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FOREWORD 

This is the second unclassified SNAP quarterly progress report prepared 
by The Martin Company, It covers the work performed during January 31 
through March 31, 1960 under Contract AT(30-3)217 for the U.S. Atomic Energy 
Commissiono 
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SUMMARY 

A. TASK 2.0 

1. Subtask 2.1--System Design 

Several improvements have been incorporated into the design of the 
environmental and ground test generators. These include a chem-milled 
outer skin, an improved thermoelectric element adjustment and access 
plug, a flexible stainless steel-aluminum joint welded via ultrasonic 
techniques, a flexible hot shoe assembly which would permit prebonding 
of the elements and a thermal hydraulic heat dump system. 

Design of the isotope-loaded ground test generator was completed 
along with all the ground handling equipm.ent. An operating procedures 
manual for loading, shipping, assembly and testing of the ground handling 
equipment was prepared and submitted as a separate document. 

The design of the remote welder was reviewed with ORNL and detail 
design was completed, 

2. Subtask 2.2--Materials Analysis 

Burnup studies on fuel forms were continued with cerous fluoride 
and eerie oxide. Additions of metal carbides and nitrides to the oxide 
form were made, sintered and tested. Of these, silicon carbide proved 
most promising. A cerium density of 4.0 gm/cc was obtained for the 
oxide form (versus cerous fluoride with a density of 3.74 gm/cc) with an 
addition of 10% silicon carbide and 1/2% calcium oxide as a sintering 
aid. The burnup properties of this mixture were found to be superior 
to those of cerous fluoride. 

An evaluation of particle size distribution on fuel form materials 
ablated in a plasnaa flame is underway. 

Particles which are carried by the gas stream are collected on 
greased slides. Larger particles which drop from the gas stream are 
not evaluated. Data from these tests are still being reduced. 

Compatibility tests of Allegheny Ludlum S-816 alloy were completed. 
Results show that the alloy is resistant to attack by eerie oxide and 
cerous fluoride, but is attacked by ceriuna metal. Mercury corrosion, 
atmospheric oxidation and sea water corrosion tests gave satisfactory 
results . The alloy appears promising for use as a container material. 

Coordination with ORNL generally resolved the hot cell fuel loading 
techniques. Further refinem.ents must await hardware checkout. 
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3. Subtask 2.3--Hazards Analysis 

Analysis of launch abort impact zones for the open core continued. 
Refinement of assumptions in the input data to naore credible conditions 
are expected to significantly reduce the size of the impact zone. 

An analysis of aerodynamic burnup for near orbital injection on two 
types of molybdenum fuel cores was completed. Results indicated that 
one design, a bonded cluster of tubes, would melt completely at 118,000 
feet, and the other design, a 4-inch diameter block, would undergo par­
tial burnup before impacting on the earth. 

The sunamary report on aerodynanaic re-entry analysis for the Task 
2 generator was completed and distributed. An interim, report on han­
dling and safety procedures for the generator was prepared for distr i­
bution, 

A final hazards sunanaary report and a summary film report are in 
preparation. The latter will include pictures of the latest high velocity 
impact tests, explosion tests, high temperature fire test, LOX immer­
sion test, plasma flame tests and materials corrosion and compatibility 
tes ts . 

Presentations pertaining to the hazards aspects of ground handling 
and launch abort of the Task 2 generator were made at several west 
coast installations, 

4. Subtask 2.4--Manufacturing 

Test hardware and equipnaent were fabricated in support of the 
hazards testing prograna, the fuel form and fuel container developnaent 
and the materials compatibility tes ts . 

Work on the ground handling equipm.ent was suspended. The isotope 
cask and the gimbal fixture were almost conaplete when the stop order 
was issued. Items for the collar shield tank were partially complete. 

Fabrication and assembly of the first electrically heated generator 
was completed. Progress was slow because of the extreme care that 
had to be taken when working the fragile Min-K insulation. Dusting of 
the insulation, leaks in hermetic seal areas and sonae thermoelement 
breakage contributed to the delay. Following installation of the thermal 
shutter mechanism, a continuity checkout was made on the overall c i r ­
cuit and the generator was submitted for testing. 

Fabrication of the second electrically heated generator was started. 
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The inner truss assembly was welded, and instrumented with strain gauges, 
and the conical heat reflecting shield installed. Other parts are in de­
tail manufacturing. 

The environmental test fixture for vibration testing is in fabrication. 
Procurement of materials for the renaote welder was suspended. 

5. Subtask 2.5--System, and Component Test 

The final report by the subcontractor on the radiation study prograna 
was reviewed. Initial results indicated that lead telluride couples used 
as control samples increased in resistivity after heating to 1000° F 
and masked resistivity changes due to radiation. Heat treatment prior 
to testing stabilized the elements. Resistivity increases after irradiation 
at both 1000 and 300° F occurred in all samples. Because of the extreme 

1 fi 
fragility of the test samples after irradiation to a dose of 4.6 x 10 

2 
electrons/cm , power output naeasurements were made on N-type elenaents 
only. The results were not conclusive. It was concluded that variations 
in the data naeasurements were the result of nonuniformity in the sana-
ple elements themselves. 

A second set of high velocity impact tests was completed. Six full-
scale Inconel X cores were heated to approxinaately 1500° F and im­
pacted on either granite or water targets. All of the cerium metal loaded 
cores ruptured. Cores loaded with lavite pellets were recovered intact 
with no apparent release of the simulated fuel. Data are still being 
evaluated. 

One-third scale fuel cores were evaluated in a shock wave test in 
which 2000 pounds of TNT were detonated to simulate a launch pad 
booster failure. Of the eight original test specimens, only five were 
recovered, all apparently in excellent condition. Test data and films 
are still being processed. 

Plans for the high temperature fire tests are complete, and final 
preparations for the test are being naade. Hypergolic fuels will be 
mixed and poured over electrically heated specimens located at various 
positions in a 25-foot tower. Simultaneously, a cerium metal alloy will 
be burned and the resulting fallout naeasured via prepositioned fallout 
trays and air sanaplers. Cameras will monitor the test proceedings. 
The test awaits suitable weather conditions. 

Heat transfer mockup tests were completed with a revised two-layer 
stainless steel heat shield. Under vacuuna conditions, an equilibrium 
shutter heat dump of 3200 watts at 1100° F hot skin temperature was 
obtained. Because of a better thermal radiation view factor in the gen-
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erator design, it was concluded that the shutter heat dump require­
ments for the ground test generator, in an air environnaent, will be 
satisfied. 

Bonding tests aimed at lowering the lead telluride elenaent to hot 
shoe interface resistance were continued. Conditioning of the iron 
shoes, either by sandblasting or lead tinning prior to bonding produced 
only fair results . More pronaising results were indicated by tests in 
which germanium telluride and doped lead telluride were predeposited 
and naelted onto the iron shoes prior to assenably and bonding. 

The first electrically heated generator was tested. Difficulties, in 
the forna of electrical shorts or discontinuities, plagued the test and 
necessitated frequent shutdowns. A power output of 78 watts was ob­
tained successfully at average hot and cold skin tenaperatures of 1043 
and 297° F, respectively. 

B. TASK 3.0 

During the naonth of January, the 3M1G3 thernaoelectric generator, 
which had failed last year during the parametric tests, was repaired and 
param.etric testing of this generator was resumed. Performance of the 
repaired unit was only approximately 60% of the performance originally 
reported by the Minnesota Mining and Manufacturing Conapany when the 
unit was delivered to The Martin Company in May 1959. It was decided 
to continue parametric testing of this unit, however, since the output ap­
peared stable. As of the end of this period, four tests have been com­
pleted, two with the generator operating with an internal vacuum condi­
tion and two with an internal gas of 85% nitrogen and 15% hydrogen at 2 
atmospheres pressure . 

The thermoelectric generator life test, using the 3M1G10 generator 
purchased for this purpose, has been operating continuously since Janu­
ary 26, 1960, with a constant power input and a fixed load. The results 
of this test have shown a continual decrease in the power output of the 
generator due to a decrease in Seebeck voltage and increasing internal 
resistance. The most rapid decrease in performance occurred at the 
start of the life test and, as of the end of this period, the unit appears to 
be leveling off at a constant power output level. 

The second SNAP-III generator to be fueled with a radioisotope 
CPoloniuna-210) has been returned to The Martin Company to be refueled. 
The power output of this unit has been naeasured and, although very low 
due to the natural decay of the isotope, proof of thermoelectric generator 
operation for at least a period of a year has been denaonstrated. 



C. TASK 5,0 

1, Subtask 5.1--Advanced Thernaoelectric Power System 

The SNAP-IIIA thermoelectric generator, which had been returned 
to Westinghouse for repair, was delivered to The Martin Company, 
complete with drawings and operating naanual on January 28, 1960. 
After conaparison of the test data supplied by Westinghouse on the 
SNAP-IIIA generator, with other SNAP-III generators, it became ap­
parent that SNAP-IIIA is substandard. Westinghouse decided to design 
and fabricate an entirely new generator for this application. This sec­
ond generator was completed and delivered to The Martin Company on 
March 10, 1960. Although this second generator is a completely new 
design, the perfornaance characteristics are only naarginally better 
than the original SNAP-IIIA thermoelectric generator. It was recom.-
naended by The Martin Company, to the Atomic Energy Conamission, 
that all further technical evaluation of the generators be cancelled, A 
final report will be prepared covering the entire SNAP-IIIA program. 

2. Subtask 5.2--Basic Thermionic Development 

Work under this subtask consists of effort in three areas : 

(1) Study and tests of cesium, diode. 

(2) Related tests and research, 

(3) Developnaent of im.proved collectors in a vacuum diode 
environment, 

a. Cesium diodes 

During the past quarter, tests were perform.ed on metal encased and 
ribbon emitter types of tubes. The metal-encased diode employs an 
electron bombardment heater and a naetal envelope. Tests have been 
conducted on the principal conaponents. Detailed designs have been 
conapleted on the tube and test apparatus and fabrication has been initiated. 
The ribbon emitter tube fabricated during the last quarter was tested. 
The tube broke during a subsequent run and a second tube was fabricated 
and tested. Twelve I/V curves were taken at different emitter tem.pera-
tures and different oil bath temperatures. The results obtained are a 
valuable aid in correlating experimental and theoretical results , 

b. Related tests and research 

The efforts in this area were devoted to work on three types of 
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heaters and determining the effects of cesium and rubidiuna on metals. 
The three types of heaters are: 

(1) Wire wound ceranaic, 

(2) Tungsten wire radiation. 

(3) Metallized ceranaic. 

Tests on the wire wound ceramic heater were satisfactory, but it is con­
sidered too fragile for use in a prototype. A tungsten wire radiation 
heater was also fabricated and tested. The test results were very 
encouraging and the heater appears to be very rugged. It will be in­
corporated in a test device as a part of Subtask 5.3. A m.etallized 
ceram.ic heater was assembled and tested. However, hot spots de­
veloped on the metallized portion of the heater. At 1500° K the me­
tallizing burned out. It is hoped that hot spots can be eliminated by 
machining the metallizing so the helix is wider, 

A cesium, corrosion test device was designed and fabricated. Several 
sanaple m.aterials and brazes were tested. These cesium, corrosion 
tests indicate that tantaluna, molybdenuna, copper, nickel, titanium, 
platinum, Driver-Harris alloy and Type 304 stainless steel can be used 
as the structural naetals. Copper, copper-silver, nickel and Incusil 
are suitable braze materials in high temperature cesium, devices. 

c. Developnaent of improved collectors 

This is a continuation of the Work Function Tests described in the 
last quarterly report. The work concentrated on the molybdenum collector 
used in conjunction with a Type B inapregnated tungsten enaitter. A 
ser ies of tests were run which have shown that: 

(1) Results with the first tube are reproducible. 

(2) Certain modifications to the activation procedure resulted in 
even a lower collector work function. 

(3) An activated pair of electrodes can be exposed to air for a 
period of hours without destroying the surface properties. 

(4) The collector firing temperature is the factor of prime ina-
portance in determining the value of the collector work 
function. 

Work was also initiated on a diode with a nickel collector and a 
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barium, inapregnated emitter. An apparatus was designed and partially 
constructed to determine the relationship between collector temperature 
and collector work function in a continuously pumping vacuum system. 

3. Subtask 5,3--Developnaent of Low Power Thernaionic Generator 

Thermionic Generators lA and IB were completed and the dynanaic 
testing of Unit IB was accomplished. The design of the naore advanced 
generator, based on a Curium-242 heat source, was initiated. 

Work on inaproved heat transfer between the emitter holder and the 
heat source revealed that placing a layer of naolybdenuna powder between 
the two surfaces is preferred to other methods tested since it gives not 
only a lower film, drop, but also more consistent results. It has been 
shown that attenapts to braze the em.itter to the enaitter holder to reduce 
this film, drop have resulted in adverse effects on the emission charac­
terist ics of the emitter. This effort will continue, 

A vacuum shell identical to that used in Generator lA was tested 
prior to fabricating Unit lA, Tests on electrical leadthroughs have 
shown that the reactive metal leadthroughs are nauch superior to other 
types considered. 

Creep tests on sapphire spacers (AlpOo) have shown that sonae 

creep takes place above 1200° C, and above 1300° C, the strength of the 
sapphire falls off rapidly. Tests to determine surface distortion of the 
emitter and collector and the differential thermal expansion of the 
sapphire rods were initiated. 

The parametric study initiated last quarter was conapleted. The r e ­
sults show the relationship existing between the power density of the 
heat source and the efficiency and geometry of the therm,ionic converter. 
It has been shown that the lower power, inherently less efficient devices 
require higher power density isotopes for operation near their naaximum 
efficiency point than do the high power units. The higher power units 

3 
require an isotope power density of only 6 to 10 watts/cm to achieve 
95% of the naaxinaum attainable efficiency, whereas a practical 5-watt 

3 
unit requires a power density of approximately 50 watts/cm to operate 
at 95% of its peak efficiency. The dinaensions of the isotope, and hence 
the dinaensions of the generator, become impractical at high values of 
isotope power density and influence the choice of isotope to be used in 
a thermionic generator. 

A device for naeasuring the thermal expansion of eerie oxide fuel 
pellets while in a hot cell was fabricated. However, attenapts to accurately 



calibrate it failed. The Bureau of Standards has been contacted concerning 
this problena. 

Experiments aimed at deternaining the interaction of oxygen with 
eerie oxide and molybdenum, have shown that a quite conaplex interaction 
takes place. It was determined that it is not safe to assunae that the 
oxygen liberated in the decay of eerie oxide (Ce-144) will be gettered 
by the molybdenum fuel capsule, and a pressure buildup will not occur. 
Work will be continued in an attenapt to better understand the inter­
action that occurs. 

A device to sample the gas generated in a eerie oxide fueled naolybdenuna 
capsule at the end of a half life has been successfully tested. 

4, Subtask 5.5--Operational Thermoelectric 2- to 5-Watt Generator 

a. Generator operational tests 

Altitude chamber tests were completed successfully. The sublinaation 
test was halted after 300 hours of operation since extensive deterioration 
occurred in all but the spray-coated couple. Com.ponents are being pre ­
pared for a second test run using an improved method. The power 
flattening life test indicated the feasibility of a gas-leak naethod. 

A shock wave test proved the capsule can survive missile propellant 
detonation. Two additional runs on the high velocity test track resulted 
in successful impacts of capsule specimens. Salt water and salt spray 
tests denaonstrated that Haynes-25 material has a high corrosion r e ­
sistance. A horizontal range of 270 feet was achieved using the r e ­
designed thruster for ejection. Plasma jet tests at the General Electric 
Aeroscience Laboratory were initiated and completed during this period 
with som.e differences apparent between the predicted and actual be­
havior. Test data are currently being correlated to vehicle trajectories. 
Pressures of 30,000 psi at 1700° F and 74,000 psi at room temperature 
have been reached with insignificant capsule deformation. Several 
successful penetrations of isotope capsules contained in generator 
specinaens were achieved with shaped charges weighing 34 grams. 

b. System, conceptual design 

Power output versus time plots were developed for both the cerium-
and polonium-fueled systems using altitude chamber test data. A 
mounting arrangenaent has been designed and analyzed. An empirical 
equation has been developed to predict generator output at any time for 
variable resistance loads. 
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5. Subtask 5,6--l-Watt (e) Power Supply 

This second quarterly report covers the status of the work cona­
pleted on the 1-watt (e) power supply, the integration of the generator 
into a satellite system, the design of the Mod I generator and thermo­
electric radiator breadboard test device, the design and test of a con­
verter, and a resume of the work thus far completed in the hazards and 
shielding evaluation. A separate hazards and shielding evaluation r e ­
port will be released at the end of this fiscal year. 

Accomplishnaents thus far in the program have been on schedule and 
in accordance with the contract schedule requirements. The following 
list, by percentage complete as of March 31, 1960, defines the status 
of work, 

C%) 

System integration in satellite 70 

Generator design and analysis 85 

Thernaoelectric-breadboard test device 70 

Converter design and analysis 100 

Hazards and shielding evaluation 25 

Total contract dollar expenditures 80 

6, Subtask 5.7--100-Watt Thermoelectric Generator 

The objective of this Subtask was to prepare a conceptual design of 
a 100-watt thermoelectric generator, fueled with Cu-242 and suitable 
for operation for six naonths in a space environment. 

The work was conapleted during the quarter, and the final report, 
MND-P-2342, is being printed, 

7. Subtask 5.8--Conceptual Design of a 13-Watt Thermoelectric Generator 

The conceptual design of the 13-watt(e) Curium-242 fueled thermo­
electric generator for a six-month space probe naission was essentially 
completed, except for details relating to power flattening and the heat 
source. Thermal and electrical characteristics of the final conceptual 
design were calculated. Heat transfer in the ground handling container 
was investigated. 



The objective of the prograxn was altered to conforna to a hard 
lunar impact mission, with an operational life of two months. 
Development of a configuration for the new requirement was initiated. 
Hazards associated with the launch-to-target sequence were evaluated. 
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I, INTRODUCTION 

This i s the second of th ree quar te r ly p r o g r e s s r epo r t s required by 
Contract AT(30-3)-217 between The Mar t in Company and the AEC for 
F i sca l 1960. 

The SNAP p rog ram has been extensively reorganized under the cu r ­
rent contract . The presen t organization i s as follows. 

Task 1--Inactive 

Task 2--125-Watt Thermoe lec t r i c Generator Developnaent 

Task 3- -Nuclear Thermoe lec t r i c Genera tor Developm.ent (Fo rmer ly 
SNAP III) 

Task 4- -Class i f ied 

Task 5--Advanced Technology Program. 

Subtask 5.1 Advanced Thermoelec t r ic Power System 

5.2 Basic Thermionic Development 

5.3 Development of Low Power Therm.ionic 
Genera tor 

5.4 (Inactive) 

5.5 Thermoe lec t r i c 2 to 5 Watt Generator for 
Space Use 

5.6 Nuclear 1.0 Watt Power Supply 

5.7 100-Watt Thermoelec t r i c Generator Con­
ceptual Design 

5.8 13-Watt Thermoe lec t r i c Generator Concep­
tual Design 

Task 6 - -Fue l Technology Developm.ent 

Subtask 6.1 General Development and Mater ia l Require-
naent 

6.2 Amer ic ium and Curiuna Radioisotope P r e p ­
ara t ion P r o c e s s e s 
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6.3 Fuel Form 

6.4 Hazards Criteria and Shielding 

6.5 Radiation Damage Testing 

Each task is separately administered. Tasks 2, 3, 5 and 6 are now 
unclassified. This report is the second unclassified technical progress 
document published since the inception of the radioisotope power pro­
gram. It covers work done on the unclassified tasks during January 
through March 1960. 
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II, TASK 2 

The Task 2 p rog ram is d i rec ted toward the conapletion and ground 
test denaonstration of a radioisotope-fueled, 125-watt, the rmoelec t r ic 
genera tor for space application. During this quar ter ly report ing period, 
ha rdware fabrication of the th i rd genera tor , fueled with Ceriuna-144, 
and all assoc ia ted ground handling equipnaent was ternainated in a c ­
cordance with direct ions frona the USAEC. It i s planned to r e sume this 
work in F i sca l Year 1961 to cor respond with the del ivery of the r ad io ­
isotope fuel from. ORNL. 

Fuel core development and haza rds studies were continued to ob­
tain complete fuel containment in all c a ses of vehicle failure at the 
launch pad or during launch ascent , and to obtain fuel core burnup upon 
r e - e n t r y from orbi t . Test ing in the a r e a s of fuel core containnaent, 
m a t e r i a l s compatibili ty and p lasma flame burnup has shown that these 
objectives can be obtained. 

A„ SUBTASK 2.1--SYSTEM DESIGN 

During this quar te r ly repor t ing period, the planned objectives for 
Subtask 2.1 were : 

(1) Design support and engineering analysis associa ted with the 
fabrication, assenably and tes t of two prototype, e lect r ica l ly 
heated, 125-watt thernaoelectr ic genera to r s , re la ted tes t 
equipment and test ing p r o g r a m s , 

5 
(2) Design of one genera tor for fueling with 8.8 x 10 cur ies of 

Ceriuni-144 in the pel let ized ee r i e oxide form, 
(3) Completion of ground handling equipment designs and p roce ­

dures requi red for shipment of the radioisotope-fueled block, 
loading of the ground tes t genera tor and hot cell genera tor 
tes t ing. 

(4) Completion of a r emote welding mechanism and fuel block 
cooling r ig design to facili tate loading and sealing of the 
radioisotope fuel co re at ORNL, 

1. Design Support and Engineering Analysis 

Design support*. During this quar te r , severa l design improvements 
have been incorpora ted for use in the e lec t r ica l ly heated environmental 
tes t genera tor and the isotope-fueled ground test genera tor . These 
changes include: 

* P . J . Dick, B. Callander 
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(1) Use of chem-milled outer aluminum skins to provide integral 
bosses for thermoelectric accessibility, and to inaprove welding 
characteristics at the skin joints. 

(2) Making the cold junction heat transfer cup an integral part 
of the thermoelectric access plug. 

(3) Establishing the flexible dissimilar metal joints required at 
six places between the inner stainless steel skin and the outer 
aluminuna skin to provide structurally sound, gas-tight seals. 
An ultrasonic welding technique has been developed to obtain 
a metallurgical bond between the dissimilar naetals, 

(4) Obtaining mininaum electrical contact resistance at the hot 
junction of each thermoelectric assembly by prebonding to 
individual iron hot shoes. The boron nitride electrical insulating 
shoe will be replaced with a flame spray coating of aluminum 
oxide (Al„0„) on the iron hot shoes. 

(5) Obtaining electrical continuity between individual iron hot shoes 
of a P and N couple by a flexible copper jumper lug. Details 
of the thermoelectric assenably and outer chem-milled skin 
configuration are shown in Fig. I I - l . 

(6) Dividing the electrical circuit for the thermoelectric system 
into eight sections with eight external test points to facilitate 
electrical test measurements. Conax connectors are used at 
the electrical test points. 

(7) Completing the detail design of the thernaal-hydraulic heat 
dump shutter control system. Actuating bellows for the 
mercury vapor system will have an effective piston area of 
one square inch and a spring rate of 50 pounds per inch. 

Engineering analysis*. A force analysis was naade to determine 
the operating characteristics of the bellows in the therm.al-hydraulic 
shutter control system to be used with the environmental test and isotope 
ground test generators. This analysis indicated that the systems would 
operate from fully closed to fully open over an inner skin temperature 
range of 1040 to 1115*̂  F„ This temperature range is satisfactory for 
adequate temperature control. 

* W. Lyon 
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Fig« I I - l , Typical View of Thermoelectric Element Assembly 
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An investigation of the thermoelectric hot junction contact resistance 
for the initial electrically heated prototype generator was made using 
single couple experimental data obtained in the laboratory^ Using the 
average values obtained in 14 test runs, the thermoelectric couple hot 
junction contact resistance was found to be approximately 8 milliohms, 
or 46% of the thermoelectric material resistance at 1100° F hot junction 
temperature. Generator power output was then extrapolated by calcula­
tion to be 86 watts at 25 voltSo These data indicated the need for im­
proved hot junction bonding techniques to achieve the design power out­
put of 125 watts. A prebonding technique has been established to naini-
mize this contact resistance for the environmental test generator. 

2. Isotope Ground Test Generator Design* 

The isotope ground test generator design was completed during this 
quarterly reporting period. This generator is identical in design to the 
environmental test unit with the exception of the fuel block, fuel block 
support and block locking mechanism.. The isotope fuel block is shown 
in Fig. 11=2. An ar t i s t ' s drawing of the isotope ground test generator is 
shown in Fig. 11-3. 

3. Ground Handling Equipment Design** 

Design studies, procurement specifications and drawings for all 
ground handling equipment to be used for hot cell generator tests were 
completed during this quarterly reporting period. The engineering draw 
ings conapleted a re : 

(1) Test dolly cold plates. 

(2) Test dolly plumbing system. 

(3) Shipping cask dolly. 

(4) Collar shield assembly. 

(5) Cask assembly. 

(6) Shipping cask loading stand. 

(7) Collar shield, generator and loading stand hoisting slings. 

* T. Sullivan 
** M, J. Reilly 
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Remote handling lug 

Locking pin (typ) 

Locking lug 

Fusion weld lip 

InconelX 
fuel block 

Closure plug 

Ce-144 Og £u®l peEet 

Type 304 SS fuel liner 

laconel X fuel block 

Fig, II-2« Task 2 Isotope Ground Test Generator Fuel Core 
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Fig. II-3. Isotope Ground Test Generator 
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The operating procedures manual for the Task 2 Ground Handling 
System was completed. This report, MND-P-2316, is entitled "Prel imi­
nary Technical Manual, Loading, Shipping and Testing Procedures for 
Task 2 Isotopic Powered Thernaoelectric Generator." It includes prepara­
tion and procedures for shipping, assembly and loading at Oak Ridge. 
Also included are pertinent drawings and photographs for the transfer 
and test operations to be performed at the Martin Nuclear hot cell facility. 

Shipping Permit No. 898 has been received from the Bureau of 
Explosives to allow transportation of the Task 2 radioisotope fuel block 
in the shipping cask (Fig. II-4). Conditions of approval were: 

(1) The installation of a protective enclosure around the cask 
to preclude inadvertent physical contact with the cask surface. 
(This design work has been accomplished.) 

(2) Prior notification to the Bureau of Explosives concerning 
date of shipment, origin, destination, type of transportation 
and curie level of the radioactive material being shipped. 

4, Renaote Welder and Fuel Core Cooling Rig Design* 

Proposed configurations for the rem.ote welder and fuel block cool­
ing rig have been reviewed with ORNL personnel. The configuration 
on Fig. II-5 was selected and the detail design has been completed. 

B, SUBTASK 2.2--MATERIALS ANALYSIS 

During this quarterly reporting period, the planned objectives were 
to: 

(1) Continue the development of cerium fuel forms having ap­
propriate burnup characteristics during post orbit re-entry. 

(2) Continue the testing and evaluation of fuel container materials 
having appropriate environmental compatibility and postorbit 
re-entry burnup characterist ics. 

(3) Coordinate with ORNL on a radioactive eerie oxide fuel form 
and fuel delivery schedule for one Task 2, 125-watt, thermo­
electric ground test generator. 

* T. Sullivan 
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Fig. I I - 5 . Task 2 Remote Welder 
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1. Cerium Fuel Study* 

Material screening studies. Fuel materials under consideration 
for the Task 2 generator are cerium metal, cerous fluoride and eerie 
oxide. Since cerium metal would be in the molten state at operating 
temperature, it would be dispersed as droplets as soon as the container 
block burned through to the molten metal upon orbital re-entry. In the 
case of the cerous fluoride and eerie oxide, the block must ablate to a 
smaller size before the fuel is fully exposed to re-entry heating condi­
tions. These fuel form burnup studies are therefore confined to cerous 
fluoride and eerie oxide. Additions have been used with the eerie oxide 
to improve the burnup characterist ics. 

Previous tests using an oxyacetylene flame have shown that iron addi­
tions to eerie oxide (15% Fe-85% Ce02--cerium density--4.5 gm/cc) 
would melt at a much lower temperature than the straight eerie oxfde 
(1800° C versus 2700° C). However, plasma tests on this material in­
dicated that the "burn-through" time was quite long and it appeared that 
much of the iron "sweated out" during heating, leaving a porous ceramic 
of high melting temperature. Attempts were made to add metals such 
as aluminum which would produce a thermite reaction at the elevated 
temperatures encountered during re-entry. However, the thermite r e ­
action usually went to completion during sintering operations and the 
densities of the specimens made with this type of addition were, there­
fore, very low. 

The additions of metal carbides and nitrides were then studied as 
it was known that these materials decompose at elevated temperatures. 
It was postulated that the metal carbide or nitride, at elevated tempera­
ture, would reduce the eerie oxide to cerous oxide. The cerous oxide, 
which has a much lower melting point than the eerie oxide, is pyro-
phoric and the decomposition products would aid in shattering the pellet. 
Additions of tantalum carbide, titanium carbide, silicon carbide and 
silicon nitride were made. Specimens containing tantalum carbide and 
titanium carbide after sintering were pitted on the surface and had very 
low density. Density of the specimen containing silicon nitride was only 
slightly lower than that of the fluoride (10% SioN,-90% Ce02--cerium 

density, 3.63 gm/cc). No further work was done on the nitride, however, 
as the silicon carbide appeared most promising in burnup tests. 

Sintering of eerie oxide with metal carbide and nitride additions was 
accomplished initially in both a hydrogen and argon atmosphere. Argon 
was used for the subsequent work, as argon sintering produced higher 
density specimens. The original density of the CeO_ + 10% SiC speci­
mens was quite low. Use of particle sizes coarser than the 600 mesh 

^ H T B i F F " 
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powder originally used was of no benefit. Therefore, the sintering tim.es 
and temperatures were varied from 1300 to 1550°C and from 1/2 to 8 
hours. Although the density was improved slightly by adjusting the sintering 
schedule, the cerium densities were not as high as the cerous fluoride 
(3.74 gm/cc). It was noted after several of the tests that the CeO„ + 10% 
SiC had reacted with the zirconia setter tile on which it was sintered. 
Tests with granular SiC and alumina setter plates revealed that no r e ­
action took place on these materials and the density was much improved. 
The density was further improved by the addition of 1/2% CaO (as 
CaCOo)» a sintering aid. A cerium density of 4.0 gm/cc was obtained 

by sintering a mixture of CeOg + 10% SiC + 1/2% CaO at 1550°C for 4 
hours on alumina setter tile. 

Additions of 5 and 7-1/2% SiC were also made to the CeOg to deter­
mine the effect on density and burnup ra tes . Preliminary burnup tests 
with the plasma flame indicated the 5% SiC showed little improvement 
over pure CeO„. While the 7.5% SiC addition improved burnup, it was 

not quite as good as the material containing 10% SiCo 

The increase in burnup properties of eerie oxide by the addition of 
SiC is due to the reduction of CeOg to Ce^Oo. A test therefore was run 

to determine the stability of the compacts at the temperature maintained 
by Cerium-144. Heating the specim.ens to 1000° F in air for 15 minutes 
produced oxidation of the Ce^Oo back to CeO„, with a subsequent growth 

and spalling of m.aterial from the surface of the pellet. This test in­
dicated that compacts which will be thermally hot due to the radioactive 
Ce-144 must be handled and stored in an inert atmosphere to prevent 
immediate oxidation. 

Plasma flame testing. The plasma flame generator produces a 
high"temperature g'as'plasma by confining an electric arc to a restricted 
area„ The arc is stabilized by gas flowing through a nozzle in which the 
arc is produced. This gas also conducts the heat to the specimens being 
tested. The primary gas used in these tests to obtain the plasma was 
nitrogen with oxygen added to the plasma as a secondary gas. 

In the initial work with the plasnaa flame^ an attempt was made to 
obtain the ablation rate at various temperatures., A number of tests 
were performed, but it was very difficult to obtain a higher temperature 
after the melting point of the test material had been reached. Calibration 
of the plasma at various electrical inputs and gas flows was then initiated. 
In all tests, a mixture of nitrogen and oxygen in a ratio to simulate air 
was used. 

http://tim.es
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Two cal ibrat ion techniques were used to determine the p lasma flame 
heat flux. The tes t facility i s shown in Fig, 11-6. The f i r s t method used 
the t empera tu re r i s e with t ime of a 1/4-inch diameter by 1/4-inch long 
copper cylinder a s a m e a s u r e of the heat flux. The cylinder i s encased 
in a phenolic nylon holder , 3/4 inch in diam.eter and about 3 inches long. 
Because of the widely differing diffusivities of the two ma te r i a l s men­
tioned, it has been a s sumed that the heat loss from the copper to the 
holder i s negligible compared to the heat absorbed by the copper from 
the plasma f lame. The second method uses the t ime to initiate melting 
of an assum,ed infinitely long cyl inder a s a m e a s u r e of the incident heat 
fluxo A 1/2-inch d iamete r by 3-inches long pure aluminum, cylinder 
encased in a 3/4- inch d iameter phenolic nylon holder was used. Test 
specimens a r e shown in Fig . I I -7 . 

Eighteen cal ibrat ion runs were used to obtain heat fluxes at five 
machine se t t ings . The two cal ibrat ion methods were used at each 
m.achine setting together with some additional runs to determine r e ­
producibili ty using the shor t copper cy l inders . The agreement in some 
cases was excellent . A p re l imina ry sum.mary of the available ca l ib ra ­
tion r e su l t s i s tabulated in Table I I - 1 . 

TABLE II-1 

Calibrat ion Resul ts 

Current 
(amp) 

700 

450 

450 

350 

350 

Air Flow 

(ft̂ /hr) 

100 

100 

Heat Flux in Cylinder 
Copper Aluminum 

150 

100 

50 

* 

165 

200 

169 

183 

152 

* 

(Btu/ft^/sec) 

324 

178 

169 

152 

* 

*Data not yet avai lable . 
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Fig. Ii-7. Front View of Calibration Specimens 
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Figure II-8 shows a typical calibration sample test setup. 

The ablation rate was determined by subjecting specimens of 1/2-
inch diameter and varying thickness to heat inputs between 150 and 

2 325 Btu/ft / sec . The specim^ens were mounted in a 3/4-inch diameter 
graphite holder. The burnup or ablation time was determined to l/lOth 
second by recording the elapsed time period between placing the model 
in the plasma and the abrupt temperature r ise of a thermocouple placed 
in the holder behind the specimen to indicate burn-through. Specimens 
of phenolic nylon, stainless steel, zirconia and graphite were tested in 
an attempt to find a holder which would minimize the heat losses. How­
ever, it was found that there was very little difference in ablation or burn-
through time with any of the holders tested. Graphite holders were chosen 
as they were more durable and were more readily fabricated. Figure 
II-9 shows a specimen of eerie oxide plus 10% SiC being ablated in the 
plasma flame. 

The results of the burn-through tests for determining the effect of 
various holders is shown in Table II-2. These tests were run with a 
power setting of 600 amperes at 45 volts, and a gas flow of 165 cfh (130 
cfh N„ and 35 cfh oxygen). 

TABLE II-2 
Effect of Holder Material on Burn-Through Time 

Material 

CeFg 

CeFg 

CeFg 

CeFg 

Thickness 
(in.) 

0.113 

0.113 

0.113 

0.113 

Holder 

Phenolic nylon 

Stainless s teel 

Zi rconia 

Graphite 

Burn-Through 
Time 
(sec) 

9.2 

9.5 

9.1 

9.3 

Ablation 
Time 

(sec / in . ) 

81.4 

84.0 

80.5 

82.3 

The diffusivity of the holder materials shown in Table II-2 was con­
siderably different, and should be reflected in the burn-through rates . 
However, for the duration of the test and the model configuration, no ap­
parent radial heat losses were evident and unidimensional heating was 
considered. 

The burn-through and ablation time for cerous fluoride, eerie oxide + 
10% SiC and eerie oxide + 7.5% SiC, are given in Table II-3. 
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Fig. II-8. Plasma Nozzle with Calibration Model in Place 
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Fig* II-9. Ablation Test of Materials 



TABLE 11-3 

Ablation Rate of F u e l Mate r ia l 

Material 

C e F j 

C e F j 

C e F , 

CeFg 

CeOjj +10% s i e 

CeOg + 10% SiC 

CeOg + 10% SiC 

CeOg + 10% SiC 

CeO^ + T.S SIC 

CeOg + 7.6 SiC 

Ce02 + 7 .5SiC 

CeOg + 7 . 5 SIC 

Thickness 
On.) 

0.09$ 

0.150 

0.200 

0.098 

0.150 

0.200 

0.098 

0.150 

0.200 

0.098 

0.150 

0.200 

0.100 

0.150 

0.200 

0.100 

0.150 

0.200 

0.100 

0.150 

0.200 

O.tBO 

0.150 

0.200 

0.100 

0.150 

0.200 

0.100 

0.150 

0.200 

O.IOO 

0.150 

0.200 

0.109 

0.150 

0.200 

Heat Flux 

(Btu/K^/sec) 

152 

IS i 

132 

174 

174 

174 

181 

181 

181 

325 

325 

325 

1S2 

152 

152 

174 

174 

174 

181 

181 

181 

325 

325 

325 

182 

152 

152 

174 

174 

174 

181 

181 

181 

325 

325 

325 

Gas Flow 
(ctb) 

100 

100 

100 

150 

ISO 

150 

100 

100 

100 

100 

100 

100 

100 

100 

100 

150 

150 

150 

100 

100 

100 

100 

100 

100 

100 

100 

100 

150 

150 

150 

100 

100 

100 

100 

100 

100 

B u m - T h r o u ^ 
Time 
(sec) 

21.7 

33.5 

41.1 

12.8 

21.3 

25.5 

11.4 

17.3 
22.8 

4.72 

7.58 

9.46 

13.5 

18.1 

28. S 

10.2 

12.7 

17.0 

6.0 

7.9 

11.6 

3.6 

5 . t 

5.8 

45.3 

44.3 

38.1 

10.0 

17.0 

21.0 

8.3 

11.0 

13.4 

3.5 

5.57 

7.08 

Ablation 
Bate 

(sec/ in . ) 

221.5 

216.5 

20S.5 

Avg 214.5 

130.7 

142.0 

127.5 

Avg 133.4 

116.3 

115.3 

114.0 

Avg 115.2 

43.2 

2 0 . 4 

47.5 

Avg 48.8 

135.0 

121.0 

133.0 

Avg 129.6 

102. S 
84.7 

9 ^ 0 

Avg* 

50.0 

52.6 
58.0 

Avg 53.5 

36.0 

S« , t 

29.8 

Avg 33.5 

453.0 

295.0 

191.0 

Avg* 

100.0 

113.2 

105.0 

Avg 105.5 

83.0 

73.1 

87.2 

Avg 74.4 

35.0 

37.1 
35.4 

Avg 35.8 

* Retests are being made. 
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In Table II-3, the ablation rate is reported in seconds per inch. It 
can be seen that within the experimental error , the ablation rate is a 
constant for the various thicknesses tested. The ablation rate is reported 
in this manner since the fuel pellets will be approximately one inch in 
diameter when they are released from the boiler. As shown in Fig. 11-10, 
upon re-entry 175 seconds are available for burnup of the last pellets to 
be released from the fuel block, and an available heat input of 188 Btu/ 

2 
ft /sec on initial release. Referring to Table II-3, with a heat input of 

2 
174 Btu/ft /sec, an ablation rate of 133 sec/in. was obtained with cerous 
fluoride, 100 sec/in. for eerie oxide + 10% SiC and 106 sec/in. was ob­
tained with eerie oxide + 7.5% SiC, Under actual re-entry conditions, 
the ablation rate of the pellets would be considerably higher than the 
ablation rate found for this heat input because: 

(1) The fuel pellets would be at an elevated temperature (approxi­
mately 1500° C) whereas the specimens in the plasma flame 
test were at room temperature at the start of the test. 

(2) The heat flux would increase by aerodynamic heating as the 
fuel pellet is ablating and reducing in size. 

(3) The heat flux would increase by aerodynamic heating as the fuel 
pellet encounters the more dense atmosphere of the lower 
altitudes. 

Also, no correction has been made as yet for altering the incident flux 
during the heating cycle. As the melting points of the fuel materials are 
around 3000° F, and the calibration was done at approximately 500° F, a 
correction factor must be applied. 

Evaluation of particles from plasma flame tests. Since the fuel form is 
to be burned up to a partrcre~^ize of 10 microns 6r~less, a study of the par­
ticle size of material ablated from specimens subjected to the plasma flame 
is being undertaken. In the plasma flame test, only the particles which 
can be carried by the gas stream are evaluated. The very large particles 
which drop from the gas stream are not evaluated. Figure 11-11 shows 
the apparatus used for collecting particles, and the position of the glass 
slides which are used to collect the particles. The slides are costed with 
a fine filna of vacuum grease providing an adhesive surface on which the 
particles can adhere. Tests are being run at 450 amperes and at gas flows 
of 50, 100 and 150 cfh. Figure 11-12 shows an example of the particles ob­
tained during a trial test of the operating procedure. 
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Fig, 11-12, Pa r t i c l e s Ablated from CeF, with Slide Horizontal 2,5 Inches 
5 

Behind Sample (magn 500X) 
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Evaporation ra t e of ce r ium fuel fo rms . The evaporation ra te study 
of cenunTTuel fo rms was~(^n3ucte3 In ' an induction furnace evacuated 
to p r e s s u r e s of l e s s than 0„1 M . Sample m a t e r i a l s were placed within a 
molybdenum container^ and the t empera tu re was r a i s ed rapidly from room 
t empera tu re to the des i red t empe ra tu r e in l e s s than five minutes . All 
samples tes ted were cyl indrical in shape, with approximate dimensions of 
1/2-inch d iamete r and l /2=inch height. 

Initially, ce rous fluoride samples were tes ted at t empera tu re s above 
their melt ing point. The method used, however, proved unsat isfactory 
a s the sample spa t te red when the melt ing point was reached. Consequently, 
r e su l t s were inaccura te . Another method involved rapidly ra is ing the 
t empe ra tu r e to a point just below melting, and then ve ry gradually heating 
to the melt ing point. This, too^ proved ineffective a s spat ter ing st i l l 
resul ted , although to a l e s s e r degreeo In addition to the spat ter ing effect, 
the samples had a tendency to bubble out of the molybdenum container. 
This was probably due to the higher t empera tu re attained at the base of the 
sample where di rect contact with the container metal occur red . A con= 
sequent buildup of p r e s s u r e at this point caused the overflow. 

F u r t h e r tes t ing at t e m p e r a t u r e s above sample melting points has 
been discontinued until a suitable technique can be developed. 

Test ing of ce rous fluoride samples was continued at t empe ra tu r e s 
below the i r melt ing point. Each tes t was run for 10 minutes duration 
at the des i red t e m p e r a t u r e . Tempera tu r e s were measu red with an optical 
pyromete r and recorded for every two minutes of the tes t run, and then an 
average t empera tu re was determined. To th is average t empera tu re , a 
cor rec t ion factor of 60"̂  C was added. This cor rec t ion factor resu l t s from 
e a r l i e r t es t runs using CeF^ where it was observed that melting occurred 

at optical readings of 1400*' C. The actual melt ing point of cerous fluoride 
i s given a s 1460° C. 

Three samples of ce rous fluoride tes ted in this manner gave the fol­
lowing evaporat ion r a t e s : 

(1) At 1280" C--=4,35 x 10°^ g m / c m ^ / s e c . 

(2) At USO-̂  C--8e75 x lO"^ g m / c m ^ / s e c . 

(3) At 1305° C--2.10 X lO"^ g m / c m ^ / s e c . 

