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CHAPTER |
L//ﬁUCLEARSPACEPOWERSYSTEMS

A. INTRODUCTION

The significant peaceful utilization of space will demand
large quantities of reliable and long-lived power. The first
10 years of the space age have seen an ever-increasing number
of satellites and space vehicles of growing complexity and
sophistication. All spacecraft require electrical power for
instrumentation, electronic data handling, guidance, and com-
munication. To date, the electrical power has been supplied
primarily by batteries, fuel cells, and solar cells. The power
level has been of the order of a few watts up to a few hundred
watts, The first nuclear power system in space was SNAP 3B,
a 2.7-watt radioisotope unit fueled by Pu238, which was launched
in June 1961, The first reactor power systermn 1n space was
SNAP 10A, a 500-watt unit, which was launched in April 1965.
To date, five radioisotope units with power levels up to 25 watts
and one 500-watt reactor unit have been used i1n the U. S. space

program.

In the near future large booster systems will have the capa-
bality of placing large vehicles and payloads into space. The
successful utilization of these large payloads will only be real-
1zed with the concurrent availability of lightweight, long-lived,
high power, reliable, electrical generating systems. The avail
ability of large boosters coupled with nuclear auxiliary power
sources will allow the space program to progress beyond the
current era of space exploration. The future era of space utili-
zation will reap untold benefits to all of mankind through world-
wide communications, weather forecasts, navigational aids, etc.
As nuclear power sources grow 1n power output and reliability,
the promising 1on and plasma forms of electric propulsion will
allow interplanetary exploration without the fantastic size and

cost of pure chemical systems.
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For significant electrical power loads, which are required
for missions in excess of several days, only solar and nuclear
systems can be considered. Batteries and other chemical sys-
tems are ruled out on the basis of the large weights associated
with these systems. The applicable range of various power
systems is illustrated in Figure I-1, At power levels of the
order of a few kilowatts, the various solar and nuclear radio-
isotope or reactor power systems offer their own specific ad-
vantages and disadvantages. The selection of a particular solar
or nuclear power system can only be accomplished in the con-
text of specific mission requirements, payload considerations,
reliability, costs, etc. In this evaluation, the nuclear system
offers definite advantages of ruggedness, high power per unit
area, no collector deployment, or orientation, continuous
power, minimum power storage requirements, etc. In many
cases, the added power availability of a nuclear system should
offer significant operational flexibility and improved reliability
through application of more conventional circuitry and instru-
mentation and through active redundancy. As the power require-
ments are increased to the order of tens of kilowatts, the nuclear
reactor systems have an increasingly favorable weight, size,
and cost advantage over any of the presently envisioned solar
power systems, For power levels in the hundreds of kilowatts,
and above, a nuclear reactor system is the only one which ap-
pears at all feasible. In recognition of this superiority, the
U. S. Atomic Energy Commission initiated the SNAP (Systems
for Nuclear Auxiliary Power) program for the development and

demonstration of a spectrum of units to fill future needs.

B. HISTORY

The difficulty of supplying power for the useful application
of space and the unique energy density advantage of nuclear
sources were recognized in the early 1950s. Atomics Inter-
national, a division of North American Aviation, Inc., conducted

studies on the relative merits of radioisotope and fission heat
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sources in 1953. It was immediately recognized that significant
power in space would require a reactor heat source. System
conceptual design studies identified the mutually dependent re-
actor heat source, power conversion requirements, and concept
selection criteria. By 1955, these studies resulted in the iden-
tification of a reactor and power conversion concept for the

0.5 to 10-kwe power range. The hydride reactor was chosen

on the basis of minimum reactor weight, applicable operating
temperature, and a reasonable extrapolation of reactor and
materials state of the art. A mercury rankine cycle power
conversion subsystem was selected on the basis of minimum
radiative heat rejection area requirement within the tempera-
ture constraint implied by reactor heat source development
cost and schedule. Concurrent studies by the Martin Company
evaluated radioisotope heat sources and power conversion con-
cepts and culminated in the definition of a 500-watt system,
fueled with cesium- 144 and employing a mercury rankine cycle
for power conversion., These studies formed the basis for the
establishment of the Systems for Nuclear Auxiliary Power

(SNAP) program by the Atomic Energy Commission in 1956.

In the SNAP reactor system program, specific objectives
for a 3-kwe mercury rankine system, SNAP 2, were established
in 1956 and system development was initiated. Reactor concept
verification by means of a critical assembly was achieved con-
current with the start of the space age in October 1957, Interest
in the thermoelectric direct power conversion for space systems
was initiated in 1958, The specific objectives of the SNAP 10A
500-watt system were established in December 1960, This sys-
tem progressed through the complete developmental cycle from
concept identification to flight demonstration in orbit in the

spring of 1965,

SNAP 8, a joint AEC/NASA program to develop a 35-kwe
system, based on a hydride reactor and mercury rankine cycle,
was initiated in May 1960. The development of a high-powered,

300-kwe, fast reactor potassium rankine cycle system, SNAP 50,
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was 1nitiated 1n 1962 but reduced to a reactor technology program
in 1965, Currently SNAP 8 1s the only active reactor power sys-
tem program. Reactor technology programs have been estab-
lished to provide the basis for an advanced hydride reactor, a
high temperature gas cooled reactor (710), a high temperature
liquid metal cooled reactor, and an in-core thermionic reactor.
The SNAP Reactor System programsare summarizedn TablelI-1,
and the continuing reactor technology programs are listed in
Table I-2.

In the SNAP radioisotope system program, specific objec-
tives were established i1n 1956 for SNAP 1, a 500-watt cesium-~144
powered unit employing a mercury rankine cycle for power con-
version. Subsequently, the power objective was lowered to
125 watts and the power conversion was changed to PbTe ther-
moelectrics. The SNAP 1A program was dropped in 1960 in
favor of reactor heat sources for the greater than 250-watt power

210 and PbTe was 1nitiated

range. The SNAP 3 system using Po
in 1959, and achieved the first demonstration of an integral
nuclear space power unit in 1960, Modified SNAP 3A units

fueled with Pu238 were flown in June and November of 1961,

The larger 25-watt SNAP 9A development started in 1961, and
three units were flown 1n navigation satellites in the 1963-64 time
period. In 1967, the program has progressed to the point of
having integrated two 25-watt SNAP 19 units into the Nimbus
weather satellite for subsequent flight, delivered the first 50-
watt SNAP 27 unat designed for lunar surface application, initiated
development of the 400 to 500-watt SNAP 29 unit, and mmtiated
development of a large radioisotope heat source for use with a
Brayton cycle to provide 5 to 10 kwe for manned spacecraft. The
SNAP radioisotope systems, past and present, are summarized

in Table I-3.
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TABLE I-1
SNAP REACTOR SYSTEM DEVELOPMENT PROGRAMS

SNAP 10A SNAP 2 NASA SNAP 8 SPUR SNAP 50
POWER ( kwe) 0.5 5 35 70 50 350
REACTOR POWER (kwt) 30 55 600 2500
EFFICIENCY (%) 1.6 9 8 14
REACTOR OUTLET TEMPERATURE (°F) |1000 1200 1300 ~2000
REACTOR U-ZrH)< THERMAL U—Zer THERMAL U-ZVHX THERMAL UC FAST
PRIMARY COOLANT NaK-78 NaK-78 NaK-78 LITHIUM
POWER CONVERSION Ge-Si THERMOELECTRIC [Hg RANKINE Hg RANKINE K RANKINE
BOILING TEMPERATURE (°F) - 930 1070 -
TURBINE INLET TEMPERATURE (°F) - 1150 1250 1950
CONDENSING TEMPERATURE (°F) - 600 700 1300 TO 1400
HOT JUNCTION TEMPERATURE (9F) 930 - - -
COLD JUNCTION TEMPERATURE OF)  |615 - - -
RADIATOR TEMPERATURE (°F) 615 600 580 1300 TO 1400
RADIATOR AREA (ft2) 62.5 120 1800 700
(t2 /kwe) 125 40 45 2
SYSTEM UNSHIELDED WEIGHT (Ib) 650 1200 10,000 6000 (EST)
(Ib/kwe) 1300 240 300 10 T0 20
AVAILABLE 1965 1972
DEVELOPMENT AGENCY AEC AEC AEC/NASA AEC/AF
FLIGHT TEST AGENCY AEC (AF) * * *

SYSTEM CONTRACTOR

POWER CONVERSION CONTRACTOR
REACTOR CONTRACTOR

FLIGHT TEST CONTRACTOR
STATUS

ATOMICS INTERNATIONAL
RADIO CORP OF AMERICA
ATOMICS INTERNATIONAL
LOCKHEED
COMPLETE

ATOMICS INTERNATIONAL
THOMPSON RAMO WOOLDRIDGE
ATOMICS INTERNATIONAL

CANCELLED

AEROJET GENERAL
AEROJET GENERAL
ATOMICS INTERNATIONAL

CONTINUING

PRATT AND WHITNEY
AIRESEARCH
PRATT AND WHITNEY

CANCELLED

*FLIGHT TEST PLANS CURRENTLY UNDEFINED

7-57-192-2
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TABLE I-2
CONTINUING SNAP REACTOR PROGRAMS

ELECTRICAL | APPLICABLE | REACTOR
PROGRAM POWER POWER OUTLET FUEL FUEL CLAD
REACTOR TYPE | DESIGNATION RANGE CONVERSION TEMP MATERIAL | MATERIAL COOLANT
ZIRCONIUM ;
HY DRIDE SNAP 8 50 Kwe Hg RANKINE 1300°F (UZOH_ | HASTELLOY N NaK-78
THERMAL
REACTOR PbTe TE \
IMPROVEMENT | 1-100 Kwe | SiGe TE 1300°F (UZOH, | HASTELLOY N NaK-78
ORGANIC RAN-
KINE
Hg RANKINE
BRAYTON
ADVANCED LIQUID POTASSIUM
HIGH METAL 0.3-10 Mwe | RANKINE >2000%F | UN TUNGSTEN LITHIUM
TEMPERATURE | COOLED BRAYTON
FAST
THERMIONIC | 0.3-10 Mwe | THERMIONIC 3-4000°F | OPEN TUNGSTEN SDDIoM O
gg(s)LED ~200 K BRAYTON >2000°F | W-U02 | REFRACTORY INERT
we CERMET |ALLOY GAS

710
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TABLE I-3

SNAP RADIOISOTOPE SYSTEMS

OUTPUT [DESIGN LIFE] WEIGHT FUEL
DESIGNATION APPLICATION conTracToR| SUTPY o i l1S0TOPE AND QUANTITY) REMARKS
SNAP-3A |TRANSIT 4A MARTIN |27 5 5 Pu?38, 95 grams LAUNCHED JUNE 1961 OPERAT-
NAVIGATION SATELLITE ING AT AN UNDETERMINED LOWER
POWER LEVEL
SNAP-3A |TRANSIT 4B MARTIN |2 7 5 5 Pu?38. 95 grams LAUNCHED NOV 1961 SHUTDOWN
NAVIGATION SATELLITE BY POWER SYSTEM FAILURE IN
JUNE 1962
NAVIGATION SATELLITE | MARTIN |25 5 27 Pu?38, <1 kilogram  |LAUNCHED SEPT 1963 OPERAT-
ING AT AN UNDISCLOSED LOWER
POWER LEVEL
SNAP-9A [NAVIGATION SATELLITE | MARTIN (25 5 27 Pu38, <1 Wlogram  |LAUNCHED DEC 1963. OPERAT-
ING AT AN UNDISCLOSED LOWER
POWER LEVEL
SNAP-9A |NAVIGATION SATELLITE | MARTIN |25 5 27 Pu38, <L iulogram  [LAUNCHED APR 1964. BURNED
UP ON REENTRY
SNAP-11 |{LUNAR SURFACE USE MARTIN |25 0.3 30 cm242 FUELED GENERATOR SCHEDULED
T0 BE TESTED AT OAK RIDGE
NATIONAL LABORATORY
SNAP-17A |DEVELOPMENTAL MARTIN |30 3-5 30 570 WORK NOW LIMITED TO TE MODULE
TESTING, WITH THE RESULTS TO BE
APPLIED'TO FUTURE SNAP GENER-
ATOR PROJECTS
SNAP-178 |DEVELOPMENTAL GENERAL |30 3-5 30 570
ELECTRIC
SNAP-19 |NIMBUS-B WEATHER MARTIN |30 5 30 py238 SCHEDULED FOR FLIGHT IN LATE
SATELLITE 1967
SNAP-27 |APOLLO LUNAR SURFACE | GENERAL |50 1 40 pu238 UNDER DEVELOPMENY, WITH FIRST
EXPERIMENT PKGIALSEP)| ELECTRIC FUELED UNITS TO BE DELIVERED IN
APRIL AND FLIGHT HARDWARE TO
FOLLOW IN JULY 1967
SNAP-29 |SPACE APPLICATION MARTIN 400 0.25 400 pu210 UNDER DEVELOPMENT
LRHS MANNED SPACE MISSIONS| Al 5-10 kwe| 7 ~25 Ib/kwt |  Pu238 HEAT SOURCE TO BE USED WITH
BRAYTON CYCLE POWER CON-
VERSION




C. DEVELOPMENT STATUS

a. Nuclear Heat Sources

The radiorsotope heat sources to date have been low tem-
perature, 1000 to 1200°F, single capsules coupled to the ther-
moelectric power conversion by conduction and radiation.
SNAP 19 and 27 are typical of these sources, which are con-
structed of conventional super-alloy materials. Work has been
imitiated on a larger system, SNAP 29, which requires an as-
sembly of capsules with radiative coupling to the converter, The
Large Radioisotope Heat Source (LLRHS) program 1s developing
high-temperature, 2000°F, refractory metal capsules for use
in a 25 to 50 thermal kilowatt heat source which will probably
require a liquid metal heat transfer loop to couple the heat

source to the intended Brayton cycle power conversion subsystem.

The SNAP hydride reactors used in SNAP 10A and SNAP 8
have been tested extensively. To date five reactors have
operated about 35,000 hours, including a 10,000-hour uninter-
rupted SNAP 10A ground test and a SNAP 10A test in space. The
SNAP 8 reactor has operated for 1 year at 1300°F 1in the range
of 400 to 600 kwt and produced the integral energy requirement
of the SNAP 8 system. No reactor test has been terminated by
a malfunction. A second generation SNAP 8 reactor 1s scheduled

to begin operation in the spring of 1968.

The advanced reactor technology programs, 710, the liquid
cooled reactor, and the thermionic reactor, have not progressed
to the point of integral reactor tests. These programs are con-
centrating on high temperature fuel and structural materials

selection and evaluation,

b. Power Conversion

Lead telluride thermoelectric conversion has been used
exclusively in the radioisotope systems to date, Typically the
PbTe 1s operated below about 1100°F hot junction temperature

and achieves about 5% efficiency. In the low power radioisotope
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systems, radiator area 1s purposefully increased to obtain im-

proved efficiency and fuel savings.

The SNAP 10A system employed silicon-germanium alloy
materials for thermoelectric direct power conversion. The
lower figure of merit, sz,’pk of the S1-Ge alloys, was accepted
1in order to achieve better fabricability and higher temperature
capability than the more familiar Pb-Te. The SNAP 10A con-
verter operated at a peak temperature of 1000°F wath an effi-
ciency of about 1.5% and produced 9 watts/sq ft of radiator. The
SNAP 10A-type direct radiating S1Ge converter has been up-
rated to 1300°F operation and tested to an equivalent 5-year
life. The efficiency 1s improved to 3 to 4%, depending upon

radiator area, and the power density 1s 15 to 20 watts/ftz.

Compact thermoelectric converters which operate between
a liquid metal hot and cold loop are under development for use

with either radioisotope or reactor heat sources.

The Hg Rankine cycle turbomachinery development for
SNAP 2 has overcome the structural and thermal distortion
problems that were lIimiting the rehiability of the Hg lubricated
bearings. Recent rotating machinery endurance accomplish-
ments on SNAP 2 (30,000 machine-hr) have demonstrated the
complete engineering feasibility of a hermetic machine with
working fluid lubrication. The SNAP 2 rotating machine oper-
ates at a turbine 1nlet temperature of 1150°F and achieves an
overall machine effictency of 40% of the 1deal cycle efficiency

which results 1n about 40 watts/sq ft of radiator area.

In a 1962 redirection of the SNAP 8 program, the advantages
of the SNAP 2 concept were abandoned. The NASA feels that the
redirection to utilize rotating shaft seals and organic lubricants
will allow a separation of development variables and will provide
a closer relationship to existing technology for the SNAP 8 rotat-
ing machinery. In comparison to SNAP 2, which employed direct
condensation of the Hg 1n a combination condenser-radiator,

SNAP 8 now includes a compact condenser with a liquid metal
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heat transfer loop coupling the condenser to the radiator. In

addition, SNAP 8 includes an organic bearing lubricant, coolant,
and radiator loop. The SNAP 8 turbomachinery development will
reveal the practicability of attempting to apply conventional con-

version machinery technology to space power,

Development of a Brayton cycle power conversion system in
the 5 to 10 kwe region has been initiated by NASA. Themachinery
1s intended for use with the LRHS to provide power for extended
manned space missions. The engineering feasibility of the requa-
site high efficiency turbine and compressor and of the gas bear-
ings have been demonstrated at the component level, Integral

machine testing 1s programmed.

Small organic rankine cycle machines have been tested and
show promise for use with 1sotope heat sources. The organic
cycle 1s not as efficient as the Brayton cycle but 1t does not re-
quire a high temperature heat source and 1t offers a backup to

the potentially difficult Brayton cycle gas bearing requirement.

Work 1s continuing on components for an advanced potassium
rankine system, including the turbine, bearings, and boiler. A

complete turbogenerator remains to be designed.

There 1s growing interest in thermionic conversion which
requires power at a source temperature of about 3500°F. Con-
siderable test data has been accumulated on diodes out-of-pile
and in-pile, including series connected arrays. About 80,000 hours
of diode testing have been achieved to date. The fuel, cathode
material, and the required insulators all constitute formaidable
materials development problems to satisfy the required temper-
ature and radiation environmental conditions. The detailed
method of integrating a reliable converter into a reactor core

remains to be developed.
c. System

The 1sotope systems to date have all been small integral

units of minimal complexity and only minor spacecraft integration
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problems. As the 1sotope systems grow larger, SNAP 29 and
LRHS, the added complexity of liquid metal heat transfer loops
and extended radiator surfaces will impose more critical system

design and vehicle integration requirements and constraints,

The solution of the detailed system design and vehicle inte-
gration for the 500-watt, 1000-1b, SNAP 10A reactor system and
the necessary ground qualification, factory-to-flight sequence,
and space testing have been demonstrated. The SNAP 10A pro-
gram which successfully completed the entire cycle from defini-
tion to flight provides ample confidence that reactor thermo-
electric systems can meet the requirements of a space power
supply.

The SNAP 2 system development proceeded through elec-
trically heated mockup system testing, system structural tests,
and a successful series of automatic startup tests in a configu-
ration designed to approximate zero gravity conditions on the
ground. The SNAP 2 experience demonstrated that the boiling
and condensing two-phase flow conditions inherent in a rankine
cycle can be solved by straightforward engineering and ground

testing.

The SNAP 8 program 1s still proceeding with independent
reactor and power conversion subsystems testing. The integra-
tion and ground testing of a complete system 1s in the planning

stage.

System development efforts do not now exist for a large

potassium rankine or a thermionic system.
d. Flight Tests

A total of four small radioisotope generators at power levels
up to 25 watts have been successfully flown. Two SNAP 19A
generators are scheduled for flight in late 1967 and SNAP 27 1s
scheduled to accompany the Apollo lunar landing. No specific
flight test plans have been established for the next generation

of larger radioisotope systems,
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SNAP 10A was operated successfully in space 1n the spring
of 1965 and demonstrated the first reactor power unit 1n space.
The space test was prematurely terminated after 43 days by a
spacecraft electrical malfunction not associated with the
SNAP 10A unit. At this time no flight test plans exist for

SNAP 8 or any of the advanced reactor power system concepts.

D. OPERATIONAL FACTORS
a. Shielding

The shield weight 1s a stronger function of the mission and
allowable integration configuration than it 1s of the power unit.
In the case of payloads comprised of semiconductor devices,
dose levels below 1011 nvt and 106 r probably require very
minor restrictions on component selection. Payload hardening
for 1012 nvt and 107 r can be readily accommodated 1f properly
considered from the outset of payload design. These levels
require shields with reactor systems and no shield for alpha-
emitting radioisotope sources. However, the scientific mis-
sions of interest to small radioisotope systems often 1mpose
severe radiation restrictions to avoid interference with space-

craft sensors,

The unmanned application shield weight for simple conical
shadow shield geometry can be in the region of 200 to 500 1b for
SNAP 10A, 2, and 8. In the case of manner applications, the
reactor shield weight varies from 3000 to 7000 lb for a simple
conical shadow shield configuration of a small (10 ft diameter)
space station to 15,000 to 20,000 1b for a large (150 ft diameter)
toroidal station. The low shielding requirement of alpha-
emitting radioisotopes poses only a minor penalty in manned
systems. In fact, 1t permits the flexible integration of kilowatt
size systems 1nto existing space hardware which 1s a major

advantage.
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b. Rehability

The high-energy density advantage of nuclear heat source
directly implies that long life 1s a necessary requirement to
achieve the full advantage of nuclear power systems, The only
unique, self-imposed, environment that could influence reliability
1s radiation. The more important influences of high temperature,
corrosion, creep, high vacuum, micrometeors, etc., are shared
by other approaches to high performance space power. The major
problem becomes apparent when one considers the unreasonable
time and cost associated with a statistical demonstration of re-
liability or with the corollary identification of failure modes with
confidence. This basic dilemma 1s shared by many other aspects
of the space program. The ultimate solution must rely upon
simplicity, basic phenomenological understanding, and sound
engineering. Basic system development must progress to a
level which allows a valid judgment of inherent reliability and

considerable experience will have to come from interim usage.

The uninterruptible energy output of a radioisotope power
supply would seem to offer some reliability advantage over re-
actor systems which require controls for startup and operation.
However, the ever-present heat 1n a radioisotope source poses
some disadvantage during system assembly, launch operations,
and accident conditions. As radioisotope systems grow into the
hundreds to thousands of watts region, the added requirements
for pad cooling, power flattening, heat transfer loops, etc.,
make 1t difficult to ascribe any net reliability advantage to a

radioisotope heat source,
c. Cost

The SNAP 10A and 8 programs have progressed to the point
where reasonably accurate cost estimates can be made. The
basic cost of a SNAP 10A unit 1s estimated at about 1 million
dollars and the SNAP 8 unit should cost between 3 to 5 million

dollars.
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Short-lived radioisotope units fueled with PoZIO at under

$100 per thermal watt will cost about $1000 to $2000 per elec-
trical watt. Long-lived Pu238 fueled system cost 1s dominated
by the fuel cost which 1s estimated at $500 to $1000 per thermal
watt for a system cost of about $5 to 10 million per electrical
kilowatt. Recovery and reuse of the Pu238, which seems quite

reasonable for manned applications, can significantly reduce the

effective cost.
d. Safety

The SNAP program 1s demonstrating that nuclear safety
need not impede the use of nuclear power i1n space. The AEC
has established an Aerospace Safety Program for the specific
purpose of developing the technology necessary to minimize any
nuclear safety problems. The SNAP systems have been designed
to meet operational factory-to-flight sequence requirements., In
general, the nuclear powered SNAP unit can be transported,

stored, 1nstalled, checked-out, etc., without nuclear hazard

b

or personnel exposure,

The use of a reactor powered unit need not perturb the
normal launch operations. During launch, thenormal chemaical
exclusion radius 1s adequate to protect launch personnel from
any unlikely nuclear hazard introduced by a vehicle malfunction
or abort. During the entire prelaunch and launch sequence a
reactor 1s basically inert and contains a negligible inventory of
radioactivity, After startup and operation in orbit, the system
can be shut down and the accumulated radiocactivity will decay to

a safe level during the remaining time 1n orbit prior to reentry.

The early small radioisotope systems were designed for
reentry burnup and dispersal in the upper atmosphere. As sys-
tems become larger, 1t 1s desirable to return the 1sotope cap-
sules i1ntact to the earth from low short-lived orbital applica-
tions or from launch aborts. In this manner, the use of radio-
1sotopes will not be impeded by a buildup in atmospheric con-

tamination. This approach 1s possible with alpha-ematting
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1sotopes since the external radiation from a contained source 1s
a hazard only through extended intimate contact. Designs for
intact reentry include ablative coatings and reentry bodies.
After design for reentry survival, the conditions imposed by

mishandling or by a launch pad abort are not limiting.

E. FUTURE DIRECTION

The key to improved performance (watts/1lb or watts/ftz) of
all space power systems, including the SNAP units, 1s heat
source temperature. In general, the performance advance-
ments will be paced by the availability of the materials tech-

nology required by a given operating temperature.

In the reactor, temperature and fuel material selection will
determine the useful power output of the reactor before failure
due to fission product induced fuel swelling. The future high
temperature reactors look toward UC, (U-Zr)C, and UN for the
fuel and refractory metals and alloys for the cladding. In order
to achieve minimum size, these reactors will operate with a fast
neutron spectrum. In general, reactor size and weight and the
resultant shield weight will increase with 1ncreasing operating

temperature,

In the radioisotope heat sources the Large Radioisotope Heat
Source ( LRHS) program 1s pointing toward a 2000°F heat source
with 5-year life. Refractory alloys and noble metal oxidation
barriers are required. The LRHS objectives are quite com-
patible with a Brayton cycle power conversion system which 1s
especially advantageous because of the potential of 20% efficiency.
Since the 1sotope systems will be limited to about 10 kwe by cost
and availability of long-lived alpha ematters, the required radi-
ator area does not present a sufficient problem to warrant higher
temperature operation. In the remainder of the system, tem-
perature and material selection will Itmit life due to corrosion,
creep, sublimation, etc. It1s clear that temperature 1s the key
to improved performance; however, it may be detrimental to

system life and reliability,

34



It should be remembered that the prime i1ncentive for a high
temperature heat source, reactor or 1sotope, 15 to reduce radi-
ator area which 1s the major weight constituent 1n a high power
system. In general, the heat source itself will weigh more as
operating temperatures increase. In the case of large manned
systems wherein the shield can be about 50% of the system weight,
the performance improvement to be achieved through higher
temperature and thus lower radiator area 1s more difficult to

justafy than 1t 1s for unmanned systems.

The performance of thermoelectric systems improves
rapidly with source temperature. The Wad:ts/ft2 of radiator
area are proportional to the fifth power of the source tem-
perature. PbTe 1s limited to about 1200°F, however, S1Ge 1s
capable of operation at temperatures up to about 1800°F. The
low efficiency disadvantage of thermoelectric systems will
probably be offset by the inherent reliabality of static power

conversion up to the tens of kilowatts power level.

The performance of the Hg rankine cycles 1s limited by the
practical working pressure limit and the thermodynamic prop-
erties of Hg. The major improvement in rankine cycles occurs
with the change 1n working fluid which unfortunately involves a
discrete temperature step of about 600 to 800°F to the SNAP 50
conditions, In the future, Hg systems will probably be used
beyond their region of optimum size because of the more imme-
diate availability of the lower temperature technology. Thus,
large Hg rankine systems or multiple smaller systems may

well be used 1n the hundred kilowatt power range.

The discrete temperature applicability of rankine cycles
introduces a significant aspect of the Brayton cycle. The cycle
requires a larger radiator area at a given heat source tem-
perature limait, but the cycle and the machinery are probably
more versatile in accepting the increased heat source tempera-
ture capability that time and technological improvements will

vield. The potential of a more continuous performance growth
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could have a significant influence on long-term reliability

achievement.

A promasing system of the future that offers potentially high
performance, 10 lb/kw, 1s the reactor thermionic system. Even
though this concept 1s being studied, no system development
program has been established. The prime approach places the
diodes directly in the core as an integral subassembly of the fuel
element. The nuclear material operates at the cathode tempera-
ture of the space charge neutralized diode of about 3000°F, while
the remaining reactor structure, control, coolant, pumps, etc.,
operate at the anode temperature of about 1500°F,. There have
been many independent and government sponsored research ef-
forts in the field of thermionic conversion., The basic phenome-
non 1s reasonably well understood as evidenced by demonstrated
conversion efficiency and power density accomplishments. The
problems of materials selection for the environment and for use-
ful diode life are less well understood. The technology neces-
sary for the selection of a reactor fuel material with appropriate
physical properties and high energy output capability 1s currently
far from the status required to support serious system design

and development.

A performance summary of current and future reactor space

power systems 1s shown in Figure I-2.

F. COMPETITIVE POSITION

A partial appreciation of the comparison between nuclear
power plants and the alternate energy sources can be derived
from the following figures. The selection of a power system 1s
greatly dependent upon the mission requirements and constraints,
These considerations must include an overall assessment of
weight, area, drag, cost, reliability, vehicle integration, mis-
sion interaction, state of the art, etc. The following compari-
sons, therefore, cannot provide a complete assessment of the

competitive position of nuclear power but can orient the reader
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with respect to relative or comparative performance on indi-

vidual factors.

Radioisotope systems in the kilowatt power range are of
major interest for extending the lifetime of manned orbital
missions. If one compares the radioisotope system perform-
ance of 1 to 2 watts/lb with the best possible fuel cell perform-
ance of about 1000 watts-hr/1lb, 1t 1s apparent that the radio-
1sotope system will have a weight advantage beyond 500 to
1000 hours. Figure I-3 compares the weight of the current
nuclear power plants with the approximate weight of solar cell
systems as a function of power. Reactor systems, shielded for
manned applications, can compete with solar systems in low-
earth orbit where there 1s a significant dark time and energy
storage requirement as well as a propellant requirement for
drag compensation. Reactor systems are also advantageous on
the lunar surface because of the extended lunar night. Since
weight alone 1s not the complete picture, Figure I-4 compares
the required solar cell area with the nuclear power plant
radiator area requirements, It should be remembered that
the nuclear power plant requires no continuous orientation and
no energy storage to cover operation while in the earth's shadow.
The area comparison further favors nuclear power when one
considers far planet operations where the solar intensity 1is
significantly lower. From a dollar-cost point of view, SNAP 10A
will cost about 1 million dollars which 1s competitive with an
equivalent solar cell system. At high power levels, the reactor

systems will have a significant cost advantage (see Figure I-5),

The high cost of long-lived alpha emitters tends to restrict
the use of radioisotope systems to low power applications, high
cost and high priority scientific missions for which solar cells
are mappropriate, and long duration manned orbital missions
wherein the 1sotope cost can be effectively reduced through the

return and reuse of the 1sotope inventory.

39



ov

10,000 T

2
UNORIENTED 2.5W/Ift ORIENTED 5W/ft2

K RANKINE

SOLAR CELLS
—~—Z

NASA-SNAP 8

[
SNAP Hg RANKINE

40 W/R?

1000

AREA (t2)

[ ]
100 ——"——SNAP 2
{(1200°F)

SNAP THERMOELECTRIC

ey}

THERMIONIC

SNAP 10A

(1000°F)
10
100 1000 10,000 100,000
AVERAGE IN NEAR EARTH ORBIT (watts)
7-57-192-6
Figure I-4, Area Requirements for Solar Cell Arrays and

Nuclear Systems as a Function of Power



184

100 l
Pu238 ISOTOPE
SOLAR CELLS
1/2-1 million/Kw
10
S
=)
—
x
o4
'_
wn
=)
O
1
0.1
100 1000 10,000 100,000

AVERAGE IN NEAR EARTH ORBIT (watts)
7-S7-192-7

Figure [-5. Cost Comparison Between Nuclear and Solar Cell Systems
as a Function of Power



LUNAR BASE — 1980

MARS EXPLORATION— 2000 MANNED SPACE STATION—I975

Figure I-6. Nuclear Space Applications




G. APPLICATIONS

As the utilization of space increases and as man's explora-
tion extends beyond our own planet to the outer regions of our
solar system, reactor power systems will assume a role of
major importance. Experience on earth has clearly shown that
technological advancement always requires more power. Even
when the power demand per function 1s reduced, the number of
functions increases more rapidly with the end result of an ever
increasing total power requirement. This same experience will
be even more valid in space because of the hostile nature of the
environment, Thus, to a large extent, the availability of large
amounts of reliable and long lived power will control our space
aspirations. Some of these long range objectives are 1llustrated
1n Figure I-6. Future communications satellites broadcasting
several channels of television directly to the individual home
from a synchronous orbit will require power levels up to about
100 kwe with 3 to 5 years lifetime. A large 20 to 40 man orbital
space station will provide a base for earth oriented services
Iike communications, navigational aids, meteorological obser-
vations, etc., and for space research. The power demand of
such a station can readily exceed 100 kwe. A probable future
objective will be the establishment of a semipermanent base on
the moon. Studies of the requirements and problems of such a
base are already underway and revealing power needs of 100 to
1000 kwe. Beyond the moon, the exploration of Mars will prob-
ably be accomplished before the end of this century. The power
system will have to use a nuclear source and lifetime and reli-
ability will be an extremely demanding requirement. Missions
beyond Mars will use electric propulsion which 1s only feasible
with high temperature and long lived nuclear power supplies.

