ressures and the additional com­
plexity of such a mechanism, a compromise design was selected in 
which the positioning mechanism for the welding electrode extends 
through the side of the bell jar . An experimental run verified the 
proper functioning of this mechanism. This modification was then 
incorporated in the welder. 

^WTWiFHi 
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a. Sample with Weight 

___„pie with Weight Removed 

F i g . 34. Typical Spring Sample 
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All necessary parts were received for installing safety plate glass 
ports in the welder in lieu of quartz ports . This modification neces­
sitated the design and fabrication of sight glass adapters. 

Sufficient test runs were made to show that it is not necessary to 
fire a titanium getter in the welding fixture to obtain a satisfactory 
vacuum. It is sufficient to evacuate and backfill with a purge gas for 
three cycles before each weld. 

The torch mechanism and chill blocks were completed, and were 
installed in the welder along with the sight glasses and adapters. The 
completed welding fixture is as shown in Figs. 35 and 36. 

A smaller welder (see Figs. 37 and 38) was shipped to ORNL to 
familiarize the ORNL personnel with the remote welding of the molyb­
denum fuel capsules. The scheduled loading of the Ce-144 fuel pellets 
into the molybdenum fuel capsules was delayed at least six weeks due 
to the unavailability of hot cell facilities at ORNL. However, during 
the visit to ORNL, sufficient orientation was accomplished that, when 
the hot cell facilities become available, the fueling can get underway 
without requiring the presence of Martin personnel. 

ORNL found that the clamps provided for sealing the welder were 
not a practical hot cell device. The welder is being modified by ORNL 
to provide a toggle clamp arrangement--a simpler hot cell operation. 

Welding techniques. Significant progress has been m.ade in develop­
ing the technology required to produce a leak tight, s tructural weld on 
the molybdenum fuel capsule. Sample molybdenum washers were heli-
arc-welded to determine the best helium pressure , arc-gap, and current. 
Figure 39 shows a sample washer. 

Work continued in evaluating the molybdenum welding techniques to 
determine the parameters most significant in producing good welds. The 
welds obtained to date have been leak tight. However, a large grain size 
is produced in the weld zone which ra i ses some doubt as to the relative 
strength of the weld and its ability to res is t corrosion. Since the weld 
should be both leak tight and structurally sound, work was concentrated 
on obtaining a weld with smaller grain size, while preserving the leak 
tight characteris t ics of the weld. 

Three types of tes ts for determining the structural strength of the 
molybdenum welds have been used. The first method, and the most con­
ventional, consists of drawing strap specimens which have been butt-
welded together in tension until failure occurs . The second method con­
sists of sectioning welded washer specimens and drawing these in direct 
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Fig. 36. Welding Fixture, Open 
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Fig. 37. Small Welding Fixture 
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Fig. 38. Small Welding Fixture, Open 
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Fig. 39, Washer Welding Sample 
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I 

Fig. 40. Heat Affected Zone of Molybdenum Disc R-7 , Welded at 
90 amps in 150 psi He--Magn 75X 
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shear. The third method, utilizing the same type of washer specimens, 
consists of drawing the weld in tension in the same direction the weld 
section of the capsule would be drawn due to an increase in internal 
pressure . All three methods were carr ied out at room temperature. 
These tests revealed that the heat-affected zone was generally weaker 
than either the weld area or the parent hot rolled molybdenum. This 
confirms reports in the l i terature, 

A possible explanation for this weak heat-affected zone is the p re ­
sence of nitrides which were observed in the intergranular a reas . The 
nitrides a re present in the parent molybdenum in minute quantities. 
The temperature-t ime history in the heat-affected zone may be r e ­
sponsible for concentration of the nitrides and resulting weakness. 
(See Fig. 40.) 

A limited effort was made to evaluate the tensile data of the molyb­
denum weld samples. However, due to the small number of samples 
and the erra t ic results obtained, no definite conclusions can be drawn. 
The point of fracture varied from sample to sample; some weld frac­
tures were intergranular while others were transgranular. Samples 
where the grain orientation was considered also yielded erra t ic resul ts . 
Available time and funds do not permit the effort required to explore 
this behavior fully. 

Within these limitations, all that can be said is that the weld is 
sufficiently strong for the present application. 

The molybdenum capsule is composed of two halves, with the mating 
surfaces approximately 0.030 in. thick. The weld penetration was gener­
ally about equal to the lip thickness. (See Fig. 41J This penetration 
would have been satisfactory except that, in many cases , the large grains 
extend from the root of the weld to the surface. (See Fig. 42.) 

It was found that varying the helium pressure in the welding fixture 
had an effect on the grain s ize . Welds were made at p ressures of 20 
Hg, 50 psig, 100 psig and 150 psig. The results a re as shown in Figs. 
43 through 46, respectively. Notice that the grain size reached a 
minimum at 50 psig, and then increased in size with increasing p r e s ­
sure. 

As work progressed, the heavy black soot that formed during each 
weld cycle became more and more troublesome. The sooting actually 
darkened the sightglasses, contaminated the welding electrode, and 
formed a heavy deposit on the molybdenum material . The deposit was 
rich in molybdenum, but also contained t races of almost every material 
used in the fabrication of the welder. Workers with the heliarc welding 
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F i g , 4 1 . Weld A r e a of Capsule Welded at 120 amps in 1 A t m o s p h e r e of He-
Magn lOX 

I 
Fig , 42 . Weld Zone of Molybdenum Disc R - 1 , Welded at 90 amps 

in 1 A t m o s p h e r e of H e - - M a g n 75X 
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F i g . 43. Weld Zone of Molybdenum Disc R - I A , Machine Welded at 
90 a m p s in 20-Inch V a c u u m - - M a g n 75X 

F i g . 44. Weld Zone of Molybdenum Disc R - 3 , Welded at 90 a m p s in 
50 ps i H e - - M a g n 75X 
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F i g . 45 . Weld Zone of Molybdenum Disc R - 5 , Welded at 90 a m p s in 
100 ps i H e - - M a g n 75X 

1 
F i g . 46. Weld Zone of Molybdenum Disc R - 7 , Welded at 90 a m p s 

150 ps i H e - - M a g n 75X 
in 
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of other m.aterials such as stainless steel, Hayncs 25 alloy, etc., have 
also encountered this sooting. Welding these materials with argon is a 
known solution to the sooting problem. Therefore, argon gas was tried 
in the welder, and this eliminated the sooting and produced a satisfactory 
weld. 

The work with argon changed the heat removal ra tes and, therefore, 
the temperature of the molybdenum capsules which were being welded. 
This produced more control of the grain size, weld penetration and 
the heat-affected zone. This fact, coupled with the results obtained by 
varying the electrode speed, produces a very satisfactory weld. Figures 
47 and 48 show the results of welding at speeds of 15 and 30 seconds per 
revolution, respectively. 

To duplicate the ORNL operation of loading the molybdenum capsule 
with a heat-producing radioisotope, an electric heater was inserted 
in the capsule, and the capsule was welded while the capsule heater 
was producing power equivalent to the Cerium-144 fuel pellets. This 
resulted in some important changes. The temperature of the molybdenum 
capsule and chill blocks was much higher (approximately 400° F), The 
chill blocks were removed and another weld was made. The heat dissi­
pation without the chill blocks was better than with the chill blocks in­
stalled. The temperatures of the electrode holder and the gasket were 
satisfactorily low. This test showed that it would be possible to use 
this smaller welder to make the final capsule weld at ORNL. 

The welds made at ORNL on molybdenum washers and fuel capsules 
differed somewhat from those made at Martin. A weld metal overhang 
invariably resulted with each weld. (See Fig, 49). It was later found 
that the reason for this overhang was low welding voltage. At Martin, 
the welding voltage was 18 volts dc. The power supply at ORNL would 
only go up to 12 volts, dc. It became apparent that the electrode posi­
tioning was an important factor in controlling the overhang. The prob­
lem of overhang due to the use of a 12-volt power supply was solved by 
adjusting the electrode positioning. Figure 50 shows the improvement 
in the weld. 

Some molybdenum par ts were irradiated in a high energy gamma 
field at ORNL for a 24-hour period. Some discoloration occurred from 
the temperature involved during the irradiation. However, these pieces 
exhibited no unusual effects when they were subsequently welded. 
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Fig. 47. Molybdenimi Welded in Argon Atmosphere at 15 Seconds per 
Revolution--Magn 75X 

Fig. 48. Molybdenum Welded in Argon Atmosphere at 30 Seconds per 
Revolution--Magn 75X 
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Fig. 49. 0.030-Inch Thick Molybdenum Washers Welded at ORNL in 
30-psi Argon at 90 amps. Electrode Position Low--Magn SOX 

Fig, 50, 0,030-Inch Thick Molybdenum Washers Welded at ORNL in 
30-psi Argon at 70 amps. Electrode Position Center--Magn SOX 
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3. Hazards Report on Ce-144 Fueled Thermionic Unit* 

A Radiological Hazards Report for the Cerium-144-fueled ther­
mionic unit was prepared and submitted to the AEC (MND-P-2182). 
The report contains the following: a description of the thermionic 
generator, shielding container and radiocerium fuel; the results of the 
shielding calculations for the bare unshielded generator as well as 
for the shielded generator; the results of the containment analysis 
for mechanical integrity, thermal integrity, and chemical integrity; 
and the radiation hazards analysis for an atmospheric release and a 
release in a room. 

4. Fabrication of Containment Cask for the Ce-144-Fueled Unit 

A subcontract was let to the O.G. Kelley Company to design and 
fabricate a suitable containment and shipping cask for the cerium-
fueled unit. The design was approved by the Bureau of Explosives 
and met the requirements of the ICC. The cask was fabricated and 
delivered to ORNL prior to November 15, 1959. 

5. Fueling of the Molybdenum Fuel Capsule with the Ce-144 Fuel 
PelletsT'abHcated'by'URNL** 

A coordination meeting was held at ORNL on October 13, 1959. 
The results of this meeting were reported in a memorandum dated 
October 21, 1959, which was distributed to all interested part ies . 
The memorandum described the fueling procedure and revealed a 
few of the difficulties to be expected in remotely fueling the thermi­
onic generator in a hot cell. 

*G. Dix 
**W. Bierds 
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The ORNL represen ta t ives did not par t icular ly ca re for the idea of 
using the m a s s spec t rometer - type leak detector,, They felt that it unduly 
complicated the hot cell operat ion. As an a l ternate , they proposed the 
use of a Krypton-85 leak detector sys tem which they had developed. 
In this system^, a smal l amount of radioactive Krypton=85 gas i s added 
to the argon a tmosphere in the welder . When the capsule i s welded, a 
cer ta in quantity of the Krypton is t rapped in the capsule. The fueled 
capsule i s then placed in a container, the container evacuated and the 
leak r a t e determined by radioact ive counting methods^ The Mart in 
Company agreed to use this method of leak detection^ 

After the decision was made not to fuel the thermionic unitj, con­
siderat ion was given to what data could be derived from the fueled 
molybdenum capsule. 

During an ORNL visit , severa l d iscussions were held with the ORNL 
staff re la t ive to the t e s t s that would be conducted on the Cer ium-144-
fueled capsule . The following i t ems were tentatively agreed upon. 

(1) Mart in will make a device for measur ing the the rmal ex­
pansion of the radioact ive eer ie oxide pe l le ts . This will 
consist of a dial indicator tool employing compara tor techniqueSo 
The ambient conditions could be a l te red and the t empera tu re 
and the length of the ee r i e oxide pellet would be observed„ 

(2) Martin will expose a naolybdenum capsule containing an iner t 
ee r i e oxide pellet to a measu red amiount of oxygenj, while 
maintaining a wall t empera tu re of 2300° Fo The formation of 
an oxidized surface on the molybdenum and the fusing of the 
ee r i e oxide to this surface will be studied„ Martin will also 
work with a therm.ocouple for measur ing container t e m p e r a ­
tu r e that could l a t e r be used in hot cell s tudies . 

(3) A device will be made by Mart in to take a sample of the gas 
generated within the molybdenum capsule after a half life 
has elapsedo The presen t thinking is toward a unit that would 
se ize a tube and open the sealed end of the tube. The gas 
sample could be taken by means of a side a r m leading to a 
vacuum bottle. 

(4) ORNL would m e a s u r e the attenuation of the gamma radiat ion 
due to the molybdenum fuel capsule» 

(5) The containment vesse l to hold the molybdenum, capsule for 
s torage during i t s half life would be designed by ORNL, It 
would have sufficient insulation and vacuum to achieve an 
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initial molybdenum surface ten^perature of 2100'' F to 2300° F . 
The thermocouple well to m e a s u r e this t empera tu re will be 
par t of the design. This unit would be fabricated by ORNL. 

(6) Equipment and techniques for cutting open the molybdenum 
container in a hot cell after the half life will be developed by 
ORNL„ Metallographic s tudies will be made of the molybdenum, 
the weld a rea and, in par t icu lar , the eer ie oxide-to-molybdenum 
in ter faces . 
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V, SUBTASK 5.5--OPERATIONAL THERMOELECTRIC 

The objectives of this subtask are to prove the operational capabilities 
of the SNAP III type generator through tests simulating the anticipated en­
vironments in space and to develop conceptual designs of the SNAP III 
type generator to produce 2 to 5 watts of electrical power. The program 
consists of two phases: generator operational tests and system develop­
ment. Although these phases are being conducted concurrently, the test 
results will be used to evaluate the system conceptual designs. The de­
tails of this program are available in the Statement of Work, MND-P-2199, 
and the Program Plan, MND-P-2175. 

A. GENERATOR OPERATIONAL TESTS 

The generator test program is subdivided according to the environ­
ments existing during the operational or missile failure and re-entry 
phases of the mission. 

1. Operational Environments 

The environments the generator is subjected to during this phase may 
be classified by origin as vehicle- or ambient-induced. 

a. Vehicle-induced 

The acceleration, vibration, and shock tests of the 3M-1G4, -1G5, 
-1H2 and -1H3 electrically heated generators were completed with sat is­
factory performance throughout the program. A three-volume topical 
report, MND-P-2101, describes the tests in detail. 

b. Ambient-induced 

These tests will determine the performance of the existing generator 
when subjected to the temperatures and pressures anticipated at orbital 
altitudes. Additional tests are being conducted to develop a reliable 
method of power flattening and to determine the effectiveness of coatings 
applied to the thermoelectric elements and the generator external surface. 

Lim.ited tests of various generators were conducted in an evacuated 
bell jar to obtain performance comparisons. The difference in output 
was found to be insignificant, although a slight deterioration was noted 
as hours of operation increased. 
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The first two phases of the altitude chamber tests on the 3M-1G4 unit 
with a bare surface and the same unit with a painted surface have been 
completed with satisfactory results . Voltage versus amperage data were 
plotted with input wattage as a parameter for ambient temperatures of 
+70, +50, 0, -40 and -100° F. The generator was suspended inside a sealed 
spherical shell 24 inches in diameter. The shell internal surface was 
coated with a flat black lacquer to simulate the absorptivity of the space 
void. The shell was evacuated while chamber pressure was maintained 
at one atmosphere to provide a constant shell temperature. This instal­
lation is illustrated in Figs. 51 and 52. Figure 53 is a typical plot of 
generator performance at -100° F ambient tem^perature with a bare ex­
ternal surface. 

The same unit was painted with two coats of black lacquer and r e ­
installed; its performance is plotted in Fig. 54. The maximium generator 
outputs for each ambient temperature consistent with hot and cold junc­
tion tem.perature limiitations are shown in Figs. 55 and 56. The next phase 
of the chamber tests will determine generator performance with a black 
copper oxide coating on the external surface. 

The controlled gas leak method of power flattening was proven to be 
feasible for periods up to 70% of the radioisotope half life by preliminary 
proof-of-principle tests . This test work is summarized in Report MND-
P-2167, 

Contrary to expectations, procurement of a comimercially fabricated 
orifice for additional testing was difficult since vendors were reluctant 
to guarantee the desired leak rate tolerance and flow rate as a function 
of pressure. In the interim, a variable orifice was designed and fabricated 
but calibration tests were discontinued when an adequate valve seat mate­
rial could not be developed without additional testing. Several orifices 
fabricated by rolling copper tubing possessed a pressure exponent of 1.22 
as com.pared to the desired exponent of 1.0. This m.ethod of fabrication 
is not recomm.ended since desired characteristics can only be developed 
through a ser ies of time-consuming calibrations during the fabrication 
process. 

The commercially fabricated orifice was received late in the period. 
Its leak rate was 2-1/2% lower than desired and the pressure flow rate 
was nonlinear, with a pressure exponent of 1.46. The com.bination of these 
deviations from the optimum would result in an internal generator p res ­
sure 135 mm of Hg higher than desired after 32 days of operation. The 
resultant deviation in electrical power output would be small, since the 
power dumped would be only 3-1/2 thermal watts less than optimum at 
this time, A life test of the generator and orifice com.bination was initiated 
using less than one atmosphere of internal pressure to compensate for the 
lower leak rate of this orifice. 



Fig. 51. Generator Installation for Altitude Chamber Tests 
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F i g . 52. Gene ra to r Ins ta l la t ion in Altitude Chamber 



Ambient temperature—100° F 
Ambient pressure--688 microns 
Maximum power points n ® A 4 

60 watts 
maximum 

Altitude Chamber Test Results, Bare Generator Surface 



Ambient temperature--100° F 
Maximum power points P # A % ® 

Input P ressu re 

70 watts (680 microns) 

J L 

60 watts (597 microns) 

\ 

45 watts (620 microns) 
" • % 

30 wat ts (645 m i c r o n s ) 

15 wat ts (670 m i c r o n s ) 
i i I I ™J L™. 

0 0 .2 0 .4 0 .6 0 .8 1.0 1.2 1.4 1.6 

A m p e r e s 

Alti tude C h a m b e r Tes t Resu l t s , Pa in ted Genera to r Surface 
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Tests to evaluate the effectiveness of various flame-sprayed coatings 
in reducing the sublimation rate of lead telluride thermoelectric elements 
were continued. Single coatings of aluminum or zirconium oxide reduced 
the sublimation rate significantly, but reliability is reduced by flaws in the 
coating. These flaws develop as a result of differential expansions during 
the heating cycle. 

To investigate this differential expansion effect, coatings were sprayed 
on copper, which was selected for its high thermal expansion rate . When 
the specimens were heated at 1100°F for 36 hours, all single oxide coat­
ings developed severe cracks. Specimens with a second metal coat ap­
plied over the oxide displayed good adherence with no visible cracking. 
Numerous second coat materials were then furnace tested on actual lead 
telluride elements. On the basis of these tests and because it has little 
effect on the electrical properties of lead telluride, flame-sprayed iron 
was selected as a second coat material . Data from the furnace tes ts a re 
listed in Table 5. The results indicate a slight weight gain in some cases 
due to oxidation of the metal coat. Oxidation would be reduced in the actual 
generator installation by purging with reducing gas prior to generator 
operation. 

Another method of reducing sublimation has been investigated and of­
fers promise. This method utilizes a sealed ceramic sleeve to both 
protect and support the thermoelectric element. The assembly consists 
of an iron base plate to which a thin-walled short stainless steel cylinder 
is attached using silver solder. An aluminum oxide ceramic sleeve is 
inserted into the stainless steel cylinder. A comipatible expansion ef­
fect was achieved in that the thin-walled stainless steel cylinder exerted 
sufficient force to effect a seal without cracking the ceramic. Develop­
ment work will be continued and, if this method shows sufficient promise, 
it will be included in the electrically heated fixture tes t s . 

A number of organic and inorganic materials with properties superior 
to lacquer were evaluated as external generator surface coatings. The 
evaluations resulted in the following recommended coating procedures 
for the generator case mater ia ls . 

Stainless steel. Immersion in miolten sodium dichromate at a tem-
perature of 740° F produces a dull black oxide coating. This coating proved 
adequate with respect to heat stability, mercury corrosion resistance and 
adherence. 

Copper. Immersion in two patented Du-Lite Chemical solutions at a 
temperature of 240° F produces a dull black oxide coating. This coating 
demonstrated good heat stability and adherence but poor mercury and acid 
corrosion resis tance. 
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TABLE 5 
Weight Loss of Coated PbTe Elements 

(Furnace pressure- -20 microns) 

Sample 

PbTe (uncoated) 

PbTe (uncoated) 

PbTe-AlgOg 

PbTe-Al^Og 

PbTe-ZrOg 

PbTe-ZrO^ 

PbTe-AlgOg 

PbTe-Al^Og 

PbTe-ZrO 

PbTe-ZrOg 

PbTe-CrgOg 

PbTe-ZrSiO. 
4 

PbTe-Al^Og 

PbTe-AlgOg 

PbTe-ZrOg 

PbTe-ZrO„ 
4^ 

PbTe-ZrOg 

PbTe-ZrOg-Ni (rod) 

PbTe-ZrOg-Al (rod) 

PbTe-ZrOg-SS (rod) 

PbTe-Al O -Electroless Ni 

PbTe-Al^Og-Electroless Cu 

PbTe-Al^Og-Al (powder) 

PbTe-Al 0„-SS (powder) 

PbTe-Al^Og-Fe (rod) 

PbTe-AlgOg-Ni (rod) 

PbTe-Al^Og-Enamel A-5 

Time of 
Test 
(hr) 

192.5 

192.5 

233.0 

233.0 

233.0 

233.0 

400.0 

400.0 

400.0 

400.0 

197.5 

197.5 

191.5 

191.5 

191.5 

191.5 

194.5 

194.5 

194.5 

194.5 

iei.5 

197.5 

197.5 

197.5 

197.5 

197.5 

197.5 

197.5 

Temperature 
C F ) 

900 

900 

900 

900 

900 

900 

900 

900 

900 

900 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1 nf\n 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

Weight Loss 

0.1207 

0.1312 

0.0075 

0.0046 

0.0050 

0.0069 

0.0096 

0.0067 

0.0063 

0.0090 

0.0221 

0.0108 

0.0723 

0.0231 

0.0030 

0.0011 

0.0052 

0.0009 

+0.0012 

0.0018 

j - n n o Q A 

0.0016 

0.0016 

0.0085 

0.0012 

+0.0037 

+0.0007 

0.0001 

Weight Loss 
(%) 

19.19 

20.75 

0.11 

0.07 

0.08 

0.10 

0.14 

0,10 

0.09 

0.14 

0.80 

0.50 

1.18 

0.33 

0.15 

0.06 

0.13 

0.02 

+0.04 

0.07 

4.11 1 R 

0.04 

0.04 

0.20 

0.02 

+0.10 

+0.02 

0.00 

Weight Loss / 
Area/Hour 

(gm/cm^/h r )x 10 '^ 

111.97 

136.95 

5.78 

3.54 

3.85 

5.31 

4.31 

3.01 

2.83 

4.04 

27.70 

23.00 

81.36 

21.64 

7.12 

2.71 

26.30 

1.49 

Weight gain 

3.69 

W-a i fyb t r r a i r t 

2.41 

2.06 

14.50 

1.15 

Weight gain 

Weight gain 

0.10 
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Aluminum. Immersion in a sulfuric acid solution anodizes the surface, 
pro'Hucing axTaluminum oxide coat. Immersion in cobalt acetate followed 
by sodium sulfide forms a stable black cobalt sulfide coat that is sealed 
by immersion in hot water. 

2. Missile Failure Environments 

These environments consist of conditions that might be encountered 
through a failure of the vehicle system at any tinae during its trajectory. 
These situations range from missile explosions and fires on the launch 
pad to impact on the earth's surface with subsequent exposure to corrosive 
media after failing to achieve orbital velocity. In addition, the generator 
may be ejected at any time by a cartridge actuated device which will 
separate the unit from the immediate area of missile failure. 

a. Launch pad failure 

The detonation of the booster propellant will be siinulated by exposing 
specimens to the shock wave and tem.peratures created by a TNT explo­
sion. The quantity of explosive, distance to specimens, and the specimen 
size will be scaled down to reduce the explosive required and to duplicate 
the same shock overpressure. One charge of approximately 2000 pounds 
of TNT will be detonated with a 1/3-seale specimen array as follows: 

3 generator mockups containing 3 capsule specimens 

3 bare capsule specimens. 

The fire resulting from ignition of the hyperbolic propellants used 
in the final stage will be simulated by mixing red fuming nitric acid and 
aniline. The heat created will in turn ignite a mixture of typical missile 
structural materials. The temperatures are expected to reach a peak of 
6000° F and decay to 1500 to 2000® F over a 20-minute period. Full-scale 
heated specimens will be arranged around the fire area as follows: 

3 generator mockups containing 3 capsule specimens 

3 bare capsule specimens. 

Additional details of the test procedures are available in Statements of 
Work, MND-2238 and MND-2239. 