These values a r e plotted in Fig. 11-13 and a r e compared to the theo­
re t ica l evaporat ion ra t e curve for cerous fluoride. In each case , the 
exper imental value i s higher than the theore t ica l value at the given t e m p e r ­
ature» 
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2. Fuel Container Mater ia l Compatibili ty Studies* 

Allegheny Ludlum S-816 cor ros ion t e s t s were completed during this 
repor t ing per iod. This alloy contains 18.5 to 20.5% Cr; 19 to 21% Ni; 
42 to 44% Co; 3.5 to 4.0% Mo; 3.5 to 4.0% W; 3.5 to 4.0% Cb; 0.35 to 0.45% 
C; 1.0% Mn maximum; 1.0% Si maximum and the r emainder i ron. 

a. Fuel compatibili ty t e s t s 

Compatibili ty with eer ie oxide. S-816 appeared in good condition 
after the 120-hour t e s t s in ee r i e oxide at 1700° F . The photomicrograph. 
Fig. 11-14, does not show evidence of at tack. A cor ros ion ra te of 54.35 
mi l l i g rams p e r square dec imeter per day was observed. 

Compatibility with cerous fluoride. S-816 did not show evidence of 
attacE7"as~shown irTFTgl'ir-^TsT The~corrosion ra t e was 14.63 mi l l ig rams 
per square dec imeter per day. 

Compatibili ty with cer ium meta l . S-816 is unsuitable containment 
m a t e r i a r i o r ce r ium metaI7~TSie~orthe alloy consti tuents, nickel, is 
soluble in liquid ce r ium at 1700° F . 

b. Mercury cor ros ion t e s t s . 

S-816 alloy remained unchanged during the 600° F, 30-day mercu ry 
t e s t s . 

c. Atmospher ic oxidation t e s t s 

A uniform gray-gold oxide film formed on al l of the spec imens . The 
photomicrograph. Fig . 11-16 shows no changes in the specimens r e ­
sulting from the 1700° F t e s t s . F o r comparison, S-816 had a corros ion 
ra te of 581.4 mi l l ig rams per square dec imeter per day, Hastelloy B had 
a cor ros ion r a t e of 2821 mi l l i g r ams per square decimeter per day, and 
Inconel X had a cor ros ion r a t e of 255 mi l l i g rams per square decimeter per 
day. S-816 would be sat isfactory for use at 1700" F . 

d. Sea water cor ros ion t e s t s 

S-816 cor ros ion tes t spec imens maintained at 180° F were res i s tan t 
to attack by 10° F sea water . Low cor ros ion r a t e s of 0.5 and 0.4 mi l l i ­
g r a m s per square dec imeter per day resu l ted . 

This work completes all the cor ros ion screening t e s t s , and Tables 
11-4 and II-5 a r e included to summar i ze the r e s u l t s . 

• J . McGrew 
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TABLE II-4 

Tes t 

Air oxidation 
1700" F 

Fue l t e s t s 
1700° F 
(a) CeO„ 

(b) C e F , 

Sea water 
AT 110° F 

M e r c u r y 
t e s t s 
600° F 

Tes t T ime 

6 hr 
6 hr 
6 hr 

72 hr 

96 hr 
120 hr 

96 hr 
96 hr 

120 hr 

30 d 
41 d 
30 d 
41 d 
30 d 

30 d 
30 d 
30 d 
30 d 
30 d 

Mate r i a l 

Hastel loy B 
Incone lX 
S-816 

Tes t Resu l t s 

Pene t ra t ion 
Cor ro s ion Rate Rate 

(mdd) (mpy) 

2821 
255 
581.4 

Inconel X 

Hastel loy 
S-816 

I n c o n e l X 
Hastel loy 
S-816 

Hastel loy 
I n c o n e l X 
Vanadium 
316 SS 
S-816 

Hastel loy 
I n c o n e l X 
Vanadium 
316 SS 
S-816 

B 

B 

B 

B 

F o r m e d lightly 
adheren t oxide 
film 
107 
54.35 

n i l 
1 .3 
14.63 

4 . 4 
0 . 7 
3 . 9 
79.0 
0 .5 
0.4 
nil 
n i l 
nil 
0.56 
n i l 

16.7 
9.11 

nil 
0 ,2 
2 .4 

0.7 
0 .1 
0 .9 
16 
0 .08 
0.06 
nil 
nil 
nil 
0 .1 
nil 

Control Cor ros ion 
Rate 
(mdd) 

nil 

nil 
5.92 

nil 
ni l 
6.62 

0.7 
nil 
nil 
nil 
0.06 + 
0.06 + 

Control 
Pene t ra t ion 

Rate 
(mpy) 

nil 

nil 
0 .09 

nil 
nil 
1.1 

0 .1 
nil 
nil 
nil 
0 .01 
0 .01 



Material 

InconelX 

Hastelloy B 

S-816 

316 SS 

Air Oxidation 
1700° 

Good* 

Poor* 

Good* 

Poor* 

F 
Mercury 

600° F 

Good 

Good 

Good 

Good 

TABLE II--5_ 

Evaluation of Results 

Cerium 
1700° F 

Not good 

Not good 

Not good 
___ 

C 

— 

eric Oxide 
1700° F 

Good 

Poor 

Limited 

Cerous Fluoride 
1700° F 

Limited* 

Limited* 

Limited 

Sea Water 
A T 110° F 

Limited because 
of crevice cor­
rosion and pitting 

Limited because 
of crevice cor­
rosion and pitting 

Good 

Poor 

The evaluatlDn of results in Table II-5 is based on corrosion rate standards as follow: 

Rating 

Good 
Limited 
Poor 
Not good 

Rate of Attack 

(BEII 

> 1 
1 to 10 
10 
Complete incompatibility 

The tests marked with an asterisk were evaluated by metallographic examination. Tantalum is a good material 
for containing cerium, but must be welded and stored in an inert atmosphere to prevent oxidation at elevated 
temperature, * 
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3. ORNL Coordination for Radioisotope-Fueled Ground Test Generator* 

Fuel block loading. Coordination of hot cell fuel core loading plans 
for the Task 2 ground tes t genera tor was continued. Agreements were 
reached concerning al l major a spec t s of the fuel loading procedure and 
remote welder -chi l l block design s tudies . Oak Ridge National Labora ­
tory (ORNL) personnel will a s s i s t in prelim.inary checkout of the remote 
fuel block welder and chill block at The Mart in Company. 

Additional ag reemen t s reached in discuss ions with ORNL personnel 
were : 

(1) Mart in will furnish 560 g r a m s of powdered tantalum.^ which will 
be loaded into the fuel tubes along with the eer ie oxide. This 
mater ia ls 80 g r a m s in each of seven fuel tubes, will act a s a 
ge t te r for free oxygen r e l e a s e during approxim.ately two half-
l ives of radioisotope decay (570 days). 

(2) Manipulators and tongs will be provided by ORNL to inser t 
fuel tubes into the fuel container , to inser t threaded closure caps, 
to remove the loaded fuel core from the chill block and to in­
s tal l the loaded fuel core into the shipping cask. 

(3) Hot cell manipula tors will be used to rota te the fuel container 
in the chill block a s sembly after each c losure plug i s welded. 
Convenient handling knobs and indexing detents will be p r o ­
vided on the chill block. 

(4) An a i r motor will be added to the shipping cask assembly by 
Mart in to actuate the sliding plug screw jack, 

(5) A shipping cask support platform will be provided by ORNL 
to prevent damage to the t racked dolly r a i l s on the floor of 
the hot cell , 

(6) Mart in will add provis ions to the shipping cask to engage the 
fuel core r a m rod from the sliding plug side using the hot cell 
manipula tors o 

Fuel del ivery schedulec A chemical explosion which occur red during 
decOTitamination~bf the plutonium. fission product separat ion plant at ORNL 
will delay the fueling operat ion of the Task 2 ground tes t generator fuel 
core until about November 1960. The fuel core delivery date i s now 
es t imated to be December 1960. Hot cell testing, therefore , has been 
rescheduled for January 1961^ 

* P . J . Dick 
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Co SUBTASK 2.3--HAZARDS ANALYSIS 

During this quar te r ly repor t ing period, the planned objectives 
were : 

(1) To continue the refinement of analytical s tudies associa ted 
with the behavior of the Task 2 genera tor upon r e - e n t r y 
from, orbit or near orbi ta l injection. 

(2) To p r epa re an aerodynamic heating s u m m a r y repor t for the 
Task 2 genera to r . 

(3) To p r epa re a prelim.inary operat ional haza rds repor t for the 
Task 2 genera tor , 

(4) To init iate the p repara t ion of a final s u m m a r y haza rds repor t 
and s u m m a r y film r e po r t for the Task 2 genera to r . 

(5) To continue active par t ic ipat ion in SNAP Hazards Conamittee 
ac t iv i t i es . 

1. Re-en t ry Burnup Studies* 

Analysis was continued on the refinem.ent of data to predict the zone 
of open core impact resul t ing from, final stage fai lure of the satel l i te 
vehicle. The original study, outlined in MND-P-2184, " P r e l i m i n a r y 
Hazards Report for the Task 2 Genera to r , " was conducted to determine 
the zone l imi t s of open core impact using the wors t possible theore t ica l 
final stage malfunctions. The new data will be based upon the maximum 
credible vehicle deviation due to final stage malfunction. As an example, 
one of the original assumpt ions considered perfect final stage operat ion 
within 4000 fps of burnout velocity^ At this point, the vehicle ins tan ta­
neously yawed 90 degrees to the velocity vector while maintaining full 
th rus t . A refinement of this type of failure to a credible condition and 
other data improvements should provide a significant reduction in the 
s ize of the impact zone. This information will be uti l ized in the p r e p a r a ­
tion of a final s u m m a r y haza rds r epo r t . 

An ana lys is of the aerodynamic burnup cha rac t e r i s t i c s for two molyb­
denum fuel core design concepts was completed. One design employed a 
c lus te r of four 1-7/8-inch d iamete r fuel capsules , which were banded t o ­
gether with s ta in less s tee l s t r a p s . The second design was a conventional 
four-inch d iameter block contai.ning seven, 1-inch d iameter , dri l led holes 
for fuel. A final stage propulsion fai lure was considered, wherein a v e ­
locity 400 fps shor t of orbital velocity was reached. The r e su l t s of this 
analys is a r e shown in Fig . 11-17, and naay be summ.arized a s follows: 

* R. Oehrli 
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(1) The banded c lus te r of fuel tubes oxidized and melted 
completely in 285 seconds at an alti tude of 118,000 feei. 

(2) The 4-inch d iameter block was oxidized to a depth of 5/8 
inch at ear th impact . 

It was therefore concluded that, from a r e - e n t r y standpoint, a molyb­
denum fuel tube c lus te r could be considered in the design of a burnup-
type fuel co re . 

2. Aerodynamic Heating* 

Report MND-P-2291 entitled "Summary Report Aerodynamic Re­
entry Analysis , Task 2 Thermoe lec t r i c Genera tor , " was completed and 
distributed^ 

In this r epor t , an analyt ical t r a j ec to ry and aerothermodynamic 
analys is of a satel l i te containing a Task 2 the rmoe lec t r i c genera tor 
was made . A 300-statute m.ile c i r cu la r polar orbit was used for this 
analys is , and the launch was assumed to be from Vandenberg Air Fo rce 
Base . 

Resul ts of this study show that , upon normal r e - e n t r y from a s u c c e s s ­
ful miss ion , the r a d i o - c e r i u m fuel will burn up in space at high al t i tude. 
Thus, only a very m.inor amount of radio ce r ium will be r e l eased to the 
s t r a to sphe re . 

A complete analys is of the fate of the r a d i o - c e r i u m fuel following 
var ious abor ted launching a t tempts a l so has been c a r r i e d out. Char t s 
summar iz ing the var ious assumed fa i lures and locat ions of the fuel 
following fai lure a r e shown. 

A technical d iscussion of the methods used in performing the analy­
s i s i s included in the r epor t . 

3. P r e l i m i n a r y Operational Hazards Report ** 

Report number MND-P-2335 entit led " In ter im Report on Safety P r o ­
cedures for the Task 2 Thermoe lec t r i c Genera tor ," was p repa red for 
publication and will be dis tr ibuted in May 1960. 

* R„ Oehri i , W, Hagis 
** L. Klein 
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This r epo r t desc r ibes the operat ional haza rds associa ted with the use 
of a radioisotope-fueled auxi l iary power unit for a satel l i te miss ion . Two 
Task 2 gene ra to r s will be uti l ized to power cer ta in e lec t r ica l equipment 
in a satel l i te sys tem. P rocedu re s have been established for the safe 
handling and operation of the Task 2, 125-watt the rmoe lec t r i c genera tor 
throughout i t s factory to flight sequence. Included a r e suggested special 
p rocedures to be followed in the event of a launch pad abort , or an aborted 
flight ending in the impact of the genera tor within the l imi ts of the launch­
ing a r e a . 

Chapter I outlines the factory to flight and /o r r e t r i eva l and disposal 
sequences followed for the Task 2, 125-watt genera tor . 

The genera to r design, fuel p rope r t i e s , fuel capsule cha rac te r i s t i c s 
and provis ions for biological shielding that a r e re la t ive to the operational 
haza rds of the genera tor a r e given. 

A discuss ion of the major equipment involved in loading and shipping 
the fuel core for the genera tor i s provided, a s well as an outline of the 
procedure for preshipping and loading opera t ions . The general examina­
tion of the shipment itself, including the Bureau of Explosives Permi t , 
special and routine shipping conditions and ra i l road accident s ta t i s t ics 
a r e d iscussed. 

The sequence to be followed at the launch si te from fueling of the 
genera tor through mating the genera to r to the satel l i te vehicle including 
the countdown period has been p repa red . A descript ion of the auxil iary 
equipment requi red at the launch si te i s included along with a discussion 
of the orientat ion of the genera tor within a satel l i te vehicle. 

P r o c e d u r e s have been es tabl ished to be used in re t r ieving and dispos­
ing of a unit that has impacted in the launching a rea or in the immediately 
adjacent ocean a r e a s . 

An evaluation of the radiat ion field p resen t around a bare source , a 
shielded genera to r and around the ground handling equipment during the 
fuel t r ans fe r operat ion has been included. 

4. Final Summary Hazards Report and Sunamary Fi lm Report* 

The final haza rds s u m m a r y repor t and summary film, which a r e being 
prepared , will summar i ze the cu r ren t Task 2 haza rds analys is and tes t 
p r o g r a m s conducted during F i sca l Year 1960. The information previously 
repor ted in MND-P-2184 will be refined and supplemented as a resul t 
of this effort. 

* G. Dix 
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F i lms of the f i rs t s e r i e s of fuel core high velocity impact t e s t s have 
been edited and will be included in the Hazards Sumnaary F i lm Report . 
This film, will a lso include: 

(1) The second s e r i e s of fuel core high velocity impact t e s t s . 

(2) Fuel core integri ty t es t resul t ing from a s imulated booster 
vehicle explosion on the launch pad. 

(3) Fuel core integri ty t es t resul t ing from a s imulated launch 
vehicle high t empera tu re fire on the launch pad. 

(4) Imnaersion of a Task 2 fuel core into liquid oxygen. 

(5) Plasnaa flame burnup t e s t s . 

(6) Fuel container naaterials cor ros ion and compatibility t e s t s . 

(7) Launch flight t ra jec tory and fate of the fuel core following 
launch fa i lure . 

5. SNAP Hazards Committee Activi t ies 

P resen ta t ions covering the cu r ren t s ta tus of the Task 2 P r o g r a m 
with respec t to haza rds , ground handling, fuel core development and 
thernaoelectr ic development were given. These presenta t ions were made 
at the following locat ions: 

(1) Naval Radiological Defense Labora to ry (NRDL), San F ranc i sco , 
California. 

(2) Pacific Miss i le Range (PMR), Point Mugu, California. 

(3) Ai r F o r c e Ball ist ic Miss i le Division (AFBMD), Inglewood, 
California. 

The r e s u l t s of these presen ta t ions were a s follows: 

(1) The facil i t ies of NRDL were made available to a s s i s t in the 
evaluation of the high t empera tu re f ire t es t r e s u l t s . 

(2) The r ep resen ta t ives of the PMR were recept ive to the haza rds 
concepts . In teres t was shown in the application of the Task 2 
genera to r for underwater u se . 
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(3) US Air Fo rce personnel at AFBMD re i t e ra ted their position 
with r e spec t to the Task 2 sys tem as a backup to so la r 
s y s t e m s and the i r des i re to continue the sys tem development 
through the hot cell ground t e s t . 

D. SUBTASK 2.4--MANUFACTURING 

During this qua r t e r the planned objectives were : 

(1) To provide tes t ha rdware in support of the hazards testing 
and core development p r o g r a m s . 

(2) To init iate fabrication of the ground handling sys tem ha rd ­
ware . 

(3) To fabricate and a s semble one e lec t r ica l ly heated genera tor 
for electr i / :al tes t ing. 

(4) To fabricate and a s semble one e lec t r ica l ly heated genera tor 
complete with j igs and fixtures for environmental tes t ing. 

(5) To begin construct ion on a remote welding device for the 
isotope-loaded fuel block. 

(6) To supply supporting effort for design changes or facil i t ies 
modifications for the tes t ing p r o g r a m . 

As indicated previously, these objectives were changed at the d i r ec ­
tion of the New York Operat ions Office, and all fabrication re la ted to 
I tems 2 and 5 was te rmina ted . The repor ted p r o g r e s s ref lects these 
t e rmina t ions . 

1. Test Support Hardware* 

Fuel block spec imens and equipment were fabricated for the high 
velocity impact t e s t s , the explosion t e s t s and the high tenaperature fire 
test ing por t ions of the haza rds tes t p r o g r a m to be conducted at Aberdeen 
Proving Grounds. Fu l l - s ca l e Inconel X tes t specimens for the impact 
t e s t s consis ted of th ree ce r ium metal-fueled five-hole blocks, one five-
hole block fueled with lavite pel lets and two cer ium metal-fueled, five-
tube, separable a s s e m b l i e s . Examples of each type a r e shown in Fig. 
11-18. The samples a r e identified from left to right a s the seven- and 
five-hole designs and the separable capsiile design. A 4 x 4 x 12-foot 
plywood box to be used a s a water impact target at Aberdeen was com­
pleted. 

* E» J . Lemanski 
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Fabr ica t ion was completed on specimens for the explosion t e s t s . 
These included four 1 /3-sca le , e lec t r ica l ly heated blocks; two of 
Hastelloy B, and two of Inconel X. In addition, four l / 3 - s c a l e blocks 
of alunainum, ranging in room t empera tu re yield strength from 10,000 
to 40,000 psi , were conapleted for tes t ing. These will se rve to bracket 
the failure level of spec imens in the explosion. 

Test spec imens completed for the h igh- tempera ture fire tes t con­
sis ted of nine ful l -scale blocks . Of these , th ree were made of Hastelloy 
B, th ree of Inconel X and th ree of s ta in less s tee l . One of the Hastelloy 
B blocks was filled with ce r ium meta l and the remaining with lavite pe l ­
le ts to s imulate a ce r ium fuel form. Boxes of Marinite insulation were 
fabricated to house the c a m e r a s covering the fire tes t at close range . 

The ful l-scale genera tor was completed in the previous quar te r for 
use in the fire t es t . The unit i s equipped with an e lec t r ica l ly heated 
block to s imulate the heat sou rce . The the rmoe lec t r i c conversion 
sys tem has been omitted in th is sample . 

Miscel laneous i t e m s for the p lasma flame t e s t s such a s calibrat ion 
and tes t spec imens , and ceranaic specinaen holders were p repared . 

2. Ground Handling Equipnaent 

Work on the ground handling equipnaent was stopped on March 30, 
1960. P r i o r to th i s , the isotope shipping cask, (shown in Fig. 11-19), 
fuel block r a m assenably, the sliding plug, jack and lock assembly, 
and the gimbal fixture were approximately 97% complete. The donae 
detail for the col lar shield tank was complete, and var ious details on 
the tank had been assembled and welded. When the stop order was 
issued the detai ls in p r o c e s s were taken off the naachines, tagged and 
re tu rned to the s tockroom. 

3. Elec t r ica l ly Heated Genera tor 

Assembly of the f i r s t e lec t r ica l ly heated genera tor was completed 
in this qua r t e r . The assembl ing procedure for install ing the top and 
bottom Min-K domes was a s follows. Cutouts were made in the top 
dome for c lear ing bellows s ea l s , and the section was handworked and 
fitted to the inner skin to a s s u r e a close contact. All thermoelec t r ic 
hot shoe grooves were routed out with a high speed a i r -d r i ven tool. 
The dome was fired to burn off the reinforcing epoxy res in and placed 
into a supporting cradle where the hot shoes were installed; the genera ­
tor was inverted, lowered into the dome and proper ly aligned. The 
supporting cradle and genera tor were clamped together and the assembly 
r ighted. When the supporting cradle was removed the interconnecting 
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wiring slots were routed into the insulation. Min-K dust was then 
vacuumed frona the holes and the thermoelement assemblies installed 
and wired together. After another vacuumiing around the elements, a 
preliminary checkout to assure electrical continuity was made, and 
the outer skin was fitted and welded into place. Springs and cold shoe 
caps were fitted into the elements and the adjusting blocks were tack 
welded in place. A final electrical continuity checkout was made, and 
plugs were screwed into the adjusting blocks far enough to compress 
the springs approximately 1/16 inch. 

The bottona insulation dome and skin were installed in a similar 
fashion. This procedure had to be closely followed because of the poor 
handling and structural properties of the insulation domes, and because 
only the insulation, closely fitted to the inner skin, held the hot shoe in 
place. 

During the first continuity checkout, four broken elements were dis­
covered and replaced. The aluminum adjustment blocks were tack welded 
to the aluminum outer skin to avoid possible deformation or shrinkage 
resulting from extensive welding. Following welding, the blocks were 
sealed with room temperature vulcanizing silicone rubber so the joints 
would be gas tight. Stainless steel-aluminum joints around the bellows, 
which looked like potential leak areas , were also sealed with silicone 
rubber. 

Following sealing operations, the thermal shutters and the electro­
mechanical shutter actuator were installed. 

A complete continuity checkout was made on the overall circuit be­
fore the generator was turned over to the test group for installation in 
the test chamber. Figure 11-20 shows the first com.pleted generator 
mounted on the test stand. Details such as the adjustnaent blocks with 
adjusting screws, the lift points on the inner skin assembly, the thermal 
shutters and the shutter actuator assembly are readily seen. 

4. Environmental Test Generator 

A second electrically heated generator to be used for environnaental 
testing was started in this quarter. Since the inner skin and truss 
assenably of the first generator proved satisfactory in thernaal cycling 
and rapid heatup tests, their designs were essentially unchanged, and 
fabrication on the second unit was started .from available parts. After 
the inner t russ assembly was welded, t russ members were instrumented 
with strain gauges. These will serve to convey information about inter­
nal 'vibration and resonance in the inner structure during the vibration 
tests. A conical heat shield was then installed. 
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Fig. 11-20. First C ^ l e t e d Generator 
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Material for the redesigned aluminum outer skins was received and 
the Marform operation was set up. Once these parts are formed, they 
will be chem-milled so that excess material adjacent to the adjusting 
plugs will be removed. The skins will then be trimmed, holes drilled 
and tapped and the bosses faced to provide a smooth gasketing surface. 

The environmental test fixture for the vibration test is in fabrica­
tion. Magnesium weldments and plates a re being assembled and machined 
to provide a lightweight, highly rigid fixture. Two granite slabs, which 
will serve as part of the vibration table test fixture^ were delivered dur­
ing this period. 

5. Remote Welder 

All work relating to the remote welding of the fuel blocks including 
the associated positioning, rotating and cooling equipment was stopped. 
Procurement of materials was terminated. 

E„ SUBTASK 2„5--SYSTEM AND COMPONENT TEST 

During this quarter, the planned objectives were: 

(1) To review the final report submitted by the subcontractor 
describing the radiation studies on the thermoelectric ele­
ments. 

(2) To perform a second ser ies of high velocity impact tests on a 
improved fuel block design and to conduct explosion tests and 
high temperature fire tests on the fuel block. 

(3) To complete transient startup and equilibrium heat loss testing 
of the heat transfer mockup with its shutter heat dump system. 

14) To initiate testing of the first electrically heated thermoelectric 
generator for electrical power output, power flattening and for 
transient and equilibrium control characteristics. 

1, Radiation Study Program 

The radiation study program on lead telluride thermoelectrics, de­
scribed in the previous quarterly, was concluded and the revised final r e ­
port by the subcontractor received. The following discussion presents 
more of the detailed results submitted by the subcontractor. 

In the high accumulated dose test, control samples were held at the 
temperature used during the radiation and for the same period of time 
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as the radiat ion exposure . Control samples held at 300° F showed no 
res i s t iv i ty changes while those held at 1000** F showed res i s t iv i ty 
changes. To de termine the magnitude of these changes, samples used 
in the high t empera tu re i r r ad ia t ion were f i rs t subjected to a p r io r 
heat t r ea tment for th ree hours at 1000° F . The effect of this heat t r e a t ­
ment i s summar i zed in Table I I -6 . When the samples were subjected to 
heat t r ea tment at even higher t e m p e r a t u r e s , they became stabil ized and 
showed no fur ther res i s t iv i ty i n c r e a s e s even af ter extended heat t r e a t ­
ment at lOOO*' F„ 

1 fi 2 
A total accumulated dose of 4.6 x 10 e lec t rons /cna did not m e a s u r ­

ably affect the weight and physical dimensions of the samples , although the 
s t rength of the m a t e r i a l de te r io ra ted . At tempts to m e a s u r e the impact 
s trength of the ma te r i a l with an Izod Tes te r before and after the radiat ion 
were unsuccessful . The t e s t e r apparent ly lacked the sensit ivi ty neces sa ry 
to detect changes . 

Because of the ex t reme fragil i ty of the t e s t samples after i r rad ia t ion , 
extensive power output m e a s u r e m e n t s could not be made on the P- type 
e lements . At l eas t 12 samples broke during the i r r ad ia t ion or subsequent 
m e a s u r e m e n t . However, r e s i s t iv i ty r e su l t s were obtained from tes t 
samples or fragnaents of s a m p l e s . These indicated an inc rease in r e ­
sis t ivi ty ranging from 11% for Sample No. 61 to 22% for Sample No. 19. 
Typical r e s u l t s of samples i r r ad i a t ed at 1000® F a r e shown in Table I I -7 . 

The fragil i ty of the sanaples supplied led the subcontractor to supply 
samples of h is own in an effort to complete the m e a s u r e m e n t s . These 
samples were s in te red and extruded from ma te r i a l essent ia l ly identical 
in composit ion with the ma te r i a l supplied. The original samples were 
cas t spec imens purchased from Minnesota Mining and Manufacturing. 
Trans i t ron Elec t ronics Company supplied the extruded sanaples. Samples 
l is ted in the tables a r e identified a s to source . 

Following i r rad ia t ion at 1000° F to a total dose o f 4 . 6 x 10^^ e l e c -
2 t rons /cm. , power output m e a s u r e m e n t s were obtained on Sample No, 36, 

N-type ma te r i a l , l i s ted in Table I I -7 . The tes t r e s u l t s a r e plotted in 
F ig . 11-21. These r e s u l t s show that the l a rge accumulated dose inc reased 
the power output of the spec imen to about 11% at the low values of external 
load r e s i s t a n c e . The peak power output and the power output at the higher 
values of external load r e s i s t a n c e were apparent ly not significantly 
affected. 

Typical r e s u l t s of the low tenaperature i r rad ia t ion t e s t s (300° F) a r e 
given in Table I I -8 . I nc r ea se s in the e lec t r i ca l r e s i s t iv i ty a s a resu l t 
of the radiat ion, occur red in al l s a m p l e s . These i n c r e a s e s ranged from 
11.8% for Sample No. 2, to 42% for Sample No. 50. Resul ts of the power 
output naeasurements made on Sanaple No. 9, N-type ma te r i a l , a r e plotted 



TABLE II-6 

Type and 
C^igin 

N-3M 

N-3M 

N - T E C 

P - 3 M 

F - 3 M 

F - T E C 

Effect of Heat T r e a t m e n t at 

Before 
After 

Before 
After 

Before 
After 

Before 
After 

Before 
After 

Before 
After 

Weight 
(gm) 

2.2201 
2.2202 

1.9400 
1.9405 

2.8020 
2.8018 

2.1561 
2.1560 

2.0612 
2.0609 

1.8211 
1.8214 

1000° F for 3 Hour s 

Length 
(in.) 

0.998 
0.998 

0.988 
0.988 

0.858 
0.857 

1,000 
0.998 

0.983 
0.982 

1.0310 
1.0311 

Width 
(mi ls ) 

246 
247 

218 
216 

373 
372 

240 
239 

247 
245 

214 
213 

T h i c k n e s s 
(mi l s ) 

69 
69 

69 
69 

67 
67 

69 
68 

67 
68 

68 
68 

Res i s t i v i t y 
(mi l l i ohm- in . ) 

0.191 
0.191 

0.148 
0.142 

0.297 
0.301 

0.168 
0.172 

0.151 
0.143 

0.135 
0.139 



Spec imen 
No. 

19 

61 

36 

Type and 
Or ig in 

N - T E C 

P - T E C 

N-3M 

R e s u l t s 

Before 
After 

Before 
After 

Befo re 
After 

TABLE II-'J. 
of High T e m p e r a t u r e Radia t ion 

Weight 

2.7078 
2.7075 

3.0392 
3.0387 

2.0730 
2.0735 

Length 
(in.) 

1.1436 
1.1435 

0.9962 
0.9960 

1.0120 
1.0121 

Width 
(mi ls ) 

294 
294 

376 
373 

218 
218 

T h i c k n e s s 
(mi l s ) 

68 
68 

70 
69 

70 
71 

Res i s t i v i t y 
(mi l l i ohm- in . ) 

0.139 
0.170 

0,236 
0.262 

0.146 
0.173 

03 

Not included a r e the 12 samples which broke during irradiat ion or subsequent measureraent . 
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Results of 

Type and 
Origin 

N-3M Before 
After 

N-TEC Before 
After 

N-TEC Before 
After 

N-TEC Before 
After 

P-3M Before 
After 

TABLE II-8 

Low Temperature Radiation 

Weight 
(gm) 

1.9821 
1,9827 

1.6890 
1.6863 

1.7843 
1.7850 

3.0685 
3,0680 

2.2265 
2.2270 

Length 
(in.) 

0.9990 
0.9990 

0.9540 
0.9540 

0.7274 
0.7272 

1.4710 
1.4700 

0.998 
0.998 

Width 
(mi ls ) 

218 
218 

205 
205 

280 
281 

381 
380 

247 
247 

T h i c k n e s s 
(mi l s ) 

70 
70 

67 
67 

67 
68 

65 
65 

69 
69 

R e s i s t i v i t y 
(mi l l i ohm- in . ) 

0.435 
0.472 

0.187 
0.214 

0.142 
0,163 

0.128 
0.169 

0.148 
0.210 

-0 .118 
-0 .131 
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on Fig . 11-22. A decreased power output over the full range of external 
load r e s i s t a n c e s was noted. At the peak output, a dec rease of 16% was 
noted. 

In view of the conflicting r e su l t s obtained, namely a power output 
i nc rease after radiat ion at 1000'' F , and a power output dec rease after 
radiat ion at 300° F , no specific s ta tement can be made a s to the actual 
effect of i r rad ia t ion on power output. Since the power output m e a s u r e ­
ment was difficult to make because of the extrem.e fragility of the test 
b a r s after i r rad ia t ion , a l a r g e number of samples could not be s u c c e s s ­
fully tes ted . Thus, no sampling or averaging techniques can be applied. 

The subcontractor c a r r i e d out, some exper iments independently to ob­
tain infornaation on the effects of radiat ion on res i s t iv i ty and the rmo­
e lec t r ic power (Seebeck coefficient, c?) a s a function of t empera tu re 
using round b a r s . A s in te red and extruded lead tel lur ide bar was radiated 
in segments around the c i rcumference until the whole bar had been ex-

16 ? 
posed and the bar had rece ived a dose of 4.6 x 10 e l ec t rons / cm over 
i ts length. Resul t s a r e shown in F i g s . 11-23 and 11-24. Figure 11-23 is a 
plot of the rmoe lec t r i c power (Seebeck coefficient) v e r s u s t empera tu re . 
The curves shown indicate that the radiat ion exposure r e su l t s in a de­
c r e a s e in t he rmoe lec t r i c power. The magnitude at this effect i s most 
noticeable at t e m p e r a t u r e s of 800 to 950° F . 

F igure 11-24 is a plot of res i s t iv i ty for the same bar ve r sus t empera ­
tu re . It should be noted that the res i s t iv i ty inc reased after radiation, 
the i nc rease being more pronounced at lower t e m p e r a t u r e s . These r e ­
sul ts , in par t , support the r e s i s t iv i ty i nc rease effects noted ea r l i e r , in 
that the res i s t iv i ty i nc r ea se is g r e a t e r at lower t e m p e r a t u r e s . Fo r ex­
ample , r es i s t iv i ty i n c r e a s e s for the thin slab samples i r r ad ia ted at 
1000® P ranged from 11 to 22%; res i s t iv i ty i nc r ea se s for the thin slab 
samples i r r ad ia ted at 300^ F ranged from 11.8 to 42%. This would indi­
cate that an annealing effect takes place at the higher t empe ra tu r e . 
Quantitatively, however, the magnitude of this annealing effect i s not 
supported by the r e s u l t s obtained on the bar samples . These r e su l t s , 
plotted in Fig„ 11-24, show no res i s t iv i ty change at 900 to 950" F , 

Subsequent to the rece ip t of these r e s u l t s , a compar ison of the sub­
con t rac to r ' s res i s t iv i ty and Seebeck coefficient measurement data at 
room t empe ra tu r e with Mart in data was made . It was concluded that, 
within the l imi t s of exper imenta l e r r o r , the accuracy of the subcon­
t r a c t o r ' s measurenaents was sat is factory. Any variat ion in the data 
m e a s u r e m e n t s was apparent ly the resu l t of a lack of uniformity within 
the sample e lements . This inherent nonuniformity tends to mask any 
small changes which might take place and, in addition, makes it difficult 
to obtain consistent r e s u l t s . If a l a rge number of samples were tested. 



m 

cti 

•r-< 

B 

3 

o 
0) 

o 
ft, 

35 

30 

25 

20 

15 

Sample 9̂  P-type 
3M m,aterial 

10 e lec t rons/cm Total accumulated dose 4.6 x 
Specimen at 200® to 300® F during radiation 

on 
O 

20 40 60 80 100 

External Load Resistance {m.illiohms) 

120 140 160 

Fig, 11-22. Power Output Versus External Load Resistance for Lead 
Telluride Thermoelectric 



150 

m 

1 
u 

I 
o 
•H 

p 100 

/ 
/ 

> A 

y 
^ 

. ^ 
^ 

^ 

= ^ H 
y^ 

^ y C-
After radiation 

1 
I 

Before radiation J 

- ^ 

^ 

• ^ ^ 

X 

V 

N 
• 1 

100 200 300 400 500 600 
Temperature (*F) 

700 800 900 1000 

I 

on 

Fig. 11-23. Thermoelectric Power (Seebeck Coefficient) Versus 
Temperature--Lead Telluride N-Type, Sintered 



11-52 

4000 

3000 

2000 

CQ 

Xi 
o 
Fi 
a 
o 
u 
o 
a 
^ 
> 
CQ 

•rH 

to 

1000 

HOO 

600 

4U0 

300 

200 

100 

/ 

/ 

/ 
/ 

/ 

/ / 

/ 

/ 

5^ 
\ 

V 

^ _ 

^ - x 

^—Before radiation 

—After radiation 

200 400 600 

Temperature ("F) 

800 1000 

F ig . II-2ii-, R e s i s t i v i t y Versus Temperature--Lead Tel lur ide N-Type Sin tered 



11-53 

s ta t is t ica l methods could be used and e r r a t i c r e su l t s could be re jected. 
It may be concluded from the t e s t s that operating lead tel luride e lements 
undergo no detectable changes in physical o r thermoelec t r ic p roper t ies 
(e lect r ica l power output) over per iods of up to 30 minutes at dose levels 

to 1.33 X 10 e l e c t r o n s / c m /hour . 

I r rad ia t ion of the lead te l lur ide e lements to a total dose of 4.6 x 10 
2 e l e c t r o n s / c m causes an i nc r ea se in element res is t iv i ty and a marked 

decrease in the physical s trength of the e lements . No measurab le effect 
on weight and physical dimension of the sample was noted as a resu l t of 
the total dose mentioned. 

16 

2. Simulated Abort Tes t s* 

High Velocity Impact T e s t s . The second set of high velocity impact 
tesTs was completed in MarcET A total of six ful l-scale co res of Inconel 
X were heated to approximately 1500° F and impacted on ei ther granite 
or water t a r g e t s . Only the p re l iminary tes t r e su l t s , given in Table 11-9, 
a r e available at this t ime . The data will be contained in an APG repor t 
which has not been received. The documentary and high speed Fastax 
film r e c o r d s a r e being p rocessed . 

TABLE II-9 

P re l im ina ry Resul ts of Impact Test 

^ ecimen 

Planned 
Impact 

Velocity 
(fps) 

Planned 
Inapact 

Tempera tu re 
C°FJ Target 

Cer ium meta l 500 
loaded 

5-hole impact 
cap design 

Lavite pellet 500 
loaded 

7-hole impact 
cap design 

1500 Granite 

1500 Granite 

Remarks 

Rupture of specimen. 
Cer ium re leased . 
"Blooming"-type 
fai lure. 

Specimen recovered 
intact. Crack out of 
welded filling plug 
found with no apparent 
r e l ea se of lavi te . 

* T. Dobry 
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TABLE II-9 (continued) 

Planned Planned 
Impact Impact 

Velocity Temiperature 
Specimen (fps) TF) Target 

Cer ium meta l 500 1500 Granite 
loaded 

5 separab le 
capsule design 

Cer ium meta l 500 1500 Granite 
loaded 

5 separable 
capsule design 

Lavite pellet 500 1700 Granite 
loaded 

7-hole impact 
cap design 

Lavite pel let 500 1700 Water 
loaded 

7-hole impact 
cap design 

A photograph of th ree 7-hole impact cap design spec imens loaded 
with lavite pe l le ts (simulated CeOg) i s shown in Fig. 11-25. The spec i ­
men on the right was impacted against granite^ When the im.pact cap 
was chiseled off̂  a welded filling plug was found to have broken loose 
at the edge of the weld area,, None of the contained lavite was spil led. 

The specim.en shown on the left of Fig . 11-25 was a lso impacted 
against g ran i te . Except for p las t ic deformation^ the specimen was in ­
tact . The center specimen was impacted against a wa te r ta rge t con­
sist ing of a total ly enclosed, filled plywood box, 12 feet by 5 feet by 4 
feet. No deformation or c racking of the specimen was evident. 

F igure U-26 shows the ce r ium meta l loaded five-hole impact cap 
design after impacting against g ran i te . The bloom.ing-type of fai lure 
shown was typical of that exper ienced with all of the ce r ium meta l loaded 
spec imens . Marked cor ros ion of the specimen is a l so evidento A m.etal-
lographic evaluation of the spec imen i s in p r o c e s s . More conaplete in ­
formation will be included in the next quar te r ly . 

Remarks 

Rupture of specimen. 
Cer ium re l eased . 

Identical with above. 

Specimen recovered 
intact . No r e l ea se 
of lavi te , no c racks 
or f i s su res in spec i ­
men. 

Specimen recovered 
intact . No visible 
damage. 



Fig, II-25. Seven-Hole Impact Cap Specimens 

I 

en 



11-56 

Fig« I I -26» Cerium Metal Loaded Five-Hole Impact Cap Design 



II-57 

Shock Wave Test . One- th i rd - sca le fuel blocks were evaluated in the 
shock wave tes t conducted at Aberdeen Proving Grounds in March. The 
tes t was designed to s imulate the shock loading imposed on the fuel block 
in a launch pad booster fa i lure . Shock waves were generated by detonat­
ing 2000 pounds of TNT, an amount scaled down from the es t imated TNT 
yield of the liquid fuel of the vehicle . Samples were positioned 12 feet 
from the center of the charge and were tied to a 100-foot length of nylon 
rope which aided the sample recovery . Scaling down of the explosion 
made it nece s sa ry to scale down the test samples , with the resu l t that 
1 /3-scale fuel blocks were used. 

A total of eight samples was tes ted. These included: 

(1) Two 7-hole Inconel X spec imens . 

(2) One single-hole Hastelloy B specimen. 

(3) One 7-hole Hastelloy B specimen. 

(4) Four g raded-s t reng th aluminum specimens . 

The Inconel X and Hastelloy B spec imens were equipped with e l ec t r i ­
cal hea t e r s so they would be heated to thei r approximate operating t e m p e r a ­
tu re s during the tes t . An e lec t r i ca l disconnect cut off power to the 
hea t e r s immediate ly before the t e s t . Unheated, g raded-s t reng th a lumi ­
num specimens ranging in yield s t rength from 10,000 to 40,000 psi were 
included in the blast a r ea to m e a s u r e the level of fai lure. 

At this writ ing, the tes t data and fi lms a r e sti l l being processed . 
Only five of the original eight spec imens were recovered: 

(1) One 7-hole Inconel X specimen. 

(2) One single-hole Hastel loy B specimen. 

(3) Three graded-s t reng th aluminum spec imens . 

All the recovered specimens appeared to be in excellent condition. Pitt ing 
on the surface of one of the g raded-s t reng th aluminum specimens, appar ­
ently the resu l t of impacting debr i s , was the only noticeable damage. 
Quantitative r e su l t s on the peak p r e s s u r e s developed a s a resul t of the 
explosion will be included in the next quar te r ly repor t . 

High Tempera tu re F i r e T e s t s . Because of weather conditions, high 
t empera tu re fire t e s t s tentatively scheduled for the l a t t e r par t of March 
1960 will be delayed until Apri l 19 60. At the same t ime, a simulated 
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radioact ive fuel r e l e a se tes t will be conducted in which the fallout will 
be measu red . A single tes t setup will be used to s imulate a high t e m p e r a ­
ture environnaent that might be expected when a mis s i l e fails on a launch 
pad. The mis s i l e s t ruc tu re will be simiilated by 20,000 pounds of s c rap 
metal composed of aluminum, magnes ium and s teel . These meta ls will 
be separa ted into five zones along the length of a 25-foot tower. A total 
of 18 capsule spec imens will be positioned throughout th is s t ruc tu re . 
The spec imens will be e lec t r ica l ly heated to simiilate the operating t e m p ­
e r a t u r e s of the isotopic genera to r . 

T e m p e r a t u r e s of the o rde r of 6000* F will be generated by mixing 
hypergolic fuels, i .e . , r ed fuming n i t r ic acid and aniline, over the s imu­
lated mis s i l e s t r uc tu r e . Containers of the propel lants will be positioned 
at the top of the tower and split open remote ly by activating shaped charges 
designed to penet ra te the cask. 

Two hundred pounds of mischmeta l containing about 100 pounds of 
ce r ium will be encapsulated in lead foil conta iners and positioned in the 
top zone of the fire tower. This pyrophoric raetal will be used as fuel 
for the fallout cloud. The lead foil i s used to check the r e l ea se of the 
cloud for a few seconds after the f ire i s s t a r ted . This will enable the 
c a m e r a s covering the tes t to distinguish between the propellant cloud 
and the ce r ium cloud. A total of 11 c a m e r a s will be used to observe 
the cloud r i s e , s ize and path downwind. 

The fallout field is designed for a northwest wind as shown in the 
accompanying layout (Fig. 11-27), The tes t will be run only when optimum 
meteorological conditions exist for this par t i cu la r setup. Fallout t r ays 
and a i r s a m p l e r s will be used to collect a i r concentrat ion and fallout 
data from the cer ium cloud. They will be positioned as shown on the 
layout in a 60 degree quadrant on 13 different radi i from 50 to 1600 m e t e r s . 