In conclusion, the "space age' will rely heavily on the future

application of products of the "atomic age."
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CHAPTER Il
\ REACTOR SPACE POWER SYSTEMS
I. THE REACTOR HEAT SOURCE

A. NUCLEAR FISSION

a. Fission Process

From the point of view of the utilization of nuclear energy,
the importance of fission lies in two facts. Fairst, the process
1s assoclated with the release of considerable amounts of energy,
and second, the reaction initiated by neutrons 1s also accom-
panied by the liberation of neutrons. It 1s thus possible, under
proper conditions, for the process to be self-sustaining and for
energy to be generated continuously, once the fission reaction

has been started,

In the fission process the nucleus absorbs a neutron and the
resulting compound nucleus 1s so unstable that 1t immediately
breaks up into two parts of more or less equal mass, called
fission fragments, Most of the fragments are radiocactive, de-
caying at different rates, withthe emission of negative beta par-
ticles and gamma radiation, to form products which are them-
selves usually radioactive. In the fission of U235, for example,
there are formed more than 80 primary products, with mass
numbers ranging from 72 to 160. Each of these undergoes, on
the average, three stages of radioactive decay before being con-
verted into a stable nucleus. As a result, there are over 200

radioactive 1sotopes of 30 or more different elements present

among the fission products after a short time.

Nuclear fission as a result of neutron capture occurs only

with the heaviest elements, Whereas certain 1sotopes, notably
U233 235 239
)

U , and Pu
neutrons as well as with fast (high-energy) neutrons, others,

such as Th232 and U238 require fast neutrons to cause fission.

undergo fission with thermal (low-energy)

In general, the cross section (neutron capture probability) 1s
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largest for thermal neutrons, 1t then decreases with increasing

neutron energy, according to (velocity) ~, and becomes rela-

tively small for fast neutrons.

b. Release of Neutrons

Most of the nuclear fragments formed when fission occurs
have too many neutrons for stability, and so there 1s a tendency
for some of them to expel neutrons almost instantaneously.
These are the neutrons which appear to accompany the fission
process. The average number, y, of neutrons liberated for each
thermal neutron absorbed 1n a fission reaction by U235, U233,
and Puz39 1s given in Table II-1. It will be noted that the aver-
age numbers of neutrons liberated are not integers. Although
the number of neutrons expelled in any individual act of fission
must be integral, the average over a large number of fissions
1s not necessarily a whole number,. 2A typical distribution of the

35

number of neutrons per fission of U 1s shown in Figure II-1.

The neutrons emaitted as a result of the fission process can
be divided into two categories, namely prompt neutrons and de-
layed neutrons. The prompt neutrons, which constitute over
99% of the fission neutrons, are released within an extremely
short interval of time, probably about 10_14 sec (or less), of
the instant of fission. The energy of these neutrons covers a

considerable range, from over 10 Mev down to quite small

TABLE II-1

AVERAGE NUMBER OF NEUTRONS LIBERATED PER
THERMAL NEUTRON ABSORBED IN FISSION

Number of Neutrons

(v)

Fissionable Nucleus

y?33 2.41 £ 0.03
u?3s 2.51 + 0.03
pu?3? 2.91 £ 0,04
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Figure II-1. Neutron Yield from the Fissioning
of U235, (Even though the number of
neutrons from any one fission event

is an integer, the average over a
large number is not. )

values; the average energy of the prompt neutrons is about

235 .. . .
fission neutrons is

2 Mev. The energy distribution for U
shown in Figure 1I-2., The energy of the prompt fission neutrons
is an insignificant fraction of the total fission energy. However,
the neutron energy is very significant to the subsequent fission
that a neutron can induce. In a 'fast" reactor the prompt neu-
trons are utilized near their energy of origin. In the 'thermal
reactor' the neutrons must be slowed down from millions of
electron volts to energies less than 1/10 of an electron volt
before they can enter into a subsequent fission event. It will

be seen later that this neutron slowing-down process has a
strong influence on the size and composition of a thermal

reactor.

The delayed neutrons, as their name implies, are emitted
over a period of a few seconds to minutes, the intensity falling
off rapidly with time. The delayed neutrons accompanying fis-
sion fall into unique groups according to characteristic delay

times. The rate of decay of the intensity in each delayed-neutron
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Figure II-2, Energy Distribution of Prompt
Fission Neutrons

group 1s exponential, as 1t 1s for radioactive decay. Because
the delayed neutrons are a result of nuclear decay of fission
fragments, they fall into the same groups for different fis-
sioning nuclei. The six generally accepted delayed neutron
groups have half laives of 54, 22, 5.6, 2.12, 0.45, and 0,15 sec.
In a time period equal to one half-life, one-half of the neutrons
remaining at the start of that period are emitted. The fraction
of delayed neutrons 1s a function of the fissioning nucleus and

15 0.3, 0.75, and 0.23% for U2>2, U%>>, and pu?3?

, respec-
tively. The energy of the delayed neutrons falls in the region
of 0.25 to 0.6 Mev. Figure II-3 shows the fraction of fission
neutrons remaining to be emitted as a function of time for U235.
The delayed neutrons have an important bearing on the time-
dependent behavior of nuclear reactors. Were 1t not for these
neutrons, the safe control of nuclear reactors would be much

more difficult than 1t 1s.
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Figure II-3. Time Dependence of Neutron Emission from
Fissioning of U235, (The fact that 3/4 of 1% of the
U235 fission neutrons are delayed by a
significant time greatly simplifies
reactor control.)

c. Fission Energy

The fission process is remarkable for the magnitude of the
energy released; it is about 200 Mev for each nucleus undergoing
fission, which may be compared with a few electron volts for
each atom reacting in chemical processes, such as the com-
bustion of coal or oil, or up to 20 Mev for nonfission nuclear
reactions. The large energy release in fission is associated
with the fact that the products of the reaction have an appreci-
ably smaller total mass than that of the nucleus undergoing fis-
sion plus the neutron causing fission. Because of the equivalence
of mass and energy, the considerable decrease in mass in the
fission reaction must be accompanied by the liberation of a

large amount of energy.
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The relationship between energy E and the equivalent mass

m 1s given by the Einstein equation

where ¢ 1s the velocity of Iight. If m 1s in grams, and c in
cm/sec, 1.e., 3x 1010 cm/sec, then E will be in ergs. For
the present purpose i1t 1s more useful to express m 1in atomic
mass units, the equation then becomes
— -3
E(ergs) = m(amu) x 1.49 x 10 .
1 Mev = 1.60 x 10"6 erg, and so the energy equivalent 1s ex-

pressed in Mev by
E(Mev) = m{amu) x 931

The magnitude of the energy released 1n nuclear fission
will be estimated for the fission of U235, making the simplifying
assumption that the products are nucle1 with mass number 95
and 139, since these are known to be obtained 1n greatest amount,
In order to balance the mass numbers, 1t 1s evident that two
fission neutrons are lhiberated in this case, as may be seen
from the following equation

235 1 95

U 4 nl—x 139 !

+ Y + 2n

>

The neutron on the left 1s the one which initiates fission, and the
two on the right are formed as a result of fission.

The mass of the U235

atom 1s known to be 235,124 amu,
whereas that of the neutron 1s 1.00897 amu, which may be ap-
proximated to 1,009 for the present purpose. By comparison
with known stable species, the masses of the two fission prod-
ucts postulated above will be 94.945 and 138.955 amu, respec-
tively. Hence the following balance sheet of the masses before

and after fission may be drawn up.
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Masses Before Fission Masses After Fission
235

U 235,124 Mass number-95 94.945
1 neutron 1.009 Mass number-139 138.955
Total 236.133 2 neutrons 2.018

Total 235.918
Mass converted into energy = 236,133 - 235,918 = 0,215 amu.

As seen above, 1 amu 1s equivalent to 931 Mev, and so the energy

released per fission 1s given by
Energy released per fission = (0,215)(931) = 198 Mev.

Although this calculation was made for one particular mode
of fission, 1t may be regarded as quite typical, While there
are slight variations from one mode to another, it appears, on
the whole, that an estimate of about 200 Mev of energy released
per U235 nucleus undergoing fission 1s satisfactory. The same

value may also be taken as applying to the fission of U233 and

Pu239-

d. Energy Distribution

The major proportion — over 80% — of the energy of fission
appears as kinetic energy of the fission fragments, and thas
immediately manifests 1tself as heat within less than 0.01 mm
of the point of fission. Part of the remaining 20% or so 1s
Iiberated in the form of instantaneous gamma rays and as kinetic
energy of the fission neutrons. The rest 1s released gradually
as energy carried by the beta particles and gamma rays emaitted
by the radioactive fission products as they decay over a period

of time.

The approximate distribution of the fission energy, which
may be regarded as applying to all three of the important fis-
sionable species, 1s given in Table 1I-2. Of the heat liberated
instantaneously, about 90%, 1.e., 168 Mev, will be produced

at (or near) the point of fission, and only 17 Mev elsewhere.
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TABLE II-2
LIBERATION OF HEAT DUE TO FISSION

Instantaneous Mev
Energy of fission fragments 168
Energy of fission neutrons 5
Instantaneous gamma rays 5
Capture gamma rays 7

185

Delayed

Beta particles from fission products 7
Gamma rays from fission products 6
2

Radiation from capture products

But of the delayed heat, the two amounts are approximately
equal, i.e., about 7 Mev at the place where fission occurs

and 8 Mev at a distance.

e. Energy Equivalents

In order to convert the fission energy into practical units,
it should be recalled that 1 Mev is equal to 1.60 x 1013 watt-sec,
Hence the total energy (200 Mev) available per fission is about
-11
3.2x 10

release 1 watt-sec of energy. In other words, fissions at the

watt-sec, so that it requires 3.1 x 1010 fissions to

rate of 3.1 x 1010 per sec produce 1 watt of power, provided

the reactor has been operating for some time.

One gram atom of an element, i,e,, the atomic weight
expressed in grams, of any element, contains Avogardo number
23); if all of these undergo fission,
the energyl3liberated would be (6.02 x 1023) times (3.2 x 10_11)

=1.9x%x 1077 watt-sec, or 5.3 x 10~ kwh., This is the amount of

of individual nuclei (6.02 x 10

heat that would be released by the complete fission of 233 grams

233 235 239

of U , or 235 grams of U , or 239 grams of Pu . Neg-

lecting the relatively small differences between these weights,
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the results 1in Table II-3 may be regarded as applying to the heat
produced by the fission of 1 1b of any of these materials. One
pound of uranium 1s a cube which 1s 1.1 1n, on a side. A useful
fact to remember 1s that the power production corresponding to
the fission of 1 gram of material per day would be roughly 10

watts or 1 Mw.

TABLE II-3

HEAT LIBERATED BY 1 1b OF
FISSIONABLE MATERIAL

0.9 x 10'3 cal

1.0 x 107 kwh

2.8 x 1013 ft-1b

3.6 x 1010 Btu

B. THE CHAIN-REACTION

a. Conditions for Self-Sustaining

If a chain reaction 1s to be maintained, the minimum cond1-
tion 1s that for each nucleus capturing a neutron and undergoing
fission there shall be produced, on the average, at least one
neutron which causes the fission of another nucleus. This condi-
tion can conveniently be expressed in terms of a multiplication
factor or reproduction factor, defined as the ratio of the number
of neutrons of any one generation to the number of corresponding
neutrons of the immediately preceding generation. If the multi-
plication factor, represented by k, 1s exactly equal to or slightly
greater than unity, a chain reaction will be possible. But if k 1s
less than unity, even by a very small amount, the chain cannot

be maintained.

Suppose, for example, a particular generation starts with
100 neutrons, if the multiplication factor 1s unity, there will be
100 corresponding neutrons at the beginning of the second gener-

ation, 100 at the third, and so on. Once 1t has started, the
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fission will continue at the same rate. For practical purposes,
however, 1t 1s necessary that k be capable of exceeding unity,
1f power production 1s to be appreciable. The simplest way i1n
which a required power level can be attained 1s for the multipli-
cation factor to exceed unity, the number of neutrons present
and, hence, the fission rate will then increase until the desired

rate 1s reached,

b. Neutron Balance

The magnitude of the multiplication factor in any system
containing fissionable material depends on the relative extents
to which the neutrons take part in four main processes. These
are (1) complete loss or escape of neutrons from the system,
generally referred to as leakage, (2) nonfission capture by the
fuel, (3) nonfission capture, sometimes called parasitic capture,
by the various extraneous substances (''poisons'') such as struc-
tural materials, coolant, fission products, and impurities in the
uramum, and finally (4) fission capture of slow or of fast neu-

trons by the fuel.

In each of these four processes neutrons are removed from
the system, but in the fourth process, 1.e., i1n the fission reac-
tion, other neutrons are generated to replace them. Hence, 1if
the number of neutrons produced in the latter process 1s just
equal to (or exceeds) the total number lost by escape and by
fission and nonfission capture, the multiplication factor will

equal (or exceed)unityanda chain reaction should be possible.

An 1llustration of the type of neutron balance that might
exist 1n a system for which the multiplication factor 1s exactly
unity 1s depicted below. It 1s assumed that fission results only
from the capture of slow neutrons, and 1t 1s supposed, for
simplicity, that exactly two neutrons are produced, on the

average, in each fission process.
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100 slow neutrons absorbed by U235 to cause fission

|

200 fission neutrons

1—— 60 leak out during slowing down

140 neutrons slowed down

j—— 10 leak out as slow neutrons

130 slow neutrons available for absorption

l—— 30 absorbed by moderator, structure, poisons, etc.

235

100 slow neutrons (absorbed by U to cause fission)

Since 100 slow neutrons are absorbed in fission processes
at the beginning, and 100 are available for similar absorption
at the end of the generation, the conditions for a self-sustaining

chain are satisfied.

c. Multiplication Factor for Thermal Reactors

For the present, in order to avoid the problem of the loss
of neutrons by leakage, it will be postulated that the multiplying
system 1s infinite 1n extent. Suppose that, at a given instant
representing the initiation of a generation, there are available
n thermal neutrons which are captured in fuel. Let m be the
average number of fast fission neutrons emitted as a result of
the capture of one thermal neutron in fuel material. Then, due
to the absorption of the n thermal neutrons nn fast neutrons
will be produced. It should be noted that since the neutrons
captured 1n fuel do not all necessarily lead to fission, the value
of m differs, in general, fromthe average number (see TableII-1)
of fast neutrons released per slow neutron fission., If the latter
number 1s represented by v, then
o}

v

S S
%t %

77:

where o; 1s the macroscopic cross section for slow neutron fis-

sion, and o_ 1s the cross section for absorption of thermal neu-

trons by nonfission processes 1n the fuel material (see Table II-4).
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TABLE 1I-4
THERMAL NEUTRON CROSS SECTIONS

Cross Sections Neutron Yield
(Barns)
Fuel Fission Eéa;h:l.tlve Absorption Per Per
Loy pture 1 ¢ -0 '+ o | Fission Absorption
f o a f c
c v 7

y?33 532 59 591 2.51 2.29
y?3° 579 118 697 2.47 2.07
Pu?3? | 740 285 1025 2.91 2.09

Before the n7 fast neutrons have slowed down appreciably
some will be captured by, and cause fission of, the fuel. Since
more than one neutron 1s produced on the average 1n each fission,
there will be an 1increase i1n the number of fast neutrons available,
Allowance for this effect may be made by introducing the fast
fission factor denoted by €, and defined as the ratio of the total
number of fast neutrons produced by fissions due to neutrons of
all energies to the number resulting from thermal-neutron

fissions.

B number of neutrons produced by all fissions
" number of neutrons produced by thermal fissions

Consequently, as a result of the capture of n thermal neutrons

in fuel, nne fast neutrons will be formed.

As a result of collisions, mainly elastic, with the moderator,
the fast neutrons will ultimately be slowed down or thermalized.
However, during the slowing down process some of the neutrons
are captured in nonfission processes, so that not all of the nne
fast neutrons reach thermal energies. The fraction of the fast
(fission) neutrons which escape capture while being slowed down

1s called the resonance escape probability, and 1s represented

by p.
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number of neutrons which escape capture during slowing down
total number of fast neutrons produced

Consequently, the number of neutrons which become thermahzed

1s nmMep.

When the energy of the neutrons has been reduced to the
thermal region, they will diffuse for some time, the energy
distribution remaining essentially constant until they are ulti-
mately absorbed by fuel, moderator, or such poisons as may
be present. Of the thermal neutrons, therefore, a fraction f,
called the thermal utilization, will be absorbed 1n fuel material;

the value of f 1s represented by

_ thermal neutrons absorbed 1n fuel
total thermal neutrons absorbed

>

where the denominator 1s the total number of thermal neutrons
absorbed by fuel, moderator, and other materials present in the
reactor. The number of thermal neutrons captured 1n fuel 1s

consequently nmnepf.

For the present purpose, since the multiplication factor
may be defined as the ratio of the total number of thermal neu-
trons absorbed, on the average, i1n one generation to the number
of thermal neutrons absorbed in the preceding generation, on

the average, in an infinite medium, 1t follows that

nnepf
koo = o = mepf ,
where
koo - infinite medium multiplhication factor
m ~ neutron yield per fuel capture

€ = fast effect factor
P - resonance escape probability

f = thermal utilization,
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This result is sometimes referred to as the four factor formula.
As seen above, the condition for a self-sustaining chain reaction
in a system is that the multiplication factor should be unity; the

criterion for an infinite system is, therefore, that mepf = 1. The
neutron economy of an infinite medium is summarized in the

diagram of Figure II-4.
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Figure II-4. Neutron Economy for anInfinite
Medium Containing u23s
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In the case of a reactor in which the fuel material contains

only U235 and no U238

, both the fast fission factor, €, and the
resonance escape probability, p, will be virtually unity. Such
a reactor can be made critical with a small proportion of fuel

relative to moderator. In these circumstances,

k =qnf (U system)

d. Leakage of Neutrons

For a reactor of finite size the condition that the infinite
medium multiplication factor should be unity 1s no longer ade-
cuate for a self-sustaining chain reaction. It 1s required, i1n a
finite system, that for every thermal neutron absorbed in fuel
there~ shall be produced, on the average, one thermal neutron
1in addition to those lost by leakage from the reactor. If P 1s
the total nonleakage probability, 1.e., the probability that a
neutron will not escape either during the slowing down process
or while 1t diffuses as a thermal neutron, then the condition for

a chain reaction to be maintained 1s

k P =1
6]
where
P = prt
Pf = fast neutron nonleakage probability
Pt = slow neutron nonleakage probability.

Only for the infinite system 1s the nonleakage probability unity,
and then koo = 1, satisfies the condition for the chain reaction.
For a finite reactor, P 1s less than unity, and hence the infinite
multiplication factor must exceed unity if the nuclear chain reac-

tion 1s to be maintained.

The proportion of neutrons lost by escape from a finite re-
actor can be diminished by increasing the size of the system.

The escape of neutrons occurs at the exterior, but absorption,
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leading to fission and neutron production, occurs throughout the
whole of the interior of the reactor., The number of neutrons
lost by escape thus depends on the external surface area, while
the number formed 1s determined by the volume. To minimize
the loss of neutrons and thereby increase the nonleakage prob-
ability, 1t 1s necessary to decrease the ratio of area to volume,
this can be done by increasing the size of the reactor. The
critical size 1s that for which the nonleakage probability P 1s
such that kooP 1s just equal to unity. Since the area-to-volume
ratio depends on the geometrical shape, the nonleakage prob-
ability will be determined by the shape of the reactor. For a
given volume, a sphere has the smallest ratio of area to volume,
hence, leakage from a spherical reactor will be less than for
any other shape. The critical volume of such a reactor will

consequently also be less,

As indicated above, the value of kOo 1s determined by the
composition of the system, 1.c., by the nature of the fuel and
the proportion of moderator, and also by the arrangement of the
material. Hence, if these are specified, a chain reaction will
be possible only if P 1s large enough to make koop equal to or

235
S

greater than unity. The neutron economy of a finite U ys-

tem 1s summarized 1n the diagram of Figure II-5,

e, Critical Size of Reactor

The finite system must satisfy a neutron continuity equation

which states

+ Production - Leakage - Absorption = %tg .
The solution of this equation 1s dependent upon the model used to
describe the slowing down of neutrons. For the case of the
Fermi-Age or 'continuous slowing down'' model, 1t 15 assumed
that a neutron loses a constant fraction of its incident energy
with each collision. The physical quantity of principal interest

1s the average distance traveled by a neutron in the process of
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Figure II-5. Neutron Economy for a Finite
System Containing U235

slowing down because the relationship between this distance and
the reactor dimensions determines the fast leakage. In like
manner the relationship between the distance traveled by a slow
neutron prior to absorption and the reactor dimensions deter-

mines the slow leakage.
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Solution of the continuity equation results in the following

statement of the criticality condition

2
k e_BT

Criticality Equation = .-

1+ LZB2

In the previous equation B2 (called geometrical buckling) 1s re-
lated to the reactor shape and dimensions and 1s determained by

the boundary conditions i1n the solution of the neutron diffusion

equation
Vi¢ + B4 0

2
The value of B~ for various reactor configurations 1s given in

Table II-5.

TABLE II-5
BUCKIING OF BARE REACTORS

2 Minimum
Geometry Buckling (B7) Volume
2
Sphere <—%> qu
B

Rectangular parallelepiped

TN
w4
~—
™~y
N
N
ol
S——
[4¥]
+
—
ofd
—
[\®)
m —
e

2 2
2 405 m 148
Cylinder ( R > +<H> 3
B
R = radius a length ¢ = height
H = cylinder height b = width
2

-B&T
In the criticality equation above e B 1s the fast neutron non-
leakage probability. The Fermi Age, T, 1s one sixth the mean
square (crow flight) distance traveled by a neutron from the time

of 1ts emission to the time that it 1s slowed down,
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2BZ) 1s the thermal

In the criticality equation above 1/(1 + L
neutron nonleakage probability. The square of the diffusion
length I_,2 1s one-sixth the mean square (crow flight) distance
a neutron travels after slowing down and before absorption. In

summary, then

2
- T
Fast neutron nonleakage probability - Pf - e B ;
Slow neutron nonleakage probability - P = L ,
t 2,2
1+ L
—BZT
Total nonleakage probability - P - prt = _e__ﬁ
1+ LB

The effective multiplication factor keff for a finite system 1is

then

koo -BTT
k =
eff 1+ LZBZ
and the criticality condition 1s
kegr = !
2 -B%T _ 2
If B”T 1s small enough that the expansion e = (1 - B"T)
= (1+ BZT)-1 1s a good approximation, then the criticality con-
dition can be reduced to
k
kK .. - == =1

eff 2

(1+ L%B%)(1 + B%7)

00

[1 + BZ(L2 + T)J "
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If (L2 + T) 1s replaced by a quantity M2 called the "magration

area,'' then the criticality equation reduces to

k
k :_.__a;__l,

eff 1+ MZBZ
or
nepf

1+ MZB2

=1

The Fermi Age T 1s a function of the moderator scattering cross
section and mass number. The diffusion length (L) 1s a function
of the neutron absorption cross section of the reactor. Some

typical values of Lz, T, and M? are given in Table II-6.

TABLE Ii-6
MODERATOR PROPERTIES

Diffusion F Age Migration
Moderator Length ’eI‘r(Tran)g Length
Lm (cm) M (cm)
HZO 2.88 33 6.43
DZO 100. 120 101.
Be 23.6 98 25.8
C 50.2 350 53.6

M=VLELT

The addition of fuel to the moderator does not significantly influ-
ence T except to the degree of dilution, but it increases the
neutron-absorption probability which decreases the distance

a thermal neutron can wander about before being absorbed. Thus
L 1s a function of fuel concentration. The effective L for the
reactor medium can be expressed

=(1-1)

LReactor LModerator

where f 1s the thermal utilization.
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It can be seen then that when f approaches unity, 1.e., when
practically all neutrons are absorbed in fuel, M2 approaches T.
In a 100% enriched U235 reactor 7 = 2 and €p = 1, therefore
from

nepf B
1+ M2B?
becomes

2
1+ BT

n

B%r= 1 ,

and since for a sphere of radius R

Evﬁ .

RC ritical

Based on this approximation, the minimum size of various homo-

geneous U235 spheres 1s shown in Table II-7,

TABLE II-7
MINIMUM SIZE OF BARE HOMOGENEOUS U235 SPHERES
R Critical Volume
Moderator 7/ T{cm) (cm) (ft3)
HZO 18 16 0.65
DZO 34.5 32 5.
Be 31 29 3.6
C 59 55 23

Adjusted for boundary condition (extrapolation distance).
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f. Reactor Flux and Power Distribution

The neutron flux distribution i1n a reactor 1s determined by

the solution of the neutron diffusion equation

v2é+ B%p=0

for appropriate coordinate systems and boundary conditions, The
results for the common geometric shapes are given in Table II-8.

These solutions apply only to a critical reactor.

TABLE II-8
FLUX DISTRIBUTION IN BARE CRITICAL REACTORS

Geometry Critical Flux Distribution

_A mr

Sphere ¢(x) = T SN

Rectangular Parallelopiped b(x,y,2z) = A cos—7—ra—x Cosrr_by coslrc—z

2.405r Tz

Finite Cylinder ¢(r,z) = A Jo —R) ~ cos{

A comparison of the three functions, 1.e., % 51n7r—];, cosv—ax—,

and Jo(%) will reveal that a cosine function 1s a good

approximation for all,

In a homogeneous reactor, wherein the fuel 1s uniformly
dispersed throughout the reactor volume, the power distribution
1s the same as the flux distribution. The resulting ratio of maxi-

mum to average power in bare reactors i1s given in Table II-9,

TABLE 1I-9
PEAK-TO-AVERAGE POWER FOR BARE REACTORS
Geometry Pmax/Pa.vg
Sphere 3.29
Rectangular Parallelopiped 3.87
Finite Cylinder 3.64
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The maximum-to-average power ratio must be considered

in the detailed heat-transfer and fuel burnup design of a reactor,
g. Reflector

In small reactors, criticality 1s a strong function of neutron
leakage. The overall neutron economy of a reactor can be sig-
nificantly improved by the addition of a nonfissionable blanket
of material whose function 1s to reflect neutrons back into the
reactor core and thus decrease the leakage. The best reflecting
materials 1n general are those with high scattering cross sec-
tions and low neutron absorption characteristics. Whereas 1in
the bare reactor the neutron flux approaches zero at the core
boundary, in the reflected reactor the flux 1s increased at the
core boundary and does not approach zero until some distance
into the reflector region. The net result 1s that the effective
reactor size 1s increased beyond the extent of the core. The
flux distribution and effective core size change are 1llustrated

in Figure 1I-6.
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Figure II-6 Effect of a Reflector on Neutron Flux
Distribution and Effective Reactor Size
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The increase 1n effective reactor size 1s called the '"reflector
savings,"” 8, The magnitude of 8 1s a function of the reflector
thickness and the nuclear properties of the core and reflector
regions. For small reflector thickness &8 1s a fraction of the
thickness. For large reflector thicknesses 8 approaches a con-
stant limit. This asymptotic value of 8 1s practically achieved
when the reflector thickness 1s between 1.5 and 2 times the
neutron-diffusion length in the reflector material. Therefore,
as reflector thickness 1s increased the effective reactor dimen-
sions 1increase or the core size can be decreased to maintain the
same effective size. When the reflector 1s thick enough to yield
the asymptotic value of 8, no further benefit results from in-
creased reflector thickness. This point 1s 1llustrated in

Figure II-7.
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Fagure II-7. Effect of Reflector Thickness on
Reactor Core Size and Reflector Savings
as a Function of Thickness
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The effective reactor dimension is then

XReactor - XCore +8
This effective dimension 1s now used 1n calculating B2 and leak-

age and also 1n describing the flux or power distribution.

For compact reactors the reflector has several significant

advantages,

1) The critical mass or uranium inventory is decreased

as a result of the smaller allowable core.

2) For certain material combinations the overall weight
of the core plus reflector can be made less than the weight
of the bare reactor by choosing an optimum reflector

thickness,

3) The increased neutron flux at the core boundary de-
creases the peak-to-average power distribution in the
reactor. In a compact reactor a decrease factor of 2 1s

reasonable.

4) Variations in reflector thickness can be used as an
effective way to change leakage and thus control the reactor.
This 1s especially true for compact reactors wherein 8 can

be an appreciable fraction of the effective reactor dimensions.

h. Reactor Kinetics

The multiplication factor k 1s effectively the number of
neutrons present at the end of a neutron generation for each
neutron present at the beginning of that generation. Since one
neutron 1s required to maintain the chain reaction, the number
of neutrons will increase by k - 1 1n a generation. Thus, 1f
there are n neutrons present inmitially, the rate of increase will
be n(k - 1) per generation, If £ 1s the average time between
successive neutron generations in the system under considera-
tion, then,

dn _ on(lc - 1) _ Mex

dt £ { '
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where k 1s defined by
ex

where n_ 1s the 1nitial number of neutrons and n 1s the number
after the lapse of time t. It 1s seen, therefore, that i1f the mul-
tiplication factor 1s greater than unity, the number of neutrons

will increase exponentially with time,

The generation time, £, varies from about 10_9 sec for a
fast reactor to 10_3 sec for very large reactors. If for example
k = 1.005 and £ = 10_3 sec, the neutron increase per second

equals e or a factor of 150/sec.

The above calculation of the rate of neutron increase 1n a
reactor with a multiplication factor exceeding unity gives the
correct rate of neutron increase only i1f all the fission neutrons
are released promptly, 1.e., essentially at the instant of fission.
About 0.75% of the fission neutrons are delayed, and this affects

the calculation of the rate of neutron increase (or decrease).

The mean lives of the delayed neutrons range from about
0.6 to 80 sec. By weighting the values appropriately, according
to the fraction i1n each group, the mean delay time, averaged
over all the fission neutrons, 1s about 0.1 sec. The average
time between the fission capture of a neutron in two successive
generations 1s, consequently, about 0.1 + £ sec, the first term
1s the average time elapsing between fission and the complete
release of the neutron, whereas the second 1s that between re-
lease and capture 1n a fission process. In other words, the

effective lifetime f of a neutron 1s roughly 0.1 sec.
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Using the value 0.1 sec for 1_, and taking k to be 1,005, as
before, 1t 1s found that the number of neutrons actually increases

by a factor of e0.0S

, 1..e., about 1.05/sec, as compared with a
factor of 150/sec 1f all the neutrons were prompt. Clearly, the
effect of the delayed fission neutrons, when the multiplication
factor exceeds unity, 1s to make the rate of neutron increase
much slower than i1t would have been had all the neutrons been

released promptly.

When the effective multiplication factor 1s equal to 1.0075,
the condition of a reactor 1s described as prompt critical, since
the nuclear fission chain can be maintained by means of the
prompt neutrons alone. If k exceeds this value, multiplication
will occur due to the prompt neutrons, irrespective of those
delayed, and the neutron density will 1increase rapidly right
from the commencement, In this condition, a reactor 1s daffi-

cult to control and hence 1t 1s avoided in practice.

Just as the delayed fission neutrons affect the rate of in-
crease of neutrons when the effective multiplication factor ex-
ceeds unity, so they influence the decay in the neutron density
when the reactor 1s made subcritical, 1.e., when 1t 1s being
shut down. The delayed neutrons continue to be emitted for
some time, and this maintains a fission rate that i1s consider-
ably higher than would be the case 1f all the fission neutrons were
prompt. The ultimate rate at which the neutron flux in a thermal
reactor decreases after shutdown 1s determined essentially by
the most delayed group of neutrons, 1,e,, by those with a mean

life of 80 sec.

i, Reactor Control

For practical operation, a reactor must be constructed so
that 1t 1s appreciably greater than the critical size., One reason
1s that an effective multiplication factor exceeding unity provides
the only feasible means of increasing the number of neutrons,
and hence the fission rate, up to the point where the required

power level 1s attained. Once this has been reached, 1t 1s

71



necessary to decrease the effective multiplication factor to unity,
and then the reactor will remain i1n a steady state, neutrons
being produced just as fast as they are used up by leakage and

capture,

The adjustment of the multiplication of neutrons i1n a thermal
reactor 1s achieved by the insertion of control rods of cadmium
or boron steel. Both cadmium and boron have large capture
cross sections for slow neutrons, hence, by varying the positions
of the control rods the effective multiplication factor can be made
to vary over a suitable range. In order to shut down the reactor,
the control rods are inserted to an extent that permuits them to
absorb additional neutrons, The system now loses neutrons
faster than they are formed by fission, the effective multiplica-

tion factor sinks below unity, and the chain reaction dies out.

The 1nsertion of poison or control rods changes the effective

multiplication factor, k by influencing the thermal utilization,

s
f. A reactor can alsoeife controlled by means of variation
1n the neutron leakage probability. In a reflected reactor this
type of control called reflector control i1s achieved by moving
portions of the reflector in order to vary the neutron leakage

probability and thus the effective multiplication factor.