These tests will be conducted at the Aberdeen Proving Ground by 
Arm.y personnel and monitored by Martin personnel. The statements of 
work and the final cost estimate were submitted to the New York Opera­
tions Office of the AEC and tests will begin when the transfer of funds 
has been approved. 
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b. Impact 

The failure or com.mand destruction of the vehicle after launch will 
cause the generator to inapact on the earth's surface with various velocities. 
A terminal velocity of 500 feet per second for the isotope capsule and 350 
feet per second for the generator assembly was assumed to be the maxi­
mum attainable in each ease and was the velocity used for the tests . The 
specimens were accelerated to the desired velocities by a rocket sled 
propelled by a single 2,75-inch FFAR rocket motor. The tests were con­
ducted on the ballistic track at Aberdeen Proving Ground under the direc­
tion of Army personnel and monitored by Martin personnel. 

The configuration of the specimens and method of heating prior to im­
pact is as follows: 

Specimen Diameter Length 
Type Shape Material (in.) (in.) Heater 

5 Cylinder with Shell-copper 4-7/8 5-3/8 Electrical 
hemispherical Capsule-
end caps Haynes 25 

6 Truncated cone Haynes 25 1 2-1/16 Furnace 

The configuration of the isotope capsule test speclnaen assembly (Type 
6) is shown in Fig. 57. The two small stainless steel welded capsules 
enclosed in a single stainless steel capsule is typical of the encapsulation 
technique used with Polonium.-210 radioisotope. 

The simulated generator impact specimens were assembled as shown 
in Figs, 58 and 59. The only component not shown in these figures is the 
Min-K insulation used to fill the void between the internal capsule and the 
outer copper case. The powdered Min=K is difficult to work with since 
it is light and fluffy with poor packing qualities. Respirators and a hood 
are required to prevent inhalation of the airborne glass particles which 
are very irritating to exposed m.ucous membranes. Attempts to m.achine 
or form, solid pieces oi msmation were siowj, and airbux-ue pax liulcs ^rers 
also created. Moistening the powder with water solved the packing and 
airborne particle problems. After assembly, the specimens were furnace-
heated to evaporate the water. Some shrinkage occurred but the amount 
was not significant for test specimen use. 

Four types of targets were used during this program: granite, con­
solidated rock, unconsolidated rock and water. The granite targets were 
rectangular blocks 2 x 2 x 4 - 1 / 2 feet. The density of this material was 
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Fusion weld 
Haynes 25 

Fusion weld 
stainless steel 

Thd 7/16--20 UNF 

Stainless steel 

Stainless steel 

Scale: 2 = 1 

Fig, 57. Type 6 Test Specimen Assembly 
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Fig. 59. Type 5 Test Specimen Assembly 



106 

168 pounds per cubic foot, and it had an abrasive hardness similar to that 
of steel (Rockwell hardness C-53). The consolidated rock targets were 
a mixture of earth plus 20% cement and adequate water to ensure proper 
mixing. The targets were poured in 3 x 3 x 4 foot plywood frames and 
allowed to cure for 26 days prior to the firing. The crushing strength of 
these targets was 643 pounds per square inch. The unconsolidated rock 
targets consisted of earth packed into a box with physical dimensions of 
4 feet square by 20 feet long. The density of the earth was approxi­
mately 75 pounds per cubic foot. The water targets were portable plastic 
pools 10 feet in diameter by 2 feet high. The plastic l iners were supported 
by a steel wire mesh located at the circumference of the pool. The wire 
was removed in the area of impact so that the specimens would contact 
only the plastic liner and water. 

Impact test resul ts a re listed in Table 6. Figures 60, 61, 62 and 63 
show the simulated generator specimens (Type 5) after impact. The only 
effect of the impact on the capsule was a slight deformation as a result of 
the impact on the granite target. The isotope capsule specimens (Type 6) 
were not recovered. 

Aberdeen personnel attributed the failure of the specimens of Type 6 
to impact the targets to unsatisfactory design of the track hardware. The 
details of the sled will be redesigned for this type specimen and two tests 
will be repeated at a future date. Two new isotope capsule specimens are 
being fabricated for tes ts during the next period. The target media for these 
two tests will be granite and consolidated rock. The additional track runs 
will be conducted at no additional cost by the Aberdeen Proving Ground 
because they did not meet contractual agreements. 

c. Corrosion 

After impact, the isotope container material will be exposed to the 
corrosive media existing on the ear th ' s surface. The more serious of 
these in the case of a steel container are considered to be oxidizing at­
mosphere, salt water and salt spray. 

The corrosion tests in an oxidizing atmosphere are complete. Four 
samples each of Haynes 25 and Type 304 stainless steel were maintained 
at 1100° F in a ir for a total of 136 hours. The resul ts a r e as listed in 
Table 7. 



TABLE 6 
Impact Test Results 

Specimen 
Type 

5 

5 

5 

5 

6 

6 

6 

6 

Specimen 
Number 

1 

2 

3 

4 

1 

2 

3 

4 

Vehicle 
Weight 

(lb) 

81.7 

82.71 

80.9 

81.5 

58,8 

59.2 

59,6 

59.3 

Specimen 
Weight 

(gm) 

1590 

1451 

1402.5 

1388.5 

210.5 

208 

211.25 

211.25 

Specimen 
Tem­

perature 
CF) 

925 

1032 

1000 

850 

1050 

995 

1150 

900 

Impact 
Velocity 

(fps) 

318 

335 

341 

342 

441 

434 

453 

442 

Target 

Granite 

Unconsolidated 
rock 

Water 

Consolidated 
rock 

Granite 

Unconsolidated 
rock 

Water 

Consolidated 
rock 

Penetration 
(in.) 

0 

24 

Note 1 

9 

- -

-_ 

Remarks 

Copper shell 
ruptured--no 
damage to core 

Shell dented--
no damage to 
core 

Shell dented--
no damage to 
core 

Shell rup tu red-
no damage to 
core 

Specimen 
missed target 

Specimen 
missed target 

Specimen 
missed target 

Specimen 
missed target 

Note 1. The specimen traveled through the water about five feet before breaking the surface 
of the pool. 
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Fig. 60. High Velocity Impact Test--View of Specimen 5 After Impact 
on Water Target 
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Fig. 61. View of Specimen 5 After Impact on Unconsolidated Rock Target 
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Fig. 62. View of Specimen 5 After Impact on Consolidated Rock Target 

Fig» 63. View of Specimen 5 After Impact on Granite Block 
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Type 
Material 

Haynes 25 

Haynes 25 

Haynes 25 

Haynes 25 

Type 304 

Type 304 

Type 304 

Type 304 

TABLE 7 
Oxidation Test Results 

Atmosphere 

Air 

Ai r 

A i r 

A i r 

Ai r 

A i r 

Ai r 

A i r 

Test 
Time 
(hr) 

136 

136 

136 

136 

136 

136 

136 

136 

Weight 
Change 

(gm) 

+0.0065 

+0.0061 

+0,0061 

+0.0055 

+0.0018 

+0.0010 

+0.0011 

+0.0011 

Cleaning Method 

Chemically cleaned 

Chemically cleaned 

Degreased 

Degreased 

Chemically cleaned 

Chemically cleaned 

Degreased 

Degreased 

Attempts to determine a corrosion rate on the samples resulted in 
insignificant change since it was impossible to remove the oxide from the 
samples without chemically dissolving some of the sample. The final test 
evaluation is based on ASTM method (181-50) which recommends visual 
and metallographic examination. The following conclusions can be drawn 
as a result of these examinations: 

(1) The Haynes 25 specimens developed an oxide surface 
coat and showed an appreciable weight gain. However, 
metallographic examination proved the effect to be l imi­
ted to the surface, and the oxide coat, once formed, ap­
peared to inhibit further oxidation. 

(2) The stainless steel specimens showed less weight gain but 

condition. 

The corrosion test in salt water was concluded after 720 hours of ex­
posure. Two samples each of Haynes 25 alloy and Type 304 stainless steel 
were tested. The samples were immersed in salt water in a plexiglass 
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bath as ^hown in Fig. 64. A heat transfer analysis determined that the 
isotope capsule surface temperature would be 89* F when submerged in 
sea water at 68° F . The temperature gradient was maintained by circula­
ting warm tap water through the inside of the tubing while the bath tempera­
ture was maintained by a cooling coil. The specimens are currently being 
prepared for metallographic examination. 

The corrosion tests of Haynes 25 alloy and AISI 304 stainless steel in 
salt spray were initiated after fabrication of the specimens and test fix­
tures . A salt spray cabinet was constructed of plexiglass with the atomizer 
mounted on the salt solution side of the divider wall. A cooling water jacket 
surrounds the salt spray box with tap water used for cooling. Two samples 
each of internally heated Haynes Alloy 25 and Type 304 stainless steel along 
with unheated controls of each metal a re being tested. The Haynes Alloy 25 
test specimens were formed by rolling 0.050-inch sheet into 3/4-inch OD 
tubing and welding with parent metal weld rods. The tube bottoms were 
capped with Haynes 25 discs and welded. The Type 304 samples a re 3/4-
inch OD seamless tubing with the bottoms welded closed with Type 304 
discs. 

A heat transfer analysis to determine the surface temperature of the 
isotope capsule when exposed to a i r resulted in a predicted temperature 
of 657° F . This analysis was based on radiative heat transfer to air at 
68° F . Conductive and convective heat transfer was neglected due to the 
difficulty of making reasonable assumptions of heat transfer coefficients 
for the possible surface variations. An assumed surface temperature of 
600° F was maintained with variac-controlled Calrod heaters inserted 
into the tubes. Temperatures were calibrated with thermocouples before 
inserting the test devices into the salt spray chamber, since it was not 
desirable to run thermocouple wiring into the test chamber. The test 
arrangement is shown in Fig. 65. The test has been in operation for 673 
hours to date and will be completed early in the next reporting period. 

d. Ejection 

A preliminary reusable ejection test fixture was designed and fabri­
cated. Seven experimental snots were fired using a simulated generator 
mass to evaluate single and double squib operation, shear pin materials 
and vertical specimen travel . The tes ts were continued with -a simulated 
generator specimen ballasted to 4.1 pounds. Based on previous test r e -
sxilts, a ser ies of five vertical shots resulted in an average vertical speci­
men r i se of 49 feet using one T-6 aluminum shear pin and two M75 p r e s ­
sure squibs for all shots. 

A ballistic analysis was performed to correlate the vertical r i se in 
te rms of range. Assuming a vacuum condition, a vertical r i se of 50 feet 
is equivalent to the initial velocity required for a horizontal range of 200 
feet with the thrust axis raised 45 degrees above the horizontal. The 
estimated air drag of the generator would reduce the range in the actual 
case by approximately 4%. 
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Fig. 64. Salt Water Corrosion Test Apparatus 
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To allow for this drag, charge variation, and projectile dispersion, 
the thruster design is currently being modified to optimize the p ressure -
thrust relationship and effect a 15% increase in initial velocity. The 
thruster components, bearing cap, and specimen used are shown in Fig. 
66, The bearing cap design proved to be adequate, since only a slight 
distortion occurred in the specimen copper shell. 

3. Re-entry Environments 

Normal operation of the vehicle system will place the payloard and 
generator in orbit but re-entry from orbital altitudes must be assumed 
at any time during the planned operational life of the generator. The ac ­
tive radioisotope remaining must be dispersed during the re-ent ry phase 
through generator and capsule burnup. The re-entry environments will 
be simulated through plasma jet tes t s . A more positive control of isotope 
dispersal may be accomplished by destroying the containment capsule 
with a shaped charge. Tests to develop this destruction method are being 
conducted. The effect of the helium pressure buildup resulting from alpha 
emitting radioisotopes will be determined. Container specimens will be 
subjected to high internal pressure to define material s t ress rupture limits 
at temperature . 

Plasma jet. An analysis of the aerodynamic burnup characterist ics 
of the generator has been completed using a code programming method 
for naachine calculation. Prel iminary vehicle information was used to 
develop a synthetic trajectory yielding a polar orbit of 275 statute miles 
altitude from a Vandenberg Air Force Base launch si te. The calculation 
results indicate that aerodynamic burnup on re-entry will occur above a 
safe altitude with the location dependent on the actual orbit achieved. 
Actual Discoverer vehicle information was received from Lockheed Mis­
sile Systems Division on December 2, 1959. These data differed from the 
preliminary information mainly in the orbit height achieved. Additional 
calculation runs were performed to incorporate these data in the input 
information for the plasma jet t e s t s . The input information consists of a 
time history of temperature, velocity and heat input anticipated during 
re -ent ry . 

A subcontract was negotiated with the General Electric Aeroscience 
Laboratory to conduct these tes ts in their plasma jet facility. The heat 
input will be simulated with scaled generator specimens and full-scale 
isotope container specimens. The subcontract agreement, including a 
statement of work, has been submitted to the New York Operations Office 
of the AEC and tests will begin as soon as approval is received. 
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Fig. 66. Ejection Test Components 
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Internal p ressure . The s t ress rupture limits of the container material 
will be determined By subjecting container specimens to high internal 
p ressures . The specimens will first be checked at normal operating 
temperature and maximum calculated internal pressure to determine seal 
integrity and creep rates if significant. The pressure and temperature 
will then be increased by stages to a maximum of 30,000 psi and 1700° F 
to determine failure conditions. 

Fabrication of the test facility is complete except for the high p res ­
sure gauges. These items are on order and delivery is scheduled early 
in the next period. 

Shaped charge destruction. A preliminary design of a shaped charge 
was completed based on the SNAP HI-type generator configuration. The 
design objective is to vaporize the center portion of the container and 
radioisotope to achieve controlled dispersion. 

Preliminary proof tests consisted of three shots to check design a s ­
sumptions and determine optimum standoff distance between the charge 
and specimen. An analysis of the generator configuration indicated that 
1.3 inches of steel would be an equivalent thickness. To better define pene­
tration resul ts , DuPont 16-A Jet Perforators were fired against a mild 
steel plate 2.5 inches thick with the following results: 

Standoff Entrance Diameter Exit Diameter 
Test Number (in.) (in.) (in.) 

1 0 0.375 Incomplete 

penetration 

2 1 0,375 0.188 

3 2 0.375 0.188 

Figures 67 and 68 illustrate the entrance and exit side of the steel 
plate. The design proved adequate with a standoff distance of 1 inch. 

Additional c h a r g e s were o r d e r e d hut havp not hppn rpo^ivp-d to dafs^ 
These charges will be directed against full-scale isotope capsules and 
simulated generator specimens as final proof-of-principle tes ts . 
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Fig. 67. Destruct Test Results--Entrance Side 
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Destruct Test Results--Exit Side 



119 

B. SYSTEM CONCEPTUAL DESIGN 

The purpose of this phase is to utilize the results of the test phase 
to complete a conceptual design using the SNAP Ill-type generator. This 
will enable us to produce a short lead time system for any low power 
space application. 

1. Cerium-Fueled System 

The information for a topical report and a hazards analysis report 
for this system has been assembled but system evaluation must await 
completion of the test portion of this subtask. 

2. Polonium-Fueled System 

An investigation of the amount of molten lead existing in the polonium 
capsules was conducted to determine the possibility of internal corrosion. 
Using the decay rate of Polonium-210, the internal temperature of the 
fuel capsule and the quantity of lead present was computed as a function 
of time. The results indicate that approximately 0.17 grams of lead would 
exist within the capsule before the internal temperature decreased to the 
melting point of lead. These results will be used by the Materials Section 
to determine if the quantity of lead is significant from a corrosion stand­
point. 

A study of the temperature environment of a generator mounted in a 
missile nose cone was initiated based on the aerodynamic heat inputs 
during ascent. A set of differential equations defining the heat flow were 
derived but a solution using transform techniques has proven to be im­
practical due to algebraic complexity, A simplified analysis of the tem­
perature environment is in the final phases and appears to offer a solu­
tion. The simplifying assumptions were (1) that no heat escapes from 
the generator surface during ascent and (2) that no heat is transferred 
from the nose cone material to the generator. The first assumption r e ­
quires that the generator temperature be lowered artificially by external 
cooling methods to a point where all the isotope heat input will be absorbed 
in raising the temperature of the generator materials during ascent. The 
second assumption requires that sufficient insulation be incorporated in 
the nose cone structure so that the temperature r ise of its internal surface 
due to aerodynamic heating matches approximately the generator surface 
temperature r ise . 

The preliminary data from the altitude chamber tests are being utilized 
to develop a revised plot of power output versus time using the input watt­
age derived from the Polonium-210 decay curve. 
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The internal p r e s s u r e generated within the isotope container due to 
the formation of helium was calculated to be 6507 psi„ This value i s 
very conservat ive in that a t empera tu re of 1100° F was assumed at in­
finite decay. The s t r e s s produced in the isotope capsule mater ia l was 
calculated and compared to the boiler code allowable s t r e s s e s for p r e s ­
su re vesselSo The maximum s t r e s s occurs at the inner wall of the tapered 
end a s follows: 

(psi) 

Internal p r e s su re - -6507 psi 

Tangential tension s t r e s s 10,400 

Radial com.pression s t r e s s 6 .̂507 

Shear s t r e s s 8,453 

Assuming 10,000 psi external p r e s s u r e from, shock, these values become: 

(psi) 

Internal p r e s su re - -6507 psi 

Tangential compress ion s t r e s s 15,582 
Radial compress ion s t r e s s 6,507 
Shear s t r e s s 4,538 

These s t r e s s e s a r e well below the allowable s t r e s s e s of Haynes 25 a l ­
loy. Based on an u l t imate tensi le strength of 90,000 psi, the maximum 
allowable external p r e s s u r e i s approximately 38,500 ps i . 

Various mouoting a r rangement s incorporat ing ejection and des t ruc ­
tion provisions a r e being studied to de termine heat t r ans fe r charac te r i s ­
t ics since the explosive units a r e t empera tu re sensitive» A pre l iminary 
weight es t imate for a single genera tor instal lat ion is as follows: 

I tem 

Structura] m.ounting 

Dest ruc t /e jec t ion sys tem 

Bearing cap 

Genera tor 

Total 

Weight 
(lb) 

0.70 

2„50 

0.45 

3.84 

7.49 
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3„ Curium-Fueled System 

No work scheduled this reporting period. 

4. Converter and Battery System Studies 

This study began with a literature search of battery performance and 
converter design information„ 
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VL SUBTASK 5.6--1.0-WATT NUCLEAR POWER SUPPLY, 

The proposed power supply consis ts of a nuclear-powered generator , 
having an output of 1.5 watts at 1.5 volts dc, and a DC to DC stat ic con­
ver te r , with an output of 1 watt at 15 volts dc. Accomplishments to date 
include the establishment of the overal l genera tor configuration, the 
sizing and a r rangement of the Pu-238 fuel, the analysis for the helium 
p re s su re buildup within the fuel encapsulation mate r i a l s , the selection 
and sizing of the thermoelec t r ic e lements , the design of the radia tor , the 
insulation a r rangement and the the rmal analys is of the overal l configura­
tion. 

A. DESIGN OF GENERATOR** 

1. P re l iminary Configuration 

Tab les l i s t s specifications of the pre l iminary genera tor configura­
tion. 

TABLE 8 

Nuclear -Powered Generator Data 

Generator Dimensions 

Overal l s ize 4-5^16 in. high 
6-1/4 in, wide 

13-1/2 i n . l o n g 
Radiator a rea 80-1/2 sq in. 

Elect r ica l Conversion System 

Lead tel lur ide semiconductors N-Type P-Type 

Diameter 0.250 in. 0.250 in. 

Length 1.5 in. 1.5 in. 

Number of e lements 15 15 

Radioisotopes 

Plutonium-238 

""^D.TCmgElon ~ 
**J. Thomas 
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TABLE g (continued) 

Half life 
Volume (pure Pu-238) 
Volum.e (including 15% impurities 

and 90% compaction of pellets) 
Weight (pure Pu-238) 
Weight (including 15% 5gm./cc 
impurities) 

Quantity of Pu-238 

Thermal Properties 

Input power 
Hot junction temperature 
Cold junction temperature 

Electrical Properties 

Output power 
Voltage 
Overall efficiency 
Therm.oelectric efficiency 

86,4 years 
3.30 cc 

5.80 cc 
54.40 gm 

64.00 gm 
940 curies 

30.61 watts 
1000° F (538° C) 
300'' F (149" C) 

1.5 watts 
1.5 volts DC 
4.9% 
7.1% 

The generator consists of an encapsulated radionuclide heat source, 
a heat source support, a thermoelectric energy conversion system, a 
radiator, insulation and an outer housing. The support structure 
around the capsulated heat source is stainless steel sheet, and the out­
side container is formed of aluminum alloy sheet. The heat source 
consists of cylindrical Plutonium-238 pellets which have a length=to-
diameter ratio of 2. 

The unit has been designed for installation in the skin of a spherically 
shaped space satellite. The radiator of the generator fornas part of a 
satellite skin surface and is insulated to eliminate high heat flow to the 
satellite electronic equipment. The generator output of 1.5 watts at 1.5 
volts dc is fed into a static converter which powers the low power transmis­
sion equipment within the satellite. 

Figure 69 is a drawing of this generator. 

2. Radioisotope and Containment 

The heat source material is Plutonium-238, This radioisotope has 
been selected for its 86.4-year half life, its relatively high power density, 
its availability, and its low shielding requirements. Due to Pu-238's long 
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half life, the power output will drop only 4% over a five-year period. This 
eliminates the need for a thermal control device so the generator will 
have no moving par ts . 

The calculations used to determine the volume and weight of Pu-238 
fuel a re as follows: 

The thermal watts required a r e : 

Overall r] - 4.9% 

Electrical power output = 1.5 watts 

Electrical power 1.5 on £?n iu i i* 

The grams of Pu-238 required are : 

Volume X Density 

Pu-238 power density = 9.3 w/cc 

Pu-238 density ~ 16.5 gm/ec 

30,61 watts (t) , „ _ gm 
STrwSuFTtJT^ X 1 6 . 5 ^ 

3.3 cc X 16.5 ^ = 54.4 gm. cc ° 

To establish the final weight and volume of the fuel, an estimated 
15% impurity at 5 gm/cc and a 90% compaction of fabricated fuel 
pellets gave the data below*: 

Weight of Pu-238 4- 15% impurity = ~\°\§^- = 64.0 gm 

and the volume increase due to 5 gm/cc impurities is 

16,1:0.- 54.4) gm_ , , 9 3 
5 gm/cc 

"^PTnai impurity data and~compaction data will be determined by the 
Pu-238 fuel development and processing conducted under Task 6.0. 
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Summarizing: 

Volume Weight 
(cc) (gm) 

Pu-238 3.30 54.4 

15% - 5gm/cc impurities 1.92 9,6 

5.22 64,0 

The quantity of Pu-238 in curies is 

54.4 gm Pu-23B x 17.4 -£^^^1^= 940 curies . 
gm 

The Pu-238 source material is encapsulated in two successive 
containers to prevent the release of contamination to the atmosphere 
during the prelaunch or launch phases of the satellite ca r r i e r . The 
first inner containers, as shown in Fig. 69, consist of welded tantalum 
cylinders. The primary function of these containers is to prevent the 
Plutonium metal fuel from alloying with the structural materials of 
the unit. The second capsule i s a hollow metallic shaped structure 
which will take structural loadings. Materials for this second capsule 
are being investigated for the requirements of (1) remaining intact for 
all missile abort conditions and (2) burning up on a re-ent ry from 
orbit. The burnup requirement also applies to the tantalum container 
and the Pu-238 fuel pellets, 

3. Helium Buildup Pressure 

Calculations to determine the maximum pressure buildup due to 
helium formation within the capsules have been completed. An equa­
tion relating material pressure and volume within the fuel capsule 
has been prepared to permit a s t r e s s analysis for various metallic 
fuel containers. The equation for determining the helium pressure 
with respect to time may be found in Appendix A. 

4. Electrical Conversion System 

The thermoelectric material used for the preliminary design is 
cast lead telluride which is produced in two types--the negative type 
(doped with 0,03% Pbl^) and the positive type (doped with 1.0% Na). 

In order to achieve a more efficient and more reliable element installa­
tion, the elements were sized at 1/4 inch diameter x 1-1/2 inches long. 
Figure 70 is a graph which was used to make a rapid selection of 
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P - T y p e doped with 1.0% Na: 
N-Type doped with 0. 03% Pbl^ 
Hot junction t empera tu re - -1000° F 
Cold junction t e m p e r a t u r e - - 3 0 0 ° F 

L / A = 12.24 E /W = L / 0 . 7 8 6 D ^ 
E = ex te rna l voltage 

W = power out in wat t s 

L = Length of PbTe e lement 
A = A r e a of P b T e e lement 
D - D iame te r of PbTe e lement 

50 

40 

^ 3 0 

o 

20 

10 

W = 1«25 wat t 

W = 1.5 wa t t s 

W = 2 wat ts 

W = 2. 5 wat t s 

W = 5 wat ts 

D = 3/16 in. 

D = 1/4 in. 

D = 3/8 in . 

D = 1/2 in . 

L (inches) 

F i g . 70. Size of Lead Te l lu r ide E lements V e r s u s Power and Voltage 
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element size according to the power and voltage requirements. On 
the basis of theoretical data, 15 pairs of elements are required to 
produce 1.5 watts of electrical power at 1.5 volts dc while operating at 
temperatures between 149 and 538° C„ 

The thermoelectric elements have been placed between the flat 
surface of the encapsulated heat source and the radiator. To allow for 
thermal expansion and to maintain a good hot junction contact, the 
semiconductors are spring loaded on their cold junction ends. Elec­
trical terminals from each element protrude through the radiator, 
simplifying electrical series connections, A cover over the exposed 
wiring hermetically seals the generator. 