The fall field will cover an a r e a of 1.34 x 10 square m e t e r s or 1.44 x 10 
square feet. The a i r s a m p l e r s a r e of the Staplex high volume type de­
veloped in the l abora to r i es of the New York Office of the United States 
Atomic Energy Commiss ion . Ash less fil ter paper of the type TFA No. 
41 will be used to m e a s u r e cer ium a i r concentrat ions in the fallout a r e a . 
Fallout t r a y s will be gummed polyethylene of the type used by the AEC 
for the i r fallot s tudies . 

A l is t of spec imens to be used in the f ire tes t i s given in Table 11-10. 



50 meters , 164. 04 feet (typ) 

Fire tower 
Camera towers 

1. Test to be run when wind direc­
tion IS from the northwest. 

2. Distance between fallout trays 
along the circumference of the 
quadrant. 

Radius 
(meters) 

1600 

1000 

800 

600 

400 

300 

200 

100 

50 

Angle 
(degrees) 

7 . 5 

15 

7 .6 

15 

7 .6 

15 

15 

15 

15 

15 

30 

30 

Distance Between Trays 
(ft) 

687.14 

1374.28 
429.46 
858.9 
343.68 
687.15 
515.36 
343.58 
267.68 
171.79 
171.8 
86.9 

3. Symbol Code 

Fallout trays—quantity 51 

Two air sam.plers— elevation 80 feet and 30 feet 

/\f7>. Air samplers—elevation 0 to 30 feet 

m Generator—manually controlled 

Generator—controlled from TCC 

4. Trays 17, 23. 24 and 25 may be staggered 
off of the northwest direction line. 

5. Scale—1 foot - 500 ft 

150-foot tower to be used for camera observation 
location approximately 3000 feet from fire tower 

S 

CO 

Fig. I I - 2 7 . Layout for Cerium^allout Test—60-Degree Quadrant 

MND-P-3010 
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Specimen 
No. 

10 

TABLE 11-10 

High Tempera tu re F i r e Test Specimens 

Specimen 
Type 

10 

Shape Mater ia l 

Cylinder, ends Cylinder-Inconel X 
hemispher ica l Shell-Aluminum 

Cylinder 

Cylinder 

Cylinder 

Cylinder 

Cylinder 

Cylinder 

Cylinder 

Cylinder 

Cylinder 

Hastelloy B 

Hastelloy B 

Hastelloy B 

InconelX 

InconelX 

InconelX 

Stainless 
s tee l - -316 

Stainless 
s tee l - -316 

Stainless 
s tee l - -316 

Remarks 

One-hole 
design 

Seven-hole 
design 

Seven-hole 
design 

Seven-hole 
design 

Seven-hole 
design 

Seven-hole 
design 

Seven-hole 
design 

Seven-hole 
design 

Seven-hole 
design 

After the tes t , the fallout t r a y depositions and a i r s ample r f i l ters will 
be collected and s tored in individually marked meta l cans , for delivery to 
the Martin Chemical Labora tory for ana lys is . Measureraents will be made 
e i ther by spect rographic or activation analys is . 

Test spec imens will be removed from the tower and visually inspected 
for damage. Photographs of each specimen will be taken and damage to 
each recorded . A more complete analys is will be made on the specimens 
in the Mart in Labora tory . 
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Final p repara t ions for the tes t a r e being made . To date, over th ree 
mi les of wire have been laid to se rv ice a portion of the 62 a i r s ample r s 
and nine cascade impac tors that have been procured for the tes t . 

3. Heat Trans fe r Mockup T e s t s * 

Testing of the heat t r ans fe r mockup was continued. The heat source 
was re located in the geomet r ica l cen te r of the unit, and a revised therm.al 
shield was located between the heat sou rce and the inner hot skin sur face . 
The shield consis ted of two th icknesses of 0.01 inch s ta in less s teel sheet, 
separa ted by a fine mesh s ta in less s tee l s c r e e n and formed into two 
t runcated conical sect ions as follows: 

(in.) 

Lower cone section La rge d iameter 20 
Small d iameter 12 
Vert ical height 15 

Upper cone sect ion Large d iameter 12 
Small d iameter 5 
Vert ical height 4 

With the inner skin surface at 1000° F , an equilibrium, heat dump of 
2550 watts was obtained. This r e p r e s e n t s approximately 100 watts l e s s 
heat dump than in the case of the lowered block with a single thermal 
shield. It was es t imated that with a single thermal shield, lowering of 
the block resu l ted in the dumping of 400 watts more heat . Returning 
the block to the geometr ica l center of the unit should have resul ted in 
400 watts l e s s heat dump. Therefore , the dual shield was worth 300 
watts of additional heat dump when compared to the single shield. Re­
sults of the tes t a r e given in Table 11-11. It i s noted that with the shut­
t e r s open, a center block t empera tu re of 1875° F was reached for a 
t empera tu re of 1000° F at the inner skin. This i s the same block tempera­
ture obtained with a lowered block and a single the rmal shield. It was ex­
pected that a higher block t empera tu re would have resul ted . This indi­
cates that a further improvement in the the rmal shield a r rangement can 
be made for increas ing the heat dump before the block t empera tu re be ­
comes excess ive . 

A plot of power input v e r s u s inner skin t empera tu re is given in Fig. 
11-28. Also plotted i s the shut ter heat dump. An equil ibrium shut ter 
heat dump of 3200 watts at 1100° F in vacuum conditions is noted. Based 
upon previous r e su l t s , a total shut ter heat dump in a i r of 3750 watts can 
be expected. The shut ter heat dump requi rement of 4000 watts for the 

^"TTVogt, J . ISiiwooHie '""" 



TABLE I I - l l 

Data Summary 

Heat Transfer Mockup with Double Thermal Shield 

Vacuum Environment 

Tempera tures 
Power 
Input 
(watts) 

2240 
2000 
1800 
1610 
890 

2000 
3000 
4040 
4400 
4600 

Block 
Center 
fF) 

1599 
1535 
1475 
1410 
1125 

1387 
1610 
1789 
1851 
1875 

fF) 

1001 
949 
897 
845 
640 

688 
833 
945 
985 

1002 

Hot Skin 
fF) 

1000 
946 
894 
840 
633 

670 
815 
930 
974 
991 

(̂ F) 

> 

1048 
997 
945 
891 
625 

661 
801 
911 
950 
965 

f'F) 
Shutter 

("¥) 

Shutters Closed 

1104 
1053 
1000 
945 
720 

1189 
1138 
1085 
1036 
809 

Shutters Open 

674 
814 
920 
956 
970 

642 
756 
845 
874 
884 

Shield 
Inside 
fF) 

1195 
1144 
1092 
1036 
815 

873 
1018 
1138 
1181 
1200 

Outside 
TF) 

1090 
1040 
992 
939 
735 

776 
914 

1024 
1061 
1078 

Cold 
Skin 

CF) 

340 
321 
301 
293 
205 

226 
276 
319 
338 
344 

Tank 

CF) 

56 
55 
55 
54 
51 

53 
55 
58 
59 
58 
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isotope ground tes t unit will therefore be satisfied because of the inc reased 
view factor inherent in the genera tor design when compared to the heat 
t r ans fe r mockup configuration. 

Tes t s were made to de termine the t empera tu re of the block and the 
inner skin during a s ta r tup t rans ien t . This tes t s imulated t ime after 
draining of the biological shield and the cutoff of coolants to the unit. 
The r e s u l t s a r e shown on a t i m e - t e m p e r a t u r e plot in Fig , 11-29. T e m p e r ­
a tu re s of the block center , side and inner skin a r e shown. Resul ts indi­
cate that an average block t empe ra tu r e of 1500° F would be reached 20 
minutes after the biological shield was drained and circulat ion of cooling 
water stopped. Since the aerodynamic analysis indicates that surface 
impact of the intact fuel core due to vehicle failure through Vernier burn­
out will take place within 12-1/2 minutes after launch, the maximum 
tempera tu re of the block at impact for the high velocity t e s t s at Aberdeen 
was fixed at 1500* F . 

4. Bonding Tests on T h e r m o e l e c t r i c s * 

Bonding t es t s descr ibed in the previous quar te r ly repor t were continued 
to obtain information on lowering the element to hot shoe interface r e s i s t a n c e . 
In one tes t , the i ron shoe was tinned with lead p r i o r to element assembly . 
Precaut ions were taken to degrease al l contacting surfaces with toluene. 
Following assembly , the couple was placed in a Bell j a r , the j a r evacuated 
and then purged continuously with a 75% N2-25% Hg gas mix tu re . An N and 

P element couple was operated at approximate hot and cold junction t e m ­
p e r a t u r e s of 1000 and 350° F for extended per iods of t ime . The hot shoe 
t empe ra tu r e was r a i s ed to 1350° F, maintained for one hour and then 
lowered to 1000° F for data taking. The cold junction t empera tu re was 
328° F . Total overa l l r e s i s t ances of 22.3 and 10.7 mil l iohms were 
recorded for the P and N e lements , respect ive ly . 

In a second tes t , the i ron shoe was sandblasted, the element faces 
roughened with e m e r y cloth and all contacting sur faces cleaned with 
acetone. The same conditioning procedure was followed and at opera t ­
ing t e m p e r a t u r e s total overal l r e s i s t a n c e s of 16.5 and 12.0 mil l iohms 
were r ecorded for the P and N e lements , respect ive ly . 

The t e s t s were continued using the rmoe lec t r i c e lement ma te r i a l s a s 
the bonding agents . The m a t e r i a l s were crushed, placed on the shoes 
and mel ted in a hydrogen furnace. After cooling, the resul t ing deposits 
were filed flat and sanded smooth. A l is t ing of the m a t e r i a l s used in 
the t e s t s follows. 

* J . Ascenzi 
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Test Run 
No. Material at P Element End Material at N Element End 

3 P-type PbTe, 1% Na doping N-type PbTe, 0.03% Pbl^ 
doping 

4 Undoped PbTe N-type PbTe, 0.03% Pbig 

doping 

5 Undoped germanium telluride N-type PbTe, 0„03% Pbig 

doping 

Results a re given in Table II-12o 

The test resul ts of Run No. 3 showed fairly low values of resistance 
for both P and N elements, indicating fair metallurgical bonding. Dis­
assembly and subsequent inspection, however, revealed that the N ele­
ments had indeed bonded well as shown in the top photo of Fig. 11-30. 
The P element, however, had bonded to the deposit, but the deposit had 
detached itself from the iron shoe. 

In Test Run NOo 4, the iron shoes were drilled out slightly before 
furnace conditioning in an attempt to increase the mechanical strength 
of the bonds. Inspection after the test revealed that the N element had 
not bonded well. This was apparently due to some misalignment in 
the testing assembly. The P element was found to have bonded metal-
lurgically to the deposit but the deposit was only mechanically attached 
to the iron shoe. 

The data of Test Run No, 5 did not indicate any high degree of bonding. 
Inspection of the assembly after test , however, showed that the solder 
caps at the cold junction were loose and were probably contributing to 
the high res is tances recorded. Possible overheating at the cold junction 
may have melted the solder. A good metallurgical bond had been 
achieved at both N and P element hot junctions, even though less than 
half of the individual element surfaces had bonded. It was surprising 
to note that the open circuit voltage at the end of of the test had in­
creased substantially over that at the s tar t--apparently the result of 
the intrinsic thermoelectr ic property of the germanium telluride used 
as the bonding mater ial . 

These resiilts were very promising and showed that prebonding of 
thermoelectric mater ials to the hot shoes in the hydrogen furnace 
mer i t s further investigation. 



TABLE n-12 

Results of Bonding Test on Prebonded Iron Shoes 

Test Run No. 

Junction 
Temperature 
Hot Cold 
(°F) CF) 

Total Open Circui 
Voltage 
(volts) 

0.2176 

0.2196 

0.2009 

0.1910 

0.2168 

0. 2220 

it Total Resistance 
P Element N Element 

(milliohms) 

14.2 

12.6 

73.5 

62.9 

33.6 

39.7 

11.2 

10.8 

31.3 

17.8 

27.8 

14.5 

Remarks 

Start of test 

After condition­
ing at 1350°F 
for 1 hr and some 
16 hr of operation. 
See text. 

Start of test 

After condition­
ing at 1350°F 
for 1 h r . See 
text. 

Start of test 

After condition-

1007 

1009 

4 1002 

4 1000 

1006 

999 

254 

253 

349 

359 

345 

335 
tng at 1350<'F for 
1 h r . See text. 
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5. E lec t r i ca l Tes ts 

The first e lec t r ica l ly heated genera tor was delivered for tes t ing in 
ear ly March 1960 and was insta l led in the tes t chamber . P r i o r to 
init ial heatup, the cham.ber and the insulated hermet ic sea l a r e a 
of the genera tor were evacuated for 60 hours in an effort to degas the 
Min-K insulation. Nitrogen was then admitted to the chamber while the 
he rmet ic sea l was filled with hydrogen. Numerous leaks in the generator , 
especially around the aluminum adjusting bosses , made it necessa ry to 
maintain a slightly positive p r e s s u r e on the generator seal a rea and to 
burn off the exhaust gases from both the seal a r e a and tes t chamber . 

While the unit was being purged in this manner , the hea te r s were 
activated and the inner hot skin r a i s ed to approximately 500°F. As a 
resu l t of the heatup, the l a rges t section of the rmoe lec t r i c s lost con­
tinuity and had to be bypassed. Resul ts on the remaining 40% of the 
elements in the c i rcui t were as follows: 

Power input 1360 watts 
Power output 0.4 watt 
Open circui t voltage 4.66 volts 
Load voltage 1.70 volts 
Load cur ren t 0.019 ampere 
Hot skin t empera tu re (avg) 494°F 
Cold skin t empe ra tu r e (avg) 178°F 

Following this checkout, the h e a t e r s were shut off and the generator 
was purged with argon and the tes t chamber with ni trogen. After all 
the hydrogen had been purged, the chamber was opened and the genera tor 
removed. The majori ty of the leaks were located and repa i red and 
e lec t r ica l continuity in the genera to r r e s to r ed . To allow for the rmal 
expansion of the inner skin re la t ive to the outer skin, the adjusting 
plugs were backed out approximately 1/16 inch. This resul ted in a 
continuity l o s s , but test ing was resumed, since it was felt that heating 
and subsequent expansion would r e s t o r e continuity. With 80% of the 
e lements in the circuit , the following resu l t s were obtained: 

Power input 3600 watts 
Power output 33 watts 
Open circuit voltage 22.9 volts 
Load voltage 11,3 volts 
Load cur ren t 2.9 a m p e r e s 
Hot skin t empera tu re (avg) 1006°F 
Cold skin t empera tu re (avg) 311°F 

During the test , severa l short c i rcu i t s to the ground developed. This 
necess i ta ted another shutdown and removal of one pair of e lements . F u r ­
ther tes t r e s u l t s on the genera tor a r e summar ized a s follows: 
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Power input 2900 watts 
Power output 63.6 watts 
Open c i rcui t voltage 48 volts 
Load voltage 24.7 vol ts 
Load cur ren t 2.54 a m p e r e s 
Hot skin t empera tu re (avg) 962°F 
Cold skin t empera tu re (avg) 293''F 

It was planned to continue tes t ing to determ,ine equil ibrium data for hot 
skin t e m p e r a t u r e s up to 1150°F„ However, thermocouples mionitoring the 
outer skin t e m p e r a t u r e in the vicinity of the shut ter a r ea indicated that 
local overheating of the cold junction woxild occur before the hot skin 
reached 1050°F, A water cooling tube was added below the lowest row of 
e lements in an at tempt to reduce outer skin t e m p e r a t u r e s in this localized 
a r e a . 

This modification proved successful , and a power output of 78.2 watts was 
obtained. The pert inent data for this run a r e : 

Power input 3320 wat ts 
Power output 78.2 watts 
Open circui t voltage 57 „ 5 volts 
Load voltage 28.6 volts 
Load cur ren t 2.7 a m p e r e s 
Hot skin t empera tu re (avg) 1043°F 
Cold skin t empera tu re (avg) 297°F 

The element pa i r removed from the unit showed bonding at the N e l e ­
ment hot junction but none at the P element junction. This resu l t supports 
that obtained e a r l i e r in bonding single element p a i r s in the Bell j a r setup. 

Testing will continue to determine equil ibrium data for hot skin t e m p e r a ­
t u r e s up to llbO^F with the cold skin not exceeding 350°F maximum. 
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III. TASK 3--SNAP-III THERMOELECTRIC GENERATOR* 

The purpose of this task is to deternaine, through a test program, 
the operating characteristics of a SNAP-III-type thermoelectric genera­
tor. 

The specific objectives during this report period were: 

(1) To continue parametric testing of the 3M1G3 generator 
under various internal and external pressure conditions. 

(2) To determine the long term operating characteristics of 
SNAP-III generators, by operating a new generator con­
tinuously at a fixed input power and load condition, while 
making periodic readings of generator performance. 

(3) To refuel the second isotope-fueled thermoelectric generator. 

A„ PARAMETRIC TESTS 

The reassembly of the 3M1G3 therm.oelectric generator used in the 
parametric testing program was com.pleted in January. Before reassembly, 
the ends of the elements were squared for optiraumi contact with the face 
of the iron hot shoes, the two broken P-type elements were replaced with 
3M standard 1/4-inch diameter elenaents machined to the proper diameter, 
new isomica sleeves were installed and the heat source spider ring was 
coated with Rockite and stone honed for maximum surface contact with 
the hot shoeSo The ends of the hot shoes were also coated to prevent elec­
trical shorting between elenaents. This lat ter procedure was a simplifica­
tion of the original procedure used by 3M in the assembly of the generator 
wherein each individual hot shoe was coated with Rockite. 

During the assembly and preliminary heat run, two other P-type 
elenaents shattered. These were replaced with standard 1/4-inch 
dianaeter elements after several attenapts to naachine elements to the 
smaller diameter had failed. The lanainated isomica sleeves had to be 
split and spread to accommodate the 1/4-inch elements. The splits in 
the layers were oriented to provide maximum protection to the elenaent. 
The generator, as finally assenabled, contained the original thermoelectric 
elenaents except for the four P-type elem.ents. 

* G. H, Storrs 
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The repaired generator was delivered to the Engineering Laboratory 
on January 25, 1960. The generator internal conditions were 85% N„ and 
15% Hg at one atnaosphere pressure . The generator was stabilized at 68.8 

watts input power at a load of 2.98 ohms. This was done to compare the 
reassembled generator with vendor-furnished data on the original genera­
tor. 

The following is the comparison as of February 1, 1960. 

Power 
In Out Load 

(watts) (watts) (volts) 

Inter-
^^ Junction Tern 

Effi= sisT=- Peratures 
Seebeck ciency ance Hot Cold 
(volts) (%) (ohms) {"¥} (°F) 

Original 

2/1/60 

68.6 

68.8 

4.4 

2.4 

3.5 

2.68 

6.8 

5.38 

6.4 

3.5 

2.62 

3.13 

1087 

947 

218 

226 

All parametric tests were run with the unit inside a large copper tube 
which was painted black on the inside. A water cooling coil maintained 
the tube at a relatively uniform temperature. Figure III-l is a photo of 
the test setup with the test generator installed. 

To prevent variation of external generator conditions, the Bell jar 
was left in place for both the one atmosphere external pressure and the 
vacuuna conditions. With the natural convection of the air in the Bell jar , 
the average generator temperatures were slightly lower than with a vacuum 
inside the Bell jar . 

After the generator was installed in the test system., it was operated 
in an open circuit condition to deternaine the input power required for a 
900*̂  F hot junction temperature with internal and external vacuunas. 
This power input was 46.7 watts and is approximately the power input 
at which all succeeding tests were run. This procedure was- used to 
assure that the maxinaum allowable hot junctions temperatures would 
not be exceeded. 

Short circuit and 10 other loads were used to determine generator 
perfornaance. The generator was considered stabilized after three read­
ings, spaced 10 nainutes apart, showed no variation. The naaximuna power 
load was deternained from this equilibrium data. With the generator 
stabilized at maxinaum power, six other points were obtained in rapid 
succession to determine transient loading perfornaance. 
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Fig. III-l. Test Setup with Generator Installed 
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At the end of this report period, the generator has been tested under 
four parametric conditions. Two tests were run with a vacuum inside 
the generator, and two tests were run with two atmospheres of 85% nitrogen 
and 15% hydrogen inside the generator. For each internal generator con­
dition, a test was run with a vacuum inside the Bell jar and with ambient 
pressure of one atmosphere. 

Figures III-2 and III-3 show the results of tests with an internal and 
external vacuum. Figures III-4 and III-5 show results with an internal 
vacuum and an external ambient (1 atmosphere) air pressure . 

The characteristics obtained with two atmospheres (abs) of 85% 
nitrogen and 15% hydrogen internal and with one atnaosphere of a i r ex­
ternal to the generator are shown in Figs. Ill-6 and III-7. This test was 
repeated with the same internal atnaosphere conditions but with a vacuum 
external to the generator. When these conditions were established, the 
generator developed a leak in the main shell soldered seam. Two un­
successful attempts were made to repair the leak using 50-50 solder. 
It is believed the combination of elevated shell temperatures (250° F) at 
external vacuum conditions plus the two-atmosphere differential pressure 
caused a solder expansion and leakage. The generator was resealed em­
ploying a 90-10 solder (90% Pb, melting point approximately 600° F). This 
joint held pressure for about three days before developing another leak. 
The generator operated for a sufficient period to obtain an equilibrium 
generator performance curve but the failure occurred prior to the col­
lection of transient data. The data obtained are shown in Figs. III-8 and 
III-9. The transient data will be completed at the end of the test series 
now in progress. It is anticipated that these tests, which involve lower in­
ternal pressures , will not cause leaks. 

A comparison of several parameters for the four tests conapleted to 
date is shown in Table III- l . The maximum in the table applies to values 
at the maximum power output point. 

B. GENERATOR LIFE TEST 

The 3M1G10 generator, as received from the vendor, contained an 
internal fill of 95% argon and 5% hydrogen at an internal pressure of 
one atmosphere. No attempt will be made to change this atmosphere 
throughout the life test. 

The first test run with this generator was to determine the operating 
parameters to be used in the life test. The power input selected was 
66.7 ± 0.3 watts, which was the power level that produced a hot junction 
temperature of 1100° F with no external load connected to the generator. 
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3MIG3 power input = 46. 7 watts 

f- Load r e s i s t ance 

Output Current (amip) 

2, Generator Characteristics—Vacuum In terna l and External 
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3MIG3 power input = 46. 7 watts 
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Output Current (amp) 

Fig. I l l - 4 , Generator Characteristics--Vacuum In te rna l , One 
Atmosphere Air External 
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TABLE III°1 
T/E Generator Performance vs Operating Parameters 

Environment Internal 

Environment External 

Power output (max)- = 
watts 

Resis tance load (max) - -
ohms 

Open circui t vo l t age - -
volts 

Short c i rcui t c u r r e n t - -
a m p e r e s 

Load cur ren t (max) - -
a m p e r e s 

Internal r e s i s t ance 
(max)- -ohms 

Vacuum 

Vacuum 

1.3 

4.18 

4.75 

1.1 

0.52 

3„2 

Vacuum 

1 a t m o s ­
phere 

a i r 

1.3 

3.09 

4.4 

1.3 

0.70 

2.2 

2 a t m o s ­
pheres 
85% N2 

1 a t m o s ­
phere 

a i r 

1.16 

2,51 

3.6 

1.5 

0.68 

1.9 

2 a tmos 
pheres 
85% Ng 

Vacuum 

1.12 

3.40 

4,1 

1.2 

0.52 

2.8 

Tempera tu re (max) - -
° F 

Hot shoe 

Cold shoe 

Generator efficiency--
% 

831 

277 

2.78 

758 

212 

2,78 

665 

200 

2„42 

712 

260 

2.3^ 
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At this input power level, an output voltage versus current charac­
teris t ics at equilibrium conditions was obtained. From this curve, the 
maximum power output load was determined to be approximately 4.5 ohms. 

The generator is located in a freely vented box to shelter it from the 
effects of air drafts within the laboratory. A photograph of the test setup 
is shown in Fig. III-IO. 

The generator has been operating at the predetermined power input 
level of approxinaately 67 watts and optimum load of 4,5 ohms since the 
start of the life test on January 26, 1960. The load has remained e s ­
sentially constant between 4.4 and 4.6 ohms. The load is a fixed wire-
wound resis tor and variations probably are due to output meter reading 
e r ro r s . As can be seen in Fig. Ill-11 (a time history of this generator), 
there now appears to be a slight leveling off tendency of the output values 
and internal resistance. Performance has continued to decrease but the 
rate of decrease has continually lessened. This leveling off tendency 
appears most prevalent in the internal resistance curves and to a lesser 
extent in the other curves, except for open circuit voltagCo The mean 
cold junction temperature has remained nearly constant but the source 
and hot junction temperatures have decreased about 15'*F during the 
period. This could signify a thermal conductivity change between the 
source and the sink. 

Co ISOTOPE-HEATED THERMOELECTRIC GENERATOR, 3M1G1 

The second SNAP-III Po-210 fueled generator was returned to The 
Martin Company on March 15, 1960. This unit was originally fueled with 
1738 curies on March 27, 1959. As of the end of March 1960, the curie 
strength is reduced to 270 curies. A power output characteristic was 
run on this generator which showed the maximum power output of the 
generator to be 0.097 watt with a Seebeck voltage of 0.48 volts. The original 
output of this unit was approxim.ately 2.5 watts with a Seebeck voltage of 
3.5 volts. 

The power curves for this generator (equilibrium and transient 
conditions) a re shown in Fig. III-12„ The internal atmosphere composi­
tion and pressure are unknown since it was sealed and the external en­
vironment was at normal room conditions. No thernaocouples are 
available on this generator to determine junction temperatures. 

The dry box and its accessories have been readied for removing the 
heat source from the generator. A naanometer has been installed for 
monitoring dry box pressure . Unloading of the polonium heat source is 
planned on the assumption that the heavy walled capsule has ruptured and 
opening of the generator case would release the radioisotope. A practice 
defueling operation will be obsen-i-ed by Health Physics personnel to allow 
evaluation of the techniques involved. 
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IV. TASK 5 

Ae SUBTASK 5.1—ADVANCED THERMOELECTRIC POWER SYSTEM* 

The objective of this subi:ask is to evaluate and determine the perform­
ance characteristics of the electrically heated, 3-watt thermoelectric gen­
erator (SNAP-IIIA) fabricated by the New Products Engineering Department 
of Westinghouse. This generator includes a variable heat dump mechanism 
for thermal power flattening. 

lo Status of the Westinghouse Generator 

The SNAP-IIIA thermoelectric generator which had been returned to 
Westinghouse for repair, was sent back to The Martin Company, complete 
with drawings and operating manual, on January 28, 1960o Westinghouse 
undertook the design and fabrication of an entirely new generator for this 
application because the first generator did not meet the objective specifi­
cations. The second generator (designated SNAP-IIIA-2) was completed 
and delivered to The Martin Company on March 10, 1960. Although SNAP-
IIIA-2 is a completely new design, the performance characteristics were 
only marginally better than the original SNAP-IIIA generator. The Martin 
Company recommended to the Commission that all further technical evalua­
tion of the generators be cancelled. This recommendation was made be­
cause: 

(1) Both generators exhibited electrical power-to-weight ratios 
substantially less than what is considered to be reasonable or 
optimum for the state of thermoelectric conversion technology 
at this time (0,14 watt/lb, 0„22 watt/lb as compared to 0.6 to 
0,7 watt/lb)o 

(2) Overall thermal-to-electrical conversion efficiencies are sub­
stantially less than that attainable with other generators of 
similar size and power range, based on data reported to Martin 
by Westinghouse (see Tables IV-1 and IV-2), 

(3) In tests conducted by Westinghouse, the power flattening mecha­
nism of the SNAP-IIIA generator failed to operate properly. 
(Data on the power flattening characteristics of SNAP-IIIA-2 are 
not available at this timec) 

(4) Neither of the generators employ advanced thermoelectric ma­
terials capable of operating at hot junction temperatures in 
excess of 600" C, one of the design specifications. 

* Ro Harvey 



IV-2 

TABLE IV-1 

Westinghouse SNAP-IIIA-1 Pe r fo rmance Data 

I tem 
Run 

1 2 
Number 
3 4 5 6 

Argon p r e s s u r e 760 760 760 
(mm Kg) 

7.5 0.5 0.07 

Bell J a r 10 0,06 
p r e s s u r e (m.m Hg) 

0.018 0.015 0.013 0.013 

Heater 577 537 541 
t empe ra tu r e* (°C) 

Cold junction 224 229 227 
t empe ra tu r e* (°C) 

537 

216 

539 544 

202 172 

Heat dump 
t e m p e r a t u r e * (°C) 

Internal 
r e s i s t ance (mr2) 

Power input (w) 

Power output (w) 

Voltage, open 
circui t (v) 

Voltage, load (v) 

Efficiency (%) 

234 

482 

169 

1,78 

1.85 

0.54 

1.05 

229 

468 

157 

1.45 

1.65 

0.53 

230 

467 

163 

1.41 

1.62 

0.52 

219 198 175 

434 400 

144 98 

385 

91.5 

1.13 0.795 0.83 

1.4 1.13 1.13 

0.47 0.41 0.41 

0.925 0.865 0.785 0.81 0.908 

Data taken on December 11, 1959 

Since the re is only one thermocouple in the genera tor which is on the 
e l ec t r i ca l hea ter , there is no way of knowing what the actual hot junction 
t empera tu re i s . Similar ly with the cold junction, the t empe ra tu r e s r e ­
corded a r e those on the outside of the genera tor and not_ the actual cold 
junction t e m p e r a t u r e . 



IV"3 

TABLE IV-2 

Westinghouse SNAP-IIIA Perfornrmnce Data 

Item 

Run Nunaber 

1 2 3 4 5 6 7 

Argon p r e s s u r e 760 100 50 25 5 1 0,07 
( m m Hg) 

Bell j a r 0 .035 0 .012 0.013 0.013 0.013 0.013 0.013 
p r e s s u r e (mm Hg) 

Heater 537 542 539 537 533 536 547 
t empera tu re (°C) 

Cold junction 225 223 220 214 200 184 170 
t empera tu re (°C) 

Heat dump 226 226 222 219 204 186 176 
t empera tu re ("C) 

Internal 480 473 467 454 429 398 389 

r e s i s t ance (mfi) 

Power input (w) 151 149.5 144 139.5 120 106 95 

Power output (w) 1.42 1.36 1.27 1,22 1.02 0,86 0,805 

Voltage, open 1,65 1.60 1.54 1,49 1,32 1.17 1.16 
c i rcui t (v) 
Voltage, load 0 .52 0 .51 0.50 0 .49 0,45 0,42 0 ,42 
M 

Efficiency (%) 0 .94 0 .91 0.88 0.875 0.85 0.81 0.85 

Data taken on December 14 and 15, 1959 
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2, SNAP-IIIA-1 Performance 

The SNAP-IIIA-1 thermoelectric generator, which was described in the 
last quarterly progress report, was tested by the New Products Depart­
ment of Westinghouse prior to delivery to Martin Nuclear, The results 
of these tests were made available to Martin when the generator was 
delivered and are the basis for the Tables IV-1 and IV-2. Martin Nuclear 
has not tested the generator. 

Two sets of performance data are shown in Tables IV-1 and IV-2, A 
one-hour time interval was allowed between readings to ensure that a 
steady-state equilibrium condition existed. 

These data are indicative of the performance of the generator. Be­
cause a complete set of operational data is not available, it is difficult 
to make many specific observations concerning the generator. 

Notice that for every case reported, the temperature of the radiator 
of the heat dump mechanism is several degrees higher than the tempera­
ture of the radiator in the vicinity of the cold junction. This means that 
for all cases reported, whether they be for high argon pressures or low 
pressures , the heat flux through the heat dump mechanism is greater than 
that through the thermoelectric portion of the generator. Not only is this 
a high loss that reduces the efficiency of the generator, but it creates a 
secondary effect that ra ises the cold junction temperature because of the 
flow of heat from the heat dump areas to the cold junction area. This in 
turn reduces the Zi T of the thermoelectric elements and hence reduces the 
efficiency even more. This is a very serious design limitation and defi­
nitely should have been corrected in the early design stages. This is prob­
ably the m.ost significant reason for the extremely low efficiency of the 
generator. 

The purpose of the power flattening device is to maintain a relatively 
constant power output over the life of the generator. This means that 
when the internal gas pressure is one atmosphere (760 mm) the power 
input required to produce a given power output should be approximately 
twice that at an internal gas pressure of 0,07 mm. By referring to 
Tables IV-1 and IV-2, it is evident that the power flattening mechanism 
has not accomplished this. The power output does not remain constant 
over the pressure range of 7 60 to 0.07 mm but drops as much as 0.61 
watt; the output voltage, instead of remaining constant over this pressure 
range, has decreased by 19,2 to 22,3%; the efficiency, which should in­
crease by a factor of two over this pressure range, remains almost con­
stant. In short, the power flattening device is not capable of accomplish­
ing the purpose for which it was designed. 
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As was repor ted in the previous quar te r ly repor t , the weight of the 
genera tor , including the hea te r or heat source , i s 10.18 pounds. The 
maximum power output, with the hea te r t empera tu re in the vicinity of 
540° C is 1.45 wat ts . This yields a specific power of 0.142 watt per 
poundo 

3, Comparison with Other SNAP-III Genera to rs 

The preceding sect ion descr ibed the performance of the Westinghouse 
SNAP-IIIA-1 genera to r . In th is section, the performance of a typical 
Minnesota Mining and Manufacturing Company SNAP-III thermoelec t r ic 
genera tor i s p resen ted a s a bas i s of compar ison. It should be r e m e m b e r e d 
that the 3M genera tor does not include a power flattening mechanism as 
does the Westinghouse SNAP-IIIA. 

TABLE IV-3* 

Minnesota Mining and Mamxfacturing Company SNAP-III 

Thermoe lec t r i c Genera tor Per formance Data 

Hot junction t empe ra tu r e 594'* C (1100° F) 

Cold junction t empe ra tu r e 110^ C (230^ F) 

Power in 77.6 watts 

Power out 4„6 watts 

Voltage optimum load 4.0 volts (dc) 

Efficiency 5.9% 

* Data taken from TE Genera tor No„ SMlGlOo 

A compar ison of the data in Table IV-3 with the data contained in 
Tables IV-1 and IV-2 immedia te ly r evea l s the re la t ive difference in p e r ­
formance. The SNAP-IIIA-1 was designed to use more advanced t h e r m o ­
elec t r ic m a t e r i a l s capable of higher hot junction t empera tu re operation. 
The device, however, does not operate at a s high a hot junction t e m p e r a ­
ture as the 3M SNAP-IIL The difference in performance cha rac te r i s t i c s 
i s apparent . The approximate specific power of an isotopic-fueled SNAP-
III genera tor i s 0.67 watt pe r pound, whereas the specific power of the 
e lect r ica l ly heated SNAP-IIIA-1 genera tor i s 0.142 watt pe r pound. 
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The most significant design feature of the SNAP IIIA-1 generator is the 
bonding of the thermoelectric elem.ents to a plate at the hot junction, there­
by reducing or eliminating the electrical contact resistance at the hot junc­
tion. This is the most serious drawback in other SNAP-III thermoelectric 
generators. 

4. Description of the SNAP-IIIA-2 Generator 

The SNAP-IIIA-2 generator is shown in Fig. IV-1. The configuration 
of this second generator is substantially different than the original SNAP-
IIIA„ The generator employs a disc-shaped heat source with 17 thermo­
electric couples applied against one of the flat faces of the disc (see Fig. 
IV-2) and the heat dump mechanism operating from the other face. This 
thermal isolation of the heat dump from the thermoelectric converter 
eliminates the most serious disadvantage of SNAP-IIIA-1. The details of 
the heat dump mechanism and the thermoelectric elements themselves are 
similar to those used in the previous SNAP-IIIA generator, which is de­
scribed in the last quarterly progress report. The arrangement of thermo­
electric couples at the hot junction is shown in Fig. IV-3. The valve, which 
controls the gas pressure, and hence the quantity of heat being dumped, is 
mounted on the top of the generator. This arrangement facilitates adjust­
ment and calibration of the valve--another definite improvement over the 
original SNAP-IIIAo Also located on top of the generator section are the 
power output terminals, the leads for internal instrumentation and the 
electrical heater, and a gas-charging valve for filling the thermoelectric 
section with a reducing atmosphere. There is a separate charging line 
for filling the heat dump with an inert gas. 

This generator was not tested at The Martin Company. However, 
Westinghouse has reported that the generator produces 1.6 watts with 
an output voltage of 1.44 volts at the m.aximum power point. The hot 
junction temperature is 480° C and the cold junction temperature is 190° C„ 
The efficiency at the start of life (one atmosphere of argon in heat dump) 
is 0.88% and the projected efficiency at the end of a half life is 1.20%. 

In spite of the fact that this second generator has eliminated many of 
the objectionable features of the original generator, the performance is 
still far below the objective specificatons. 

B. SUBTASK 5.2--BASIC THERMIONIC DEVELOPMENT 

The objective of this Subtask is to advance the technology of thermi­
onic converters; specifically, to increase the efficiency of thermionic 
generators by developing better emitter and collector naaterials and by 
reducing heat losses . This work is being performed by Thermo Electron 
Engineering Corporation. 
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F i g . I V - 1 . SNAP-III A2 Thermoelect r ic Generacor 
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F i g . IV-5 . Thermoelectr ic Ladder for SNAP-IIIB 
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The work under this Subtask consists of effort in three areas: 

(1) Study and tests of cesium diodes. 

(2) Related tests and research. 

(3) Development of improved collectors in a vacuum diode 
environment. 

1. Cesium Diodes 

The purpose of the cesium diode tests is to provide experimental data 
to be used in conjunction with the analysis of the cesium phenomena to 
develop a thorough understanding of this type of thermionic device. The 
immediate objective of the work this quarter was to develop standard test 
articles in which reproducible data can be obtained and verified. The 
following types of tubes were tested: 

(1) Metal encased. 

(2) Ribbon emitter. 

The metal-encased diode employs an electron bombardment heater and 
a metal envelope (Fig. IV-4). This tube can achieve higher cesium pres ­
sure than the glass envelope tubes. During this quarter, materials were 
selected for the major components of the diode. The principal components 
of the tube, such as the gasket seal test device shown in Fig. IV-5, were 
tested. The design of the circuit for the power supply and magnetic ampli­
fier (Fig. IV-6) was completed and fabrication initiated. 

The ribbon emitter tube fabricated during the last quarter was tested 
this period. Experimental results obtained with this tube checked within 
10% of the theoretically determined performance. The ribbon emitter 
broke during testing. The tube design was revised and a second tube 
fabricated (Fig. IV-7). The test setup employed was such that the a-c 
component, as well as the average d-c component, of the output could be 
observed. The circuit diagram is shown in Fig. IV-8. Twelve complete 
current/voltage curves were taken at different emitter temperatures and 
different oil bath temperatures (varying cesium pressures) . Nine of these 
are shown in Figs. IV-9 and IV-10. During a run, the glass press cracked 
at the point where it was joined to the envelope. The results obtained are 
a valuable aid in correlating experimental and theoretical results . 
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2. Related Tests and Research 

The efforts in this area were devoted to work on three different types 
of heaters and determining the effects of cesium and rubidium on metals. 
The three types of heaters are: 

(1) Wire-wound ceramic. 

(2) Tungsten wire radiation. 

(3) Metallized ceramic. 

The wire-wound ceramic heater, as shown in Fig. 12 of the last quarter­
ly report, was fabricated and tested. The tests were successful; however, 
the heater is considered too fragile for use in a prototype. A tungsten wire 
radiation heater was also fabricated, and thoroughly tested. The heater 
consists of 0.002-inch tungsten wire, 6 inches long, coiled with a diameter 
of 3/4 inch. The heater in its test setup is as shown in Fig. IV-11. The 
test results were very encouraging and the heater appears to be very 
rugged. The next step is to incorporate it into a test device as a part of 
Subtask 5.3. A metalized ceramic heater, as shown on page 28 of the last 
quarterly report, was assembled and tested. However, hot spots developed 
on the metalized portion of the heater. As the voltage across the heater 
was increased further, the metalizing burned out at the hot spots. The 
metalizing temperature was at 1500° K when it burned out. 

The metalized ceramic heater promises to be the most rugged type 
of heater when it is perfected. Therefore, effort will continue on the 
metalized ceramic heater. It is hoped that the hot spots can be elimi­
nated by machining the metalizing so that the helix is wider, enabling 
higher temperatures to be achieved. 

The cesium experiments completed this period consisted of sample 
materials in glass envelopes to determine the corrosive effects of the 
cesium. During the experiments it was established that there is a severe 
reaction of cesium with glass, and therefore, future tubes are to have 
metallic envelopes. A sample capsule of cesium was analyzed to deter­
mine the impurities present in the cesium and the quantity of each. 

A cesium corrosion test device was designed and fabricated. Four 
sample materials were placed in the test device, and exposed to a cesium 
atmosphere (400° C) for almost 100 hours. These four materials were: 

(1) Nickel. 

(2) Driver-Harris alloy. 
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(3) Type 304 stainless steeL 

(4) Molybdenum. 

Cesium had no apparent effect on the nickel sanaple. The Driver-Harris 
(iron-nickel) alloy was slightly darkened, but there was no apparent cor­
rosion. The stainless steel and molybdenum were darkened and the sur­
faces were slightly corroded^ Past experience with molybdenum in the 
presence of high temperature cesium indicated good cesium corrosion 
properties. Therefore, additional molybdenum testing will be required. 
The amount of corrosion on any of these samples was not sufficient to 
preclude its use in a cesium device. 

The effects of cesium on brazed assemblies were also investigated. 
Two specimens were tested by brazing a titanium cylinder to a foil. The 
one used a platinum foil with an Incusil braze and the second used a 
tantalum foil and a gold-nickel braze. After the 100-hour exposure, the 
first specimen showed no ill effects. The tantalum foil and the titanium 
cylinder were unaffected by the cesium. However, the gold-nickel braze 
flaked off the titanium cylinder^ 

These cesium corrosion tests indicate that tantalum, molybdenuna, 
copper, nickel, titanium, platinum, Driver-Harris alloy and Type 304 
stainless steel can be used as the structural metals in a cesium device, 
and that copper, copper-silver, nickel and Incusil a re suitable braze 
materials in devices containing cesium at high tenaperatures. 

3. Development of Improved Collectors 

The work this quarter was concentrated on the molybdenum collector 
used in conjunction with a Type B impregnated tungsten em.itter because 
of the success with this diode last quarter. 

The first step was to reproduce the results obtained with the first 
tube, and verify the activation prcedure required to achieve the low col­
lector work function. The secondary aim was to achieve these same r e ­
sults only at a much higher power density. 

The design of this second tube was identical to that of the first tube 
except for a much smaller spacing between electrodes (0.0003 inch as 
compared to 0.0006 inch at room temperature)o The tube was fabricated 
and tested. The current/voltage curve (Fig. IV-12) indicates an emitter 
temperature of 1510°K, collector work function of 1.91 volts, interelec-
trode spacing at operating temperature of 0.0006 inch with a power den-

2 
sity of 0.254 watt/cm . Figure IV-13 shows the correlation of the experi­
mental data with the universal curve. The collector work function r e -
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mained constant for more than 32 hours, indicating that the activation 
procedure could be reproduced. It also indicated that the same procedure 
is applicable even for this higher power density. 