C. REACTOR DESIGN

a. Size

In the case of space reactors, wherein size and weight are
of extreme importance, the dominant factor in the determination
of reactor size 1s the leakage probability, In any reactor,
whether 1t be thermal, epithermal, or fast, the leakage 1s de-
pendent on a relationship between the reactor's physical size
and the distance between succeeding fission events. For a
thermal or nearly thermal reactor the distance between fission
events 1s controlled by the number of neutron collisions or the
distance necessary to slow the fission neutrons down from fis-

ston energy to the thermal energy at which they are captured by
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the fuel, and results in the succeeding fission. This slowing down
distance 1s a function of the moderator material scattering cross
section and atomic mass. A moderator material property, known
as the Fermi age (T), 1s related to the mean square slowing
down distance and has units of cmz. The influence of slowing
down distance 1s revealed in Figure II-8 which shows the critical
volume of 100% dense bare spheres with critical mass in the
range of 2.5 to 20 kg of U235 as a function of Fermi age with

the common moderator materials indicated on the abscissa. It
1s obvious that HZO or hydrogenous moderation permats the
smallest thermal rcactor. The exceptional ability of water 1s

a result of the hydrogen content. Since the hydrogen atom has
the same mass as the neutron, a neutron can transfer up to all
of 1ts kinetic energy to the hydrogen atom in one collision. Thus,

hydrogenous materials are very effective neutron moderators.

A more detailed survey of the relationship between critical
mass and size of 100% dense bare spherical reactors 1s shown

in Figure II-9 for mixtures of U235 with H,O and Be. Both

curves begin at the zero moderator point which corresponds to
the critical mass and size of a U235 fast reactor. In the region
to the left of the minimum critical mass point, the reactors are
said to be "under moderated' and the average neutron energy
causing fission 1s epithermal (greater than KT). In the region

to the right of the critical mass minimum the reactors are over

235
moderated and thermal, Figure II-10 shows the weight of U 35

Be, U235-HZO, and U235

erator to uranium ratio. Zirconium hydride (ZrHX) has been

—ZrHX reactors as a function of mod-

included because 1t 1s a high temperature (1400°F) form of
hydrogenous moderator. ZrHX can have the same hydrogen
density as cold water at temperatures of about 1200°F with a
dissociation pressure of only 1 atmosphere (see Figure II-11}.
The U-ZrHX calculations were based on the critical size of a
Hy
has a density of about 5.6.

O reactor but the difference arises from the fact that ZrHX
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Figure II-8. Volume of Bare 100% Dense Spherical Reactors
with Critical Mass in the Range of 2.5 to 20 kg

as a Function of Fermi Age
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Figure II-9, Critical Mass of Bare 100% Dense Homogeneous
Spheres of U235 Moderated by Water and by Be as a
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Figure I1I-10, Weight of Bare 100% Dense Spherical
Reactors as a Function of Moderator to
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Figure II-11, Hydrogen Density vs Temperature for
Zirconmium Hydride at 1 Atmosphere
Dissociation Pressure and Water
at the Critical Pressure

The information discussed thus far has been for reactors of
100% density. A useful reactor must contain coolant passages
for the removal of the reactor heat. The presence of such voids
effectively decreases the density of the reactor. In order to
maintain criticality the dimensions of a reactor must vary in-
versely as the density of the core material (fuel moderator).
Therefore, since the volume varies as (densny)_3 weight will
be proportional to (densﬂ:y)'z. The result of density dependence
1s shown i1n Figure II-12 which gives the weight of bare spherical
fast reactors as a function of density, This type of density de-

pendence holds for all reactors.
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Figure II-12, Weight of Bare Spherical Fast Reactors
as a Function of Uranium Density

In addition to satisfying the basic criticality requirements
for maintaining a chain reaction the reactor size is influenced
by:

1} Operating temperature

2) Excess reactivity requirements for compensation of

fuel depletion, fission product poisons, etc.
3) Power density or heat transfer limitations
4) Energy density or fuel burnup limitations,
b. Temperature

The size of a reactor is somewhat influenced by the operating
temperature because the fuel and moderator material nuclear
properties are a function of temperaturc. In addition, as stated
above, the reactor size is inversely proportional to density
which varies with temperature. The most significant tempera-
ture limitations of a reactor are the materials strength, corro-

sion, compatibility, etc., limitations of the structural materials,
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Even though a reactor can theoretically produce power at any tem-
perature, the engineering limitations of the fuel, moderator, and
structure limit the available reactor outlet temperature. Even
though 1t cannot be explicity defined there 1s an intuitive relation-
ship between operating temperature and lifetime. Figure II-13
shows the lifetime-temperature relationship between current
accomplishment and development objectives in nuclear power.
This figure implies a state-of-the-art boundary for perhaps the
next 10 to 20 years. This state-of-the-art boundary strongly
influences the reactor concept selection for immediate develop-
ment and emphasizes the fact that high temperature materials
development will pace the development of high temperature and
high performance space systems of the future. A simalar con-
clusion can be drawn about the state of the art of high-
temperature reactors from Figure II-14 which shows the

number of operating and planned reactors as a function of the
reactor outlet temperature. Of course the choice of power re-
actor temperatures 1s greatly influenced by economics which
may be considered as not applicable for space power. However,
in effect, cost i1s probably one of the best direct measures of a

state of the art.

The approximate minimum welght of various reactors 1s
shown as a function of temperature 1n Figure II-15. The weights
shown are for 100% dense spheres. Even though these weights
could be reduced by the addition of a Be reflector, the inclusion
of a void fraction for the reactor coolant would, i1n general, more
than offset the weight reduction. Therefore, these weights can

be considered representative, but by no means exact.

The aqueous homogeneous solution-type reactor 1s very
light at low temperature but the moderator density decreases
rapidly with temperature and the pressure necessary to sup-
press boiling soon becomes inconsistent with the objective of a
lightweight reactor (the curve does not include the core vessel
weight). The UZE5 metal fast reactor 1s quite small, however,

1t must be limited to below 1200°F because of a large density
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change that accompanies a phase change at 1224°F. The U—ZrHx
system 1s simailar 1n size to the HZO moderated reactor because
1t can have the same hydrogen density as water below about
1200°F. Beyond 1200°F the size and weight increase because
the hydrogen density must be decreased in order to control the
thermal dissociation pressure of the compound. The UC and

the UO2 fast reactors are capable of up to 4200 and 5100°F,
respectively, the U-Be thermal reactor 1s limited in 1ts tem-

perature capability because of radiation damage induced swelling

of Be at temperatures above about 1500°F.
c. Control

In addition to the excess reactivity required to overcome
the general reactivity decrease resulting from temperature,
high power systems must have sufficient excess reactivity, and
thus increased size, to compensate for burnup or depletion of
the 1nitial uraniurn inventory and the buildup of fission products
of which some have high neutron absorption cross sections. The
major fission product poisons are samarium and xenon. The
most troublesome of these 1s xenon since the amount of poisoning
1s largest and since the poisoning increases rapidly and goes
through a maximum after reactor shutdown or power decrease,
This behavior imposes a serious limit on the allowable duty cycle
of a high power density thermal reactor. Therefore 1t 1s very
desirable to maintain reactor power constant. Fast reactors
are not as greatly influenced by fission product poisons i1n gen-
eral because the absorption cross sections are much lower at

the neutron energy of the fast reactor.

These excess reactivity requirements impose a reactor
control problem. In order to control the reactor from shutdown
to operation throughout its lifetime the reactor must have more
control worth than excess reactivity requirement. The amount
of control that can be provided 1s a function of reactor size.
JLarge reactors must be controlled by poison rods since leakage

1s small and provides little range for variation. Small reactors
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can be leakage controlled by varying the effective reflector thick-
ness, However, the total amount of control available will de-
crease with increasing reactor size because the leakage de-
creases with size. Therefore, control requirements determine
the appropriate control method and can limit the power density

or energy content of a given reactor design.
d. Power Density

In addition to the fuel depletion and fission product poison
considerations reactor size 1s a function of power density because
(1) the reactor density 1s decreased by the inclusion of coolant
passages, and (2) surface or volumetric heat transfer and stress

liraitations can limat the power density.

In order to minimize both the reactor coolant fraction and
the coolant pumping power, high temperature and high heat
capacity coolants are desired. These conditions are best met
by liquid metals. The properties of selected liquid metal cool-
ants are shown in Table II-10. It must be remembered that the
reactor materials and the coolant must be compatible from a

corrosion standpoint at the operating temperature.

If the reactor fuel element design or the coolant impose a
heat flux limaitation, then the allowable reactor power density
will be a function of the heat transfer surface per unit volume.
It 1s therefore desirable for the reactor to contain the maximum
amount of heat transfer surface consistent with the needs. The
core materials of a thermal reactor can be arranged 1n two ways.
The heterogeneous reactor has the fuel separated from the
moderator. Since a thermal reactor has only a few volume
percent fuel and since practically all of the power 1s generated
in the fuel, only a few volume percent are therefore available
to provide or contain heat transfer surface. The homogeneous
reactor has the fuel and moderator intimately mixed and power
1s produced throughout the entire core volume. Therefore the
entire core volume of a homogeneous reactor 1s available for

heat transfer surface. Since the core of a fast reactor contains
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TABLE II-10
PHYSICAL PROPERTIES OF SOME SELECTED LIQUID METALS

Sodium 41202KK Hg Pb Eﬁ?e—thic L:
Melting pomnt, °F 208 65 -37 622 257 354
Boiling pownt, °F (14 7 psi) 1621 1518 675 3170 3038 2403
Liquid density, g!’n/(:rn3 0 928-0 78 0 886-0 742 13 5-12 3 10 2 10 0 507-0 441
Specific heat, Btu/lb-°F 0 33-0 30 0 269-0 253 0 033 0 034 0 035 10
Thermal conductivity, Btu/ft® 49 8-34 5 | 14 8-16 7 5-9 8 53-65 | 22
Heat transfer coefficient, Btu/hr—"F—ft2 6400 3500 5700 4100 3700 5800
Pumping power (water - 1 00) 0 925 G 925 131 11 5 11 5 05
Probable temperature range, °F 250-1500 100-1400 -37-1000 650-1700 300-1700 400-2300

At 10 ft/sec 1in 1 1n diameter tube




fuel only, it has the same advantage as a homogeneous reactor
Thus, for minimum weight, high power density reactors the

homogeneous arrangement of core materials 1s far superior

If we consider a reactor whose core 1s composed of a bundle
of mutually tangent cylindrical fuel elements, the heat transfer
surface per unit volume 1s

Surface _ 1/27D

Volume
1/2D —"gn

- 2T
3D
Q Surface (ft?) _ 436
Volume (ft3) D(in )

If the limiting heat transfer flux 1s Q/A then

>0

= A
Qv =5

and

6

g(m) _ _12.8 g(lo Btu)
V\g3)  DlmaA\, .3

The maximum temperature drop across a given fuel element
may be limited by maximum temperature considerations result-
ing from the fuel material melting point, phase change, etc., or

it may be Iimited by a maximum allowable stress.

The temperature drop across a cylinder with uniform sur-

face cooling and uniform volumetric heat generation 1s

At - (e/v)p?

16K
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Therefore for a given AT limit

16KAT

2 >

—Q—:
v D

£t> D%(1n.%)

%(M') _ 0.000675 (y Ap,
where K 1s the thermal conductivity in Btu/hr-£ft-°F and AT 1s
in °F, If there exists a AT limat, the power density 1s a function
of the fuel element dimensions and KAT which 1s a material
property. For example, uranium metal undergoes a phase change
at about 1200°F which results in a 5% density decrease. Thais
phase change must be avoided for metallurgical as well as reac-
tivity reasons, If a uranium metal fast reactor 1s operating at a
fuel surface temperature of 1000°F then the maximum AT can be
only 200°F. The thermal conductivity of uranium metal 1s about
15 and therefore KAT = 3000. The allowable power density for
1/4-1n, diameter fuel rodsi1sthen Q/V = |0.000675/¢ 1/4)2}3000 =
32 Mw/ft3. The volume of such a reactor might be about
1/10 ft3. Thus, 1t could produce 3.2 Mw. If a higher power
were desired the surface temperature would have to be reduced
or the fuel rod diameter reduced, or the reactor made larger
for heat transfer purposes. We mught say the reactor size 1s
criticality limited below 3.2 Mw and heat transfer limited beyond
3.2 Mw,

The temperature drop across a material leads to a stress.

In the case of a cylinder the maximum tensile stress 1s

_ EaAT
20 -y
where
E = Young's modulus (ps1)
a = linear coefficient of expansion (°F)_l
v = Poisson's ratio = 1/3
g = allowable stress (psi).
max
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If the stress leads to brittle fracture in the material and the
fracture influences heat transfer or mechanical integrity, then
the stress must be kept below the fracture stress and the allow-

able AT 1s

and from above

The physical properties of two potential high temperature, high

power density fast reactor core materialsare givenin TableII-11,

TABLE II-11
FUEL PROPERTIES

Property Metal UO2 UcC UN
Density (gm/cc) 19.0 10.96 13.63 -
U Content (gm/cc) - 9.66 12.97 13,52
Melting Point (°F) 2070 5100 4200 5230
Thermal Conductivity

(Btu/hr-ft-°F) 15 1 14 12
Linear Coefficient of

Expansion x 106 ~20 4 6.7 -
Modulus of Elasticity

(ps1x 10-6) 20 25 30 -
Modulus of Rupture

(ps1 x 10-3) - 25 25 -
oK/Ea= KAT - 1/4X103 5/3x103 -

max
Anisotropic

For example, consider a fast reactor which uses UO2 for

the fuel material and has 1/4-1n, diameter fuel elements. Since
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the stress limited KAT for U0, 1s about 1/4 x 103, this reactor

would be stress limited as a power density of

,000 3
% Q—O—Z(l/4x 10°) = 3.64%

(1/4) ft

If, however, 1t 1s determined that thermal stress induced fracture
of the UO2 does not impede heat transfer or mechanical integrity

but that the fuel must be limited by central melting, then ATmax

becomes TM - TC, where TM - melting temperature and TC =

surface temperature, and

Q _ 0.000675

K(T,, - T.)
'V' b

(1/4)2 M C

simnce K =1 and TM = 5100°F,

1% Q/V3
(°F) (Mw/ft™)

1000 44

2000 33

3000 22

It 1s readily seen that the maximum power density under the
above conditions 1s a function of the reactor operating

temperature,

Figure II-16 shows the relationship betwecen power density,
fuel element diameter, heat flux limit, and AT or stress limauts
for a homogeneous system with mutually tangent cylindrical fuel
elements. Note that the above calculations are based totally on
average values, No consideration has been given to the detailed
power and temperature distribution in the reactor. These cal-
culations are intended only to indicate the reactor design con-

siderations and limitations,
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e. Energy Density

Burnup and resulting fuel depletion which are related to
energy density impose control requirements and can limit re-
actor laife. However, radiation damage 1s generally the most
significant energy density limitation. Ewven though the fissioning
of 1 gm of uranium per day releases 1 Mw of power, we have
seen that reactor criticality demands anywhere from a few to a
hundred kilograms in order to utilize the energy of fission.
Furthermore, only a few percent of the uranium inventory or
critical mass of the reactor can be utilized because of radiation

damage.

Fission results 1in the replacement of each fissioned uranium
atom with two fission products, Thus, as the fissioning of ura-
nium metal, for example, proceeds the metal lattice 1s being
stuffed with one extra atom for each fission. These extra atoms
plus the fact that the fission product may not comfortably f1ll a
uranmum site result in internal strains in the material. In addi-
tion, the energetic particles and fission products collide with
the atoms of the parent lattice and disrupt it which causes further
strain. The parent lattice can only accommodate so much of this
strain until 1t must yield or distort in order to relieve the fission
induced strains, This resulting material distortion and expansion
1s radiation damage. It can be argued on intuitive grounds that
a given material can accommodate some maximum fractional
increase 1n the normal atom density before unacceptable damage
results, In other words, some fraction of the total number of
atoms per unit volume can be fissioned, Experience shows that
radiation damage 1s indeed well correlated on a total atom per-
cent burnup basis., However, the amount of physical distortion
or swelling 1s a function primarily of the parent lattice or mate-
rial that 1s absorbing the fission damage and the temperature at
which the material 1s operating during fission, The above 1s a
gross simplification; however, sufficient data and experience for

a quantitative description of the radiation damage limats for all
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materials do not exist, In fact, it 1s an extremely difficult,
costly, and time-consurmning task to establish such limats,

Figure II-17 shows the results of many years of investigation

of the UO2 stainless steel system. This system 1s of no interest
for space reactors but the data 1llustrate the kind of burnup vs
temperature himitations that exist for all materials. Such de-
tailed information 1s not yet available for the materials and
temperatures of interest for space reactors. However, past
experience has shown that few materials can absorb more than

1 to 2 at. % burnup without loss of fuel element physical integrity,

If we assume that a material contains 5 x 1022 atoms/cc,
which 1s about the atom density of U metal and we further assume
that 1% of the atoms can be fissioned with acceptable radiation
damage, then the material can sustain the fissioning of 5 x 1020
atoms/cc. The fissioning of 5 x 1020 atoms/cc results in the

release of

20
%ESXIO

53 X 5.3 x 106 kwh/mole - 4.4 Mwh/cc
6 x 10

1 at.

Therefore, the fissioning of 1 at.% releases about 15 Mw-years
per cubic foot of reactor core material., Since the atom density
of most materials 1s near the above assumption, this figure 1s a

reasonable approximation.

The temperature-dependence of the burnup limit 1s of ex-
treme 1mportance when maximum temperatures are desired as
1s the case for space systems. Even in the case of terrestrial
reactor systems where low temperature heat sinks are available
there 1s a tendency to strive for high temperatures 1n order to
maximize Carnot. If, however, one wants maximum net energy
output per core either for economic reasons or for endurance
reasons, the significant parameter 1s the product of allowable
burnup times Carnot efficiency. This quantity 1s proportional to
the net available energy that can be delivered by one core. Since

burnup capabilitydecreases withtemperature and Carnotincreases

91



26

TOTAL BURNUP (at %)

2.0—

1.0—

ACCEPTABLE

FIG 1 JUNE 1961 NUCLEONICS

D.L.KELLER

BATTELLE MEMORIAL INSTITUTE

—37.8
QUESTIONABLE NON-ACCEPTABLE

—118.9

0?5 BURNUP [at % (BASED ON 25 wt %) UOZLOADING]

| 1 1 | |

400

800 1200 1600 2000

SURFACE TEMPERATURE (°F)

Figure II-17.

7-57-192-34

Burnup Performance of Stainless Steel-UO
Cermet Fuel Specimens

2



with source temperature (for a fixed sink temperature), there 1s

an optimum temperature for maximum system endurance. Fag-

ure [I-18 1llustrates this point for a system having the burnup

limits of Figure II-17 and having a fixed sink temperature of

100°F. The UO2 stainless steel cermet 1s generally considered

a good "high-temperature'' fuel. However, it can be readily

seen from Figure II-18 that the optimum temperature for maxi-

mum endurance 1s quite low 1n comparison to the normally con-

sidered temperature limits of such a material,

—

BURNUP LIMIT

= 100°F
C

-—

TCARNOT

at %

RELATIVE NET ENERGY (at % x"]CARNOT)

I

ATOM PERCENT BURNUP (at %)
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Figure II-18. Energy vs Temperature
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f.  Summary Example

The relative importance of the various reactor size limita-
tions above can be shown by an example. Assume the following

conditions

1) Reactor critical volume = 0.4 ft3

2) Heat flux limit 400,000 Btu/hr—ft2

3) Fuel thermal conductivity = 15 Btu/hr-ft-°F
4) Fuel AT 200°F

max
5) Fuel burnup limit 1 at.%
6) Fuel element minimum diameter - 0.15 1n.
7) Reactor power 10 Mwt
8) Lafetime - 1 year

Figure II-19 shows the reactor volume as a function of fuel
element diameter for the various limits, If fuel element clad-
ding thickness had been included, the void fraction would increase
with decreasing rod diameter and the criticality limit and the

burnup limit would not be independent of rod diameter,

A probable design point for this example would lie on the
burnup Iimit 1n order to minimize reactor volume and weight
and would also lie on the heat flux limit 1n order to minimize

the number of fuel elements and thus the manufacturing cost.

It should be noted that the above treatment has been highly
qualitative for 1llustrative purposes. Throughout, the power
distribution in the reactor and the temperature distribution de-
tails have been completely neglected. The quantities used have
been average values. In general, reactor power varies as a
chopped cosine function in all directions. In small reactors this
leads to a power distribution with a peak to average value 1n the
range of 1,5 to 2 In a rigorous design analysis, all limits are
placed on the maximum temperature, heat flux, power density,

or burnup.
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2. HEAT REJECTION

A, TEMPERATURE AND EFFICIENCY

The basic requirement of a spacc power system to main-
tain the thermodynamic cycle cold temperature by the radiative
rejection of heat from an extended surface or radiator intro-
duces unique considerations and constraints. It 1s immediately
obwious that high Carnot efficiency requires minimum cycle cold
temperature which increases the radiator area requirement be-
cause of the T4 dependence of the radiator area. Since radiator
size will have a significant influence on system design criteria,
concept selection, and weight, 1t 1s important to evaluate and
understand the tradeoff between system efficiency and radiator

area. In the general case

M6 = Mp7c
where
M, = overall conversion efficiency
e - Carnot efficiency
Mp = conversion device efficiency.

The system heat input, Q, 1s

P
T57¢

Q:

where P 1s the electrical power output.

The heat rejected, QR’ 1s

0. =Q-P - p< 1 -1> )

R pc
If
TH = source temperature
TC = cycle cold temperature
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then

T
e l- g
H
and
QR = O'EATé - 0€A(l - T;C)4T;}I
where
o - Stefan-Boltzmann constant
€ - surface emissivity
A - surface areca
and

4 4
P O'GTH(I —nc)

A —ﬁ
Urile

The maximum power per unit area or the minimum area for a

given power at a fixed TH can be determined by solving for g

The result 1s

B 2

e .
5% /25 - 167

min, arca

This expression has only a minor dependence on the conversion
device efficiency B This dependence 1s shown in Figure II-20,
As Mp varies from 0 to 100% the optimum Carnot efficiency for

minimum area varies only from 0.8 to 0.75.
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Figure 11-20. Optimum Carnot Efficiency for Minimum
Radiator Area as a Function of Conversion
Device Efficiency

Because of the high energy content of a nuclear reactor,
nuclear space power system designs generally tend toward the
optimum Carnot condition. However, 1t 1s not necessarily true
that minimum weight occurs at minimum area. At the same time
the direct physical size and the potential structural awkwardness

of the radiator area are distinct considerations.,

If there 1s a desire to shift toward higher efficiency whach
can be motivated by heat source limaitations, especially in low
efficiency systems, the generalized relationship between area
and efficiency 1s shown 1n Figure II-2]1. For i1llustrative purposes
a median value of np was chosen. It can be seen that the effi-
ciency can be increased by a factor of two by increasing radiator
area by a factor of about 1.7 and to increase the efficiency by a

factor of 3 requires 6.5 times as much area.

The net result of the radiative heat rejection requirement 1s
to force space power systems to accept much lower efficiencies
than are generally used on the ground and to place a high premium
on high source temperature to minimize the radiator arca and

weight.
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Figure 1I-21. Radiator Area vs Carnot Efficiency
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B. RADIANT HEAT TRANSFER

a. Heat Transfer Surfaces

Some of the more common types of heat transfer surfaces
employed in space heat rejection systems are 1llustrated 1n
Figure II-22. The selection of any particular type of surface
or construction will be dependent on many factors, such as use
of the surface as an integral part of the space vehicle, or as a
load carrying member, etc., this discussion, however, will be
Iimited to analyzing the thermal characteristics of the radiator

only.

I

(B)
(A) TUBE AND FIN
FLAT PLATE (CONSTANT THICKNESS FIN)
!@/—!—l@”/ (O @v/
© )
TUBE AND FIN TUBE AND FIN
(TAPERED FIN) (SINGLE FIN SURFACE)

@ ||||I||

- el
—— ,I.@IIlII|I|IIII|IIIIIIIIk@III/

(E) (F .
TUBE AND FIN TUBE AND FIN
(DOUBLE FIN SURFACE) (HONEYCOMB CONSTRUCTION)

\
i

|

o
(Q) (H)
TUBE AND FIN TUBE AND FIN
METEOQROID PROTECTION ON ONE METEORO!ID ARMOUR SHEET
SIDE ONLY (ONE SIDE ONLY)

7-57-192-39

Figure II-22, Typical Space Radiator Surfaces

100



b. Analysis of Isothermal Heat Transfer Surfaces

The basic equation that governs radiant heat transfer from

a surface i1s the familiar Stefan-Boltzmann law

_ 4 4
Q = € OA(T" - T)
where
Q = power radiated (kw)
€p = surface emissivity for thermal radiation
o = Stefan-Boltzmann constant = 5,02 x 10713

(kw/ 62— °RY)

A = radiating surface area (ftz)
= radiating surface temperature (°R)

Ts - radiative sink temperature (°R},

The quantity O'T4 15 plotted in Figure II-23 such that the heat

rejection rate per unit area can be convenlently calculated from

Q _ 4 4
xc €(cT -o-Ts)

In many situations of interest, 1t 1s permaissible to neglect
the sink temperature term. This 1s generally acceptable for the
high-temperature space power systems. For situations where
T4 > 14

s
_ 4
Q = € oAT .
The error in this simplification becomes c¢vident when the radia-

tion equation i1s rewritten in the form
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Figure II-23. Radiation Heat Flux for Isothermal Surfaces
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Values of TS/T less than 0.316 result in less than 1% error and

values less than 0.57 result in less than 10% error.

c¢. Analysis of Nonisothermal Heat Transfer Surfaces

Consider the case of the parallel or flat plate radiator
shown 1n Figure 1I-24. A fluid at a weight flow or W{lb/hr)
enters the radiator at T1 and exits at TZ' Radiation 1s assumed
to take place from one side only. Neglecting the film drop be-
tween the fluid and the surface and neglecting the sink tempera-
ture, a solution for this case 1s developed as follows the heat

transfer from the elemental area 1s given by

40 - eo Tty dx

FLUID OUT

/; /
/
/

P

7

Da =y dx

RADIATION
SURFACE

W(lh/sec)
FLUID IN

7-57-192-41

Figure II-24, Flat Plate Radiator

Assuming thermal equilibrium between the fluid and the surface,

that 1s, the heat lost by the fluid equals the heat radiated from

the surface, then

dQ = CPW dT

where CP 15 the fluid specific heat. Therefore

-CpWdT - eo Ty ax |
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rearranging terms and mndicating the appropriate integration

limats,

which integrates to

T
( 1 )2 _ €o(yx)
3T3 CPW ’
Tl

and since the product (xy) equals the surface area, the equation

for the area required 1s given by

Ao
T 3e0 T3—T3
2 1

where Tl and T2 are the fluid temperatures into and out of the

radiator respectively.

Since Q - CPWAT and T, = T, - AT, where AT 1s the fluid
temperature drop through the radiator, the result can be put

in the following form

Q prtsAL_ )
A [_ i

17T
(1 - AT/T1)3

-1

The correction factor necessary to compensate for a fluid tem-
perature difference betwecn radiator inlet and outlet 1s plotted
as a function of AT/T1 in Figure [I-25. The above equation
assumes a sink temperature of zecro. The error in neglecting
the sink temperature 1s less than the indicated error when eval-
uated on the basis of the outlet temperature, TZ’ 1.e., 1f the
whole surface were at TZ'
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Figure 1I-25, Radiative Heat Rejection Correction
for a Nonisothermal Surface

d. Analysis of Extended Surfaces

In most cases extended surface or finned radiators are
advantages to (1) reduce vulnerable area and thus micrometeorite
armor weight, (2) to incrcase vapor velocities for positive con-
denser operation in 0-g, and (3) to reduce heat transfer fluid
wetlght 1in liquid radiators and subcoolers, etc. The effective-
ness of a finned radiator must be less than 100% and 1s deter-
mined by the physical dimensions and the properties of the fin
material, In order to evaluate finned radiators, the derivation
of the heat transfer from a simple extended surface 1s outlined

in Figure II-26,

Combining
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Figure II-26, Extended Fin Radiator

put into dimensionless form by substituting

y=% -1

T
[}
results 1n
2.3
dZT ) o‘(€A+€B)L T T4
dyz Kt

The boundary conditions are

dT _
_(-i—gf_ =0 at Y =1
T =1 at Y =0

The fin effectiveness 1s defined as the ratio of the heat radiated
from the fin to the heat that could be radiated from the fin area

at the base temperature
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L 4
cref T(y)* dy
- )

n =
LT4
(o]

F

The results for rectangular and triangular fins have been obtained

by computer.(57) The fin effectiveness as a function of the dimen-

sionless parameter

ole, +€,)L. To
Kt

1s plotted in Figure II-27. Through the application of the fin ef-
fecriveness function, a generalized plot of fin weight vs area can
be obtained. It can be seen from Figure II-28 that rectangular
fins have a minimum weight for a given heat transfer at a fin
effectiveness of 0.57. The minimum fin weight condition incurs

a significant increase in radiator area, The welght of the fin
base heat source, micrometeorite armor and other weight
penalties such as structure which are associated with the radi-
ator area will generally cause the minimum weight of a practical
radiator to occur at higher fin effectiveness, It 1s also important
to note that the minimum weight of a triangular fin 1s only 65% of
the minimum rectangular fin. Or the fin effectiveness can be
increased from 0.57 to about 0.8 without an increase 1n fin weight

by the use of triangular rather than rectangular fins,

The physical properties of some applicable fin materials are
given in Table II-12. Since the fin effectiveness depends on the
thermal conductivity and the weight on density, the ratio of K/p
1s a measure of material effectivness. Values of K/p are plotted
as a function of temperature in Figure II-29. It can be seen from
Table II-12 and from Figure II-29 that aluminum 1s the best low
temperature fin material. Beryllium suffers from cost and
availability while magnesium probably has too high a vapor pres-

sure, Even though Be has a much higher melting point than
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Figure 1I-27., Fin Effectiveness vs Dimensionless Fin Parameter
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Figure II-28,
Effectiveness for Rectangular and

Relative Fin Weight vs Fin

Triangular Fins

TABLE I1I-12
PROPERTIES OF RADIATOR FIN MATERIALS

(Btu's/hr-ft-°F) | 1P/t ? (°R) (‘%)
Aluminum 116 169 0.686 1678 1710
Beryllium 73 116 0.63 2790 1770
Copper 216 558 0.387 2440 1380
Magnesium 77 109 0.706 1661 840
Molybdenum 70 640 0.109 5212 3350
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Figure II-29, Thermal Conductivity Over
Density Ratio for Radiator
Fin Materials

aluminum, 1t does not seem to offer a significant advantage 1n
vapor pressure at high temperature. As a result the preferable

high temperature fin material 1s copper.

e. Sink Tempecrature

If there were no net heat radiated from the surface then

Q = eTcrA(T4 - Tg) 0
and the temperature of the surface would come to cqual the sink
temperature, 1.e., T ~ Ts. Conversely then, the sink tempera-
ture can be defined as that temperature reached by the surface
(A) when the surface 1s 1n thermal equilibrium with its environ-
ment, With this definition, the sink temperature 1s not a physi-
cal temperaturc in the usual sense, becausc of its dependence
upon €, but 1s an effective temperature, The effective sink
temperature 1s that surface temperature nccessary to re-radiate

the total incident energy from the principle external sources,
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1.e., sun, solar reflection from the earth, and infrared radiation

from the earth.

It 1s recadily scen that the effective sink temperature 1s a
function of the location and orientation of the specific surface in
question with respect to the principal sources. Because of the
relatively high radiator temperature of most nuclear space
power systems of interest the sink temperature 1s not a signifi-
cant parameter. Thus, the readerisreferredto References 55-58,
For near-earth (few hundred miles) orbits, the average sink
temperaturc 1s about 0°F. The sink temperature 1n such cases
affects the radiator by less than 10% 1n area for radiator tem-

peratures in excess of 340°F.
f. Emissivity

In general, materials selected for construction of radiator
surfaces will not have the desired emissivity or absorptivity
characteristics, Since the arca required 1s inversely propor-
tional to the emissivity, 1t 1s desirable to have high values of
emissivity at the wavelength corresponding to thermal emission
and low values of absorptivity for the incident energy wave-
lengths., As a result, various coatings are usually applied to
the radiation surfaces which have appropriate values of (ET/aI)’
where €. 1s the value of emissivity for the thermal radiation

T
and a. 1s the absorptivity of the surface for the incident radia-

tion. ISorne typical ceramic coatings of high emissivities are
given in Figure II-30 as a function of temperature. Since the
solar spectrum approximates ablack body radiating at 10,000°R,
1t 15 scen from this figure that these compounds do have low
values of absorptivity (since €1 = aT) in this range. In general,
coatings specifically developed for space radiators will have
values of €r = 0.8 to 0.95 and a, = 0.1 to 0.25 when low tem-
perature radiators are involved. For high temperature sys-

tems only high emissivity 1s important,
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Figure 1I-30. Emassivity of Some Typical Ceramic
Materials vs Temperature

C. METEOROID PROTECTION
a. General

Meteoroid 1s the name given to the general class of mate-
rial particles found 1n outer space. When these particles enter
the earth's atmosphere, they are referred to as meteors (shoot-
ing stars) and the remnants of those that reach the ground are
referred to as meteorites. There are large areas of ignorance
of the meteoroid environment in space, and only fragmentary
knowledge 1s available to establish protection criteria. There
are three prmcipal mechanisms by which meteoroids may cause
failure of space radiator (1) puncture of fluid-carrying pas-
sages, with the resultant loss of either working fluid or coolant,
(2) spalling, whereby sizable pieces of metal are expelled from
the inside of the fluid carrying passage and find their way to the
turbine or bearings, with catastrophic results, and (3) erosion
of emissivity surface coatings. Spalling and penetration are two
distinctly different phenomena. The athount of armor required
to protect against damage 1s sensitive, of course, to the damage
mechanism, and to the nature and distribution of meteoroids 1n

space.
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b. Influx Rate

By far the greatest amount of information on meteoroids 1s
based on earth observations. Both optical and radar methods
have been employed to determine relationships between the fre-
quency of the particles and the magnitude or luminosity produced
as the meteors traverse the atmosphere. Reduction of this data
to estimates of meteoritic mass has been much more difficult
because of the uncertainties of the particle drag characteristics

and the luminous efficiency of the process.