5. Insulation Material 

Two types of insulating materials have been used in the design, 
a Johns Manville Min=K 1302 Rigid insulation and an Owens-Corning 
Fiberglas AAAA felted fiber insulation. 

The Min-K 1302 insulation has been used in the areas around the 
elements to provide a stronger element installation. The load absorp­
tion of this insulation has been successfully proven on SNAP III shock, 
vibration and acceleration tests and is expected to give the same per= 
formance in this design. Besides having a reinforcing trait, the Min-K 
1302 is readily fabricated into various shapes. 

For the nonstructural areas of the generator design, the AAAA felted 
fiber insulation is used due to its lower conductivity value at a pres ­
sure of 100 microns. 

Thermal insulation is also achieved by the use of a gold reflecting 
surface at the back side and end of the encapsulated fuel. This r e ­
flector is used to obtain a temperature drop between the source sur­
face and the support structure, which reduces heat flow (or loss) to 
the radiator via the support structure. Figure 69 shows the position 
of the support structure and the area of gold plating. 

B, THERMAL ANALYSIS* 

Heat flow calcxilations for the generator package shown in Fig. 69 
are contained in Appendix B. Figure B-1 in Appendix B shows tempera­
tures at various points inside and outside the generator. 

^^STwnnaHi 
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The basic requirement in this generator concept is that the hot and 
cold junctions of the thermoelectric elements be maintained at 1000° F 
(811° K) and 300̂  F (422'' K), respectively. The heat source must, 
therefore, be at a temperature greater than 811° K, It is assumed 
that the temperature of the source surface opposite the hot junction sur­
face is 850° K„ It is also assumed that the internal satellite structure 
is at a uniform temperature of 300° K (80° F). Other assumptions used 
in the calculations are described in Appendix B. 

A summation of heat losses will give the required heat source power. 
The calculated heat losses are as follows: ^ ,, 

Heat losses through elements to radiator 17.36 
Heat losses through Min-K to radiator 2.73 
Heat losses through structure to radiator 8.19 
Heat converted to electrical energy 1.50 
Other heat losses (to interior of satellite) 0.83 

Total 30.61 

28.28 watts of this total flows to the radiator and must be dissipated 
into space. 

In checking the adequacy of the radiator, the heat energy absorbed 
from the sun and earth must be considered. The condition at which the 
generator will operate at its lowest efficiency is when heat absorbed is 
at a maximum. This is when the radiator surface is normal to the radia= 
tion of both the sun and earth» The other extreme of zero energy absorbed 
occurs when the satellite is in the shadow of the earth. 

For the analysis of this conceptual design, it is assumed that the radia­
tor is completely insulated from the satellite skin. The heat energy is 
dissipated by radiation from the external surface of the radiator. For 
the first extreme condition, the total power absorbed in is calculated 
from 

i ^ Til „ 

W = A I 14UU <? V iju -̂  c o s b } + « , „ l e o . o I 14UU a V {fji -i- cos b } + « ,„ 

(Ref: Part III "Radiation Equilibrium and Temperature," by Goldman 
and Singer, ARS) 

where 

W = watts absorbed 
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A = a rea of radiat ing surface 

= 0.0516 m^ 

QY ~ absorpt ivi ty (visual) = 0.3 

H = eclipse factor = 1 

ffE = albedo of the ear th = 0.34 

^ = angle between orbit and sun ' s radiat ion = 67 degrees 

«j„ = emissivi ty (infrared) = 0.8 

2 1400 w a t t s / m ~ so la r constant of the e a r t h ' s orbit 

2 188.5 wa t t s /m - energy radiated from the ear th at average 
surface t empera tu re of 14° C. 

W = 0.0516 (420 + 17.7 + 151) = 30.39 wat ts . 

At equilibrium, the absorbed energy is equal to the the rmal radiat ion 
from the radiation surface . 

q_ = 28.28 (internal source) + 30.39 (absorbed) 

= 58o67 ^ A «jj^ ^ '^R^ 

A = a r ea of radiat ing surface 

= 0.0516m^ 

«j„ - emiss iv i ty = 0.8 

cr = 5.67 X 10"^ wat ts /m^-°K* 

T„ = average t empera tu re of radia tor sur face . 

F r o m this relat ionship, the average tem.perature of the rad ia tor can 
be obtained by 

1/4 

( • ^ ) 
T ^ - I TT-^ri— I - 398° K, 
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For the case where heat energy is not absorbed, T„ = 341° K. The 
average temperature of this particular radiator, therefore, will vary 
57° C (135° F) from one extreme condition to the other. Since the cold 
junction temperature is 422° K, the allowable temperature drop through 
the radiator is between 24° C (75° F) and 81° C (175° F). The final radia­
tor design must be based on orbital conditions of a particular satellite 
in order to arrive at an optimum radiator design. 

The temperature distribution on the radiator was calculated only for 
the condition of maximum energy absorption. The isotherms are shown 
in Fig. B-1 under Appendix B, The calculations were made by use of a 
two-dinaensional relaxation technique for a steady-state condition. 
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VIL SUBTASK 5.7--100-WATT THERMOELECTRIC GENERATOR 

The objective of this task is to select and develop a conceptual design 
of a thermoelectric generator which will provide 100 watts of unregulated 
electric power throughout a six-month operational period in space. The 
heat source is Curiuna-242; this alpha emitter permits very modest 
biological shielding thicknesses and is much less expensive than Polonium-
210, Plutonium-238, etc. The generator is to meet as closely as possible 
the following general design conditions: reliability, including ability to 
withstand launching environmental shock, acceleration, and vibration; 
minimum biological hazard in normal operation, ground handling, and in 
case of abort; light weight; maximum efficiency and, hence, miinimum 
isotope investment; and ease of fabrication and adjustment. 

The areas of investigation for accomplishing these objectives include 
thermoelectric element and array analysis, heat transfer analysis, 
generator configuration and component design studies, thermoelectric 
materials tests, shielding analysis, and hazards analysis. Specific methods 
and results in each area will be discussed. 

Prior to October 1959, the principal effort concerned the analysis of 
the generator with radiative heat transfer away from the cold junctions 
and with the biological shield contained, before launch, entirely within 
the hot junction surface. The results, already presented in the previous 
Quarterly Report, MND-P-3008, are summarized in the next section. 

A. THERMOELECTRIC AND HEAT TRANSFER ANALYSIS 

Three general configurations were originally proposed for the 100-
watt thermoelectric generator. The first of these consisted of a radia­
tive boundary-type structure which would entirely contain the liquid 
biological shield prior to launch. The shield would be located between 
the heat source and the hot junctions. 

The second type of generator differs from the first in that its design 
is based on minimum weight with no consideration given to the biological 
shield location. The resulting shield consists of two parts; an internal 
shield between the heat source and the hot junctions, and an external 
shield outside the generator. Work is progressing on this investigation. 
So far, the general configuration has been established. 

The third type uses forced convection of water to cool the cold junc­
tion and transfer the heat to a radiator located on the satellite skin. 
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For the forced convection design, a 5-foot diameter cylindrical satel­
lite body was considered using from 1.5 feet to 2.5 feet of the height as a 
radiating area. Laminar flow was assumed in order to reduce pumping 
requirements. It was shown that the laminar flow of an ideal incompressi­
ble fluid in a space filled by the fluid is independent of gravity. This in­
vestigation showed that a forced convection system would result in a 
lower cold junction temperature than would radiative cooling, thus in­
creasing generator efficiency. 

The surface tenaperature of the satellite skin was determined by 
Singer's equation. Using this temperature as the radiator temperature, 
a series of curves was obtained interrelating radiator area, cold junc­
tion temperature, flow rate, and number of flow tubes. These data are 
summarized in Fig. 71, 

In an effort to improve the performance of the convective boundary-
generator, heat transfer fluids other than water were examined. High 
specific heat was obviously desirable in order to reduce the pumping 
rate . Since the minimum weight design for water indicated a con­
dition near the transition from laminar to turbulent flow, a medium 
with a low coefficient of viscosity was sought. Allyl alcohol, amyl 
alcohol, tertiary amyl alcohol, butyl alcohol, ethyl alcohol, isoam.yl 
alcohol, isobutyl alcohol, methyl ethyl ketone, palm.itic acid and 
ethyl ether were considered, but none permits a lower pumping rate 
or system weight than water. 

The weight of the convective boundary generator is approximately 
125 pounds. This excessive weight together with the reliability problem 
introduced by the pump, indicated that this design is not satisfactory. 

The generator with direct radiation of heat from the cold junctions 
into space and with all biological shielding (required before launch) 
contained between the heat source and the hot junction surface, has 
already been analyzed. The analysis is described in detail in MND-P-
2229, 100-Watt Thermoelectric Generator, Preliminary Heat Trans-

The configuration receiving chief attention during this period also 
depends upon the radiation of heat directly from the hot junctions to 
space, but the space between the heat source and the cold junction sur­
face is now established by optimization of the power-to-weight ratio. 
Where this space is insufficient to include the necessary biological 
shielding, an external auxiliary shield is provided. The container of 
the auxiliary shield is integral with the final stage of the launch vehicle. 

The configuration used in the preliminary analysis consists of three 
concentric spheres: heat source, hot junction, and cold junction. Al­
though fabricability may not permit construction of a generator of this 
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TABLE 9 

100-Watt Generator Specification and Data 

Weight (lb) 

Heat source 
Thermoelements 
Insulation 
Heat dump 
Structure 

Total 

Efficiency (%) 

Thermoe lec t r i c 
Thermal 
Overal l 

Height ( in.) 

Max d iameter (in.) 

Thermoe lec t r i c s 

No. of p a i r s 
Hot junction (°F) 
Cold junction (°F) 
Length (in.) 
Diameter (in.) 

Area (in. ) 

Fuel (watts) 

Insulation heat l o s s (watts) 

Shield thickness (in.) 

Shield weight (lb) 

Convective 
Boundary 

Rough Est imation 

12 .81 4 5 | 
19 
10 
22 
29 

93 4 125f 

Design Anticipated 

8 . 5 D 6 .38n 
85 O 85 • 
7.25 5 . 4 4 n 

V 

V 

V 
1000 

176 
V 
V 
V 

V 

Conliguration 

Radiative Boundary | 
Internal 
Shield 

12.8f 4 5 | 
19 
37 
34 
28 .2 

1 3 l | 1 6 3 | 

Design Anticipated 

6.59 4.95 
78.3 78.3 
5.16 ^•^'^ 

30 

24.75 

250 
1000 
300 
1 
V 

60.77 

2580 5580 7160 
X + O 

420 

8-3/4 

278'*a 

Divided 
Shield 

27 A 
7 .5 

13 
20.5 
15 O 

83 

Design Anticipated 

5.20 3.9 
96 94 0 
5.00 3.75 

21.6 

19.6 

169 
1000 
490 
0. 4 (1 cm) 
1/2 ( larger) 

60.75 

2680 5800 7450 

X + o 
140 

9-3/4 

275 

T With ablative 
f Without ablative 

A Should be decreased appreciably by design improvement 

D Est imated 

^ Not calculated 

X End of life 

+ At launch 

O Initial 
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exact configuration, any necessary distortion should not seriously 
affect the calculations. Thus, an idealized opti'mum design was de­
termined which guided the choice of paranaeters in the actual design. 

Preliminary investigations, consisting of manual calculations to 
check the machine procedure, showed a weight of approximately 
70 pounds required to produce 100 electrical watts at 28 volts. The 
investigations showed that this optimum has a cold junction tempera­
ture of approximately 400° F to 550" F. 

Results of calculations of thermoelectric efficiency and generator 
weight for various radiator temperatures and thermoelement lengths a re 
plotted in Figs. 72 and 73, The results for the configuration chosen as 
optimum are listed in Table 9. 

To optimize the radiative boundary configurations in a reasonable 
period of time, a program for the IBM-709 digital computer was developed. 
This program was used to obtain the results plotted in Figs. 72 and 73. 
A detailed description of the program, including a printout of the object 
deck, may be found in Appendix C. 

The program just described is applicable only to generators with con­
centric spherical isothermal surfaces, and it assumes that thermoelement 
characterist ics a re functions of the hot and cold junction temperatures alone. 
A more accurate and more widely applicable method of analysis is also being 
developed. This effort is supported partly under this subtask, partly by 
other tasks in this contract, and partly by The Martin Company. 

The code requires as input data the hot and cold junction temperatures 
of each thermoelement, the length of the elements, and the electrical 
resistivity, thermal conductivity, and Seebeck coefficient of the thermo­
electric materials as functions of the temperature. The program is 
entirely rigorous and general, with the restriction that the current in 
each element satisfy the continuity equation. The output data are the radii 
of the elements, number of pairs , and weight of elements for optimum 
thermoelectric efficiency. 

The boundary conditions were established, a difference technique 
was established, and the coding process was begun. 

To establish the isotope fuel form and the design of the heat source, 
centerline temperatures of fuel forms were calculated. This temperature 
must be below the melting point of the fuel compound. 
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The centerline temperatures of a nickel-curium fuel slug for 10, 15, 
20 and 25 to 1 nickel/curium weight ratios a re given in Fig. 74. Also 
shown are the centerline temperatures for 10 and 20 to 1 iron/curium 
weight rat ios . 

Several assumptions were made in the calculation of the centerline 
temperature. The first of these is that the right circular cylinder with 
length equal to diameter can be approximated by a sphere of uniform 
surface temperature . The equation for the temperature at any point in a 
sphere was derived. The temperature is expressed as a temperature 
differential with the surface temperature assumed as zero for a refer­
ence point. Thus, the temperature differential between the surface 
and any point in the sphere is 

At the center of the sphere, r = 0, and the equation reduces to 

^ ^ - ^ 

where 

S = volumetric heat production rate 

R = outside radius of the sphere 

r = radius at any point inside the sphere 

k = thermal conductivity. 

The thermal conductivity of pure nickel is 14 Btu/hr-ft-°F at 1200° C. 
However, a value of k = 10 was used in the calculations because it is 
expected that the curium in the nickel will act as an impurity tending to 
reduce the thermal conductivity of the alloy„ For curium, k = 7.5. This 
is a room temperature measurement and the conductivity of a metal will 
usually decrease with increasing temperature. Also, less than 100% of 
theoretical density could have a detrimental effect on conductivity. Iron 
has a thermal conductivity of 40 to 45 Btu/hr=ft--°F at 1200^ C. For the 
same reasons given for nickel, the valiie of k was reduced to 30„ 

The centerline temperature of a nickel-curium fuel pellet was consid= 
ered where an alloy would not be found and the density or amount of 
compaction would be 90% of theoretical weight density. The temperature 
difference between the 2 conditions (alloy-no alloy) was 5° C with the 
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lower temperature differential in the second case. A lower value of 
thermal conductivity in this case would probably more than offset this 
5° C advantage. 

A value of 100° C below the melting point of the matrix material has 
been assumed as a safe centerline temperature. Thus, the optimum 
diluent/fuel ratio for nickel is 20 /1 . The value of 100° C is expected 
to compensate for depression of the melting point of nickel by curium 
and for small e r r o r s in the calculations. A diluent ratio of 10/1 for iron 
and curium would give a safety factor of 135° C. Because a higher weight 
percentage of curium in iron is being considered, the increased safety 
factor is advisable as the curium may depress the melting point more 
severely as the percentage increases . 

Bo GENERATOR AND COMPONENT DESIGN 

Generator design studies before October 1959 were based on the 
use of ablative material surrounding the heat source (fuel container). 
During the early portion of this quarter, general design philosophy 
required that the use of ablative material be avoided due to the r e ­
quirement that the generating unit and i ts power source be capable of 
burnup upon re-ent ry . This necessitated revisions to the design 
optimization procedure. 

In addition to the above, other considerations such as the necessity 
of a diluent to decrease surface temperatures of the heat source con­
tainer commensurate with currently available container materials caused 
considerable effort to be spent on the final geometry of the unit. 

The principal design effort concerned the radiative boundary 
spherical generator with biological shielding partly internal and partly 
external to the generator surface. This configuration is illustrated in 
Fig. 75. The fuel form in this configuration is an alloy of Curium-242 
and nickel, with a ratio of 1-curium atom to 20 nickel atoms. This 
form was selected on the basis of metallurgical and heat transfer 
studies performed under Task 6; the resul ts of these studies a re as 
described m cnapter iX and in oeuiiuw A of Ihlo Cliapter. The fuel 
compound will be contained in a block of Inconel or Hastelloy C; the 
choice between these was not made during this quarter. The fuel block 
is shown in schematic plan form in Fig. 76. 

The fuel block is mounted eccentrically along the vertical axis of 
the generator to increase the solid angle subtended by the heat dump 
at the fuel block and thus improve the effectiveness of the dump for 
power flattening. 
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The heat shield, a thin sheet of aluminum or stainless steel, permits 
the attainment of a more nearly uniform temperature distribution on 
the hot junction skin. This skin is of 0„050-inch stainless steel; the 
outer skin is 0.040-inch aluminum, and the areas required for 
the radiator are coated with aluminum oxide. The thermoelements a re 
lead telluride. While the analysis of the generator has been based on 
available data for Minnesota Mining and Manufacturing Company 
elements, other forms such as the extruded PbTe elements of Trans-
itron Electronics Corporation may be adopted. The insulation is 
Min-K 1304. An extensive investigation of thermoelement hot shoes 
and hot junction mounting devices applicable to this program is de­
scribed in Chapter VIII under Subtask 5.8. 

Power flattening is accomplished by moving shutters somewhat 
similar to those of the SNAP I-A generator. The shutters will be 
actuated by a device which uses thermal expansion of a metallic 
liquid-vapor system to move a rod linearly. In response to an 
invitation by The Martin Company to prepare design sketches of 
thermal-naechanical actuators. Air Research Corporation has 
submitted a promising design which is still being evaluated. 

The use of radiator surface coatings with emissivities which depend 
on temperature was considered as a means of power flattening without 
moving par t s . No suitable coating material has been found. 

The external biological shielding container is assumed to be integral 
with the final stage of the launch vehicle and is not included in the gen­
erator weight. 

In addition to the radiative spherical generator configuration, the 
following design types were examined: 

(1) Radiative type, right cylindrical shape, with biological 
shield wholly internal. 

(2) Radiative type, spherical shape, with biological shield 
wholly internal, 

(3) Forced convection type with biological shield wholly 
external. 

(4) Multiple 13-watt generators of the type designed under 
Subtask 5.8. 

None of these types was sufficiently attractive with regard to 
weight and efficiency to warrant further study. 
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C. COMPONENT TESTS AND MEASUREMENTS 

The tentative program plan for Subtask 5.7, in effect at the 
beginning of this quarter, included the measurement of design data 
and the performance of dynamic environment tests on certain components 
and materials , especially thermoelements. Arrangements were initiated 
for measurement of the output voltage of mounted thermoelements during 
and after dynamic environment tests , including shock, acceleration and 
vibration. The effects of fast neutron irradiation on thermoelements was 
to be measured. The emissivity of several materials to be used as 
radiator coatings was to be determined as a function of temperature. 

In order to establish data for the analysis of generators using other 
than 3M PbTe thermoelements, a program was begun to measure the 
Seebeck coefficient («) thermal conductivity (k), and electrical 
resistivity (p) of thermoelectric mater ia ls . The pr imary effort was 
in the development of instruments and procedures for the determination 
of o! and k, since p is very easily measured. 

Figure 77 shows the circuit used to measure « and k. Iron shoes 
0.030 inch thick a re soldered to each end of the element. Attached to these 
shoes are 30-gauge iron wires which are brought out to a d-c electrical 
source and voltage measuring device. A calibrated differential thermo­
couple assembly is bonded to the element with cement. Each of the 
thermocouple beads a re in intimate thermal contact with, but electrically 
insulated from, the element. They are located within 1/64 inch from 
the ends of the element and the lead wires are brought out along an 
isothermal line. Three other 20-gauge thermocouples a re soldered 
to the element, one at each end and one in the center. 

A small measured d-c current is passed through the element, heating 
one end and cooling the others by the Peltier principle. When at 
equilibrium, the current (I), mean temperature (T) and junction tem­
perature difference (-^T) a re measured. The circuit is then opened, 
and the element d-c output voltage (e ) is measured by a t r ia l and e r ro r 

reiterative method. The Seebeck coefficient is then 
e 

Q, _ oc microvolts/" C 
AT 

and 
Q- IT i _ ®oc ^^ J_ watts 
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where i and A are the element length and cross-sectional area, respec­
tively. T is approximately 10° C. 

The program plan was revised, and the testing efforts were terminated 
Decem.ber 10, 1959, 

D, RADIATION SHIELDING DESIGN 

To permit safe handling of the generator on the ground as well as 
access to the launching vehicle during countdown, the nuclear radia­
tion dose rate at 3 feet from the center of the generator must not ex­
ceed 60 mrem/hour at any time before launch. The characteristics 
of radiation emitted by Curium-242 have been described in MND-1963 
and MND-P-1972. In the case of the curium-nickel alloy fuel form, 
there are no (Q',n) reactions. The gamma emission is so weak that the 
shielding requirements are established entirely by spontaneous fission 
neutrons. 

Shielding thicknesses were calculated by the Albert-Welton point 
kernel method and by the moments method. The methods of analysis 
are described in detail in Appendix D, The necessary thickness of a 
saturated aqueous solution of boric acid is 9.75 inch. Solutions of 
lithium salts are equally good shielding materials. Since the shielding 
requirement, to some extent, is a constraint on generator size and 
weight, accurate estimates are quite important. Most of the calcula­
tions were performed for the radiative boundary generator with in­
ternal shielding, before this quarter. The other configurations require 
nearly identical shielding thicknesses. 

The shielding liquid must be removed before launch in order to save 
weight. Means of accomplishing this are being developed. 

An investiation was made of the contribution by decay products 
of Curium-242 to total dose ra tes . The results are listed in Table 10. 

The amount of Curium-242 decay products present was plotted as 
a function of time. The curves were calculated with the assumption 
that none of the daughters are present at the start (t = 0). If any of 
the daughters are present at the start similar curves for each of 
these isotopes must be calculated and the ordinates added to the curves 
first mentioned. 

Dose rates were calculated on a per gram basis and, when 
these values are multiplied by the fuel weight, the contribution to 
the total dose rate becomes negligible. With the exception of the 
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gammas from Bi-214 (one of the daughters of Ra-2260 the energies 
are less than 1 Mev. Since more than 30 years are required for 
microgram quantities of Ra=-226 to accumulate, these high energy 
gammas are negligible. 

TABLE 10 

Maximum Dose Rates From Curium Decay Products During Operational 
Life of the Unit 

Gamnaa Dose Rate per Gram, at 1 Meter mBem/hr per Gram at 1 
Isotope (mr/hr) (From y ' s 0.04 Mev) Meter for Neutrons 

Pu-238 0.0067 5 x lO"^ 

U-234 6.64x10°'^ 8.05 x lO""̂  
-9 Th-230 No gammas over 0.4 Mev 1.1 x 10 

Ra-226 1000 mr/hr* No spontaneous 
fissioning 

•Includes decay products of Ra-226 

E. HAZARDS EVALUATION 

Evaluations of hazards associated with the production and use of 
Curium-242 have been reported in MND1963. A great portion of the 
hazards evaluations made under Task 1 and Task 2 is applicable to 
the present program. 

The hazards analysis for this program is based on the philosophy 
that safe containment of the fuel must be assured under all credible 
circumstances and for as long as it may present any radiological hazard. 
The mission for ihis generator nas not Deen iirmiy established, but it 
is assumed that it will be used in a satellite, lunar mission or inter­
planetary mission. Consequently, containment must be assured in 
case of burning of the vehicle on the launch pad, destruction shortly 
after liftoff, or an abort in which the vehicle impacts with the 
earth 's surface at high velocity. During re-entry of the orbiting 
satellite, the fuel is to be burned up in the upper atmosphere. 

The problem of safe containment of the fuel at elevated temperatures 
with helium pressure buildup resulting from alpha emission was examined. 
Some of the results are also applicable to the IS-watt generator (Subtask 
5.8). 
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The alpha par t i c les emit ted by the Curium-242 will acquire orbital 
e lec t rons and become helium a toms . Allowance must be made for 
this accumulation of hel ium, so the fuel container should contain a 
void equal to 20% of the volume of the fuel and the vesse l must be 
s trong enough to sustain the resul t ing internal p r e s s u r e . The quantity 
of helium at any t ime after encapsulation can be calculated by the 
equation 

N ^ NQ (1 - e"^^) 

where 

N = moles of helium 

N„ = moles of Cm-242 at encapsulation 

^ = disintegrat ion constant of Cm-242 

4.25 X 10"^ day"-^ 

t = t ime after encapsulation in days. 