During the testing of this second tube, an occasional intermittent 
short developed which made further testing very difficult. Therefore, a 
third tube was fabricated. The purpose of this third tube was to deter­
mine if certain modifications to the activation procedure would result 
in even a lower collector work function than with the first two tubes. In 
addition, the secondary objective was to determine whether or not the 
activated pair of electrodes could be exposed to the atmosphere while at 
room temperature and still retain their surface properties when subse­
quently sealed off and brought up to operating temperatures. The design 
of the tube was essentially the same as the two previous tubes. 

The revised activation procedure resulted in a collector work function 
of 1.67 volts at an emitter temperature of 1503®K. After 10 hours of op­
eration, the heat input was shut off and the tube cooled to room tempera­
ture. Air was then allowed to enter the tube, and allowed to remain in 
the tube for 2-1/2 hours. The tube was then pumped down and baked out 
at 650 to 700° F for seven hours. When the emitter was brought up to 
temperature (see Fig. IV-14), the collector work function was exactly 
as before being exposed to a i r . This means that once the electrodes of 
a diode are properly activated, their physical characteristics are fairly 
insensitive to change. This is a very essential characteristic for mtilti-
diode generators for practical applications. It also will facilitate mass 
production techniques. 

As shown in Fig. IV-14, the tube was again exposed to air for 104 hours. 
After a three-hour recovery period, the collector work function again r e ­
turned to its original value of 1.67 volts. A third exposure to air for 1-1/2 
hours in the presence of a titanium shield produced no change in collector 
work function. The titanium shield was used to see if it would absorb the 
oxygen and therefore prevent the formation of barium oxide on the col­
lector surface. No such effect took place in the tube. 

Three more tubes were fabricated to investigate the effect of col­
lector firing temperature during activation on the collector work func­
tion. In the first tube, three different firing temperatures were em­
ployed and each resulted in a significantly different work function, in­
dicating the importance of this parameter. Quantitative data concerning 
the correct firing temperature were also obtained. The second tube was 
used to compare the effect of material initially discharged from the emit­
ter during activation on the collector work function with the effect of dis­
charging during normal operation. This comparison was made by using 
two different molybdenum collectors in the same tube. The experiment 
indicated that the collector firing teraperature is the factor of prime im-
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portance in determining the value of the collector work function, and that 
the prefiring of the emitter prior to assembly of the diode will only af­
fect the collector work function at collector temperatures below 900° C, 
The third tube was designed and constructed to study the effect on the 
collector work function when the molybdenum radiation shield was r e ­
placed with a titanium shields The change had no appreciable effect on 
the collector work function. 

Work was also initiated on a diode with a nickel collector and a 
barium-impregnated emitter. Some difficulty was encountered in firing 
the collector at a high temperature because of the vapor pressure of 
nickel at these temperatures. Therefore, the design was revised so as 
to be capable of withstanding a higher firing temperature. 

An apparatus was designed and partially constructed to determine the 
relationship between collector temperature and collector work function in 
a continuously pumping vacuum system. The device is designed so that 
various emitter and collector materials can be testedo The first tests 
will study the work function of a molybdenum collector when operating in 
conjunction with a barium-impregnated tungsten emittero 

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

The objective of this subtask is to develop, design, fabricate and test 
an operational power system coupling a thermionic conversion device to 
a radioisotope heat source. The thermionic development is being performed 
by Thermo Electron Engineering Corporation of Cambridge, Massachusetts, 
as a subcontractor to The Martin Company. The work on the isotopic heat 
source, environm.ental testing and all other related work is being done by 
the Martin Nuclear Division. 

1. Thermo Electron Engineering Corporation (TEE CO) Efforts 

The work performed by TEE CO can be conveniently broken down for 
reporting purposes as follows: 

(1) Generator development. 

(2) Heat transfer study and tes ts . 

(3) Vacuum tests in prototype shells. 

(4) Cathode and sapphire support creep tests . 

(5) Parametric study. 
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Genera tor development. Work in th is quar te r was devoted to Genera­
to r sTir 'ai53~rBr~Generator lA i s the f i rs t genera tor to include al l of the 
fea tures being developed a s separa te item^s of work. This includes the 
vacuum shell , the methods of improved heat t r ans fe r , in te re lec t rode 
spacing, leadthroughs, crim.p-off techniques, col lector work function and 
all of the other re la ted work that i s being c a r r i e d on s imultaneously. This 
s ingle-s tage unit was to be the tes t bed to determ.ine the feasibili ty and 
compatibil i ty of these var ious design fea tures . 

Genera tor IB was to use the sam.e design fea tures a s Unit lA, except 
it was to be a two-s tage genera to r . Each of the individual s tages would 
be s imi l a r to lA, The purpose of th is genera tor was to se rve as an en­
vironmental t es t unit to determine the ability of the genera tor design 
fea tures to withstand dynamic loads of vibration, shock and accelera t ion . 
Units lA and I B were not designed to be high per formance genera to r s , 
but were to supply inform.ation concerning the re la t ive m e r i t s of the 
var ious design features in a re l iab le fashion. 

The r e s u l t s obtained in the design, fabrication and test ing of these 
two gene ra to r s a r e to be incorpora ted into the design of Unit 2A, which 
i s to be a high per formance generator., The genera to r to be fueled will 
be a direct descendant of th is genera to r . 

Several design modifications were made on the design of Unit lA. 
The modifications, in genera l , were concerned with minor changes in 
such things a s the leadthroughs, evacuation pipe, cap b raze , e tc . These 
design modifications were made to sim.plify the assembly procedures^ 
Essent ia l ly , the design does not differ from that p resen ted in Fig . 24 of 
MND-P-3009-I . During the a s sembly of one of the uni ts , the var ious 
design rev is ions were checked out. When the unit was completed and 
operat ing, however, the emiss ion cu r ren t was very low because of the 
dragged out a s sembly t ime . Final ly the unit developed an interm.ittent 
shor t . Another genera tor was fabr icated. This genera to r i s shown in 
Figo IV"15„ The genera tor was tes ted and the exper imenta l data checked 
p rec i se ly with the analytically determined pe r fo rmance . Figure IV-16 
shows the exper imenta l data plotted against the un iversa l m a s t e r curve, 
and as can be seen, the agreement i s excellent^ A s u m m a r y of the p e r -
form.ance data i s given in Table IV~4, along with the per formance if the 
spacing had been 10^ instead of 32/4 and the col lector work function 
lo85 volts instead of 2o2 vol t s . 

Upon completion of Unit lA, Unit IB was designed and fabricated 
using the information and exper ience acquired on Unit lA. The design 
of this genera tor i s shown in Fig . IV-17. The genera to r was fabricated 
and a s sembled with re la t ive ea se . Again the exper imenta l data were in 
excellent agreement with the analytically determined per formance . A 
s u m m a r y of the tes t r e su l t s i s shown in Table IV-5 . 



IV-27 

Fig . IV-15. Generator lA 
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TABLE IV'-4 

Sunamary of Tes t Data on Unit lA 

Descr ip t ion 

Total Heat Input - -wat t s 

Emi t t e r Tempera ture—" K 

Maximum. Power Output—watts 

The rma l Efficiency at Maximum Power—% 

Collector Work Function, <j> —volts 

Spac ing- -microns 

Calculated Maximum Power—wat t s 

Adjusted Maximuna Power for w = 10/ i - -wat t s 

Adjusted T h e r m a l Efficiency for w= 10^{--% 

Adjusted T h e r m a l Efficiency for Observed Power Output—% 

Adjusted Maximum Power for w = lO/x and 4>„ = 1. 85 vol ts—watts 

Adjusted T h e r m a l Efficiency for w= lOju and <|>2 = !• 85 vo l t s - -% 

Test Num.ber 

1 1 

116 

1441 

0.199 

0.17 

2 .21 

32 

0.147 

1.46 

1.26 

1.67 

3.74 

3.22 

2 

104 

1411 

0.148 

0 .14 

2.22 

32 

0.130 

1.33 

1.28 

1.39 

4 .14 

3.97 

http://Num.be


3 holes top--3 noies bottom -
total of 6 No. 4-40 tapped 
holes for mounting equally 

Evacuation spaced--as shown on a 
tube 1.625 DBC 

3-5/8 Ref. 

1/2 Ref. 

-2-3/8 Ref.-
Section A -A 

Fig. IV-17. Two-Stage Prototype IB-l 



TABLE IV-5 

Summary of the Tes t Resul t s of Genera to r l B - 1 

Quantity 

Heater Volts . V „ - - v o l t s 

Heater C u r r e n t - - a m p e r e s 

Heat Input - -wat t s 

E m i t t e r T e m p e r a t u r e - - " K 

V.J , -vo l t s 

Cr i t i ca l Vo l t s - -vo l t s 

2 
Cr i t i c a l A m p e r e s , J „ — a m p / c m 

1 K 

Collector Work Func t ion- -vo l t s 

Spac ing—microns 

Calculated Maximum Power Output - -wat t s 

Observed Maximum Power Output—watts 

Calc\ilated Maximum Power Tota l—watts 

Observed Maximum Power Total—watts 

Observed T h e r m a l Efficiency at 
Maximum P o w e r - - % 

Adjusted Maximum Power, w = 10, 
^2 = 1.85—watts 

Tota l Adjusted Maximum Power, w = 10, 
01 = 1 .85- -wat t s 

Adjusted T h e r m a l Efficlency--% 

Tes t Number 

1 
Top 

35,2 

4 .70 

165 

1525 

0.1206 

2,6 

0 .314 

0 .050 

2.50 

31 

0 .0568 

0.0860 

1 
Bottom 

---

1474 

0.1269 

4 , 3 

0 .546 

0.070 

2 .14 

25 

0 ,270 

0 .293 

0.327 

0 .379 

0.230 

6 .32 3.96 

9.86 

5 .98 

2 
Top 

34 .5 

4 .60 

158, 

1500 

0 .1292 

2,6 

0.337 

0 .045 

2 .55 

32 

0 .0632 

0.0731 

2 
Bottom 

---

1450 

0.1249 

4 .2 

0 .525 

0.055 

2.20 

30 

0,257 

0.256 

0.319 

0.329 

0 .208 

6.10 4 . 2 5 

10 .35 

6 .55 

3 
Top 

33 .0 

4 .58 

151 

1472 

0.1269 

2 , 4 

0 .305 

0 .042 

2 .53 

32 

0,0525 

0.0648 

3 
Bottom 

1447 

0.1247 

4 .0 

0 .499 

0.070 

2.20 

25 

0 .224 

0 .263 

0.276 

0 .328 

0.217 

5.50 4 . 0 5 

9,56 

6.33 

4 
Top 

30.0 

4 .30 

129 

1442 

0 .1243 

2 .25 

0 .280 

0 .028 

2.56 

40 

0.0212 

0.00933 

4 1 
Bottom 

1391 

0,1199 

4 .0 

0.480 1 

0.070 

2.14 1 
24 1 
0.221 

0.240 1 

0.241 1 

0.249 

0..193 

5.50 3.26 

9.29 

7.12 1 
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The completed generator was delivered to The Martin Company in 
the early part of March for dynamic environmental testings The results 
of this testing are described under the Martin effort of this subtask. TEE 
CO provided the results of the electrical tests to Martin personnel, and 
maintained liaison during the preparation for dynamic testing. 

At the close of the quarter, work had been initiated on the design of 
Unit 2Ao The fabrication of a test bed to check out several of the more 
recently developed techniques, such as new brazing techniques, higher 
outgassing temperatures, new type leadthroughs, and the features neces­
sary to obtain a lower collector work function, was the first step. The 
design of the test bed was conapleted, and fabrication started during this 
quarter. The development of an electrical heater capable of simulating 
the power densities of the Curium-242 heat source (approxim.ately 50 

3 watts/cm ) was also designed, and fabrication initiated„ This was the 
status of the generator development at the close of the quarter—March 
31, 1960. 

Heat transfer study and tes ts . Unit lA-1 was disassembled and 
examlnecT^fter the unit faile3~In"test. Examination of the thermal con­
tact area between the emitter holder and heat source revealed that uni­
form contact had not been miade. Figure IV-18 shows the distribution 
of molybdenum powder over the surface of the emitter holder. Further 
work on improving the heat transfer between the two surfaces is neces­
sary and has been continued. 

Two methods studied in part previously were: 

(1) Grinding and lapping the surfaces in contact and measuring 
the temperature drop under different contact pressures at 
different temperature levels. 

(2) Placing a layer of molybdenum powder between the two 
surfaces and again measuring the temperature drop under 
different contact pressures and at different temperature 
levels. 

The test setup for conducting these tests is shown in Fig. IV-19. The 
purpose of the counterweight is to offset the force of atmospheric p re s ­
sure on the bellows. Nine runs were made with emitter temperatures 
from 600° to 1100"C (heater voltages from 20 to 50 volts, respectively) 

2 and pressures from 0.35 to 10 lb/in. . These results are shown 
in Fig. IV-20. From this figure, it is apparent that all runs follow the 
sanae trend--the temperature drop across the film decreases with p re s ­
sure in a more or less exponential manner. High temperature levels, 
therefore higher heat flux, result in high film^ drops; the film drop is 
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not reproducible from run to run, and increases progressively with each 
run. 

The unit was disassembled, and a coating of molybdenum powder (325 
mesh) applied between the emitter and the heater casing. The coating was 
applied by painting with a suspension of molybdenum powder in acetone, 
and the emitter put in place before the acetone had dried to achieve a 
flat coating. The unit was reassembled, and runs taken as before. The 
results of these runs are shown in Fig. IV-21. It can be seen that in­
creased pressure had less effect on the film drop, and that the film drops 
are generally lower than in the rim with no powder. Again, higher tem­
perature levels (higher heat flux) result in larger film drops. The repro­
ducibility in this second test is much better than in the initial test. 

Disassembly of the unit showed that the method of applying the molyb­
denum powder was only partially successful. The suspension of molybdenum 
powder in acetone had contracted upon drying into localized regions and 
was 0,003 inch thick, covering only 30% of the total contact area. 

The fact that difficulty was encountered in measuring a consistent 
value of contact resistance in plain contact in a vacuum points out one 
of the principal problems--not only is it a poor heat transfer path, but 
more importantly, it is an unreliable heat transfer path. This means 
that it is not reasonable to use this approach in the design of practical 
generators. The use of molybdenum powder constitutes a better solu­
tion since the results showed both consistency and lower film drops, even 
though only 30% of the area was effective in transferring heat in this 
experiment. Further work in this area should result in better methods 
of achieving a more uniform covering with the molybdenum powder. 

However, before proceeding with the work, there were several un­
desirable features of the test apparatus. Therefore, a new heat transfer 
apparatus was designed, constructed and tested. This apparatus is shown 
in Fig. IV-22„ The principal advantage of this apparatus is that it is 
possible to determine the heat fluxes in addition to the film drop and other 
information obtained in the first apparatus. At the close of the quarter, 
this apparatus had just been calibrated. 

The second heat transfer problem occurs between the emitter and the 
emitter holder. The best approach to this problem is to braze the emitter 
to the emitter holder. This would have several other advantages, such as 
ease of fabrication and the structural advantage. However, whatever braze 
material is chosen, it must be such as not to contaminate the emitter. 

To deterraine the effects of brazing on the emission characteristics, it 
was decided to build several tubes, identical in every respect except that 
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Fig» IV-22» Heat Transfer Measurements Apparatus 
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each would use a different braze material attaching the emitter to the emit­
ter holder. One tube would use the standard pressure contact and would 
be a control tube to serve as a basis of comparison. 

The control tube and a tube employing a nickel oxide braze were 
fabricated and tested. The emission from the control tube was five 
times greater than that from the brazed tube, indicating that the braze 
material did affect the emission characterist ics. At least two more tubes 
will be tested; one with a platinuna braze and the other with a nickel braze. 

Vacuum tests in prototype shells. Four types of prototype shells 
were tested during the last quarter, to determine the lowest vacuums 
that could be achieved and the changes that occur in the level of vacuum, 
with time. This work was continued in this quarter in addition to the 
continuation of work on electrical leadthroughs. 

a. Prototype shells 

A shell was constructed out of titanium and monel to determine the 
suitability of using this combination of naaterials for constructing proto­
type housings (Fig, IV-23)o The unit was evacuated, the brazing per­
formed and the vacuum measured. The ion gauge vacuum, measurement 
indicated a leak in the unit. Cross sectioning of this assembly showed 
that in spite of the copious formation of braze fillets at the interface of 
the monel and titanium, the monel did not alloy with the braze, A sharp 
hammer blow separated the monel from, the titanium. Based on the r e ­
sults of this test, it can be concluded that the techniques employed in 
successfully brazing titanium to titanium cannot be directly applied to 
brazing m.onel to titanium„ Two possible approaches are: 

(1) Plate the monel with copper prior to brazing it to titanium 
(using the same brazing techniques as before), 

(2) Investigate new brazing materials, compatible with both 
naonel and titanium. 

A second shell was fabricated and tested using the design features 
and procedures presently planned for use in Generator lA, The unit, 
which is shown in Fig, IV-24, includes a CFI leadthrough and a copper 
evacuation tube mounted in the titanium housing. The copper tube was 
crinaped off to simulate the prototype crimp off. The unit was evacuated 
and the brazing operation performed. Vacuum tests indicated that the 

-5 unit was leaktight, and held a vacuum, of 4 x 10 mm of Hg. Four days 
-5 later, the vacuum was still 4 x 1 0 mm of Hg. This test verified the 

design features and procedures to be used in fabricating Generator lA. 



To ion gauge 

B r a z e No. 

Titanium 

Ex t ra loop of 
wi re at 5 points 
to allow evacuation 
of i n t e r i o r 
before flow of 
b r a z e al loy 

NOTE: 

1. All b r a z e s a r e Ag-Cu eutect ic so lder 

2. Not to Scale 

3 . En t i r e unit mounted inside a Bell j a r 

Monel 

Titanium 

B r a z e No. 2 

Titanium 

Fig , IV-23» Titanium-Monel Vacuum Shell 



Braze No. 3, 0. 003-in. ribbon 

Braze No. 3, 
0. 003-in. ribbon 

To ion gauge 

Kovar 

Braze No, 2, 0. 030-in. solder wire 

Braze No. 3, 
0.003-in. washer 

Ceramic metal 
leadthrough 

Cap (titaniimi) 

5/16-in. Cu evacuation tube "̂̂ ^ Housing (titanium) 

Braze No. 1, 2, 0. 030-in, solder wire 

1/4-in. Cu tubing to vacuum system 

Fig» IV-24. Generator lA Test Bed 



IV-42 

b. Leadthroughs 

In addition to the shell itself, the other problem area that ar ises in 
trying to maintain such high vacuums for indefinite periods of time is the 
electrical leadthroughs. Therefore, considerable effort was focused on 
developing a suitable leadthrough capable of withstanding bakeout tem­
peratures of approxinaately 1000° C. 

Oxidation tests were conducted on all three types of leadthroughs 
under development--the CFI^ metalized ceramic and the reactive metal 
leadthroughs. 

Two metalized ceramic leadthroughs were fabricated and tested. 
These leaked after 124 hours exposure at 400® C to relatively dry air, 
A CFI leadthrough, consisting of a metalized ceramic brazed with OFHC 
copper to thinwalled Kovar, leaked after 141 hours exposure at 400® C to 
relatively dry air . Two reactive metal leadthroughs were fabricated and 
tested. They consisted of titanium brazed to AlpO„ with a nickel shim 

which reacted with the titanium. This reaction formed a braze alloy which 
has an affinity for the Al O^. The leadthroughs withstood over 500 hours 

exposure to air at 400® C without any trace of leakage or failure. 

These tests indicate that leadthroughs of the CFI and metalized ceramic 
type will leak after approximately 125 to 150 hours exposure to air while 
at the expected operating temperature of 400° C„ The reactive metal lead­
throughs, however, showed no ill effects after 500 hours exposure to the 
same environment. Therefore, attention will be focused on the reactive 
metal leadthroughs. 

Another related problem area is obtaining a satisfactory braze mate­
rial and techniques for brazing the leadthrough and evacuation tube to 
the prototype housing. Several different types of brazes were tested during 
this period. This work will be continued into the next period. 

Cathode and sapphire support creep testSo The interelectrode spacings 
re^quired in a closed spaced~thermionic diode are so small that all effects 
on the spacing, no matter how small they may appear, must be taken into 
account. This includes such effects as : 

(1) The amount the sapphire rod creeps into the emitter and 
collector surfaces, 

(2) Surface distortion of the emitter and collector due to bending 
s t resses . 
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(3) The differential thermal expansion of the ceramic spacers 
CAl^Og). 

a. Sapphire creep test 

An apparatus was designed and fabricated for determining the creep 
rate of sapphire rods. The design of this apparatus is shown in Fig. IV-
25. The creep rate is determined from the bending s t ress (15,000 psi) 
induced by supporting the 120-gram weight at the center of the sapphire 
beam. The temperature is controlled by the R-F coil. The tests were 
carried out for temperatures between 1000 and 1350° C. These tests in­
dicate that no creep takes place at the operating temperature and pres­
sure encountered in a practical generator. The tests conducted at tem­
peratures greater than 1300° C indicate that the strength falls off very 
rapidly above 1300° C and the creep becomes appreciable. At 1200* C, 
some creep cotild still be observed, while at 1100°C no creep or plastic 
defornaation occurred. 
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b. Surface distortion 

An apparatus was designed and fabricated to conduct several of the 
tests connected with creep (see Fig. IV-26), The first of these tests is 
to determine the distortion of the emitter. The flatness of an emitter was 
measured before the start of the test and the variation of the flatness 
from a specific reference was measured. Periodically, the emitter will 
be removed and tested for flatness, and the results will be compared 
to the initial condition. It is planned to run this test for 500 hours. Fol­
lowing this test, a similar test will be performed with a molybdenum 
collector. 

c. Expansion test 

An apparatus was designed and fabricated to determine the increased 
spacing due to the greater thermal expansion of the sapphire rods as 
compared to the expansion of the metallic parts of the generator (see 
Fig. IV-27). 
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Fig« IV-27« Apparatus for Thermal Expansion Test 
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Parametric studyo The paraxnetric study that was initiated in the last 
quarter was~completedo The objective of the study is to determine the 
relationship existing between the power density of the heat source and the 
efficiency and geometry of the thernaionic converter, at varying electrical 
power outputs. The infornaation is plotted in graphical form using the 
power density of the heat source as a common abscissa. In this way^ 
the actual power density of a particular isotope can be lined in and the 
resulting perfornaanee and design pararaeters read directly.. The effi­
ciency and heat source dinaensions were selected as the ordinates with 
the electrical power output as a comnaon parametero 

The most efficient design of a therm.ionic generator would be one 
that covered the entire surface of the heat source with thermionic diodes„ 
The power density and volurae of the heat source would then be such that 
it produced the necessary heat flux to the emitter. In other words 

volume X power density = heat flux x area = -̂ mp—. 2— 

This would also guarantee the proper emitter temperatureo However^ 
practical considerations naake it impossible to completely surround the 
heat source with emitting area. Therefore, two practical models were 
selected upon which to base the analysis. The first of these applies to 
the lower power devices (1 to 10 watts) and is sim.ilar to that used in the 
actual design of the two-stage generators. That is , it consists of two 
diodes on opposite ends of a cylindrical heat source. This m.odel is 
shown in Fig. IV-28. The second model is also a cylindrical heat source 
with a polygonal cross section and is used at the higher power levels. 
Thermionic diodes are placed axially along the flat faces of the plygon. 
This model is shown in Fig„ IV-29, 

The results of the computations are shown in Fig. IV-30 through IV-32. 
Notice in Fig. IV-30 that^ for higher power levels, the power density becomes 
of little importance as far as the efficiency is concerned, as long as it is 
above a threshold value for the particular electrical power level. How­
ever, at the lower power levels, the power density of the isotope is a 
critical factor. If the power density of the isotopic heat source is less 

3 than 10 watts/cm ^ one pays a severe penalty in efficiency. Notice also 
that the maxim.um attainable efficiency varies for the different power 
levels. This is due to the naore or less fixed losses which must be 
amortized over the power output of the generator. 

In Fig. IV-30, there are two families of curves shown for the 50- to 500-
watt class generator. The upper set (f = 1) assumes that all of the cylindri­
cal side area is covered with emitter area. The lower set (f =0.95) is a 
more practical case which assunaes only a 95% coverage. 
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There are two important differences between these two cases. An 
abrupt cutoff for the isotope power density exists in the case of the high 
output units (see Fig. IV-30)o This value represents the smallest allowable 
isotope power density for operation at the assumed value of ISOO^K under 
the assumed configuration, material properties and power output. If a value 
for isotope power density less than this cutoff value is chosen, the isotope 
will be unable to supply the necessary heat for operation at 1500''K at the 
specified power output, and the emitters will operate at some tem.perature 
less than 1500°K„ 

The second difference between the two cases is that, in the high power 
units, the same efficiency is approached regardless of the power output 
of the device. This is not true in the case of the low power units (see 
Fig. IV-30). The explanation for this phenomenon is that, in the case of 
the high power output units, where the size of the actual individual diodes 
is not specified, the spacing conduction loss has been reduced to a per 
unit area value, while in the other case, the spacing loss is constant for 
all power levels. 

These efficiencies are based on a collector work function of 1.85 volts 
and a spacing of 0.001 centimeter. If the collector work function were 
1.65 volts (a value achieved experimentally), then the efficiency would be 
as shown in Fig. IV-33. Figure IV-31 shows that the diameter of the 
isotope is determined principally by the power output of the unit and is 
affected only slightly by the isotope power density. The length, however, 
is strongly dependent upon the isotope power density. It is the practical 
limitation imposed by the required isotope length that may eventually deter­
mine the desired value of isotope power density. 

As shown in Fig. IV=32, for the high power units, the diameter decreases 
and the length-to-diameter ratio increases as the isotope power density 
increases. Again, it can be seen that large values of isotope power den­
sity lead to impractical length-to-diameter ratios. It will be noticed that 
the two cases vary considerably. This is explained by the fact that, in the 
low power units, the emitter area is a function of the diameter only, while 
in the high power case the emitter area is dependent on both the length 
and diameter of the isotope. 

To summarize the results of the param.etric studies, it has been 
shown that the lower power, inherently less efficient devices require 
higher power density isotopes for operation near their m.aximum. effi­
ciency point than do the high power units. The high power, hexagonal 

3 
units require an isotope power density of only 6 to 10 watts/cm. to 
achieve 95% of the maxinaum attainable efficiency, whereas a practical 

5-watt, two-stage unit requires a power density of about 50 watts/cm 
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to operate at 95% of its peak efficiency. It should be noted that the 
isotope power density referred to is the "effective" power density of 
the entire encapsulated heat source. This should not be confused with 
the power density of the actual isotope material itself, which would 
necessarily have to be somewhat higher than the "effective" power den­
sity. 

The dinaensions of the isotope, and hence the dimensions of the device, 
become inapractical at high values of isotope power density, and will thus 
strongly influence the choice of isotope to be used in a thermiomc genera­
tor. 

2. Martin Nuclear Division Effort 

All of the work to be performed by Martin Nuclear under this Sub-
task is now complete, except for the preliminary testing and fueling of 
the molybdenum fuel capsule with two Ce-144 fuel pellets, and the prepa­
ration of a topical report on the heliarc welding of molybdenum. This 
report on welding will be included in the final report for the work in 
Fiscal Year 1960. 

Pr ior to the fueling of the molybdenuna capsule with the eerie oxide 
fuel pellets already fabricated by ORNL, it was agreed that Martin Nu­
clear would accomplish the following: 

ID Make a device for measuring the thermal expansion of the 
radioisotope fuel pellets consisting of a dial indicator tool 
employing comparator techniques. The ambient conditions 
could be altered and the temperature and the length of the 
eerie oxide pellet would be observed. 

(2) Expose a naolybdenuna capsule containing an inert eerie oxide 
pellet to a measured anaount of oxygen, while maintaining a 
wall temperature of 2300° F. The formation of an oxidized 
surface on the molybdenum and the fusing of the eerie oxide 
to this surface will be studied. 

(3) A device will be made to take a sanaple of the gas generated 
within the molybdenum capsule after a half life has elapsed. 

The work this quarter was aimed at accomplishing these intermediate 
objectives. It is recognized that while work is being done in these areas, 
the actual fueling is being delayed which naeans the activity, and hence 
power output from the fuel pellets, will be reduced considerably. There­
fore, to offset this effect, electrical heaters will be used in the storage 
container to supplement the heat of the isotope. This approach is preferred 



IV-54 

rather than going ahead with the fueling and then determining how the tests 
will be perfornaed or how to interpret the results . 

In addition to work on the eerie oxide heat source, environmental 
tests were conducted on the IB thermionic unit delivered to The Martin 
Conapany by Thernao Electron Engineering Corporation. 

Devjre for measuring thernaal expansion. A device to determine the 
coefficient orTHeHnaT"'e^aHsiBiroriHe~fue^ was fabricated and 
tested. This device is shown in Figo IV-34. The lava blocks that had 
been machined for a sliding fit were judged to be a little too difficult an 
operation for hot cell mariipulation. Considerable difficulty was also en­
countered in attenapting to calibrate this device. Therefore, a new de­
vice was designed and fabricatedo This unit is shown assembled in Fig. 
IV-35 and disassenabled in Fig. IV-36„ Some problenas still remain, es­
pecially in regard to reproducibility of specific points and, therefore, cali­
bration of the device„ 

The stacking of the lava block insulator parts, auxiliary heaters 
and the eerie oxide pellet is the major problem.. It will be necessary 
to redesign these components so that the vibration and necessary ad-
justnaents will not affect the dimensions. 

The National Bureau of Standards has been contacted in reference 
to this problem. To assist, they are forwarding complete fabrication 
drawings of a dilatometric device of sinailar design. 

Effects of oxygen in the molybdenuna encapsulated eerie oxide. The 
objecFoFthese tests~Ii~To~HeterminFlhe~effeHi~tlS 
is liberated in the radioactive decay of the eerie oxide to neodymium 
oxide, has on the welded m.olybdenum capsule. Information concerning 
the depth of oxidation in molybdenum, the rate of oxygen conversion to 
naolybdenuna oxide, the anticipated internal pressures , the preferential 
attack in the weld area compared to the attack on the parent metal, and 
the reaction of the eerie oxide with the naolybdenuna or molybdenum oxide 
is to be obtainedo 

In discussions with ORNL personnel concerning the naethod of testing, 
it was suggested that the oxygen be added to a naolybdenum. capsule in 
measured amounts to serve as a conaparison of the expected attack in the 
capsule actually fueled. 

The initial approach required a thick-walled, small inside dianaeter, 
molybdenuna tube welded to the capsule so that all gauges, valves and 
controls could operate at norm.al room temperature. The capsule in a 
vacuum atmosphere was to be heated by an induction coil for 24 hours 
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Fig. IV-5^» Initial Thermal Expeuislon Device 
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Fig. IV-55* Assembled View of Thermal Expeuislon Measuring Device 
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of continuous operation, while oxygen was to be supplied under pressure 
from a gas bottle. This was simplified to a capsule inserted in a larger 
steel pressure container. This container, with an oxygen gas pressure 
of 15 psi, was then to be inserted in a resistance furnace. 

A molybdenum capsule was then loaded with two stable eerie oxide 
pellets and heliarc welded. Two 1/8-inch diameter holes were drilled 
in both ends of the molybdenuna capsule to allow the free passage of gas 
through the capsule. This capsule was then inserted in the steel p res ­
sure container; and the tubing, the necessary valves and gauges for 
charging, flushing and evacuating the container were attached. The 
welded can containing the naolybdenum capsule was evacuated and back­
filled with oxygen, after having been leak tested with helium. (A constant 
pressure drop of 0.2 psi per hour was observed when helium was used, 
although a leak detector indicated no leaks.) The unit was placed in a 
furnace and the temperature increased to 2000® F. After the temperature 
reached equilibrium, very little pressure drop was observed (on the 
same order of magnitude as with the helium gas). It was felt that gases 
evolved in the steel container may have formed a protective layer, and 
that the free oxygen, initially available, had been expended. If this were 
true, a method enaploying a purging system should produce different r e ­
sults. The valve was opened and the gas in the container allowed to 
escape. By successive pressurizing with oxygen and then rapid release, 
it was established that the gas in the steel container was oxygen. The 
rate of pressure drop at 2000" F remained the same as when checked 
with helium. 

As the assembly was being cooled for examination, the pressure 
was noted to have dropped rapidly. When the temperature was stabilized 
at 675° F, pressure drops of 1 psi per minute as conapared to 0.2 psi per 
hour were observed for the sanae gas at 2000** F. 

In subsequent tests, it was found that the infornaation was not reproduci 
ble at the lower temperatures, but in all cases the pressure drop was 
m.ore rapid than the initial run with oxygen at 2000° F. In all, 50 experi-
naental runs were conducted. 

After a total of two weeks exposure to an oxygen rich atmosphere at 
elevated temperatures, the capsule was cut open and examined (see Figs. 
IV-37 and IV-38). This revealed only slight oxidation of the molybdenum 
capsule--an unexpected occurrence since it was expected that the m.olyb­
denum would have been completely consumed. The naolybdenum was a 
violet-brown color due to the molybdenum dioxide (MoOg) coating on the 

surface. Surprisingly enough, there was no indication of the formation of 
molybdenum trioxide (MoOo) at all. The eerie oxide was the same color 
(violet-brown) except for a 3/8-inch diameter spot (see Fig. IV-38) that 
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Fig. IV-57. stainless Steel Container and Molybdenum Capsule After Test 
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Pig. IV-38. Cross Section of Oxidation Saiaple 
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remained the light yellow color of the eerie oxide. The first observation 
was that the MoO„ had permeated throughout the eerie oxide and caused 
the color change. However, an X-ray diffraction pattern taken on the 
naaterial was identical to the control run of normal eerie oxide, indicating 
that the discoloration was not due to MoOg. 

Furthernaore, measurements of the molybdenum indicated that only 
a 0,001-inch layer had been oxidized. By way of comparison, the interior 
of the stainless steel pressure container was badly oxidized while very 
little oxidation of the molybdenuna had occurred even though exposed to 
oxygen for two weeks at 2000° F. This was considered highly unusual 
and unexpected. Therefore, one of the original two half-sections of the 
molybdenum capsule was stoked to 2000° F in a normal atnaosphere furnace 
for comparison with the unusual exposure results of a very rich oxygen 
atmosphere. In a 24-hour period, the molybdenum naetal had vaporized 
to molybdenum trioxide which then condensed at the ends of the furnace 
muffle. This run was more in line with the anticipated behavior of molyb­
denum. However, this still left the results of the first test unexplained. 
In an effort to explain these results, it was decided to repeat individual 
portions of the initial experiment. The first step was to leave out the 
eerie oxide pellets. 

The same stainless steel container was used to hold a section of a 
naolybdenum fuel capsule. The test setup was exactly the same as in 
the first experiment except an exhaust line and a flow meter on the oxygen 
supply line were added. The exhaust line permitted the purging of the 
container, and the flow meter made it possible to determine the relative 
oxidation rate under static conditions. 

Tests were conducted at stabilized temperatures from 600 to 2000° F 
with an initial oxygen pressure of 15 psi. In the case of the sealed con­
tainer with a fixed volume of oxygen, the pressure dropped off frona 
15 psi to zero in 10 seconds. Next, with the exhaust valve closed and 
the specimen at stabilized temperatures from 600 to 2000° F, the flow 
rates of oxygen were observed. At 600° F, the flow rate was slightly 
less than at 2000° F , with the internaediate points on a more or less linear 
relationship. 

When oxygen gas was purged past the specimen, a white smoke 
identified as molybdenum trioxide (MoO^) was blown out the exhaust. 
The previous run was repeated again observing the flow rate of oxygen 
imnaediately after the exhaust valve was closed. As expected, the flow 
rates in this dynamic purging setup exceeded those in the previous static 
run, but not by sufficient magnitude to explain the unusual results ob­
tained in the first experiments, which included the eerie oxide pellets. 
The molybdenum capsule was completely consumed during these runs. 
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Sufficient work has not been done to draw definite conclusions con­
cerning the phenomena taking place. The problem is certainly more 
complex than was originally anticipated. Because of the unusual r e ­
sults obtained, it raises sonae questions concerning the safety of such a 
heat source. Therefore, this phenomena should be understood prior to 
attempting to use such a heat source in a practical device. 

Gas sampling device. The purpose of the device is to take a gas 
sample frona the fueled capsule after it has decayed over approximately 
one half life. The first approach was to use a gland or gasket method 
of joining the gas sampling device to a tube that had been welded to the 
molybdenum capsule prior to the fueling. Difficulties were encountered 
in drilling open the capsule without adnaitting a contaminating gas or losing 
the gases present in the capsule. This would be a very difficult hot cell 
operation, and the approach was abandoned. It was decided to design a 
gas-tight container for the capsule such that when the tinae canae to take 
the sanaple, the capsule could be placed in this container, sealed and a 
plunger struck to break open the capsule. A valved connection to an 
evacuated gas bottle would be attached to the container for taking the 
gas samples. A container was purchased commercially which only r e ­
quired the addition of a plunger. This setup is shown in Fig. IV-39. 
A welded capsule was placed in the container, the capsule broken and 
a gas sample successfully taken and analyzed (see Fig. IV-40). This 
portion of the work is complete and the device is ready for shipnaent to 
ORNL. 

Environm.ental testing of unit IB. Thermo Electron Engineering 
CorporatFon'delivered UnitTB, shown in Fig. IV-17, to Martin in the 
middle of March. On March 25, environnaental dynamics tests were 
begun on this unit. 

The generator was subjected to vibration and acceleration tests 
in each of the principal orthogonal planes. The test specifications were 
those developed by the Jet Propulsion Laboratories. The test equip­
ment used included a Calidyne vibration shaker and a Genisco centrifuge. 

A pretest electrical check of the generator was made- using the test 
setup and actual equipment that would be used during the dynamic testing. 
This was done to provide a correlation with the test data supplied by 
TEE CO and to serve as a checkout of the circuitry and test setup em­
ployed. The results of these pretest data would then serve as a basis 
of comparison for during-test and post-test data. A constant load of 
two ohms was then applied to the generator, and this load was used during 
the entire test program. Five thermocouples were attached to the genera­
tor, which were continuously monitored and recorded on an oscillograph. 
The identification of the principal planes and the location of the thermo­
couples are shown in Fig. IV-41. 
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a. Accelerat ion t e s t s 

The specifications for the acce lera t ion t e s t s cal led for a maximum 
of 15-g stat ic acce lera t ion for five minutes in each of the th ree pr incipal 
orthogonal p lanes . The tes t s were conducted in d i sc re te s teps as shown 
in Table IV-6. 

TABLE IV-6 

Accelera t ion Test Sequence 

Step 1 2 3 4 5 6 7 
T i m e - - m i n 5 2 2 5 2 2 5 
Leve l - -g 0 5 10 15 10 5 0 
RPM 0 76 105 125 105 75 0 

Tes t s data were taken before, during and after each tes t to de termine 
the effects of the s imulated environment on the genera tor perfornaanee. 

The output remained s table for the t e s t s in the X and Z p lanes . Ac­
celera t ion along the Y plane (the axis of the genera tor ) resul ted in e r r a t i c 
output. This i s explained by a var ia t ion in the in te re lec t rode spacing. 
The ent i re test cycle was completed for the Y plane even though the output 
was unstable . Upon completion of the tes t , the output immediate ly r e ­
turned to i ts ambient level , 

b . Vibration tes t 

The vibrat ion tes t was conducted using a Calidyne Model No, 177A 
vibrat ion sys t em, A naagnetic tape of the vibrat ion levels for this tes t 
was furnished by the Jet Propulsion Labora tory . The tape consis ted 
of a sinusoidal vibrat ion of 5 g r m s from 15 to 500 cps, super imposed on 
a random signal of 5 g rnas, band- l imi ted between 15 to 1500 cps for five 
minutes . The second portion of the tape consis ted of a sinusoidal v ib ra ­
tion of 8 g r m s from 500 to 1500 cps, super imposed on a random, signal 
of 5 g r m s , band- l imi ted between 15 and 1500 cps for five minutes . Two 
tes t cycles , each 10 m.inutes in duration, were to be conducted in each 
of the th ree pr incipal orthogonal p lanes . Again tes t data were taken 
before, during and after each tes t to de termine the effects of the induced 
loads on the genera to r per formance . 

The vibrat ion tes t was initiated in the Z plane. At approximately 
500 cps, a resonant condition was noted within the genera tor . The genera­
tor output, which was stable at this point, immediate ly dropped off from 
0,597 volt and 0,275 ampere to 0,163 volt and 0,075 ampere , a dec rease 
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of approxinaately 94%. The test was discontinued at approximately 800 
cps . The genera tor in the tes t fixture was removed from the Calidyne. 
The fixture was tapped lightly on the s ides . The genera tor output re turned 
fo approximately 8D% of i ts normal output. However, the output gradually 
dropped to 40% of the normal over a t h ree -hour period and stabil ized at 
40% output. The genera to r was tapped lightly again, and the output climbed 
to 80%, but again fell to the 40% level over a th ree -hour period. The tes t s 
were discontinued and the genera tor re turned to TEE CO for examination. 
This examination revealed that one cel l was operating sat isfactori ly and 
accounted for the 40% output. An in termi t tent short had developed in the 
second cel l . This accounted for the e r r a t i c behavior of the power output. 
The total operating t ime on the genera tor during the t e s t s was 276 hours . 

These t e s t s have provided two vital inputs for the design of the cu r ium-
fueled unit. The design naust be such that no se r ious resonant points 
exist between 15 and 1500 cps . This should not present any great diffi­
culty and probably can be accomplished by breaking up the symmet ry of 
the genera tor design. The second significant fact i s that the means of 
spacing naust be such that it provides positive res t ra in t in all three planes . 
Several designs a r e now being evaluated to accomplish th i s . 

D. SUBTASK 5.5--OPERATIONAL THERMOELECTRIC 
2- TO 5-WATT GENERATOR FOR SPACE USE* 

The objectives of this Subtask a r e to prove the operational capabi l i ­
t ies of the SNAP-III-type genera tor through tes t s simulating the ant ic i ­
pated environments and to develop conceptual sys tem designs. 

1. Genera tor Operational Tes t s 

Operational envi ronments . 

a. Vehicle induced 

The final summary repor t , MND-P-2101, Volunae III, has been 
dis t r ibuted in accordance with the SNAP distr ibution l i s t . 

b . Ambient induced 

The altitude chamber t e s t s were completed using the 3M1G4 unit 
which had a black oxide coating on the external surface . This coating 
was fornaed using the Du-Li te Chemical p r o c e s s . A typical plot of out­
put voltage ve r sus amperage is shown by Fig, IV-42, The naaximum 
gene ra to r outputs for each ambient t empera tu re consistent with hot and 
cold junction t empe ra tu r e l imitat ions a r e summar ized by Fig. IV-43. 

^ H . J, Wilson 
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The genera tor e lec t r i ca l output reached a maximum of 3.39 watts as 
compared to 3.79 watts with the surface painted. This indicates that 
the copper oxide coating p o s s e s s e s a lower emiss ivi ty than the painted 
su r face . An informal repor t summar iz ing these tes t r e su l t s has been 
p repa red for in ternal u se by other p ro jec t s . 

Three se t s of the rmoe lec t r i c couples were prepared for sublimation 
tes t ing in the e lec t r ica l ly heated f ixture. The Seebeck voltage output of 
the couples was checked p r io r to and after spraying with zirconium. 
oxide. The checks were accom.plished by applying a hot solder ing i ron 
t ip to four places on one end of the elem.ent. The following resu l t s in­
dicate that the coating does not significantly affect the per formance of 
the t he rmoe l ec t r i c . 