The 1nflux rate of meteors 1n the earth's atmosphere has
been well established to the +5 visual magnitude by photographic
surveys and 1s becoming well established to the +12 magnitude by

(67)

radar techniques, Based on a total of 90 million meteors
brighter than a visual magnitude of +5 entering the earth's atmos-
phere in 24 hours, and a frequency increase of a factor of 3.4
per magnitude, the cumulative flux magnitude relationship can
be expressed as

15 )M

¢=45x10""" x (3.4 (number/mz—sec)

c. Mass and Density

(65)

According to recent data from the Harvard College and

(61,62)

Smithsonian Astrophysical Observatories, an improved
basis for estimating masses and densities at photographic mag-
nitudes 1s now available, The new basis 1s a series of experi-
mental determinations of luminous efficiency being made from
photographs of artifically injected meteors. The results of the
first successful experiment of this type are now available. The
value of luminous efficiency obtained from this first artificial
iron meteor experiment results in an estimate of 0.4 g/cc for
the density of meteors of cometary origin, which make up the
great majority of all meteors, and a mass of 0.4 g for meteors
of zero visual magmtude. The relationship between mass and
visual magnitude 1s then
m = 0.4 x 10_0'4M
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d. Flux vs Mass
These equations may be combined to give the following
cumulative flux as a function of mass m or greater.

$= 1.3x 10 PPm 43

It 1s based on the following

1) Frequency at the photographic magnitudes and the rate
of change of frequency with magnitude as reported by

Hawkins and Upton in 1958.(60)

2) An extrapolation of these data through the radar
(67)
2.

magnitudes as recommended by Hawkins 1n 196

3) A mass of 0.4 g at zero magnitude as recommended
by Cook.(éz)
This equation 1s shown 1n Figure II-31. Estimates of Whlpple(64)
5) in 1956 are shown for comparison pur-

(66)

in 1958 and Wa.i:son(6
poses, together with satellite data reported by Duberg.

e. Velocity

Wh1pple(64) states that the average velocity of photographic
meteors 1s 28 km/sec and that the velocity "undoubtedly falls

off for smaller meteoroids,' he arbitrarily selected 25 km/sec
at the +9 magnitude. A velocity of 30 km/sec 1s recommended
for use 1n design studies to be on the high side of the applicable
range. The uncertainty in the average velocity of a few km/sec

1s not important to the weight of a radiator.

f. Penetration Theory

The prediction of the depth of penetration of metecoroids into
target materials at extremely high velocity involves great un-
certainty. There are nearly as many emparical correlations

as experimenters, and theories as theorists., The most widely
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Figure II-31. Meteoroid Flux vs Mass

used penetration equation 1s that of Summers and Charters.(és)
0 2/3 2/3
p - z.zs(P—T) (%) d
where
P = penetration distance
Pm meteoroid density

py = target density



V = meteoroid velocity
C = velocity of sound 1in target
d = meteoroid diameter
Substituting for the velocity of sound in the target material

1/2
o )
t

where
g = gravitational constant
E = target elastic modulus

and for the meteoroid diameter

)
m pm

where m = meteoroid mass

and rearranging results in

1/3 1/3
p - 0.283 irﬂ m_VZ (A)
. . ) . -
BJork(ég) analyzed the hypervelocity impact phenomenon, treat-

ing it as a fluid impact, in which material strength was con-

sidered to be of no importance. His result, for i1ron targets was

A1/
p - o.o4o4<P—m) (mv)l/3 . .. .(B)
t

Eichelberger and Gehr1ng(70) describe the impact phenomenon
and argue the importance of target strength, Brinell Hardness
Number in particular, They recommend the following penetra-

tion equation
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o\ 1/3
p - 0.961x 10'2(—%) ...(C)

where BHN = Brinell Hardness Number (kg/mmz).

Notice that Equations A and B include density of both
meteoroid and target while Equation C 1s independent of both
densities., Further, Equation A includes the target modules
of elasticity, Equation C includes target Brinell hardness,
while Equation B 1s independent of target mechanical properties.
Fortunately all three have the same functional dependence on
mass, so they may be compared. Using the values of meteoroid
density of 0.4 g/cc, and velocity of 30 km/sec (98,300 ft/sec),
we can compare the room temperature penetration of 0,001 g
meteorolds into a target of a high-strength steel, with the fol-

lowing room temperature properties
Py - 7.67 g/cc

E

29 x 106 ps1 (2 x 106 kg/cmz)

BHN 350 kg/mmz.

The penetration equations and the results for a 0.001 g meteoroid

are given in Table II-13,

TABLE II-13
COMPARISON OF METEOROID PENETRATION MODELS

Penetration of
Researcher Correlation 0.001 g Meteoroid
_ 1/3
{(A) Summers p=1.75m 0.175 cm
(B) Bjork p = 0.7 ml/3 0.07
_ 1/3
(C) Eichelberger P=29m 0.29
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g. Meteoroid Damage

The remaining analysis 1s based on the work of Summers

(68)

and Charters. The penetration theories are based on targets

with thickness t >> p. It 1s generally agreed that :f a meteoroid
will penetrate a distance, p, into a thick target, 1t will just
puncture a target of thickness 1.5 p, and may cause spalling of
a thicker target. Thus, to provide armor against meteoroids

of mass m, a thickness greater than p must be provided.
t Fp

where F, the thin target factor, 1s 1.5 or greater. A value of

F - 1.75 has been recommended by NASA Lewis, Combining,

t = FKm!/3

where K 1s a function of target and meteoroid properties.

The cumulative meteoroid flux 1s expressed by an equation

of the general form

¢ am™?

The penetrating flux ¢p of micrometeors with mass equal to or

greater than the mass required to penetrate a thickness t is

-3b
tp = *(FR)

The probability of no system failure due to meteoroid damage 1s

-¢ AT
P(O):e¢pv

where

5
1"

exposed area,

T = time,

118



for small values of P(0),

1 - PO) =¢ A T

PV
Combining equations we obtain
¢ -3b
1 - P(0) - a(F—K> AT

which 1s rearranged to

1/3b
.- FKa1/3b[ T } A 1/3b
- P(0) v

Substituting for

and rewriting

1/4

AT
p = 0.283Fal/*K|—¥—
1 - P(0)

/

The quantity al 4K can be rewritten into the product of a micro-

meteorite property term and a target material property term

1/3 -
1/4('°MV2) o E) 1/3

( t
It should be noted at this point that a factor of 10 uncertainty
in a, the meteoroid flux, resultsina factor of 1.78 uncertainty in
the meteoroid armor requirement, a factor of 10 1n P the
meteoroid density, results in a factor of 2,15 uncertainty in the

armor. Substituting for

a - 1.3x 10—15 number/mz—sec
Py = 0.4 g/cc

V = 30 Km/sec

F = 1.75
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and putting E into units of 106 kg/cmz, T 1into years and Av in

2
meters , results

1/4

2
_ A _(m) T(yr)
t(cm) = 0.106(ptEl) 1/3]:——YIW:|

The micrometeoroid armor weight penalty per unit area 1s

ptt = 0.106p

1/4
2/350-1/3 AT
¢ - P(0)

This equation suggests a micrometeoroid armor material figure

of merit (MFM).

MEFM = Pt2/3E/-1/3
Room temperature values of (ptE/)—l/3 and pt2/3El—1/3 are
given 1n Table II-14 for the most appropriate materials.
TABLE II-14
METEOROID ARMOR MATERIAL PROPERTIES
Density E x 10-6 . =173 2/3...-1/3
Material (g/cc) (kg/cm2) ptE [N E
Beryllium 1.85 2.9 0.57 1.1
Aluminum 2.7 0.63 0.83 2.2
Iron 7.9 2.1 0.39 3.1
Molybdenum 10.2 33 0.31 3.2
Stainless Steel 7.9 1.9 0.4 3.2
Copper 8.9 1.1 0.46 4.1
1l kg/cm2 = 14.4 ps1

A generalized plot of armor thickness

for values of the target property (PtE

120

/)—1/3

(t) vs [(A_T)/1-P(0)]

1s givenin Figure II-32.
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Figure II-32, Meteoroid Armor Thickness Requirements

h, Weight Penalty

In large power systems, the micrometeorite armor require-
ment 1mposes a significant weight penalty that provides a strong
incentive to reduce the vulnerable area by the use of fins and .o
reduce the radiator area by using a higher temperature power

conversion cycle. The armor weight per electrical watt 1s

1/4 5/4
PttAv = Constant S ﬁ
P 1 - P(0) P

1f

where A 1s the total radiator area, andfor low efficiency systems

A= B
'r]oO'ETC
then
pttA

v pr M4 « 1574

= Constant . = .
P 1 - P(0) N,0€ T5
C
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The results are plotted as a function of TC in Figure II-33 for the

following example
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Figure II-33. Example Performance
Penalty for Micrometeorite
Armor

D. DESIGN EXAMPLE

Let us assume we have the problem of determining the
minimum welght radiator required to reject the waste cycle
heat from a mercury rankine cycle power system. The thermal
heat to be rejected will be assumed to be 50 kwt at an average
condensing temperature of 600°F. The geometry selected 1s
shown 1n Figure II-34 and consists of an array of tubes attached
to a cylindrical surface. The mercury vapor 1s distributed to

the individual tubes by a manifold. The mercury vapor 1s
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Figure II-34, Typical Radiator Geometry

condensed to a liquid as 1t flows through the tubes and the heat

of condensation 1s radiated to space from the surface of radiator,
The assumed tube and fin detail and materials are shown in Fag-
ure II-35, This geometry closely approaches the 1dealized rec-
tangular fin radiating from one side, In addition, assume that
the cylinder 1s 5 ft in diameter and that the surfacec emissivity
can be taken as 0.90. The particular configuration or overall
shape that a radiator will assume 1s usually dictated by the
vehicle or application considerations. From Figure II-23, the

quantity

Q _ 2
"N 0.70 kw/ft
600
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Figure II-35. Tube and Fin Detail

With the values of €= 0.9 and Q = 50 kw the absolute minimum
radiator area will be 79.5 f‘c2 at a fin effectiveness of 1.0, which
can only be approached. If we arbitrarily assume a fin effective-
ness of Mg = 0.80, then the area is 100 ft2 and the length of the
cylinder is 6.3 ft. With the fixed value of fin effectiveness, from
Figure II-27

2.3

o-eTL To

kto = 0.20
L, as will be recalled, is the fin length and hence is related to
the number of tubes (N) in this example by L =7D/2N. With a
fixed value for the number of tubes, the thickness of the fins can
be calculated. Also, with the number of tubes and length of tubes
fixed, the tube diameter can be calculated to give the desired
pressure drop. The vulnerable area, which is the sum of the
projected areas of the condenser tubes, can now be calculated.
The weight of the radiator then becomes the sum of the weight

of the fins, armor, tubes and the mercury fluid holdup. As the
number of tubes is increased, with the fin effectiveness held
constant, the fin weight decreases, and the tube armor and fluid
holdup weights increase. This effect is illustrated in Figure II-36

and results in a minimum weight solution for some combination
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Figure II-36. Radiator Weight vs Number of Tubes

of the four elements. If a series of such curves for different
values of fin effectiveness are constructed and the minimum
poiwnts plotted, an optimum value (1, e., mimimum weight) of fin
effectiveness can be found, as illustrated in Figure II-37. A
minimum weight solution can be discerned, or conversely, the
weight penalty associated with operating with either higher or
lower radiator area. For this case, the optimum fin effective-

ness as shown in Figure II-37 1s about 0.76, which corresponds
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RADIATOR WEIGHT (Ib)

to an area of 106 ftz. It should be noted that the effect of the
tube and armor weight was to increase the optimum fin effective-

ness over that indicated for minimum fin weight only.
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Figure 1I-37. Radiator Weight vs Fin Effectiveness
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3. SYSTEM DESIGN

A, SYSTEM CONSIDERATIONS

Thus far we have considered the requirements and limaitations
of reactors. In order to establish the specific reactor require-
ments for a space power application and to select a reactor-
power conversion combination, we must consider the mutual
interactions of the three major subsystems for nuclear space
power plants, These include (1) the reactor heat source, (2) the
power conversion cycle, and (3) the waste heat radiator. The
power conversion cycle determines the operating temperature
of the other two and 1ts weight 1s relatively insensitive to tem-
perature. The details of the cycle, for example the working
fluid, are a function of the operating temperature. The radiator
area and weight are, of course, a strong function of the cycle
cold temperature. The reactor size, weight, and concept are a
function of temperature because of the operating temperature
limatations of the applicable core materials. In order to mini-
mize the weight of the heat rejection system, 1t 1s necessary that
the conversion system operate at a high sink temperature and
recover a maximum fraction of Carnot efficiency. Since the
waste heat of a cycle must be radiated to space, the area re-
quirement and hence the weight associated with the heat rejec-
tion system 1s, for a given power level, proportioned to the fourth
power of the cycle cold temperature and inversely proportional
to the cycle conversion efficiency. At low powers, the reactor
s1ze 1s independent of power because of the minimum critical
size requirements, Therefore, the conversion efficiency affects
only the size of the radiator and the conversion equipment, Since
the reactor and shield are the dominant weight of nuclear power
systems at low power, the conversion efficiency and the cycle
cold temperature are not so important. At higher power levels,
however, the radiator becomes the dominant weight item of the
system. Consequently, for the higher power systems there 1s a

great incentive to achieve high efficiency and high heat rejection
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temperatures to minimize the weight of the radiator, This point
is illustrated in Figure II-38 which shows the relative weight
contribution of the different system components as the power

level is increased at constant radiator temperature.

100
90—
80—

701 ,(q[[' i A e

RADIATOR

60— POWER CONVERS‘I‘O i
sol- RARRER T

A o
- : //rrr‘“‘/ww N o

20 I hwl
0 L ,\%\X\;x ‘\;i1 311\\:\\y\*\f§ \y\-ll IR
1 10 100 1000
POWER (kwe)

iy » “WU

TOTAL SYSTEM WEIGHT (%)

7-$7-192-58
Figure II-38. Weight Distribution for Nuclear

Turboelectric Systems

B, TURBOELECTRIC SYSTEMS

Of the myriad of thermodynamic heat engines that have been
invented, the ones of most interest for space application are the
Rankine and the Brayton cycles. A very brief description of

these cycles is given below.

a, Rankine Cycle Power Conversion

The cycle diagram and the schematic arrangement of the
Rankine cycle are shown in Figure II-39, The Rankine cycle is
characterized by a working fluid that changes state., In the cycle,
the working fluid is compressed as a liquid and heat is added to
., 1-2; heat is

added at constant pressure and temperature during a phase change

raise the liquid to the saturation temperature, i.e

from liquid to vapor, i.e., 2-3; the vapor is expanded through a

turbine and work is extracted, i.e., 3-4; and the waste heat is
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Figure 1I-39. Rankine Cycle Thermodynamic
Diagram and System Configuration

rejected at constant pressure and temperature during a phase

change from vapor to liquid, 1.e,, 4-1.

As a result of the boiling and condensing phase change which
allows constant temperature heat addition and extraction, the
i1deal Rankine cycle efficiency approaches the Carnot efficiency.
In addition, very lhittle work 1s required to compress the working

fluid 1n the hiquid state,
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The principal advantages of the Rankine Cycle are thehigh cycle
efficiency and the 1sothermal heat rejection which allow minimum

radiator area for a given source temperature,

The principal disadvantages are the mmherent corrosion and

erosion characteristics of the applicable working fluids.

In the application of a Rankine cycle to space, 1t 1s necessary
to i1dentify potential working fluids which have the requisite ther-
modynamic properties for application in the high temperature
range demanded by radiator area considerations. The vapor
pressure of mercury and the alkali metals 1s shown in Fig-
ure II-40. One thing to notc 1s that the available fluids do not
provide a continuous coverage of the temperature scale. The
thermodynamic properties arc such that all of these hhquid mectals
yield an idcal Rankine cycle efficiency that 1s about 95% of the

Carnot efficiency 1n the range of interest for space.

The optimum heat rejection temperature for a Rankine cycle
1s determined by the working fluid selected. As a result of
balancing Carnot efficiency against the T4 law for radiation,
the optimum radiator or condensing temperature 1s about 3/4
of the absolute boiling temperature, The rclationship between
boiling temperature, radiator area, and cycle working fluid 1s
shown 1n Figure II-41, The radiator areca per kilowatt of output
1s calculated on the basis of an optimum Carnot of 25% and a
conversion efficiency of 40% of Carnot which results in an over-

all system cfficiency of 10%.

The approximate range of interest for the various working
fluids 1s indicated as falling betwecen a boiling pressure of 50
and 300 psia. This choice 1s arbitrary, however, a lower boil-
ing pressure limit results from consideration of pressure ratio
across the turbine and vapor specific volume. An upper pres-
sure lIimit results from consideration of system weight. Another
point of concern in cycle temperature selection 1s the condensing
pressure, The 5 psia condensing pressure points for the various

fluids are shown in Figure II-41. The condensing pressure must
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be high enough to allow for condensing pressure drop while main-
taining an adequate boiler feed pump inlet pressure to prevent

cavitation.

b, Brayton Cycle Power Conversion

The cycle diagram and the schematic arrangement of the
Brayton cycle are shown in Figure II-42. The working fluid 1s
an mert gas such as helium, neon, argon, etc., or a combination
of these gases. In the cycle, the gas 1s compressed, 1.e., 1-2,
heat 1s added at constant pressure, 1.e., 2-3, the gas 1s expanded
through a turbine and work 1s extracted, 1.e., 3-4, and waste
heat 1s rejected by a radiator, 1.e., 4-1. Because the working
fluid 1s 1n a single state and absorbs energy at constant pressure
through a rise in temperature, the ideal cycle 1s inherently
limited to a relatively small fraction of the Carnot effictency.
Recent advances 1n lightweight gas heat exchangers have made
1t feasible to consider the recuperated Brayton cycle wherein a
portion of the otherwise waste heat (4-1) 1s used in the 1nitial
phase of the heat addition (2-3). The recuperated cycle achieves
an 1deal gas cycle efficiency of about 25 to 30% of Carnot.

Since considerable work 1s expended in the gas compression
(1-2), a large fraction of the work output (3-4) 1s consumed by
the compression stage. Thus, the net cycle performance 1s
quite dependent upon the turbine and compressor efficiency.
Again, recent advances 1n the state of the art of high efficiency
and high speed turbines and compressors have contributed to

renewed interest in the Brayton cycle.
The advantages of the Brayton cycle are

1) Inherent simplicity of a single loop and a single phase

working fluid,

2) The noncorrosive properties of the inert gas working

fluid.
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Figure II-42. Brayton Cycle Thermodynamic Diagram
and System Configuration
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The disadvantages of the Brayton cycle are

1) The cycle net performance 1s extremely dependent

upon achieving high component cfficiencies.

2) The low 1deal gas cycle efficiency must be overcome
by going to a high Carnot which results in either extreme
source temperature requirements or extremely large

radiator area,

This latter consideration 1s probably the dominant factor in
the performance evaluation of the Brayton cycle. The detailed
parametric optimization of the Brayton cycle efficiencies and
temperatures 1s beyond the scope of this work. However, Fig-
ure II-43 shows the results of a detailed study by Ai1Research,
Reference 74, on a computer optimization of a 35-kwe recuper-
ated Brayton cycle. For comparison purposes, the radiator
area/kwe for a Rankine cycle of 40% of Carnot efficiency 1s also
shown. It 1s quite evident that the minimum area Brayton cycle
requires a much larger radiator areca than a saturated Rankine
cycle operating at the same source temperature. The minimum
weight Brayton cycle probably requires more radiator area than

that shown 1n Figure II-43.

c. Reactor — Turboelectric Systems

A turboelectric nuclear space power system will probably
utilize a Rankine cycle because 1t offers a high conversion effi-
ciency, operates at relatively low source temperatures, and
rejects the waste cycle heat at relatively high temperatures. The
Brayton cycle appears unattractive for space application because
of i1ts lower fraction of Carnot efficiency, higher reactor tem-

perature requirements, and larger radiator area demands.

There are a number of alternate approaches to the coupling
of the reactor heat source, the power conversion, and the heat

rejection radiator for a Rankine cycle system. These alternatives
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Figure II-43. Radiator Area and Source
Temperature Comparison for Brayton
and Rankine Cycles

are shown in Figure 1I-44. The most direct approach to a
saturated cycle 1s the combination of ab which employs direct
boiling of the working fluid i1n the reactor and direct condensing
in the radiator. This combination requires a liquid-vapor
separator and a recirculation pump such that the high heat
transfer coefficients of low quality boiling can be maintained

in the reactor core. The disadvantages of this system are the

nuclear interactions between the working fluid and the reactor.
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Figure II-44. Rankine Cycle System Configuration

Research on this concept 1s being conducted by ORNL (Oak
Ridge National Laboratory) as a backup to SNAP 50.

The more conventional Rankine cycle employs superheat in
order to minimize moisture content in the turbine. The com-
bination of ¢b 1s used in SNAP 2 and SNAP 50. The reactor 1s
coupled to the boiler by a pumped liquid metal heat transfer loop.
The working fluid 1s boiled and superheated 1in a2 once-through
boiler. The combination cd 1s employed in the NASA SNAP 8.
The necessary temperature drop in the radiator heat transfer
loop increase the radiator requirements over that of the direct
condenser-radiator approach. However, the third loop allows
greater vehicle integration flexibility which becomes increas-

ingly important at higher power levels.

Figure [I-41 defines the area of interest or heat source

temperature requirements for various Rankine cycle working
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Radiator Area for Rankine
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138



fluids. The reactor heat source thermal power and temperature
requirements for Rankine cycle systemsare shownin FigureIl-45
as a function of electrical power output and available radiator
area. This survey assumed a constant fraction (50%) of Carnot
conversion efficiency and a constant Carnot efficiency of 25% for
minimum radiator area., This latter assumption should not be
confused with minmimum system weight which can occur at a dif-
ferent value of Carnot. It should be remembered that the actual
heat-source temperature requirement 1s probably several hundred
degrees higher than the boiling temperature 1n order to provide
superheat and to allow for temperature drops throughout the
system, especially the boiler. This problem can be eliminated
by the use of a direct cycle which boils directly in the reactor
core to provide saturated vapor. This approach 1s also attractive
from the point of view of eliminating system components and
weight. However, direct boiling in the reactor can introduce
reactor control problems and a saturated cycle probably demands

the complication of moisture separation in the turbine.

Since the reactor weight and the cycle selection are a function
of temperature and since the radiator weight 1s a function of tem-
perature and power, the choice of a reactor-cycle combination
1s a function of system power level, This point can be 1llustrated
by means of an example which compares the weight of the reactor
and radiator for a water reactor-water cycle, for a hydride
reactor-mercury cycle, and for a carbide reactor-rubidium
cycle (see Figure II-15). The example shown in Figure II-46
assumed a reactor welght increased by 50% over that shown 1n
Figure II-15 1in order to provide for coolant void and cylindrical
geometry., Reactor weights are for this purpose considered
independent of power, and radiator area 1s assumed at 1/2 to

1 lb/ftz. Figure II-46 indicates that

1) The water system 1s too limited 1n its applicable range,

2) The hydride-mercury system has the lower weight

between about 2 and 20 kwe, and

3) The carbide-rubidium system 1s better above 20 kwe.
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However, this example does not consider the state-of-the-art
difference between a 1500°R system and a 2400°R system (see
Figures II-13 and 1I-14). In effect, lower radiator weight 1s
achieved 1n the higher temperature system at the expense of

not only increased reactor weight but, more importantly, in-
creased materials problems such as strength, corrosion, sub-
limation, self-welding, etc. In general, increased tempera-
ture 1s rarely an easy solution to a problem. However, there

1s no denying that high-power systems will demand increased
temperatures and that the necessary technology will be developed.
One cannot rule out a system because of temperature except on
the basis of development time. As temperatures increase,
greatly increased development times must be allotted. Avail-
ability will in effect move the crossover point to a higher tem-
perature system to much higher power levels until the tech-
nology exists to make the simple weight consideration independ-
ent of state-of-the-art differences. Thus, for example, the
hydride-mercury system may well be extended into the 100-kwe
range because of technological availability even though 1t does
not have the lightest weight potential at that power. It 1s, how-
ever, clear that the high-temperature systems must ultimately
be developed in order to achieve the mimimum specific weight
(Ib/kwe) required for future missions and especially for electric
propulsion. As i1llustrated in Figure II-38, at very high powers
the reactor weight per kilowatt becomes small and the radiator
weight per kilowatt becomes dominant, Radiator area and weight
can only be reduced by increased source temperature. The sig-
nificance of increased source temperatures for minimum radiator
area 1s even further increased when the weight penalty for mete-

orite protection 1s considered.

The i1nfluence of operating temperature on the reactor fuel
burnup limit should not be forgotten. In the example of Fig-
ure II-18 the effect of temperature on the useful energy from a
UOZ-stamless steel cermet core was 1llustrated. In the case of

a space system the reward for higher temperature 1s lower
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radiator area and weight and the penalty 1s decreased core endur-
ance or a larger core for a given endurance requirement. Thus,

1f temperature 1s increased radiator weight will decrease and the
reactor weight will increase 1f the reactor size 1s determined by

a temperature-dependent burnup limit. The following example

will 1llustrate this situation. Assume

1) The reactor core material has the same burnup de-

pendence on temperature as shown in Figure II-17
2) 1 at%h = 10 Mw-yr
3) Reactor weight = 750 lb/ft3 of core
4) Power = 1 Mwe
5) Efficiency = 10%
6) System life = 1 yr
7) Radiator weight = 1 lb/ft2

Figure 1I-47 shows the reactor and the radiator weight for these
assumptions as a function of operating source temperature. The
results 1ndicate a minimum reactor plus radiator weight at a
source temperature of about 1700°F, This result should not be
taken literally since the reference fuel material, UO2 stainless
steel cermet, 1s not a useful fuel for space systems. However,
1t could be considered representative of a very stable high-
temperature fuel. A significant optimization must await com-
plete burnup vs temperature data for applicable high-temperature

fuels like UC.

C. THERMOELECTRIC SYSTEMS

a, Thermoelectric Power Conversion

Direct conversion of heat to electricity by means of the
Seebeck (thermoelectric) effect offers advantages of static
operation and high reliability potentlal'. However, the tem-
perature limits and the conversion efficiency of current ''state-
of-the-art' converter materials limit the usefulness of thermo-

electric conversion systems to relatively low power levels.
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Figure 1I-47, Tradeoff Between Reactor Weight and Radiator
Weight as a Function of Operating Temperature. (This
illustration applies to a reactor which has the
burnup limit of Figure II-17.)

The direct conversion of heat to electricity was discovered
by Seebeck in 1822, For over 100 years the approach was con-
sidered to be of no practical significance because of the low
efficiency of known materials. The efficiency of a thermo-
electric power conversion device is a function of the material's
figure of merit, 2, which is defined as sz/pK where s is the
Seebeck coefficient in volts/C, p is the electrical resistivity in
Q-cm, and K is the thermal conductivity in watts/cm-°C. The
development of semiconductor materials in the late 1950's re-
sulted in the identification of a number of intermetallic com-
pounds and alloys of low thermal conductivity that could be doped

to provide a carrier concentration leading to 2 maximum Z.

143



The basic elements of a thermoelectric converter are 1llu-
strated 1in Figure I1-48, Heat flows from a source at temperature

TH through the thermoelectric material to a sink at temperature
TC'
electric material induces a voltage difference between the hot

The resulting temperature difference across the thermo-

and cold end, v = S(TH - TC). The two pireces of thermoelectric
material are called a couple and are doped N and P such that the
Seebeck voltage of one 1s positive and the other negative. This
allows series electrical connection of the thermoelectric ele-

ments without the introduction of a heat shunt,

H
| L ]
N P
| —A
1 [
TC
1/2Q 1/2Q
I ‘“‘%'V
L
V -
7-S7-192-68

Figure II-48, Ideal Thermocouple

An approximate expression for the ideal thermoelectric con-
verter efficiency can be derived as follows for materials with

properties £ S, p, and K

The heat flow

Q = ZK%AT
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The open circuit voltage

V = 2SAT
The generator impedance
£
Rg - ZPA
At matched load
RL - Rg

and the power delivered to the load

P (it
" {R_+R L. = 4R
g L g
N
P____.

2,4
PA

2
1S
§ ST

ol

’77._

the efficiency equation can be put into a general form of a device

efficiency times Carnot

T-7T5"¢

2
_1s® . AT
M= ZpRKH T

The quantity 1/4Z TH 15 a function of the materials properties
only and 1s approximately the fraction of Carnot efficiency of an
ideal converter.

In a more rigorous derivation which includes IZR heating and

the Peltier effect which 1s the direct transport of heat due to a
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current flow 1n a thermocouple, the expression for maximum
device efficiency 1s

VZT +1 -1

T
\/ZT+1+—TQ

H

D

The 1deal device efficiency of the useful materials of interest 1s
shown 1n Figure 1I-49., For ZT = 1 and TC/TH = 0.7-0.8, the
i1deal materials efficiency 1s about 19% which corresponds very
nearly to an envelope of the maximum efficiency of all known
materials, It should also be noted that at ZT = 1, the efficiency
1s about 3/4 of that given by the approximate expression

np = 1/4ZT.

In a large space thermoelectric system the influence of Z
and temperature on radiator area and thus weight 1s of more
importance than efficiency. If one assumes a constant device
efficiency Uy the approximate heat rejection 1s

Po 4

Q. = =0e€AT
R ™ mpme C

P 4 4
& “9¢1pTunctl - 1¢)

where
Po = electrical power output
O = Stefan-Boltzmann constant
A = radiator area
TH = source temperature
€ = emissivity
QR -~ heat rejected

Therefore, for Tp = Constant, the power per unit radiator area

1s proportional to the fourth power of the maximum hot temperature
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that the thermoelectric material can withstand as determined by
metallurgical stability, sublimation, strength, etc. Variations
mnm, can be readily overcome by the T; part of the dependence
1if the materials are capable of higher temperature operation.
Remember that maximum P/A occurs at ¢ 0.2 for a low
efficiency device Because of converter inefficiencies, fin
effectiveness, emissivity, etc , practical devices achieve only
about 50% of the 1deal power per unit area. The area per kwe

of thermoelectric systems 1s shown in Figure II-50.

b. Thermoelectric Converters

The discussion thus far has considered only the ideal con-
verter performance as limited by Z and temperature. A practi-
cal consideration 1s the i1dentification of a converter design
capable of capturing a maximum fraction of the available theo-
retical materials efficiency and the degree to which the physical
and metallurgical properties of a given thermoelectric material
control the design. It should be remembered that the theoretical
materials efficiency 1s a function of the materials physical
properties alone and 1s completely independent of geometry.

The design of a practical thermoelectric converter must pro-
vide the following (1) the individual thermocouples must be
electrically 1solated to allow a series connection to provide a
useful output voltage, (2) the transfer of heat from source to
radiator must have minimum thermal impedance 1n series with
the thermoelectric material because any loss of available AT
directly diminishes the converter efficiency, (3) the electrical
impedance of all interconnections and contact junctions in series
with the thermoelectric material must be minimal because all
extraneous IZR losses directly diminish the converter efficiency,
and (4) all shunt heat transfer from source to radiator must be

minimal,

The physical and metallurgical properties of the thermo-
electric material can influence the converter design and efficiency.

For example (1) the extraneous converter resistance 1s strongly
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Figure II-51, Reactor Thermal Power and Source
Temperature Requirements for Thermoelectric
Systems as a Function of Electrical Power

and Radiator Area
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influenced by the ability to make metallurgically stable electrical
contacts of mimimum resistance to the thermoelectric material,
(2) any requirement for a coating or barrier on the thermoelec-
tric material to suppress sublimation provides a shunt heat path,
and (3) the physical strength of the thermoelectric material can

determaine structural or thermal stress limitations,

c¢. Reactor Thermoelectric Systems

As a result of practical engineering limitations, the only
materials that can be currently considered for space are PbTe,
Pb-Sn-Te, and the Ge-S1 alloys. The basic PbTe material has
a theoretical conversion efficiency of about 15% of Carnot and 1s
limited to a peak hot-junction temperature of about 800°F by sub-
limation. Through converter design the upper temperature limait
can be extended somewhat by use of an encapsulant to suppress
sublimation. The Ge-S1 alloys have a lower conversion efficiency,
about 10 to 15% of Carnot, but are not as limited 1n operating
temperature. Other practical engineering considerations such
as thermal impedances and electrical contact resistance limit

the net efficiency of practical devices to about 10% of Carnot.