Having the quantity of helium at any t ime, the p r e s s u r e can be calctilated 
for any given t empera tu re and volume. 

^ NRT 
F = - ^ 

where 

P - p r e s s u r e in a tmospheres 

N = moles of helium. 

R ~ universa l gas constant = 0.082 atm l i t e r s /mole - °K 

V - volume of void in l i t e r s . 

Calculations of the p r e s s u r e s to be expected were made on the 
following assumpt ions : the volume of fuel i s 142 cc and a void of 
28.4 cc i s provided; the m a s s of Cm-242 i s 62 gm, equivalent to 
0.257 mole; and the t empera tu re of the void is 1273° K (1000° C). 
It was found that the p r e s s u r e at the s tar t of the miss ion, 60 days 
after encapsulation, i s 3140 ps i . At the end of the miss ion, 242 days 
after encapsulation, it i s 8940 ps i . If the t empera tu re d e c r e a s e s , the 
p r e s s u r e will be reduced proport ionately. After 1250 days, the p r e s ­
sure would be about 13,740 psi if the t empera tu re were maintained at 
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1273° K. However, the t empera tu re will have fallen a lmost to ambient 
at this t ime. F o r a t empera tu re of 293° K (20° C), the p r e s s u r e would be 
3160 psi . A more p rec i s e calculation of the p r e s s u r e will be made 
when the t e m p e r a t u r e - t i m e profile i s known more definitely. 
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Vm. SUBTASK 5.8--CONCEPTUAL DESIGN OF 13-WATT 
THERMOELECTRIC GENERATOR* 

The objective of this program is to design a reliable, lightweight, ef­
ficient and versatile power supply for instruments and transmitters 
aboard space probes. In order to make the supply rugged, nearly free 
of moving parts, and essentially independent of its environment, an iso­
tope-fueled thermoelectric generator will be used. Stringent require­
ments on nuclear radiation dictated Curium-242, which is a very weak 
emitter of neutrons and gamma rays, as the isotope fuel. 

The originally proposed application of the generator was a six-month 
mission in nearby space; e.g., a circumlunar probe. The generator was 
to deliver 13 watts of continuous unregulated electrical power through­
out the six-month period; it was to weigh not over 15 pounds exclusive 
of voltage regulators and DC-DC converters. The generator was to op­
erate normally after subjection to the following environmental condi­
tions based on the Vega specifications: 

(1) Acceleration--Rotation about any axis of the generator at 700 
rpm. 

(2) Vibration--15 g of white Gaussian noise from 20 to 2000 cps 
for 10 minutes in each of three mutually perpendicular planes, 

(3) Shock--4 axial shocks of 25 g, each lasting 20 milliseconds 
with a 1-millisecond rise time. 

With the cancellation of the Vega program, these quantitative condi­
tions no longer apply but are illustrative of a typical environment. 

All of the work performed thus far has been directed toward satis­
faction of these criteria. In December 1959, Jet Propulsion Laboratory 
recommended to the National Aeronautics and Space Administration that 
the application of the generator be to a lunar impact vehicle. The pay-
load is to impact at a random altitude on the moon at a maximum design 
velocity of 500 ft/sec. By means of crushable structure around the gen­
erator, the acceleration sustained by the power unit is approximately 
400 g. After impact, the generator is to deliver 12 watts of unregulated 
electrical power for at least 30 days and preferably for 60 days. The 
weight limitation in increased to 18 pounds. The original require­
ment that the operational photon flux was not to exceed 7 photons / 
sq cm-sec above 100 kev at a point 10 cm from the generator sur ­
face was altered to 1 photon/sq cm-sec from 0.4 to 3 Mev, and 0. 5 

*J. Weddeil 
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photon/sq c m - s e c from 3 to 10 Mev, at 5 m e t e r s from the generator 
on a c i r cu la r a rea of 100 sq cm. A revis ion of this p rogram to meet 
the a l t e red conditions has been proposed to the AEC. 

P r i o r to the period covered by this repor t , severa l general configu­
rat ion types were proposed; analys is and design studies were to provide 
the bas is for selection of the configuration, optimized with respec t to 
weight and overal l efficiency, which would be the subject of more de­
tailed investigation. The proposed genera tor types were : 

(1) Several units, each modeled closely on the SNAP HI design 
with minor modifications requi red by the use of Curium-242 
instead of Polonium-210. The hot shoes of the the rmoe le ­
ments a r e directly attached to the fuel container. 

(2) A single enlarged SNAP HI-type generator , st i l l with conduc­
tion as the means of heat t ransfe r from the fuel to the thermo­
e lements . 

(3) A generator in which heat is radiated from the fuel container 
to a spher ica l skin to which the hot shoes a r e at tached. The 
cold junctions of the thermoelements a r e in contact with a 
concentric external spher ical radia tor . As a modification of 
this design, in o rde r to improve fabricability without strongly 
per turbing the isotropy of heat flow, the spher ical surfaces 
a r e replaced by two 14-sided polyhedrons, 

(4) A radiat ive- type genera tor with the thermoelements located 
between two r igh t - c i r cu la r cylinders which a r e coaxial with 
the fuel container. The l a t e ra l or curved surfaces a r e used 
for thermoelements ; the ends a r e available for the heat dump 
and attachment to the payload. 

Analysis of the first of these models began in September 1959 and 
continued into October. For completeness , all of this work will be de­
scr ibed in the following section. 

A. HEAT TRANSFER AND THERMOELECTRIC ANALYSIS* 

The analyses of a spher ical radia t ive- type, a multiple SNAP Ill-type, 
a scaled-up SNAP Ill-type and a cylindrical radiat ive-type genera tor a r e 
reviewed below. These designs incorpora te the la tes t thermoelec t r ic 
data using sodium and lead iodide doped, unsegmented lead tel luride e le -

*W. Lyon, M. Peiffer, C. F ry 
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ments. Since the cylindrical configuration was selected as the final de­
sign, additional investigations were made of this generator. These in­
clude the use of cobalt silicide elements and the inclusion of a heat dump 
mechanism. 

1. Multiple SNAP IH-Type Unit 

Analysis, Using Singer's equation (Appendix E) to determine the 
surface temperature of a SNAP Ill-type (1G5) unit operating in space, it 
was found that the surface temperature will be approximately 50 degrees 
lower than that obtained in the laboratory for vacuum conditions radi­
ating to 70° F ambient. Laboratory data indicate the maximum electri­
cal power for each unit is 2.88 watts with a 1000° F hot junction tem­
perature. With these results and the design requirement of 13 watts 
electrical power, it becomes necessary to use 5 units. The resulting 
weight is approximately 20 pounds, 5 pounds over the maxim.um per­
missible weight of 15 pounds. Although the increased overall efficiency 
that will result from space operation may enable four units to be used, 
the total weight is still over the maximum weight. On the other hand, 
each unit will partially shield the others from radiating heat into space, 
lowering the thermal efficiency. Thus, the design is not feasible unless 
the power output per generator can be increased by using part of the 
satellite structure for heat dump purposes; or fins might be used to re ­
duce the cold junction temperature, which would accomplish the same 
purpose. To meet the specifications by other techniques requires a r e ­
design of this generator. 

Summary of Results--1G5 Unit 

Overall efficiency 4.96% 

Hot junction temperature 1000° F 

Cold junction temperature 215° F 

Power 58 thermal watts 

Electrical output 2.88 watts 

NOTE: There is some question as to whether the data used were 
obtained in vacuum conditions or in air at atmospheric 
pressure. The data as discussed here are treated so as 
to result in a low generator weight. The actual system 
may be heavier to give the required power, but will not be 
lighter. 
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2„ Spherical Radiative-Type Unit 

Analysis. The basis for this design is the attainment of maximum 
overall efficiency in a thermoelectric generator. This overall efficiency 
depends on the thermal and thermoelectric efficiencies^ which are in 
turn dependent on the heat flow through the insulation and the hot and 
cold junction temperatures. Figure 78 indicates that, as the cold Junc­
tion temperature is lowered (that is , the temperature difference be­
tween the hot and cold junction increases for a constant hot junction 
tenaperature), the thermoelectric efficiency increases. However, as 
shown in Fig. 78, increasing the temperature difference also increases 
the heat loss through the insulation, thus lowering the thermal efficiency. 
Therefore, an optimum overall efficiency exists which can be obtained 
by an iterative technique. 

Figure 80 is a sketch of this type unit. The following assumptions 
were made in this design: 

(1) The temperature drop through the hot and cold junction shoes 
is small in comparison to the temperature drop through the 
thermoelectric elements. 

(2) No heat is lost except that which passes through the insula­
tion. 

This design includes the following parameters: 

(1) The hot Junction temperature is 1000" F. 

(2) Insulation is 1.25-inch Min-K. 

(3) The length of the thermoelements is 0.75 inch. 

(4) The fuel form is an impacted powder, 1 part (by weight) Cm-
242 to 6o5 parts Pt. Redesign for an alloy of 1 part Cm-252 
to 20 parts Ni is in orogress, 

(5) The unit internal pressure is 0„5 atmosphere (air). 

(6) Length-to-diameter ratio of the fuel source is 1.5. 

(7) The inner and outer shell a re aluminum*. 

(8) A 0o5-inch molybdenum shield is placed around the heat source**. 

""*The inner shell will haveloTie made of high temperaliure material. Since 
this has not been chosen, aluminum was assumed for weight calculation 
purposes. 

**Substitution of Hastelloy C will be considered later. 
) 
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Procedure. With an assumed minimum overall efficiency of 4%, the 
isotopeToiding required to produce 13 electrical watts was established. 
With this power requirement, a length-to-diameter ratio of 1.5 and the 
known power density of Curium-242, the fuel element was sized. This 
power requirement was also used to determine the outer surface area 
of a sphere that would dissipate this heat and give a practical cold junc­
tion temperature. 

Since generator heat loss is an important factor in the thermal ef­
ficiency, curves of heat loss versus temperature difference were con­
structed using the usual equation for radial heat flow through a sphere. 
These data a re presented in Fig. 79. 

For the system to operate for six months, a hot junction tempera­
ture of 1000° F (which is a practical temperature for lead telluride 
thermoelements) was chosen. With this temperature and several a s ­
sumed cold junction temperatures , the thermoelectric efficiency curve 
(Fig. 78) was constructed. 

It should be noted that, in order to operate for a 6-month period, some 
means of temperature control is necessary to compensate for isotope 
decay. An investigation of various control techniques was not done as a 
part of the work for this design. 

To begin the calculation, an overall efficiency was assumed and a 
cold junction temperature determined by employing Singer's equation 
for satellite temperatures . This temperature fixed the thermoelectric 
and thermal efficiencies. If the calculated overall efficiency did not 
agree with the assumed overall value, another efficiency was chosen and 
the entire procedure was repeated. This tr ial and e r r o r process was 
continued until the assumed overall efficiency and the calculated overall 
efficiency were in agreement, thus giving a generator design optimized 
on the basis of thermoelectric efficiency*. Several of these calculations 
were then made to establish a generator design based upon overall ef­
ficiency. The weight of each unit was then determined by combining the 
weight of all the components and, provided the weight was under the 15-
pound maximum, a practical design was assumed established for that 
p a r t i c u l a r d i a m e t e r , 

Summary of resul ts . Results of the radiative-type unit investiga­
tion a re shown graphically in Figs. 81 and 82. Figure 81, efficiency 
versus generator diameter, shows that for a fixed thickness of insula­
tion (1.25 in.) the overall efficiency peaks at a 9.25-inch diameter unit. 

*The equations used for this calculation were derived on the basis of 
optimized thermoelectric efficiency. 
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Figure 82 i s a graph of genera to r weight v e r s u s d iameter . This 
plot shows that the weight i n c r e a s e s very rapidly with increas ing diameter , 
but the 15-pound maximum has not been exceeded for the s ize units in­
vestigated. 

Table 11 l i s t s specifications for generator d i ame te r s of 8, 9, 10 and 
12 inches. 

TABLE I I 

Radiat ive-Type Generator Specifications 

Unit Diameter 

Efficiency (%) 

Thermoelec t r ic 
Thermal 
Overal l 

Tempera ture (°F) 

Hot jimetion 
Cold junction 

Heat loss (watts) 

Insulation thickness (in.) 

Weight (pounds) 

Molybdenum fuel container 
and fuel 

Outer shell aluminum 
(35 nails) 

Inner shell alunainum 
(35 mils) 

Thermoelec t r ics 
Thermal insulation 

Subtotal 

St ructures 

Total 

8 Inches 

6.51 
92,2 
6,0 

1000 
350 

17 

1,25 

9 Inches 

6.95 
88.21 
6,13 

1000 
305 

25 

1.25 

10 Inches 

7.22 
84.3 
6,1 

1000 
280 

33 

1.25 

12 Inches 

7,6 
76.0 
5.8 

1000 
235 

54 

1,25 

2,41 

0,69 

0,32 
1.52 
2,09 

7,03 

1.76 

2.41 

1.03 

0,54 
1,30 
2.76 

8,04 

2.06 

2.41 

1.27 

0.71 
1,22 
3.50 

9.11 

2.28 

2.41 

1.82 

1,14 
1.10 
5.28 

11.75 

2.95 

8.79 10,05 11.39 14,69 
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TABLE 11 (continued) 

Thermoelec t r ic e lements 

Output voltage 
Number of pa i r s 

Cross - sec t iona l a rea (sq in.) 

N elements 

P elements 

Length (in.) 

8 Inches 

3 
29 

0.109 

0.131 

0.75 

Unit Diameter 

9 Inches 

3 
28 

- -

__ 

0.75 

10 Inches 

3 
27 

0.0«30 

0.1114 

0.75 

12 Inches 

3 
26 

0.080 

0.117 

0.75 

NOTE: All P e lements doped with 1.0% sodium and all N elements doped 
with 0.03% lead iodide. 

3. Scaled-Up Model 

Analysis . The bas i s for this design and the assumptions used a r e 
the same as for the radiat ive unit, but the design p a r a m e t e r s a r e as 
follows: 

(1) The hot junction t empera tu re is 1000° F . 

(2) The length of the thermoelements i s one inch. 

(3) Unit internal p r e s s u r e is 0.5 a tmosphere (air) . 

lA\ T <sr>cr+h_tr>-Hiq m o + o f - r a t i o n f f hA f u e l «?nt]rop i s t . 5 . 

(5) Outer shell i s alunainuna. 

(6) A 0.5-inch molybdenum shield i s located around the heat source . 

(7) All voids in the genera tor a r e filled with insulation. 
F igure 83 is a sketch of this unit. 

P rocedure . The procedure for this type unit i s the same a s for the 
radiat ive-type unit with the exception of the determination of heat flow 
through the insulation. 
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This heat l o s s was de te rmined using a combinat ion of heat flow through 
a s p h e r e and heat flow in a hollow cy l inder . F i g u r e 84 i s a plot of 
t e m p e r a t u r e difference v e r s u s heat l o s s . 

Using th i s cu rve and proceeding a s d i scussed previous ly , the t h e r m a l 
efficiency, t h e r m o e l e c t r i c efficiency, overa l l efficiency and weight of the 
unit was de te rmined for s e v e r a l s i z e s . 

Summary of r e s u l t s . Resu l t s for the sca l ed -up model invest igat ion 
a r e shown in F ig . 85. The t h e r m a l efficiencies va ry l e s s than 1% over 
the r ange invest igated; t he re fo re , the t h e r m o e l e c t r i c and overa l l effi­
c i enc ies follow approximate ly the s a m e c u r v e . These eff iciencies i n ­
c r e a s e rap id ly a s the unit d i a m e t e r i s i n c r e a s e d . However , a sma l l i n ­
c r e a s e in d i a m e t e r r e s u l t s in a significant weight i n c r e a s e . F i g u r e 85 
shows that a unit d i ame te r of o v e r 9 -1 /2 inches will yield a weight 
g r e a t e r than the 15-pound m i n i m u m . There fo re , uni ts with d i a m e t e r s 
g r e a t e r than 9 -1 /2 inches a r e not feas ible for th is appl icat ion. 

Table 12 l i s t s specif icat ions for g e n e r a t o r d i a m e t e r s of 6, 8 and 
10 i n c h e s . 

Scaled-

•ficiency (%) 

T h e r m o e l e c t r i c 
T h e r m a l 
Overa l l 

TABLE 12 

-Up Model G e n e r a t o r Specifications 

6 Inches 

5.56 
98.8 
5.51 

Unit D iame te r 

8 Inches 

6.83 
98.5 
6.73 

10 Inches 

7.65 
98.3 
7.50 

T e m p e r a t u r e (°F) 

Cold junct ion 

Heat l o s s (watts) 

Weight (pounds) 

1000 
430 

1000 
310 

1 nnn 
230 

Heat s o u r c e and conta iner 
Outer shel l 

2.41 
0.57 

2.41 
0.96 

2.41 
1.46 
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TABLE 12 (continued) 

Thernaoelectr ics 
Insulation 

Subtotal 

Structure (25%) 

Total 

Thermoelec t r i cs 

Output voltage 
Number of p a i r s 
Length (inches) 
Area (sq in,) 

P element 
N element 

4. Cylindrical-Type 

6 Inches 

3,73 
1,77 

8.48 

2,12 

10.60 

3 
33 
1 

0.206 
0.168 

Unit Diamete: 

8 Inches 

2.36 
3,94 

9,67 

2,42 

12.09 

3 
28 
1 

0,159 
0.131 

r 

10 Inches 

1.92 
7.39 

13.18 

3.30 

16.48 

3 
26 
1 

0.135 
0.113 

Unit with Lead Telluride Elements 

Analysis , This design was based on maxinaum ther moelectric 
ciency for a radiator area which was fixed essentially by the number of 
couples needed to produce the 13 watts of electrical power. The other 
factors dictating the radiator area were the 3.5-inch radiation shield 
located between the fuel source and the counter, and the thermal loss 
through the insulation. The following assunaptions were made in this 
design: 

(1) The temperature drop through the hot and cold junction shoes 
is small conapared to the temperature drop through the thermo­
electric elements, 

(2) No heat is lost except that which passes through the Min K 
insulation, 

(3) The fuel element and radiator area have a uniform temperature^ 

This design has the following parameters: 

(1) The hot junction temperature is 1000" F. 
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(2) The unit in ternal p r e s s u r e is 0.5 a tmosphere (air) . 

(3) The inner and outer shel ls a r e aluminum*. 

(4) The heat source is shielded from the counter by 3.5 inches of gold. 
The shielding length i s l imited by the geometry of the genera tor . 

P rocedure . Using the fuel size determined for the three previous 
units, and incorporat ing the shielding requ i rement s , the fuel element 
was sized. Next, a rad ia to r a r e a was chosen according to the number 
and length of t he rma l elenaents and a heat loss equation was derived (see 
Appendix E). 

To begin this genera tor design, the method previously discussed in 
the procedure section for the radiat ive spher ica l - type unit was followed. 

Summary of r e s u l t s . Resul ts of the cyl indrical- type unit investigated 
are~shown graphical lyTn Fig . 86, and a r e l is ted in Table 13. It can be 
seen that, for the s ize units examined, the design requi rement of 15 
pounds maximum weight can be met and the overal l efficiencies a r e bet ter 
than 6%. 

TABLE 13 

Cyl indr ical-Type Generator Specifications 

Resul ts All Units 8 Inches in Height 

Unit Diameter (in.) 5.5 6 6.5 

Efficiency (%) 

Thermoelec t r i c 6.72 6.83 6.97 
Thermal 91.3 91.4 92.6 

Overal l 6.1 6.2 6.4 

Tempera tu re (°F) 

Hot junction 1000 1000 1000 

Cold junction 330 310 300 

Heat l o s s (watts) 21 18 15 

Weight (pounds) 

Heat source and container 2.41 2.41 2.41 
Outer shell 0.68 0.83 0.93 
Inner shell 0.34 0.32 0.30 

*The inner shell will have to be made of^ high t empera tu re m a t e r i a l 
Since this has not been chosen, aluminum was a s sumed for weight 
calculation purposes . 
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1.43 
1.53 
1,60 
7.99-

29 
0,75 

0,1218 

0.1019 

1.34 
2.01 
1.73 
8.64" 

28 
0.75 

0,1194 

0,0984 

2.32 
2.51 
2.12 
10.59" 

28 
1,00 

0.1485 

0.125 

TABLE 13 (continued) 

Results All Units 8 Inches in Height 

Thermoelectrics 
Insulation 
Structures (25%) 

Total 

Thermoelectrics 

Number of pairs 
Length (in.) 
Area 

P element (sq in,) 

N element (sq in.) 

Calculated thermal conductivity 

Temperature k 
(°C) (watts/cm-°C) 

-100 0,04319 
0 0.05425 

100 0.06202 
200 0.06804 

5. Cylindrical Radiative-Type Unit with Cobalt Silicide Elements 

Analysis, This design is basically the same as the cylindrical unit 
previously discussed except for the use of cobalt silicide instead of lead 
telluride for the thermoelements. 

In analyzing the thermoelectric efficiency of the cobalt silicide ele­
ments for this design, the curves of thermoelectric power and resistivity 
from Transi tron 's report, "Thermal and Electrical Propert ies of Some 
Silicides," and the thermal conductivity which was calculated using the 

2 
Wiedemann-Franz ratio were used. Employing these curves, the maxi­
mum thermoelectric efficiencies for a hot junction temperature of 1400° F 
were assumed and several cold junction temperatures were determined. 
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92 

V 

o 
•H 

91 

7.0 

NOTE: Increase in diameter due to increased] 
thickness of insulation 

5.5-in. unit — 1-in. insulation 
6.0-in. unit—1.25-in. insulation 
6.5-in. unit—1.5-in. insulation 

PbTe elements 

Weight 

Thermoelectric 

Overall 

6 .0 
4 . 5 5.0 5.5 6.0 

Diameter (inches) 

6.5 7.0 

Fig. 86. Generator Diameter Versus Weight and Efficiency, Cylindrical 
Unit 



171 

Results 

1400 

300 

7.22 

m-'-C 

1400 

200 

7.29 

0.056 watts/cm-°C 
(calculated) 

Unit s ize--6- in . diameter, 7.5-in. height 

Hot junction temperature (°F) 1400 

Cold junction temperature (°F) 343 

Thermoelectric efficiency (%) 6.3 

Thermal conductivity--20° C 0.04 watts/cm-°C 
(Transitron's value) 

Since Transi t ron 's thermal conductivity data for cobalt silicide were 
quite scattered, they are not listed in this report . The value at room 
temperature was approximately 0.04 watts/c«i-°C, but the calculated 
value was 0.056 watts/cm-°C, Because of the poor correlation, no 
attempt was made to renormaliz e the calculated thermal conductivity 
for the cylindrical design, and a detailed analysis of this design was 
not attempted. 

6. Heat Control Analysis 

An attempt was made to adapt a gas leak-type heat dump mechanism 
to the cylindrical-type generator. The generator which was analyzed is 
shown in the sketch below. 

Fuel 
Heat dump area 
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The calculated maximum heat that can be dumped for a temperature 
difference of 600* F and a wall thickness (including insulation filled with 
helium gas) of 3/16 inch is approximately 37 watts. Therefore, it is 
possible to use this technique on a generator which requires less initial 
isotope fuel, but for the present design some other type of control will 
be required. 

The combined Min-K and helium gas thermal conductivity was approxi­
mated, and this value was used to calculate the heat that could be dumped. 
Several temperature differences were assumed and the results tabulated. 
These resul ts are shown graphically in Fig. 88. 

The temperature gradient in the fuel element can be approximately 
determined by assuming the temperature varies only in the axial d i rec­
tion as shown in the sketch below. Then, the differential equation describ­
ing the cylindrical fuel element can be shown to be: 

d^T (x) _ k P 

dx 
T ( x ) - T , 

X -

Fuel Gold Shield 

-^a 

The solution to this equation is : 

T (x) = Too + C ^ e ^ -f Cg e""^ 
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600 700 800 
Temperature Difference (°F) 

1000 

Fig. 88. Heat Dumped Versus Temperature Difference for Cylindrical Type Unit-
Gas Leak-Type Dump 
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Heat Source Tempera tu re Distribution Data 
Cylinder 

A = c r o s s section (sq in.) 0.196 
L = fuel length (in.) 2.38 

o ^ 
L = Gold shield length (in.) 1.5 
Fuel centerl ine t empera tu re (° F) 1600 
Tempera tu re at surface of block, midplane (° F) 1375 
NOTE: These resu l t s were obtained for an inapacted fuel form consis t ­

ing of one par t Curium-242 and eight pa r t s (by atomic rat io) of 
platinum. The heat source will be redesigned for an alloy of 
Cm-242 and nickel, or for use of pure cur ium. 

where 

Too = surroundings t empera tu re 

T(x) = t empera tu re as a function of x 

C = constant of integrat ion 

n 
h P 

h = combined coefficient of radiation and convection 

P = pe r ime te r 

k = thermal conductivity 

A = c ross - sec t iona l a r ea 

The constants of integration can be evaluated by choosing the t empera tu re 
at X = 0 to be T and by assuming that the film coefficient concept applies 

to the removal of heat at x = L. 