Element 
Type and Number 

P2 

P 5 

N5 

N6 

Iron 
Tem.perature 

CF) 

601 

601 

601 

602 

Seebeck Vol tage (m.illivolt£ 

P o i n t s 

C e n t e r l i n e 1 2 

Be fo re C o a t i n g 
41.8 

38.0 

51.0 

53.0 

42.1 

37.7 

50.9 

54.0 

41.0 

39.5 

50.1 

53.8 

Af t e r C o a t i n g 

3 

41 .3 

37.2 

52.0 

52.9 

P2 606 42 .8 44 .9 44.6 44 .1 

P 5 602 37.6 37.4 37.1 37.3 

N5 605 52.1 51.4 51.1 50.0 

N6 605 51.1 52.9 51.9 52.5 

An e n c a p s u l a t e d coup le w a s a l s o f a b r i c a t e d for t e s t i n g in the e l e c ­
t r i c a l l y h e a t e d f i x t u r e . T h i s c o u p l e u s e s an a l u m i n u m oxide c e r a m i c 
s l e e v e to p r o t e c t and s u p p o r t t he e l e m e n t . P e r f o r n a a n c e t e s t s of t h e 
c o u p l e r e v e a l e d i n a d e q u a t e output and r e w o r k w a s r e q u i r e d b e f o r e a 
c o n t i n u i t y c h e c k i n d i c a t e d a s a t i s f a c t o r y a s s e m b l y . The c o u p l e s w e r e 
t h e n i n s e r t e d in the e l e c t r i c a l l y h e a t e d t e s t f i x t u r e and p r e p a r e d fo r 
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test . This preparation consists of purging with a mixture of 85% nitrogen 
and 15% hydrogen gas while the unit is being heated. The first phase of 
the test consisted of 300 hours of operation at a hot junction temperature 
of 1000° F with the generator evacuated to 20-micron pressure. Originally^ 
the first test phase planned was a 200-hour run at 900° F, but tests con­
ducted by other projects under similar conditions indicated that sublima­
tion effects were negligible over this time period. To accelerate the ef­
fect, the procedure was changed to incorporate two 300-hour runs at the 
higher hot junction temperatures. 

After the hot junction temperature was stabilized at 1000® F, data were 
taken twice daily throughout the test. The output power decreased steadily 
from test initiation and could not be measured after 300 hours of operation. 
The encapsulated P element reversed polarity and a large increase occurred 
in the internal resistance of the entire unit. Upon disassembly, extensive 
sublimation effects were evident. An electrical short existed between the ele­
ment cavities due to a deposit of sublim.ed material on the insulation block at 
roughly the 880° F isotherm. This deposit can be seen in Fig. IV-44. Ex­
tensive deterioration of the uncoated couple resulted in a 0.15-inch de­
crease in element length as shown by Fig. IV-45a. Figure IV-45b provides 
evidence that a similar but slightly inhibited reaction took place within 
the ceramic sleeve of the encapsulated couple. Sublimation effects were 
greatly reduced through the spray coating as depicted by Fig. IV-45c, but 
element performance was degraded by the increase in contact resistance. 
This disadvantage of spray coating m.ay be offset by continuing the second 
coat of iron completely around the element hot end although the oxide coat 
is stopped short as before. Com.ponents for a second run to test this meth­
od are currently being prepared. 

The life test of the generator and orifice combination to prove power 
flattening feasibility was halted after 24 days of operation. The generator 
output power deteriorated from 2.46 to 2.31 watts during this period. This 
deterioration became more significant than the change due to internal pres ­
sure variation and the test was halted. The generator internal resistance 
has increased from the original three to four ohms. However, sufficient 
data were recorded to indicate feasibility. An analysis was conducted to 
correct the power flattening test data for generator deterioration. When 
returned to the original conditions of internal gas pressure and input power, 
an output of 2,31 watts was obtained as compared to an initial output of 2.46 
watts. Using these figures, a correction factor was applied to the recorded 
data. The net change in generator output attributable to the changing input 
was 1 to 2%. Generator internal pressure was 38 mm of mercury higher 
than optimum at termination of the test, although it was deliberately lowered 
a similar amount at the start of the test. This pressure variation amounted 
to 15% of that desired and contributed to the output variation. Test results 
are shown in Fig. IV-46. 
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Fig. IV-45c. Spray Coated Elements, Sublimation Test 
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The genera tor de ter iora t ion is believed due to an inc rease in internal 
r e s i s t ance as a resu l t of sublimation. This genera tor has been operated 
at low in ternal p r e s s u r e s during the p re l imina ry tes t phases for a period 
in excess of 1200 hours . Results of the power flattening t es t s a r e sum­
mar i zed in Report MND-P-2318. This control method is feasible a l ­
though the hot junction t empe ra tu r e may have to be reduced to extend 
genera to r life at reduced internal p r e s s u r e . 

Miss i le fai lure environments . 

a. Launch pad fai lure 

The financial a r r angemen t s to t r an s f e r the necessa ry funds to 
Aberdeen Proving Ground were completed. The shock wave portion of 
these t e s t s was successfully conducted late in the report ing period and 
only p re l iminary r e su l t s a r e avai lable. One- th i rd -sca le specimens of 
both genera to r and ba re capsule were included as shown in Fig. IV-47. 
An oxide coating, sprayed over the hea te r wire wrapped around the cap­
sule, is apparent on Specimen No. 3. Blast effect, apparent in Fig. IV-48, 
scoured the b a r e capsule specimen but did not completely remove this 
oxide coat from the capsule in the genera to r specimen due to the protection 
afforded by the shel l . Final r esu l t s will be available when the Aberdeen 
repor t is rece ived . 

The p re l iminary r e su l t s of the p lasma jet t e s t s d iscussed in the next 
sect ion indicated that it may be des i rab le to change the genera tor shell 
ma te r i a l from copper to alunainum. The most significant effect of this 
ma te r i a l change on the integri ty of the isotope capsule would be during 
a fire resul t ing from a launch pad abor t . To determine this effect, two 
additional spec imens were fabricated for inclusion in the high t empera ­
tu re tes t . The spec imens were sim.ilar to those previously assembled 
except aluminum is used in lieu of copper for the outer shel l . These ad­
ditional specimiens will not affect the tes t procedure or cost . 

b . Impact 

These t e s t s were successfully conducted in conjunction with Task 2 
ear ly in the per iod. A final repor t giving tes t details has not been 
received from Aberdeen. Figure IV-49 shows the resul t of impact of 
ba re capsule spec imens against grani te and concre te . Although exten­
sive abras ion and weld deformation were caused by the grani te impact, 
leak t e s t s proved that capsule integri ty had been maintained. 

c . Cor ros ion 

The salt water co r ros ion test was concluded after 720 hours of 
operat ion. The specimens were removed, cleaned, vacuum dried and 
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Fig. lY-hS, Impact Test Specimens 
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weighed. The 
lows: 

Mater ia l 

Haynes-25 

Haynes-25 

Type 304 SS 

Type 304 SS 

Haynes-25 

Haynes-25 

Type 304 SS 

Type 304 SS 

weight 

Test 

change and corresponding 

Weight Change 
(gm) 

sampl 

Control s 

es (internally 

-0.0094 

-0.0108 

-0.0217 

-0.0266 

cor ros ion 

Cm 

heated) 

pecimens (unheate 

-0.0006 

-0.0010 

-0.0008 

-0.0010 

d) 

Cor ros 
g / sq dec 

< 

< 

< 

< 

r a t e is as fol-

ion Rate 
; imeter /day) 

0.6 

0.7 

1.5 

1.9 

0.1 

0,1 

0.1 

0.1 

Several conclusions may be drawn from the data: 

(1) Haynes-25 was generally unaffected. Examination of 
a cross section of the sample showed no penetration. 

(2) The Type 304 stainless steel showed some attack in the area 
of the weld and severe crevice corrosion at the junction of 
the rubber tubing and the Type 304 stainless steel tube as 
shown in Figs. IV-50a and IV-50b. The deepest penetration 
was 22 mils, nearly one-half the tube thickness. Crevice 
corrosion was found on both stainless steel specimens. 

The salt spray corrosion test was concluded after 720 hours of opera­
tion using a 20% salt solution. The test specimens were removed and 
chemically cleaned. Blanks of each material were simultaneously cleaned 
to verify that the cleaning solution removed only the oxide. The samples 
were then rinsed, vacuum dried and weighed. The weight change and 
corresponding corrosion rate is as follows: 
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I 

Fig. IV-50. Salt Water Test Specimen—Type 50î  Stainless 
Steel Material 
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Mater ia l 

Haynes-25 

Haynes-25 

Type 304 SS 

Type 304 SS 

Haynes-25 

Haynes-25 

Type 304 SS 

Type 304 SS 

Weight Change Corros ion Rate 
(mg/sq dec imete r /day) 

Test sanaples (internally heated) 

-0.0186 0.6 

-0.0180 0.6 

-0.0846 3.0 

-0.1134 4.0 

Control spec imens (unheated) 

-0.0010 0.1 

-0.0002 0,1 

-0.0109 1,3 

-0.0103 1.2 

Several conclusions may be drawn from the data: 

CD The tes t had a negligible effect on Haynes--25. Examina­
tion showed some very slight genera l cor ros ion as shown in 
Fig. IV-51. 

(2) The Type 304 s ta in less s tee l was heavily oxidized, although 
at 600° F the re was no indication of sensi t izat ion of the m a t e ­
r i a l . The m a t e r i a l was badly pitted as shown in Fig, IV-52a. 
Pits as deep as eight mi l s were found. S t ress co r ros ion 
cracking was noted at s eve ra l points as shown in Fig. IV-52b. 
Depth of penetrat ion was found to average 17 m i l s . 

d. Ejection 

The ejection sys tem t e s t s were r e sumed using the modified th rus t e r . 
These modifications were designed to effect a 15% inc rease in the initial 
velocity while holding an acce lera t ion level of 400 g. Three shots resul ted 
in no inc rease in ver t i ca l r i s e height. This indicates that the l imits of 
this t h r u s t e r configuration were reached and no significant i nc rease in 
t h r u s t e r performance could be anticipated from these uni ts . 
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Fig. IV-51. Sal t Spray Test Specimen--Haynes-25 Material , 
Magn hx 
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Fig. IV-52a. Salt Spray Test Specimen—Type 304 Stainless 
Steel Material 
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A new thruster unit was designed to use two M-48 squibs yielding 
increased performance. Deformation of the simulated generator shell 
and bearing cap have been negligible, which allowed the 400-g initial ac­
celeration limit to be increased to obtain improved performance. Four 
shots were conducted with the following results: 

Results Test Num.ber 

1 

2 

3 

4 

Date 

3-24-60 

3-28-60 

3-28-60 

3-31-60 

Orientation 

Vert ical 

Ver t ica l 

45 deg 

45 deg 

Rise 75 to 100 ft 

Rise indefinite--support 
bolts sheared 

Range 170 ft--support 
bolts sheared 

Range 271 ft 

Although the range achieved on Test No, 4 is greater than the 200 
feet desired, additional shots next period will determine the reproduction 
capability. 

Re-entry environments. 

a. Plasma jet tests 

Testing was initiated and completed at the General Electric Aero-
science Laboratory, The heating curve derived from the trajectory 
studies was simulated by a square-shaped heating pulse, i.e., constant 
with time. This simulation provides the same total integrated heat input. 
Preliminary examination of the test report indicated that the copper shell 
maintained its integrity longer than calculated. This variation was r e ­
duced in the cases where the specimens contained only Min-K insulation 
by accounting for heat lost through conduction. However, the specinnens 
containing an aluminum slug, simulating the generator cold junction, r e ­
acted in a manner not predicted by the machine calculations. The digital 
program utilized the simplifying assumption that the generator was com­
posed of a homogeneous material which combined the properties of the 
aluminum cold junction ring and the copper shell. Although digital pro­
grams can determine the behavior of layers of different materials, a 
case where the inner layer has a lower melting point cannot be considered 
This is especially true when the materials involved possess high heat 
capacity and thermal conductivity. The tests showed that this was the 
case as the conductivity of the copper was sufficient to melt the adjacent 
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aluminum. This phase change provided a sufficient heat sink to delay 
fai lure of the copper shell until the vapor p r e s s u r e of the molten aluminum. 
caused it to rup ture . Although the ra t io of aluminum to copper is lower 
in the actual genera to r , this si tuation may delay failure of the genera tor 
due to aerodynamic heating. Two methods of decreas ing the heat input 
and, consequently, the t ime requ i red for fai lure of the copper shell a r e 
feasible and may easi ly be incorpora ted in the genera tor construct ion. 
The f i rs t is to divide the shel l into segments joined by so lder connections. 
The so lder naay be se lec ted to have a mel t ing point so that failure will 
occur p r io r to the melt ing point of aluminum. The second method is to 
use aluminum ra the r than copper for the outer shel l . 

The test repor t and documentary film footage received from General 
E lec t r i c Aerosc ience Labora tory i s being uti l ized to co r r e l a t e t es t data 
with the vehicle t r a j ec to r i e s studied to de te rmine final burnup or impact 
locat ions . 

b . Internal p r e s s u r e t e s t s 

Assembly of the tes t fixture was completed, but a portion of s ta in less 
s tee l hydraul ic tubing failed during a tes t run at 1700°F. A special tube 
was fabricated of Inconel m a t e r i a l by success ive swaging operations using 
tubes with increas ing d i a m e t e r s . The end of this tube was welded to the 
bottom of the capsule spec imen through which a 1/8-inch d iameter hole 
had been drilledo This a r rangement proved sat isfactory and p r e s s u r e t e s t s 
were ini t iated. Mic romete r measu remen t s accurate to 0.0001 inch were 
made and no permanent change in e i ther d iamete r or length occur red . A 
Rockwell hardness check indicated a 9-point i nc rease during the f i rs t 240 
hours but only a 1-point i nc rease during the next cycle of 144 hours . The 
capsule was maintained at 1100" F with an in ternal p r e s s u r e of 9400 psi 
for a total of 528 hour s . Tempera tu re was increased to 1700''F, but failure 
of the Inconel connecting tube occur red after 12 hours . After repa i r , the 
p r e s s u r e was inc reased to 30,000 psi for a 100~hour period. To prevent 
tube failure, the t empera tu re was l imited to 1100°F during this last phase. 

Test ing was continued using hydraulic fluid at room tempera tu re to 
p r e s s u r i z e the capsule to 78,000 ps i . At th is point, valve fai lure in te r ­
rupted the tes t . Diameter of the spec imens midway in the tapered length 
inc reased from 0,8375 to 0,8390 inch, which was the first dimensional 
change observed. Test ing will continue after valve r epa i r . 

c, Destruct sys t em t e s t s 

The des t ruct t e s t s were r e sumed using the isotope capsule and genera ­
to r spec imens . The effect of th ree different charges directed against 
ba re isotope capsules was determined as follows: 
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Test Number 
Charge Weight 

(gm) 

33 

18 

10,5 

Results 

Complete penetration. 
Extensive flowering at 
entrance. 

Complete penetration. 
1/4-in. dianaeter minimum.. 

Similar to Test No. 2. 

The explosive used in all cases was RDX manufactured by E. I. DuPont 
De Nemours and Company. The standoff in all cases was 2-1/2 inches 
since this distance is required to locate the charge external to the genera­
tor. 

In the next series of shots, charges of various weights were directed 
against simulated generator specimens containing an isotope capsule. 
The test arrangement used a wooden block to support the specimen as 
illustrated by Fig. IV-53. Plywood sheets located behind the generator 
collected the debris expelled by the gas jet. The results are listed and 
illustrated by Fig. IV-54. 

Test Number 
Charge Weight 

(gm) 

34 

34 

18 

10.5 

Results 

Complete penetration. 
Exit 3/8-in. diameter. 

Complete penetration. 
Exit 3/8-in. diameter. 

Complete penetration. 
Exit l /4- in. diameter. 

Penetration depth 1-7/16 
in. off center. 

Since the last shot resulted in an off-center condition, the original 
location of the capsule within the shell was questioned. X-ray inspection 
of the remaining three specimens showed the capsule to be slightly mis­
aligned. The location is currently being corrected. Specimen support 
will be revised for the three remaining shots to more accurately simulate 
the final mounting anticipated. The specimen will be supported only by 
the bearing cap with the shaped charge directed through a hole in the cup. 
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Fig. IV-53. Destruct Test Arrangement 
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Fig. TV-^k, Destruct Test Results 
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2, System. Conceptual Design 

Cerium-fueled system. The preliminary data from the altitude chamber 
tests were utilized to~develop a plot of power output versus time using the 
heat input derived from Cerium-144 decay. This plot is presented in 
Fig, IV-55, 

Polonium-fueled system. A similar plot has been developed using 
the heatTiiput derived from Polonium.-210 decay and is illustrated by 
Fig. IV-56, 

An analysis of the aerodynamic burnup characteristics of the SNAP-
Ill-type generator has been completed. This analysis was based on a 
circular polar orbit of 275 statute miles altitude. A vehicle similar to 
that used for the Discoverer series was synthesized to yield this orbit 
from a Vandenberg Air Force Base launch. Knowing the required orbital 
injection velocity and altitude, the final-stage trajectory was calculated 
using two-dim.ensional trajectory equations to fly the final stage back to 
the point of ignition. Using this trajectory, the thrust vector of the final 
stage was instantaneously deflected in pitch or yaw or was terminated at 
various times after ignition. Eighty-six different variations of naissile 
failure were analyzed to obtain the maximum possible dispersion of the 
generator. 

Equations to determine the temperature environment of a generator 
mounted in a missile nose cone, as depicted in Fig. IV-57 have been de­
rived. For an extensive study, the problem should be programmed for 
conaputer solution. The equations are currently being evaluated by ap­
proximate m.ethods to determine if a practical solution of this complex 
problem is feasible. 

The generator mounting selected for heat transfer studies is il lus­
trated by Fig, IV-58, For purposes of correlation with the altitude chamber 
tests, an equivalent space temperature was established. This temperature 
is a purely fictitious quantity which is determined by the generator surface 
temperature and the heat radiated from its surface. It represents the tem­
perature of the imaginary spherical surface to which the generator radi­
ates heat and takes into account the incoming radiation from the sun and 
other objects within view of the generator. The equivalent space tem­
perature calculated was -ISS^F with the generator exposed to the radia­
tion of the sun. The conclusion drawn is that the generator output in 
space will be equivalent to that achieved in the altitude chamber tests 
with an ambient temperature of -100°F. 

Results of the ejection and destruction system tests have indicated 
that the larger thruster with M-48 squibs and the 34-gram shaped charge 
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are required to provide adequate safety margins. These units are larger 
than those in the mounting arrangement depicted by Fig. IV-58. This 
arrangement is being modified and designed in greater detail for the 
final report. 

Original plans called for determining the total emissivity of the various 
generator surface coating m,aterials by testing, but this study could not be 
scheduled. A calculated emissivity of the black oxide coat on copper was 
obtained by equating heat transfer relationships and temperatures obtained 
during altitude chamber tests . Assuming an emissivity of 0.94 for the black 
lacquer finish, emissivity of the oxide coat was calculated to be 0.61. This 
compares well with reference values for heavily oxidized copper. 

3. Converter and Battery System Studies 

The generator output curve for mLaximum power transfer has been 
analyzed for the Polonium-210 system. An em.pirical equation has been 
developed for output power at any time with variable resistance loads. 
With all constants evaluated except k, the equation is as follows^ 

4R P E -t CO.00502 + 0.00086 t°'^^^) 

Pa° ^ ^ ° 
<Re -̂  Bg »""'> 

where 

P^ = output power at any time--watts 

P. = input power at time zero--watts 

E = efficiency at time zero 

e = 2.71828 

t = time--days 

R = load resistance--ohms 
e 

R = generator internal resistance at time zero--ohms 
k - internal resistance decay constant. 
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Attempts to determine converter transfer functions through a li tera­
ture search were unsuccessful since published data at the low input voltages 
considered were inadequate. Using the converter developed and described 
in the Subtask 5.6 Progress Report, additional parametric tests were con­
ducted to provide data on performance over a wider range of input voltages. 
These data are being correlated using equivalent circuits to obtain transfer 
functions. This study is aimed at developing an empirical equation for con­
verter performance that may be combined with the equation given to define 
the overall system performance. The equations may become too cumber­
some for general use, in which case a graphical method of presentation 
will be investigated. 

E. SUBTASK 5.6--ONE-WATT NUCLEAR POWER 
SUPPLY FOR SPACE APPLICATION 

The purpose of Subtask 5.6 is to analyze and design a nuclear-thermo­
electric power supply for a 2- to 5-year space mission. This power sup­
ply consists of a 1.5-wattCe), 1.5-volt d-c radioisotope-powered genera­
tor and a static voltage converter whose output is 1 wattfe), 15 volts dc. 
The radioisotope selected for this task is Plutonium-238 which is primarily 
an alpha emitter whose average energy is 5.48 Mev, 

The technologies developed for the SNAP-III and Strontium-90 genera­
tors under Atomic Energy Commission contracts have been utilized in 
the design of the proposed unit. 

The preliminary generator design fully described in the first quarterly 
report was reviewed during this period with The Johns Hopkins University 
Applied Physics Laboratory (JHUAPL). The compact Mod I generator^ 
Fig. IV-59, then evolved as a result of integrating the power supply in the 
JHUAPL satellite system. 

Using the configuration established for the Mod I design, a thermoelec­
tric radiator breadboard device has been engineered and manufactured 
and is presently being made ready for testing so the actual electrical char­
acteristics can be determined. 

The design of the converter has been completed and a breadboard test 
of the converter hardware has shown that an efficiency of 75% is realistic 
for low wattage power supplies. 

Hazards and shielding evaluations which were started late in this 
quarter will be mentioned briefly at the end of this report. 
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1. Systems Integration in a Satellite 

Liaison was conducted during the month of January 1960 with a satel­
lite contractor. The Johns Hopkins University Applied Physics Laboratory, 
to ensure the compatibility of the l-watt(e) power supply with a satel­
lite system. 

During several meetings, the first of which was attended by Atomic 
Energy Commission representatives, an increased power supply of 2.22 
watts (e), the space allocation for the generators and a proposed hardware 
production schedule were discussed. Between meetings, a design study 
was conducted at The Martin Company which revealed that two reshaped 
1.5-watt, 1.5-volt generators connected in series to a converter would 
satisfy the larger power requirement. Also, the generators would be mounted 
on the existing satellite external structure; moreover, a satellite weight 
balance would be maintained by spacing them at positions which were 
diametrically opposite. As to power supply delivery, a 2.22-watt(e) radio-
isotope-fueled power supply could be manufactured, environmentally tested 
and delivered by The Martin Company within one year from contract ap­
proval. 

2. Mod I Generator 

The design of the integrated or reshaped Mod I generator differs 
from the preliminary generator design described in the first quarterly 
report as it can no longer be mounted with the radiator flush to the ex­
ternal skin of the satellite. Because the reshaped generator must be 
mounted in the external solar cell support structure, the generator is 
now a rectangular-shaped box as shown in Fig. IV-59. The radiator is 
a hat-shaped section having an excellent mean radiation area-to-absorp­
tion area ratio of about 5.5. Vertical space limitations between the bot­
tom of the generator and the satellite shell structure have necessitated 
a slight reduction in insulation material thickness. 

An analysis has been made for the reshaped generator configuration. 
Results of tests conducted under Task 2 and the Strontium-90 test genera­
tor programs have been reviewed, and a factor of 1.5 x Rpŷ rp has been 

used for the total lead telluride electrical resistance. This factor neces­
sitated the reduction in length of the 15 pairs of l/4-inch diameter PbTe 
elements from 1.5 to 1.04 inches. A summary of the data for the Mod I 
nuclear-powered generator is shown in Table IV-7. The thermal analysis 
may be found in Appendix IV-A. 

The Plutonium-238 source material is encapsulated in three successive 
containers. The inner container consists of two welded tantalum cylinders 
which contain the pelletized Pu-238 fuel. Tantalum is used to prevent the 
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TABLE IV-7 

Mod I Nuc lea r -Powered Genera tor Data 

Genera to r dimensions 

Overa l l s i z e - - i n . 
Height 4.5 
Width 4.5 
Length 9.0 

R a d i a t o r - - s q in. 

Effective absorption a r e a Var ies from 36.8 to 0 
Effective radiat ing a r e a ~ 58.9 

E lec t r i ca l conversion sys t em 

Lead te l lur ide semiconductors N-Type P-Type 
D iame te r - - i n . 0.25 0.25 
Length-- in . 1.04 1.04 
E lemen t s - -No . 15 15 

Radioisotope 

Plutonium-238 
Half l i f e - -y r 86.4 
Volume (pure Pu-238) - -cc 3.54 
Volume (including 15% impur i t i e s and 
90% compaction of pe l l e t s ) - -cc 5.62 
Weight (pure Pu-238) - -gm 58.40 
Weight (including 15%--5 gm/cc 
impur i t ies ) - -gm 68.80 
Quantity of P u - 2 3 8 - - c u r i e s 1017 

The rma l p roper t i e s 

Input power - -wa t t s 33 
Hot junction t e m p e r a t u r e - - ° F 1000 
Cold junction t e m p e r a t u r e - - ° F 300 

E lec t r i ca l p roper t i e s 

Output power- -wat t s 1.5 
Voltage, dc - -vo l t s 1,5 
Overal l efficiency of gene ra to r - -% 4.54 
Thermoe lec t r i c efficiency--% 6.05 
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alloying of the plutonium with the outer structural containers, which con­
sist of two welded Haynes-25 impact resistant capsules. The impact tests 
conducted under Subtask 5,5 revealed that Haynes-25 was the best m.aterial 
to use for high velocity impaction on granite at 600° C capsule tempera­
tures . 

The Haynes-25 capsules are then encapsulated in a highly corrosion 
resistant Hastelloy C material. This material has been selected on the 
basis that 10-year sea water corrosion tests , conducted at Wrightsville 
Beach, North Carolina, revealed that Hastelloy C has a corrosion rate of 
only 1/10,000 inch per year. Short term (700 hours) simulated sea water 
corrosion tests have been conducted on the Haynes-25 material and similar 
corrosion rates have been measured. However, at this time, due to the 
requirement that the capsule remain intact after an abort in sea water for 
a period of 10 half lives for Pu-238, the tests performed on Haynes-25 
have not proceeded for a sufficiently long time to permit elimination of the 
outer Hastelloy C jacket. 

An analytical objective in the generator design was to minimize heat 
flow to the inside of the satellite. This was accomplished by the use of a 
reflective gold surface on the stainless steel capsule support, and Owens •= 
Corning Fiberglas AAAA insulation, and by the evacuation of the genera­
tor to a pressure of 100 microns of mercury. 

A summation of heat flow will give the required heat source power. 
The calculated heat flows are as follows: 

(watts) 

Heat flow through elements 24.80 

Heat flow through Min-K to radiator 1.10 

Heat flow through structure to radiator 4.10 

Heat flow converted to electricity 1.50 

Heat flow to satellite structure 1,50 

33.00 

The average radiator temperature has been calculated from a heat 
balance on the radiator. The heat flow to the radiator is the sum of heat 
flow from the internal heat source plus the absorbed solar energy. The 
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heat flow into the radiator must be radiated to space. The heat from the 
internal source is assumed to be constant at 31.5 watts. The solar heat 
absorbed is dependent on orbital conditions, radiator configuration and 
position of radiator surface relative to the sun and earth. 

Definition of orbit. The satellite carr ier , established by conferences 
witfi~Oie~saIeIIlIFTonfractor, would be launched in a near polar orbit (or 
a 67-1/2-degree SE inclination to the earth's equator) as shown in the 
sketch. 

N 

Surface of 
earth 

100 nautical miles 

Orbit 

Satellite orbit 

For this orbit, the satellite will have an eclipse factor (^) per or ­
bital revolution for various times of the year as shown in Fig. IV-60. 

To establish a relationship for the solar heat absorbed, it is assumed 
that the satellite is spinning (at 2 rpm) and that there is no heat transfer 
between the generator and the satellite structure. 

The analysis has been carried out for 0- to 90-degree orbital inclina­
tions, and the radiator average temperature was computed to be 376 ± 10®K. 
The analytical study which defines the radiator temperatures may be found 
in Appendix IV-B. 



IV-101 

1.0 

^ 0 . 9 

0 . 8 o 
o 

0) 
to 
a. 
o 
W 0 .6 

0 .7 

1 - ^ 

V N "Shad 
L - | ; 
- ^ 

/ 

Sunlight (95.4%) 

/ • 

0 .5 

0 

Summer 
solst ice 

2 3 4 

Equinox Winter 
solst ice 

8 9 10 

Equmox 

11 12 

Summer 
solst ice 

Time of Year 

Fig. IV-60. S a t e l l i t e ' s Eclipse Factor Versus Time of Year 

3. Thermoelect r ic Radiator Test Device 

A breadboard tes t device has been designed and manufactured. This 
device, which will be tested electr ical ly during the next reporting period, 
has been designed pr imar i ly to measure the e lect r ical charac te r i s t ics of 
the thermoelect r ic elements used in the Mod I generator configuration. 
The test unit. Fig. IV-61, consis ts of a flat aluminum radiator , 1/4-inch 
diameter by 1-inch long thermoelect r ic e lements , Min-K-1302 insulation, 
a gold-plated s ta inless s teel support and an electrically heated s tainless 
s teel co re . 

The design of the heater core incorporates molybdenum hot shoes which 
have been flame sprayed in the required pat tern over an Al^Oo electr ical 

insulator coating. A fixture has been manufactured for soldering copper 
cold shoes to the thermoelec t r ic elements to maintain the required align­
ment. 

The thermoelect r ic radia tor breadboard unit is to be tested in a Bell 
j a r which permi ts purging with a 25% H^, 75% Ng reducing gas. After the 

purging operation, sufficient e lect r ical heat will be supplied to maintain 
a steady hot junction tempera ture of 1000° F. When this condition is 
reached, measurements will be taken of the radiator and cold junction 
t empera tu res , the Seebeck emf and the e lec t r ica l res i s tance of the e le ­
ments . 
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4. D-C to D-C Converter 

The Subtask 5.6 electrical generator system for a 2- to 5-year space 
application consists of a 1.5-watt(e), 1.5-volt d-c nuclear powered thermo­
electric generator and a d-c to d-c static converter whose output is to be 
1 watt(e), 15 volts of direct current. The maximum peak-to-peak a-c 
voltage ripple was limited to 350 millivolts. The converter specification 
which was prepared for this Task may be found in Appendix IV-C. 

Converter design. The d-c to d-c converter essentially consists of an 
oscillator circuit, a Transformer and a rectifying circuit as shown in 
Fig. IV-62. The oscillator circuit (2 germanium transistors, transformer 
primary and feedback windings) converts the d-c input from the radio-
isotope-powered generator into ac. This ac is then stepped up by a factor 
of 10 by the transformer (primary and secondary windings of copper wire 
around a toroidal iron core). The stepped up a-c voltage is then passed 
through the rectifying diodes to achieve the desired output of 1 watt (e), 
15 volts dc. 

Converter test. Breadboard tests have been conducted on the converter 
to determine the electrical transformation characteristics of the d-c con­
verter. 

The test rig consists of a d-c power supply, the converter breadboard, 
input and output voltage and current meters , and an oscilloscope which 
visually displays the a-c peak-to-peak ripple. 

Results of the tests conducted have proven that, with a low d-c input 
of 1.5 watts, 1.5 volts, the assem.bled converter components have the 
capability of operating at an efficiency of 77%, thereby producing 1.15 
watts at 15 volts dc. This amounted to a realization of 11% greater con­
verter efficiency than expected. 

Furthermore, the output a-c peak-to-peak ripple which was super­
imposed on the d-c voltage output amounted to only 110 millivolts, or 
less than 1% of the output voltage. 

The converter design and analysis and test data may be found in Ap­
pendix IV-C. 

5. Hazards and Shielding Evaluations 

Hazards and shielding evaluations are in progress on the Mod I gen­
erator design. These evaluations are being made to determine transporta­
tion safety, the effects of missile failure forces upon the fuel capsule, the 
helium pressure buildup within the fuel capsule, the encapsulated fuel burnup 
upon the satellite orbital decay and return to earth,and the resultant fallout 
pattern and dose rate. 
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Fuel capsule analysis. A study has been made to evaluate the capa-
bility oFthe fuel capsule design to withstand various types of forces im­
posed upon it (Figo IV-63). Helium buildup was predicated on an intact 
condition upon impacting into dry soil. Figure IV-64 graphically displays 
time in years, capsule temperature decay, capsule internal pressure and 
radial s t ress buildup for impacting in dry soil. A resume of the maximum 
stresses imposed on the capsule design is as follows: 

Helium buildup 

Peak pressure--ps i 27,600 

Time--yr 700 

Radial s t ress - -ps i 52,100 

(inner Haynes = 25 capsule only) 

Allowable--psi 70,000 

Temperature--®K 300 

Impact 

Maximum impact pressure--ps i 27,750 

Maximum velocity--ft/sec 460 

Modulus of elasticity (1600*'F)--psi 24 x 10^ 

Maximum impact s t ress - -ps i 21,700 

Allowable s t ress (est)--psi 50,000 

Aerodynamic heatingo Post-orbital re-entry of the satellite will sub­
ject the generator to aerodynamic heating which will burn up at altitudes 
in excess of 100,000 feet. However, the generator must be ejected from 
the satellite to effect positive burnup. 

The aerodynamic analysis, using the techniques performed for the 
Task 2.3 re-entry investigation from a 300-statute mile orbital condition, 
shows that the complete Mod I generator, capsule and fuel pellet will be 
consumed at an altitude of approximately 200,000 feeto 
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A study has been completed to determine the fallout pattern resulting 
from post-orbital re-entry or aborts resulting from near orbital injection. 
Based on the complete burnup of the fuel pellet at an altitude above 100,000 
feet, 1017 curies of Pu-238 will result in approximately 0.0205-millicurie 
per square mile fallout. This rate will be in the maximum fallout area 
lying between 30 and 60 degrees latitude. Studies have shown that any 
fallout tends to concentrate selectively in these latitudinal bands in the 
Northern and Southern Hemispheres. For near orbital abort, this con­
dition will be in the Southern Hemisphere while post-orbital re-entry may 
cause fallout in either zone. 

The appropriate curves of heating rate, altitude, and velocity versus 
time; and fallout density versus tinae and location are being summarized 
and will be included in the hazards report. 

Shielding analysis. The decay schenae for Pu-238 is as shown. 

PU-23B 

Y0.099 
(0.008%) 

Y0.043 
(0.38%) 

V0.143 
(0.001%) <3; 

a = 5,48 mev 
avg 

.9 Vel , . = 1 . 7 8 x 1 0 cm/sec 
a in air 

Range , . = 3.96 cm 
^ £? in a i r 

U-234 

(Tj ,2 = 2.48 X 10^ year) 

Decays to Th-230 by a emission 

Neutron radiation from the fuel capsule comes from (^ , n) reactions 
and from spontaneous fission. The former contributes an insignificant 

number of neutrons. The spontaneous fission half life is 10 years . 
Neutron emission due to this spontaneous fission contributes 130 mrem/ 
hour and decay gammas contribute 58 mrem/hour. This results in a 
total of 188 mrem/hour at the surface of the generator. 

Using the approved tolerances for safe handling of 1500 mrem/week 
for hands and forearms, it is therefore possible for a person to hold the 
generator for about 8 hours in any one week without exceeding the accepted 
tolerance. 
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F, SUBTASK 5.8--CONCEPTUAL DESIGN OF A 
13-WATT THERMOELECTRIC GENERATOR* 

1. General Status 

The general objective of this Subtask is to develop a conceptual de­
sign of a thermoelectric generator fueled with Curium-242, to deliver 
13 watts of d-c electric power during a space mission. Until late in 
January 1960, the objectives further required the generator to operate 
for a period of six months while in some trajectory in space. The photon 

2 flux from the isotope fuel was restricted to 7 photons/cm -sec (over 100 
2 kev) on an area of 100 cm , 10 centimeters distance from the generator 

surface. The generator weight was limited to 15 pounds. 

Following a redefinition of the anticipated requirements by Jet Propul­
sion Laboratory, the objective of the Subtask was altered to provide for 
operation of the generator on the moon for at least 30 days and preferably 
60 days following impact at a velocity of 500 ft /sec. The time of arrival 
was to be randomly related to the lunar day at the impact point which may 
lie anywhere on the surface of the moon visible from the earth. The weight 
of the generator may be as much as 18 pounds. The photon flux requirement, 
which previously led to a significant shielding design problem, was relaxed 
to: 

2 
1 photon/cm -sec of energy--0.4 to 3 mev 

2 0.5 photon/cm -sec of energy--3 to 10 mev 
2 all on an area of 100 cm at a distance of 5 meters from the generator. 

Before December 31, 1959, several configurations for the space 
probe mission had been examined. Analysis of the thermoelectric 
conversion systems and heat source designs had led to the selection 
of the optimum cylindrical generator described in the previous Quarterly 
Report (MND-P-3009-1). Preparation of the final detailed conceptual 
design of this generator was under way. Liaison with JPL had established 
the design criteria for the lunar impact mission. 

As of March 31, 1960, the design of the space probe generator was 
complete, except that details of the variable heat dump mechanism and 
heat source, thermoelectric analysis of the final detailed design, and some 
aspects of hazards evaluation were omitted by agreement. A shipping 
container for the generator was designed. Several configurations for the 
lunar impact generator were proposed, and two of these were analyzed 

* J . Bo Weddell and Jo L. Bloom 



IV»110 

in some detail. The development of a generalized thermoelement optimiza­
tion code, previously conducted as part of Subtask 5.7, was carried for­
ward under the present task. 

In the next quarter, the work on the lunar impact generator will be 
completed. The most reliable configuration will be selected and optimized 
by means of parametric analysis. Detailed design drawings will be 
prepared. Shielding and hazards analyses will be completed and a ship­
ping container designedo* 

2. Space Probe Unit ('Cylindrical radiative type)** 

Generator analysis. This design was based on maximum thermoelec-
tric~elTicrency for a raBiator area which was fixed by the number of lead 
telluride couples needed to produce the 13 watts of electrical power. Other 
factors that dictated the radiator area were the shielding requirements 
and thermal loss through the insulationo This particular design configura­
tion is a result of previous work and is a compromise between the design 
and analysis requirements. Assumptions for this design are: 

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

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

(3) The fuel element and radiator area have a uniform tempera­
ture. 

(4) The hot junction temperature is 1000° Fo 

(5) The unit internal pressure is 0.5 atmosphere (inert). 

(6) The inner and outer shells are aluminum.*** 

*Subsequent to the end of the report period, the AEC determined that 
the scope of Subtask 5.8 would be extended to cover completion of the 
design effort on the generator for the six-month space mission and the 
preparation of a final report. 

** M. Peiffer 
***Stainless steel was subsequently adopted for the inner shell. 
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Using the quantity of fuel determined for the previous designs and 
incorporating the shielding requirements, the fuel element was sized. 
A radiator area was then chosen with respect to the number and length 
of thermoelements. After the radiator size was fixed, a heat loss equa­
tion was derived (see Appendix IV-D). 

To initiate the design, a hot junction temperature of 1000° F (which 
is a practical temperature for lead telluride thermoelements) was chosen. 
With this temperature and several assumed cold junction temperatures, 
the thermoelectric efficiency curve (Fig, rV-65) was determined. 

To initiate the calculation, an overall efficiency was assumed and a 
cold junction temperature determined by employing Singer's equation 
for satellite temperature. 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 trial and er ror process 
was continued until the assumed and the calculated overall efficiency were 
in agreement, thus giving a generator design optimized on the basis of 
thermoelectric efficiency. 

The analytical results are shown in Table IV-8. 

TABLE IV-8 
Summary of Results Cylindrical Radiative-Type Generator 

Unit s ize--in. 

Height 7.5 
Diameter 6 

Efficiency--% 
Thermoelectric 6.51 
Thermal 92 
Overall 6.1 

Temperature - -"F 
Hot junction 1000 
Cold junction 370 

Heat loss--watts 16 

Weight--lb 

Insulation 1, 9 
Outer skin 0. 8 



Hot jimction t e m p e r a t u r e = Tj j = 1000® F 

100 200 300 400 

Cold Jimction T e m p e r a t u r e (*F) 

500 

Fig. IV-65. Thermoelectric Efficiency Versus CoM Junction 
Temperature for PbTe Elements 
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TABLE IV-8 (continued) 

Inner skin 
Thermoelectrics 
Fuel container 

*35% structure 
Total 

lermoeiecxrics 
Pai rs- -No. 
Length--in. 

ad telluride) 

ad telluride) 

0.30 
1.58 
2.41 
6.99 
2.44 
9.43 

30 
0.75 

Doping 
(%) 

1 sodium 

0.03 lead iodide 

Area 

(m. ) 

0.1300 

0.1089 

*25% structures weight was used in previous calculations. This was 
found to be optimistic and has been increased to 35%, The figures 
shown do not include an allowance for the heat dump mechanism. 

Shipping cask analysis. This analysis was based on the cask configu-
ration~3escHBeH7~TEe~prixnary objective was to incorporate a cooling 
technique for the generator during shipping and storage prior to vehicle 
launch. 

The calculation technique employed consisted of assuming an ambient 
temperature of 70° F, choosing several surface temperatures, and then 
calculating the heat flow from the surface to the surroundings. Figure 
IV-66 is a plot of surface temperature versus heat flow for the ground 
handling cask. With the outer surface temperature fixed, the tempera­
ture of the inner surface was determined by using McAdams' correlation 
for natural convection of cylinders and the film coefficient concept. Ap­
pendix IV-D describes the calculation technique employed. In deter­
mining the film coefficient for the shipping cask, two correlations from 
McAdams were investigated but the more conservative correlation was 
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employed to determine the inner surface t empera tu r e . Several stagnant 
cylinder* t e m p e r a t u r e s were assumed, and the film coefficient was de te r ­
mined by each method mentioned previously . F igure IV-67 i s an i l lus t r a ­
tive plot of the two film coefficients, and the point where the two l ines 
c r o s s i s the t empe ra tu r e of the stagnant cylinder. Using t empera tu res 
calculated by this technique, the inner t e m p e r a t u r e s were determined. 

Analysis of fuel block**. The objective of this analysis was to de te r ­
mine xne center l ine fempera ture of the fuel element with 20- to - l and 
5- to- l r a t ios of nickel and cur ium meta l . 

Assuming a hot junction t empera tu re of 1000° F, the outer surface 
t empera tu re of the fuel element was determined using the radiation 
equation for concentr ic cy l inders . With th is t empera tu re , the inner 
surface t empe ra tu r e of the cladding was determined by F o u r i e r ' s Third 
Law. The equation employed i s given in Appendix IV-D, 

Summary of Resiilts 

Center l ine Tempera tu re 
(° F) Ratio 

1600 160 20 to 1 

1630 5 to 1 

Genera tor design***. At the end of the repor t ing per iod, the design 
of tEe genera tor was at the stage shown in F ig . IV-68. 

The overal l design of the genera to r shell was based on two c r i t e r i a , 
the radiat ing surface requ i red to maintain the cold junction t empera tu re 
at a reasonably low level (about 300° F) and the number of thernaoelements 
requi red to produce the des i red output of 13 wat ts . 

The configuration of the heat source i s a function of fuel volume and 
gamma shielding ma te r i a l des i red . Uniform tempera tu re distribution on 
the hot junction surface was a l so taken into considerat ion. 

* A stagnant cylinder i s a fictitious s ta t ionary hollow cylinder made 
up of a thin l ayer of water located between the outer and inner surface. 

** D. Tupper 

***J. P e t e r s 
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Innovations in the design include the ability to individually adjust 
each thermoelement and the insertion of the heat source and heat dump 
into the generator as one piece. The assembly of the generator is com­
pleted by fastening the heat source-heat dump part in place with screws. 
This simple procedure would be well suited to hot cell operations. 

The design of the heat dump is not final. It has not been analyzed to 
determine the temperatures in the system, its heat dumping ability and 
heat losses at end of life. 