However, the large energy content of a reactor minimizes
the inefficiency penalty which 1s further offset by the rehiability
advantages of direct conversion with no moving parts, In prac-
tical large space power units converter device design and mini-
mum welght requirements will result in converter net efficiencies
of about 3%. Again, because of the large energy content of a
critical reactor, the efficiency 1s of secondary importance until
the system electrical energy output increases to the point of re-
quiring a larger than minimum critical size reactor or of re-
quiring a larger reactor to accommodate heat transfer limitations,
Beyond this point reactor weight increases with power and effi-
ciency 15 of greater concern. In general these problems do not
begin to appear until the electrical power output exceeds a few
kilowatts. The performance of thermoelectric systems as a

function of temperature and area 1s shown in Figure II-51.
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Figure II-52, Thermoelectric System Configuration



The most appropriate converter and system configurations
are shown in Figure II-52, The converter of Figure II-52A 1s
referred to as the direct radiating converter and employs a
single liquid metal heat transfer loop for coupling to the reactor
heat source. This 1s the concept of SNAP 10A and 1s described
in detail 1in Section 5. The converter of Figure II-52B 1s referred
to as a compact converter and requires two heat transfer loops
one for coupling to the heat source and the second for coupling
to a remote radiator, The principal advantage of this approach
1s the vehicle integration flexibility afforded by the remote

radiator.

The principal weight of a thermoelectric system 1s the re-
actor and shield weight. In general, the converter weight 1s
small. In theory the converter weight could be made quite small,
however, in practice the device nefficiency resulting from ther-
mal and electrical losses increases with decreasing converter
weight, The reactor weight 1s fixed by criticality limits of the
reactor concept necessary to provide the source temperature.
The radiator arca per unit electrical output 1s large because of
the hot temperature limit and the low conversion efficiency.
Thermoelectric systems will have a net efficiency of about 3%.
For low-power systems (less than a few kilowatts) the simplicity
and reliability advantages of a thermoelectric system can out-
welgh the disadvantage of large radiator area, However, at large
powers radiator weight and size or awkwardness limit the attrac-
tiveness of thesec systems until such time as better materials

have been developed and reduced to practice.

D, THERMIONIC SYSTEMS

a, Thermionic Power Conversion

The thermaonic converter 1s particularly suited for con-
sideration for use 1n a nuclear spacc power system. It has a
potentially high thermal conversion efficiency, it can operate at
a very high heat sink temperature, 1t 1s capable of high power

density, and 1s a static operating device.
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The thermionic converter may be pictured as an '"electron-
boiler." It consists of an emitter, a collector, electrical leads,
and suitable structure. The emitter (cathode) 1s heated to a
temperature at which i1t can emit a large current of electrons.

A contact potential difference between the anode and the cathode

causes the electrons to flow across the interelectrode space and
be collected on the second electrode, the collector (anode). The
electrons leaving the collector deliver power to an external load
as they return through leads to the emitter. A schematic dia-

gram of the thermionic converter 1s shown in Figure II-53.

Two types of thermionic converters are possible. Each is
characterized by its means of neutralizing the interelectrode
space charge. In the vacuum diode the electrode spacing 1s
made of the order of a few thousandths of an inch or less 1n
order to limit the negative charge buildup between the electrodes.
In the cesium diode, space charge neutralization 1s accomplished

by 1njecting positive cesium 1ons into the space between the
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Figure II-53., Ideal Thermionic Converter
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electrodes, and the spacing requirements become far less strin-
gent. Typical temperatures, efficiencies, and power densities

for these diodes are listed 1n Table II-15

TABLE II-15
TYPICAL THERMIONIC CONVERTER PERFORMANCE

Vacuum Diode Cesium Diode
Emitter temperature (°F) 1000 to 1900 2600 to 3500
Collector temperature (°F) 700 to 1100 1100 to 1400
Interelectrode spacing (mils) 0.3 to 0.5 2tob
Power density (watts/cmz) l1to 2 5to 15
Eff ciency (%) 2tob 6 to 18

Rasor(75) has analyzed the performance of the ideal con-

verter, 1.e., one that 1s emission-limited only. An ideal con-
verter 1s limited by the surface emission process. Transport
effects which inhibit the interelectrode flow of electrons are
assumed not to be present. Thus, the performance of an 1deal
converter defines an upper limit on performance for all types
of thermionic converters, The maximum obtainable efficiency
1s uniquely determined 1in the 1deal converter by Te’ the emitter
temperature, ¢, the collector work function, €, the emissivity,
and KG, the gas conductivity. If one inserts reasonable values
for the independent variables, the ideal or ultimate converter
performance can be established. Such results with - 1.7 ev
and KG = 0 are shown in Figure II-54., The significant feature
1s that both optimum efficiency and power density increase with
1ncreasing temperature,

Figure II-55 presents the results of a recent thermionic

(75)

converter performance survey by Rasor.

b. Reactor — Thermionic System

There are several alternate approaches to the integration
of a reactor heat source and the thermionic power conversion

for space power. Perhaps the simplest approach 1s a solid
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cylindrical reactor with thermionic diodes located on the outer
surface of the reactor and an individual radiator fin for each

anode. This concept 1s shown schematically in Figure II-56a.
This concept 1s inherently lIimited to small power levels by the
peak temperatures required for conduction heat transfer in the
core and by the limited radiator arca that can be achicved with

conductive heat transfer to the extended surface.

The core power density limit and the radiator area restric-
tions can be removed by transferring heat from the core by means
of a liquid metal coolant loop to converter cathodes which are
located i1n an extended array. This concept1s shown schemati-
cally in Figure II-56b. The major drawback of this concept 1s that
it requires all reactor and coolant loop components to operate at

the cathode temperature,

The third and generally favored approach 1s to assemble the
reactor core from a number of integral fuel element converters.
The anode temperature 1s maintained by a liquid metal coolant
loop to an extended radiator. This concept i1s shown schemati-
cally in Fagure II-56¢c and described more fully in subsequent

paragraphs,

For reactor application the cesium diode appears most
practical for the following reasons (1) the efficiency of the
ceswum diode 1s considerably greater than that of the vacuum
diode, (2) very close electrode spacings are not required, and
(3) choice of materials 1s larger, since cesium vapor helps

establish electrode surface characteristics.,

Because of the extremely high cathode (ermatter) temperature
the system requires the cathode to be loaded with fissionable fuel
to attain the necessary temperature. Inspection of Figure II-15
reveals that the most applicable reactor concept for thermaionic

systems 1s the UC fast reactor. Only UC and UO, have the neces-

2
sary temperature capability., UC has the advantage of higher
uranium density and higher thermal conductivity, and thus smaller

reactor size and weight.
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A typical thermionic conversion fuel element 1s 1llustrated
in Figure II-57 where a number of thermionic converter cells
are shown connected 1n series, Since each cell 1s capable of
producing a potential of approximately 1 volt, many cells must
be connected 1n series to produce useful high voltage. Each cell
consists of a cathode, an anode, an interelectrode space con-
taining cesium vapor, insulation to provide the proper electrical
configuration, and an outer sleeve to 1solate the entire element
from 1ts external surroundings and provide the structural integ-

rity for the assembly.

The cathodes are solid cylinders of fuel material which are
held in place by the insulation separators and the electrical leads,
Nuclear heat supplies the thermal energy to '"lIift'" free electrons
at the cathode surface to an energy level at which they are ematted
into the interelectrode space. This electron removal of heat
from the cathode 1s accompanied by other cooling processes in-
cluding radiation to the anode, and conduction of heat through the
electrical leads connecting the anodes to the cathodes. These
latter two processes are heat losses and must be accounted for
in cell optimizations. It may be that the cathodes will have to
be clad to prevent deleterious effects caused by the release of

the fission products from the fuel.

The anode 1s a thin cylindrical shell of metallic conductor
surrounding the cathode. The electrons which travel to the
anode from the cathode are absorbed with the conversion of their
kinetic erergy into sensible heat. This heat must be removed
from the anode to maintain the electrode temperature difference.
For good heat transfer the anode must be 1n thermal contact with
the outer metallic sleeve, which 1s cooled by a liquid metal. In
order that the anodes of the adjacent cells are not electrically
shorted, a layer of electrical insulation must be interposed. The
annular space between the electrodes contains cesium vapor
which 1s 1onized by the high-temperature environment and serves

to neutralize the space charge which 1s produced by the high
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electron flux in the interelectrode space. The thermaionic fuel
elements are assembled i1nto a close spaced hexagonal lattice to

form a cylindrical reactor core.

The characteristics of a reactor thermionic space power
system can be explored by using the 1deal converter performance
shown 1n Figure II-54. The significant feature 1s that both opt:-
mum efficiency and power density increase with increasing tem-
perature. The output power of a combined reactor-thermionic
converter will then be a function of the reactor fuel element
(cathode) surface area and the operating temperature. The re-
quired reactor volume as a function of cathode temperature 1s
shown i1n Figure II-58 for 1 Mwe and 10 Mwe, The values for
€ = 0.1 1n Figure II-54 were used and the cathode surface area
was taken as 3/4 of the maximum for cylindrical fuel-converter
cells of 1/4 in, and 1/2 1in. diameter. It can be seen from Fig-
ure II-58 that both reactor volume and radiator area are a strong
function of cathode or fuel temperature, It should be noted that
this survey assumes constant conditions throughout and makes
no allowances for reactor power or temperature distributions.
The 1ndicated minimum bare core critical volume assumes a UC
fuel element that occupies 2/3 of the core volume. The core size
could be reduced by the addition of a reflector. It is not clear
that the requisite increase 1n operating temperature 1s desirable,
However, when reactor power distribution i1s considered mn a real
case, 1t 1s clear that a reflector 1s mandatory for the purpose of
power flattening., From a materials point of view, the minimum
operating temperature seems desirable. However, the decreased
power density at lower temperatures causes a significant penalty
in core volume and weight, From the point of view of minimum
system weight, 1t seems desirable to increase temperature until
the core 1s no longer power-density-limited but becomes reactor-
criticality-limited. Depending on the burnup capability of the
fuel, 1t may be necessary to increase core volume for endurance.
The very configuration of a thermionic reactor system makes 1t

extremely sensitive to fuel swelling due to fission products. The
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feasibility of a thermionic reactor system remains to be demon-
strated. It is obvious that the potential limit to feasibility is fuel
swelling. The general hope is that the extreme fuel temperatures
will contribute to feasibility by allowing fission products to rapidly

diffuse out of the fuel material and thus minimize swelling.

In the previous analysis, the parameters were optimized for
maximum efficiency. In general this is not the correct approach
for a minimum-weight high-power system. However, if the
thermionic reactor concept indeed turns out to be reactor-energy-
content-limited, the maximum efficiency approach is probably
correct. The increased radiator area and weight do not in any
way constitute the same kind of feasibility limit. Figure II-59

presents a conceptual design of a 300-kwe reactor assembly
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which consists of the core composed of converter fuel elements
located by an upper and lower grid plate, a reflector withmovable
sections for nuclear control, electrical terminals for power out-

put, and cesium circulation system.

E. SYSTEM COMPARISON SUMMARY

A generalized picture of the performance and applicable
power range of the thermoelectric, Rankine turboelectric, and
thermionic nuclear space power systems 1s shown in Figure II-60.
The most dominant variable in these space power systems 1s tem-
perature. Each major performance improvement can be char-

acterized by an increase in temperature. Namely,

Thermoelectric 800 - 1200°F
Hg Rankine 1200 - 1400°F
K or Rb Rankine 1800 - 2300°F
Thermaionic 3000 - 3500°F

Temperature 1s not only the key to increased performance, but
will, inthe end, pace the technological advances necessary to

achieve these projected goals.

At low power levels (up to a few kilowatts) the reactor and
shield are the dominant weight contributors. The immediate
relatively low space power requirements will be filled with the
most tmmediate technology. In effect, performance will be
sacrificed for low temperaturc and simple systems. The
thermoelectric system fits this description. The rehability
advantage of 1ts static operation 1s very desirable for the low
power requirements of early space utilization systems. The
lack of orientation requirement, freedom from battery storage,
and high resistance to the space environment will make these

systems very competitive in the apparent range of solar cells.

At intermediate power levels (a few to hundreds of kilowatts),
increased performance 1s mandatory. The weight and radiator
awkwardness of low-temperature and low-effictency systems is

intolerable. The increased performance brings with it the
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Figure II-60. Space Reactor Power Systems

materials problems of higher temperature, dynamic control,
the mechanical perturbations of rotating machinery, and more
severe problems in orbital startup and zero-gravity operation.
For this power range the ultimate Rankine system will not be
selected because of the time scale associated with the required
technology. The hydride reactor-mercury Rankine system
requires the least extrapolation of the state of the art, It is
mo st probable that this combination will be used at powecr levels
beyond its region of optimum performance because of its avail-

ability.,

At high powers (hundreds to thousands of kilowatts) the
system selection may be more application-dependent. In the
case of manned orbital stations or lunar bases the dominant
consideration will be reliability. Very probably the increased

confidence in and inherent reliability of lower temperature
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systems will outweigh the performance advantages of a higher
temperature and newer system. Since the shield weight for a
manned system can be in the 10 to 20,000-1b region, the incentive
for system weight reduction through the radiator area reduction
of a high temperature concept 1s greatly diminished. In fact the
higher temperature reactor will, in general, be larger and thus
incur a larger shield weight than a low temperature concept. In
the case of electric propulsion, both maximum performance and
reliability will be necessary for this form of propulsion to be
competitive, The required performance will dictate the highest
possible temperature system. The thermionic reactor concept
seems very attractive for this application, however, the required
temperatures will delay its availability. For these high-power
systems the reactors waill be fast and probably fueled by UC or
UN. The availability of extremely high temperature reactor heat
sources 1s totally dependent on currently undemonstrated fuel

burnup capability.
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4. YEHICLE INTEGRATION

A. INTRODUCTION

The three major subsystems of a reactor space power umt,
1.e., (1) nuclear reactor heat source, (2) power-conversion
system, and (3) heat-rejection system, are closely interrelated
in the selection of a power system concept and the subsequent
system optimization and design point selection. The unique
space limitation of radiative heat rejection results in an extreme
premium on high heat source temperature and a system Carnot
cycle efficiency optimum (nc = 0.2 to 0.25) for minimum heat-
rejection radiator area. These considerations coupled with the
efficiency and temperature requirements of the power-conversion
subsystem define the reactor heat source temperature and power,
The reactor temperature and power requirements in turn deter-

mine the reactor concept, materials, size, and configuration.

In order to integrate the rcactor heat source, the power
conversion, and the heat rejection subsystem into a complete
useful space power system, 1t 1s necessary to introduce addi-

tional criteria. The most significant of these are

1) One year unattended operation 1n space with auto-

matic control and without maintenance

2) Operation in the space environment of vacuum and

micrometeorites
3) Remote startup in orbit via radio command

4) Capability to operate without subjecting the spacecraft

to excessive disturbing torques

5) Design and installation to permit efficiency low weight

shadow shielding of payloads

6) Minimum interference and interaction with basic

booster and payload subsystems
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7) Configured within vehicle structural and flight stability

criteria

8) Capability to withstand the severe shocks, vibrations,

pressure, and temperature transients during vehicle launch

9) Prelaunch installation and checkout with maximum

safety and minimum vehicle and facility interference

10) Capable of low cost quantity production with maximum

reliability.

The purpose of this section 15 to discuss those unique aspects of
a nuclear space power unit that affect the power unit space system
integration. Specifically, they are shielding, safety, and the

factory-to-flight sequence.

B. SHIELDING

The radiation, gammas and neutrons, that accompanies the
fission process introduces the most significant unique considera-
tion in the design and application of nuclear power units. The
damage to payload components requires that the payload be either
shielded from the damaging radiation or that the payload sensi-
tivity to the radiation be reduced by component selection and/or
circuit design, The requirement to provide shielding within a
total system weight constraint results in specific configurational
influence on the nuclear power unit and 1ts integration with the

payload.

The entire science of radiation shielding 1s highly complex
and sophisticated. It 1s certainly beyond the scope of these notes
to treat the subject adequately. However, the limited use of
some general results which have had the background benefit of
more detailed analysis will allow some insight into the radiation

shielding considerations.

a. Source Strength

As discussed earlier, each fission event results in the re-

lease of about 2.5 neutrons, one of which 1s required to 1nitiate
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the subsequent fission event of the self-sustaining chain reaction.
In a small reactor, the neutron economy 1s dominated by leakage.
In the case of the SNAP hydride reactors about 40%, or 1 neutron
per fission, leak from the reactor. Since the dominant leakage
1s fast, these neutrons constitute the effective source that must,
in general, be attenuated. A leakage of 1 neutron per fission
results 1n a source strength of about 1021 neutrons per thermal
kilowatt year. The effective source strength of a very large
space reactor with lower leakage might be not more than a factor

of two smaller,

For the distances of practical interest, 1t 1s acceptable to
consider the source to be located at the reactor's center. The
neutron dose then at a distance, R, 1s equal to the source strength

divided by the surface area of a sphere of radius R. Thus

D_(R) —2
4R
where
Dn(R) - neutron dose (ncutrons/year/cmz)
S = source strength (neutrons/year)
R = distance from source center (cm).

The neutron flux per thermal kilowatt year as a function of dis-
tance 1s shown in Figure II-61 for the assumed leakage of 1 neu-

tron per fission,

Each fission 1s accompanied on the average by the equivalent
of 5 gamma rays of 1 Mev energy. Again, not all of this radiation
leaks from the reactor because of self-absorption by the reactor
materials. In the case of the SNAP hydride reactors, the ex-
ternally effective source 1s equivalent to about 1.5 gammas of
1 Mev energy per fission or about 1.5 x 1021 Mev per thermal

kilowatt year.
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The standard unit for gamma ray flux 1s the roentgen, r,
which 1s defined 1n terms of cnergy absorption per cm3 of air.
For 1 Mev gammas

9

lr = 2.18x 10 Mev/cnn2

Therefore the integrated gamma dose, assuming a poiwnt source,

at a distance, R, 1s

Sy

4mr%(2.18) x 10°

Dy(R) -

where

Dy(R) - gamma dose (r/year)
S, - gamma source (Mev/year)
R = distance from source (cm).

The gamma dosc as a function of distance assuming 1.5 Mev/
fission 1s shown in Figure II-61. For larger space reactors and
for higher density core materials the dose might be lower by as

much as a factor of 5.

b. Radiation Effects

In order to evaluate the shielding requirements of nuclear
power systems, 1t 1s necessary to 1dentify the radiation sensitivity
of the particular payload. There are two general types of radia-

tion effects

1) Rate Effects —~ This type of radiation effect 1s a function
of the instantaneous radiation intensity and 1s usually asso-
ciated with 1onization and 1s of principal significance 1in the

electrical properties of insulators and scmiconductors.

2) Integral Effects — This type of radiation effect 1s a
function of the integrated radiation dose and 1s usually a
result of semipermanent lattice defects which produce

changes i1n practically all physical properties of mater:als.
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A very broad indication of the radiation dose required for
measurable effects 1s given in Figure 1I-62. Since space pay-
loads are predominantly composed of semiconductor devices,
the radiation sensitivity of this class of components will generally
establish the shielding requirements for unmanned applications.
The actual payload sensitivity 1s also a function of circuit design;
however, the radiation tolerance of transistors 1s a good guide.
The general neutron radiation damage behavior of transistors 1s
shown in Figure II-63. The relative sensitivity to gamma radia-
tion 1s usually considered to be about 105 nvt 1 r. The diffi-
culty of semiconductor payload hardening as a function of the
integrated fast neutrons per cm can be characterized as follows.

11

<10" " — only minor consideration
11 12
10 - 1077 — careful component selection
12 13
10 - 1077 — restricted component usage and special

circuit considerations

> 1013 — daifficult

Unique payload sensors may be more radiation-sensitive
than the payload itself. The size of such sensors 1s usually such

that local sensor shielding 1s the most economical approach.

For high radiation environments, conventional and high
temperature ceramic vacuum tubes have very high radiation
tolerance. The availability of larger amounts of power through
the use of nuclear power supplies can make these devices quite
acceptable for space with the important advantage of high tem-

perature radiative cooling.

c. Radiation Attenuation

It has already been shown that distance or separation pro-
vides a simple means of radiation dose reduction. Separation
15 probably most practical in the 10 to 100 ft region. Beyond
that further attenuation must be achieved through the interposi-
tion of materials that absorb the radiation. In the case of

neutrons, the attenuation results from the slowing down of the
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Neutron Exposure

neutrons until they are captured by an absorber. In fact the
dominant consideration 1n a neutron shielding material 1s 1ts
weight effectiveness for neutron slowing down. It 1s a simple
matter to introduce sufficient absorber to eliminate the neutrons
after they have been slowed down. In the case of gamma radia-
tion, attenuation or energy loss 1s the result of gamma ray inter-
actions and energy exchange with the electrons contained in the
shielding material. The best neutron attenuation materials are
hydrogenous and the best gamma attenuation materials are heavy

metals.

The radiation attenuation capability of a material 1s described
by a removal length and the attenuation 1s an exponential function

of the material thickness in terms of removal lengths, 1.e.,

D(T) _ e-T/L ~ 10—T/2.3L
D(o)



TABLE II-16

RADIATION ATTENUATION CHARACTERISTICS

Removal Length (cm)

Material ?gergjictg) Lneutrons gammas
(2.5 Mev)
Lithium hydride 0.75 6.7 34.2
Water 1.00 9.71 23.0
Polyethelyne 0.93 8.9 23.3
Lead 11.4 8.55 2.06
Tungsten 18.9 6.44 1.24
Uranium-238 18.7 5.87 1.19

TABLE II-17
PROPERTIES OF LITHIUM HYDRIDE

Molecular weight
Density
Hydrogen density

Specific heat

Dissociation pressure

Coefficient of thermal expansion

Thermal conductivity

7.948

0.775 gm/cc

5.9 x 102‘2 atoms/cc

0.96 Btu/lb-°F at 68°F
1.67 Btu/lb~°F at 1000°F
27 mm Hg at 1270°F

~23 x 107% o1

2.5 Btu/(hr)-(£t2)( °F/ft)
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D(T) = dose penetrating thickness T
D(o) = 1incident dose

L = material removal length

T - material thickness

The density and removal length of various neutron and
gamma shicld materials are given 1 Table II-16. In general,
neutron attenuation is the controlling problem in the shielding
of unmanned space payloads. The most efficient and high tem-
perature material 1s lithium hydride, LiH. The other important
physical properties of LiH are contained in Table II-17.

The attenuation of separation and LiH thickness are com-
bined in Figure II-64 such that the LaH shield thickness for a
given dose and separation distance can be read directly. If add:-
tional gamma attenuation is required over that provided by sepa-
ration (Figure II-64) and by the LiH thickness (Table II-16) 1t
can be provided by an additional slab of heavy metal, 1.¢.,

D, (R) % S Vi

Y
log -
1ODy(o) 2‘3L711H 2.3L)/M

d. Shield Geometry

The weight of a space shield 1s extremely dependent upon
geometry. It 1s obvious that the shield weight will be a direct
function of the solid angle that the shield shadow must subtend.

In addition the shield geometry must be such that there are no
paths or mechanisms by which radiation can bypass or be shunted
around the shield. The presence of any structural material posi-
tioned such that 1t 1s 1lluminated by the source and can scatter
radiation directly into the payload region can drastically reduce
the shield net effectiveness. As a result of this consideration
minimum weilght shields dictate that the source have a minimum

projected area and that all structural members be contained
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Figure II-64, Variation in LaH Thickness with Separation
Distance for Given Dose Limits

within the conical region defined by the dose plane and the ex-
tremities of the source. The resulting 1deal geometry 1s shown
in Fagure II-65. It 1s obvious that this consideration has a major
influence on the configuration of a nuclear powerplant,

The approximate weight of LaH shields to limit the neutron
dose to 1011 - 1012 over a 5-ft diameter payload section at a
distance of 30 ft 1s shown in Figure II-66 as a function of reactor
size and thermal power. It 1s apparent that reactor source size
1s a more 1mportant consideration than thermal power. Thus
there 1s a prime 1ncentive to minimize reactor size in order to
reduce shield weight. However, a mimimum weight reactor does
not necessarily lead to a mimimum weight reactor-shield com-

bination.
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From Figure 1I-65 1t 1s apparent that separation distance has
a major influence on shield weight. The shield weight of a typical
case 1s shown 1n Figure 1I-67 as a function of separation distance.
If the separation incurs an added structure, boom, weight and
optimum separation distance for minimum shield-boom weight
will result. It should be noted that large separation can also be

advantageous for gravity gradient stabilization of a satellite.

e. Shielding of Manned Systems

As a result of the much lower radiation tolerance of man,
greater attenuation is required. The effects of whole body radia-
tion on man are shown in Table II-18. The simple shielding
analysis applicable to unmanned systems 1s not valid for large
attenuations because such effects as gamma spectrum hardening
and neutron capture gammas become significant contributors to

the total dose.

In addition to the more sophisticated shielding analysis 1t 1s
also necessary to make special provision for shielding the pri-
mary reactor loop radioactive coolant and to prevent neutron
activation of a power conversion cycle working fluid which could
present a large source in a radiator., A shield for a manned
system 1nvolves the same geometry considerations shown in
Figure [I-65. In general a manned system shield will consist

of five regions

1) A heavy metal gamma shield to reduce the core fission
gammas to a level similar to that imposed by the radiocactive

primary loop heat exchangers, etc,

2) A LiH neutron shield of sufficient attenuation to prevent

activation of the secondary or working fluid

3) A compartment to house the primary to secondary heat

transfer, boiler, and pump, components
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TABLE II-18

RADIATION TOLERANCE OF MAN

Do Fast Neutrons
s€ Gammas (RBE ~ 8)
rem (2.5 Mev) (2.5 Mev)
AEC occupational limat {3 rem/13 wk | 3.75 x 103 —Mev_ 1442 Zn
cm”-sec cm“-sec
Threshhold of clinical |25 rem 5.85 x 1010 ML {734 5 108 nvt( "2>
detection cm cm
Acute sickness 125 rem 2.93 x 1011 M_e;r 3.67 x 109 nvt( n2>
cm cm
50% probability of death [400 rem 9.36 x 10t? Me; 1.27 x 10%? nvt( nz)
cm cm
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4) A heavy metal gamma shield to attenuate the radio-
active primary loop gammas and any capture gammas from

the first 1aH region.
5) A final ILaH shield to provide neutron attenuation.

A typical manned shield 1s shown in Figure II-68. The detailed
analysis of such a shield 1s beyond the scope of these notes.
However, the results of a survey of shields for the SNAP 8 re-
actor are shown in Figure 1I-69. These results are presented

in a convenicent manner for scaling to a wide variety of configura-

tions, power, doses, and space station sizecs.

C. SAFETY
a. Criteria

Throughout the design and development of SNAP reactors
and systems, safety has provided the basis for many design
decisions. In order to satisfy the objective of maximum possible
safety of the SNAP space reactor systems, specific evaluation of
the system design 1s necessary in order to obtain an appropriate
balance between the safety of the system and the opcrational
characteristics of reliability, simplicity, and weight, The gen-
eral safety design criteria that have been used for the SNAP

space reactor systems arc outlined below

1) Safety and Ease of Handling — The rcactor system will
be designed so that personnel can handle, install, and repair

the system before launch with safety,

2) Prevention of Accidental Criticality — The reactor sys-
tem will be designed to prevent criticality of the reactor

under any condition except controlled operation.

3) Inherent Shutdown — The reactor system will have
inherent shutdown characteristics (1.¢., a negative tem-
perature coefficient and full utilization of any fundamental

energy release limiting mechanism).
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4) Orbital Startup — Reactor system full power operation
need not begin until after a suitably safe orbit has been
established. Thus, there i1s no radioactivity hazard with

prelaunch accident or preorbit abort.

5) Orbital Shutdown — After the mission has been com-
pleted and prior to reentry, the reactor 1s designed to be
shut down by a redundant combination of on board and com-

mand actuated devices.

6) Reentry Burnup — Design of the reactor system and
components will enhance the probability of high altitude

reentry burnup and dispersal of SNAP reactor components,

The safety aspects are conveniently categorized on the basis

of the operational sequence.

b. Shipment and Integration Period

During the shipment and integration of the Nuclear Auxiliary
Power Unit into its payload and launch system, the possibility of
accidental criticality and an uncontrolled power excursion must
be prevented., The SNAP reactor 1s specifically designed to
allow the removal of the reactor's beryllium reflector and thus
greatly increase the safety margin that must be overcome for
accidental criticality., During shipment and integration the re-
flector 1s replaced with a poisoned aluminum jacket such that
accidental immersion 1n water, liquid hydrogen, or kerosene
cannot cause criticality, Liakewise, the proximity of personnel
cannot cause accidental criticality, During the shipment and
integration period the radioactivity remaining in the core from
the factory checkout operations will have decayed to a sufficiently
low level that personnel working on or around the power unit will
be subjected to radiation levels below the AEC established oc-
cupational dose rate. By supplementing these physical constraints
with carefully planned procedures and trained personnel, the
potential of accidental criticality and personnel injury during the

shipment and integration period 1s even further reduced.
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c. Launch Pad Operations Period

The SNAP unit 1s never operated at full power on nuclear
heat prior to space. The reactor 1s subcritical during all launch
pad checkout operations. Accidental criticality from extraneous
neutron reflecting media 1s prevented by the interposition of neu-
tron poison materials, No assemblage of people around the re-
actor can cause criticahty, Motion of the reflector control
around the reactor can cause criticality. Motion of the reflector
control mechanisms 1s physically blocked and the intimate inser-
tion of reactivity by a liquid reflecting medium 1s eliminated by
void fillers which remain 1n place until all personnel are evacu-
ated for vehicle fueling and launch. In the case of a major chemai-
cal accident accompanied by an accidental power excursion,
analysis indicates only minor hazards outside the normal launch
complex exclusion radius. Deposition of radioactivity within the
exclusion radius could lead to temporary evacuation, but the
combination of decay time and emergency decontamination pro-

cedures can readily restore the launch pad area to usefulness.

d. Launch-to-Orbit Period

The SNAP unit 1s not operating during the launch phase. The
significant problem during the launch to orbit period 1s the pos-
sible chemical explosion of a launch vehicle abort accompanied
by a reactor power excursion. Because of the location of U.S.
launching sites, the missile path passes over land only during
the early stages of launch. For this period, the hazards discus-
sion for the launch pad period which indicated only minor hazards
outside the normal exclusion radius 1s applicable. After hiftoff
the dispersal and dilution factors for the altitudes associated with
the missile path over land will further decrease these minor
hazards. The remainder of the abort conditions for the launch
phase will exist over an open ocean, nonpopulated areas, and
far from 1slands or major cities. The potential hazard to the
general populace from a personnel as well as a contamination
standpoint 1s negligible over the complete range of possible abort

condzitions.
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e. Reentry Period

In the first three periods considered, the hazards are at
all times subject to control through site selection, meteorological
limitations, emergency procedures, range safety, etc. The
unique problem associated with reactor reentry results from the
unpredictable location of reentry and the fact that radiation 1s
not inherently detectable by the general populace. The objective
of the SNAP development program is to design for fuel element
high altitude burnup and dispersal to result from reentry heating.
Preliminary calculations supplemented by arc-jet experiments
and ballistic reentry tests indicate that this objective can be
achieved. In the event of reactor reentry from orbit prior to
nuclear operation, the potential effects of reentry heating, dis-
assembly, and partial burnup coupled with core disfigurement
on earth 1mpact virtually eliminates any nuclear consequences
from the reentry In order to evaluate the world wide signifi-
cance of contributing fission products to the earth's environment
through reentry burnup and dispersal of SNAP systems, the
resultant buildup of Sr90 has been considered. The analysis
indicates that the equilibrium level of Sr90 resulting from the
annual reentry dispersal of 100 SNAP 10A units would add about
0.1% to the dose received from the earth's natural radioactive
background. The design of the SNAP 10A umt incorporates both
ground command and 'on board'" shutdown devices such that a
decay period in space can be provided prior to reentry. Orbital
Iifetime and thus decay time 1n excess of 250 years reduces the
total SNAP 10A fission product inventory at reentry to less than
1 curie. The capability of orbital startup and the design shut-
down devices can be coupled with long-lived orbits to provide an
added margin of safety until complete reentry burnup and high

altitude dispersal has been proven.

In conclusion, radiological hazards need not limit the use of

nuclear power in space. The prelaunchandlaunchperiodhazards
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can be controlled through operational procedures and appropriate
facilities and equipment. Reentering systems with high altitude
burnup and dispersal can be used 1in large numbers without ap-
preciably contributing to the contamination of the earth's surface
or atmosphere. The use of high altitude orbits and orbital start-
up minimize the reentry hazard by allowing long decay times

prior to reentry.

D. FACTORY-TO-FLIGHT SEQUENCE

Nuclear power units can be designed to impose virtually no
interference with the normal space vehicle launching operations.
The SNAP 10A unit has been designed with this objective 1n mind

and the resulting operational sequence 1s a good example.