C, 

T - T 
O 00 

•1 " ~ ^^^EL 
1 - a e 

C 
T - T 

_ O 00 
2 ^ ~~ ^2n" 1 + a e 

nk - k 
nk -f h 

The requi rement for the gold shield is discussed in Section C of this 
chapter . 

The numer ica l data and r e su l t s for the heat source of the cyl indr ical-
type genera tor configuration a r e l is ted in Table 14. 
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B. GENERATOR AND COMPONENT DESIGN STUDIES* 

Design studies during October and November 1959 were directed to 
t ransforming the resu l t s of analysis of the var ious generator configura­
tions into conceptual designs which show the general a r rangement of 
components and pe rmi t reasonably accura te weight e s t ima tes . The de­
signs a r e shown in F igs . 83 and 89 through 93. The multiple SNAP-III 
configuration is indicated by the plan and elevation drawings of the 
SNAP-III-B generator ; the five units might be located, e.g., at the co rne r s 
and centroid of a regular te t rahedron. 

A concept was evolved for a generator that approximates a sphere in 
shape but in actuality is a polyhedron. The flat surfaces would allow the 
thermoelements to be seated without use of curved hot shoes o r some other 
a r rangement involving curved sur faces . The 14-sided polyhedron ( te t ra -
decahedron) i s sufficiently like a sphere that the heat t ransfe r analysis of 
the spher ica l genera tor i s applicable. 

Two additional design concepts were exanained briefly: 

(1) A genera tor design of two concentric spheres , the inner 
one of t i tanium and the outer of aluminum. The inner 
sphere would be designed so that a gas p r e s s u r e inside 
would expand the sphere and cause the thermoelements 
to miake good physical contact between the hot and cold 
Junctions. This might el iminate the requirement for 
spr ings on the cold ends of the e lements . 

(2) Utilizing the concentric shel ls as naentioned above, a 
bel lows-type a r rangement would be attached to the 
cold ends of the elenaents. The sealed bellows would 
contain a thermal ly conductive liquid or gas. The 
bellows would expand due to a t empera ture inc rease 
during operat ion and p r e s s against the radia tor surface, 
fornaing a conductive heat path and also allowing for 
thernaal expansion of the elpment^ 

Neither of these concepts appears to offer sufficient rigidity to with­
stand the dynamic environment conditions. 

Detailed design of the cyl indrical- type generator , chosen as the 
optimum configuration, was ca r r i ed on during December 1959, Since 
this work was in p r o g r e s s at the end of the quar te r , i ts resu l t s will be 
descr ibed in the next repor t . 

^W. Sullivan, J . P e t e r s anH G. BurlorcT 
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Inner casing 
Stainless steel 
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OD = 8. 0 in. 
Estimated weight = 9 lb (excluding heat dump) 
Elements = PbTe (30 pairs) 3 / 8 x 3 / 4 in. 

o 

Fuel = Cm-242, 20.9 x 10 curies (initial) 
Electrical-power =13 watts 
Overall efficiency = 6,0% 
NOTE: Shielding omitted 

Attachment flange 

Inner casing, 
Stainless steel 

Support 
Stainless steel 

£ Element (N) 

Radiator 
Aluminum 

£ Element (P) 

£ Element (N) 

£ Element (P) 

Symmetrical about 

Fig. 90. Spherical 13-Watt Generator 
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OD = 6-3/4 in. 
LOA = 9 in. 
Estimated weight = 9 lb (excluding heat dump) 
Elements = PbTe (30 pairs) 

Fuel, Cm-242,20.9 x 10^ curies (initial) 1) 
Electrical power, 13 watts 
Overall efficiency =6.0% 

Symmetrical about 

1 
Attachment flange 

Inner casing 
Stainless steel 

Fuel 

Support structure 
Stainless steel 

Insulation (typical) 
Min-K 

Shield and container ^ 
Gold ^ Element (typical) 

This area 
for heat dump 

mechanism. 

Radiator 
Aluminum 

Seal sleeve 
0.012 stainless steel 

Shield 
Tungsten alloy 

Heat dump radiator 

Section through central axis Scale 1-1 

Fig. 91. Modified Sphere 13-Watt Generator 





Power input terminals 

Thermocouple terminals 
(hot and cold junctions) 

Power input terminals 

Power output terminals 

Power output and 
thermocouple terminals 

Fig. 92. SNAP III Thermoelectric Generator 
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An investigation previously initiated in the Task 2 (SNAP-I -A) pro­
gram, that of flame spraying metals for hot shoes over a surface pre ­
viously coated with Al^O- as a dielectric, is being continued. This tech­
nique may eliminate difficulties in hot shoe contact with the hot junction, 
it also insulates electrically while providing an electrical conduction 
path between elements in a pair. 

Work remains to be done in testing the stainless steel sample pieces 
in the laboratory. Tests to be conducted include resistivity of the sprayed 
material, heat conductance and electrical conductance through the sample 
assembly, and a high temperature test for spalling of the dielectric mate­
rial . Sample pieces have been made with stainless steel as the base metal 
and Al„0„ as an insulator. These samples have been coated with aluminum 

and copper. Attempts to spray iron onto the oxide coating have not been 
successful. One more sample is to be made of molybdenum. 

The resistivity of the aluminum- and copper-coated samples has been 
measured. As would be expected for a spray coating, the resistivity values 
are higher than those given for standard rolled materials due to the dif­
ferences in density. Measurements will be taken after the samples have 
been heated in the furnace and these values may change slightly. Since 
the measurements were incomplete at the end of the quarter, quantitative 
results will not be presented here. 

Work remains to be done in testing the stainless steel sample pieces 
in the laboratory. Tests to be conducted include resistivity of the sprayed 
material, heat conductance and electrical conductance through the sample 
assembly, and a high temperature test for spalling of the dielectric mate­
rial . 

A conceptual design was prepared for a ground handling cask for t rans­
porting the 13-watt generator, complete with Curium-242 fuel container, 
from the Martin plant to the launch site. The design is shown in Fig. 93. 

The generator compartment in the cask is completely surrounded by a 
4-inch layer of water for biological shielding. The design shielding thick­
ness for borated water is 3.5 inches. Four inches of water, an equivalent 
thickness, was adopted so that the cask may be filled with tap water. The 
preliminary design makes use of a refrigeration coil (Freon 12) around 
the outside of the generator. At first, the concept was that refrigeration 
would be needed to convey heat from the generator side walls, but later 
heat transfer calculations indicated that this was not necessary. There 
is not enough heat transferred to the shielding to cause it to boil. 

Pressure relief valves have been installed in the water compartments 
as a safety measure to prevent vapor pressure buildup in case of steaming. 
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Pressiure relief 
valves 

Manipulator 
hook 

0,141 

316 stainless steel 
weldment 

0.141 

Gross wt: 270 lb 

Fig. 93. 13-Watt Generator Ground Handling Cask 
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Pipe plugs have been provided for the filling and draining of water. Two 
hook eyes for the manipulators are located in the main body of the cask 
and also in the shielded lid to facilitate installing and removing the 
generator from the ground handling cask. 

The gross weight of the assembled cask including 16 gallons of water, 
but exclusive of generator, is approximately 255 pounds. The empty cask 
weighs 122 pounds. 

The calculated overall efficiency of the spherical generator, 6.0%, 
established the initial thermal power of 602 watts. Converting this into 

4 
fuel quantity yielded a requirement of 1.96 x 10 curies, or 6 grams of 
Cm-242. 

The radiation sources considered were: 

(1) Fast neutrons from spontaneous fissioning of Cm-242 and 
neutrons from («•, n) reactions if the fuel compound contains 
light elements. 

(2) Gamma rays from alpha disintegrations which lead to 
excited states of Pu-238. 

(3) Prompt gamma rays from spontaneous fission. 

(4) Gamma rays from neutrons inelastically scattered by 
the lead telluride thermoelectr ics. 

The ground handling requirement does not present a major problem. 
The largest contribution to the total dose rate is from the fast neutrons, 
the next significant contribution to the total dose ra te is from gammas 
associated with alpha decay, and the least significant contribution is 
produced by the prompt fission gammas. The gammas from inelastically 
scattered neutrons are insignificant in the calculation of ground handling 
dose ra tes . Table 14 shows the calculated dose ra tes (at three feet) and 
thicknesses of water. 
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TABLE 15 
Thicknesses of Water and Dose 

From fast neutrons 

From decay ganamas 

From fissioning gam.m.as 
Total mrem/hr 

Curium Metal in 
3-1/2 in. of Bo­

rated Water 
(mrem/hr) 

55,7 

3.2 

1.1 

60 

Rat 

Ci 
5-

es 

irium Carbide in 
-3/4 in. of Water 

(mrem/hr) 

57.35 

1.85 

0.80 

60 

The use of borated water or an aqueous solution of a lithium salt 
will reduce the shielding thickness by several percent. 

The gamma shielding requirements imposed by the operational speci­
fications are severe^ and calculations showed that the power unit weight 
limitation could be met only by increasing the distance of the detector 
from, the heat source. 

C. NUCLEAR RADIATION SHIELDING* 

A calculation of the shielding requirements for fast neutrons was made 
using the removal cross-section concept. This calculation gave a dose 
rate at one meter of 60 m.rem/hr when 2.5 inches of water were added to 
the 10-inch diameter generator. 

The following analysis of the shielding requirements for a 13-watt 
generator fueled with Curium-242 was made for a spherical generator 
10 inches in diameter. With the exception of the shadow shield weights, 
the information is applicable to generators of other shapes. 

The lifetime of the unit is 240 days, of which 60 days have been allowed 
for fabricating, shipping, storage, etc. Allowable radiation levels have been 
specified as being 60 mrem/hr at one meter during ground handling. An addi­
tional specification applicable during the useful life of the unit requires 
shielding for a radiation detector located 10 cm from the surface of the 
generator. Shielding is required to reduce the photon flux to 7 photons/cm/sec 
with energies greater than 100 kev. The total weight must not exceed 15 
pounds. 

* A, Spamer 
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The photons which reach the counter come from a number of sources. 
The most nunaerous photons are those which originate in the fuel (i.e., 
the decay gammas and the prompt fission gamm.as). The next most nu­
merous photons are those from neutrons scattered inelastically in the 
thermoelectric elements. Another source of photons, those scattered 
from the structure, is small and cannot be evaluated without some knowl­
edge of the structure surrounding the generator. 

The gamnaas originating in the source could be reduced by a shadow 
shield built within the generator. In this case, an additional shield would 
have to be provided to reduce the gammas from the thermoelectric ele­
ments. This shield could be either a shield around the source to reduce 
the number of neutrons available for production of gam.mas or a shadow 
shield in front of the detector. The first method was not considered be­
cause calculations made for the ground handling requirement indicate that 
the shielding weight would be excessive. The shield for the latter method 
would be in the shape of a frustum of a cone defined by the outer diameter 
of the generator and the end of the detector farthest from the generator. 
However, in order to meet the weight requirem.ents, the location of the 
detector must be changed. The configuration and total weight of the divided 
shield at various distances from the source are shown in Fig. 95. 

Gold was selected for the shield inside the generator because of its 
high gamma absorption coefficient and high thermal conductivity; the 
latter promotes uniform.ity of hot junction temperatures. The melting 
temperature of gold, 1062° C, permits it to remain solid under nornaal 
conditions but to melt during re-entry. The cost of the gold is less than 
$1000. 

Another method of reducing the photon flux to the detector would be to 
use one shield for both the source and inelastic gamma photons. Figure 
96 shows the configuration and gives the shield weights for various source-
to-detector distances. The weights of the divided shields are less in all 
cases. Note that the weights were determined for a 10-inch diameter 
generator and could be reduced by reducing the diameter of the generator. 

D. RADIATION SOURCES 

1. Fast Neutron Intensity 

One gram of Cm-242 will produce 1.97 x 10 neutrons per second per 
gram by spontaneous fissioning (Ref. 3). Consequently, the generator 

7 R 
under consideration will emit 6 x 1.97 x 10 = 1.18 x 10 fission neutrons 
per second. 
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5.8 QR 

Thermoelectric 
region 

Inelastic 
gamma 
shield 
(W) 

Weight of Divided Shield for Various Distances 

Distance 
D (inches) 

8.94 
20 
30 
40 
50 

Thickness 
T (inches) 

2 5/8 
1 3/4 
1 3/8 
1 1 / 8 
1 

Total Weight 
(pounds) 

45 1 
15 
8.9 
6.1 
5.2 

10 cm from surface 

F i g . 95 . Geomet ry for Divided Shield 
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- T h e r m o e l e c t r i c 
r e g i o n 

/ Shield 
/ (W) 

Weight of Unit Shield F o r Different Dis tances 

Dis tance 
D ( inches) 

8.94 
20 
30 
40 
50 

Th ickness 
T ( inches) 

* 
2 .75 
2 .50 
2 ,75 
2 .00 

Weight 
foounri.«3i 

»» 
23.0 
14 .7 
10 .3 

7.6 

* Shield i s too th ick to fit between de tec to r 
and g e n e r a t o r . 

Fig. 96. Geometry For Unit Shield 
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If the fuel is in the form of a compound (or mixture) containing light 
elements, additional neutrons will be produced from alpha-neutron reac­
tions. For curium carbide, about 50% of the neutrons emitted will be 
from alpha-neutron reaction with carbon (Ref. 4), and the total number 
emitted will be double the number from spontaneous fission. Because no 
information concerning the neutron spectrum from the alpha-neutron reac­
tion was found, it was assumed that the distribution is the same as that for 
spontaneous fission neutrons, i.e., all neutrons are considered to be fission 
neutrons. Actually, the alpha-neutron reaction will harden the spectrum 
as more high energy neutrons will be present. 

However, this assumption will not affect the dose rate too much, since 
the flux-to-dose rate conversion factor is almost constant for neutrons of 
energies between 1 and 10 Mev. 

Evidence presented in Refs, 5 and 6 indicates that the fission neutron 
spectrum for all transuranium elements is nearly the same as that for U-
235, The integrated U-235 fission spectrum presented in Ref. 7 was used, 
and flux-to-dose rate conversion factors were obtained from Ref. 8, 

Energies and abundances of gamma rays associated with alpha decay 
were obtained from Ref. 9, 

The assumption was made that prompt gammas from spontaneous fis­
sioning of transuranic elements are nearly the same as those for thermal 
neutron fissioning of U-235*. The abundance and energy distribution given 
in Ref, 9 were used to calculate the effect of this source of radiation. 

2. Gammas from Inelastically Scattered Neutrons 

Information on the cross sections for production of gamma rays by 
inelastically scattered neutrons is very incomplete and does not warrant 
detailed calculations of flux distributions. However, the nonelastic 
cross section (total cross section minus elastic scattering cross section) 
naay be considered to be an overestimate of the inelastic scattering cross 
section in estimating gamma ray production at high energies (Refs. 10 
and 11). 

To estimate the effect of inelastic scattej-ing gamma rays, the a s ­
sumption was made that all nonelastic captures produce gamma rays at 
the energy of the minimuna absorption coefficient of the shield material. 
The nonelastic cross sections for lead were used to estimate gamma 
ray production in the lead telluride thermoelectric elements. 

The photon flux at 10 cm from the outer surface of the generator 
was estimated by assuming the thermoelectric elements to be located 
in a shell at the outer radius of the generator. 

*This is not quite correct, based on UCRL measurements of the prompt 
neutron spectrum from the spontaneous fission of Cf-254. 
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E. HAZARDS EVALUATION* 

Much of the evaluation of hazards performed under Subtask 5.7 for 
the 100-watt thermoelectric generator is applicable to the present pro­
gram. Only considerations and results peculiar to the 13-watt power units 
are reported here. 

Calculations of helium pressures to be expected were made on the 
following assumptions: the volume of the void provided is 2 cc and its 
temperature is 866°K (1100° F); and the mass of Curium-242 is 5.73 gm, 
equivalent to 0.0237 moles. The pressure reaches 8000 psi in about 270 
days, at which time it is increasing very slowly--about 5 psi per day. 
Figure 97 is a graph of the pressure against time for this unit. The cal­
culations have been made for a constant temperature. If the temperature 
of the generator decreased, the pressure will be reduced proportionately. 
After 125 days, the pressure would reach 12,400 psi if the temperature 
were to remain at 866° K. However, the tenaperature will have fallen alnaost 
to ambient at this time. For a temperature of 293° K (68° F) the pressure 
would be about 4200 psi. 

Since the containment of the fuel on the moon after the useful life of 
the generator is ended is a matter of interest, it must be realized that 
the helium pressure will continue to build up indefinitely, but very slowly. 

The fuel container will probably be a Hastelloy C right cylindrical 
vessel with an outside diameter of one inch and an inside dianaeter of 1/2 
inch. The vessel will be 4-1/4 inches in length. The internal space not 
occupied by fuel or the required void may be filled with gold to serve as 
a shadow shield for instrumentation placed on that side of the generator. 

The resistance to internal pressure of such a vessel may be calculated 
by the equation 

, 2 2 

K2 , 2 ^ b + a 

pressure, psi 

inside radius of cylinder, inches 

outside radius of cylinder, inches 
4 

ultimate tensile strength of the materials; 5 x 10 psi for 
Hastelloy C at this temperature. 

P = 

where 

P = 

a = 

b 

*G. Dix and C. Riggs 
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Applying this equation to the case considered, we find that it should 
withstand an internal pressure of 30,000 psi and have a large factor of 
safety for the helium pressures that have been found. 
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IX. SUBTASK 6.1--GENERAL DEVELOPMENT AND MATERIALS 

REQUIREMENT 

The purposes of this subtask a r e : 

(1) To establish potential a r e a s of study for the development of 
suitable fuel forms of Curium-242 and Plutonium-238. . 

(2) To determine the fuel compounds which will provide the des i red 
physical and chemical cha rac t e r i s t i c s . 

(3) To select the compounds which will meet the requ i rements of 
the par t icu la r application. 

A. MATERIALS EVALUATION 

A l i t e ra tu re search for the physical p roper t i es and methods of 
fornaing curium and plutonium was s t a r t ed during the la t ter par t of 
this period. One of the objectives of this subtask is to consolidate into 
tables the available data on the physical , t he rmal and nuclear p rope r t i e s 
of the radioisotope fuels. Table 16 summar i ze s most of the available 
l i t e ra ture on Curium-242, Plutonium-238, Cer ium-144, Polonium-210, 
Strontium-90, Promethium-147 and Cesium-137. 

An investigation of matr ix ma te r i a l s in conjunction with some of the 
fuels for the rmoelec t r i c sys tems was made to determine the naturally 
cooled surface t empera tu re s of fuel slugs fabricated with matr ix 
ma te r i a l s having optimum proper t i e s of density, melting point and t h e r ­
mal conductivity. Table 17 and Fig . 98 show the p roper t i e s and surface 
t empera tu re s , respect ively, of gold, copper, nickel, platinum, molybdenum, 
i ron and graphi te . 

In general , the the rmal conductivities of the oxides of the rad io i so­
topes a r e considerably lower than that of the pure me ta l s . The carbides 
usually have higher the rmal conductivit ies. 

In Table 17 some of the more promis ing matr ix ma te r i a l s for 
Curium-242 a r e listed. A fuel which combines the following p roper t i e s 
is being sought for use in the rmoelec t r i c genera to r s : 

(1) Low density. 

(2) Melting point of fuel mat r ix - -2500 to 3000° F . 

(3) High the rmal conductivity. 
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Physical Proper t ies of Radioisotopes 
CD 

Radioisot 

*Polonium-

P0O2 
P0CI4 
P o B r 

*Po Ni* 
*Po Nig 
Plutonium 
PUCI3 
PuBrg 

*P"2S 
*PuC 

PUO2 

PU2O3 

PuHg 

PUH3 

PUF4 

P u F , 

opes 

210 

-238 

P u F g (Seeborg 

Mev E m i s s i o n 
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P r o m e t h i u m - 1 4 7 0 .223 fi 
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C 
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0 .288 

0 .504 
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0 .512 

0 .527 

0 .575 

0 .573 
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0 .227 

0 .249 

0 .200 
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0 .096 

0 .921 

0 .456 
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0 .39 

0 .36 

0 .33 

86 

2 
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4Y 

6Y 

7Y 

g m / K Usable 
Cur i e Mev 
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l ladioisQtopes 

»Ce-144 

CeO^ 

C e F , 

3 
C e C l , 
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I 321 13 (2 18) y 

SF. N, 6. n o a. 

Molecular 
Weight 

1 4 4 
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M P 

804° C 
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Conductivity Power gna/K 
(Btu /h r / f t ) (watts/gm) Half "Life Cur ie 

5 2 0 
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7 6 0 
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(0.799) 
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(4) High power density, 0.5 to 10 wa t t s / g r am. 

(5) Fuel burnup upon r e - e n t r y from orbital flight. 

(6) High tensile s trength and low creep p roper t i e s at t empera tu res 
in the range of 1000" to 2000° F . 

(7) Insolubility in fresh and sea water . 

A graphite matr ix has poor nuclear p roper t ies since it will moderate 
any neutrons emitted by the source . However, it i s one of the bet ter 
known ablative mate r ia l s and has a t t ract ive conductivity and density so 
i ts use as a matr ix mate r ia l appears feasible. 

Gold and i ts alloys molt at re lat ively low t empe ra tu r e s and a r e very 
heavy but have good thermal conductivit ies. 

Although copper i s weak in i t s nuclear and c reep cha rac t e r i s t i c s , 
the excellent conductivity and density of this metal make it a good prospect . 

Iron will meet most of the proper ty c r i te r ia , but i t s cor ros ion r e ­
sis tance is poor. 

Nickel has proper t ies s imi l a r to i ron with the exception that i ts 
the rmal conductivity i s lower. It does, however, alloy with cur ium 
readily, making it very a t t rac t ive as a fuel matr ix ma te r i a l . 

Molybdenum is in the modera te density range, has a high conductivity 
and no problem of burnup upon r e - e n t r y . However, the oxidization of 
pure molybdenum at t empe ra tu r e s above 1200° F is very rapid. In the 
event of a launch pad abort , containment of the fuel would be difficult 
unless provisions a r e made to jacket the capsule with a protect ive outer 
b a r r i e r . 

Of the remaining ma te r i a l s studied, vanadium appears to be a poss i ­
bility with i t s low density and somewhat above average thermal con­
ductivity. 

Figure 98 shows the surface t empera tu re for severa l ra t ios of 
matr ix ma te r i a l s mixed with cur ium. These curves present the worst 
case of a radiant boundary assuming no convection or conduction heat 
t rans fe r . The fuel pellet has a design power of 1000 the rmal watts 
and a length- to-diameter ra t io of one for all mix tu res . The re la t ive 
emissivi ty of the platinum and graphite a r e exper imental values, whereas 
those of the remaining ma te r i a l a r e obtained by assuming a surface coating 
of high emissivi ty . A sample calculation of the fuel pellet surface t empera ­
ture for radiant boundary conditions i s presented in Appendix F . The ca l ­
culation is for a weight ra t io of 20 pa r t s nickel to 1 par t cur ium by weight. 
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TABLE 17 

Fuel Matrix Mater ia ls for Cm-242 Compounds 

Mater ia l 

Molybdenum 

Rhodium 

Zirconium 

Platinum 

Titanium 

Vanadium. 

Palladium 

Iron (pure) 

Mo, Ni- Cr steel 

Nickel 

Copper 

Gold 

Graphite 

*1.8% Hf alloy 

Melting 

4760 

3571 

3355 

3224 

3275 

3100 

2829 

2795 

2620 

1960 

1945 

6422 

Point 
rc) 
2620 

1985 

1900 

1773 

1800 

1710 

1553 

1535 

2735 

1455 

1083 

1063 

3550 

Thermal Conductivity 
(Btu/hr-f t -°F) 

84.6 

50.0 

15.5 (1200° O * 
9.6 

42.0 

8.1 

17,9 (100° C) 
21.3 (500° C) 

41,0 

46.3 (1200° C) 

1500 

35 (100° C) 
14 (1200° C) 

210 

170 

59 to 78.8 

Density 
(gm/cc) 

10.20 

12.50 

6.40 

21.37 

4.50 

5.96 

12.16 

7.85 

21.7 

8.90 

8.94 

19.32 

2.25 

B. PROCESS SELECTION 

1. Americium^ 

During this per iod most of the effort was d i rec ted toward an evalua­
tion of available p r o c e s s e s for the prepara t ion of cur ium star t ing with an 
Americium.-241 solution. At the present t ime , the Government has suf­
ficient amer ic ium available to purify 100 g r a m s for i r radia t ion. It i s 
known that amer i c ium as received from the Dow Chem.ical Company's 
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Rocky Flats Plant has less than 1% plutonium (Ref. 27). A purification 
process has been developed at the University of California for producing 
high-grade americium in the form of the oxide. Details of this process 
will be described under Subtask 6.2; however, of all the m.ethods of puri­
fying, this is the most highly developed. Some chemical handling prob­
lems still exist, especially in the ion exchange separation steps. 