3. Lunar Impact Unit 

Analysis*. A preliminary configuration of a generator for the lunar 
probe mission was drawn up (Fig. IV-69), and the analysis of it was ini­
tiated. Cobalt silicide was the material selected for thermoelectric ele­
ments insofar as the calculations were concerned. 

Thermal conductivity data for cobalt silicide elements are limited, 
and an attempt was therefore made to calculate this parameter by means 
of the Wiedemann-Franz ratio. The value of 0.056 watt/cm-°C at 20° C 
so obtained is substantially higher than the figure of 0,04 reported un­
officially by the element supplier. The curve of thermal conductivity 
versus temperature obtained by the calculation was, therefore, normalized 
to the single value reported by the supplier and to the mean of the theo­
retical and reported figures (see Fig. IV-70), The three sets of data so 
obtained were then employed individually to arrive at separate thermo­
electric designs (Table IV-9). These designs formed the basis for deter­
mining requisite radiator area in the preliminary configuration. 

In previous considerations, the dumping of excess heat was of primary 
importance in the generator design. Since this generator is being designed 
to operate for 60 days, an effort is being made to eliminate an excess heat 
dump mechanism. Firs t results indicated this was possible. Figure IV-71 
is a plot of cold junction temperature versus heat input in watts for various 
ambient temperatures, determined partially by use of Singer's equation. 
The range of particular interest (200 to 300 watts) indicates that the cold 
junction temperature varies about 100* F for the 500°-F differential (+250 
to - 250° F) in the moon's environmental temperature. With a temperature 
change of only 100° F in the cold junction, it was felt that the heat dump 
could be eliminated. 

*M. Peiffer, L. Lee 
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Fig. IV-69. Preliminary Cylindrical Configuration—13-Watt (e) 
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TABLE IV-9 

Calculation of Design P a r a m e t e r s 

Cobalt Silicide Thermoe lement s , P and N Type 
Heat Loss = 44 watts 

Case I (Calculated Thermal Conductivity) 

Elements 
( n o j 

105 
or 

Dimensionj 

Length 
(in.) 

1 
1.25 

3 of E lements 

Diameter 
(in.) 

0„1948 
0.218 

Efficiencies 
(%) 

Thermal 84„1 
Thermoelec t r ic 5„69 
Overall 4.78 

Case II (Adjusted Thermal Conductivity) 

Dimensions of E lements 

Elements 
(no.) 

94 
or 

Length 
(in.) 

1 
1.25 

Diameter 
(in.) 

0.1829 
0.2044 

Efficiencies 
(%) 

Thermal 78o7 
Thermoelec t r ic 7.83 
Overall 6.16 

Case III (Adjusted Mean Thermal Conductivity) 

Elements 
(no.) 

98 
or 

Dimensions 

Length 
(in.) 

1 
1.25 

1 of E lements 

Diameter 
(in J 

0.1874 
0.2095 

Efficiencies 
(%) 

Thermal 81.2 
Thermoelec t r ic 6.84 
Overall 5,55 
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Since Singer's equation is not exact for a generator resting on the 
moon's surface, more detailed calculations were then undertaken in which 
the equation for radiation to an infinite sink was used to determine cold 
junction temperatures as a function of lunar ambient conditions. Other 
refining assumptions were: 

(1) The adjusted mean thermal conductivity curve for cobalt 
silicide was utilized in all calculations. 

(2) All thermoelectric power was generated by N-type elements, 
with the return wires neither contributing to nor reducing 
thermoelectric efficiency. 

(3) Hot junction temperatures for the generator under the poorest 
ambient condition at end of life were assumed to be in the range of 
1200 to 1400" Fj, and the thermoelectric design was then varied 
to give 13 watts of electrical power under these conditions„ 
Four designs covering the hot junction temperature range were 
obtained, and their performance at significant points in time 
prior to end of life was computed. 

(4) No loss of heat through insulation or structure is considered, 
pending determination of the actual design to be used. 

The significant results obtained are shown in Table IV-10, 

DesigUo Since essentially no published information on the thermoelec­
tric characteristics of cobalt silicide is available, a program has been 
initiated to measure k, P , and « for the N-type material. The program 
is being supported out of overhead funds, and the information obtained 
will be made available to this Subtask. Experimental data are vital to 
the further consideration of this material . 

The approach to design that has been followed is the use of all, N-
type elements connected in ser ies with a metallic conductor„ The first 
material considered for the wire was iron, but the optimum size with 
respect to electrical resistivity and thermal conductivity still permits 
26% of the heat flux to bypass the thermoelectric elements. The use of 
a return wire also complicates the installation of the thermoelectric 
elements. 

As an alternative, the use of the more conventional F and N element 
arrangement has been studied, and two designs have been completed^ 

The first one uses "nested" elements. A P-type lead telluride ele­
ment is placed inside a previously drilled N-type cobalt silicide element. 
The two elements are electrically insulated from each other by a lavite 
sleeve, except at the hot shoe junction. At the hot junction, the metal 
shoe is shaped to act as an electrical jumper and to produce a tempsera-
ture gradient of sufficient magnitude to permit the use of lead telluride. 
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1200 
493 

4.64 
13 
156 
4.3 
3 

1250 
488 

5.04 
13 
142 
4.3 
3 

1300 
485 

5.13 
13 
135 
4.3 
3 

1400 
474 

5.54 
13 
121 
4.3 
3 

TABLE IV-10 

Resul ts of Paranaet r ic Study Based on Mean Thermal Conductivity Curve 

Original Design at End of Life in 250° F Ambient 

T e m p e r a t u r e - - ° F 

Hot Junction 
Cold Junction 

Thermoe lec t r i c efficiency-=% 
Output power - -wa t t s 
E l e m e n t s - - n o . 
Cur ren t - - a m p e r e s 
Voltage—-volts 

Design Charac t e r i s t i c s 60 Days P r i o r to End of Life in 250" F Ambient 

T e m p e r a t u r e - - " F 

Hot Junction 
Cold Junction 

Thermoe lec t r i c efficiency--% 
Output power - -wa t t s 
E l e m e n t s - - n o . 
C u r r e n t - - a m p e r e s 
Vol tage--vol ts 

Design Cha rac t e r i s t i c s at End of Life in -250° F Ambient 

Tenapera tu re - - °F 
Hot Junction 
Cold Junction 

Thermoe lec t r i c efficiency--% 
Output power " -wat ts 
Elements - -no„ 
C u r r e n t - - a m p e r e s 
Vol tage--vol ts 

Design Cha rac t e r i s t i c s 60 Days P r i o r to End of Life in -250°F Ambient 

T e m p e r a t u r e - -°F 

Hot Junction 1460 1575 1675 1875 
Cold Junction 471 459 454 440 

1530 
540 

5.30 
21.3 
156 
5.55 
3.84 

1675 
531 

5.68 
22.5 
142 
5.7 
3.95 

1800 
529 

5.69 
22.7 
135 
5.73 
3.97 

1940 
516 

5.74 
21.24 
121 
5.56 
3.82 

1125 
413 

5.26 
14.7 
156 
4.61 
3.19 

1250 
403 

5.84 
16.6 
142 
4.9 
3.4 

1260 
399 

5.97 
15.5 
135 
4.73 
3.27 

1410 
385 

6.34 
16.49 
121 
4.9 
3.36 
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TABLE IV-10 (continued) 

Thermoelec t r i c efficiency--% 5.77 5.95 
Output power - -wa t t s 22.9 21.6 
E l emen t s - -no . 156 142 
C u r r e n t - - a m p e r e s 5.75 5.59 
Vol tage--vol ts 3.98 3.87 

Design Charac t e r i s t i c s at Launch in 80" 

(60 Days P r i o r to End of Life) 

T e m p e r a t u r e - - ° F 
Hot Junction 1450 1580 
Cold Junction 452 443 

6.32 6.22 
22.9 23.08 
135 121 
5.75 5.8 
4.00 3.98 

F Ambient 

1650 1850 
437 427 

Thermoe lec t r i c efficiency--% 5.9 6.14 6.16 fi.25 
Output power - -wa t t s 24.4 23.99 23.6 23.4 
E l emen t s - -no . 156 142 135 121 
C u r r e n t - - a m p e r e s 6.02 5.89 5.84 5.84 
Vol tage--vol ts 24.4 23,99 23.6 .'3.4 

In the second design, the wiring is a l so el iminated by substituting P -
type e lements . The design involves the use of rec tangular e lements about 
1 inch long. (A P-e lement i s 0.35 inch by 0.4 inch by 1.0 inch and an N-
element i s 0.05 inch by 0.4 inch by 1.0 inch.) The difference in a rea r e ­
sul ts from the difference in the t he rmoe lec t r i c p roper t i es of the two 
m a t e r i a l s . The rec tangular e lements a r e insulated from each other and 
bonded together with a ce ramic cement . This type construction would 
contribute quite significantly to the s t rength of the genera tor . 

Both designs use the cobalt s i l icide to s t rengthen the lead tel luride 
element and prevent sublimation at elevated t e m p e r a t u r e s . Substitution 
of the P -e l emen t for the wi re has the effect of appreciably reducing heat 
l o s s while increas ing the total power output of the genera tor . 

Still another a r ea to be explored i s the use of cobalt si l icide in the form 
of both P - and N-type e lements , provided that data on P-type mate r ia l can 
be obtained, 

4. Thermoe lec t r i c Optimization Code* 

In the course of l i t e r a tu re surveys pertaining to thermoelec t r ic ope ra ­
tion, it became apparent that no uniform convention had been selected to 
indicate the direct ion of heat or cur ren t flow within and external to the 
e lements . A meaningful convention has therefore been established which 
will be employed henceforth in al l computations and in development of the 
IBM code. The convention i s a s follows, 

*T7'Bustard, L . X e e ' ~~~ ^ ~ ~ - ~~" 
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The thermoelectric properties designated as the Seebeck, Peltier 
and Thomson coefficients will be considered positive for a P-type element 
and negative for an N-type element. The distance variable, x, is chosen 
to be positive in the direction of decreasing temperature, i.e., from the hot 
to cold junction. Heat flow will also be positive in the direction of decreas­
ing temperature, regardless of the thermoelement type. Current flow will 
be positive in the circuit from plus to minus, positive in a P-element from 
minus to plu^ and positive in an N-elem.ent from plus to minus. The given 
sign convention will correlate all of the observed thermoelectric phenom­
ena consistently. That is,the Thomson, Jotile and Peltier effects (at x = 0) 
will release or generate heat and the Peltier effect (at x - L) at the cold 
junction will absorb heat. 

Detailed and extensive computations have resulted in the first set of 
equations to be utilized in programming the IBM-709 for thermoelement 
optimization. The more important equations represent: 

(1) Thermoelement energy balance. 

(2) Differential equation for heat flow in a thermoelement. 

(3) Thermoelectric efficiency of the system. 

They have been modified as appropriate to permit numerical solution 
and will be utilized to maximize the thermoelectric efficiency in terms of 
the physical parameters included. 

Appendix B shows the derivation of the equations and the flow chart to 
be employed in the code. 

5. Hazards Evaluation* 

An analysis of the hazards resulting from a launch pad accident or 
abort and ensuing fire is presented in Appendix C. 

A study of the launch-to-space flight hazard conditions which ar ise 
from the operation of the Atlas-Agena B (with Bell Hustler engine) rocket 
system has defined the environments of temperature, pressure, velocity 
and chemical action the generator would experience as a result of naal-
function in the rocket at any point in the sequence. The system studied is 
considered representative of the type which could be used to carry a 300-
pound payload to the moon. 

*C. Riggs. 
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The following accidents are considered feasible: 

(1) Launch failures (flight distance = 0 to 1000 feet; time - -15 min­
utes to +15 seconds from zero countdown). 

(a) Propellant tank failure. 
First-s tage fire of LOX and RP-1 fuel, followed by ignition 
of second-stage fuel (unsymmetrical dimethylhydrazine and 
red fuming nitric acid). Duration of 20 minutes, T -

^ ' max 
-̂  6000" F, T = "̂  3000° F . Fuel capsule may melt, de­

pending upon insulation provided by surrounding material. 
(b) Propulsion failure. 

Similar to Item a but with decreasing severity as height in­
creases . In addition, probability of impact of payload or 
generator on launch pad becomes reasonable after fall from 
1000 feet. Velocity at impact = 250 feet/second. Fuel cap­
sule probably retains integrity. 

(c) Guidance failure. 
Same as Item b except debris scattered over slightly larger 
area due to firing of destruct charges. Fuel capsule prob­
ably retains integrity. 

(2) Ascent failures (altitude = 1000 feet to 1.58 x 10^ feet, time -
+15 to +585 seconds), 

(a) Failure at pitchover (point of departure from vertical t ra ­
jectory) (altitude = 1000 feet, velocity = 200 feet/second). 
Same as (1, b) above, except that point of impact is proba­
bly down range from launch pad. 

(b) Failure at maximum dynamic pressure (altitude - 38,000 
feet, velocity = 957 feet/second, range = 0.1 nautical mile). 
Vehicle coasts to a 41,000 foot altitude, then falls to earth 
about one nautical mile down range. Fire will not be a 
severe problem. The ability of fuel capsule to withstand 
impact on a hard surface is dependent upon deceleration 
provided by vehicle and generator-fuel capsule design pay-
load structure. Accurate analyses of the drag factors and 
resulting impact velocity have not been made. 

(c) Failure at booster separation (altitude = 250,000 feet; ve­
locity == 10,890 feet/second, range = 60 nautical miles). 
The vehicle coasts to 586,000 feet altitude and falls to earth 
640 miles down range. Aerodynamic heating results from 
re-entry. Whether burnup of the fuel capsule in the strat­
osphere occurs is contingent upon the relative orientations 
of the generator, payload and rocket structure. Impact of 
residual material in the ocean is assumed. 



(d) Subsequent failure during ascent. 
The failure of the final stage to ignite results in a fall to 
earth of the vehicle from an altitude of 1,584,000 feet and at 
a range of 2500 nautical miles. Aerodynamic heating is more 
severe than in (c) above, and the same remarks apply. 

Final-stage failure after ignition. 
Three cases result: 

(a) Final velocity greater than 25,000 feet/seconds and less than 
35,390 feet/second. 
The vehicle becomes a satellite of the earth, with the possi­
bility of impacting on the moon at the intersection of the 
trajectories if its velocity is greater than 35,092 feet/second 
and proper orientation is maintained. Failure to impact prob­
ably results in a stable earth orbit persisting over many 
Cm-242 half lives. Burnup upon re-entry is probable, with 
Pu-238 being dispersed into the atmosphere. Maximum Pu-
238 activity occurs at seven years . 

(b) Final velocity greater than 35,390 feet/second. 
The vehicle escapes from gravitational pull of the earth and 
becomes a satellite of the sun. There is a possibility of 
lunar impact if proper orientation is maintained. The possi­
bility of its recapture by earth is extremely unlikely. 

(c) Final velocity less than 25,000 feet/second. 
Re-entry to the earth occurs in less than one revolution. 
Conditions are the same as in (2, d) above, except that the 
impact area has not been determined. 



APPENDIX IV-A--THERMAL ANALYSIS-MOD I GENERATOR 

A. THERMOELECTRIC ELEMENTS 

1. Thermoe lec t r i c Coeff ic ients- -Elect r ica l and Thermal 

The the rmoe lec t r i c e lements considered for the Mod I generator 
a r e manufactured by Trans i t ron Electronic Corporat ion. 

The integrated average values of res i s t iv i ty , Seebeck coefficient 
and the rma l conductivity between 538° C (1000°F) and 149° C (300°F) 
a r e as follows: 

Values 

Theo­
re t i ca l 

Resis t ivi ty 

(p, ohm-cm) 

N P 

3 . 0 3 X 

10-2 

3 , 7 2 X 

10-2 

Seebeck Coeffi­
cient 

(e, vo l t s / °C) 

N P 

2 .36 X 
-4 

10 * 

2 , 3 7 X 

10-* 

Thermal Con­
ductivity 

(k, wat t s /cm-" C) 

N 

1.93 X 
10-2 

1.63 X 
10-2 

2. Calculation of Optimum Elenaent Sizes 

An a lgebra ic summation of the voltages in the equivalent circui t 
d iagram for a one-genera tor sys tem 

J: 
E .^=z. 

AAAr 
R. 

gives the equations 

E « E. + E « I ( R . + R , ) 

- Nor-AT 



E - total emf of thermoelectric elenaents 

E. « voltage drop across elements 

E . »̂  voltage drop across load 
L 

I =• current 

R s! electrical resistance 

R. * internal resistance 

R, - load resistance 

N " number of couples (a couple is one N-type element 
and one P-type element) 

a « Seebeck coefficient per couple ( lepJ + [e^l ) 

e « electricity produced per element 

AT s temperature drop between the hot and cold junctions 
of the elements 

E 

NahT - ^ ^^i + ^L^ 
JLd 

^1. 

(1 f RJR.\ 

For maximum generator efficiency 



T, = hot junction t e m p e r a t u r e (811 °K) 

T - cold junction tenaperature (422 °K) 

a = (2.36 + 2.37) X 10"^ = 4 .73 X 10"^ v o l t s / ° C 

K p == 1.63 X 10~2 w a t t s / c m ^ C 

K^ ^ 1.93 X 10~2 wa t t s / cm-°C 

^P " Pp CI. 5) == 3.72 (1.5) X 10"^ = 5.58 X 10"^ ohm-cm 

^N ^ pj^ ( 1 . 5) » 3,03 (1,5) X 10"^ « 4 .54 X 10"^ ohm-cm 

The 1, 5 coefficient is a factor used to adjust internal r e s i s t ance to a 
labora tory m e a s u r e d va lues . 

^ L 
^ . 1,18 

1 

^ L / l + 1.18\ 

N »5 15 couples 

Output power W = « — 

" L 

E 2 

^L " VT' ^ T T I ^ ^ '^'^ °̂ ™® ^ ^' ^^ ^i 

/ P p i p P 

^ ) ^ - ^ 



For practical purposes,let £^ » i - , and Ap = A ^ 

R.. - (P'p + P'N) -^ - i t i 

3 
i _ 1 . 5 X 10 - a 07 
3. ~ ITTB(15)(10.15) ~ ^"^^ 

Since available space for mounting the generator is a critical 
factor, it is necessary that the length be kept to a minimum. The 
length varies directly as the square of the diameters therefore, the 
snaallest practical diameter of 1/4 inch will be used. The length 
must be 1, 04 inches. 

For an output of 1. 5 watts at 1. 5 volts, 15 pairs of thermoelectric 
elements are required. The nominal dimensions of these elements 
are 1/4-inch diameter by 1. 04 inches long. Element arrangement 
will be three rows of 10 elements each. 

B. HEAT FLOW CALCULATIONS 

Heat losses for the Mod I generator were calculated on the basis 
of the following assumptions: 

(1) Steady-state heat flow. 

(2) Parallel heat flow. 

(3) Temperature of satellite structure is 300 °K (27 °C), 

(4) The hot junction temperature is 811 *'K (538 ° C). 

(5) The cold junction temperature is 422 °K (149 ° C). 

(6) The temperature of the heat source surface opposite the 
hot junction is 860 "K. 

1. Flow Through Elements 

The heat flow through the 30 thermoelectric elements is 



*?A 

N ( K p + K j ^ ) 

ITS A T 

- 2 . 15 (3.56 X 10 n (389) ^ ^^.^ 

24.8 watts 

2. Flow Through Min-K Insulation 

The heat flow through the Min-K insulation surrounding the 30 
the rmoe lec t r i c e lements is 

qg 

K 

A T 

£ 

A 

A 

^B 

3 . Flow 

KAA T 
~ J - • 

_4 
* 3 , 3 x 1 0 wat t s / cm-^C 

^ 389 °C 

- 2, 54 cm 

= 2 (6) (2. 54) » 30 (0.786) (0.2-5)^ (6. 45) 

^ 30,48 - 9.506 

^ 20.97 cm^ 

3 .3 X 1 0 ' * (20. 97) (389) 
" ~ ' ITS! 

. hlJ^^09pjO,3m^^^^ew^tts 

Through St ruc ture 

The s t r uc tu r e that holds the heat source in place is a s ta in less 
s tee l c rad le attached to the r ad i a to r . The stadnless s tee l heat path 

2 
has an effective a r e a of 0. 244 cm and a length of 3 cen t ime te r s . 

KAA T 
J 



K - 0.265 wa t t s / cm-°C 

T »̂  600°K - 410°K » 190°C 

0.265 (0.2) (190) 
% - -— g-

- 4. 1 watts 

4 . Other Heat Losses 

The design detai ls of the Mod I genera tor have not yet been c o m ­
pletely definedi there fore , it is neces sa ry to es t imate the heat loss 
to the in te r io r of the sa te l l i te on the bas i s of the previous pre l iminary 
genera tor ca lcula t ions . It is reasonable to a s sume that these losses 
a r e not g r ea t e r than 1. 5 wat t s . 

5. Sunamary of Heat Losses 

Through e lements ( q . ) 

Through Min-K (q^) 

Through s t r uc tu r e (q ) 

Other l o s s e s (q^-.) 

Conversion to power 

Total o r sou rce power : required 

(watts) 

24,8 

i . i 

4 . 1 

1.5 

1.5 

33.0 

Overa l l genera tor efficiency « -^^Avy-^ = 4, 54%. 



APPENDIX IV-B—RADIATOR TEMPERATURE VERSUS 
ORBITAL CONDITION 

This analysis defines the equilibrium, radiator temperature for use 
in predicting the nominal generator output. A temperature range is 
also defined which can be used to evaluate the possible variation of the 
generator output due to changes in orbital conditions. 

A. ORBIT LOCATION 

The orbital path of the satellite has been defined to lie in a plane 
which is inclined to the ea r th ' s equator at 67-1/2 degrees SE. The 
altitude of the satellite is to be 500 ± 100 nautical m.iles. However, 
for the purposes of this analysis, the satellite path was varied from 
an equatorial to a polar orbit. Thus, this study has been accomplished 
to determine the relationship between the average equilibrium radiator 
temperature and variables resulting from, orbital conditions and the 
orientation of the radiator surfaces relative to the incoming solar 
energy. 

B. THERMAL CALCULATIONS 

The solar power absorbed on the radiator surface is calculated by 
use of the Goldman-Singer equation. 

where q^ = Hi ^ a^) (1400) (ju + ~ cos e) + C^^ 188. sl A^ 

(1 •• £5f ) 1400 ju is direct radiation from the siul 

*E (1 - or ) (1400) cos I is reflected e n e r ^ from earth 

£ ,„ (188. 5) is energy radiated from the earth 

1 - a = 0 . 3 
V 

a^ = 0.34 

% l = = 0.8 
2 

A = effective radiator surface for absorption (M ) 
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The substitution of these known values into the equation reduces it to 

q^ = 1420 (/u + 0, 11 cos | ) + 1 5 l l A^ 

The p roper t i e s of th is re la t ionship which a r e functions of orbital 
conditions a r e ij. (eclipse factor) and | (angle between the orbit and the 
sun ' s radiat ion) . 

The total energy to the rad ia to r is equal to the energy radiated 
f rom it, thus: 

4 
where q^ + % = ^j^ A^ a T 

q, = power from internal source~-wat t s 
2 

A » effective a r e a for radiat ion (M ) 
a ^ 5. 67 X 10 ' ^ wat t s /M^ °K* 

T - average equi l ibr ium t e m p e r a t u r e of the r ad ia to r 
surface—°K 

By com.bining these equat ions, the average equilibrium, t empera tu re 
of the rad ia to r can be calculated for var ious orbi ta l condit ions. The 
orientat ion of the rad ia to r surface re la t ive to the sun ' s r ays is con­
s idered on the bas i s of the ra t io A /A . The resul t ing relat ionship 
i s : ^ ^ 

•q^ + 1420 (ju + 0. 11 cos e) + IS I IA^ "> "^^^ 
T = 

m̂ \ ^ 
This study has been extended for all angles between an equatorial 

and a polar orbi t . For orbit al t i tudes g r e a t e r than 400 nailes, ju va r i e s 
between 1 and 0 ,7 , 

Since the value of | can only va ry between 0 and 90 deg ree s , the 
poss ible ex t reme conditions a r e : 

e = 0° ; M = 1 

e = 0° ; m = 0.7 

e = 90° ; ^ = 1 

§ = 90° ; ii = 0.7 

The value of the r a t io , A /A , for the rad ia to r shape proposed for the 
X 3 , 
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Mod I generator varies between 1.6 and infinity. A is defined as the 
2 actual area of the radiator which Is 380 cm , For a flat platen A = 

A , and A^/A is 1, For a sphere A = 4A , and A^/A is 4. 

From these data, a family of curves has been plotted in Fig. B- l 
showing the relationship between radiator tem.p>erature and all antici­
pated orbital conditions. 

C, CONCLUSIONS 

This analysis reveals a possible temperature range for the 
radiator surface of 402 to 366° K, Temperatures within this range 
represent equilibrium conditions. The satellite on which the generator 
will be naounted will orbit the earth approximately every two hoiirs and 
will rotate about one of its own axes at a rate of 2 rpm. This naeans 
that the tem.perature of the radiator will never reach an equilibrium, 
condition. Instead, it will oscillate about sonae naean temperature. 

For design purposes, the value of the mean tem.perature has been 
defined as 376° :&10° K. This tem.perature was selected because the 
probability that the radiator will be oriented toward "black space" 
(no solar heat absorption) is 0 .5 . Therefore, this should place the 
mean temperatuTe in the bottom part of the possible tem.perature range 
of 402 to 366° K, 

Figure B- l shows the variation of the radiator temperature as a 
function of the eclipse factor ^ ) and the angle between the orbit and 
the siin' s radiation {%} as well as the ratio of effective radiator su r ­
face for radiation to effective radiator surface for absorption {A J A ). 
The change in tem.perature due to | and |4 is small (1-1/2 to 3° K) and, 
therefore, the orientation of the radiator surface relative to the sun' s 
radiation is the only significant variable. 
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420+H™4™H~H--4™4-™4™4~™M--4-^^ i H — f H - H -

410 -e = o«i M = 1 

•g = 90°| M = 1 

i = 0°|M = 0 ,7 

g = 90°; jLi = 0 .7 

1.6 

A /A 
r a 

I I I 1 

No solar 
absorption 

Fig. B-1. Radiator Temperature Versus Orbital Condition 
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APPENDIX IV-C--DC-TO-DC CONVERTER DESIGN AND ANALYSIS 

A. CONVERTER DESIGN AND ANALYSIS 

The dc-to-dc converter design program consisted of component 
selection and converter design analysis. The purpose was to design 
a unit capable of providing an efficient voltage conversion from a 1. 5-
volt input source. The design was analyzed for operation at one ampere 
of input current. 

The physical characteristics of the converter m.ay be foxmd in the 
converter specification at the back of this appendix. 

The following elements were studied for their loss characteristics 
to m.aintain as low a loss function as possible. 

(1) Transistor loss--This loss is created by the.saturation 
resistance in the collector of the transistor. To minimize 
this loss, t ransistors with low saturation resistance are 
desired. The T12N511 and T12N456 series are ideal for 
this application with respective resistances of 0. 025 and 
0. 048 ohm. 

(2) Core losS'—This loss is attributed to the core geometry 
and electrical characterist ics. When these two factors 
are established by core selection the loss will be found to 
vary alm.ost directly as the volts per turn ratio. Therefore, 
a transform.er with low core loss must have a low volts per 
turn ratio. 

(3) Copper loss—This loss is caused by the resistivity of 
copper increasing directly with the length and inversely 
as the cross sectional area of the wire. This means a 
high volts per turn ratio should be used for low copper loss, 

(4) Rectifier loss--AH rectifier diodes have a forward drop 
creating a loss equal to the product of the load current and 
the forward drop. Low drop germanium, diodes such as the 
GEIN91 series have been selected for this application. 

(5) Driving power--This loss is created due +o the need for 
using some of the available power to drive the converter 
oscillator. Additional loss is necessary for regulating the 
drive such that the converter may tolerate a reasonable 
load, tem.perature and transistor variation. 
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(6) Other losses—Losses due to transistor switching and leak­
age are present but are negligible if naoderate power out­
puts are maintained. 

A basic converter oscillator is shown in Fig. C-1 . The feed-back 
windings, Lg and L^, permit the circuit to oscillate. The power 
consumed by the oscillator is approximately equal to the sum of the 
po-vver dissipated in R̂ ^ and the core loss . 

The secondary winding circuit may have either of two configurations 
shown in Fig. C-1. The bridge circuit requires half the number of 
turns,thus reducing copper loss but the diode loss is doubled. The 
full-wave circuit is preferred for low voltage applications because the 
reduction in diode loss can m.ore than naake up the Increase in copper 
loss . 

Itemizing and anticipating the various losses , a reasonable 
estimate of the total loss expected can be calculated. 

Transistor loss is equal to the square of the current times the 
saturation resistance. For a 2N456 transistor,the loss is: 

2 
where I R 

I = collector current (1 anapere) 
R = collector resistance (0.04'8 ohm) 

. • . I^R = 1^ X 0. 048 = 48 milliwatts. 

Diode loss is equal to the load current t imes the forward drop (I x E). 
Load current was estimated at 75 milliamperes and the forward drop 
at 0.6 volt. 

Therefore,the diode loss is: 

0. 075 X 0. 6 = 45 milliwatts. 

The drive power is approxinaately: 

^ L * ^ *" 1 . 5 ^ + 3 0 = 0.075 = 75 milliwatts. 

The core and copper loss can be anticipated with reasonable accuracy. 

Core loss = 100 milliwatts 

Copper loss = 80 milliwatts. 
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\ . 
\ 

l^nnrrqv 

Oscillator .X. 
circuit ~ E in 

Bridge 
circuit 

fliufiJLr" 
v 

Full wave 
circuit 

+1. 5 V 1 amp 

Ground 

15 V out 
75 ma 

125 
microfarad 

43 turns No, 18 
430 turns No, 28 

Feedback tap at 14 turns from centertap 

Fig. C-1. Con-verter Circuits 



Transistor 
Diode 
Drive 
Core 
Copper 

Total 

48 
45 
75 

100 
80 

348 milliwatts 

The efficiency of the converter would then be: 

Power inptrt - power loss ino'?^ 
Power input 

hl.Z.±^^^ 100% = 77%. 
1.5 

The 77% efficiency figure is not intended as the maximum, hut 
merely as an expectant figure for a conventional circuit using Ideal 
components. The efficiency can, however, be increased to som.e 
extent by utilizing certain techniques. For instsmce, if the load 
current could be drawn through the source,the converter would be 
required to draw a decreased current. This would reduce the t ran­
sistor and copper loss by 10% for a saving of 12 milliwatts. The load 
current can be used to regulate the drive power such that R- in Fig. C-

cotdd be increased by 10 t imes. This will pernolt a reduction in drive 
power by about 30%. The overall efficiency could then be Increased by: 

H-5^^Ll25_mw ^^QQ^^ ^ 2.5%. 
1.5 watts 

The transformer design was based on the following minim.um. loss 
formula: 

Core loss = K E * N 

K = am.peres—turns of core required (2.6) 
E s winding voltage (1.5) 
N =» number of turns. 

R ^ N Copper loss » — 

R = resistivity (0.68 X 10" ohms) 
i « mean length per turn (1.8 inches) 
A = available copper area (0, 049 sq in.) , 
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Dtfferentiating: 

where d L 
core 

d N 

core 

= iKE and thsmi 
N d N 

= core loss 

2RiN 

^copper ' copper winding loss. 

Maximizing: 

KE ^ 2RiN 
I ? " A 

AKE ,^3 0.49 X 2.6 X 1.5 
a N = i j j -

2Ri 2 x 0.68x 10"'' x 1.8 

N » 43 turns 

A 0 049 Wire cross section area * - i ^ = —Vg— ~ 0.00114 sq in. 

NOTE: The transformer was designed to have a core with a 1-inch 
ID and a 1. 5-inch OD with a 0. 4-inch height. The copper area 
is computed by dividing the window area by four to permit 
two primary and two secondary windings. This figure is 
again divided by 4 to allow for space between windings and 
imorderly wire placement. Since K, i and A are functions 
of the core geometry, the turas (N) and, hence, the losses 
will vary with the shape and size of the core. 

1. Converter Tests 

The transformer was wound in accordance with the calculated 
requirements. Figure C-1 shows the diagram of the circuit used to 
construct a breadboard model. The test data from this model are 
tabulated in Table C-1. Figure C-2a illustrates efficiency versus 
power output at 15 and 25 volts. Figure C-2b shows the input voltage 
versus output current at constant output voltages. 

Even though tests were conducted at voltages other than 1.5 and 
an efficiency figure was computed, it must be remembered that the 
transformer design was optimized for a 1. 5-volt input. Higher 
efficiencies can be generally expected for higher input voltages. 
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TABLE C-1 

Converter Test Data 

E 
in în i n 

E 
out 

I 
out (ma) out 

Eff % 

1.453 
1.485 
1.525 
1.565 
1.590 
1.625 
1.645 
1.7 
1.75 
1.85 
1.95 
4 .05 

2 .32 
2 .35 
2 .38 
2 .42 
2 .43 
2 .49 
2 .49 
2 .55 

3 .78 
3 .81 
3 .85 
3 .87 
3 .88 
3 . 9 0 
3 . 92 
3 .93 
3 .95 

5 .7 
5 .68 
5 .62 
5.6 
5 .55 
5 .5 
5 .45 
5 .4 
5 .35 
5 .3 
5 .27 

0.140 
0.275 
0.440 
0.640 
0.830 
1.01 
1.115 
1.48 
2.23 
3 .07 
4 .05 
5.05 

0.115 
0.215 
0.31 
0.47 
0.56 
0.73 
0.89 
1.25 

0.300 
0.415 
0.504 
0.67 
0.75 
0.88 
1.04 
1.07 
1.245 

0.110 
0.171 
0.340 
0.450 
0.560 
0.700 
0.820 
0.940 
1.07 
1.2 
1.32 

0.223 
0 .438 
0 .700 
1.00 
1.32 
1.61 
1.77 
2 .52 
3 .9 
5 .68 
7 .9 

20 .45 

0 .267 
0.506 
0 .740 
1.14 
1.36 
1.80 
2 .22 
3 .19 

1.13 
1.58 
1 .94 
2 .59 
2 .91 
3 .43 
4 . 0 8 
4 . 2 1 
4 .92 

0 .625 
0 .972 
1.91 
2 .52 
3 .105 
3 .85 
4 .47 
5 .07 
5 .73 
6 . 3 7 
6 .96 

15 .0 
15.0 
15 .0 
15.0 
15.0 
15.0 
15.0 
15.25 
14.9 
15 .1 
15 .1 
17 .1 

25 .0 
25 .0 
25 .0 
25 .0 
25 .0 
25 .0 
25 .0 
25 .0 

4 0 . 0 
4 0 . 0 
4 0 . 0 
4 0 . 0 
4 0 . 0 
4 0 . 0 
4 0 . 0 
4 0 . 0 
4 0 . 0 

6 3 . 8 
6 2 . 2 
6 0 . 8 
59 .8 
59 .2 
5 8 . 1 
57 .3 
56 .8 
55 .8 
55 .0 
54 .2 

8 .5 
2 0 . 5 
3 5 . 0 
5 2 . 5 
6 7 . 5 
8 3 . 5 
9 2 . 0 

127 .0 
145.0 
160 .0 
187.0 
345 .0 

5 .5 
13.6 
22 
35 .6 
4 3 . 5 
58 .3 
71 .5 

1.01 

19.6 
29 .6 
4 0 . 3 
51 .6 
58 .3 
6 8 . 7 
80 .5 
8 5 . 0 
9 7 . 0 

0 
10 .5 
19 .8 
29 .3 
3 8 . 3 
5 0 . 0 
6 0 . 0 
70 .0 
8 0 . 0 
9 0 . 0 

100 .0 

0 .127 
0 .308 
0 .525 
0 .789 
1.01 
1.25 
1.38 
1.94 
2 .16 
2 .42 
2 .82 
5 .9 

0 .138 
0 .340 
0 .550 
0 .890 
1.09 
1.46 
1.79 
2 .52 

0 .784 
1.184 
1.612 
2 .064 
2 .232 
2 .744 
3 .22 
3 . 4 0 
3 . 8 8 

0 
0 .653 
1.204 
1.75 
2 .265 
2 .905 
3 . 4 4 
3 .975 
4 .465 
4 . 9 5 
5 .42 

67 
70 .6 
75 
78 .9 
76 .6 
77 .8 
78 
77 
55 
4 2 . 5 
3 5 . 7 
2 8 . 8 

5 1 . 5 
6 7 . 2 
74 .3 
7 8 . 1 
8 0 . 2 
8 1 . 1 
80 .6 
7 9 . 0 

6 9 . 3 
7 5 . 1 
8 3 . 2 
79 .8 
80 .7 
80 .2 
7 9 . 1 
8 0 . 8 
7 9 . 0 

0 
6 7 . 2 
6 3 . 2 
69 .6 
7 3 . 0 
75 .5 
7 7 . 0 
7 8 . 4 
78 .0 
77 .8 
78 .0 

MND-P-3010 
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Fig. C-2. Converter Test Data Curves 



2. Conclusion 

It can be determined from the tests that converters for a 1. 5-volt, 
1-ampere input can provide efficiencies greater than 75% at an output 
voltage of 15 volts. It should be possible to maintain voltage regulation 
of 5 to 10% over a range of input power by placing a 15-volt Zener 
diode at the output. The transistors are capable of handling 50 watts 
of power such that transistor overload can be almost eliminated. 

SPECIFICATION 

The specification prepared for the dc-to-dc converter follows. 



I. Purpose 

To convert a low voltage D. C. input to higher voltage D. C. output, 

II. Physical Descr ipt ion 

A. The conver te r shal l approximate the genera l configuration but 
not exceed the envelope of the outline dimensions shown in 
figure 1. 

B. Weight ~ niinlm.um consistent with good design^ but not more 
than 0.6 l b s . 

C. Pigta i l leads for connecting conver te r shall come from top 
of unit a s shown in figure 1. 

D. P ig ta i l leads shall be 2 feet long and printed every 3 inches 
with the identifying voltage o r co lor coded a s follows: 

Output 

+ 1.5 Volts White + 15 Volts Red 

GND Black GND Brn. 

E . Conver ter end of pigtail leads shal l be embedded in the potting 
encapsulating the conver te r and physical ly secured to the 
conver te r so that suspending the conver te r by any pigtail lead 
shaU in no way damage connection or conver te r . 

F . PlgtaUs shal l be made f rom 20 gage MIL-W-ISSIS type B , 
or NSA702 c l a s s C or equivalent w i r e . 

G. The conver te r shall be potted so a s to completely encapsulate 
al l com.ponents. A th i r ty pound compress iona l load applied to 
any surface of the conver te r shal l In no way damage or im.pair 
i t s perform.ance. Unit shall be capable of operat ing under s ame 
loading. 

HI. E lec t r i ca l Requi rements 

A^ Input: Input to the conver te r shal l be a genera tor capable of 
supplying 1. 5V at 1 am.p. 

B . Output: The conver te r shall be capable of supplying the 
following load within the voltage tolerstnce specified here in 
at the genera to r power level descr ibed above under paragraph 
A "Input". 

15V * . 5 VDC at 75 + 2. 5 ma . 

mpvi 



C. Efficiency: 75% minimumi efficiency at the above output. 

D. Regulation: Output voltage naay vary with input power. How­
ever , at a constant input, the output voltage regulation shal l 
not exceed 10% no load to full load. 

E. Overload: No damage or subsequent impai rment to per formance 
of the conver te r shal l resu l t from, overloads or short c i rcu i t s 
(up to the duration of one minute), or any t r ans ien t s theref rom. 

F . Starting abili ty: The unit shal l be capable of s ta r t ing immediate ly 
after the remova l of any overload or shor t c i rcui t as descr ibed 
in pa ragraph E, above, or after in terrupt ion of the input power 
source (for any length of t ime) . 

IV. Environmental Requi rements 

A. The per formance of the conver te r shall meet all the r e q u i r e ­
ments of P a r a g r a p h III E lec t r i ca l Requirements while operat ing 
in the environment as specified here in : 

(1) T e m p e r a t u r e range: -40 to +176° F 

(2) Humidity: Up to 100% rela t ive humidity for 24 hours . 

B. The conver t e r shal l not be damaged or i ts performance impai red 
by exposure to the following environments (converter not r e ­
quired to operate under environments specified herein) . 

(1) V ib ra t ion - -Four minutes in each of th ree mutually p e r ­
pendicular axes at the following frequencies and a c c e l e r ­
ations : 

10 to 40 cps at ± 5 g 

40 to 200 cps at ± 10 g 

200 to 2000 cps at ± 20 g 

(2) Shock--Shock loading of 20 g along each of the three mutually 
perpendicuolar axes in both direct ions for a total of 6 
d i rec t ions . Rise t ime less than 1 mil l isecond, dwell t ime 
g r e a t e r than 10 mi l l i seconds . 

(3) Acce le ra t ion - -g forces along the axis of thrust and along an 
axis perpendicular to thrus t at the following t imes : 

40 seconds at 15 g along axis of thrus t 

4 minutes at 7. 5 g perpendicular to axis of thrus t 
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Pigta i ls 

Fig, 1. DC-to-DC Converter 
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(4) Tempera tu r e - -S to r age at -40° to +160° F . 

V. Life 

A. The unit shal l be capable of meet ing the requ i rements of this 
specification while continuously in operat ion for a per iod of 
2 to 5 y e a r s . 

B. Storage for a per iod of 5 y e a r s under t empera tu re conditions of 
pa ragraph 3 of IV B above shal l in no way reduce life as spec i ­
fied under paragraph A of V above. 

VI. Workmanship 

Workmanship shal l be in accordance with high grade manufacturing 

p rac t i ce . 

VII. Drawings and Specifications 

The vendor shal l supply with each shipment: 

A. Two outline drawings and schemat ic of conver te r . 
B. Specification control drawing used for the m^anufacture and 

inspect ion of the complete conver te r assem.bly. 

C. F ina l inspection data sheet for each completed unit. 



APPENDIX IV-D--EQUATIONS EMPLOYED IN ANALYSIS 
OF SPACE PROBE UNIT 

A. HEAT LOSS 

Four i e r ' s law for conduction through a homogeneous solid is given 
as: 

Q - - l c A ( r ) ^ > 

where 

Q = heat flow 

k ® thermal conductivity 

r = radius or thickness 

A - area as a function of position 

T s temperature as a function of position* 

Integration between the inner and outer surfaces gives 

^2 

I X ^ ^ l ^T,-̂ 2) 

where 

r - «̂  distance from center to inner shell 

r^ - distance from center to outer shell 

T- » inner shell temperature 

Tg - outer shell temperature. 

This equation cam be used to compute the heat loss when the area 
te rm has been expressed so as to include heat flow through the sides 
and ends. 



B. HEAT TRANSFER IN GROUND HANDLING CASK 

F i lm coefficients for the ground handling cask were calculated 
using the following equations: 

Q = h A i^T 

where 

Q = heat flow 

h = film coefficient 

A = heat t r ans fe r surface a r e a 

hT ~ tenaperature potential . 

McAdams ' cor re la t ion for ve r t i ca l cylinders is given a s : 

3 . 2 . „ , ^ A:̂  „ V T 1/3 
K^ " [-^^iT^ m 

where 

h = film coefficient for na tura l convection c 

L = height of ve r t i ca l surface 

k~ = t h e r m a l conductivity of fluid at film t empera tu re 

p. - density of fluid at film t empera tu re 

g « acce lera t ion of gravity 

C» = coefficient of volumetr ic expansion at film t empera tu re 

A T = t e m p e r a t u r e potential 



|4» « viscosity of fluid at film tenaperature 

C ^ specific heat of fluid at film temperatiire. 