The operational factory-to-flight sequence of SNAP 10A 1s
1llustrated in Figure II-70. After assembly of the SNAP 10A
unit, the fuel elements are loaded into the core i1n a conventional
critical assembly, The anticipated excess reactivity require-
ment 1s adjusted by varying the fuel loading at a nominal reflector
thickness., After welding the core vessel top head and the NaK
pump into place, the unit 1s charged with NaK. The NaK 1s cir-
culated through an external filtering and cold trapping device
until the oxygen content of the NaK circuit has been reduced to
about 10 ppm. The external NaK auxiliaries are then pinched off
and the NaK circuit 1s sealed. There 1s no subsequent require-
ment to breach the integrity of the core and NaK circuit, Wath
the aid of electrical heat applied to the NaK circuit, the entire
SNAP 10A unit1s raised to operating temperature while the re-
actor 1s maintained critical at low power to monitor excess reac-
tivity, Final adjustment of the excess reactivity required to
operate at design temperature and power 1s accomplished by
reflector thickness variation. After the hot nuclear calibration
the unit 1s ready for shipment to the launch site. The reflector
mechanism 1s removed and replaced with a safety sleeve to
prevent accidental criticality., Within two weeks the core fission

product radioactivity has decayed to a negligible quantity. The
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integral SNAP 10A unit and its reflector subassembly are
separately shipped to the launch site where the core and re-
flector assembly are reunited, but poison sleeves, void filler
blocks, and physical constraints are applied to prevent accil-
dental criticality during the remaining spacecraft mating, and
checkout operations. These safety devices are not removed
until all installation and checkout activities are complete. At
this time the gantry 1s removed and the only remaining prelaunch
activity 1s the remote fueling of the launch vehicle. After fueling
and final countdown the spacecraft 1s launched. A nose cone
aerodynamic fairing 1s ejected at the time of first and second
stage operation. After injection into orbit, the spacecraft is
tracked in order to ascertain the acceptability of the orbit. Dur-
ing this period the power unit radiator 1s covered by a heat shield
which reduces the heat losses to space sufficiently to prevent
freezing of the NaK. A radio command to the spacecraft initiates
power system startup. After the power unit has heated up to a
few hundred degrees, the heat shield 1s ejected. When the out-
put temperature of the reactor heat source achieves the design
condition, the insertion of reactivity 1s interrupted. Reactor
control based on outlet temperature continues for 72 hours until
thermal and short time fission product poison equilibrium 1s

attained.

The actual factory-to-flight sequence of SNAP 10A 1s shown
in Figure II-71.
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5. SNAP SYSTEMS

A. SNAP HYDRIDE REACTOR
a, Concept

SNAP 2, 8, and 10A all use the same reactor concept as a

heat source (see Table I-1). The reactor concept employs a
homogeneous fuel moderator of zirconium hydride containing
U235. For mimimum weight, the reactor 1s reflected by beryl-

lium and controlled by variation of the effective reflector thick-
ness by means of angular rotation of semicylindrical beryllium
drums. The core 1s composed of a bundle of cylindrical fuel-
moderator elements, see Figure II-72. Each fuel element 1s

clad in a thin wall steel tube for liquid metal exclusion. The fuel
elements are contained in a steel core vessel, with the beryllium
radial reflector outside the vessel. The reflector 1s completely
separable from the core for safe reactor shutdown during handling
(Figure II-73). The thermal output 1s removed by the flow of

NaK -78 axially through the core within the interstitial passages

between the fuel elements,

b. Development Experience

Immediately after formal program initiation in early 1957,
demonstration and verification of the reactor physics of the chosen
concept was established as a prime goal. This objective was
achieved with the correlation of analysis and experimental results
from a critical assembly which first achieved criticality in
October 1957, The core consisted of a pseudo spherical assem-
bly of cold pressed blocks of a UO2 and ZrHX powder mixture
containing 10 wt % uranium. In addition to a criticality verifica-
tion, the assembly provided significant information on reflector
effectiveness and the control worth of reflector geometry varia-

tions,

The next major objective was the power, temperature, and

life demonstration of the reactor concept. The final feasibility
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of the concept rested on demonstrating the required hydrogen
retention ability of the fuel cladding under the reactor conditions
of power, temperature, and radiation. The SNAP Experimental
Reactor (SER) was designed and fabricated toward this purpose.
The SER began operation in September 1959 and was operated
until the conclusion of the necessary test program in November
1960 (see Figure II-74). The SER embodied all of the features
of the SNAP reactor concept. The fuel elements contained 7 wt %
uranium and 6 x lO23 atoms/cc of H, in the form of ZrH_. The
core contained sixty-one l-in. diameter fuel moderator elements
on a triangular matrix contained in a 9-in. diameter core vessel.
The reactor was cooled by the flow of NaK-78. Reactor control

was accomplished by means of reflector variation external to the

8-8-60 7550-2047

Figure II-74. SNAP 10A/2 Experimental Reactor
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core vessel. The SER operated at a peak power of 50 kw ther-
mal at an outlet temperature of 1200°F. During one test the
reactor was operated continuously for 1000 hours at these con-
ditions. During the test program the SER produced an integral
| energy output of 225,000 kwt-hr. Of the 6035 total test hours,

| 3300 were at temperatures in excess of 900°F and 1900 hours

were at 1200°F outlet.

The next step in the SNAP reactor development was the
fabrication and testing of a second generation design which more
nearly approximated the detailed requirements of a space reac-
tor. This reactor, the SNAP Development Reactor (SDR), began
operation in April 1961 and the test program was completed in
December 1962, see Figure II-75. The SDR core consisted of
37 fuel elements of 1-1/4 in. diameter containing 10 wt % uranium

and 6.5 x 1023 H, atoms/cc. The core geometry was similar to

-
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Figure II-75. SNAP 2 Development
Reactor

197




7568-1128A

7-10-63

Internal View of the SNAP 8 Core

Figure II-76.
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SER and the coolant was NaK-78. The Be reflector region was
about 3 in, thick and was divided into two fall-away safety ele-
ments and two rotatable half-cylinder control elements. The
SDR operated at a power of 50 kwt and 2 maximum outlet tem-
perature of 1200°F., During the test program the SDR produced
an integral energy output of 273,000 kwt-hr. Of the total 11,300
test hours, 6,900 were at temperatures in excess of 900°F and
2,100 hours were at 1200°F outlet. The SDR program also in-
cluded an endurance test of 1,100 hours at 50 kwt and 1200°F

outlet.

c. SNAP 8 Reactor

In addition to forming the basis for the reactor heat source
for SNAP 10A, the SER and SDR provided the necessary fuel,
physics, and reactor operating experience to design the high
power (1600 kwt) and high temperature (1300°F) reactor for
SNAP 8. In order to achieve the higher power and temperature
of SNAP 8, the core size was increased and the fuel diameter
reduced. An internal view of the SNAP 8 core 1s shown 1n Faig-
ure II-76. The SNAP 8 Experimental Reactor (S8ER) operated
during the period of May 1963 to April 1965. A photograph of the
S8ER ground test reactor assembly prior to installation in the
test facility 1s shown in Figure II-77. The S8ER operated for
over 11,000 hours of which 1 year was at 1300°F outlet temper-
ature and power levels between 400 to 600 kwt. During the test
program the reactor sustained an uninterrupted power run of
5000 hours. The S8ER produced 5.1 x 106 kwt-hr of energy, the
integral design energy requirement of the SNAP 8 system.

After shutdown in April 1965, the reactor was subjected to
a complete post-mortem evaluation. About 85% of the fuel ele-
ments were found to have cracked as a result of radiation-
induced reduction 1n cladding ductility and inadequate design
clearance to accommodate the normal fuel swelling. The critical
materials phenomena have been defined through extensive in-pile

experiments and analysis of the S8ER results. On the basis of
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these data, the design has been established for the next SNAP 8
reactor test, S8DR. This reactor 1s scheduled to begin operation
in the spring of 1968 and will demonstrate the reactor capability
envelope shown in Figure II-78. An engineering development
mockup of the flight design SNAP 8 reactor and shield 1s shown
in Figure II-79,
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Figure II-78. Current SNAP 8 Reactor
Performance Tradeoffs
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Figure II-79. SNAP 8 Reactor and Shield
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d. SNAP 10A Reactor

The specific reactor for SNAP 10A 1s 1llustrated in Fig-
ures II-73 and II-80. The core consists of 37 fuel moderator
elements of 1-1/4 in. diameter by 13 1n. long located on a
1.26-1n. close packed triangular matrix contained within a 9-1n.
diameter core vessel, Each fuel element contains 10 wt %

uranium and 6.3 x 1023

H, atoms/cc. The fuel moderator ele-
ments are clad in 0.015-1n. wall Hastelloy tubing with an internal
hydrogen retention barrier. The NaK coolant flows axially
through the core in the interstitial region between fuel elements.
The region between the resulting hexagonal parallelopiped and
the cylindrical core vessel 1s filled by beryllium metal. The
average radial beryllium reflector thickness 1s 2.5 in. The bulk
of the radial reflector 1s located outside of and 1s completely
removable from the core vessel without modifying the integrity
of the sealed NaK coolant system. Waith the reflector removed
the reactor 1s far subcritical which provides a large safety
margin for all handling, shipping, checkout, and installation

activities,

The reactor control elements are four half-cylindrical
sections of the radial reflector region, Rotation of these
sections changes their proximity to the core and provides
reactor control by leakage variation., The complete radial
reflector control subassembly 1s split into two integral sec-
tions. These sections are held in place by a retention band
which can be severed by command or by reentry heating,
Stored energy in springs ejects the reflector halves when the

band 1s released.
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During startup, release of the control elements by means of
an explosive pin puller by ground radio command allows the ele-
ments to move inward to add reactivity., Two elements are driven
in rapidly by spring energy and bring the reactor within a frac-
tion of a dollar of cold critical. The remaining two elements are
driven in slowly by electrical stepper motors. These elements
add reactivity continually at a slow rate until the reactor reaches
operating temperature. The ramp reactivity insertion rate 1s
slow enough to maintain the 1nitial power overshoot within design
limats, After the initial burst, reactor temperature increases
at the rate necessary to offset the reactivity insertion through the
1sothermal temperature coefficient. Reactor power 1s mitially
determined by the combination of reactor and system heat capacity
and the equilibrium system heat rejection at the average source

temperature.

The thermomechanical performance of the SNAP 10A reactor
hardware under sumulated conditions of checkout, launch, and
orbital operation was verified by means of a Development Mockup
Reactor (DRM), see Figure II-81., This assembly was success-
fully tested with electrical heat at the SNAP 10A temperature con-
ditions 1n a vacuum of 10-6 torr for 90 days of continuous opera-

tion.

Two reactors were operated as part of the SNAP 10A pro-
gram. The ground test system 10FS-3 was a replica of the
flight system and began operation in January 1965 in a shielded

3. 10_4 torr, chamber. The system startup, con-

vacuum, 10~
trol, and operation was prototypical of that used on the subsequent
flight test. The performance of 10FS-3 1s shown in Figure 1I-82,
After startup, control was maintained for three days to compen-
sate for initial reactivity drifts like xenon. The system then
operated for 1 year with no active control. The temperature
drifted downward to compensate for residual reactivity losses.

At the end of 1 year, the controls were activated to perturb the

equilibrium and raise the operating temperature., The system
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Figure II-81. Launch Shock and Vibration Environment
Qualification of the SNAP 10A Reactor
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TABLE I1I-19
SNAP HYDRIDE REACTORS

SER S20R S8ER SNAP 10A
FUEL-MODERATOR ELEMENTS
DIAMETER (em/in ) 2 54/1 0 318/1 25 1 42/0 56 3181 25
LENGTH (em/in ) 35 6/14 0 33 0/13 0 36 8/14 5 33 0/13 0
N, H atom/cm> x 10729 60 65 60 65
W/o U FULLY ENRICHED U-235 7 10 10 10
NO OF ELEMENTS 61 37 211 37
TOTAL U-235 (kg) 29 43 6 56 43
CLADDING THICKNESS (min/in ) 0 25/0 010 0 33/0 013 0 25/0 010 0 38/0 015
REACTOR
CORE VESSEL DIAMETER (cm/in ) 24 1/9 5 22.8/9 0 24 8/9 75 22 7/8 94
HEIGHT-NOMINAL (cm/in ) 40 6/16 40 6/16 53 4/21 39 6/15 6
Be REFLECTOR THICKNESS-NOMINAL (cr/in ) 7 6/3 58/2 3 7 6/3 51/2
NO OF CONTROL DRUMS-SAFETY ELEMENTS 3-3 2-2 6 4
CORE VOLUME (meter> /i) 0 74x1072/0 26| 0 68 x1072/0 24} 1 59 x1072/0 54| 0 85 x1072/0 3
WEIGHT WITH REFL CONTROL ASSEMBLY (kg/Ib) 159/350 137/300 250/550 114/250
FUEL ELEMENT SPACING-TRIANGULAR MATRIX (cm/in ) | 2 58/1 015 3 20/1 26 1 45/0 57 3 20,1 26
OPERATING CHARACTERISTICS
COOLANT FLOW (liters sec_l/gpm) 17/23 1 7/23 8 8/140 0 83/13 1
INLET TEMPERATURE (C/F) 538/1000 538,1000 593/1100 482/900
OUTLET TEMPERATURE (C/F) 649/1200 64971200 70471300 543/1010
MAXIMUM FUEL TEMPERATURE (C/F) 702/1295 693/1280 788/1450 585/1085
POWER (kwth) 50 50 600 34
POWER DENSITY-AVG (Mwth liter™L/Mwh =) 0 00675/0 192 | 0 00735/0 206 |0 0378/1 11 0 0040/0 113
HEAT FLUX-AVG tkeal n "2 hr Y /Bt it 2 e 1) 35,000/12,800 | 48,000/17,600 |150,000/55,000 | 28,000/10,200

NEUTRON FLUX-AVG (n/cm?/sec)

3 1x10tt

3 2x1011

2 3x1012

1 7x 10:Ll




was again returned to inherent self-control and operated until
shutdown after 10,000 hours of continuous and uninterrupted
operation., The reactor was subsequently subjected to a post-
mortem examination in a hot cell. No evidence of incipient
failure was observed and the reactor could most likely have

continued to operate for 5 years or more.

The flight test reactor 10A-FS-4 was launched on April 3,
1965. The reactor sustained the launch shock and vibration,
was started remotely 1n space, was under active control for
6 days to minimize subsequent drift, and operated continuously
for 43 days. The orbital test was terminated by a spacecraft
failure, which produced an erroneous signal, which shut down
the reactor. The space test behaved almost identically with the

ground test.

e. SNAP Hydride Reactor Summary

The design conditions of the five SNAP hydride reactors
that have been tested to date are shown in Table I1I-19, and a

summary of the operating history to date 1s given in Table II-20.

B. SNAP 10A

a. System Description

The objective of the SNAP 10A program was to develop a
nuclear reactor power unit capable of producing a minimum of
500 electrical watts for a period of 1 year in a space environ-
ment. SNAP 10A 1s the first reactor-powered electrical system

to have been flight tested 1n earth orbait,

SNAP 10A employs a (ZrH) thermal reactor coupled to an
integral Si-Ge thermoelectric converter-radiator which con-
verts NaK-transported fission heat to electrical power. The unit
1s approximately conical in configuration with a base diameter
of 5 ft and an overall height of 11 ft, The first flight system waill
have a shielded weight of 950 1b. The 225-1b shield will restrict

the radiation dose at the base to about 4 x 1012 nvt of fast neutrons
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TABLE II-20
SNAP REACTOR OPERATING EXPERIENCE

Date Critical/ Thermal Temper - Thermal Time at Power
Reactor Shutdown Power ature Energy and Temperature
v (kwt) (°F) (kwt-hr) p
SER September 1959/ 50 1200 225,000 1800 hr at 1200°F
December 1960 3500 hr above 900°F
SDR April 1961/ 65 1200 273,000 2800 hr at 1200°F
December 1962 7700 hr above 900°F
S8ER May 1963/ 600 1300 5,100,000 1 yr at 1300°F and
April 1965 400 to 600 kwt
S10A-FS-3 January 1965/ 38 1000 382,944 10,005 hr
March 1966
S10A-FS-4 April 1965/ 43 1000 41,000 43 days
May 1965
TOTAL 6,021,944



and 1 x 107 r of gammas during the 1-year lifetime. After orbital
startup on ground command, the unit operates without the need
for active control, without moving parts, and without attitude
orientation requirements. Because of the negligible heat rejec-
tion variation during the orbital sun-shade transient, SNAP 10A
provides a continuous source of at least 500 watts without the
cyclic limitations of secondary batteries. On a production basis,

the SNAP 10A unit should cost about one million dollars.

The SNAP 10A system configuration is virtually dictated by
minimum weight shielding requirements. The critical shielding
problem is the elimination of neutron scattering around the
shadow shield. As a result, the system configuration is conical,
with a base diameter established by the vehicle payload, the
upper diameter determined by the effective area of the reactor
source, and its length determined by the total radiator area
requirement. Figure II-83 is an illustration of the powerplant

configuration. Basic design operating conditions of the system
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Figure II-83. SNAP-10A System
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Figure II-84, SNAP 10A Performance Characteristics

TABLE II-21
SNAP 10A WEIGHT

{1b)

Reactor 275
Shield 217
Converter 154
Pump 20
Expansion Compensator 28
Piping and NaK 45
Structure 83
Instrumentation and Compartment 106
Heat Shield 32

Total 960
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are shown in Figure II-84, The system weight breakdown 1s

given in Table II-21.

An exploded view of the reactor shield combination 1s shown
in Figure II-85. The fission heat 1s transferred from the reactor
to the thermoelectric power converter by means of a liquid metal
(NaK-78) coolant loop. The liquid metal 1s circulated by a dc
Faraday conduction pump which derives i1ts current from a shorted
PbTe thermocouple operating between the NaK outlet temperature
and a cold junction determined by a small pump radiator. The
pump magnetic field 1s supplied by a permanent magnet. A photo-
graph of the flight design pump 1s shown in Figure II-86. The
NaK flow 1s divided among 40 parallel tubes arranged axially

along the unit's conical surface.

Each NaK tube 1s a series fluid connection of three thermo-
electric modules, Thus, the full 500-watt converter i1s made up
of 120 modules of about 4 to 5 watts each. A detailed drawing of
a module 1s shown in Figure II-87 and an actual module photo-
graph 1s shown 1n Figure II-88. Seventy-two cylindrical pellets
of N- and P-doped Ge-S1 alloy thermoelectric material are
alternately spaced along the length of each NaK tube. The pellets
are electrically insulated from the NaK tube by means of thin
alumina disks. The pellets are electrically connected 1n series
with copper straps at the hot end and aluminum combination strap-
radiators at the cold end. Each aluminum radiator platelet 1s
electrically insulated from adjacent platelets by a clearance gap.
All material interfaces from the NaK tube through the aluminum
radiator are either metallurgically bonded or brazed. Each mate-
rial stack from NaK tube to radiator 1s capable of supporting 200
to 300 1b 1n tension., The radiator platelets have an emissivity
of about 0.9 and are sized to maintain the thermocouple cold
junction at an average temperature of about 600°F. The total

radiator area (including gaps) 1s approximately 65 ftz.
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Figure II-88. SNAP 10A Thermoelectric Converter Module

The series string of couples on each NaK tube is mated with
an adjacent string by electrical cross connection at each radiator
platelet along the length of the NaK tube. These adjacent pairs
of series-parallel-connected couples are then connected in series.
This connection has eliminated the possibility of one open couple
causing a system failure. The open circuit failure rate during
launch was less than one open per thousand elements. The con-
verter reliability should be in excess of 99%. The SNAP 10A
thermoelectric generator has an open circuit voltage of about

60 volts and a generator resistance of about 1.6 ohms.

A conical corrugated titanium structure supports the reactor
shield mass and forms a mounting bed for the thermoelectric
modules. A photo of this structure is shown in Figure II-89.

The structural adequacy of the SNAP 10A system was demon-

strated by subjecting structural and mass mockup systems to
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the simulated launch environment. A system structural qualifica-

tion test 1s shown in Figure II-90,

A prototype system was subjectedto thermal performancetest-
ing mn a vacuum chamber, The test employed electrical heat to
simulate the reactor output., Thetestsetupis shown in Figure II-91.

This test verified overall thermal compatibility of the system.

Two flight-design systems were fabricated for preflight
qualification testing. A photo of one of these units 1s shown 1n
Figure II-92, This specific unit was tested with an electrical
heater simulating the reactor. The second umt was tested with

a live reactor.

For the flight test, the SNAP 10A unit was placed 1n orbit
by means of an Atlas-Agena boost vehicle. The overall flight
test integration of SNAP 10A and the booster 1s shown in Fig-
ure II-93, During launch the power unit 1s protected by an
aerodynamic nose fairing which 1s ejected at the end of the
Atlas boost phase., A heat shield surrounds the thermoelectric
converter 1n order to prevent liquid metal freezing 1n orbait prior

to startup. The heat shield 1s ejected during system startup.

The electrical interface to the Agena flight test vehicle was
verified by means of a combined electrical mockup test., The
SNAP 10A mockup mated to an Agena mockup 1s shown 1n
Figure II-94.

In-flight operation of the SNAP 10A unit 1s initiated by a
single ground command. This ground command releases the
locking pins holding the four control drums, applies power to
the startup controller, and arms the heat shield eject tempera-
ture switch circuit. Two of the control drums are spring loaded
and immediately drive to the full-in position, the two remaining
drums are automatically inserted by the control system at a rate
of 1/2°/150 sec. Approximately 7 hours are required to reach
criticality, during which time the system remains at space
ambient temperature with the heat shields in place protecting the

liquid metal circuit from freezing.
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Figure II-90,

7561-0753

SNAP 10A System Preflight Qualification
Test-Shock and Vibration
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SNAP 10A Thermal Performance Test
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Figure I
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Figure II-92. SNAP 10A Flight System
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Shortly after criticality the reactor experiences a nominal
power excursion which is terminated by the inherent negative
temperature coefficient of the reactor, With the continued inser-
tion of reactivity, the reactor gradually approaches full power.
At 275°F liquid metal temperature, the thermal heat shield
switches release the heat shield halves and preloaded springs
effect their ejection from the powerplant. The thermoelectric
pump, located on the reactor vessel head, bootstraps flow
immediately upon an increase in reactor temperature. When
the system reaches full operating temperature, the ramp in-
sertion of reactivity is terminated by the action of a tempera-
ture switch which senses reactor outlet temperature. The tem-
perature switch functions like a thermostat by allowing an occa-
sional reactivity insertion to maintain the reactor outlet temper-
ature above the switch setpoint. After initial equilibrium, the
control system is turned off and no further control actions are
required. The reactor behaves like a constant temperature

source of power,.

b. SNAPSHOT Flight Experience

Prior to shipment from Atomics International to the launch
site, the SNAP 10A system was thoroughly checked out during
acceptance tests. The reactor was brought critical both at
ambient temperature and at full design temperature to check the
reactor nuclear data and to ensure adequate reactivity. The sys-
tem was operated in a simulated space environment, using elec-
trical heaters, at the full design temperature to verify operation
of the power conversion system, pump, instrumentation, and
other portions of the unit. The nuclear reactor was not operated
at full power since doing so would add little additional technical
verification and would have built up a fission product inventory
which would inhibit later access to the unit. Following final
acceptance testing, the unit required no subsequent manipulation

of the reactor fuel and the liquid metal coolant circuit remained
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sealed at all times. The unit was transported from Atomics
International, located at the northwestern outskirts of lLos
Angeles, to Vandenberg Air Force Base by commercial truck

carrier.

Launch pad activities were the same as with any payload.
The SNAP 10A system was mated with the Agena vehicle in the
gantry, was functionally exercised through the vehicle to verify
commands and instrumentation readouts (the reactor, however,
was not made critical), and all subsystems operated. The
SNAP 10A-Agena system was put through an electronically simu-
lated flight as further verification of flight readiness. The actual
launch was conducted with a normal countdown procedure and

with no unusual delays or difficulties.

With respect to operations through launch, the following

observations can be made

1) Launch pad time to mate, perform functional check
out, and complete booster payload preparation for launch was
similar to that experienced with other payloads. No unique

operations were introduced by the reactor power system,

2) No unusual handling tools or other elaborate aerospace

ground equipment were required to support the launch.

3) Since the unit was nonradioactive, normal working
access on the gantry, to either the payload or the launch

vehicles, was not restricted.

The SNAP 10A flight system was launched by an Atlas-Agena
vehicle at 1.24 p.m., PST, on April 3, 1965, The target orbit
was 700 n. mu circular, the vehicle actually achieved an orbit
with an apogee of 717 n. m1 and a perigee of 699 n, mi., The
orbital parameters and the vehicle status were adequately deter-
mined by the second orbit and the start command was given at
5 05 p.m. The reactor reached criticality at approximately
11 15 p.m. that evening and was operating at full power at

1-45 a. m, on April 4,
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The startup sequence was activated by a single ground
command with all other functions performed by an on-board
control subsystem. The ejectable heat shields remained over
the power conversion unit until the reactor was producing suf-
ficient power to hold the lhquid metal at or above 275°F, Prior
to heat shield ejection, during the time period from launch to
sensible heat, the presence of the heat shields caused a net solar
heat input to the system and the NaK temperatures were approxi-
mately 35°F higher at the time of criticality than at launch. The
automatic insertion of the control drums was terminated by ther-

mal switches when the reactor reached power.

The behavior of the system during startup and the initial
stabilization period 1s given in Faigure II-95. The saw-tooth
characteristic of the temperature 15 due to the automatic actua-
tion of the control system inserting reactivity into the reactor.
During the initial control period, maximum power output reached
approximately 650 watts, or about 12% over design. The reactor
reached power with a total of 200 steps on each of the two fine
control drums, or within four steps of that predicted. Inmitial
liquid metal flow provided by the pump was 14.3 gpm, also at
or above the design value. Reactor thermal power was 42 kw,
Temperature distributions around the SNAP 10A system in orbait,
system heat balances, and operation of all principal components

were as predicted through ground tests,

Approximately 6 days after reaching full power, the on-
board automatic control system was deactivated by ground
command, The SNAP 10A umit was then controlled solely by
the inherent negative temperature coefficient of the reactor heat
source 1tself, In this mode of operation, no electronic devices
or mechanical moving parts are required to function for the
balance of the system life. Without further active control, the
inherent reactor characteristics (for example, hydrogen redis-
tribution, hydrogen losses from the fuel, fission product poisons,

etc.) cause a decrease 1n the system average temperature with
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Figure II-95. SNAP 10A Orbital Startup Sequence

228



time which reduces the power output from the unit. At the end

of 43 days at power, the SNAP 10A unit was producing about

535 watts. Based on the ground test reactor performance and,

in the absence of unusual space environmental effects, it was
predicted that the SNAP 10A unit would put out about 510 watts

at the end of 90 days and about 475 watts at 1 year. The principal
time-dependent operating characteristics are shown superimposed

on the ground test system data curves in Figure II-96,

On May 16, 43 days after startup of the reactor powerplant,

contact with the spacecraft was lost. Failure of the spacecraft
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Figure 1I-96. SNAP 10A Ground Test and
Flight Test Performance
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was abrupt.’ Operation was entirely normal at Rev. 552, Neither
tracking nor telemetry signals were observed from that time
until 40 hours later when, on Rev. 574, the vehicle was acquired
with a telemetry transmitter broadcasting. The telemetry data
revealed (1) the spacecraft was apparently operating from the
reserve battery supply, (2) the command system was inoperative,
(3) the redundant 115 v ac power system was dead, (4) the reac-
tor reflectors had been ejected, and (5) SNAP 10A electrical
power output was zero. All system temperature and NaK flow
data were absent, since this portion of the telemetry system re-
quires ac power. The control moment gyros vehicle attitude
system also lost ac power; however, indications were that the
vehicle maintained its Earth-center orientation and did not

tumble.

The data which are available indicate the SNAP 10A system
did not fail but rather responded in a normal manner to spurious
signals emanating from failed electronic components on board
the spacecraft. Ground simulation tests have shown that the
voltage regulator in the Agena most probably failed and allowed
a voltage increase which overheated the command receiver and

caused false commands.

A capsule evaluation of the major operating parameters is

as follows:

1) The entire reactor subsystem performed properly and
very predictably based on ground test data. Criticality was
achieved at the reactivity levels expected, which indicates
no adverse effect of the launch environment on the reactor.
There was no sign of self-welding problems or failures in
the high-temperature bearings of the reactor control

elements.

2) The thermoelectric power conversion system was

reliable; its generator characteristics (voltage, resistance
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and current) agree with ground test data. The space heat
sink is slightly more efficient than predicted causing an

increase in power output at 3% over that expected.

3) The liquid metal subsystem (pump, piping, expansion
compensators) all behaved in accordance with the ground
test data, The system integrity was not affected by the
launch vibration., There was no apparent micrometeoroid
puncture of the 20-mil liquid metal tubing and no detectable

deterioration of applied emissivity control surfaces.

4) The launch shock and vibration loads were a factor
of approximately 1.5 under the qualification levels. There
were no signs of any high-amplitude vibration about the
SNAP 10A lateral fundamental frequency of approximately
16 cps.

5) The instrumentation system, including the high tem-
perature transducers, functioned very adequately. Of the
total of 105 in-orbit channels, 103 were still transmitting
useful data after 30 days. The 17 launch-to-startup instru-

ments all performed satisfactorily.

6) The heat transfer from the high temperature SNAP 10A
system to the Agena, as well as other interface variables,
correlate closely with ground test experience. The heat

load to the Agena was less than 130 watts.

7) Radiation levels about the system were carefully
measured. The neutron flux immediately adjacent to the
outer surface of the beryllium reactor reflector was about
4 x 1010 n/cmz/sec. At the mating plane between the
SNAP 10A system and the Agena vehicle, the fast neutron
flux was about 106 n/cmz/sec on the vehicle centerline and
3x 106 n/cmz/sec on the outer surface, These values are
about a factor of 4 higher on the vehicle centerline and a

factor of 4 lower on the outer vehicle surface than predicted.
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The gamma dose rate at the interface was approximately

630 r/hr. The gamma flux toward the aft end of the vehicle
is about 2 orders of magnitude less than quoted above and
the fast neutron flux about 2-1/2 orders of magnitude less
than at the interface, These are less than would be pre-
dicted by a simple inverse square law relationship and are

a result of scattering and attenuation by the vehicle structure
and components, There was no sign of premature radiation-

induced component failures of any of the in-orbit equipment.

The spacecraft failure which shut down the orbital test of
SNAP 10A after 43 days prevented a system reliability demon-
stration in space. However, the duplicate ground test system
FS-3 operated continuously for 10,000 hours in a shielded vacuum
chamber. The post-shutdown examination of FS-3 revealed no
wear-out modes or incipient failures, and it was concluded that

a SNAP 10A system could probably operate for 5 years or more.

C. SNAP 2

The SNAP 2 concept was the result of a 1956 preliminary
study which evaluated the state of the art of reactor and power
conversion technology as well as projected space vehicle and
mission requirements. As previously discussed, the SNAP
hydride reactor concept, which was chosen for SNAP 2, has
become the basic heat source for SNAP 10A and SNAP 8, The
SNAP 2 program was initially oriented toward the development
of a specific 3-kwe mercury rankine cycle system. This specific
objective has been dropped in favor of a broader technology de-
velopment program in order to demonstrate the engineering
feasibility of larger multikilowatt mercury rankine cycle systems
for space. The development work to date on the SNAP 2 program
has indicated a concept performance capability at 5 kwe of about
200 to 250 lb/kwe and 25 to 30 ftz/kwe. The power conversion
development progress on SNAP 2 has demonstrated the feasibility
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of hermetically sealed and working fluid lubricated rotating

machinery for reliable operation of 1 year or longer in space.
The basic concept of a hydride reactor and a mercury rankine
power conversion system should be applicable into the 100- to

200-kwe range.

A system schematic for a 5-kwe SNAP 2 unit 1s shown in
Figure II-97, A liquid metal (NaK-78) heat transfer fluid 1s
circulated through the reactor core and the mercury boiler
superheater by a dc conduction EM pump which derives 1ts cur-
rent from a chromel-constantan thermocouple operating between
the reactor outlet temperature and the boiler preheat tempera-

ture. In the boiler superheater the reactor heat 1s transferred

g 70 Ib/min
o NaK 78
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REACTOR ALTERNATOR % S5kwe 39
1000
1%20 (55 kwt) oF 1800 cps
—1 TE [ R/C
ILER
PUMP mercury | B° R T TT T
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Figure II-97. 5-kwe Mercury Rankine Schematic
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from the primary reactor coolant to the mercury working fluid
of the rankine power conversion cycle. The reactor heat con-
verts liquid mercury i1nto superheated vapor which 1s expanded
through a turbine. The resulting mechanical power output of
the turbine 1s converted to electrical power by the alternator.
The mercury vapor exhaust from the turbine i1s condensed 1n the
radiator-condenser which 1s part of the outer skin of the space
vehicle. The mercury condensate 1s returned to the boiler by a
boiler feedpump. The system configuration is shown in
Figure II-98.