Following an outline proposed in a previous quarterly report (Ref. 
34), the am.ericium oxide (AmO„) powder is blended with very fine 

mesh, high purity aluminum powder in about a 30/1 ratio of aluminum 
to americium. oxide (calculated as the metal). When the americium.-
aluminum pellets are compacted, 95% of theoretical density is achieved 
provided sufficient pressure is applied to the rams of the press . These 
pellets are then inserted in aluminum, tubes, capped and fusion welded. 
This phase of the process offers no problems. After welding, the slugs 
are shipped to a facility such as the Materials Testing Reactor for 
irradiation in a high neutron flux. After an 84-day irradiation period, 
about 43% of the americium is converted to Curium-242 (Ref. 27). 

2. Curium. 

Several methods of purifying have been suggested. One method 
was developed at the University of California Radiation Laboratories 
at Livermore, California (Ref. 35), and is described in U. S. Patent 
No. 2,887,358 dated May 19, 1959, by G. H. Higgens, et al. By this 
procedure, curium is isolated as the oxide along with the unconverted 
anaericium. oxide. A second method has been developed by Atom.ic 
Energy of Canada, Limited, at the Chalk River Project. Details of this 
process will be analyzed during the next period to deternaine whether 
americium can be further isolated from curium to permit recycling of 
the unconverted americium. 

3. Curium Conversions 

After purification of the curium, processes for converting the 
material to the desired fuel compound must be developed. Some infor­
mation is available in the literature for converting curium oxide to 
carbides. 

A method for reducing curium to the metal has been reported by 
the University of California Radiation Laboratory in Liverm.ore, 
California, but the process has not been fully developed (Ref. 35). 
This reduction requires the conversion of curium to the trivalent 
fluoride and then reducing the fluoride to the metal with either calcium, 
or barium metal. Careful control m.ust be maintained to be sure the 
curium, metal will separate from, the fluoride slag. For this reduction 
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step, it is extremely important that all constituents are absolutely dry, 
otherwise hydrogen will be generated, forming an explosive mixture 
with air, or reacting violently with the oxide in the americium and 
aluminum. 

4. Plutonium Conversions 

Similar reductions have been reported on plutonium. Information 
on these processes is available in the classified literature. Studies 
of the reduction processes are scheduled for the next period. 

5. Fuel Forms 

Studies of the various matrix alloys with curium have been studied 
and will be discussed under Subtask 6.3. For fuels being considered 
for space missions, 87% of the selected fuel form must be burned up 
to less than 5 microns. Such materials as gold, nickel, molybdenum 
and iron meet this requirement, but the capsules must also resist 
corrosion in both land and sea environment after Impacting on the earth's 
surface (Ref. 26). Most of the super alloys (Ref. 26) are satisfactory for 
corrosion resistance and abort conditions, but methods for burnup to the 
desired size must be devised in order to meet the Commission's require­
ments. Plasma jet tests will be conducted under Task 6.3 to determine the 
suitability of these container materials. 
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X. SUBTASK 6,.2--AMERICIUM AND CURIUM RADIOISOTOPE 
PEIPARATION P K D C E S S E S ^ 

A. AMERICIUM PURIFICATION AND CONVERSION 

A modified process for the purification of gram quantities of 
americium by means of ion exchange resins is being developed by The 
Martin Company based on a procedure used by the University of California. 
Americium chloride dissolved in 6N hydrochloric acid as received from 
Rocky Flats Laboratory will be processed to reduce the plutonium content 
to less than 0.01%>, An apparatus for purifying anaericium has been ordered 
from Dublin Industries. This equipment has been designed to handle, 
with a minimum of hand operations, gram quantities of any transuranic 
element having low energy gamma rays (see Fig, 99). 

After purification, the americium is converted to the oxalate, and 
dried. The oxalate is then decomposed to americium oxide by heating 
in a furnace. This material is to be used in conjunction with americium 
fuel slug fabrication. 

B, AMERICIUM SLUG FABRICATION 

In preparation for fabricating fuel slugs for irradiation of americium, 
the oxide is blended with pure aluminum powder for compacting into 
pellets. A dry box and die assembly was procured during the latter 
part of September, and work was started on the assembly and checkout 
of the equipment and process variables. The dry box was designed to 
hold a die assembly (see Fig, 100) and fit a modified 50-ton, Denison 
automatic powder p ress . Model NA-50-C95. It is planned that, with this 
equipment, a dispersion of americium oxide and aluminum powders will 
be compacted into pellets approximately 7/8 of an inch in diameter by 
1 inch long. The green compacts will then be loaded into an aluminum 
tube 5 inches in length and 1 inch in diameter. The pellets will then 
be coined and the tube sealed by the heliarc weld process . Figure 101 
shows a finished dummy slug and its components. Approximately 14 of 
these slugs will be required around the middle of 1960 for the first 
irradiation cycle. 

Studies of the powder metallurgy character is t ics of the 4 wt % 
ra re earth oxide (R,EJ and aluminuna (Al) mixture were initiated to 
determine the effect of particle size, type lubricant, compacting motion 
and pressure on the density of green compacts. However, early in this 
investigation, after fabrication of a few pellets, galling of the punches 
became very pronounced. After investigating the causes of the galling. 
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Fig, 99. Compacting P r e s s Dry Box 
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Fig. 100. Americium Fuel Compacting Feed Mechanism and Die 
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replacement of the brass tips with hardened tool steel die tips eliminated 
all wear on the dies and tips. With the new hardened dies, a number of 
pellets were fabricated and their densities measured in order to determine 
the effects of the powder metallurgy variables (see Table 18). From the 
results of these measurements and observations made during this study, 
the following information was obtained: 

(1) Pellet densities were proportional to the compacting pressure; 
the higher the pressure , the higher the density. This can be 
seen in Fig. 102. 

(2) A study of different type lubricants indicated no specific 
advantage of any one over the others. Graphite, Molykote, 
stearic acid and graphite-Molykote lubricants blended into the 
powders were tried. 

(3) Density varied irregularly with particle size. The highest 
densities were obtained from 100% -325 mesh powders 
(see Fig. 103). 

(4) Compacts made using double-action motion had slightly higher 
densities than those made by single action. In addition, due 
to more uniform density gradients, the double-action compacts 
had better handling character is t ics . 

(5) There appeared to be no major problems in compacting the 
aluminum-4 wt% ra r e earth oxide powders. 

(6) Some redesign of the die assembly is required. Areas to be 
considered for redesign are as follows: 

(a) Materials of construction for the powder reservoi r 
since the present b rass hopper galled severely after 
fabricating only a few pellets. 

(b) Materials of construction and design of punches to 
permit higher loads without distortion of the bottom 
punch. 

(c) Interchangeable parts for com,pacting and coining in the 
same dry box assembly to reduce the processing and 
handling t ime. 

(d) Improved tolerances on die punches and body with regard 
to dismantling in the dry box. 



TABLE 18 

Al + 4.2% Bare Earth Oxide--Green Compact Data 

Compacting 
P re s su re 

(tsi)* 

3.3 

3.3 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

8.3 

8.3 

3.3 

3.3 

5.0 

5,0 

5.0 

5.0 

5.0 

5.0 

8.3 

8.3 

9.96 

9.96 

9,96 

9.96 

14.94 

Par t ic le* 
Size 

A 

A 

A 

A 

B 

C 

D 

E 

A 

A 

A 

A 

A 

A 

B 

C 

D 

E 

A 

A 

B 

C 

D 

E 

C 

Compacting 
Action 

Single 

Single 

Single 

Single 

Single 

Single 

Single 

Single 

Single 

Single 

Double 

Double 

Double 

Double 

Double 

Double 

Double 

Double 

Double 

Double 

Double 

Double 

Double 

Double 

Double 

Lubricant 
Used** 

S 

G + M 

M 

G + M 

M 

S 

G 

G + M 

S 

G + M 

S 

G + M 

M 

G + M 

M 

S 

G 

G + M 

G 

G + M 

M 

S 

G 

G + M 

S 

Average 
Density 
(gm/cc) 

2 .U 

2.11 

2.155 

2.16 

2.16 

2,13 

2.10 

2.14 

2.32 

2,36 

2.13 

2.125 

2.205 

2.215 

2.18 

2.13 

2.15 

2.17 

2.36 

2.36 

2.405 

2.42 

2.415 

2.42 

2.525 

Average 
Height 

Unches) 

0.82 

0.77 

0.79 

0.74 

0.75 

0.79 

0.75 

0.75 

0.68 

0.77 

0.83 

0.75 

0.77 

0.72 

0,74 

0.75 

0.72 

0.71 

0.70 

0.69 

0.63 

0.65 

0.62 

0.59 

0.62 

Actual To 
Theoretical 

Density Ratio 

0.756 

0.756 

0.770 

0.775 

0.775 

0.763 

0.750 

0.766 

0.830 

0.847 

0.763 

0.763 

0.790 

0.795 

0.782 

0.763 

0.770 

0.780 

0.847 

0.847 

0.865 

0.869 

0.869 

0.869 

0.905 

*Al part ic le s ize key: 

A = 100% - 325 mesh 

B = 80% - 325 mesh + 20% - 200 + 325 mesh 

C = 50% - 325 mesh + 50% -200 + 325 mesh 

D = 20% - 325 mesh + 80% - 200 + 325 mesh 

E = 100% - 200 + 325 mesh 

**Lubricant key: 

G = Graphite, 0.5 wt % blended in powder 

S = Stearic acid, 0.5 wt % blended in powder 

M = Molykote (microsize, 0.5 wt % blended in powder 

G + M = 0.25% Graphite plus 0.25% Molykote blended in powders 
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C. PURIFICATION OF CURIUM 

One of the objectives of the task is to develop methods for separating 
kilocurie quantities of curium from the fission products and other im­
purities generated during the 84-day irradiation in the high intensity 
neutron flux. 

Investigations were conducted on solvent extraction systems to determine 
the feasibility of removing the curium in a concentrated form without ex­
tracting the fission products and impurities. Also under consideration 
is the use of ion exchange resins which preferentially absorb ions of 
americium-curium while elinxinating the fission products in the effluent. 

1. Solvent Extractions 

Preliminary solvent extraction procedures were tried using gadolin­
ium to simulate curium. The following solvents were tested: thenoyl 
trifluoroacetone (TTA) in xylene and in benzene; diethylhexylortho-
phosphoric acid (HDEHP) in heptane, in toluene and in CCl^; tri-n-butyl 

phosphate (TBP) in toluene and in CCl^; and acetylacetone and ethyl 
acetone. Although all have favorable decontamination ratios, the most 
promising for extracting gadolinium but not other ra re earths or fission 
products was HDEHP in toluene and in CCl . . Since toluene is a volatile 
flammable solvent, the nonflammable carbon tetrachloride system will 
be considered in future studies. It niust be emphasized that, although 
the lanthanide, gadolinium, is very similar chemically to the correspond­
ing actinide, curium, it is very possible that any procedures developed 
with gadolinium may not extract in precisely the same manner when 
curium is present. 

Experiments with radioactive t racers . Some radioactive ra re earth 
t racers , obtained from work done under the strontium purification pro­
gram, were used to conduct some ion exchange separations. These 
t racers when mixed with a gadolinium solution produced an activity of 
156,800 counts per minutes (c/m). 

Diethylhexylphosphoric acid extractions. An extraction of the aqueous 
phase with 1.5M diethylhexylphosphoric acid (HDEHP) in carbon 
tetrachloride (CCl.) resulted in an activity of only 3800 c/m in the 
solvent phase, whereas essentially all of the gadolinium was extracted. 
This method produced a fission product decontamination or separation 
factor of about 40 by a single solvent extraction. It should be noted that 
the solvent phase had extracted prinaarily only short-lived fission 
products. The longer-lived isotopes remain in the aqueous phase. 

Tributyl phosphate extractions. Concentrated tributyl phosphate was 
also tested on an aqueous solution containing gadoliniuna and fission 
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products of the same level of activity. The aqueous solution had a 
concentration of 0.5M nitr ic acid. After extract ion with tr ibutyl 
phosphate, the solvent phase contained only a smal l amount of fission 
product (2500 c /m) . 

Depending upon the fission products present in the i r r ad ia t ed 
a luminum-amer ic ium slugs , one or both of these^two sys tems may be 
suitable to decontaminate the cur ium. 

Thenoyl t r i f luoroacetone extract ion. Another sys tem under test was 
thenoyl t r i f luoroacetone (TTA) in benzene on an aqueous solution of f i s ­
sion products (pH4). According to work of Magnusson and Anderson, 
t r a c e amounts of cur ium can be extracted by the sys tem (Ref. 36). 
Although gadolinium is not extracted by this sys tem, there i s evidence 
that curium, even in large quanti t ies , would be separa ted if the sys tem 
were employed. 

2. Ion Exchange Systems 

Pre l iminary investigations with ion exchange res in separa t ions 
were conducted during this per iod. Dowex A-1 r e s in with an iminodi-
acetate active group has very high adsorpt ive p roper t i e s for cat ions . 
A mixture of gadolinium and a radioact ive isotope was placed on the 
column. After washing of the res in , the absorbed radioisotope was eluted 
with a 10% c i t r ic acid solution; however, the r a t e of elution was slow. 
The lowering of the c i t r ic acid concentrat ion to 0.2% appreciably inc reased 
the amount of isotope eluted. No gadolinium was found in the eluted solution. 

Similar investigations will be requi red to select the optimum elu-
t r ient solution conditions for amer ic ium and cur ium. 

All work conducted during this per iod is considered exploratory in 
nature . Amer ic ium and cur ium must be used for confirmation of the ion 
exchange separat ion p rocedures . The exper iments with smal l amounts 
of curium can be conducted in a shield cave of the type shown in Fig . 104. 
F o r kilocurie quanti t ies, al l exper iments will have to be conducted in 
The Martin Nuclear Labora tor ies (Ref. 13). 

D. ALUMINUM VOLATILIZATION PROCESS 

After the amer ic ium-a luminum slugs descr ibed in the previous 
section a r e i r r ad ia t ed in the Mater ia l s Test Reactor (or s imi l a r 

14 2 
facility) for a period of 90 days at a flux of 4 x 10 n / c m / s e c , 
the slugs a r e removed from the r eac to r and allowed to cool for about 
one month before handling. The cool-down period is required to pe rmi t 
decay of the shor t - l ived fission product and to allow the radiation dose 
to drop to a workable level. 
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Fig. 104. Shielded Dry Box For Ion Exchange Purifications 
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The converted fuel, Curium-242, must first be isolated from the 
aluminum before any removal of plutonium and other radioisotopes 
can be accomplished. 

A process has been developed to volatilize the aluminum from the 
radioisotopes by passing dry chlorine gas diluted with argon over the 
aluminum slug. By maintaining the temperature in the furnace slightly 
below the temperature of the melting point of aluminum and controlling 
the flow rates of argon and chlorine, the aluminum is sublimed within 
a few hours, leaving only curium, plutonium, americium and non­
volatile fission products. 

During this period, the fabrication of components for an experi­
mental volatilization apparatus was completed, the system assembled 
and tested. Experimental runs were made on nonradioactive 
mater ia ls in an effort to determine problem areas concerning the 
reaction of aluminum with chlorine and the subsequent distillation of 
the aluminum chloride formed. The purpose of this investigation was 
the development of a process for the efficient separation of aluminum 
from the products yielded by the irradiation of americium oxide. 

The principle components of the apparatus for the formation 
and sublimation of A1C1„ consisted of a gas inlet train, reaction 

vessel , condenser and gas absorption train. Figure 105 is a 
schematic of the system, and Figs. 106 and 107 show external and 
internal views of the equipment, respectively. 

The operation of the system consists essentially of the following 
steps: 

(1) Purge the system with an inert gas (argon). 

(2) Preheat the sample to 600° C (1112° F). 

(3) Pass a metered quantity of chlorine at a controlled rate 
over the sample using argon as a diluent. 

(4) Monitor the reaction and control the rate of reaction through 
control of the furnace temperature and chlorine flow. 

(5) Purge and cool the system with an inert gas. 

(6) Discharge the reaction boat and condenser products. 

A total of eleven experimental runs (the most significant a re 
listed in Table 19) were made in the apparatus. Several problems 
were encountered. The first and probably most serious problem was 
with secondary reactions of chlorine or aqueous impurit ies with the 
s t ructural mater ial (stainless steel). Modifications to the furnace 
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Fig. 107. Internal View of Aluminum Distillation Equipment 



TABLE 19 
Aluminum Chloride Vaporization 

Length 
of Run 

(hr) 

0.75 

0.5 

0.5 

1.0 

2.1 

4.1 

Maximum Slug Chlorine Flow Argon Flow 
Temperature Rate Rate 

CF) (cfh) (cfh) 

1460 

1200 

1155 

1193 

1152 

1152 

10 

10 to 5 

7.5 

7.5 

7.5 

5 to 10 

7.5 to 25 5 to 20 

Aluminum 4-
Reactor Rate 

(gm/hr) 

2.42 

3.35 

2.68 

2.47 

1.99 

2.82 

Remarks 

Slug mel ted-- Exit 
tube plugged 

Controlled reactor 
temperature 
maintained 

Nos. 2 and 3 the r ­
mocouple out of 
order 

Nos. 2 and 3 ther­
mocouple out of 
order 

Heavy black oxide 
coating on slug 

All chlorine r e ­
acted 

KEY: 

cfh = cubic feet per hour 
gm/hr = grams per hour 
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a re underway to install a Vycor tube with tantalum fittings for the 
res t of the system in the heat-affected zone. Another difficulty en­
countered was the leakage of high temperature silicone rubber gaskets 
resulting from their thermal deterioration. This was remedied by 
incorporating metal O-ring seals into the system. 

Another crit ical factor in the distillation of aluminum was found 
during an attenapt to obtain a controllable rate of reaction of the 
aluminum with the chlorine. An aluminum sample melted down due 
to a sudden temperature excursion at the initiation of reaction and 
all means to control, short of cutting off the chlorine supply, failed. 
Conversion of the chlorine flowmeter to an expanded low range scale 
(0 to 10 cubic feet per hour (cfh), instead of 0 to 30 cfh) and the 
modification of the recorder to reduce the response time for tempera­
ture sensing frona two minutes to thirty seconds should aid greatly 
in solving this problem. Also, as a result of the aluminum, melt down, 
it was found that a cold spot had developed on the exit end of the reaction 
vessel and caused plugging of the condenser inlet tube. This condensation 
was due to the controlling thermocouple being located near the center 
of the exothermic reaction. The relocation of the controlling thermo­
couple near the exit end of the reaction tube eliminated the cold spot. 

During the volatilization of the aluminum pellets heavy black film, 
coated the surface, which inhibited the formation of aluminum chloride 
(A1C1_). Figures 108 and 109 shows the specimen imnaediately after 

i ts removal from the reaction chamber. The coating is very uniform, 
abrasive resistant and chenaically inert and in many ways resenables 
oxide coatings obtained from the Martin "Hard Coat" process . The 
film composition and the source of contamination are not known at 
this time but will be the subject of analysis to deternaine how they can 
be avoided. 
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XL SUBTASK So3--FUEL FORM 

No appreciable effort has been spent on the development of specific 
fuel forms under this task to date. Experimental investigations, 
analysis and evaluations will be conducted for curium and plutoniun 
fuels during the next period, provided a license to handle these 
materials can be obtained. However, calculations and analysis on a 
curium-fueled thermoelectric generator of 100 watts electric output 
were perfornaed. 

One of the first requirements of this subtask was to supply suffi­
cient data on fuel fornas for the conceptual design of this thermo­
electric generator for Task 5,7„ 

Preliminary evaluations of the fuel and naatrix material for this 
generator indicated that the curiuna metal with a nickel matrix is 
compatible. The size of the heat source at the time of encapsulation 
was calculated to be approximately 7450 thernaal watts, 62 grams of 
curium inetal and 205 kilocuries. The thermal analysis of this fuel 
with nickel matrix permitted a 20/1 dilution ratio of nickel to curium 
without exceeding the melting point of the fuel pellets. Encapsulation 
of these pellets with suitable container naaterials is being evaluated 
further. Specificallyj one of the major drawbacks of the nickel matrix 
material is its low thermal conductivity (see Table 17). Where 
radiation is the sole m.ethod of heat transfer, the nickel surface must 
be treated or coated with a material which will increase the emissiv-
ity to a value as close to 1,0 as possible. 

The following equations were used to establish the fuel require­
ments of the 100-watt (electrical) generator (Task 5.7): 

P e 

initial thermal input, watts 

initial electrical output, watts 

overall thermoelectric efficiency of generator. 

P o 
^ C m 

where 

P = o 

u 

M 



where 

Cm 

M Cm 

Cm 

specific power in thernaal watts pe r g r am 

g rams of cur ium 

volume of cur ium m.etal. 

For calculating the e lec t r ica l power output at var ious instants 
for a par t icu lar t he rma l input power, the following equation applies: 

P. = f| P e 
1 u o 

-Xt 

where 

Ti = the rmoe lec t r i ca l conversion efficiency of genera tor , 

% x 10 ' ^ 

-3 -1 

X = decay constant of cur ium = 4,25 x 10 days 

t - t ime in days 

P. = e lec t r ica l power output at any instant . 
F rom these equations, the following power requi rements a r e 

calculated for the 100-watt genera tor with curiuna fuel. 

Out of r eac to r 

Encapsulation 

Start of miss ion 
"^•nr^ r%f rr\i G^i r^r> 

Decay Time 
(days) 

0 

40 

60 

252 

Thernaal Power 
(watts) 

8850 

7460 

5800 

2670 

The fuel requi rement out of the reac tor in the form of curium, 
assuming a 100% recovery , is 74 g rams of Curium~242. For conversion 
of the americiuna to curium, approximately 172 granas of Amer ic ium-
241 m.ust be i r r ad ia ted in the reac tor , assuming a 43% curiuna conversion. 
The cur ium when purified to eliminate all of the fission products and 
one-half of the Plutonium.-23B was calculated to give an apparent 
density of the fuel and fuel m.atrix of 9.37 g m / c c at room t e m p e r a ­
t u r e . To achieve the exact density, this apparent density must be co r ­
rec ted for the operating t empera tu re of the capsule . 
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XII. SUBTASK 6. 4—HAZARDS ANALYSIS AND SHIELDING 

An investigation of the hazards of encapsulated fuel was initiated. 
Information on helium p r e s s u r e buildup, capsule t empera tu re and naaxi-
mum allowable p r e s s u r e for various containment ma te r i a l s is being com­
piled for evaluation of the hazards associated with each phase of the fuel 
h is tory . This data can then be condensed into graphs and nomographs 
for future evaluations of the fuel forms without duplication of effort. 
Both nomographs and graphs will also be evaluated for applicability 
to the SNAP-type power uni ts . 

An example of the type of data which can be analyzed is shown by 
the equation used to represen t the internal p r e s s u r e buildup from 
helium generation within the fuel capsu les , 

M „ N R 1 - e"^* (T - T ) e" "̂̂  + T He o ' o a a P ^^^ 

where 

P = p r e s s u r e , a tmosphere 

Mjj = mass of a single helium atona = 6.645 x 10 g rams 

N = number of original radioisotope atoms in the source 

\ = decay constant of the radioisotope, sec 

t = t ime, sec 

T = ambient t empera tu re , °K 

T = initial t empera tu re of capsule, °K 

R = constant = 0.08207 l i t e r - - a t m o s p h e r e / mole/°K 

V = volume of container, l i t e r 

M = molecular weight of gas generated 

NOTE: For a specific radioisotope, the in ternal p r e s s u r e is a function 
of five var iab les : 

P = f (N^, t, T^, T^, V). 



1. Physical P rope r t i e s of Curium 

Metallic Curium-242 is a s i lvery white metal s imi la r in mal le ­
ability to Polonium-210. It has been determined that it has a density 

+50° of 13.5 g m / c c and a melting point of 950° C „p.o. Up to this t ime, 

the density of curium had been repor ted to be about 7 gm/cc , and the 
melting point was not known. 

2. Radiobiological P rope r t i e s 

Curium-242 p resen t s an internal hazard p r imar i ly . It i s deposited 
in bone mater ia l , probably in the blood channels. With soluble com­
pounds of the isotope, the cr i t ica l organs a r e the lower large intest ines 
and l iver . In the insoluble forms, the cr i t ica l organs a r e the lungs 
and the lower la rge intest ines (Refs. 23 and 27). 