C. CENTERLINE TEMPERATURE OF HEAT SOURCE 

Centerllne tenaperature of the fuel elemient was determined us 
the following equations 

^ ^ S ( R 2 » r2 ) 
T ^ l Y — 

where 

S « volumetric heat production rate 

R * radius of the fuel element 

r « radius at which the temperature is evaluated 

k « thermal conductivity. 
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APPENDIX IV-E--DEVELOPMENT OF 
THERMOELECTRIC OPTIMIZATION CODE 

Consider Fig. E-1 for purposes of drawing an energy balance 
over the section of the thermoelement. 

+x 

\ 

i - 1/2 i + 1/2 T, 

where 

T„ = hot junction temperature 

T- = cold junction temperature 

/̂  X = incremental segment. 

It may then be stated that: 

Energy into face (i - 1/2) + energy generated in i =« 
energy out of face (i + 1 J2), purely from an energy-
balance standpoint. Note also that the current, I, (1) 
is continuous throughout any circuit regardless of 
the sign convention. This is true as the current is 
not created or destroyed within a simple loop c i r ­
cuit. 

Utilizing the applicable physical laws, Eq (1) may be expressed in 
the following form: 



A ^^ 
' i - 1 / 2 1-1/2 aF" 

._,/2 + l2R.+ . . l g /^x 

dT 
"^1+1/2 ^1+1/2 a ^ i+1 /2 

(2) 

where 

k « thermal conductivity 

A = cross-sectional area 

T » temperature 

R. = resistance 

T s: Thomson coefficient 

X = distance or length variable 

I R. = Joule heat. 

dT Zbx "̂  I 3— * Thomson heat 

k A -J— '^ conducted heat. dx 

From the definition of the resistivity of a material: 

R. 
p. ^x 

(3) 

where 

material resistivity. 

Substituting Eq (3) into Eq (2) and rearranging,the following is obtained: 
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, A dT 1 , . dT 
^1 + 1/2 1 + 1/2 35? I i + 1/2 " 1 -1 /2 1 -1 /2 ^x i - 1 / 2 

"^x 

,2 

•̂  • :S~ ^ "i ^ Hi I i 

(4) 

Taking Eq (4) in the l imit as i i x - 0, it is found that: 

d 
Hi (k(T) A(x) ^ ^ ) + '^^-^riT) 1 ^ = 0 (5) 

which is the governing differential equation for heat flow in a t h e r m o ­
element . It may be noted that th is equation was a r r ived at independently 
of e lement- type cons idera t ions , and employing the given sign conven­
tion, Eq (5) will hold for ei ther type. 

Eqaation (5), however, happens to be a second-order , nonlinear, 
nonhomogeneous differential equation with var iab le coefficients for 
which the re i s no obvious solution. Therefore , a numer ica l technique 
will be used for the solution to this equation when programmed for 
the digital computer . Equation (2) shal l be converted into complete 
numer ica l form: 

" ^ 1 - 1 / 2 ^ i - 1 / 2 [ 

Zix + k . 

T i - T i . 
Ax 

1 + 1 / 2 

-1 ^ I ^ i ^ -+ __̂ ^̂ _ 
J X 

X 

+ r . I 
"̂ 1 + 1/2 ""^1-1 /2 
' 25 

(6) 

Assuming 

k. 1 -1 /2 

k. 
i + 1 / 2 

1 -1 /2 

^i ^ ^ - 1 
2 

^ 1 + 1 - * - ^ 

A. 
1 

^2 

^ ^ - 1 
"X" 

etc . 



Equation (6) m.ay thea be expressed in the form: 

a ^ T . ^ ^ + b . T . + c . T . , j + d j « 0 (7) 

where the forms of a., b. , c. and d. a re obvious. Equation (7) is 
suitable for digital programming, and any one of several numerical 
techniques may be employed to obtain a solution. As TQ and T* are 
planned inputs into the code, Eq (7) may be solved as NQ equations 
in NQ unknowns, with NQ being determined by L /^x . 

Thermoelectric efficiency is defined as being the electrical output 
divided hy the energy passing through the thermoelement. It is not 
planned to consider thermal losses through the insulation, or lateral 
losBes from the element itself in this code, and efficiency will then 
be given by the electrical output divided by the source input. In the 
design of naost isotopic direct conversion generators, the desired 
electrical output is known and would be an input for the program. 
This leaves only the sotirce input to be calculated. For a thermo­
element, the source input per element naay be expressed as follows: 

TT ^ 0 ^0 BE ^ « o - ^ ^ Q I - I ' ^ C O ^̂ > 

where ir- is the Peltier coefficient at the hot junction and is ecpivalent 
to a^ T . . The hot junction contact resistance is denoted by R ^ Q . 
Equation (8) is also applicable to N- or P-type elements if the given 
sign convention is adhered to. Equation (8) may be expressed in dif­
ference form for purposes of programming as : 

- j ^ « 2x ^^O^^O -^^CO ^^' 

The number of thermoelements, N, may be deduced solely from 
external power requirements by means of the following relationships s 

'̂(I 
'^0 p^CT) 

« iT " ^̂  i J -MxF ^ •*• ^NCI ^ ^NCO 
T. 



r Op (T) \ 
J -mr ^̂  " ^pci -̂  «pco 
T , / 

+ 3 - ^ 7 ^ dx + R^^^ + R ^ ^ ^ 1 (10) 

T, 

EQCT " N ( l l ° -M^T>^T| + i j ' ..p(T)dT|) (11) 
\ rp rp / 

1̂ H 

^eT ^ ™ ^ (12) 

where R-rp ^ total internal resistance of the generator 

R s cold jtmction contact resistance of an N 
^^^ element 

•̂ •Nrr-o ^ ^°^ junction contact resistance of an N 
^^^" element 

R X cold junction contact resistance of a P 
^^ ^ element 

R ® hot junction contact resistance of a P 
^ ^ ^ element 

E^„™ ^ open circuit voltage of the generator 

E = external voltage 

R = external voltag e 

N s number of thermoelement pairs 

From the previous relationships, the therm.oelectric efficiency 
is gifen by: 

Electrical Power Output 
^ ' """" ThermaTToweFEpuf (13) 



Or in m.athematical t e rms: 

^ C T ^ / ^ ^ e - ' ^ l T ^ ^ 
^ - ^ (i4) 

All mathematical relationships required for programming have now 
been derived. For purposes of simplification, m.any steps have been 
excluded from this derivation. However, it is felt that the key points 
are clearly outlined and may be reproduced by anyone possessing a 
working knowledge of thermoelectricity. 

The primary purpose of this program will be to maxinaize the 
thermoelectric efficiency. This may be accomplished employing an 
iterative manipulation of the derived equations. 

Equations (5), (9) and (13) demonstrate that the performance or 
efficiency of a thermoelectric generator is dependent upon the geonaetry 
of the individual thermoelements. loffe shows that the efficiency of a 
thermoelement is dependent upon what is commonly termed the shape 
factor of the element; the shape factor being the cross-sectional a r ea -
to-length ratio of the thermoelement. It should be noted at this point 
that the shape factor may be made to assume any positive value by 
independently varying either the cross-sectional area or the length of 
the element. In this manner, the thermoelectric efficiency may be 
maiximfeed based upon this parameter, assuming such a maximum to 
exist. 

Therefore, to avoid overrestriction of the problem, either the 
cross-sectional area or the length of the thermioelements will be in­
puts to the code. The solution to the problem then becomes a t r ia l 
and error type as the geometric parameter which is not an input 
naust be varied to obtain the noaximuna efficiency point, 

A flow chart outlining the basic steps of the code is foimd in Fig, 
E-2. This shomd complete all of the preliminary investigation prior 
to the actual writing of the code. 
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Basic input 
a(T), k(T), p(T), 

T ( T ) , R J ^ C J , - ^ N C O * 

^ P C r ^ P C O ' '^0* " ^ 1 , 

^ e ' ^ e T 

Input 
A(X) 

Input 
' L 

Calculate 
I 

Assume 
A(x) 

Solve 
Eq (14) 

Check t] 
for 

maximuna 

N© 

Calculate 
R e 

Yes 

Solve Eqs 
(10), (11), (12) 

for N 
Output 

Fig, E-2. Code Flov Chart 
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APPENDIX IV-F--RADIOLOGICAL HAZARD 
FROM LAUNCH PAD FIRE 

In case the generator and fuel container should be exposed to a 
fire resulting from the destruction of the space vehicle on the launch 
pad it is almost certain that the fuel container would remain intact 
and preserve the containment of the isotope fuel. However, it will be 
assumed that the fuel container is melted or broken open and the fuel 
exposed. Even in this case, the fuel would be dispersed in massive 
form over only a small area, producing a localized contamination. 

In order that the fuel be vaporized, producing a cloud of active 
m.aterial, a large heat input is required. This heat input may be 
calculated from the thermal properties of jiickel--of which the fuel 
form is largely coinposed--to be 1.9 x 10 calories. It might be 
argued that the fuel slug would not reach the boiling point of nickel, 
but would be oxidized at some lower temperature. The heat input 
required would not be greatly different since the heat of formation of 
nickel oxide, NiO, is 58, 830 calories per mole and consequently 
0*61 X 10^ calories are required to oxidize the nickel in the fuel. 

For a known heat input, the height to which the cloud formed will 
r i se can be calculated by means of an equation due to Sutton (Ref, 1, 
2 and 3). 

^ \ 0 . 2 7 6 

'2C^~lF^'^^'^~e^ 

where 

Z - height—meters 

Q, - heat input--calories 

C =• specific heat at constant pressure 
3 p « ambient air density--gm/in. 

C - diffusion coefficient 

01 s vertical temperature gradient--®C/m. 

For a neutral or average atmosphere, the temperature gradient is 
0. 0035® C/m. The diffusion coefficient varies from 0. 3 for a stable 
atmosphere to 0. 6 for a highly unstable one; 0. 50 is a reasonable 

file:///0.276
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value for the neutral atmosphere. The specific heat is taken to be 
r a l 3 3 

0. 25 a/y. and the air density as 1.18 x 10 gm/m . Then 
gm- L> 

5 \ 0,276 
1.9 x 10 

2T772FX 1. 18 X 10^ x i/^^'x~0. 5^ X 3. 5 x 10~^ 
• ) ' 

This cloud, at a height of approximately 26 m., will move downwind 
and increase in size due to diffusion. Sutton relates the volume of the 
cloud to the distance moved by the equation: 

where 

/ ^ l / 2 ^ ^ ( 2 - n ) / 2 y 

3 V = volume of the cloud--m 

d = distance--m.eters 

n = stability parameter which can vary from, zero to unity. 
For a neutral atmosphere, 0. 25 is a reasonable value. 

The distance, d, shotild be calculated from the point at which the cloud 
can be considered a point source. In this case the cloud is initially 
small and no appreciable er ror is introduced by considering it a point 
source directly above the fire. 

The laimching of the vehicle is expected to take place 60 days after 
the encapsulation of the fuel. At this time the activity of the curium is 
8. 6 X 10^ curies . The concentration within the cloud can be calculated 
directly. It is conventionally expressed in microcuries per cubic centi­
meter. Thus 

X 
^ 

where 
3 X = concentration--curies/cm 

Q = activity--curies 
3 V '^ cloud volume—m . 



Deposition from the cloud will take place as it moves downwind. 
By a modification of Sutton's equations*the maxlmxim deposition that 
can take place is expressed by: 

nQ 

where _ 
w ~ deposition - -cur ies /m 

e «̂  base of natural logarithms? 

The internal dosage received by an individual in the path of the 
fuel cloud may be approximated by: 

D == i L . xbf 

where 

D = internal dosage received—microcuries 

r - radius of cloud—meters 

^ = wind velocity 
3 

b - breathing rate—cm /sec 
f - fraction of inhaled isotope taken up by the body. 

The wind velocity has been taken as 3. 8 m/sec , the average ground 
velocity at Cape Canaveral. The breathing rate has been taken to be 
500 cm3/sec. The biological effects of curium have not been studied 
extensively, but the value 0.12 has been suggested for f (Ref. 5). The 
factor {2r Ifx) represents the time of exposure of an individual to the 
cloud. 

In the table, the results of calctilation of the cloud volume, radius, 
concentration, deposition and dosage are presented. It is evident that 
there is a hazard presented by the radioactive deposition. While this 
material presents a significant hazard by means of external exposure, 
it would be subject to redispersal by wind and movement through the 
area. It would be deposited in a narrow strip downwind from, the source. 
This contamination would have to be removed or covered. While the 
Curium-242 has a half life of 162. 5 days,the daughter, Plutoniirai-238, 
with a half life of 86 years, also presents a serious hazard. The total 
body burden permitted for Curium-242 is 0. 2 microcurle (Ref. 6). 
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It i s seen frona the table that a dosage exceeding this may be received 
by personnel exposed to the cloud within 3000 m e t e r s of the sou rce . 

In conclusion, it is found that se r ious hazards would be encoimtered 
if a radionuclide of a few ki locur ies activity were to be d ispersed at 
the launch pad. It is n e c e s s a r y that the fuel container be able to 
contain the fuel safely under any such conditions, A maximum possible 
incident ha^ been presen ted he re i fur ther investigations will be made 
for a refinement of this incident into a maximum credible incident. 

TABLE E - 1 

P a r a m e t e r s for the Release of a Nickel-Curium-242 Alloy 
Fuel of 8, 6 Ki locur ies as a Cloud 

d V r X w D 

Distance ^ ^ ^ ^ ^ ^ Radius 

Source ^'^'l^^ Cloud Concentration Deposition* ^ ^ ^ ^ 
(m) (m ) (m) (^c/om ) (juc/m ) (^c) 

10 

20 

30 

50 

60 

100 

200 

300 

500 

1,000 

2,000 

3,000 

5,000 

10,000 

20,000 

293 

1770 

5160 

2,03x10'* 

3,20x10'^ 

1 .03x10^ 

7 .58x10^ 

2 . 2 0 x 1 0 ^ 

8 ,50x10^ 

5.15x10"^ 

3 .16x10^ 

9 , 2 x 1 0 ^ 

3 .43x10^ 

2 ,22x10^^ 

1.73x10^^ 

4 , 1 

7.5 

10.7 

16.9 

19.7 

29.0 

56 .5 

80 .5 

126 

240 

422 

602 

935 

1740 

3450 

29 .3 

4 . 8 

1.66 

0,424 

0.268 

8 . 3 5 x 1 0 " ^ 

1 .13x10"^ 

3 . 9 1 x 1 0 " ^ 

1 .01x10"^ 

1 .67x10"^ 

2 , 7 2 x 1 0 " ^ 

9 . 3 5 x 1 0 " ^ 

2 . 5 1 x 1 0 " ^ 

S.SSxlO""^ 

4 . 9 7 x 1 0 " ^ 

5.95 

1.63 

0.76 

0.29 

0,21 

8 , 4 3 x 1 0 " ^ 

2 .17x . l0"^ 

1 ,01x10"^ 

3 , 8 8 x 1 0 " ^ 

1 .06x10"^ 

2 . 9 0 x 1 0 " ^ 

1 .35x10"^ 

5 . 2 3 x 1 0 " ^ 

1 .40x10"^ 

3 .54x10"^ 

* Deposition in a na r row s t r i p downwind from the sou rce . 

3800 

1150 

562 

227 

167 

76.8 

20.2 

9.95 

4 .03 

1.27 

0.36 

0,18 

0.07 

0.02 

0.005 
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V. TASK 6--FUEL TECHNOLOGY DEVELOPMENT* 
III - . • III. ,11. I 

The purpose of this Task is to investigate and develop suitable radio­
isotope fuels for use in thermoelectric and thermionic generators, specifi­
cally designed to meet the demands of the various SNAP Programs, At 
present, the primary effort is directed towards utilization of isotopes such 
as Curium-242 and Plutonium-238 because of their attractive power char­
acterist ics and half lives. 

In accordance with the Task 6 Contract, Americium~241 will be 
processed and irradiated to obtain gram quantities of the Curium-242 
isotope„ Subsequently, purification and encapsulation of the curium will 
be accomplished at The Martin Company to provide an optimized power 
source suitable for use in a variety of direct conversion generators. 

A similar effort is underway on Plutonium-238. 

During this quarter, a radioisotope laboratory (Heavy Elements 
Processing Laboratory) was designed for processing americium and 
developing plutonium and curium fuel forms. Construction of this facility 
at The Martin Company, Baltimore site will begin in May 1960. 

Design, fabrication and installation of the equipment to produce cap­
sules for irradiation has progressed to the point where preliminary dum­
my capsules are being made for purposes of optimizing the process. 
An aluminum chloride volatilization system, for recovery of curium from 
aluminum in the irradiated capsules has been constructed and is in opera­
tion. Numerous runs have been made on dummy samples to establish 
volatilization characteristics and evaluate process techniques. 

Considerable effort has been devoted to the development of purifica­
tion techniques for americium and curium„ Results to date have pro­
gressed satisfactorily by using chemically similar elements to simulate 
these materials. However, firm process specifications must be established 
later when americium and curium are available for evaluation, since a 
by-product material license is required for handling such elements. An 
application for this license has been submitted along with a Summary Re­
port covering the americium processing to be performed. 

Fuel form investigations for both curium and plutonium were initiated. 
Major emphasis has been placed on cermet and ceramic systems, with 
the intention of exploring metallic systems later. 

* Wo Bowes 
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Evaluation of containment materials was begun. A compressive 
impact test facility has been designed and constructed to investigate 
the high velocity deformation of the various metals which appear most 
suitable for SNAP applications. This system will facilitate screening 
the different materials under consideration in addition to providing 
valuable engineering data for future design of power capsuleSa 

Two shielding casks were designed; one for transportation of the 
americium capsules to an irradiation facility and the other for return 
of the irradiated capsules to Martin-Baltimore. Both the casks and 
irradiated capsules have undergone rigorous radiation and thermal anal­
yses employing "worst case" conditions; results in all cases were favor­
able.. 

Work was initiated on arranging an irradiation program for the amer i ­
cium capsules in the Materials Testing Reactor or Engineering Test Re­
actor at Idaho Falls, Idaho. Thermal, activation and neutron depression 
analyses were conducted on the capsules to assure hazard-free perform­
ance and determine reactor flux requirements. A trip is planned to the 
National Reactor Testing Station to establish criteria and program r e ­
quirements. 

A, SUBTASK 6.1--GENERAL DEVELOPMENT 
AND MATERIALS REQUIREMENTS 

The objectives of the Subtask 601 program are to: 

(1) Examine the physical, chemical and nuclear properties 
of the pure metals and compound forms of Curium-242, 
Americium-241 and Plutonium-238. In addition, compare 
these with other suitable radioisotopes that can be used 
for isotopic power. 

(2) Determine the types of matrix materials which can be used 
with curium and plutonium fuels and establish the container 
materials which are compatible with the internal and ex­
ternal environmental conditions. 

(3) Select purification processes for americium and curium 
which are capable of removing fission products, ra re earths 
and other undesirable radioisotopes such as cerium, plutonium, 
strontium, etc, 

1. Americium Purification Process Selection 

During this quarter, several methods reported in the literature for 
purifying americium sufficiently for irradiation and conversion to curium 
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were reviewed. The most feasible method was a process used by the Uni­
versity of California, Lawrence Radiation Laboratories at the Livermore 
Site. This method has been demonstrated to give yields in excess of 90%» 
The Martin Company is currently attempting to improve the yield and 
purity of the product and to establish the procedure necessary to place it 
on a production basis. This effort will be described In detail under Subtask 
6.2. 

2o Curium Purification Process Selection 

The methods for separating the neutron irradiation products of amer i ­
cium in the americium-aluminum capsules are being studied to determine 
how curium can best be isolated from aluminum and the residual isotopes. 
There are num.erous processes described in the literature for purifying 
microgram quantities of curium and a few methods for milligram quanti­
ties, but little reported data exist on handling gram quantities. Considerable 
development work has been done on curium, however, at both Los Alamos 
Scientific Laboratory and University of California, Lawrence Radiation 
Laboratories, Livermore Site. The maximum quantities processed at these 
installations is a few kilocuries. It is desired to increase these amounts by 
an order of magnitude and to develop a production-t3rpe process for handling 
quantities up to a magacurie. All reports on the ion exchange methods for 
purifying curium which is contaminated with fission products, americium and 
plutonium have been limited to only milligram quantities of curium. In addi­
tion, the ion exchange methods described gave only partial separation of the 
impurities. Similarly, solvent extraction methods have not offered a sharp 
separation of curium from fission products and plutonium. Experimenters 
at both Los Alamos Scientific Laboratory and the Lawrence Radiation Labora­
tory have achieved only partial success using either the solvent extraction or 
the ion exchange method. It is therefore planned to use a combination of both 
methods to separate the americium-curium from the fission products and 
plutonium. One of the more promising methods which was described in the 
last quarterly progress report utilizes diethyl hexyl-orthophosphoric acid 
(HDEHP) in carbon tetrachloride (CCL4). Laboratory tests indicate 99% of 
the fission products were extracted by the solvent phase without the use of 
any carr ier . Other solvents such as thenoyl trifluoroacetone (TTA) and 
tributyl phosphate (TBP) also have been tested but do not appear as 
promising. 

Further studies are required on both ion exchange and solvent extraction 
methods since decontamination factors of the order of 10^ must be achieved 
before a suitable process can be recommended for curium purification. De­
tails of some of the experiments conducted during this period are described 
under Subtask 6.2. 
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3. Plutonium-238 P r o c e s s Selection 

Under th is phase of the p rog ra m, it i s anticipated that further p u r i ­
fication of the plutonium will be unnecessa ry since high quality ma te r i a l 
i s a l ready avai lable a s e i ther the chloride o r n i t ra te . However, a standby 
method has been selected in case it becomes neces sa ry to remove smal l 
amounts of f ission products . According to the proposed method, adjust­
ment of the or iginal solution to a n i t r ic acid concentration of 7.5 to 9.0 N 
will cause the plutonium to be absorbed on a s t rong base anion exchange 
r e s in column, Dowex 1, 50 to 100 mesh . The plutonium is eluted by f i rs t 
washing the column with 1 N ni t r ic acid solution severa l t imes , followed 
by an 0.3 M hydroxylamine n i t ra te solution. 

The resu l tan t plutonium ni t ra te solution i s adjusted to the p roper 
acidity and t r ea t ed with an excess of hydrogen peroxide to effect a 
precipi ta t ion of plutonium peroxide . The s l u r r y i s then fi l tered, washed 
and finally a i r dr ied. 

4. P r o c e s s e s for Conversion of Plutonium-238 to the Desi red Chemical 

Several p rocedu re s for p repara t ion of the carbide , fluoride, n i t r ide 
and oxide have been reviewed. Of those studied, seve ra l were immediately 
el iminated on the bas i s of the hazard o r r i sk involved; o the rs were r e ­
jected because of the poor yield a n d / o r slow react ion r a t e s . A few a r e 
cons idered feasible and a r e descr ibed under Subtask 6.3. 

In al l of the plutonium labora tory exper iments , Plutonium-239 will 
be substi tuted for the much more expensive Plutonium-238 since thei r 
physical p r o p e r t i e s a r e ident ical . The physical p rope r t i e s of some 
plutonium compounds a r e l i s ted in Table V - 1 , 

TABLE V-1 

Physical P r o p e r t i e s of Plutonium 

Melting Point Boiling Point 
Compound {" C) (°C) Densi t ies 

PUgOg 1649 — - 11,47 

PuF„ 1425 2228 9.32 

P u F ^ 1038 1427 7,0 
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TABLE V-1 (continued) 

Compound 

PUCI3 

PuC 

PU^Cg 

P u 

Melting Point 
(°C) 

732 

1850 

1900 

639 

Boiling Point 
(°C) 

1753 

= __ 

„ _ _ 

3235 

Densit ies 

5.70 

13.6 

12.70 

19.74 (alpha) 

The literature search on the physical properties, potential fabrica­
tion methods, and methods of containment for curiun^ and plutonium and 
their compounds was continued during this quarter. Special emphasis 
was placed on plutonium metal and its compounds, which may be utilized 
for the Task 5.6 mission requiring a radioisotope heat source for a 
thermoelectric generator with a mission life of 5 to 10 years . A flow 
sheet of potential methods for the preparation of plutonium metal, oxides, 
fluorides, carbides and nitrides is shown in Fig, V-1. 

Work on this task will be terminated in April, and a topical report 
will be issued which will cover all of the data collected to date on curium, 
and plutonium and their compounds. 

B. SUBTASK 6.2--AMERICIUM AND CURIUM 
RADIOISOTOPE PREPARATION PROCESSES 

The objectives to be achieved under Subtask 6,2 include: 

(1) Design of radioisotope laboratory. 

(2) Design and installation of americium processing and 
capsule fabrication equipment. 

(3) Design of shipping casks for irradiated and unirradiated 
americium capsules. 

(4) Development of techniques for purification of curium. 

(5) Development of an aluminum chloride sublimation process 
for recovery of curium. 
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Purification of Incoming PuCl or PuCNO_)g Solutions 

1. Ion exchange. 
2. Chemical smalysis. 

PuCl , or Pu(NO„)„ 

Preparat ion of Plutonium Oxalate, Pu(C„0 .)„ 
Z 4 2 

1. Adjust acidity to 0, 7 N (HCl or HNO ), 

2. Add 1. 3 X the stoichiom.etric amount of 
oxalic acid. 

3. Let precipitate settle and filter . 
4. Dry plutonium oxalate, Pu(C„0 .)„. 

Pu(C,0^)^ 

Preparat ion of Plutonium Oxide, (PuO„) 

1» Decompose plutonium oxalate to plutonium 
oxide by progressive heating up to 400° C 
in air or O . 

PuO, 

Preparat ion of Plutonium Trifluoride, PuF , 

1. Heat PuO to 450° C, 

2. Pass 50% HF and 50% H over oxide for 5 hours. 

Î  PuF, 

•HCl or HNO 

. fission product 

H„C„0. 2 2 4 

) -~HF+ H, 

Preparat ion of Plutonium Tetralluoride, PuF , 

1. Heat PuO to 450<» C. 

2, Pa s s 50% HF and 50% O over the oxide for 5 hours, HF + O, 

PuF. 

Fig. V-1. Method of Preparation for Plutonium and I t s Conrpounds 
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P repa ra t ion of Plutonium. Metal 

1. 

2. 
3. 

4. 

5, 
6. 

Blend P u F , + 25 m.olar percent excess calcium 

chips and 0 .1 to 0 .5 moles of iodine pe r m.ol of 
P u F . . 4 
Load mixture into bomb. 
Reduce PuF . to Pu by heating to 400° C. 

Discharge bomb contents and separa te the plutonium 
meta l f rom the s lag. 
Vacuum dis t i l l excess calcium from plutonium. 
Cast Pu into des i red shape . 

Pu (metal) 

P repa ra t ion of Plutonium Monocarbide 

(Method a) 
1. Blend plutoniumi hydride with graphi te . 
2. Heat to 800° C for 4 hours in an iner t a tmosphere . 

(Method b) 

1. Blend plutonium oxide with graphi te . 
2. Heat in an iner t a tmosphere to 1800° C for 

10 minutes , 
(Method c) 

1, Blend plutonium meta l with graphi te . 
2, Heat in an iner t a tmosphere to 1000° C for 

5 hour s . 
(Method d) 

1, Heat plutonium metal to 800° C. 
2. P a s s hydrocarbon gas over molten m e t a l . 

L ^ P u C 

Prepa ra t ion of Plutonium Nitr ide 

(Method 

1. 
2. 

a) 

Heat plutonium metal to 800 to 1000° C, 
P a s s ni trogen gas over molten me ta l . 

(Method b) 

1. Heat plutonium hydride in a ni trogen a tmosphere 
to a t empera tu re g r e a t e r than 230° C. 

Ca 

CaF_ + CaO 
Ca ^ 

-CH, 

• N , 
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1. Radioisotope Labora tory Layout 

Plans for install ing the heavy e lements process ing facility in an 
existing building at The Mart in Company had to be abandoned because 
the building in the des i red location was unavailable. A new building has 
now been proposed which is 25 x 50 feet with 1250 square feet of floor 
space and will be located nea r the p resen t cr i t ical facility. The amer ic ium 
purification equipment, the weighing and blending appara tus , along with 
the pelletizing p r e s s , welding box and sand blast appara tus a r e to be 
placed on one side of the l abora to ry . The plutonium dry boxes and furnace 
a r e to be located on the other s ide . A clean a rea has been provided in the 
front section of the building to accommodate two desks , a table for counting 
equipment, a washroom and a clean change room. A mechanical equipment 
room and another change room with provis ions for labora tory coat s torage 
a r e located to the r e a r of this a r e a . 

2. Amer ic ium Process ing Equipment 

The equipment for amer i c ium process ing i s separa ted into five 
s tages : 

(1) Purif ication units and equipment for conversion of amer i c ium 
oxalate to amer i c ium oxide (AmO„). 

(2) A blending unit which mixes AmO„ with powdered aluminum 

and a weighing unit. 

(3) The pelletizing and compacting units which form the capsules 
for i r rad ia t ion . 

(4) The unit for welding of the end cap to the aluminum shell , 

(5) The cleaning and surface finishing unit designed to remove 
contamination and give the final shell an emissivi ty of 0.6 
or higher as oxidized. 

After the capsules of amer i c ium have been p roces sed through these 
s tages , they will be ready for shipment to an i r rad ia t ion facility. A 
schematic of the process ing equipment is shown in Fig. V-2. 

In the second stage, the AmO„ is weighed and mixed with aluminum 

powder in the proport ion of 26.5 Al to 1 AmO„ by weight. Subsequent 

blending of the mixture is accomplished in the blending and dispensing 
unit. The volume capacity of the unit i s sufficient to completely fill four 



pressure CD-

Vacuum /0 \ 

^A Normally closed valve 

f^ Normally open valve 

Air fUter 

A Flow gauge 

f^ Switch for heater or condenser 

/TS Pressure regulator 

f2) Vacuum regulator 

/ Variac \ 
I furnace I © / Variac \ / Variac \ 

I column 2 I I still I 

F i g . V-2, Processing Equipment for P u r i f i c a t i o n of AnEricium. 
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capsules with the Al-AmO„ mix ture . Tes t s to determine the optimum 

speed, t ime, percent volume and other factors a r e planned. 

In the th i rd s tage , the blending container with dispenser valve i s con­
nected to the die block of the Denison P r e s s . An a i r cylinder opera tes 
the d i spenser and feeds the blended powder into an aluminum shell mounted 
in the die block. Small quantit ies of the Al-AmO„ powder a r e in te rmi t ­
tently dispensed into the aluminum shell and compacted until the capsule 
i s filled with high density ma te r i a l (95% of theore t ica l ) . The proposed 
schedule for the compacting p r e s s has been set up in the following s teps : 

(1) On the up s t roke of the p r e s s r a m , a measu red volume of 
charge i s dispensed into the capsule shel l . 

(2) The complete a s sembly i s then vibrated, to ensure that all of 
the blended powder is uniformly deposited in the aluminum 
shel l p r i o r to compacting. 

(3) The p r e s s r a m i s then lowered to compact the powder charge . 

(4) On the down s t roke of the r a m , the dispenser valve is auto­
mat ica l ly re tu rned to the refi l l posit ion. This cycle i s repea ted 
10 t imes to completely fill each aluminum capsule shell with 
compacted amer i c ium-a luminum powder. 

Twenty-eight capsules will be fabricated for i r radia t ion , and the 
amounts of the ma te r i a l requi red a r e as follows: 

Total P e r Capsule 
Mater ia l (gm) (gm) 

AmOg 113 4.045 

Calculated a s amer i c ium 100 3,571 

Aluminum powder 3000 107.14 

Aluminum shell 1470 52.50 

Ratio of a luminum (including clad mate r i a l ) to amer ic ium 

3 0 0 0 + 1 4 7 0 ^ 44 7 to 1 
urn 4 4 . / t o i 
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In the fourth stage, the capsule top end cap is pressed into position 
and subsequently fusion-welded into place. The capsule is now ready 
for cleaning and surface finishing. 

In the fifth stage, the capsule is sandblasted to remove possible 
contamination of americium on the exterior. Upon oxidation of the 
aluminum capsule the surface finish is estimated to have emissivity of 
0.6 or greater. After a preirradiation inspection for defects, the capsules 
are transferred to a shipping cask and transported to the irradiation 
facility. 

3. Shipping Casks 

The 28 americium tubes, 1 inch in diameter by 5-inches long, will 
be transported in a special cask from Martin-Baltimore to Arco for 
irradiation. This cask is constructed of 6061 aluminum and has a cover 
which is hermetically sealed by a rubber "O" ring. This cask will be 
shipped in a welded steel outer case. 

A conceptual design is being developed for a shielding cask to permit 
transporting 14 irradiated capsules to the Martin-Baltimore plant. The 
biological shielding consists of 8.25 inches of lead completely surround­
ing the source, and 11 inches of borated water outside of the lead for 
protection against fission neutrons from the contained curium. The 
internal frame is of welded carbon steel plate construction, with stain­
less-clad steel plates on all outside surfaces. A pressure relief valve 
installed in the water jacket provides a safety measure against vapor 
pressure buildup in the event of steam formation. Suitable drains have 
been incorporated for the shield water and specimen cavity. Four hook 
eyes and a sling chain have been included to facilitate handling of the 
cask into and out of the pools. Also, a steel skid (removable) has been 
designed to facilitate handling by lift trucks. The assembled gross weight 
is approximately 12,200 pounds. 

4. Curium Purification Development 

A preliminary literature survey indicated that practically all of the 
work accomplished on the separation of curium from fission products 
had been done using trace quantities of curium. Ion exchange methods 
gave only partial separations, as did solvent extraction methods. It is 
the plan of this laboratory to utilize both methods of separation in an 
overall purification system. Such a plan should involve the least amount 
of work with better results when large quantities of curium are involved. 

Several of the more promising solvent extraction procedures have 
been investigated, using a chemically similar alpha-emitting isotope to 
simulate curium and a depleted fission product mixture as the contami-
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nants. A summary covering the experiments conducted during this period 
is presented in Table V-2. 

The extraction experiments with radioactive t racers resulted in 
separations up to 70% of the t racer in a single batch extraction from 
aqueous solution. The solvent naixture used was 1.5 molar diethyl-
hexylphosphoric acid (HDEHP)-carbon tetrachloride. Triple-batch 
extraction of the aqueous phase with this mixture satisfactorily removed 
almost 100% of the radioisotope t racer . 

Similar single separations of the radioisotope from an aqueous solu­
tion with concentrated tributyl phosphate (TBP) produced only a 15% 
extraction. 

Single extractions of radioactive fission products and gadolinium from 
aqueous solutions with thenoyl trifluoroacetone (TTA) and other solvents 
all showed less than 50% extraction of the fission products. A much higher 
percentage separation is needed before the solvents are considered suitable 
for isotope purification. 

5. Solvent Extraction--Ion Exchange Systems 

A new approach to the ion exchange purification of Cm-242 was tested 
using a concentrated lithium chloride (LiCl) solution to form complexes with 
americium-curium in several ion exchange separation systems. If this 
complex is substantially stronger than other ra re earth or fission product-
lithium chloride complexes, then it would be possible to extract one of 
the complexes from the other with an organic solvent. 

Investigation of TBP Solvent. This approach was initially investi-
gatedUiing TBP a"s"~tEe"ofganic solvent. The first step was to determine 
if this method would effect a separation of curium, so an aliquot of alpha 
emitter (to simulate curium) was mixed with gadolinium carr ier (a bulk 
agent), and the resulting solution treated with a large excess of LiCl 
(11.5 M) whose pH was adjusted to 6.6. The combined mixture was then 
extracted with concentrated TBP. The organic phase was stripped with 
water and the extracted elements precipitated and counted. It was found 
that approximately 98% of the alpha activity had been extracted by the TBP, 

The next step was to determine if this new method would separate 
curium from fission product contaminants by exhibiting a lack of affinity 
for the fission products. Consequently, the experiment was repeated 
using an aliquot of beta-gamma emitting fission products, instead of an 
alpha emitter. It was found that the fission product activity was also 
removed, so in this case separation between curium and fission products 
cannot be effected because the process removes both alpha and fission 
products equally well. These results, however, were encouraging in the 



TABLE v-2 

Solvent Extraction--Experiments to Determine Decontamination Efficiencies 

Aqueous Phase 

Alpha emitter + gad­
olinium carr ier (in 
0. 5N nitric acid) 
27,000 C/M 

Solvent Phase 

1.5M diethylhexyl 
orthophosphoric 
acid (HDEHP) in 
carbon tetrachlor­
ide (CCI4) 

Activity C/M After Mixing 
Phases 

In Solvent In Aqueous 

19.000 C/M 8,000 C/M 

Separation 
(%) 

70 extracted 
into solvent 

Alpha emitter with­
out gadolinium 
(in 0. 5N nitric 
acid^ 

1.5M HDEHP in 
CCL 

55 after first 
extraction 
99 after third 
extraction 

Fission product (FP) 
with gadolinium at 
pH4 (156,000 C/M) 

0. 2M thenoyl 
trifluoro acetone 
(TTA) in benzene 

900 C/M 
6N/HC1 was 
used to strip 
the solvent of 
F.P. 

155, 100 C/M 0.58 extracted 

Fission products 
with gadolinium at 
pH4 (156,000 C/M) 

0, 2M TTA in CCI4 2, 057 C/M 153, 943 C/M 1.3 extracted 

Alpha emitter 0. 2M TTA in CCl, 55 after second 
extraction 

Alpha emitter 
(in 0. 5N nitric 
acid) 

Concentrated tributyl 
phosphate (TBP) 

15 after first 
extraction 
50 after second 
extraction 

OS 

I 
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sense that previous extractions in the absence of LiCl gave only a 15% 
removal of the alpha emitter--not nearly so efficient as this new method. 

Investigation of HDEHP Solvent. Since the HDEHP system appeared 
to be a favoraHTe~medium in earlier work, the described experiment was 
repeated substituting HDEHP for TBP. A number of runs were made on 
solutions containing only fission products in one case, and alpha emitters 
in the other, to determine the optimum conditions for maximum extraction 
of the alpha emitters and minimum extraction of the fission products. 
Various r a re earth elements such as yttrium, gadolinium, lanthanum and 
praseodymium were added to the radioactive solutions to act as ca r r ie r s . 
In all cases, the concentration of the LiCl complexing agent added to the 
solutions was 11.5 M. The pH values of both the radioactive solutions 
and the LiCl complexing solution were varied for the different runs. 
It was found that optimum separation conditions existed when the radio­
active solution was adjusted to an acidity sufficient to obtain a yellow 
color from bromthymol blue indicator and the LiCl complexing solution 
adjusted to a pH of 7.5. After combining these two solutions, extraction 
with HDEHP in CCl. resulted in a 95% pickup of the alpha emitter and 
only 0.4% pickup of the fission products. In the following run, fission 
products and alpha emitters were mixed together and the experiment r e ­
peated. This time, the extract layer was eluted and the eluent passed 
through an ammonia form Dowex A-1 chelating resin column. The alpha 
emitter was thereby recovered, and only a trace quantity of beta-gamma 
emitting elements (fission products) could be detected. 

6. Ion Exchange Purification of Curium 

Experiments were conducted employing an ammonia form Dowex A-1 
chelating resin to treat solutions of gadolinium and alpha emitter. Both 
constituents were absorbed on the column, but subsequent elution with 
0.2% citric acid resulted in retention of the gadolinium while the alpha 
emitter was expelled. Gadolinium was later eluted with HCl and the alpha 
activity in the solution determined. No alpha activity remained with the 
gadolinium,, so that an excellent separation between these two constituents 
was obtained. Since gadolinium will be a contaminant in the eventual 
curium purification process, this experiment is significant in the sense 
that it may provide a means for separating curium from gadolinium. 

Several experiments were run using oxides of titanium, zirconium 
and aluminum as column material. Due to the fineness of the powders, 
however, flow through the columns was obstructed and the experiments 
were discontinued. 
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An investigation was made into the use of LiCl (11.5M) as an elutr ient . 
In this case a solution compr ised of fission products , alpha emi t t e r s 
and gadolinium c a r r i e r was passed through an ammonia form Dowex 
column. Some of the fission products passed through without the aid of 
the elutr ient . Subsequent application of the LiCl solution further in­
c reased the ra te of removal , but not to the extent that the p rocess would 
be feasible for production purposes . Future exper iments in this a rea 
a r e planned in which column and elutr ient t empera tu res will be varied 
along with pH values and LiCl concentra t ions . 

Work was also initiated on the procedure outlined by Dr. W. W. T, 
Crane (Ref. V-2). A tes t mixture of fission products , alpha emi t t e r s 
and gadolinium was precipi ta ted with oxalic acid. The fi l trate was found 
to contain substantial amounts of be ta -gamma activity but no alpha 
activity. The oxalate prec ip i ta te was dissolved with an acidified LiCl 
solution and passed through a Dowex 1 x 1 0 anion r e s in column. Contrary 
to r e su l t s obtained by e a r l i e r expe r imen te r s , washing the column with 
acidified LiCl solution resu l ted in removal of both gadolinium and alpha 
emi t t e r . It was found that this can be prevented by use of a finer mesh 
res in and by maintaining column and solution t empera tu re s at 90° C. 
Fu r the r investigations a r e requ i red in this a rea because these finer r e s i n s 
obstruct flow to the point where severa l days a r e requ i red for one column 
separat ion. 

7. Amer ic ium Slug Fabr ica t ion 

Previous galling and warpage of the die assembly has delayed p r o g r e s s 
to some extent on the pelletizing of amer ic ium-a luminum powders . A 
new approach to the mode of operat ion led to a redesign of the die, such 
that the compacting and assembly of the green compacts will be combined 
into one operation by compacting the powders direct ly within the tube. 
If successful , this technique will e l iminate severa l s teps from the old 
p rocess and will r e su l t in l e s s contamination within the dry box. 

8. Aluminum Chloride Sublimation P r o c e s s 

Due to severe cor ros ion of the react ion vesse l during the previous 
period, it was impera t ive that the sys tem be redesigned and dismantled 
for incorporat ion of more r e s i s t an t construction m a t e r i a l s . The react ion 
vesse l was replaced with a 24-inch long by 2-inch d iameter Vycor tube 
employing Teflon gaskets for al l s ea l s , A spli t - type furnace having three 
independently controlled heating zones and a sight g lass in the center was 
also obtained to gain a more uniform react ion t empera tu r e . Figure V-3 
shows a closeup view of the new Vycor tube and furnace, while Fig. V-4 
shows an overal l view of the equipment instal led. 

The condenser design was modified to a cold finger type to eliminate 
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Fig. V-3« Reaction Tube and Furnace for Volatilization of Aluminum Capsules 



< 

Fig. V-^. Overall View of Aluminum Volatilization Installation 
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clogging of the inlet caused by external cooling of the old baffle type 
condenser. This new condenser is constructed from Hastelloy C and 
has a cylindrical sliding knife on the cold finger to remove the condensate. 
The outlet end is open to the aluminum chloride collection unit. Under 
these conditions the condenser capacity is governed by the size of col­
lection flask or air-lock arrangement. 

The fabrication, installation and testing of all new components for 
the volatilization apparatus was completed during this period. Twelve 
runs were made with the apparatus and the following results were obtained: 

(1) The minimum temperature required to initiate the reaction of 
chlorine with aluminum is 460° F. Even though the reaction 
could be started at this temperature, additional heat was 
required to bring the samples up to an operating temperature of 
1200° F . 

(2) X-ray diffraction, emission spectroscopy and chemical analy­
ses indicate that the black scale coatings found on the aluminum 
surface are complex intermetallic compounds of aluminum, 
iron, copper, nickel and silicon. They are for the most part 
amorphous, with faint patterns of copper-aluminum complexes 
and aluminum oxide being detected. 