All the power conversion system rotating components are
mounted on a single common shaft component which 1s called the
combined rotating unit (CRU). Thus, the entire SNAP 2 power
conversion system has only one moving part which 1s supported
on liquid mercury lubricated bearings, The entire assembly
of rotating machinery is enclosed within a hermetic housing
which prevents the loss of the mercury working fluid during the
system life. The CRU 1s shown in Figure II-99. The individual
components of the rotating shaft include (1) the mercury turbine
which 1s a two-stage axial flow impulse machine, (2) the alter-
nator which 1s a permanent magnet machine with a sealed stator
and delivers 5 kw at 1800 cps, and (3) the mercury pump which
1s a conventional but miniature centrifugal pump supplying pres-

surized mercury to the boiler and to the bearings.

A photo of the CRU test assembly 1s shown in Figure II-100,
The power conversion rotating machinery development has prog-
ressed to a level of test experience 1n excess of 30,000 hours.
One machine has operated for anintegral time of about 5,000 hours,
and several machines have operated beyond 2,000 hours. Ind:i-

vidual machine components are shown in Figure II-101.
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The mercury boiler-superheater 1s a tube and shell, counter-
flow, once-through boiler with NaK 1n the shell and mercury in
the tubes. The boiler 1s 1n a coiled tube configuration which pro-
vides local high accelerations such that the boiler operation is

not affected by zero gravity.

The cycle rejection heat 1s radiated to space by a combined
radiator-condenser which forms part of the outer structural skin
of the space vehicle, Mercury condensation takes place at 600°F
and 6 psia within a number of small-diameter parallel tubes which
are attached to a high thermal conductivity skin which in turn
radiates the heat of condensation to space. The total area neces-
sary to radiate the cycle waste heat and subcool the pump inlet
1s about 125 ft2 and weighs 200 to 250 lb. A developmental

radiator-condenser 1s shown in Figure II-102,

The major system components, the reactor heat source and
the power-conversion package for a 5-kwe system have been

demonstrated at the required design point.

In addition to the development of components extensive
system development was initiated under the SNAP 2 program to
evaluate the important thermal, hydraulic, and structural inter-
actions between system components and to establish system
operating modes for startup, steady state, shutdown, and restart.
The electrically heated thermal performance test system 1s
shown in Fagure II-103. This mockup of a complete SNAP 2 sys-
tem demonstrated overall system performance compatibility and
stability, A second mockup system demonstrated the structural
integrity of the concept. A third system, devised to determine
the zero gravity steady-state and startup characteristics was
tested 1n the Mercury Rankine Program. In this test system,
the influence of gravity 1s minimized by locating the radiator
condenser tubes and all critical hydraulic components in one
horizontal plane. The CRU 1s started by "blowdown'' upon injec-
tion of liquid mercury into a preheated boiler. The mercury

injection continues until the integrated heat of condensation has
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Figure II-102, Developmental Mercury Rankine
Radiator Condenser
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Figure 1I-104, SNAP 2 Startup and Test
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raised the condenser temperature sufficiently to provide the
condenser exhaust pressure necessary to prime the CRU mer-
cury pump and complete the closed cycle, At this point mercury
injection 1s ceased and excess mercury in the condenser 1s dis-
charged into a constant pressure volume until the system equili-
brates at the desired condensing temperature and pressure. In
over 200 start cycles this system has demonstrated the vapor
liquid interface stability of the parallel tube condenser, the
ability to start and achieve equilibrium without condenser pre-
heat, the ability to prime the CRU mercury feed pump and
operate a closed cycle, and general system startup and steady
state stability. The startup schematic and a picture of the test

system are shown in Figure 1I-104,

Potential applications for the mercury Rankine system in-
clude provision of electrical power for manned laboratories,
manned space stations, lunar bases, communication satellites,
military satellites, and space probes. Both isotope and reactor

heat sources can be used with present hardware,

D, SNAP 8

The SNAP 8 Program has been under active development by
NASA/AEC since 1960. It consists of a compact zirconium
hydride-moderated thermal reactor and a rankine power con-
version system with mercury as the working fluid. Its present
objectives are tailored to a 35-kwe flight test system capable of
10,000-hour continuous space operation, Space startup and shut-

down 1s an objective,

A schematic of the SNAP 8 system 1s shown in Figure II-105,
The reactor primary coolant (NaK-78) is circulated through the
mercury boiler by a rotating pump/motor assembly (NaK PMA).
Hot mercury vapor from the boiler 1s then expanded through a
four-stage turbine contained within the turbine/alternator assem-
bly (TAA) and 1s condensed 1n an indirect condenser., Mercury
18 then returned to the boiler by the mercury pump/motor assem-
bly (Hg PMA). A NaK-78 heat rejection loop 1s used to cool the
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condenser and heatis rejected from this loop by means of a direct
radiator. The significant difference between the SNAP 8 and the
Mercury Rankine (SNAP 2) equipment 1s the use of oi1l-lubricated
ball bearings on SNAP 8 rotating equipment. This requires the
use of an auxiliary lube/coolant loop with 1ts separate pump
(L/C PMA) and radiator. Another difference from the Mercury
Rankine system 1s the use of an indirect radiator concept with
the NaK heat rejection loop. Developmental testing to date has
concentrated on design and performance integrity tests of the
prime components. Tests have, in general, reached the several
thousand hour stage. The program 1s scheduled to demonstrate
reliability and endurance of components integrated into complete

systems. Bothnuclear andnonnuclear systemtests are planned.

The TAA 1s shown in Figure II-106. The TAA contains a
space seal which 1s designed to limit oil and mercury leakage to
space. Seal leak test data has been correlated to analytical pre-
dictions. A remaining developmental problem 1s formation of
cavitation zones in the vicinity of lands on the visco (screw) space
seal, Mater:al and seal configuration changes have been made
to minimize cavitation problems.

The mercury boiler assembly has been tested and current
development problems includes boiler ''deconditioning' and
potentially inadequate containment material, Boaler ""decondi-
tioning," as in the Mercury Rankine Program, produces poor
heat transfer and seems to be associated with boiler surface
contamination by air, water, oil, etc. Development 1s con-
tinuing on control of the environment and improvement in the

boiler design to make 1t more insensitive to ''deconditioning."

Other components such as the condenser, NaK PMA, Hg
PMA, and L/C PMA have undergone performance testing.

Potential applications for SNAP 8 include manned and un-
manned satellites, lunar and planetary bases, interplanetary
missions, communications, navigation, and remote terrestrial
mobile energy depots. The typical integration of a SNAP 8

unmanned flight unit (without a radiator)is showninFigurelIl-107.
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CHAPTER Il
X' RADIOISOTOPE SPACE POWER
1. PHYSICS OF RADIOISOTOPES

Radioisotopes are i1sotopes that are radioactive, They are
in an excited state, thus they decay by emitting charged particles
and/or by spontaneous fission. This 1s usually followed by
gamma ray emaission. In the case of spontaneous fission, neu-

trons are also emaitted.

Radioisotopes differ from nuclear reactors in that they decay
exponentially in time at a rate which 1s not affected by outside
forces, 1.e., the decay rate cannot be altered. As a result of
this property, the heat generation from the decay of radioiso-
topes cannot be turned off. This last feature makes radioiso-
topes very reliable heat sources and very attractive for some
applications. However, in some cases, 1t 1s desirable to have a

capability of shutting down the heat source,.

A. CLASS OF RADIOISOTOPES

In the decay process of radioisotopes, the nuclear particles
and/or gamma rays are absorbed 1n the fuel material and as a
result they generate heat, Radioisotopes may be classed accord-
ing to their main source of heat generation., Table III-1 presents
the potential radioisotopes with some of their important

(1)

properties.
a., Beta Ematters

In the case of beta emutters, not all of the decay energy 1s
available for heat generation. The average beta particle posses-
ses only about one third of the decay beta energy, the rest 1s
given off as a neutrino. Part of the gamma ray energy which
usually accompanies beta decay and which 1s absorbed in the fuel
region has to be added to the beta energy in order to determine

the total energy deposited per disintegration. The following
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TABLE III-1
CHARACTERISTICS OF RADIOISOTOPIC HEAT SOURCES

CLASS OF EMITTER | GAMMA BETA ALPHA
RADIOISOTOPE | co® | 5,90 | rul®6 | col37 [ col®® | ppld7 | 7,170 | p,210 | p,238 | o242 ] (244
HALF LIFE YEARS
DECAY 5.3 [27.7 | 1.0 |30 0.78 |2.6 0.35 0.38 [s6 0.45 |18
SPONTANEOUS FISSION | - - . - - - - - a9x107.2x10%1 . 4x107
PRINCIPAL DECAY (Mev)
o - - - - - - - 5.3 |5.49 [6.11 [5.80
B | 031 | 2.24 0.529 | 1.321|0.223 | 0.96
y | 1.17 | 1.734 0.66 | 2.18 |0.121 | 0.084 | 0.8 [0.044 |0.0a |0.04
FUEL FORM METAL|SITiO, | METAL| CsCL | Ce0, |Pmy0, | Tmy0, | GaPo [Pu0, [omy0, [cm,0,
DENSITY (gm/cm>) 8.7 | 3.7 |12.2 |3.6 6.6 |6.6 8.5 9.9 |10 9 9
WATTS/GRAM (PURE) 17.4 | 0.95 [33.1 |o0.42 |25.6 |0.33 |12.1 79.5 |0.56 [120  |2.65
ISOTOPIC PURITY (%) 10 |50 3.3 |35 18 95 |10 95 80 90 95
POWER DENSITY 15.2 | 0.94 |13.4 |o0.42 |25.3 |1.8 9.1 815  [3.9 |882  |20.4
W/cm3 FUEL
SHIELDING REQUIRED HEAVY |HEAVY |HEAVY | HEAVY | HEAVY | MINOR |MODERATE|MINOR |MINOR [MINOR |MODERATE
CURIES/ WATT 65 148|102 |207 |126 |2788 |s00 32 30 28 29
MELTING POINT (°C) 1480 |1900 [2450 |e646 |2680 |[2270 [2300 1675 2280 [1950 |1950
MPC IN AIR 3x10°2 {10710 |2x1077 | 5x107% | 2x107%| 2x1078 1078 731071 7510713 lax1071 Y 3510712
(Ci/em>)
ESTIMATED FUTURE COST|16 21 5 24 2 220 |10 20 540 |17 64
($/watt)




expression presents the curies per watt required of a radioiso-

tope as a function of energy available per disintegration,

E .o (1)
where,
C = Curies per watt required (curie = 3,7 x 1010

disintegrations/sec)
E = Total energy available per disintegration
(Mev/disintegration)
The above expression applies to all radioisotopes.

b. Alpha Emitters

Alpha ematting radioisotopes are usually the heavy 1sotopes.
All the alpha particle energy 1s deposited in the fuel. Part of the
gamma ray energy that usually accompanies alpha decay 1s ab-

sorbed in the fuel similar to beta ematters.,

c. Gamma Ematters

Gamma emaitters are similar to beta emtters except that the
main source of heat 1s the gamma rays, Cobalt-60 1s a typical
gamma ematter, It emits a 0.31-Mev beta particle, followed by
two gamma rays in series, 1.17 and 1.33 Mev respectively,
Gamma ematters usually have high gamma ray energies which
are very penetrating., Thus great care has to be taken to deter-

mine the energy absorbed in the fuel per disintegration.

B. FORMATION OF RADIOISOTOPES

Radioisotope fuels used for heat generation are artificially

made from fission products or by irradiation in reactors.

a. Fission Products

Fission products result from the fission of fissile materials.
In the unseparated form, mixed fission products (MFP) have a

very low power density, about 0.05 watts/cm3 or less. Separated
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fission products are more attractive since they have fairly high

power densities. Typical separated fission products are Sr90

Ru106, Cel44, Csl37, and Pm147.

have power densities greater than 0.4 watts/cm3.

b

All are beta emitters and

b. Reactor Produced Fuels

Reactor produced fuels may be divided into two classes
those that absorb one neutron and those that absorb more than
one neutron, In the first class, a stable 1sotope captures one
neutron and thus becomes radioactive. In this class are the fol-

lowing radioisotopes Coéo, Tm170, and Pozlo.

In the second class, a stable isotope (or i1sotope with a very
long half-life) absorbs more than one neutron until i1t ends up as
the desired radioisotope. In this class are the following radio-

238, Crn242, and Cm244. Tables III-2 to I11-4 pre-

1sotopes Pu
sent the methods by which these radioisotopes are formed. Since
these radioisotopes require more than one neutron, and further-
more, since they have to be chemically separated from their

parent 1sotope, they are very costly.

C. SOURCES OF RADIATION

The radiation from heat producing radioisotopes can emanate
directly from the natural decay scheme of the radioactive nuclide,
or 1t can result from the interaction with other mater:ials, Direct
radiation 1s in the form of gamma rays, alpha particles, beta
particles, and neutrons, with each radioisotope having a typical
spectrum of each radiation form. The direct radiation from
many nuclides 1s primarily restricted to only one or two forms,
while in others there are significant contributions from three or
more decay modes. Only gamma rays and neutrons are import-
ant in the shielding analysis since they are more penetrating than
both beta and alpha particles. The following are the main sources

of radiation from radioisotopes
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TABLE III-2
PRODUC TION OF Pu238

a) U235+n U236+ 237 B~

n U
h) U238 (n, 2m

SEPARATE, AND IRRADIATE Np237

Np237+n Np238 2@.1d Pu238

(THIS SECOND STEP AVOIDS PROBLEM OF SEPARATING

pu238 From pu?39)

TABLE III-3

PRODUCTION OF CrnZ42

238 239 B~ 239 B~ _ 239 240 241
U 4 n—=U"" " No ™ T3 PuT T A n—=Pum "+ n—Pu

(STORE PLUTONIUM IN SPENT FUEL FOR A FEW YEARS TIME
TO PRODUCE Am?41)

241_ B~
Pu _—13y

Am241

SEPARATE Am2*L . AND IRRADIATE

241 242 B~ 242
Am + n—=Am Ton Cm
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TABLE III-4

PRODUC TION OF Cm%4%

2

MAKE Pu2*1 AS IN TABLE 11-3, BUT LEAVE Pu24t 1y

REACTOR AND CONTINUE TO IRRADIATE

pu24l +n Pu242 n Pu243 B~ 243

Z.98n A"
243 | _ _ 244 B~ . 244
Am +n Am 10h Cm

Gamma Rays
a) Gamma rays emitted in the decay of the radioisotope.
b) Gamma rays resulting from bremsstrahlung.
c) Gamma rays from impurities found in the radioisotope.

d) Gamma rays resulting from the alpha neutron (a,n})
reaction with low atomic weight elements in the immediate

vicinity of the radioisotope.

e) Prompt fission and fission product decay gamma rays

due to spontaneous fission of the parent radioisotope.

f) Prompt fission and fission product decay gamma rays

due to the induced fissioning of the parent radioisotope.
Neutrons

a) Neutrons from spontaneous fission of the parent

radioisotope.

b) Neutrons due to the induced fissioning of the parent

radioisotope.
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c¢) Neutrons from the (@,n) reaction with low atomic

weight elements i1n the immediate vicinity of the radioisotope.

Some of the sources of radiation listed above are primary sources
and others are secondary. The primary sources are inherent of
the particular radioisotope and they cannot be altered., The sec-
ondary sources are due to primary sources acting upon the sur-
rounding medium. In some i1nstances the secondary sources may
become more important than the primary ones. This situation
should be avoided or reduced in magnitude 1f economaically accept-
able. The following sections discuss i1n more detail secondary

sources and their importance.

a. Alpha-Neutron Reaction

When alpha emitters are used, care should be taken to in-
clude the secondary neutron source from the (a,n) reaction. For

instance, when Pu238 15 used 1n the oxide form (Pu2380 the

2)’
neutron source 1ncreases from the existing spontaneous fission
source of Pu238 by a factor of 11.(2) This 1s due to the (Q,n)
reaction with oxygen. The (Q,n) reaction 1s a process whereby
the target nucleus absorbs an alpha particle and subsequently
emits a neutron. This 1s a threshold reaction, which means that
this process takes place only if the energy of the alpha particle

1s greater than the threshold for the (@,n) reaction of the target

nucleus. Natural oxygen contains three i1sotopes, namely, 016,
017, and ol® 1n the following abundances 99.759%, 0.037%, and
0.204% respectively. The thresholds for (@, n) reaction for 016,
017, and 018 are 15,2 Mev, 0, and 0.86 Mev respectively. In

the alpha decay of Pu238 the maximum energy of the alpha par-
ticle 1s 5.5 Mev. This means that the (@,n) reaction can take
place only with 017 and 018 1sotopes. Thus by reducing the 017

and 018 content 1n oxygen, the neutron source from the (a,n)

reaction can be reduced. This has been shown exper1menta11y.<3’4)
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However, for a particular application, the economics will deter-

mine 1f additional neutron shielding should be used or if Pu238

17 18

oxide with oxygen depleted in 0 and 0 should be used.

For Cm§4403, the neutron source from the (a,n) reaction

with oxygen represents a very small fract10n,(5) about 3%, and

the rest 1s from the spontaneous fission of Cm244. In this case,

use of oxygen depleted 1n 0]‘7 and O18 will not affect the total neu-

tron source,

Another important example 1s Po210 where all the neutron
source 1s from the (Q,n) reaction with impurities. If the concen-
tration of these impurities 1s reduced, the neutron source would
be reduced also. As a result, the neutron shield required would
be reduced i1n thickness and weight. For space application where
weight 1s at a premium, 1t may be economaically worth purifying
the Po'210 of all impurities thus eliminating the necessity of using

a neutron shield.

b. Importance of Isotopic Purity

Another important secondary source 1s that from impurities
found in the main radioisotope. This applies to radioisotopes
which emat very low energy gamma rays and in very small abun-
dance. Since these radioisotopes can be very easily shielded,
the presence of impurities even in very small quantities becomes
very important. Two such radioisotopes are Pnn147 and Pu238.
14

7 decays by beta emission to either the ground state of
147

Pm

Sml47

or to an excited state of Sm

ground state of Srn147 by emuitting a 0,121-Mev gamma ray,

which 1n turn decays to the

Additional very low energy bremsstrahlung gamma rays are

ematted due to the 0.225-Mev beta particle from the decay of

Prn147. It may be noted that the gamma ray energies from

Prn147 are very low and can be very easily shielded using about

0.150 in, of steel. However, Prnl47 contains small amounts of

Pm146, which 1s formed by the (n, 2n) reaction with Prnl47.

Since this 1s a threshold reaction, the Prn146 content will vary
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with various reactors used to produce P1n147, The higher the

medium fission energy, the higher the Prn146 content. The
Prn146 content varies from 0.25 up to 4 ppm depending on the
reactor, Prn146 decays by emuitting 0.75-Mev gamma rays and
for a Prn147 heat source, the Prn146 dictates the shield thickness
required. Since Pnr1147 and Pm146 have half laves of 2.6 and 5.5

46

years, respectively, aging will not reduce the Pm1 content,

Thus one has to shield the radiation from Prn146'

A somewhat similar condition exists for Pu238 which con-

(2) of py236  pu238

formed by the 1rradiation of Np237 in a reactor, see Table III-2.
Pu236 1s also formed by the 1rradiation of Np237 in a reactor,

However, 1t 1s formed by the Np237 (n, 2n) Np236 reaction which

decays by beta emission to Pu236. It should be stressed that

236

there 1s no way of avoiding the formation of Pu in a reactor,

Table III-5 shows the decay chain of Pu236 to szos which 1s a

stable 1sotope. In this chain, TIZO8 and B1212 emit high energy

tains small amounts (about 1.2 ppm)

TABLE III-5

DECAY CHAIN OF Py23°

P23 o 232 . 1?28

2.85y 74y

11228 4 Ra224 o Re220

1.9y
220

Rn-—__ &
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GAMMA RAY DOSE RATE (mrem/hr)

gamma rays and the dose rate resulting from these two 1sotopes
238

1s greater than the unshielded dose rate from Pu , 2.1 years
after the formation of Pu236, see Figure III-1. Since the half-
100 I ——
! [ T
8
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4 UNSHIELDED
pd ™N
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Figure III-1. Unshielded Dose Rate as a Function of Time
from 1.0 ppm of Pu236 1n Pu238

lives of 1sotopes in the decay chain beyond Th228’ shown 1n
Table III-5, are short in comparison to the preceding ones, the

activity of both Tl208 and B1212 1s dependent on the activity of

Th228. The average energy of gamma rays from Puz38 1s less

than 0.9 Mev, whereas that resulting from Puz'36 1s equal to
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2.6 Mev. Thus since the gamma rays fromPu236are more pene-

trating than those from Pu238, for a shielded system, the ratio

of the dose rate resulting from Pu236 to Pu238 will be greater
than that shown in Figure III-1.

c. Craticality of Pu238 and Cm244

Another important source 1s due to the induced fissioning
of the radioisotope fuel. This applies only to Pu238 and Cm244.
Under the condition of subcriticality, the subcritical multiplica-
tion factor or the ratio of neutrons emitted 1in a multiplying me-
dium to the number of neutrons originally present in the medium

1s equal to

n 1 k
— - s— =1+
1 -
n 1 -k 1 -k (2)
where,
n = number of neutrons emitted 1in a multiplying medium
n, = number of neutrons originally present in the medium

k = neutron multiplication factor (k < 1)

This means that a radioisotope heat source which has a "k"
less than one, 1s safe as far as craticality 1s concerned. How-
ever, for shielding calculations, the number of neutrons emitted
from the radioisotope heat source 1s not "no,” the number of neu-
trons present in the medium or the neutron source experimentally
determined using very small sources, where "k' 1s much less

'n," the number of

than 0.01, instead, the correct source 1s
neutrons emitted 1n the multiplying medium. For example, in a
radioisotope heat source with a k = 0.8, n/no - 5,1.e., the num-
ber of neutrons requiring shielding because of the multiplying

medium 1s 5 times that originally present.

In order to determine the "k'' of the radioisotope heat source,

criaticality calculations have to be performed. There 1s presently

a lack of experimental data on neutron cross sections for Pu238
44

and especially Cm244. Cross sections for both Pu238 and sz
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have been generated theoretically using a non-spherical optical

(6)

model. The agreement with a few experimentally measured
poimnts for Pu238 1s good. Using these cross sections, Fig-
ure III-2 presents the critical mass of base spheres of Pu238 and
244 (7,8) 238
Cm . It may be noted that Pu has a slightly lower crit-
1cal mass than P‘u239 and Crn244 has a higher critical mass than
Pu239.
200 \
z
2
=
-
<
(&)
=
o
(@]
. —]
— ]|
6 8 10 12 14 16 18 20
DENSITY (gm/cc)
11-2-65 Al-65-02021

Figure III-2, Critical Mass of Unreflected Cm&244
and Pu238 Spheres

D. SHIELDING

The weight of the nuclear shield required to protect equip-
ment or personnel from the radioisotope source radiations 1s a
major consideration in the utilization of radioisotope heat

sources. The weight of the shield required 1s a function of the

following

1) Radioisotope source characteristics

2) Form the radioisotope 1s i1n, 1.e., oxide, etc.
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3) Impurities in the radioisotope heat source.
4) System geometry.
5) Dose criteria.

a. Radiation Sources for Shielding Analysis

For detailed shielding calculations, Table III-6 presents the
gamma ray source strength per thermal watt of the radioisotope
for various photon energies, Table III-7 presents the neutron
source strengths for the neutron emitters, For detailed analysas,
fuel self-shielding and intercapsule shielding should be consid-
ered. Figure III-3 prescnts the ratio of self-shielded to un-

210, P\1238, and Crnz44 cap-

shielded gamma ray dose rate for Po
sules. It may be noted that the capsule self-shielding 1s import-
ant, furthermore, dose rate as a function of angle with capsule

axis 1s also important.

TABLE III-7
NEUTRON SOURCE STRENGTH

Source Strength % of Neutrons
Radioisotope (n/sec-watt) from (@, n)
po21? 3.22 x 10° 100
pu?38 5.18 x 10% 91
cm?4? 4.0 x 10° 46.5
sz44 4,55 x lO6 3

b. Shield Analysis

For preliminary work, Figures III-4 through III- 8 present

parametric shielding curves for 0060’ Srgo, Pm147, PoZIO, and
Pu238. These curves do not include self-shielding, thus they

should give conservative shield thicknesses. These curves pre-
sent the thickness of uranium (or other shield materials) and lith-

1ium hydride as a function of a shielding parameter DSZ/P, and 1n
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TABLE III-6

GAMMA RAY SOURCE SPECTRUM

Photon
Radioisotope Energy Photons/sec watt
(Mev)
1 co® 117 2 385 x 1012
133 2 385 x 1012
2 5790 025 171 x 101!
050 661 x 10!
080 196 x 100
110 610 x 107
1 10 165 x 107
1 70 303 x 108
2 00 208 x10°
3 Ral®® 05 2 62 x 1017
10 2 01 x 101!
15 442 x 1010
25 163 x 100
33 8 26 x 10°
4 cst?7 0 66 639 x 102
5 celdt 035 g2xiol!
090 136 x 10!}
150 2 03 x 10!
215 9 64 x 108
2 60 200x10°
6 Pm!t7 146 012 31x10°
(with 0 25 ppm Pm ) 045 17 % lo7
07> 17x 107
7 1m0 0e 75x 100t
0s 50x 100
08 116 x 10°
8 Po’ll 08 145 x 107
9 Pu238 236 Lg¢ 1 day 1yr 25yr 5yr
(w1th 1 2 ppm Pu )
08 825x10° | 85x10° | 97x10'% | 120x10°
15 12x10® [127x10° | 167x10% | 246x10*
25 276x10° | 236x10% | 116x10° | 3 0x10°
40 35x10% | 35x10% | 35x10% | 325x10%
60 57x100 [ s7x100 | 57x10' | 55x10!
10 cm®? 06 18x10°
10 27x10°
15 129 x10°
23 688 x 10
28 318 x 10%
50 127 x 10%
11 cm2%4 08 198 x 107
1s 486x10°
25 161 x 10°
40 250x10°
60 3 88 x 10%
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Figure III-3. Effect of Self-Shielding on
Gamma Ray Dose Rate for Capsules
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some cases this parameter 1s multiplied by, F or (1 - F) and

(1 -~ k), The terms are defined below

1

Fraction of dose rate from gamma rays

Average dose rate, 1.e. total integrated dose allowed

divided by mission time (mrem/hr)

g
I

Thermal power (watts)

n
1

Effective separation distance (ft)

'I'1 = Residence time at S1
S1 = Separation distance (ft)
k = Neutron multiplication factor

The (1 - k) term 1s only used for the Pu238 neutron shield

thickness, and 1t 1s the correction for the neutron subcritical
multiplication factor. It 1s not used for the gamma shield thick-
ness since the dose rate from spontaneocus fission and induced
fission gamma rays 1s much less than that of decay gamma rays
of Pu”>® (ana Pu?3%),

For both Po210 and Pu238, using a value of 0,7 for "F' will
result in a minimum weight., This applies for slab geometry and
could be used for preliminary work, Figures III-4 to III-8 may

be used as follows

1) For Coéo, Srgo, Pm147, calculate DSZ/P, and from

Figures I1I-4 to III-6, the shield required may be determined.

2a) For POZIO, using Figure III-7 calculate (I—F)DSZ/P,
where F 1s equal to 0,70, If this quantity 1s less than
3.9 x 10-2, then calculate FDSZ/P and determine the uranium
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(or tantalum) and the lithium hydride shield thicknesses

required.

2b) If the expression (l-F)DSZ/P 1s greater than 3.9 x 10_2,
and the expression DSZ/P 1s less than 1.9, then no lithium
hydride shield will be required, and the uranium (or tanta-
lum) shield thickness should be determined by calculating
the following

FlDS2 _ DS2 3.9 x 1O-Z
P P 7
where,
Fl = effective fraction of dose from gamma rays.

Then using this expression in Figure III-7 will yield the ura-

nium (or tantalum) shield thickness required,.

2c) If DSZ/P 15 greater than 1.937, no shield will be re-
quired at all.

8, calculate FDSZ/P, again F 1s equal to 0,7.

If this quantity 1s less than 0.17 (assuming Pu238 aging of

3a) For Pu23

2.5 years), then use Figure III-8,

3b) If the expression F DSZ/P 1s greater than 0.17 and the
expression (l—k)DSZ/P 1s less than 0,61, then no uranium
shield will be required. The lithium hydride shield thick-

ness should be determined by calculating the following

2 2
1,DS° _ DS
(L-k)(1-F)5—=(1- k)<T - 0.17)

Then using this expression in Faigure III-8 will yield the lith-

1um hydride thickness.

3c¢c) If the expression (1 - k)DSZ/P 1s greater than 0.78, no
shield will be required at all,
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c. Shield Example

An example 1s presented to show the comparative shielding
required for these radioisotopes. Consider a 5000-watt radio-
1sotope heat source, where the dose rate requirement 1s
5 mrem/hr at a separation distance of 10 ft. Using Figures III-4

to III-8, Table III-8 presents the shielding required.

TABLE III-8

SHIELD REQUIREMENT FOR A 5000-WATT SOURCE
AND 5 mrem/hr AT 10 FEET

60[ Sr90 | Pm147 po210 Pu238

’Co

Uranium Thickness I
(in. ) 5,73 3.2 0.74 0.8 0.29

LiH Thickness
(1n. ) - -

This applies to Pu238 aged 2.5 years. If it 1s aged 1l day,

1 year and 5 years, the uranium shielding required will be
0.13, 0.15, and 0.48 in. respectively.

- 0.5 6.9

It may be noted that natural oxygen was used for the Pu23802.
2380é6, then the lithium hy-

dride shield of 6.9 1n. could be reduced to only 0.9 1n,

If pure 016 were used to make Pu

E. CRITERIA FOR RADIOISOTOPE SELECTION

Criteria used 1n the selection of a radioisotope for a heat
source will depend on the application. Screening through vari-

ous radioisotopes, selection will be based on the following.

a. Half-lafe

The half-life of the radioisotope has to be sufficiently long
such that the beginnming-of-life (BOL) power 1s not much greater
than the end-of-life (EOL) thermal power required. If short half-
life radiorsotopes are used, power (or temperature) flattening
devices will be required, which will reduce the reliability of the
heat source. Stockpiling, encapsulation time, and mission delay

time 1n addition to the mission time should be considered.
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b. Power Density

High power density 1s preferred since low fuel volume re-
sults in a low weight shield, The power density should be
greater than 0,1 Wa‘cts/crn3 in order to keep the heat source to

a reasonable size,

c., Fuel Composition

A fuel form should be selected that 1s non-corrosive,
compatible with structural materials, stable in time, and in-
soluble 1n water, It should also exhibit good chemaical stability
and good engineering properties at high temperatures, TableIII-1
presents the recommended fuel forms for the candidate radioiso-

topes.

d. Physical Properties

The fuel has to have a high melting point, dimensional sta-
bility, and low vapor pressure. These properties are important

both during operation and for safety analysis.

e. Shielding Requirement

Depending on the application, 1.e., manned or unmanned,
the shielding requirement 1s extremely important. The radio-
1sotope selection should consider the shielding required, since
this could vary by a few orders of magnitude in weight, Again,
economic factors and weight constraints may influence the selec-

tion of the radioisotope.

f. Cost and Availability

The radioisotope must be available in quantities desired,
at the time specified and at a reasonable cost. Fuel costs
must be competitive with other energy sources, The cost of
radioisotopes 1s high per watt, however, when one considers
more fairly the cost per watt-year, and, further, when the reli-
ability 1s also taken into account, a more accurate assessment

of radioisotopes can be made.
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g. Nuclear Safety Considerations

Radioisotope heat sources represent a potential hazard since
large quantities of radioactive materials must be concentrated in
a small volume., Due to this potential danger, one of the most
important parts of the radioisotope heat source design 1s to engi-
neer the capsules such that a solution of the nuclear safety prob-

lem 1s achieved.

When a radioisotope 1s to be selected for a particular appli-
cation, all the above criteria have to be considered, Screening
through the various potential radioisotopes, one 1s selected which
1s usually a compromise, Once the radioisotope 1s selected, then

the engineering should include the nuclear safety aspects.

F. NUCLEAR SAFETY

Safety considerations play an important part in the choice of
radioisotopes for space, land, or underwater applications, An
accidental release of radiorsotopes might create a hazardous con-
dition 1n localized areas. Because of this potential danger, an
important part of every radioisotope heat source program 1s to

evaluate and solve the nuclear safety problem.
There are three basic general design guidelines

1) Design for complete containment of radioisotope under

all conditions.

2) If complete containment 1s impossible, design for dis-
persal and diffusion of the fuel such that it 1s within the max-

1mum permissible concentration.

3) Define an exclusion area where accidental releases

may occur (such as launch pads).