3. Shielding 

The shielding requ i rements for i r rad ia ted anaericium-aluminum 
14 slugs which have been exposed to a flux of 4 x 10 neut rons / sq cm/ 

sec for a period of approximately 90 days a r e being determined to 
establish the design c r i t e r i a for the shipping casks . The amer ic ium 
after i r radia t ion converts to the constituents shown in Table 20, 

TABLE 20 

Americ ium Constituents* 

Type of Radiation 

42% Curium-242 a, 7 

29% Americ ium-241 (unconverted) «', T, SF 

9.2% Plutonium-242 Q", - - , SF 

8.0% Plutonium-238 «', T, SF 

1.7% Plutonium-240 a , T 

1.5% Plutonium-239 « , T , SF 

0.7% Curium-243 a , 7 

0.55% Americ ium-242 (100 year half-life) ^^, 13 , T , K 
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TABLE 20 (continued) 

Type of Radiation 

0,24% Cerium-244 a, y 

Oa7% Amer ic ium-243 o-^-y 

0,01% Plutonium-241 «-, iS 

6.9% Fiss ion products (unidentified) 

KEY: SF = Spontaneous F i ss ion 
a~ Alpha 
fi= Beta 
7 = Gamma 
K- Capture 

*Refo 27 

The shielding of the aluminum slugs must be designed to naeet the 
government shipping requirements„ The radiation from gammas , betas , 
alphas and neutrons emit ted or formed in the ma te r i a l and the cask 
must be fully evaluatedo Sonae spontaneous fission a l so r e su l t s which 
may appreciably inc rease the heat generat ion. Since the aluminuna 
slug mel t s at about 1220° F (660° C), provisions must be made in the 
cask to dissipate the in ternal heat and naaintain the capsules well 
below this tem.perature„ 

Fo r the i r rad ia ted 3,4 g r a m s of amer ic ium in the aluminum slug, 
the radiation level 30 days after removal from the r e a c t o r should be 
of the order of 160 to 180 roen tgen /hr at 4 feet from the source in 
a i r . The individual slugs will have to be shielded for a gamnaa 

8 
radiation and a neutron radiat ion of about 1.8 x 10 neutrons per second 
for the protection of personnelo P re l imina ry calculations on 28 slugs 
indicate about 10 to 12 inches of lead is required plus a 12- to 14-inch 
neutron shield. Special means of cooling, designed to prevent any 
t empera tu re excursion, a r e requi red to prevent exceeding the melting 
point of the lead or the fuel mat r ix . 
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XIIIo SUBTASK 6.5--RADIATION DAMAGE TESTING 

This subtask includes the following: 

A, Sample Prepara t ion 

B, I r radia t ion Testing 

C, Evaluation 

No effort was scheduled during this report ing per iod. 
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APPENDIX A 

HELIUM PRESSURE CALCULATIONS 

T3 m R T 

where 

P = p r e s s u r e , a tmospheres 

m = naass of helium gas generated, g r a m s 

V = volume of gas , l i t e r s 

T = t empera tu re , °K 

M = molecular weight of gas generated (He = 4.003) 

R = un iversa l gas constant, 0.08207 ^ i ^ H l ^ B ^ ^ ! l S £ ? , ( i ) 

m = m j j ^ N ^ d - e " ^ ' ^ ) 

where 

-24 m „ = naass of He atom = 6.6456 x 10 gna 

N = Number of original atoms of fuel 

X = fuel decay constant = 2.54 x 10 sec 

t = t ime, seconds 

T = (T^ - T ^ ) e " ^ ^ + T ^ C2) 

where 

T = init ial t empera tu re , °K = 866,3° K 

T ^ = ambient t empera tu re , °K = 200° K. (3) 

Substituting Eqs . (2) and (3) into Eq. <1), 
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Rm„^N^ (l-e"^*)(T^-T.)e">^* + T . 
He o o A A t^x 

?M ^̂ ^ 

Taking the derivative of P with respect to t and setting it equal to zero, 
we obtain 

Substituting known values and solving for t, we obtain 

t = 383 years (time of maximum pressure). 

Also, the amount of fuel required is 54.4 grams of Pu-238. 

Therefore, 

N = grams of fuel x Avogadros number 
o molecular weight * 

^ ^ x 6.02 X 10^^ = 1.376 x 10^^ atoms. 

Substituting the above values of t and N in Eq. (4) and solving for P 
in terms of V, we obtain ° 

„ _ 0.08207 X 6.6456 X 10"^^ X 1.376 x 10^^ L (2.2 xlO"^) 

F - —Tmrv : [̂ "̂  

p 

where 

V 

P 

s 

s 

s 

4.18 
• V 

l i ters 

atmospheres. 
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APPENDIX B 

THERMAL ANALYSIS 

1-WATT ELECTRIC GENERATOR SYSTEM FOR SPACE APPLICATION 

A. DESIGN REQUIREMENTS 

The sys tem is to consist of a Plutonium-238 fueled e lec t r ic power 
genera to r and a DC-to-DC conver te r . The requi red output of the 
power supply is 1 watt at 15 vol ts . The genera tor must have an out­
put of 1,5 watts at 1.5 vol ts . 

The equivalent c i rcui t i s shown by the following sketch: 

1 vv 
R. 

" 1 Re 

® 

® 

B. THERMOELECTRIC ELEMENTS 

The thermoelec t r i c e lements considered a r e the cast lead te l lur ide 
type manufactured by Minnesota Mining and Manufacturing Company. 
The P elements a r e doped with 1.0% sodium and the N elenaents a r e doped 
with 0.03% lead iodide. The cha rac t e r i s t i c s of these e lements operating 
at t empera tu re s between 538° C (1000° F) and 149° C (300° F) a r e l isted 
below (integrated average values) . 

1. E lec t r i ca l Resistivity 

p = 3.08 X 10~ ohm-cm 

-3 
p = 3.71 X 10 ohna-cm 

P 
2. The rma l Conductivity 

K = 1,63 X 10"^ watts/cm*C n 
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K 1.94 X 10 watts/cm °C 

3, Seebeck Coefficient 

/gp/"*" / ^ / ^ 0.0937 + 0.0950 
• A T 

= 4.85 X I0~^volts/°C 

38r 

C. DETERMINATION OF ELEMENT SIZES 

An algebraic summation of the voltages in the primary part of the 
equivalent circuit gives the equation 

E = E. + Eg = I(R. + Rg) 

E is the total emf of the thermoelectric elements, or Ne AT, 

where 

N = 

€ = 

AT = 

I 

E 

R. 

number of couples used 

Seebeck coefficient of each couple 

Hot junction minus cold junction temperatures 

Ts~- current in primary circuit 

e 

voltage drop across the elements 

voltage drop across load 

internal resistance of the elements 
13 ™ 
A9t — 

e 
Therefore, 

N C A T = 

= 

.I.UCIU I x i i p e U c i a c e 
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For naaximum genera tor efficiency. 

R e 
1 + 

T. + T ' h c 

i^T^P ^/^sT^ 
1/2 

1.27. 

NOTE: This relat ionship was derived from an expression for Carnot 
efficiency. 

An express ion relat ing leng th- to -a rea rat io of e lements and genera tor 
output requi rements can be derived as follows: 

R./couple = —T-Pi , %^ 

A 

p n 

length of the elemients 

c ros s - sec t i ona l a r ea of elenaents. 

Fo r prac t ica l purposes , let i = i and A = A ; then, R./couple 

( P -J- Pj i /A = 6,79 X 10"^ ( ^ ) 

R. 

6.79 X 10"^ i-^) N 

„ R 
6.79 X 10""^ ( ^ ) (9.47 E^) = ^ ^ 

E e ' 

W = output power of genera tor 
E 

i 

i 
A 

D 

12.24 ~W" 

1/0.786D 

dianaeter of e lements . 
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Figure 70 is a plot of i /A versus E at various values of W and i/A 
versus i at various values of D. From this graph, element sizes can 
readily be found from desired generator output. For the specific generator 
under consideration, 1/4 inch diameter by 1-1/2 inch long elements were 
selected. An output of 1.5 volts requires 9.45 (1.5) or 15 couples. 

D. ELEMENT ARRANGEMENT 

The selection of an arrangement for the thermoelectric elements was 
based on the following limitations: 

(1) Size and position of the heat dissipator (radiator) 
as dictated by the space satellite application of the generator 
system.. 

(2) Configuration of the packaged heat source as dictated by r e ­
quired radiation shielding, re-entry requirements and avail­
able form of radioisotope. 

(3) Manufacture of detailed parts . 

(4) Field assembly of the generator. 

(5) Thermal efficiency, 

(6) Weight, 

One of the design requirements of this system is that the radiator 
be an integral part of the satellite skin. The design concept shown in 
Fig. B-1 satisfies this requirenaent. 

Practical element patterns are 2 rows at 15 elements each, 3 rows 
of 10 elenaents each and 5 rows of 6 elements each. Two rows of 15 
elements each were selected as the pattern which would provide for the 
most efficient radiator area. 

E, HEAT FLOW CALCULATIONS 

A calculation of the heat losses from the selected configuration of 
the generator as shown in Fig. B-1 will give the size of heat source 
required. This calculation will also give the thermal efficiency of the 
generator. To simplify the calculations, it is assumed that there are 
no edge effects (parallel heat flow). Further assumptions are: 



?»——— 

/ 
/ 

/ 

^^_^ 397° K \ 

\ \X ^ 
\ \ \ \ 

--..^400° K \ 3 9 9 ° K \398° K \ \ 
/ ^ \ N \ \ 
' / . ..^400° K \ 3 9 9 ° K \398° K \ \ 

0 O 0 ; 0 O p O O O Q O 0 ) 0 O ^ I 
^ o o\o 0 0 0 9 0 9 0 O/O o § [7 

396° K 
B 

Top View of Radiator 
(half scale) 

Avg t emp of rad ia tor = 398° K 

ICold junc 

surface S 

Cold junction T = 422° K 

AAAA fiberglas 

Section A-A 

Mm K 1302 

Hot junction T, = 811° K 

Surface S^, Tj^ = 850° K 

Surface S^, T^ = 836° K 

Surface S^, T^ = 307° K 

Satel l i te s t ruc tu re t emp , Tg = 300° K 

Section B-B 

Fig . B - 1 . 1.5 Watt Genera tor 
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(1) Internal sa te l l i te t empera ture = 300° K (27° C). 

(2) Satellite in ternal s t ruc tu re radiated to by the surface of the 
genera tor i s 2-1/2 t imes the generator surface . 

(3) The hot junction t empera tu re = 811° K (538° C). 

(4) Tempera tu re drop ac ros s heat source envelope = 39° C, 

(5) Cold junction t empera tu re = 422° K (149° C). 

The genera tor was divided into segments for heat flow consideration. 

1. Flow Through Elements 

The heat flow through the 30 thermoelec t r ic elements due toA T 
(assuming no side losses ) is 

N(k -s-k ) 

^A - -^TK^^-^ 1̂> 

= ^iSh^^JLJ^ (389) 

17.36 wat ts . 

2. Flow Through Min-K Insulation 

The heat flow through the Min-K insulation surrounding the 30 
the rmoe lec t r i c elenaents i s 

(2) ^B 

A 

i 

h c 

^B 

= 

= 

= 

= 

= 

= 

= 

^(Min-K) ^ "̂̂ h " "^c^ 
i 

2414) - „'?nin_7ftRMn_3i5 

81.15 cm^ 

3.81 cm 

389° K 

3.3 X 10"^(81.15)(389) 
3.81 

2.734 wat ts . 
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3. Flow Through Structure 

The s t ruc tu re that holds the heat source in place is a c rad le with four 
legs which a r e attached to the under side of the rad ia tor (see Fig. B-1) . 
These legs a r e s ta in less s teel 1.27 cm wide and 0.076 cm thick. 

(3) 
^C 

k 

A 

I 

^ 4 

^C 

= 

= 

= 

= 

- T ^5 

= 

kA(T4-T^) 

0.265 wat t s /cm-°C 

(0,0965)(4) = 0,386 

5 cm 

= 810 - 410 = 400°! 

8.19 wat ts . 

4. Flow Through Section A. 

The heat flow through the section under the heat source (see Fig, B-1) 
is by radiation from S. (bottom surface of heat source) to S„ (bottom 

surface of heat source support), by conduction through the AAAA in­
sulation to S„ (bottom of outer skin of genera tor ) and by radiat ion from 

So to the sate l l i te s t r u c t u r e . 

Radiation from S, to Sg 

a = 5,67 X 10"-^^ wa t t s / cm^ - °K^ 

^ 1 " 2 7r r^ (1 |^ ) i = 2 TT ( 0 . 8 ) ( ^ ( 2 2 , 8 6 ) 

= 45,4 cm 

Ag = 45.4 ( ^ = 56,8 cm^ 

e = 0.8 (Hastelloy) 
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€„ = 0.03 (gold surface) 

-12 4 4 
qj^ = 9,51 X 10 ^^(T^^ -Tp. 

Conduction from Sg to S„ 

_^ A d T 
*D ^ (AAAA) "̂  a~F 

2 , r ( l | § ) i = 2 . ( l § ) ( 2 3 ) r 

56.97 r cm 

% = -^(AAAA) ^^-^^ HF 

in-f^ ^^2-V 

K = 1.44 X 10 ^ wat t s /cm-°C 

i n Tg/rg = i n - j - = 1.33 

qj^ = 52,6 X 10 '^ CTg-Tg) 

Radiation from S„ to S , S surface of satel l i te s 3 s* s 

oAg 4 4 

"̂ D " 1/ e g + A g / A g d / S g - 1) ^'^3 " '^s 

A3 = 2 . r 3 ( ^ ) i = 2H3,8) (1§) (23) 

216 cm^ 

Ag = 2 1/2 A3 = 541 

€0 = 0.6 (s ta inless s teel) 



£ = 0.2 (aluminum) 

q^ = 3.74 X 10"^° (T3 - T^) 

Equations (4), (5) and (6) can be solved simultaneously for q_ 

^D 

^2 

^ 3 

__ 

= 

= 

0.3 watt 

836° K 

307° K 

5. Flow Through Section B, (Fig, B-1) 

^ E 

K 

A 

i 

T^-T 

^ E 

= 

= 

= 

= 

8^ 

= 

(T„-Tj.) 
K A ^ ^ 

i 

1.44 X 10"^ wa t t s / cm - °C 

2(24)(6.6) = 316.8 cm^ 

3,5 cm 

600 - 352 = 248° C 

0.323 watts 

6, Flow Through Section A^ (Fig. B-1) 

Conduction through insulation 

V 
A 

K 

V 

^1 

= 

= 

= 

= 

= 

- A § 
4,rr2 ( ^ ) = 6,01 r^ cm^ 

1,44 X 10~^ wa t t s / cm - °C 

8 . 6 5 X 1 0 " ^ .^ „ V 
l / r ^ - l / r g ^ ^ l ^3^ 

0.8 cm; r„ = 4.3 cm 
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Tj = 850° K 

qjj, = 0.0496 - 5.85 x lO"^ Tg 

Radiation from So to satel l i te s t ruc ture S . 3 s 

V 

^ 2 

As 

T s 

qp. 

V 

= 

= 

= 

= 

= 

= 

a A 2 

l / . 3 + A 2 / A g ( l / . 3 - 1 ) 

. 2 , 1 7 2 , , / , 2 

2.5 Ag 

300° K 

-10 4 4 
1,93 X 10 ^" (Tg^ - 300 ) 

1.93 X 10"-^° Tg^ - 1.56 

(Tg^ - T^) (9) 

Equations (8) and (9) can be solved simultaneously for q „ and T„ to give: 

q „ = 0.038 watts 

Tg = 302° K 

7. Flow Through Section B^ (Fig. B-1) 

Conduction through insulation. 

qQ = - K A § (10) 

K = 1.44 X 10"^ wa t t s / cm-° C 

A = 2ff r i 

G dr ^n r g / r ^ 1 3 ' 

i = 5 cm 

i n r g / r . = i n 7/1.5 = 1,55 



B - I I 

T = 850° K 
1 

q^ = 0.248 - 2.92 x lO"^ Tg 

Radiation from So to S„ 
0 s 

^Ag 4 4 

^G ' l / s g + A g / A g d / ^ g - 1) ^"^3 • "̂ S ^ (11) 

a 

A3 

\ 

Ts 

^3 

€ „ 

" 

= 

= 

= 

~ 

s 

s 

5.67 X 10 " wat1 

2 ^ r g i = 2,r7 (5) 

220 cm^ 

2.5 A3 

300° K 

0.6 

0.2 

q^ = 3.815 X 10"^° Tg^ - 3.086 

Solve equations (10) and (11) simultaneously for q^ and Tg to obtain 

q^ = 0.167 watt 

Tg = 304° K 

8. Summary of Heat Losses 

Through elements (q») 17.36 watts 

Through Min K (q^) 2,73 

Through s t ruc tu re (q ) 8.19 

Other losses (q.^ + q^ •«• q p + qQ) 0.83 

Total losses 29.11 
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9. Calculation of Efficiencies 

Overal l genera tor efficiency = OQ i i + 1 5 ~ ^'^% 

Overall sys tem efficiency = oq 11 '-/ 1 "S ~ ^•^'^° 

Thermal efficiency = 29*11 +1^5 " ^^''^'^° 
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APPENDIX C 

THERMOELECTRIC GENERATOR OPTIMIZATION CODE 

This appendix desc r ibes the computer p rogram used in the analysis of 
the radiat ive boundary spher ica l genera to rs in Subtask 5.7. The main 
purpose of this design p r o g r a m is to outline the general range of p a r a ­
m e t e r s for any given design r equ i r emen t s . Since it i s based on a spher ica l 
genera tor shape, the applicability of the calculated values to the actual 
design values will depend on how closely the design approaches a sphere . 

A. PROCEDURE 

The code i s basical ly a repet i t ive 33-step operation, based on 21 
equations and including one t r i a l and e r r o r determinat ion. Calculating 
by hand, each s e r i e s of 33 s teps takes about two hours . Using the 
p rogram, approximately four minutes of naachine t ime is requi red for 
a s e r i e s of 56 calculat ions. The t ime pe r calculation d e c r e a s e s with 
increas ing number of calculat ions. 

The genera tor configuration used in the p rog ram cons is t s of th ree 
concentric sphe re s . The smal les t i s the heat source , which rad ia tes 
i t s heat to the second sphere , the hot junction. Between the outer sphere 
(cold junction) and hot junction a r e unifornaly distr ibuted thernaoelectr ic 
elements surrounded by insulation. Tempera tu re dis tr ibut ions a r e assunaed 
to be uniform. 

The s e r i e s of 33 s teps p roceeds as follows: 

The f irst nine s teps a r e devoted to select ing the operat ing t e m ­
pe ra tu re s and the m a t e r i a l s with the i r pa r t i cu la r cha rac t e r i s t i c s . 

(1) Fue l m a t e r i a l - - T h i s specifies the power density and specific 
gravi ty. 

(2) Clad m a t e r i a l - - C h a r a c t e r i s t i c s needed he re a r e density, 
emiss ivi ty , and t e m p e r a t u r e . The the rma l cha rac t e r i s t i c s 
of the clad m a t e r i a l de te rmine the maximum tempera tu re of 
the inner sphe re . 

(3) Support m a t e r i a l - - T h e c r o s s - s e c t i o n a l a r e a and the density 
of the support naaterial a r e requi red to find the total weight. 
It i s assumed that the heat conducted through these supports 
i s n^ l i g ib l e . 

(4) Hot junction naater ia l - -Densi ty , emiss ivi ty , and shel l thick­
ness a r e n e c e s s a r y . 
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Thernaoelectric material--Density and hot junction tenaperature 
are determined by this selection. 

Cold junction material--Density, infrared emissivity, thick­
ness, and absorptivity for solar radiation are determined. 

Insulation material--Density and thermal conductivity are 
the properties of interest. 

Power output. 

Cold junction temperatur. 

The actual com.putation begins with step 10, The equations used are 
Uowing the calculation procedure. 

Z - composite figure of merit -eq. (1) 

m 
resistance ratio - eq. (2) 

t] -J - thermoelectric efficiency- eq. (3) 

q - reversible energy rate (i.e., heat transnaitted through the 
thermoelectrics due to the Peltier effect) eq. (4) 

A., - thermoelectric area - eq. (5) 

q,, - heat conducted through thermoelectrics, eq. (6) 

Select ,, -thermal efficiency ( 0.9) 

Ag--cold junction area--eq. (7) 

A„--hot junction area--eq. (8) 

q. --heat conducted through insulation--eq. (9) 

r | . , - - thermal efficiency --eq. (10) 

q -- thermal power requirement, eq. (11), (12) 

As a computation check, the results of the calculations by each Should 
be approxinaately equal (<3% difference). 



(22) A , - - s u r f a c e a rea of source cladding, eq. (13) 

(23) w - - s o u r c e weight--eq. (14) 

(24) w - -c lad weight, eq. (15) 

(25) w - - suppor t weight, eq. (16) 
P 

(26) w. --weight of inner shell (hot junction), eq. (17) 

(27) w,, --weight of the the rmoe lec t r i c s , eq. (8) 

(28) w,, x 0.25 - weight of e lec t r i ca l connectors 

(29) w. --weight of insulation, eq. (19) 

ms 

(30) w - - weight of outer shell (cold junction) eq. (20) 

(31) SjW.-- total weight eq. (21) 

(32) Return to s tep 9. 
(33) Repeat s e r i e s until sufficient data a r e obtained for a plot 

of cold junction t empera tu re s vs . weight for any t h e r m o ­
e lec t r ic length. 
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B. EQUATIONS USED IN PROGRAM 

e + e 
N P 

^^ ^ ̂ f̂ . 
where 

e = Seebeck coefficient (volts/°C) 

k = thermal conductivity of the thermoelec t r ic (watts/cm-°C) 

p = e lect r ica l res i s t iv i ty of the thermoelec t r ics (ohm-cm) 

subscr ip ts P and N refer to P - and N-type the rmoelec t r i c s , 
respect ively . 

T + T . 2 3\ 

m ^{^Zm 
where 

T = the hot junction t empera tu re 

To = the cold junction t empera tu re . 

m [^2 - ^3] 
' e l 

(1+x ) T „ 
m 2 

, <tl^' T - T 
2 3 

1 + x 
W 

' r e s X e T„ - To 
m 2 3 

wnere 

W = the output power of the generator 
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ther 

1 + 
^ 

^ N ^ P 

^ P ^ N 

e (To - To) m 
2 3 1 + x 

m 

" p ' 

{ N ^P 

^P ^N 

W (1 f X ) 
e m 

r e 

e = e + e 
P N 

i = the length of the the rmoe lec t r i c s 

W (1 + x ) 
e m 

r ^p' . 

11 kp PN 

' "N'I f. / ^ . . ^ 

e2 (T„ - T J - ^ - H l - i 
2 3 1 + x 

m 

4W 

^ 3 = 
' ' e l ' ' th 

* % r ' ' T 3 - < l a^) 1400 L + - ^ c o s e ) - 188.5 
i r 
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where 

€ . = the infrared emissivi ty of the cold junction surface 

2 4 
a = the Stefan-Boltzmann constant (wat ts /m -°K ) 

(1-cr ) = the absorptivity of the surface for so lar radiat ion 

Ij = the orbit orientation factor (equals 1 for polar orbit) 

a = the absorptivity for radiat ion from the earth 
E 

cos i = the cosine of the geocentr ic angle of the sa te l l i t e ' s orbit . 
All units a r e watts, m e t e r s and °K. 

,{V5-2[. .1.27]) (8) 

where 
i is in cent imeters i 1,27 r e f e r s to the distance required for mounting 

the t he rmoe lec t r i c s . 

Hns 
\.s '•^2 - T3' 4 # ^ ^ 

''•3V^ " f ^ 
M 

I2r^^ - V* 
ther 

V^2f ' ^\^. 

(9) 

where 

k. ~ the-ther naal conductivity of the insulation 

r and r = tne rad i i of cold and hot junction spheres , respect ively . 

'th 
1+ ^ins \ l 

W 

(10) 

^s 

• q •̂  q + q 
ins ther r e s 
W 

- e 
'I el "^th 

(11) 

(12) 
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""2% 

"^2 '•^l - •^2' FFN 
(13) 

where 

the surface emissivi ty and subscr ip t s 1 and 2 refer to the 
source cladding surface and hot junction, respect ively. 

W 

w 
^th \ l 

(14) 

where 

p = the source density (gm/cm ) 
s 

3 
P = the power density (wat ts /cm ) 

w 
VD, 

V^el "th 

I s <12> 

100 -)] clad 
(15) 

where 

D, the d iamete r of the source sphere 

q (12)= the the rma l power calculated in Eq (12) 
s 

100 = a void space to allow for helium accumulation. 

w = (D_ - D J A p 
sup 2 1 sup sup 

(16) 

where 

sup 

sup 

w i . s . 

the c ross - sec t iona l a rea of the source supports 

the density of the suppor ts , 

' ^ ^ ^ L s . ^ i . s . 
(17) 
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wnere 

where 

t = the thickness of the inner shell (hot junction) 
i . s . 

p. = the density of the shell . 
1. s» 

w^. = A^, i p^, (18) 
ther ther ther 

p., = the the rmoelec t r i c density, 
'^ther "̂  

= (^°2 -Ather) 

where 

where 

- i n s = ' ° 2 - V e r ' V ^ <"> 

p. = the insulation density. 

w = i^Dj^ t p (20) 
O . S . 6 0 » S . O . S . 

t = the outer shel l thickness 
O . S . 

p = the outer shel l density, 
o. s« 

Total weight = w + w + w + w . + 1 . 2 5 w , , + w. + w (21) 
s c sup 1. s . ther ms o. s . 