(3) The sublimation or reaction rate decreases with time and 
appears to be a function of exposed surface area, 

(4) The percentage of specimens converted to AICI3 which is sub­
limed away also decreases exponentially with time, and extrap­
olation of present data, as shown in Fig, V-5, indicates that it 
will take 10 to 12 hours to completely react a 1-inch diameter 
by 1-inch long aluminum slug (1100 wrought aluminum). Figure 
V-6 makes a comparison of actual specimens after given inter­
vals of reaction time. 

(5) Slow flow rates of chlorine and helium yielded better reaction 
rates than fast flow rates; the optimum rates were found to be 1 
cfh chlorine and 2 cfh helium. 

C, SUBTASK 6.3--FUEL FORM AND CONTAINMENT INVESTIGATION 

The objectives to be attained on Subtask 6.3 are: 

(1) Initiation of fuel form investigations. 
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(2) Design and construction of a compressive impact test facility 
and initiation of impact testing. 

(3) Development of welding schedules for containment materials. 

1, Fuel Form Investigation 

Work was initiated on the fuel form phase of Task 6o3 during this 
period. In view of the fact that this program is in the early development 
stages^ several assunaptions were made as to criteria for the selection 
of fuel compounds and matrix materials. A program plan for this effort 
was then prepared. Main emphasis of the program was placed on the 
development of cermet and ceramic systems, with metallic systems to 
be investigated later. Since the actual use of plutonium and curium 
and their compounds cannot be handled until facilities are available and 
a facility license is approved by the AEC, natural uranium, and its com.-
pounds will be used as substitutes for the actual fuel compounds. 

Plans have been made to survey various possible alloying constituents 
for curium and plutonium and to develop capabilities for the bomb r e ­
duction of reactive metals. Combinations of uranium dioxide (UO„), 

uranium carbide (UC), and uranium, tetrafluoride (UF.) with copper, 
titanium, vanadium, iron, nickel and molybdenum will be investigated 
as potential fuel forms. 

Procurement of long lead items and work in the laboratory involving 
preparation of materials on hand and assembly of equipment was initiatedo 

2. Containment 

Conapressive Impact Testing. A preliminary evaluation was miade of 
possTBIeTest¥lo deterimne"or~prediet impact characteristics of materials. 
The problem of correlating impact phenomenon for different materials 
with existing natural or statistical laws was discussed with the consultants 
within The Martin Company and from Johns Hopkins University, In gen­
eral, the consensus of opinion was unfavorable toward any direct correla­
tion for the following reasons: 

(1) No simple laws can be used to explain deformation of materials 
undergoing high velocity impact„ 

(2) Velocity, geometric shape and size of a specimen cannot be 
readily scaled down or up. 

(3) Existing theories are based primarily on statistical relations 
for independently controlled conditionSo 
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Based on these facts, it was decided that drop-impact tests should be 
conducted to screen materials with respect to their relative behavior for 
similar conditions. This type of testing will be more economical than an 
extensive series of sled tests and will give an insight as to impact be­
havior for various materials . Impact results will be complemented in 
the final selection of materials by sled testing of full-scale dummy units. 

During this period the design, fabrication and assembly of a compres­
sive drop test facility was completed. The facility consists of the follow­
ing components: 

(1) An anvil of hardened steel. 

(2) A drop weight or hammer. 

(3) A guide tube. 

(4) A quick release mechanism for the hammer. 

(5) A 1/4-ton hoist. 

Figure V-7 shows an overall view of the apparatus and the arrange­
ment of the components which constitute the compressive impact facility. 
Figure V-8 shows a closeup view of the anvil and the protective shield 
surrounding it. 

The guide tube has a 6-inch internal diameter and the hammer weight 
can be varied from 35 to approximately 150 pounds. This weight, coupled 
with a free fall distance of about 96 inches, will give a maximum impact 
energy of 1200 foot-pounds and an impact velocity of 22.6 feet per second. 

Samples of 3/8 inch-diameter type 1018 steel, type 303 stainless steel 
and Monel deformed at 1700" F with an impact load of 282 foot-pounds 
(35.2 pound weight dropped 8 feet) were compared in Fig. V-9 with a cold 
compressed sample of type 1018 steel and the original size specimen. 
Tests have also been made on 1020 steel to determine the amount of de­
formation versus the impact energy. Figure V-10 makes a comparison 
of the original sample through progressive stages of testing with impact 
energies of approximately 280, 400, 800, 1200 and 1600 foot-pounds. In 
this case, the tests were accomplished at room temperature. 

Welding development. Work was begun on a welding development pro-
gram aimed at developing welding schedules for different materials, i.e.. 
Mo, Ti, Ta, Ni, etc., and different type seal designs. Procurement of 
material was started and a "Pauling and Harnischfeger," 300 ampere, 
a-c d-c welding power supply with an automatic sequence time control 
has been received. This unit can program a complete weld cycle auto­
matically to a welding head or torch. This unit will also be utilized in 
the Nuclear Laboratory hot cells when the facility is completed. 
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Fig. V-7. Overall View of Compressive (impact) Drop Test Facility 
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Fig. V-8. Anvil and ProtectiTC Shield Detail of Drop Test Facility 
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D. SUBTASK 6„4--SHIELDING AND SAFETY ANALYSIS FOR 
CURIUM, PLUTONIUM AND AMERICIUM 

The objectives during this report period for Subtask 6̂ 4 were: 

(1) Complete the summary report on americium processing. 

(2) Apply for by-product material l icense--Form AEC-313(5-58). 

(3) Complete integrity analysis of containment materials for Pu-238o 

(4) Investigate He buildup in the americium capsules for irradiation^ 

(5) Investigate isotope decay products and associated radioactivity. 

(6) Do shielding analysis of shipping caskSo 

(7) Do thermal analyses of americium capsules, shipping cask and 
volatilization process. 

1. Preliminary Hazards Analysis 

The primary effort during the report period resulted in a document 
entitled "Summary Report of Americium Processing to be Performed 
by The Martin Company," (Ref. V-l)o This report was submitted with 
and as part of the application for the by-product material license. Form 
AEC-313(5-58), and presents the initial americium processing to be 
accomplished under the fuel technology progranio 

An analysis of the mechanical integrity of a Haynes-25 capsule con­
taining 470 curies of metallic Pu-238 was also initiated during this quarter. 
It was shown that the capsule could withstand 12,780 psi for a period of 
1000 hours operating at a temperature of 1350° F, and 6737 psi for a 
period of 1000 hours operating at a temperature of 1500° F. These values 
indicate that an adequate margin of safety exists at the actual operating 
temperature of 860° K (1088^ F), The maximum impact pressure to which 
this capsule will be subjected during re-entry is 1732 psi. 

Investigations of the amount of helium pressure buildup from alpha 
particles within the irradiated AmO--Al elements versus time and the 

effective neutron flux versus time required for 43% conversion of 
Am-241 to Cm-242 were initiated^ No definite results have been ob­
tained as yet. 
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2. Growth of Decay Products 

A study was made covering the growth of decay products of Cm-242, 
Pu-238, Pu-241, Am-241 and Cm-244. The effective radiation from 
the parent and daughter isotopes was determined to obtain the biologi­
cal dose ra tes . Growth of successive decay products was calculated 
by means of Bateman's generalized equations for multiple radioactive 
decay (Ref, V-3)„ Calculations were based upon the assumption that no 
decay products were initially presents 

Tables A-1 , A-2 and A-3 of Appendix V-A give the decay products 
of these isotopes and their corresponding gamma radiation. Table A-1 
gives the decay of Cm-242 and Pu-238, Table A-2 the decay of Pu-241 
and Am-241, and Table A-3 the decay of Cm-244. The decay chains of 
Cm-242 and Pu-238 were terminated at Radium-226, since the daughters 
of Ra-226 have very short half lives and are considered to disintegrate 
simultaneously with Ra-226. The decay chains of Pu-241 and Am-241 
were terminated at Np-237 because of the long half life of this daughter, 
and the decay of Cm-244 was carried no further than U-236 for the 
same reason. Figures V-11 and V-12 show the growth of decay products 

per original gram of Cm-242 from 10 to 10 and 10 to 10 years, 
respectively. Figures V-13 and V-14 show the dose rates per original 
gram of the parent for corresponding decay times. Dose rates were 
calculated for only the gamma rays above 100 kilovolts since self-
absorption will remove most of the gammas below this energy. Inspec­
tion of Fig. V-14 shows that the total dose rate decreases until 375 years 
have passedo The dose rate then increases and reaches a peak at about 
200,000 years . This increase is due to the buildup of Ra-226. 

Figures V-J5, V-16 and V-17 show similar information for the de­
cay of Pu-238, 

The decay chains of Pu-241 and Cm-244 contain elenaents with half 
lives longer than any member of the Cm-242 chain. Consequently, the 
growth of decay products will be delayed for longer periods of time. 
Figures V-18, V-19 and V-20 show the decay product growth of Pu-241, 
Am-241 and Cm-244, respectively. Figure V-21 shows the dose rates 
for these isotopes and their decay products. The increase in dose rate 
of the Pu-241 chain which peaks at 70 to 80 years, is due to the growth of 
Am-241. 

With the exception of Pu-241, dose rates at the start of the lifetime 
of pure isotopes are the highest for all practical purposes. The increase 
in dose rate of Pu-241 is not significant because the gamma energies 
associated with its daughter, Am-241, are relatively low and may be 
removed by small thicknesses of a heavy element. 
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3. Shielding Analysis of Shipping Casks 

A cask for shipping irradiated Am-241 from a reactor site to The 
Martin Company was designed to hold 14 irradiated slugs. Each slug 
contains about 1.4 grams of Cm-242. From data given in Ref. 2, it 
was determined that this amount of i rradiated material will give a gamma 
dose rate of 400 roentgens per hour at four feet and a dose rate, due to 
fast neutrons, of 3000 m r e m / h r . Knowing the half value thicknesses of 
lead and water, it was possible to ascertain the various thicknesses of 
these mater ia ls required to reduce the combined neutron and gamma ray 
dose rate to 10 m r e m / h r at four feet. The resul ts are plotted in Fig. 
V-22. The data presented were based upon the amount of radiation present 
30 days after removing the slugs from the reactor and the shielding 
should be more than adequate after greater periods of t ime. 

A cask was also designed to ship unirradiated Am-241 from The 
Martin Company to the reactor s i te . Dose ra tes at one meter from the 
top and bottom were calculated and are given in Fig. V-23. 

60 m r / h r without box 
17 m r / h r with box 

Box (steel) 

Cask (Al) 

20 m r / h r without box 
6 mx/hr with box 

1 meter 
(typical) 

40 m r / h r without box 
10 m r / h r with box 

Fig. V-23. Dose Rates Around Americium Shipping Cask 
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Fig. V-22, Thickness of Water Versus Thickness of Lead to Give 10 mrem/hr at 
Four Feet 
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4. Dose Rates from Irradiated Fuel Slugs While in Storage Pool 

After the shipping container is received at The Martin Company, it 
will be placed in the Hot Laboratory storage pool and opened. There­
fore, it is desirable to know the radiation level above the pool. Figure 
V-24 shows the variation of dose rates with thickness of water. The 
dose rates shown in this figure may be greater than what will actually 
exist since the shipping time must be added to the 30-day cool-down 
period. 

5. Comparison of Isotopes 

A comparison of isotopic heat sources was made by calculating the 
curies, weight of pure isotope and the shielding required for a 10-ther­
mal watt unit. The results are shown in Table A-4 of Appendix V-A, 

It should be remembered that the shielding requirements will vary 
as the power of the unit and the distance of the dose point from the 
source changes. 

6. Thermal Analyses 

Thermal analysis of irradiated capsules. An investigation was made 
to determine the surface temperature of a 5 inches long by 1-inch di­
ameter aluminum, capsule containing irradiated americium. It was a s ­
sumed the capsule initially contained 3.571 grams of Americium-241, of 
which 43% was converted to Curium-242 after 84 days irradiation time. 

The capsTxLe surface temperatures in still air were determined for 
heat production rates of 630 and 800 Btu/hr. The Curium-242 will pro­
duce 630 Btu/hr, but residual fission products also contained in the cap­
sule may increase this figure to 800 Btu/hr. If the capsule is allowed 
to cool for 30 days, the power level of the curium drops from 630 to 555 
Btu/hr. The surface temperatures for various surface emissivities are 
plotted in Fig. V-25 and film coefficients are listed in Table V-3. For 
purposes of this analysis, only convection and radiation losses were con­
sidered. 

The theoretical capsule surface temperature was determined by find­
ing the film coefficient for radiation and convection to infinite surround­
ings at 100° F. The radiation film coefficient is: 

h =CT. ( T ^ ^ ^ T / X T ^ + T ^ ) 
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and the convection film coefficient for a cylinder (horizontal or vertical) 
in the laminar region is: 

h^^ = 0.24 f—^L_—2| Q25 (Ret. 4) 

Then, by trial and er ror computations: 

q = h^ A (T^ - T^) 

where 

a = 

€ = 

^1 = 

T, = 

d 

A = 

q 

h, = 

Stefan-Boltzmann constant 

surface emissivity 

absolute capsule surface temperature 

absolute ambient temperature 

capsule diameter 

capsule surface area 

heat production rate 

h„ + h . R cv 

The capsule surface temperature was determined for emissivities 
of 0.20, 0.35, 0.50 and 0.85. Emissivities of normally oxidized aluminum 
at greater than 1000° F are in the range of 0.20 to 0.30 and somewhat 
higher for a heavily oxidized surface. Decontamination of the capsule 
by sandblasting will roughen the surface and probably give an increase in 
emissivity. Table V-3 lists the film coefficients for several tempera­
tures and emissivities. 

Thermal analysis of shipping cask for irradiated capsules. The 
equilibrium temperatures in tEe proposed curium shipping cask have 
been determined. The shipping cask is being designed for the specific 
purpose of providing adequate shielding and heat dissipation during 
the shipment of 14 aluminum capsules containing irradiated americium, 
of which approximately 22 grams have been converted to Curium-242. 
The thermal energy of this quantity of isotope is 8800 Btu/hr. The pro­
posed cask design is a cylindrical geometry of the dimensions given in 
Fig, V-26. The surface temperature of the cask was determined from the 
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same combined radiation-convection equation employed previously for 
the capsules. It was assumed that one end of the cask was placed on an 
insulated surface and that no heat was transferred by conduction. Also, it 

2 
was assumed that the remainder of the cask surface (68.1 ft ) was losing 
heat to an environment at 100° F . A condition of uniform surface and in­
terface temperatures were presumed throughout the analysis. The tempera­
ture gradient across the water shield (11 inches thick) was determined by 
calculating a fin efficiency of the structural members which support the 
weight of the lead shield. A mathematical expression of fin efficiency for 
a straight fin of rectangular profile was employed (Ref. V-5) along with a 
circular fin correction factor (Ref. V-6). The temperature gradient 
across the shield water was found to be 5° F . Thermal analysis of the 
lead shield (8.25 inches thick) was accomplished by deriving an expres­
sion for heat flow through a cylindrical geometry of uniform thickness 
(see Appendix V-B). Calculations were based on a uniform surface 
temperature at both the inner and outer surfaces of the lead shield. Final 
results of the analysis indicated that the surface temperature of the cask 
will be 175° F for an ambient temperature of 100° F - -o r 206° F at an 
ambient temperature of 140° F . The centerline temperature may vary 
from 225 to 350° F with the internal cask geometry as shown in Appendix 
V-B. 

Tempera tu re 
(°F) 

940 

1000 

1050 

1150 

1200 

1300 

TABLE V-3 

F i lm Coefficients 

Convection 
F i lm 

Coefficient 
(Btu/hr-f t^-° 

2.41 

2.44 

2.48 

2.54 

2.57 

2.63 

Radiation F i lm Coefficient 
(Btu/hr- f t -°F) 

F) = 0.20 = 0.35 = 0.50 

1.53 

1.70 

1.85 

2.16 

2,34 

2.72 

2.67 

2.98 

3.23 

3.78 

4.10 

4,76 

3.82 

4.25 

4.60 

5.40 

5.85 

6.80 
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It is currently planned to incorporate the irradiated capsules in a 
cylindrical metal chill block for purposes of heat transfer during ship­
ment. This chill block will be 9 inches high by 9 inches in diameter; a 
suggested design is illustrated in Fig„ V-27, It is desirable to have the 
fuel capsules fit loosely in this block, so seizing will not occur as a r e ­
sult of dimensional increases from thermal expansion and/or internal 
gas pressures . However, for low temperature heat transfer, it is desir­
able to have maximum physical contact with the chill block. Consequently, 
the use of a radiation-resistant grease, powdered graphite, or a liquid 
metal may be required to facilitate heat transfer between the capsxiles 
and the chill blocks and possibly between the chill block and the lead 
shields A radiation-resistant grease which is currently available has 
been proposed for this purpose. Its use, however, is subject to compati­
bility with the storage pool water and its ability to withstand the high 
radiation levels which will be encountered. In the heat transfer analysis 
of this chill block, it was assumed that the fuel capsules were evenly 
distributed, thereby permitting a basis for calculation of uniform, heat 
generation throughout the block. The temperature gradient through a 
stainless steel chill block was then determined to be 50° F (see Appendix 
V-B).. Substituting copper for stainless steel would reduce the tempera­
ture gradient from 50 to 3° F; however, this is unnecessary since the 
centerline temperature is considerably below the melting point of the 
capsules (MP of alunainum - 1220° F) with a stainless steel chill block. 
Additional calculations and analyses were conducted on the capsule sur­
face temperature using an aluminum chill block instead of stainless steel 
in the cask. The results are reported under Subtask 6.5. 

A hazards analysis, based on the assumption of accidental loss of the 
borated water shield, shows that the conduction path (cross-sectional 

2 
area of 2 ft to support lead shield) is sufficient to limit the tempera­
ture r ise to 160° F . Thus, the average centerline temperature will r ise 
from 270 to 430° F, which is still safely below the melting point of the 
aluminum.-clad fuel capsules. 

Thermal analysis of volatilization process. The surface tempera-
tures of the fuel capsule during the^SIClo volatilization process were 

determined for the following furnace conditions: 

(1) Argon gas passing over the capsule. 

(2) Helium gas passing over the capsule. 

(3) A mixture of helium and chlorine gas passing over the cap­
sule (furnace closed), 

(4) A mixture of helium, and chlorine gas passing over the cap­
sule (furnace open). 
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In I tem 3 the heat of chemical react ion between the aluminum and chlo­
r ine r a i s e s the the rmal energy of the capsule to 1230 Btu /hr . Results for 
Cases a, b and c a r e repor ted in Table V-4. 

The furnace configuration for which the fuel capsule surface t e m p e r a ­
ture has been es t imated is shown in the following sketch. 

\ - - \ 
24 in. 

- 5 in. 
ir-*l 

\ \ V v-r-\ \ 'i \ r-TTir3:rir3:r3rxrgrT~^^ 

Alumina 
s lab 

Fuel 
capsule 

Vycor• 
tube 

Fo r simplification in analys is , the heat conducted through the alumina 
slab i s neglected and the fuel slug i s assumed to be suspended in the 
center of the Vycor tube. The mathemat ical model of the furnace in 
c r o s s section i s as shown below. 

2^ in. 9 in. 
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The furnace t empe ra tu r e s at tained by the fuel capsule during the 
aluminum volatil ization p roces s were determined for a heat production 
ra te of 615 Btu /hr from the isotope decay and 615 Btu /hr from the heat 
of chemical react ion, giving a total of 1230 Btu /hr as indicated. The 
heat of chemical react ion is considered only when chlorine gas i s p a s s ­
ing over the aluminum capsule . 

The p r i m a r y sources of heat loss which were considered were heat 
loss through the furnace wall and the heat t r ans fe r r ed to the gas by con­
vection. All other heat l o s s e s can be re la ted to these two. An i terat ive 
technique yields solutions for the four cases , 1 through 4, previously 
l is ted. Resul ts of this investigation a r e repor ted in Table V-4. 

TABLE V-4 

Fuel Slug Surface Tempera tu re 

Gas Flow 
Rates 

(f t^/hr) 

5 

10 

15 

NOTE: Th( 

(a) 
Argon Gas 

(°F) 

1515 

1495 

1485 

Furnace Closed 

(b) 
Helium Gas 

(°F) 

1255 

1210 

1145 

2 melt ing point of a luminum is 

F r o m this analys is , 
and a method of chillini 

(c) 

Helium and 
Chlorine 

(°F) 

1825 

1770 

1700 

1220° F . 

it i s obvious that an increase 
I the capsule must be provided 

in the 
once 

Furnace 
Opened 

(d) 

Helium and 
Chlorine 

(°F) 

1630 

1590 

1525 

gas flow 
the r e -

action is init iated. 

E. SUBTASK 6.5--IRRADIATION TESTING 

The objectives for Subtask 6.5 a r e a s descr ibed he re : 

(1) Develop a Statement of Work. 

(2) Establ ish c r i t e r i a and p rog ram requ i rement s . 
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(3) Conduct thermal analysis on the capsules under the anticipated 
environmental condition and different periods of time after r e ­
moval fromi the reactor. 

(4) Undertake activation analysis to determ.ine radiation hazards 
involved^ 

(5) Evaluate neutron flux depression factors of the capsules and 
establish reactor flux requirements. 

l„ Irradiation of Americium to Produce Curium 

Work has been initiated on arranging an irradiation program in the 
Materials Testing Reactor or Engineering Test Reactor at Idaho Falls, 
Idaho. Under this program, capsules containing Americium-241 (as 
AmO„) dispersed in an aluminum matrix will be irradiated in a high 

neutron flux for the purpose of producing Curium-242. The core of 
each capsule will contain 3,57 grams of Am-241 and 107 grams of alum­
inum powder. The external dimensions, including clad material, are 
1 inch in diameter by 5 inches long for a total of 164 grams, 

A program outlining the requirements of this phase has been com­
pleted. A trip is planned to the National Reactor Testing Station, 
Idaho Falls, Idaho, to secure such inform.ation as the availability of high 
neutron flux facilities, possibility of prolonged shutdown periods, 
approval of shipping container design and proposed test capsules, 
priority requirements, pre-irradiation integrity tests, etc. Certain 
data have been generated in preparation for this visit so as to facilitate 
establishment of criteria and program requirements. The following 
summarizes the analyses undertaken and the subsequent results . 

Thermal analysis. A preliminary thermal analysis was performed 
to determine temperature levels (core centerline and capsule surface 
temperatures) of the irradiated capsules under different environmental 
conditions and periods of time after removal from, the reactor. Insuf­
ficient data on specific irradiation facilities for these capsules and the 
manner of positioning precluded a rigorous thermal analysis of the 
specimens during irradiation. These data will be obtained directly 
from the National Reactor Testing Station. 

Upon completion of the irradiation period, it is planned to cool the 
capsules in a water "pool" or canal at the reactor site for a period of 
30 days. Under the static water conditions which will prevail during 
this storage period, it was postulated that temperatures may be suf­
ficiently high to cause boiling. Consequently, an analysis was performed 
which was based on a thermal output of 630 Btu/hr/capsule from the 
Cm-242 and an additional contribution of 170 Btu/hr/capsule from res i -
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due constituents such as fission products. This latter value is an esti­
mate only, based on the best information available at present; also, 
the decay rate of these fission products, and corresponding decrease in 
thermal output, has been estimated in this preliminary analysis. A 
more precise analysis will be conducted at a later date for comparison 
with the results obtained at this time. Results of this current analysis 
indicated that the maximum capsule surface temperature occurring in 
the canal immediately after removal from the reactor was 125° F, with 
the core centerline temperature being only 14° F above this value. It 
is thus evident that natural convection of the coolant is sufficient to 
prevent boiling. A resultant decrease in surface temperature of approxi­
mately 15° F will occur after storage in the canal for 30 days. It there­
fore appears that no deleterious effects will be suffered during this under­
water storage period. 

Following cool-off, the capsules will be transferred to a shielding cask 
for shipment to The Martin Company. Upon receipt of the capsules, they 
will undergo further processing. The possibility of excessive tempera­
tures during this shipment was also investigated. As indicated in Sub-
task 6.4, it is planned to mount the irradiated capsules in a chill block 
within the shielding cask to facilitate heat transfer. In this case, an 
aluminum block was used instead of stainless steel. Based on these 
environmental conditions, with good thermal contact between capsule 
and chill block surfaces, it was first assumed that the capsules would 
be transferred directly from the reactor to the shipping container so 
that the worst possible case could be analyzed. The subsequent de­
crease in surface temperature, as a result of radioactive decay, was 
then determined for a period extending to 30 days after irradiation. 
This approach was employed to ascertain the feasibility of reducing 
the cool-off period to less than 30 days. These analyses indicated that 
immediate containment of the capsules in the cask after irradiation 
would result in a maximum capsule surface temperature of 317° F, which 
would decrease to approximately 292° F after 30 days. The aluminum 
cladding in these capsules has a recrystallization temperature of 550° F 
and only after prolonged heating at 450 to 500° F will the capsule suf­
fer any significant loss of strength. Disregarding activity levels for the 
moment, it was concluded from this thermal analysis that the capsules 
could be shipped almost immediately after removal from the reactor. 
These results, however, are subject to modification, depending on verifi­
cation of the thermal characteristics of the fission products and their 
corresponding decay rate; also, the helium buildup and resultant inter­
nal pressure, which has not yet been determined, may have some in­
fluence. 
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Activation analysis. The second major factor governing duration of 
cool-off time required for the capsules is the radiation common to all 
neutron-irradiated materials . Therefore, the activity levels of the 
irradiated capsules were investigated to ascertain any handling prob­
lems at the reactor site, and to determine if shipment could be accom­
plished prior to the estimated 30-day cool-off period. Since the Inter­
state Commerce Comraission specifies the radiation levels on any shield­
ing cask to be 200 m r / h r or less on the cask surface and 10 mr /h r or 
less at one meter from the cask surface, these values were used in de­
termining the miinim^um cool-off period necessary. 

In addition to gamma radiation, neutron emission from spontaneous 
fissioning and ia, n) reactions contributes a significant portion of the 
radiation hazard associated with the capsules and is included in this 
analysis. Dose rate versus time curves were prepared for points on 
the cask surface and one meter from the surface, A time period of 0 
to 60 days after the irradiation was considered. Radiation levels in 
this case were determined by "scaling-up" data obtained from a Martin 
report, MND-P-1972 (Ref. V-2), which covers previous irradiations of 
1/4-inch diameter pencils by the Lawrence Radiation Laboratory, 
Berkeley, California, Due to the "scaling=up" process, the following 
predicted values may vary somewhat from the actual activity levels, but 
are sufficiently accurate for this preliminary analysis. Tables V-5 
and V-6 list the various activity levels obtained. 

TABLE V-5 
Activity Levels on Cask Surface 

Gamma and Neutron 
Days After Radiation 
Irradiation (mrem/hr) 

10 

15 

20 

25 

30 

650 

290 

130 

63 

33 
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TABLE V-6 

Activity Level One Meter From Cask Surface 

Gamma and Neutron 
Days After Radiation 
Irradiation (mrem/hr) 

10 

15 

20 

25 

30 

100 

43 

20 

10 

5 

The above data were based on the following cri teria: 

(1) The cask contains 14 capsules, with each capsule containing 
1.54 grams of Cm-242. 

(2) The shipping cask affords 8-1/4 inches of lead and 11 inches 
of water shielding. 

From these data, it appears that the capsules can be shipped at least 
25 days after removal from the reactor, and possibly 15 to 20 days after 
removal, depending on instrument readings of the radiation levels at the 
t ime. 

Flux depression. The one-inch diameter capsules currently planned 
for irradiation involve both higher concentrations of Americium-241 and 
larger overall naasses than the 1/4-inch diameter specimens irradiated 
by the Lawrence Radiation Laboratories (Ref, V-2). Consequently, it 
was suspected that the flux perturbation and depression caused by 
Martin's one-inch specimens would be significantly miore pronounced 
than for the l/4~inch diameter samples, A nuclear analysis was under­
taken to evaluate the extent of the flux depression (cell correction fac" 
tor) encountered when the one-inch diameter capsules are inserted in a 
reactor . This cell correction factor, coupled with the average effective 
flux required for the desired conversion, will permit determination of 
the actual flux which should exist in the irradiation facility prior to in­
sertion of the capsules. It is this flux value which must be specified 
when requesting irradiation space in the Materials Test Reactor or 
Engineering Testing Reactor. 

{ 
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F o r purposes of compar ison the 1/4-inch d iameter penci ls (Ref. V-2) 
mentioned were investigated along with the one-inch d iamete r capsu les . 
It was found that the 1/4-inch samples had a flux depress ion factor of 
approximately 0,84, while the 1-inch samples had a 0„42 factor . Since 

14 the 1/4-inch samples requ i red an unper turbed r eac to r flux of 4 x 10 nv 
to achieve the des i red conversion (43% Am-241 to Cm-242) in 84 days 
of i r radia t ion t ime (Ref. V-2), it i s evident that an unper turbed flux of 

8 X lO^'* nv (8 x 10^ nv = 4 x 10^ nv x 0.84/0.42) will be requ i red to 
obtain the same conversion in the same per iod for the one-inch d iameter 
capsuleso Employing another approach, the effective flux requi red for 

14 
43% conversion in the one-inch capsules was calculated to be 4 x 10 nv. 

14 Under these conditions, an unperturbed r e a c t o r flux of 9.5 x 10 nv will 
be necessa ry . Consequently, it appear s that a r e a c t o r flux of 8 to 9 x 

14 
10 nv i s needed. 
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TABLE A-1 

Decay P roduc t s of Cm-242 and Pu-238 

V-55 

a 

a 

a 

a 

a 

a 

a 

p-

^ 1 / 2 ' 

Pu 

^ 1 / 2 ' 

U-234 

^ 1 / 2 = 

T h - 2 3 0 

^ 1 / 2 = 

Ra -226 

^ 1 / 2 = 

Rn-222 

^ 1 / 2 = 

P o - 2 1 8 

^ 1 / 2 = 

P b - 2 1 4 

T l / 2 = 

B l -214 

162 days 

-238 

86 y r 

2 X 10^ y r 

8 X 10* y r 

1 .622X 10^ y r 

3 . S d a y s 

3 . 05 mln 

26 8 min 

T^j2 ' 20 mln 

^ 
P 

a 

a 

y P b - 2 1 0 

T i / 2 = " y -

B i - 2 1 0 

^ 1 / 2 ' * "^^y 

P o - 2 1 0 

T j ^ 2 = 138 days 

P b - 2 0 6 

Stable 

Isotope 

C m - 2 4 2 

Pu-238 

U-234 

T h - 2 3 0 

Ra-226 

Rn-Z22 

P o - 2 1 8 

Pb -214 

BI-214 

Po-214 

P b - 2 1 0 

Bl -210 

Po -210 

G a m m a Rays 1 

Ene rgy 
(mev) 

0 044 

0 100 

0 157 

0 210 

0.562 

0.605 

0 89 

1.01 

0.0438 

0.099 

0 150 

0 203 

0 760 

0.810 

0 875 

0 050 

0.118 

0.450 

0 500 

0 068 

0.110 

0 142 

0 184 

0.206 

0.236 

0.253 

0.184 

0.26 

0.42 

0.61 

0 51 

F r a c t i o n of D i s i n ­
t e g r a t i o n s in Which 
"Y-Ray is P r o d u c e d 

4 1 X lO"* 

6 X 1 0 ' * 

2.7 X 10"^ 

2 X 1 0 " ' 

1 . 8 x 1 0 - ° 

1.4 X 10"° 

0.9 X 1 0 - ' 

1 0 - ' 

3.8 X 1 0 - * 

8 X 10-* 

1 X 1 0 - * 

4 X 10-° 

5 X I f l - ' 

- 1 0 - ' 

2 X 1 0 - ' 

0.283 

0.003 

2 X 1 0 ' ' 

1 X 1 0 " ' 

0.0059 

1 X 10-

7 X 10"* 

1.4 X 1 0 ' * 

5 X 10-° 

5 X 10-° 

1.78 X lO"* 

0.012 

7 X 1 0 - * 
-6 

2 X 10 

2 X 10-° 

0.0007 

None L i s t e d 

0.241 

0 294 

0 350 

0.607 

0.766 

0.933 

1.120 

1.238 
1.379 

1.761 

2.198 

0.115 

0.258 

0.450 

0 658 

0.065 

0 067 

0.206 

0.063 
0 064 

0.258 

0.074 

None L i s t e d 

0.0465 0.04 

None L i s t e d 

0.803 1 . 8 x 1 0 " * 

N e u t r o n s / s e c / 
g m f rom 

Spontaneous 
F i s s i o n i n g 

2 .013 X l o ' 

4.4 X l o ' 

7.08 X 10"° 

9.6 X 10"* 
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TABLE A-2 

Decay Products of Pu-241 and Am-241 

Pu-241 T , , , = 13 yr 

Q 

& 

a 

a 

3 

a 

a 

a 

^1/2 = 

Pa-233 

^1/2 = 

U-233 

^1/2 '-

Th-229 

^1/2 -

Ra-225 

^1/2 = 

Ac-225 

T l /2 -

Fr-221 

T l /2 = 

At-217 

^1/2 = 

Bi-213 

2.2 X 10° yr 

27 days 

1.6 X 10* yr 

7.34x 10^ yr 

15 days 

10 days 

4. 8 mln 

O.OIB sec 

Tj^j = 47 mill 

Note: No information on abundance is given in 
"Table of Isotopes" (Rev. Mod. Phys. 30, 2, Part 2, 
April 1958) if not listed here. 

Isotope 

Pu-241 

Am-241 

Np-237 

Pa-233 

U-233 

Th-229 

Ra-225 

Ac-225 

Fr-221 

At-217 

Bi-213 

Ti-209 

Pb-209 

Gamma Rays 

Ene rgy 
(mev) 

0.145 

0.027 

0.033 
0.043 

0.056 
0.060 

0.099 
0.103 

0.029 
0.0568 

0.0869 
0.145 
0.175 
0.200 

0.016 
0.028 

0.0401 
0.057B 
0.0748 
0.086 
0.104 

0.272 
0.301 
0.313 

0.341 
0.376 

0.400 
0.417 

0.476 

0.0428 
0.0561 
0.099 

0.148 

0.200 

0.040 

0.0366 
0.0384 

0.0628 
0.0873 
0.0994 

0.150 
0.187 

0.218 

Fraction of Msln-
teg rations in Which 
'f-Ray is Produced 

2.8 X 10-° 

0.80 

0.052 
0.11 
0.016 
0.052 
0.000016 
0.019 

0.12 

0.18 
0.008 

0.001 
0.003 

(see note) 

0.80 

0,0005 

0.0001 

0.63 

0.16 

None Listed 

0.437 

0.12 
0.45 
1.56 

None Listed 

Neutrons/sec/ 
gm from 

Spontaneous 
Fissioning 
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TABLE A-3 

Decay Products of Cm-244 

Cm 
a 

a 

a 

a 

(3 

S 

a 

a 

a 

0 

-244 

^ 1 / 2 = 

Pu-240 

^ 1 / 2 = 

U-236 

^ 1 / 2 = 

Th-232 

^ 1 / 2 = 

na-228 

^ 1 / 2 = 

,Ac-228 

^ 1 / 2 = 

Th-223 

^ 1 / 2 = 

Ra-224 

T l / 2 = 

Rn-220 

T l / 2 = 

,Po-216 

^ 1 / 2 -

,Pb-212 

1'l/2 • 

Bi-212 

18 y r 

6580 yr 

2.4 X l o ' y r 

1.39 X lO^^y r 

6 . 7 y r 

6. 13 hr 

1.9 y r 

3.6 days 

51 5 sec 

0.158 sec 

11 hr 

T j . j = 60 .5 min 

Note If abundance is not given here , it is not given in "Table of Istopes" 

(Rev Mod Phys 30, 2, Par t 2, April 1958} 

Isotope 

Cm-244 

Pu-240 

U-236 

Th-232 

Ra-228 

Ac-228 

Th-228 

Ra-224 

Rn-220 

Po-216 

Pb-212 

Bl-212 

with a 

with 8 

Tl-208 

Po-212 

Gamma Rays \ 

Energy 
(mev) 

0.043 

0.100 

0 150 

0.045 

0.050 

0 059 

t Taction of Disin­
tegration In Which 
\ - R a y is Produced 

0.000021 

0.000015 

0.000013 

0 24 

0.27 1 

0.24 

None Listed 

0.0568 

0.0978 

0 179 

0.184 

0 232 

0,336 

0.410 

0 458 

0.907 

0 965 

1 035 

1.095 

1.59 

1 64 

0.084 

0.137 

0.169 

0 205 

0 212 

0 2411 

0 29 

0.41 

0.65 

0 542 

(see note) 

0,016 

0.0026 

0 0009 

0 0003 

0 0027 

0 037 

0 00008 

0.00004 

0 00009 

9 0004 

None Listed 

0 115 

0.1767 

0.239 

0.300 

0.4152 

< 

< 

/ 0 040 

0 144 

0 164 

0 288 

0 328 

0 432 

0.452 

, 0.472 

f 0.72 

0 83 

1.03 

1.34 

1.61 

1.81 

I, 2.20 

0.277 

0 510 

0.582 

0.859 

2.62 

0.03 

0.74 

0.04 

0.0001 

0 19 

0.19 

0 06 

0.05 

0.07 

0 07 

0 036 

0.090 

0.288 

0.054 

0 36 

1 None Listed 

file:///-Ray


TABLE A-4 

Comparison of Isotopes for a 10-Therm.al Watt Unit 

Isotope 

Sr-90 

Cs-137 

Ce-144 

Po-210 

Pu-238 

Cm-242 

Cm-244 

Half 
Ufe 

27. 7 y 

33 y 

285 d 

138.4 d 

86. 4 y 

163 d 

18 y 

Specific Power of 
Pure Isotope 

/ watts \ 
\ curie / 

0.006486 

0.003147 

0.007400 

0.03146 

0.0331 

0.0336 

0.0348 

/ watts \ 
V gram J 

0.921 

0.249 

24.50 

141.3 

0.579 

122.2 

2.84 

Anifliint of Pure 
Isotope for 10 
Thermal Watts 

(curies) 

1542 

3178 

1351 

318 

302 

277 

287 

(grams) 

10.86 

40.16 

0.41 

0.071 

17.3 

0.082 

3.52 

Dose rate at 
1 Meter Due to 
Gamma Radiation 

(mrem/hr) 
Per Curie 

64 

390 

89 

0.00453 

* 

* 

* 

For 10 Watts 

9.9 X 10* 

1.24 X 10^ 

1.20 X 10^ 

1.44 

* 

* 

* 

Half-Value 
Thickness 

of Lead 
(in.) 

0.45 

0.24 

0.55 

0.32 

Thickness of 
Lead to Give 
10 m r e m / h r 
at 1 mete r 

(in.) 

6 . 0 

4 . 1 

7 .5 

None required 

None required 

None required 

None required 

''•Isotopes Pu-238, Cm-242 and Cm-244 must be investigated for neutrons as well as gamma radiation. Neutrons originate from spontaneous 
fissions of parent and from {a, n) react ions if fuel form contains light e lements . Half-value thickness of water to reduce fast neutron dose 
rate i s about 2. 6 inches. 



TABLE A-4 (continued) 

o 
P u - 2 3 8 Spontaneous F i s s i o n ( n e u t / s e c / g m ) 4 . 3 9 1 x 1 0 

{a. n) R e a c t i o n s ( n e u t / s e c / g m ) 1. 748 x 10^ 

Gamma D o s e Rate ( m r / h r / g m ) 0 . 0 0 6 6 9 

Total 

T h i c k n e s s of Water Shield to Reduce D o s e Rate to 10 m r e m / h r 

7 
C m - 2 4 2 Spontaneous F i s s i o n ( n e u t / s e c / g m ) 2 . 0 1 3 x 10 

7 
(a, n) React ions ( n e u t / s e c / g m ) 3 . 3 3 x 10 

Gamma D o s e Rate ( m r / h r / g m ) 2 0 . 8 

Total 

Th icknes s of Water Shield to Reduce D o s e Rate to 10 m r e m / h r 

C m - 2 4 4 Spontaneous F i s s i o n ( n e u t / s e c / g m ) 3 . 8 7 x 10 

{a, n) R e a c t i o n s ( n e u t / s e c / g m ) 8 . 1 5 x 10 

Gamma D o s e Rate ( m r / h r / g m ) 0 . 1 3 9 

Total 

T h i c k n e s s of Water Shield to Reduce Dose Rate to 10 m r e m / h r 

D o s e Rate from 10-watt 
Unit at 1 M e t e r 

( m r e m / h r ) 
P u r e 

Metal 

0 . 0 8 6 

0 . 1 1 6 

0 . 2 0 2 

None required 

1 .88 

1 .70 

3 . 5 8 

None required 

1 5 . 4 8 

0 . 4 9 

1 5 . 9 7 

1 .7 in . 

Fuel F o r m with 
Light E l e m e n t s 

0 . 0 8 6 

3 . 4 3 8 

0 . 1 1 6 

3 . 6 4 

None required 

1 .88 

3 . 1 0 

1 .70 

6 . 6 8 

None rtequired 

1 5 . 4 8 

3 . 2 6 

0 . 4 9 

1 9 . 2 3 

2 . 5 in . 
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APPENDIX V-B—TASK 6 

A. DERIVATION OF HEAT TRANSFER EQUATIONS FOR 
SHIELDING CASK 

1. Lead Shield 

An express ion has been der ived for the heat flow through a cylin­
d r i ca l lead shield of uniform thictaaess. A uniform surface t e m p e r a ­
tu re was a s sumed at both the inner and outer su r f aces of the lead 
shield . The geomet ry Is shown below with L^ = 2r . 

^ 1 - ^ ^ 1 

The surface a r e a of a closed cyl indr ical e lement of volume at a 
dis tance x f rom the inner surface may be e x p r e s s e d a s : 

A(x) = 2ir [". 4- x) (L^ + 2x) + (r .-"] 
F o u r i e r ' s Thi rd Law may be wr i t ten in the forms 

r - r 
2 1 

I dx . k 
q A(x) I dT CD 

* f 
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By the partiad fraction method. 

C = Urn 

X -• - r . 

6 i 

1 _vv:!L_l 

^nrp-^Fp 

Cg = Mm 

x _ -
\ 3 j I 6?r (r^ + x) (r^ + x) 

1 
2w (L^ - 2 r^) 

In terms of T , the solution of Eq (1) is: 



y dx 
A(x) 

r - r 2 1 

I 
Cj dx 

x T r T 

" 2 - ^ 1 

I 
Cgdx 

R5?| 
l a [ ( 3 r 3 ~ 2 r ^ ^ L ^ ) r J 

2?r (L^ - 2 r^) 
(2) 

Equation (2) is the indeterminate form 0/0 for the particular geom­
etry L = 2 r . By applying L'Hospital's rule and differentiating the 

numerator and denominator of Eq (2) separately with respect to L. 

and considering the lim.it as L. approaches 2 r ^ we finds 

lim. 
2 r . 

7 I'" [(3r;-2.;.\)rJ) 

Substituting in Eq (1) and solving for T ^ 

^ k r^ r^ + T 2 • 

2. Chill Block 

If the fuel capsules are distributed evenly within the chill block, an 
assumption of uniformi heat generation throughout the block can be used. 
The temperature at any point in the block may then be determined by a 
spherical approximation of the cylinder, replacing the cylinder with 

http://lim.it
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a sphere of equal radius or equal surface area. For a sphere of 
equal radius with a stainless steel chill block, 

AT = S^^-^f-^ = Sr F for r - 0 6k 

and for an equal surface area, 

AT = 50" F , 

where 

S = volumetric heat production rate 

R = radius of sphere 

r = radius at any point in the sphere 

k = 12 Btu/hr- f t -F for a stainless steel. 
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