C. GENERATOR DESIGNS 

In addition to the computer effort, some attention has been devoted to an 
a.ctiitil gciicratcr configiiratiOii, Twu uirfcxexil approaches a r e envisioned: I'Jie 
f i r s t is to at tempt use of a s tandard heat dump mechanism such as a thermal 
shut te r . The second, which will eliminate heat control p rob lems , is to ove r -
design the genera tor with a dump of the excess e lec t r ica l power. Although this 
may seem to be somewhat l e s s efficient than the t h e r m a l dump design, re l iabi l i ty 
may be increased at the same overal l weight. In addition, the more uniform 
t empera tu re distribution on the hot junction may cause enough of an improve­
ment in efficiency to par t ia l ly offset the drop caused by the lower hot junction 
t e m p e r a t u r e . 

The following is the FORTRAN list ing of the "Space Power Source P r o g r a m . " 



SPACE POWER SOURCE PROGRAM 

C SOURCE DENSITY ff DENSO 
C POWER DENSITY # PDENS 
C CLAD DENSITY # DENCL 
C CLAD EMISSIVITY # EMISCL 
C CLAD TEMP ^ Tl 
C SUPPORT DENSITY ^ DENSU 
C AREA OF SUPPORT # ASUP 
C INNER SHELL DENSITY # DENIS 
C INNER SHELL THICKNESS # THIKIS 
C INNER SHELL EMISSIVITY # EMISIS 
C THERMOELECTRIC DENSITY ff DENTH 
C LENGTH OF THERMOELECTRIC # THL%In 
C TEMPERATURE OF INNER SHELL # T2 
C INSULATION DENSITY î  DENINS 
C INSULATION CONDUCTIVITY ^ CONINS 
C DENSITY OF OUTER SHELL # DENOS 
C ABSORPTIVITY OF OUTER SHELL ^ ABSOS 
C THICKNESS OF OUTER SHELL # THIKOS 
C INDEX FOR OUTPUT POWER ff ItMAXIMUM # IMAX 
C INDEX FOR T3 FOR EACH POWER # L,MAXIMUM # 
C TEMPERATURE OF OUTER SHELL # T3?6L»ln 
C ELECTRICAL RESISTIVITY OF P # DENP%L*In 
C ELECTRICAL RESISTIVITY OF N # DENN%L»In 
C THERMOELECTRIC POWER OF P # TPP%L»In 
C THERMOELECTRIC POWER OF N ^ TPN96Ls.In 
C CONDUCTIVITY OF P # CONP56L»in 
C CONDUCTIVITY OF N ^ CONN%L»In 
C EMISSIVITY OF OUTER SHELL # EIR%L«In 
C OUTPUT POWER M WE%In 
C COSINE OF GEOCENTRIC ANGLE # C 
C REFLECTIVITY OF EARTH # ALPHAE 
C COMPOSITE FIGURE OF MERIT # ZC 
C RESISTANCE RATIO î  XM 
C THERMOELECTRIC EFFICIENCY # ETATH 
C REVERSIBLE ENERGY RATE ^ ORES 
C THERMOELECTRIC AREA # ATHER 
C THERMOELECTRIC HEAT RATE ff OTHER 
C THERMAL EFFICIENCY ff ETATH 
C OUTER SHELL AREA § A3 
C INNER SHELL AREA ff A2 
C INSULATION HEAT RATE # GINS 
C OUTSIDE AREA OF CLAD ff Al 
C CLAD WT 1* WTC 
C INNER SHELL WT ff WTIS 
C SOURCE HEAT RATE ,̂ QS6 AND QS7 
C THERMOELECTRIC WT ff WTTHER 
C WT OF ELECTRICAL CONNECTORS # WTTH25 
C INSULATION WT j¥ WTINS 
C OUTER SHELL WT # WTOS 
C TOTAL WT # SUMWT 
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ECLIPSE FACTOR # U 
CONVERGENCE CRITERION FOR THERMAL EFFICIENCY # EPSl 

DIMENSION WE%2 0n*T3%20»20nf TPP%20f20n#TPN962 0»20nfDENP%20»20n« 
lDENN%20f20nsCONP%20»20nsCONN%20s20n,LMAX%20n*EIR%20»20nfTHL%20n 
READ 200tPDENSfDENSO 
READ 201»DENCL»EMISCL,T1 
READ 200fDENSU*ASUP 
READ 201,DENIS»THIKIS»EMISIS 
READ 200,DENTH»T2 
READ 200»DENlNSfCQNINS 
READ 201»DENOS» ABSOSsTHIKOS 
READ 207»ETATH»EPS»NOUT»NEXT 
READ 20l«ALPHAE»UsC 
READ 203#IMAX 
DO 205 I#1»IMAX 
READ 206tTHL%iafNO 
READ 208»WE%ln 
READ 204»%T3%Lsln,Li^l,NOn 
READ 204»%TPP%L»In»L#l»NOn 
READ 204f%TPN%L»InfL!*l»NOn 
READ 204t%DENP%L*ln,L;«fl»NOn 
READ 204»%DENN%L»ln,L^l»NOn 
READ 204t%CONP%LsinsL#l»NOn 
READ 204*%CONN%L»ia»L»!l»NOn 
READ 204»%EIR%L«In»L#liNOn 
LMAX%ln#NO 

205 CONTINUE 
200 F0RMAT%lP2E12«5n 
201 FORMAT%lP3E12»5n 
202 F0RMAT%lP4E12«5n 
203 F0RMAT%I12n 
204 F0RMAT%lP6E12e5n 
206 F0RMAT%lPE12#5»I12n 
207 F0RMAT%lP2E12«5i2I12n 
208 F0RMAT%lPE12.5a 

ABOj§(ABSOS 
WRITE OUTPUT TAPE 10*300 

300 F0RMAT%43H1 DESIGN PARAMETERS FOR SPACE POWER S0URCES///12H INPUT 
IDATA n 
WRITE OUTPUT TAPE 10»301»PDENS»DENSO 

•^m FnPMAT«5HQ £0L'RCE//19H fCWER DET̂ iSITY «^1F£12.5// i Jtl UtNSITY ff 
llPE12»5n 
WRITE OUTPUT TAPE 10»302»DENCL.EMISCL»Tl 

302 FORMAT%6H0 CLAD//13H DENSITY #1PE12.5//16H EMISSIVUY #1PE12 
1«5//8H Tl #lPEl2«5n 
WRITE OUTPUT TAPE 10»303jDENSU«ASUP 

303 FORMAT%9H0 SUPP0RT//13H DENSITY #1PE12»5//10H AREA i^lPE12»5a 
WRITE OUTPUT TAPE 10»304»DENIS»THIKlStEMISIS 

304 FORMAT%13H0 INNER SHELL//13H DENSITY SflPE12« 5//15H THICKNESS 
1 ^1PE12«5//16H EMISSIVITY #lPEl2#5n 
WRITE OUTPUT TAPE 10»305»DENTHsT2 

305 FORMAT%16H0 THERM0ELECTRIC//13H DENSITY #1PE12«5//8H T2 #lPE12e 
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WRITE OUTPUT TAPE 10»306jDENINS»CONINS 
306 FORMAT%12H0 INSULATI0N//13H DENSITY #1PE12«5//18H CONDUCTIVI 

ITY #lPE12.5n 
WRITE OUTPUT TAPE 10»307»DENOS»ABSOSsTHIKOS 

307 FORMAT%13H0 OUTER SHELL//13H DENSITY #1PE12»5//18H ABSORPTIV 
DO 309 I#1»IMAX 
NO?!̂ LMAX%In 
IITY #1PE12»5//15H THICKNESS /5'lPE12»5n 
WRITE OUTPUT TAPE 10 , 308»WE%ia»THL%In»%T3%L»Ia»TPP%LfIn»TPN%LjIn,D 
lENP96L,Ia,DENN%LsIn»CONP%L»In,CONN%L»In»EIR%L»I°»L;;fl«NOn 

308 FORMAT%16H0 OUTPUT POWER ?^1PE12.5//17H0 THERMO LENGTH #lPE12»5//72 
IH T3 TP-P TP-N DEN-P DEN-N CON-P CON-N 
2EMIS //961P8E9»2nn 

309 CONTINUE 
WRITE OUTPUT TAPE 10«3091»ALPHAE»U»C 

3 0 9 1 FORMAT%16H0 R E F L E C T I V I T Y # 1 P E 1 2 » 5 / / 1 8 H ECLIPSE FACTOR # 1 P E 1 2 » 5 / / 1 
lOH COSINE # l P E 1 2 « 5 n 

Iffl 
8 WRITE OUTPUT TAPE 1 0 » 9 f W E % I a 
9 F0RMAT%16H1 OUTPUT POWER ;5^1PE12.5n 

IF56SENSE SWITCH 3 n 4 1 » 4 0 
4 1 PRINT 9»WE%In 
40 L # l 

STORE^ETATH 
10 ESQ#%TPP%L»in&TPN%L» ian*%TPP%L t ln&TPN5SL» I n n 

ZCi^ESQ/%%SQRTF%CONP%L»In*OENP%L»Inn&SQRTF%CONN%Lt ln*DENN%L»lnan** 
12«a 

E P S l i ¥ l « E 1 5 
D E L T # T 2 - T 3 % L * i a 
XMj^SORTF%l,&%SST2&T3n/2»n*ZCn 
XM1#1»&XM 
E T A E L S ! % X M * D E L T ° / % X M l * T 2 & X M l * X M l / Z C ~ D E L T / 2 * n 
QRESi^%XMl*WE%I°*T2n /%XM*DELTn 
SRi«!SQRTF%%C0NN%L»ln^^DENP%L»lQa/%C0NP%L»In*DENN%L9lni3n 
FACT0R?5^%%DENP%L»In*THL%lnn/SR&DENN%L»ia*THL%Ina/%%ESQ»DELT*DELT*XM 

l n / % W E 9 6 l a * X M l * X M l n n 
ATHER#FACTOR*%l«&SRn 
QTHERi^%FACTOR*%CONP%L,Ini«-SR&CONN%L»Inn*DELTn/THL%In 
SIGMAj?^5«67E-8 
IF%SENSE SWITCH 3 n l 5 » 2 0 

15 PRINT 151 
1 5 1 FORMAT%13H0 THERMAL E F F / / n 

NAi^ l 
20 ETATH l ^ETATH 

NAi^NA&l 
THINS#THL&1,27 
EPS2#EPS1 
A3» !%%4»*WE%I°a /%ETAEL*ETATHnn /964 . *E IR%Lf I n * S l G M A * T 3 % L t I n * * 4 » - A B O * 

11400«*56U& A L P H A E * C / 3 » 1 4 1 5 9 3 n - 1 8 8 » 5 * E I R % L « I a a 
A 3 ^ A 3 * 1 « E 4 
A 2 ^ 3 # 1 4 1 5 93*%%SQRTF%A3/3«14159 3 n - 2 « * T H l N S n * * 2 9a 
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R3#SQRTF%A3/12.566 37n 
R2#SQRTF%A2/12.56637n 
D3#2.*R3 
D2#2.*R2 
SATHER^SQRTF%ATHERn 
QINSi* CONINS*DELT*7.089816 *SATHER/L0GF%%D3^^1 .772454-SATHERa*%D2 
l*1.772454&SATHERn/%D3*1.772454&SATHERn/%D2*1.77 24 54-SATHERnn 
ETATH#l,/%l,&QINS*ETAEL/WE%Ian 
EPS1^EPS*ETATH 
IF%SENSE SWITCH 3n23»22 

23 PRINT 230,ETATH 
230 FORMAT%lPE12.5a 
2 2 IF%ABSF%ETATH-ETATHln-EPSln30»30»5 00 
500 IF%ABSF%ePSlD-ABSF%EPS2nn20»501»501 
501 IF%NA-101 n502»505»505 
502 IF%ETATH-ETATHln503,503*504 
503 ETATH,^ETATH-.05 

GO TO 20 
5 0 4 ETATHi^ETATH&.05 

GO TO 20 
505 WRITE OUTPUT TAPE 1 0 . 5 0 6 » E T A T H 
5 0 6 F0RMAT%15H N0NC0NVERGENT/22H THERMAL E F F I C I E N C Y > ^ l P E 1 2 . 5 n 
5 0 7 IF%SENSE SWITCH 3 n 5 0 8 » 3 1 
508 PRINT 506»ETATH 

GO TO 3 1 
30 QS6i^QINS&QTHER&QRES 

QS7i«i^WE%ln/oiETAEL*ETATHn 
S I G M A # 5 . 6 7 E - 1 2 
A l # % A 2 * Q S 7 / E M I S C L a / % S I G M A * A 2 * % T l * * 4 . - T 2 * * 4 » n - 9 6 i , / E M I S I S - l « n * Q S 7 n 
Rl#SQRTF%Al/12.56637n 
Dlj¥2.*Rl 
WTS#QS7*DENS0/PDENS 
WTC#%.523 5 9B*Dl**3.-WTS/DENS0-QS7/100»n*DENCL 
WTSUP#%D2-Din-«-ASUP*DENSU 
WTIS#3.141593* D2*D2 *THIKIS*DENIS 
WTTHER#ATHER*THL%la*DENTH 
WTTH25#.25*WTTHER 
WTINS#%3»141593*D2*D2-ATHERP*THINS*DENINS 
WT0S#3.141593*D3*D3*THIK0S*DEN0S 
SUMWTi^WTS&WTC&WTSUP&WTIS&WTTHER&WTTH25&WTINS&WTOS 
IF%SENSE SWITCH 3n51,50 

1̂ 1 D D T W T i n n . TO o'l r r^ 
PRINT 510isUMWT 

510 F0RMAT%12H TOTAL WT #lPE12.5a 
50 WRITE OUTPUT TAPE 10 ,100 ,T3%L»In 
100 FORMAT%25H0 OUTSIDE RADIATOR TEMP ^lPE12.5n 

WRITE OUTPUT TAPE 10»101»ZC»XM»ETAELfQRES»ATHER»QTHER 
101 FORMAT%29H COMPOSITE FIGURE OF MERIT j^lPE12.5//20H RESISTANCE RA 

ITIO #1PE12.5//29H THERMOELECTRIC EFFICIENCY #0PF10»4//24H REVERS 
2IBLE HEAT RATE ^1PE12.5//23H THERMOELECTRIC AREA #1PE12»5//28H T 
3HERM0ELECTRIC HEAT RATE ,̂ lPE12.5n 
WRITE OUTPUT TAPE 10»102»A3»A2»QINS»ETATH 

102 FORMAT%20H0 OUTER SHELL AREA i¥lPE12« 5//20H INNER SHELL AREA #1PE1 
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12»5//24H INSULATION HEAT RATE #1PE12»5//22H THERMAL EFFICIENCY U 
20PF10,4n 
WRITE OUTPUT TAPE 10»103»QS6»QS7»Al»WTS»WTCiWTSUP»WTIS»WTTHER»WTTH 

125JWTINS»WTOS»SUMWT 

103 FORMAT%25HO SOURCE HEAT RATE»EQ.6 i^lPE12«5//25H SOURCE HEAT RATE» 
1EQ.7 )^1PE12.5//24H OUTSIDE AREA OF CLAD #1PE12»5//13H SOURCE WT 
2#1PE12»5//11H CLAD WT ??1PE12.5//14H SUPPORT WT #1PE12.5//18H IN 
3NER SHELL WT #1PE12.5//21H THERMOELECTRIC WT #1PE12»5//31H WT OF 
4 ELECTRICAL CONNECTORS #1PE12.5//17H INSULATION WT #1PE12«5//18H 
5 OUTER SHELL WT #1PE12«5//12H TOTAL WT j^lPE12.5n 
ETATH^STORE 

1030 IF%L-LMAX%ian60»31f98 
60 Li<f!L&l 

GO TO 10 
98 PRINT 109B»L 

1098 F0RMAT%4H1 Lî I 12 »36H»T00 BIG-STATEMENT 1030« CHECK INPUTn 
GO TO 1000 

31 IF%I-IMAXn32»33,99 
32 I^I&l 

GO TO 8 
99 PRINT 1099fl 

1099 F0RMAT%4H1 If̂ I 12 »34H»T00 BIG-STATEMENT 31. CHECK INPUTn 
GO TO 1000 

33 WRITE OUTPUT TAPE 10*104 
104 F0RMAT?69H1 THE ENDn 

1000 CONTINUE 
Yj§̂ FMPBF?5Xn 
STOP 
END%0»l»0*0»ia 
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APPENDIX D 

SUBTASK 5. 7—SHIELDING CALCULATIONS METHODS 

1. Albert-Welton Kerne l Method 

-, , , - S x point source ; 
neutron flux = constant x e ^ 

- S x , «, _ constant „ neutron flux - ^— e 

4 jtr 

where 

X = shield thickness 

^ = a constant = removal c ros s section 

r = distance from point source x 

The theoret ical hydrogen total c ro s s section is given by 

[^'^(^*', ".-y]" ^^l-'i^^ %-JV' 
where K - wave number of neutron in cen te r -o f -mass sys tem = ^ 

â  = 0.528 X 10"^^ cm r^= 1 x 10"-^^ cm >̂  - 2.86 x 10"^^E ev 

a = 2.375 X 10"-^^ cm r. = 1.56 x lO''^^ cm 

s t 
A good approximation between 2 and 12 Mev is 

Ĥ ^ ^ W ^^ '̂'̂  ^ '"^ ^^^ E 

If the neutron fission spec t rum as empir ical ly de termed by Los Alamos 
is multiplied by the Albert-Welton neutron attenuation formula the hardened 
fission spect rum at point x is determined. Thus, 

N(x) = 0 .484e"^ sinh ^ E e " - S x 
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where 

S = ^ = macroscopic hydrogen removal cross sec­
tion 

23 N^ = Avogardros number 26.02 x 10 atoms/gm-
atom 

A = atomic weight 

PTT = density gm/cc 

c = oxygen removal cross section, empirically determined at 0.91 
barn. This hardened spectrum for 10 inches of water is shown in 
Fig. D-1. The dose rate in mrem/hr versus neutron energy on a one 
neutron basis is given in Fig. D-2. Thus, the total neutron dose over 
neutron energies from 0.7 to 10 Mev can be determined by graphical 
integration of Fig. D-3, 

2. Moments Method 

The Boltzmann equation was solved by the method of moments for 
penetration of neutrons from a point isotropic fission source in water 
by R. Aronson. This naethod consists of replacing the Boltzmann 
equation for the flux from a plane isotropic fission source by a set of 
simultaneous integral equations. These equations are in terms of the 

/ 10 Mev\ energy variable lethargy 1= log p — l for the spatial moments of the 
Legendre coefficients of the flux. E = arbitrary fix'ed energy that 
was chosen as 0.33 Mev for convenience. 

Hydrogen collisions with neutrons were taken as elastic scattering 
that is isotropic in a center-of-mass system. All oxygen collisions 
other than elastic scattering were considered absorptions. Scattered 

sumed to have too low an energy to contribute to the total neutron dose. 
The dose versus shield thickness for both water and hydrogen (density 
= 0.111 gm/cc) is shown in Fig. D-4. 
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APPENDIX E 

HEAT FLOW CALCULATIONS 

Singer's* equation is : 

T 

juation is : / «„ v 
-(1 - a^) (1400) 1̂ ^ +~^ cos p) + € ^ (188.5) + 

1/4 

a 
E 

where 

X = heat generation rate per unit area of cross-sectional area 

^y. = reflectivity 

= eclipse factor 

= earth's albedo 

= angle between orbit and sun 

= infrared emissivity 

= Boltzmann constant 

The values assumed in this equation were 

1 

P 

*ir 

a 

% = 0.1 

u + 'E cos P = 0.7 
€j^ = 0.94 

1. Heat Loss--Radiative Unit 

The radial heat flow through a sphere is given by: 

q = 4 jtk 1 ~ ::- | r , r . 
( ^ - i ) "' 

2. Heat Loss--Scaled-up Unit 

The radial heat flow through a combined sphere and cylinder is 

*Goldinan, D.T., and SirigeF7~^7pr7^udies of a Minimum Orbital Unman-
ned Satellite of the Earth (Mouse), Part III." Radiation Equilibrium and 
Temperatures--Astronautica Acta Vol. Ill, 1957. 
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'̂"̂ (V^>1'-2̂ ''̂ 1̂,, (^) q 

Simplifying, this becomes 

a = k 
\^2 ^1/ L in(A2/A^)J 

q = Btu/hr 

k = thermal conductivity 

t, = temperature at r^ 

tg = temperature at the surface (r„) 

r . = distance from the center to the inner shell 

r2 = distance from center to the surface 

A- = cylindrical surface area of inner shell 

A„ = cylindrical surface area of outer shell 

The thermoelectric calculations for this design were achieved using 
the equations derived by R. Ningard, therefore, these will not be dis­
cussed. Heat loss--Cylindrical Unit. 

3. Heat Loss—Cylindrical Unit 

Foi i r ier ' s law for conduction through a homogeneous solid is given 
as 

, . . V d T (r) 
q = -k A (r) - g ~ - ^ 

where 

q = heat flow 

k = thermal conductivity 

r = radius or thickness 

A = area as a function of position 
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T = temperature as a function of position 

Integration between the inner and outer surfaces gives 

^2 

I 
^1 

dr k / ^ ™ « 
J-UT ^ q ^^1 - ^2> 

where 

r , = distance from center to inner shell 

Tg = distance from center to outer shell 

T- = inner shell temperature 

T„ = outer shell temperature 

This equation can be used to compute the heat loss when the area 
term, has been expressed so as to include heat flow through the sides 
and ends. 

The heat dump calculations were performed using Fourier 's third 
law and considering Fig, 11. 

At 
q ="kA-2^ 

k = thermal conductivity of combined Min-K and helium ga® 
at 1 atmosphere of pressure 

A = cross-sectional area normal to the heat flow 

At = temperature difference between inside and outside shell 

Ax = distance through the wall of the dump 

The combined Min-K and helium gas thermal conductivity was ap­
proximated by 

k = ki + C k ^ - V - ^ 



where 

k, = Min-K thernaal conductivity at vacuum 

kg = Min-K the rma l conductivity at 1 a tmosphere in a i r 

ko = a i r the rmal conductivity at 1 a tmosphere 

k. = helium thermal conductivity at 1 a tmosphere 

When the design power has been determined, the initial power 
neces sa ry to allow for isotope decay can be calculated by: 

Xt 
N = N , e 

o d 

where 

N = initial power 

N , = design power 

X = 0.693/half life 

t = t ime 
The init ial isotope loading can then be determined using the known 

power density. 

The fuel element t empera tu re was calculated using the equation for 
long concentric cylinders given as 

where 

Q = heat flow ra te 

^ = Stefan-Boltzmann constant 
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A, = a r e a of inner cylinder 

Ag = a r ea of outer cylinder 

« J = emiss ivi ty of inner cylinder 

* _ = emiss ivi ty of outer cylinder 

T j = t empera tu re of inner cylinder 

T^ = t empera tu re of outer cylinder 
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APPENDIX F 

CALCULATION OF SURFACE TEMPERATURE 

The density of curium is 13.5 gm/cc and that of nickel is 8.9 gm/cc. 
The power density of pure curium metal is 120 thermal watts/gm or 
1620 thermal watts/cc. The surface temperature of a fuel pellet of 
1000 thermal watts output and consisting of 20 parts Ni to 1 part Cm 
by weight is determined as follows: 

1000 watts - n QQ «^ r ^ 
1̂ 0 w a t t s / p r - ^-33 gm Cm 

V = | ^ = 0.616 cc Cm cm 13,5 

W . = 8,33 x 20 = 166.6 gm Ni 

0,616 + 18,7 = 19.3 cc Ni-Cm alloy (100% theoretical wt density) 

for a n i / d ratio of 1 to 1 

V 

where 

.£ 

A 

where 

A 

V 

i 

d 

r 

= 

= 

= 

= 

= 

= 

= 

= 

j c r ^ i = 2 K r ^ 

d = 2r 

23rr^ + 2nr£= Gnv 

total surface area 

volume 

height of pellet 

diameter 

radius 
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V 

r^ 

r 

= 19.3 = 2jfr^ 

= ^ ' = s-os 

= 1,455 cm 

A = 6jtr^ = 6 31(1.455)^ = 40 cm^ 

F o r a radiant boundary with infinite surroundings, 

Q = ^«A ( r ^ ^ - T g ^ ) 

where 

Q = heat t r a n s f e r r e d (ca l / sec) 

er = Stefan-Boltzmann constant ( c a l / s e c - e m - " K ) 

'̂  € = sur face emiss ivi ty Idimensionless) 

T . = source t empera tu re (° K) 

Tg = sink t empera tu re {° K) 

4 Q 4 
T = —'̂ r̂—— + T ^1 a « A ^2 

^ 1000 wat ts (3.415 Btu /hr /wat t ) (252 cal /Btu) 

(0.1357 X 10"^^ cal /sec-cm^-°K^)(0,85)(40 cm^) ( 3 6 0 0 ^ ) 
h r 

+ (308)^ 

5.2 X 10^^ + 90 X 10^ = 5.2 x 10^^ 

T = 1237 C 