For space missions, nuclear safety analysis has to be per-
formed from the time the radioisotope 1s produced up to the time

capsules are disposed of,
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a. Fuel Capsule Fabrication

This phase includes the radioisotope production to the final
acceptance testing of the capsules. During all this period it has
to be assured that personnel do not receive high radiation levels
during normal and accidental conditions (such as spills). In this
period, the radioisotope 1s purified, usually pressed and sintered,

encapsulated, welded, leak checked, and acceptance tested,.

b. Transportation to Launch Site

When the capsules are transported to the launch site, safety
analysis 1s performed to assure that in case of an accident or

fire, the capsules will not break, releasing the fuel,

¢. Prelaunch Activities

Again, safety analysis 1s made for each phase of transport-
ing the capsules from the vehicle that brought them to their in-
stallation in power generator. The major potential accident

modes are
a) Loss of fuel capsule cooling.
b) Inadvertent dropping of fuel capsules.

c) Bending of fuel capsule in the loading device, resulting
in abnormal mechanical forces which could rupture the cap-

sules,
d. Flight Safety

Flight safety includes from launch to post reentry of fuel
capsules. In the launch to orbit injection phase, the major po-

tential accidents are
a) Propellant explosion and/or fire

b) Corrosive attack by missile fuel, fresh water, salt

water, or atmosphere

¢) Thermal shock
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d) Mechanical shock due to high-velocity impact on a

variety of surfaces like concrete, soil, rock, water, etc.
e) Atmospheric heating and ablation forces.

f}) Excessively high fuel capsule temperature due to earth

or vehicle debris insulation.

In the mission operational phase, the principal operational

accident mode for fuel capsule rupture 1s loss of cooling.,

In the reentry phase, two principal accident modes must be

considered,

a) Loss of fuel material containment during reentry due
to aerodynamic heating and ablation forces, with significant

loss of fuel mater:ial to the atmosphere prior to impact.
b) Loss of fuel material containment at impact.

In the post-reentry phase, assuming fuel containment through
impact, the next major concern 1s the possibility of subsequent
capsule rupture due to more long-term post-impact effects such

as corrosion of capsule wall on land or sea, and soil burial.

All the above have to be analyzed with probabilities of mal-
functions and fuel released, the quantities and locations of fuels
that might be released, and their biological impact on the popula-
tion, If maximum permissible concentration (MPC) of that par-
ticular radioisotope in air and water has not been exceeded, fur-
thermore 1if the dose to the general population has not exceeded
the maximum permissible exposures to external radiation, then

the mission will be acceptable.

279



FUEL SPACE

CAPSULE
CLADDING

082

He VOID

SIDE VIEW

™

)

Rz

—
=

@

FUEL

FRONT VIEW

Figure III-9.

Typical Capsule

OXIDATION
BARRIER

7-87-192-134



2. RADIOISOTOPE CAPSULE DESIGN

The practical application of radioisotopes requires contain-
ment of the radioactive material. This container is referred to
as a capsule. The major goal of the capsule analysis and design
is to evolve a minimal weight design that satisfies the environ-

mental requirements.

A typical capsule is comprised of the fuel, a cladding de-
signed to contain it, and a protector for the cladding as shown in
Figures III-9 and III-10, For high temperature advanced heat
sources, refractory metals are used for the claddings, and the
protector serves as an oxidation barrier for these readily oxi-
dized materials., Because of the possible material solubility of

the refractory metals and the oxidation protector, a barrier is

OXIDATION CLAD~

END CAP WITH GLASS
BARRIER COATING

OXIDATION CLADDING
WITH GLASS COATING
ON INSIDE

REFRACTORY METAL—
STRUCTURAL CAPSULE

OXIDATION CLAD
END CAP

WITH BARRIER
COATING

6090-5196 CNA
Figure III-10. Prototype Refractory Alloy Capsule
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placed between the two to prevent interdiffusion. For normal op-
eration, the helium buildup 1s the most important single factor in
determining capsule weight, This weight 1s dependent on void-to-
fuel volume, capsule size, mission duration, and operating tem-

perature,

A, THERMAL ENVIRONMENT

1. Normal Operation

In large radioisotope systems, operational requirements to
load and unload the fuel during system checkout, delivery, and
launch pad operations require radiative coupling between the fuel
capsules and the heat receiving member of the power conversion
subsystem., The capsule operating temperature 1s determined by
the power density, the surface emissivity, and the conversion
cycle receiver temperature (for example, the boiler in a rankine

cycle). The operating temperature can be calculated from the

familiar
2. as(TC4 -Th
where
P = capsule power
A = capsule area
o = Boltzmann constant
€ = emissivity
TC = capsule temperature
TR = receiver temperature.

Capsule temperature as a function of surface power density
for receiwver temperatures of 1000 and 1500°F 1s shown in Fig-
ure III-11., This sample calculation used a surface emassivity
of 0.8 which i1s representative of metal oxides at the indicated

temperatures.
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2, In Air

During ground handling operations, when exposed to convec-
tive cooling to the atmosphere, the capsule temperatures will be
less than the normal operating temperature defined by radiative
heat transfer. In the atmosphere the temperature is determined

from

P _
A= oe(T,” - T°) +h(Te - T)

where

h = convective heat transfer coefficient

}_]
1

ambient temperature.

Capsule temperature as a function of surface power density
is shown in Figure III-11 for a representative natural convection

heat transfer coefficient of 1 Btu/hr-ft2—°F.

Even though the capsule temperature is lower in air than in
vacuum, the temperature limit of the capsule materials can be

equally or more restrictive due to consideration of oxidation,
3. Earth Burial

In the event of capsule impact into soft soil at terminal ve-
locity, the capsule will bury to distances of a few inches to a few
feet depending upon the capsule velocity, its attitude, and the
properties of the soil. Since dry soil has a low thermal conduc-
tivity, of the order of 0,2 Btu/hr-ft-°F, the capsule is virtually

insulated and its surface temperature rises accordingly.

It is impossible to obtain a closed analytical solution for the
surface temperature of a buried finite cylindrical isotope cap-
sule. It is, however, simple to obtain the solution for a buried
sphere, The temperature distribution around an infinitely buried

source of power, P, is:

284



where

T(r) = soil temperature at distance r

r = distance from source P

The surface temperature of a spherical capsule of radius RC is:
P
TC “mmrrR. T Ta

C

The temperature of spherical capsules of various radii are shown

as a function of capsule surface power density in Figure III-11,

The temperature distribution around a finite cylinder has
been calculated by means of a digital computer code. The nor-
malized temperature distribution around a typical POZlO capsule
is shown in Figure III-12, It was found that the temperature of

an equivalent sphere, i.e.,, same area and power, agreed with
q s ) )
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Figure III-12. Normalized Temperature Distribution Around
Infinitely Buried Capsule — Computer Results



the computer results for cylindrical capsules when reduced by a
factor of 1.15. The agreement without the normalization 1s prob-

ably a lesser error than in the soil conductivity variations.

The high temperatures that can result from earth burial in-
troduce critical requirements for capsule compatibility with near

molten so1l, and for oxidation resistance.
4, Summary

It can be seen from Faigure III-11 that the most stringent
thermal environment can be imposed in the event of capsule
burial in dry soil. The temperature and compatibility limits of
the applicable materials can restrict allowable capsule surface
power density if earth burial 1s a credible accident, The penalty
1s not great in the case of the low power density Pu2 but 1s a

severe restriction on the allowable loading for P0210.

B. PRESSURE BUILDUP

The alpha particle 1s an energetic, 1onized helium atom,
thus energy release through alpha decay results in He gas genera-
tion and pressure buildup in a closed container. Since the alpha
emitting 1sotopes are all of about the same energy, i.e., about

5.5 Mev, the helium production per watt-sec of energy 1s about

13

the same. Since 1 Mev = 1.6 x 10°~~ watt-sec, each alpha par-

ticle yields about 8.8 x 10713 watt-sec

or
1 watt-sec =~ 1,15 x 1012 helium atoms
or
12
1 watt-sec = L12%10 1.9 x 10712 moles of He gas
6.03 x 1023

The integral of energy produced by a radioisotope source of

power Po at time zero 1s

_ e-t/T)

286



where

eoluz
0.6925
Tl/Z = the 1sotope half-life-sec,

The gas production, n(t), per watt as a function of time 1s

12)'L'(l - e-t/r) moles

=(1.9x 10

"
O [

and the total gas evolution at t >> 1 1s

o) -12
" (1.9 x 10 )T moles of He .
o

The pressure as a function of time can be calculated from the

gas law
PVV = nRTC
where
P = capsule pressure
V_ = capsule void volume

R = gas constant
n(t) = moles of He generated at time (t)

T . = capsule temperature .

The gas generation rate 1s directly proportional to the capsule
power and 1s essentially independent of the alpha i1sotope consid-
ered. The total gas generated by a given initial capsule power 1s,

however, directly proportional to the 1sotope half-life.

Since the atom density of the various fuel forms 1s about the
same, the total gas generated per unit volume of fuel 1s about the

same. Specifically
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2 19 x 107 s - Y
F
where
S = fuel power density (watts/cc)
V. = fuel volume

F

The pressure buildup P(t) as a function of time at standard tem-

perature (273°K) 1s then

-12
St(l - F )V (1.9x10 ) _
P(t) = o0 (1 - e t/T)
F
v
where
VO = molal volume at 273°K, 22,400 cc
FV = capsule void fraction
For plutonium
(1 -F_)
P(t) = 650 T Yo(1 - e_t/T) atmos.
v

The ultimate pressure 1s almost independent of the alpha 1so-
tope in question but 1s a direct function of the capsule void frac-
tion, The time to reach the ultimate pressure 1s proportional to

the 1sotope half-life (1.e, about 37),

C. TEMPERATURE AND PRESSURE VS TIME

The power, temperature, and pressure of the capsule are all

varymng with time. For example, since

e-t/‘r

2
P
o

the temperature, under radiative heat rejection 1s
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T _ [P 174 _e—t/4T
T " \P -
o (o]

and the gas buildup 1s

n -t/t
—=1-e
n

(e 0]

The capsule pressure 1s proportional to nT or

L—L_T_~(1
P " n T -
Ios) o© o

e—t/‘r) e—t/4‘r

This function reaches a maximum at t/t = 1,6. The time de-
pendent behavior of a radiatively cooled capsule 1s 1llustrated in
Figure III-13. A conduction cooled capsule reaches maximum

pressure at t/T =1,

D. FUEL FRACTION

The capsule temperature 1s a function of cooling regime and
fuel loading. The capsule gas pressure buildup 1s primarily a
function of fuel or void fraction. The relative importance of the
temperature and pressure dependence on fuel fraction can be 1l-
lustrated by the example shown in Figure III-14, The capsule 1s
a 3-cm radius sphere with a wall thickness of 0.5 cm. As dis-
cussed earlier, the ultimate pressure 1s almost independent of
fuel form, 1.e. Pu238 or P0210. The power density difference,
however, has a marked effect on the allowable fuel fraction for a
given temperature limit. From Figure III-14 1t can be seen that
POZIO capsules are strongly heat transfer limited and pressure
buildup 1s not a severe problem. However, Pu238 capsules are
probably pressure limited. It should be noted that the long half-

life of Pu238 also results 1in pressure at high temperature for at

least a factor of 100 longer duration than in the case of a P0210

capsule,
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E. CONTAINER MATERIAL EVALUATION AND SELECTION

The cladding which 1s to contain the fuel must meet all the
performance and environmental requirements., Because of the
high stress and temperatures that must be withstood for long
periods of time, only the refractory metals are reasonable
choices for the structural cladding. Since these metals oxidize
rapidly, they must be protected by an oxidation-resistant alloy at
all times. The use of a secondary cladding relieves the struc-
tural cladding of the oxidation and corrosion environmental re-
quirements, but imposes a compatibility requrement with fuel
and outer cladding. The outer cladding thus assumes the burden
of resisting all the hostile environments and must remain intact
even after impact on granite. This separation of the basic re-
quirements will be used as the basis for the selection of the two

claddings.

1. Structural Container

The buildup of helium pressure at the operating temperature
produces high stresses that must be withstood for at least the
period of normal operation. At temperatures above about 1500°F,
the stress levels, temperature, and times eliminate all materials
except alloys of the refractory metals columbium, molybdenum,
tantalum, and tungsten. Tungsten alloys are all brittle, hard to
fabricate and difficult to weld, and, since there are no commer-
cially available tungsten alloys in the required configuration, they
can be eliminated from further consideration, Cb-752 (Cb-10W -
2.5 Zr), TZM (Mo-0.5 T1 - 0,08 Zr}), and T-222(Ta 9,6W - 2.4 Hf)
are the best commercially available alloys of Cb, Mo, and Ta,
respectively, and the selection of a structural material 1s limaited

to a choice between these three materials.

a., Materials Properties

Ultimate tensile strengths of these threec alloys are shown 1n
Figure III-15 plotted against temperature in both the stress-

relieved condition and the recrystallized condition, Both TZM
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Figure III-15. Ultimate Tensile Strengths
of Cb-752, TZM, and T-222

and T-222 are stronger than Cb-752, This, plus the tendency
for metallurgical instability of columbium alloys during long-
term service, eliminated Cb-752 from further consideration.
Columbium alloys generally precipitate a second phase after long
times at high temperatures, This second phase strengthens the
alloy but also makes 1t brittle so that 1t probably would fracture

on impact.

Long-term stress rupture strength, however, 1s much more
important to capsule design than short-time ultimate tensile
strength., Available stress rupture data for TZM and T-222 (plus
forerunner alloys Ta - 10W and T-111) have been obtained in
from 10- to 1000-hr tests at 2600 to 3000°F, The Larson-Miller
parameter can be used to extrapolate this data to the region of

interest for fuel capsule design., A best fit to the existing data
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for TZM 1s shown in Figure III-16 and for T-222 in Figure III-17.
From these figures, the stress rupture strength per unit weight
for TZM and T-222 can be estimated. These estimates for 5.5-

year life are shown in Figure III-18.

C
< 2000
%Q 1900 | | /,/O/
100 HOURS
= 1800 ' L 1
% 1700|1000 HOURS— ,< 10,000 HOURS
é 90 e ~—100,000 HOURIS
8o} AT=nA TZM—
70l L=~ 7
—
S~
60 BAND FOR 1
STRESS-RELIEVED
50 {_MATERIAL .
_ S~ \B
5 40 \
o / ~3 AN\
o BAND FOR
= 30| RECRYSTALLIZED \
> MATERIAL ] K
a N N\
W \\
P \\\\A
20 +—— MATERIAL NN
SYMBOL SHAPE CONDITION r \\\.\
O | SHEET RECRYSTALLIZED ¥
® | BAR RECRYSTALLIZED| \\
N SHEET STRESS-RELIEVED
A BAR STRESS-RELIEVED
. U

42 44 46 48 50 52 54 56 58 60 62 64

P=(20 + log t) (T + 460)
7-29-65 LARSON~MILLER PARAMETER Al-65-01223

Figure III-16. Larson-Miller Relationship for Stress
Rupture of TZM (C = 20)

No impact data are available for either TZM or T-222. How-
ever, based on impact data for Ta-10W, the impact ductile-brittle
transition temperature for T-222 1s around -320°F. Based on
data for TZC (Mo-1.2 T1-0.25 Zr-0.25C) and Mo-0.5 Ti, the im-

pact ductile~brittle transition temperature for cold-worked TZM
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should be in the range 600 to 700°F, Welding could raise the

transition temperature of either material approximately 0 to 300°F,
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b. Materials Selection

The structural cladding must

1) Withstand the buildup of helium pressure during opera-
tion, during the peak reentry heating period, and during bur-

1al of Po capsules,
2) Survive impact without cracking, and
3) Be compatible with the fuel and outer container.

Based on the Larson-Miller extrapolation, as shown in Fag-
ure III-18, T-222 (either stress-relieved or recrystallized) 1s
equivalent to recrystallized TZM but weaker per unit weight than
stress-relieved TZM at 1800°F for 5 years. As the temperature
increases during reentry or burial the T-222 becomes superior to

even stress-relieved TZM.

The fuel capsule must contain at least one weld and this weld
will have properties and microstructure of recrystallized mate-
rial. This weld area must be of sufficient thickness to have the
same load-bearing properties as the body of the capsule (stress-
relieved) or the design must be based on recrystallired proper-
ties throughout, Thickening the weld area for TZM complicates
the internal design of the capsule or increases the overall capsule

diameter and complicates attachment of an outer cladding.

To produce welds with the highest quality, minimum weld
area, and minimum heat-affected zone, electron-beam welding
of TZM 1s required but TIG welding of T-222 1s satisfactory.

The EB weld process 1s more costly and slower, while TIG weld-

ing allows a greater freedom in part geometry and fixturing,

In summary, T-222 and recrystallized TZM are comparable
for impact (above the brittle-ductile transition temperature) and
for long-term stress weight, Stress-relieved TZM 1s superior
but loses its advantage 1if the operating temperature 1s increased.
TZM 1s more difficult to fabricate. TZM 1s more costly and less

reliable to weld.
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2, Oxidation Cladding Materials Evaluation and Selection

All refractory metals require a barrier to prevent oxidation.
Thrce groups of metals possess satisfactory oxidation resistance
at temperatures to 2000°F, The first are the Fe-Cr-Al alloys
used as heating elements, Second are the nickel-based alloys,
primarily Nichrome and Hastelloy~X, Third are the precious
metals, primarily platinum and rhodium. The Fe-Cr-Al alloys

are very hard and brittle and would not survive impact on granite.

The nickel alloys, including both Nichrome and Hastelloy-X,
become metallurgically unstable after extended times at tempera-
ture, The agglomeration and growth of the carbide second phase
in these alloys has been noted by several investigators at tem-
peratures as low as 1750°F for times as short as 1000 hours.
The growth of these carbides 1s accompanied by a slight decrease
1n room-temperature tensile strength and a marked reduction in
ductility. Typically, after 2500 hours at 1750°F, the clongation
of Hastelloy-X had dropped from 41 to 29%. The low melting
point of nickel-based alloys and cobalt-based alloys such as
Haynes-25 cause a significant decrease 1n allowable burial power
level. The oxidation resistance of these alloys 1s virtually lost

above 2000°F,

The precious metals possess the required oxidation resist-
ance, higher melting points, excellent ductility, and fabricability.
Data reported by Krier and Jaffee show that, of the precious met-
als, platinum and rhodium have the lowest surface recession
rates 1n air by several orders of magnitude. The oxidation of
platinum and rhodium i1s shown in Figure III-19, Because of
their excellent ductility, the precious metals should survive im-
pact without fracture. Impact gauging can be accomrmodated by
using a metal thickness greatcr than the gauge depth., The sca-
water corrosion of the precious metals 1s reported as excellent
but quantitative data are lacking. The compatibility of platinum
and rhodium with molten rock must be excellent since both occur

as native metal in 1gneous rocks,
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Figure III-19. Air Oxidation of Platinum
and Rhodium

Rhodium 1s superior to platinum in all respects but 1t 1s
also very limited in supply. The current annual U.S. production
of Rh 1s 10,000 to 20,000 troy oz. This would be sufficient to
clad about 1000 to 2000 capsules with a 0,020-1n. layer.

Pure platinum has the disadvantage of being relatively low
melting compared to T-222 and most of the other precious met-
als, The melting point can be raised by alloying with Rh, Ir,

Os, or Ru without changing i1ts environmental inertness markedly,
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Figure III-20. Specific Weight vs Void-to-Fuel-
Volume Ratio, Pu23802 Microspheres,
Recrystallized TZM Cladding
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Alloying has the additional advantage of increasing the hardness
of the Pt cladding.

Precious metals alloys are only rarely used in high-tempera-
ture structural applications, but rather for special uses such as
thermocouples, crucibles, and oxidation protection. Therefore,
almost no high-temperature strength data are available for the

precious metal alloys.

F. CAPSULE STRUCTURAL DESIGN

The pressure containment requirements of the capsule are
established by the environmental temperature conditions and the
helium gas pressure buildup. The wall thickness and weight of
the required capsule are determined by the allowable materials
properties that can be used over the temperature and stress life-
time of the capsule. The objective 1s to design a minimum

weight container that meets the requirements,

The detailed discussion of the necessary pressure vessel
design 1s beyond the scope of these notes, Such designs are nor-
mally conducted with the aid of digital computer codes which sys-
tematically vary all of the key parameters and seek an optimum
design, The results of such calculations are shown in Fig-
ures III-20 and III-21 for typical cylindrical capsules designed
for a 5.5-year life at 1800°F, The optimum capsule weight 1s 1n
the region of 10 b per thermal kilowatt, The capsule weight
asymptotically approaches a minimum as the L/D 1s increased
to about 10, The minimum weight also occurs in the region of

1/3 void and 2/3 fuel for PuOZ.

G. IMPACT ANALYSIS

When an 1sotope-filled capsule impacts on a hard, unyielding
surface, after accidental reentry, two possible stress failure
modes exist. The first 1s due to the localized stresses generated
near the point of impact. The second failure mode 1s due to bend-

ing and shear stresses in the body of the capsule. The stress
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levels for this mode are a function of impact angle and length/

diameter of the capsule.

The plastic stress wave analysis required to predict the sys-
tem behavior 1s complex and time-consuming due to the constantly
changing geometry during impact. Because of the rigorous analy-
s1s difficulties, the approach taken 1s to conduct statistical tests

of typical capsules filled with simulated fuel.

A typical impact test program conducted by Sandia 1s re-~
ported in SC-RR-65-9, Test capsules of the general design
shown in Fagure III-22 were impacted on granite over a range of
velocity 1in order to determine the failure frequency as a function
of velocity. A typical failure frequency vs velocity plot 1s shown
in Figure III-23, An extensive survey involving hundreds of cap-
sules allowed the correlation of wall thickness vs L/D ratio for
varying velocities with a 10% failure probability. These results

are shown in Figure III-24,

Photos of some typical refractory metal capsules with an

outer oxidation barrier are shown in Figure III-25,
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Figure III-22. Typical Test Specimen, Containment Capsule
Impact Safety Study
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3 RADIOISOTOPE POWER SYSTEMS FOR MANNED APPLICATIONS

A, GENERAL CHARACTERISTICS

Radioisotope energy sources are of major interest for pro-
longed manned space missions because of their high power den-
sity with relatively low nuclear shiclding requirements. This
unique heat producing capability leads to hightweight systems
having much flexibility in the areas of integration and growth

potential.

The excellent performance of this type of system 1s realized
only when adequate safeguards are provided. The fuel material
1itself if released to the biosphere can in some cases be a scrious
hazard. Therefore, attention must be paid to safety requirements

from the onset of system design.

The specific advantages and characteristics of radioisotope

power systems aic shown below
Low total weight
Low radiator area
Low volume requirement
Ease of vehicle integration
No consumables required
No orientation requirements
Minimum projected drag arca
Large growth potential in both power and duration
Unaffected by variations in solar constant
Development costs comparable with other power systems

System delivery costs comparable with other power

systems

Availability presently comparable with mission require-

ment schedules
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The key characteristics for earth orbital applications are low
radiation area, no consumables and no orientation requirements.
These all contribute to mission flexibility, ease of integration

and mission life extension,

For the above reasons, radioisotope systems have recently
achieved a wide interest by the mission planner. The following
detailed considerations for fuel and power conversion selection

are presented in light of the above.

B. ISOTOPE FUEL SELECTION

The selection of an 1sotope for a particular application 1s
based on considerations related to the i1sotope half-life, power
density, availability, and safety, For manned applications,
safety includes radiological shielding for the crew as well as pro-
tection of operating personnel and the general public from the

consequences of handling, launch, or re-entry accidents,

Screening of the chart of the nuclides identifies approxi-
mately 12 (See Table III-1) radioisotopes with power densities
sufficiently high to warrant consideration for power system appli-
cations. These 1sotopes can be categorized as alpha, beta, or
gamma emitters. The gamma emaitters can be eliminated from
consideration for manned space applications because of the ex-
cessive shield weights which would be associated with their use,
The beta emuitters, with the exception of Prn147 and Tm170, can
likewise be eliminated on the basis of shielding considerations,
The alpha emuitters, POZIO, Pu238, Crn242, and Cm244, should

all be considered,

The above six i1sotopes are the primary contenders for
manned applications, To roughly define regimes of applicability,
these 1sotopes can be grouped as short-lived, those with a half-

life of one year or less, and long-lived.
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a. Short-Lived Isotopes

The short-lived isotopes are PoZIO, Tm170, and Cm242. Of

these, polonium, POZIO, has received the bulk of the attention to
date, Po210 is an alpha emitting isotope with a half-life of 138

days., It has a high power density and relatively low shielding re-
quirements, The AEC plans to produce large quantities of Po210
and availability should not be a problem, Cost should be in the

$10 to $30 per watt range. The preferred fuel form for Po210 is
a rare earth polonide (e.g. DyPo). While this fuel form provides

relatively low vapor pressures at anticipated operating conditions,

210

it will not retain the highly volatile Po sufficiently to preclude

radiological hazards. Therefore, safety requirements require

210

demonstration of Po fuel capsule integrity under all postulated

accident conditions. Because of the large amount of data avail-

210

able on Po , its availability, low shielding requirements and

relatively low cost, P0210 must be considered the primary can-
didate for short-lived applications.

The thulium isotope Tml70 is a beta emitter with a half-life

of 129 days. Its power density is much lower than POZIO but ade-

quate for power system applications. Tm170 is very easy to

produce and availability at about $10/watt should be no problem.

170

The gammas associated with Tm decay lead to a shield weight

penalty when compared to Po210 and introduce the considerations
of direct dose in the safety analyses., However, there is no

170 (as there is with alpha

helium containment problem with Tm
emitters), Also, the preferred fuel form, Tm203, has a very
low vapor pressure which when combined with the higher MPCaL
could eliminate the strict containment requirements which are

210. Tm170, therefore, should be considered

necessary with Po
as an alternate for POZIO if weight does not become limiting in a
particular mission.

42 125 a half-life of 164

The final short-lived isotope, sz
days. Its performance is not unfavorable; however, there are

no plans now to produce it in quantity and, in any event, its
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price would be 3 to 10 times that of POZIO or Tml70. Therefore,

Crn242 does not appear particularly attractive when compared to

the other two short-lived 1sotopes.

b. Long-Laived Isotopes

The long-lived 1sotopes are Pu238, Cm244, and Pm147. Of

these, the plutonium isotope, Pu2 8, has undergone the greatest
development. Pu238 1s an alpha emitter with a half-1ife of 87.6
yvears. The 1sotope has a low power density which leads to rela-
tively large heat sources, however, 1t requires very little shield-
ing. The availability of Pu238 1s presently limited. Quantities
in the tens of kwt per year are planned in the 1970 time period.
In addition, the very long half-life does allow stockpiling. Pu238
will also be expensive, on the order of $500/watt, Leasing ar-
rangements, with return of the Pu238 after the mission, would
substantially reduce this cost. The preferred fuel form for
Pu238 1s PuO2 in the form of plasma fired microspheres. The
microspheres are not of respirable size and the vapor pressure
of the fuel form 1s sufficiently low that release of the fuel under
any conditions other than extreme temperature does not cause an
inhalation hazard. The microspheres may also be chemically
inert and could reduce potential contamination problems. Con-
tainment of the fuel under most accident conditions 1s required.
Because of its advanced state of development, reasonable avail-
ability, low shielding requirements and excellent fuel form,
Pu238 in the form of Pqu microspheres must be considered the

leading candidate for long-lived applications.

The curium i1sotope Cm244 has a half-life of 18.4 years. It

requires more shielding than Pu238 and would lead to heavier
power systems. The preferred fuel form for Cm244 18 CrnZO3

microspheres which should exhibit properties similar to the PuO2
microspheres, Cost and availability are comparable to the cost

238 244
m

and availability of Pu . C in the form of CrnZO3 micro-

spheres 1s recommended for consideration as an alternate to

309



Pu238 for applications where weight 1s not critical and/or the

availability of Pu2 proves restrictive.

The final long-lived candidate 1s Prnl47 with a half-life of

2.62 years, Pm147 has the advantage of being a beta emitter
(1.e., no helium containment), and in the form of Pm203 has the
low vapor pressure desirable from safety considerations. The

shielding requirements for Prn147 are midway between Pu238 a

nd
Cm244. The cost of Pn'l147 should be reduced to $93/watt in the
1970's. However, the availability 1s very poor. Quantities on
the order of 30 kwt/year could be obtained in the late 1970's but
the shorter half-life makes stockpiling more difficult than with
238 244 147
Pu or Cm . Pm

standpoint of performance and cost and as such should be evalu-

1s an attractive candidate from the

ated for individual missions, but the limited availability should

prove very restrictive for the larger power systems,

c. Fuel Selection Summary

The characteristics of the primary candidate 1sotope fuels
are summarized in Table III-9. On the basis of its advanced de-

velopment, availability and performance, POZIO 1s recommended

as primary contender for short missions. Tm170 offers some
potential safety advantages for short-lived missions which are
not weight limited. It should be seriously considered.

238

For the longer missions, the performance of Pu 1s the

most attractive. CmZ44 offers a backup for Pu238 where weight

1s not restrictive and Prnl47 offers potential cost advantages
where 1ts Iimited availability 1s not restrictive, In a high usage
program Pm147 cannot be considered generally because of this
availability problem. Further, Cm244 1s not a good backup to
Pu238 as the power level grows because of the compounding of

the shicld weight penalty with increasing size.

A last alternative exaists for the intermediate and long earth
orbital mission. This 1s a heat source resupply approach. Such

a concept might be attractive if resupply of either men or material
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TABLE III-9
ISOTOPE FUEL CHARACTERISTICS

Power Shield Approximate
Fuel Hailf-Lafe Density Thickness Fuel Costs

(w/ce) (cm) ($/watt)
Po?10 | 138 (days) | 1150 1.4 10 to 30
Pu®®8 | 87.6 (yr) 3.6 (N11) 545
cm?** | 18.4 (yr) 22.5 3.5 480
Pm147 2.62 (yr) 1.8 1.4 93
Tm! 701 129 (days) 7.9 5.1 10

Thickness required to reduce dose of 1000-watt source to
10 mr/hr at 1 meter

1s required independent of the power system. If this 1s the case
it would be possible to launch new source blocks periodically and
through proper docking equipment make an automatic source
transfer, The primary advantage i1s 1n fuel availability and use

of low cost fuel for long missions.

The above considerations lead to fuel selections for various
time periods. For early missions, a choice of Tm170 or P0210 18
dictated by both the mission duration and availability. In the 1971
time period Pu238 appears to be improved relative to availability
but still borderline., Therefore, POZIO with resupply, might
serve an interim need, The ultimatec i1sotope system at high
power would utilize Pu238 based on mission duration and good

availability after the mid-1970's,

C. HEAT SOURCE CONCEPTS

The heat source provides the functions of fuel encapsulation,
reentry protection, and heat transfer. Geometrical shape of fuel
encapsulation components 1s largely dependent on the reentry
protection concept. The reentry protection concept, in turn,

affects the heat source size and shape. The various reentry
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concepts which have been investigated can be divided into four

categories, as follows
1) Reentry of the fuel i1n separate capsules.

2) Reentry of the fuel enclosed 1n a lightweight sheet
which oscillates like a falling leaf and lands softly.

3) Reentry of the fuel enclosed in a lenticular lifting body
aerodynamaically designed to seek a stable attitude and glide

to a soft landing.

4) Reentry of the complete heat source assembly 1n a
package that 1s equipped with devices for controlled reentry

and recovery.

These four concepts are discussed below, Table III-10 gives typ-

1cal characteristics of each conceptual configuration.

a. Individual Capsule Reentry

An attractive method of providing reentry protection, from
the point of view of simplicity and reliability, 1s to provide in-
dividual aerodynamic heating protection for each fuel capsule.

If the capsules are designed to spin and tumble during the period
of intense aerodynamic heating, the heat input rates are distri-
buted over the outcr surfaces of the capsules, It has been found
that this minimizes the amount of heat-protection material re-
quired, as compared with the amount needed for reentry in a

stable attitude,

A typical polonium-fueled capsule with individual reentry
protection material 1s shown in Figure III-26. The outer surface
of the capsule 1s coated with approximately 0.2 in., of zinc oxide,
held 1in a matrix of molybdenum wire. Zinc oxide sublimes at a
temperature of approximately 2800°F, and the endothermac heat
of sublimation limits the temperature of the capsule wall to about

this same value during recentry.

The capsule in Figure III-26 1s shown with external fins

which will ensure that the capsule spins during reentry, It s
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TABLE III-10
SUMMARY OF REENTRY BODY CONCEPTS

Concept Individual Lightweight Gliding Recoverable
P Capsules Sheet Body Package
Isotope Fuel Po Pu Po Po Po Pu
Ballistic Coefficient,
W/CHA (Ib/1t2) 30 110 10 26 - 145
Life/Drag Ratio
(subsonic) 0 0 0 2 0 [
Terminal Velocity
({t/sec) 160 305 92 30 10 10
Probability of Burial
at Impact high high moderate low low low
Peak Aerodynamic
Rate (Btu/ft2-sec) 200 400 50 80 - 125
Heat-Protection
Material
Broad faces
Type ZnO + Mo AlF3 + Mo | Ceramic Ceramac Phenalic
Refrasil
Thickness (in.) 0.21 1.05 0.10 0.10 2.0
Edges
Type Same Same ZnO + Mo | ZnO + Mo -
Thickness (in. ) 0.4 1.3 1.0 1.0 -
Specific Weights (1b/kwt)
Fuel and reentry
protection 5.0 43,2 1.0 1.2 38.6 76.8
Heat exchanger and
structure 5.4 5.4 5.4 5.4 10,0 10.0
Unshielded 10.4 6.4 6.6 4 86.8
Shield 8.8 6.0 6.5 1 33.7
Shielded 19.2 58.6 12.4 13.1 66.2 | 120.5

With parachute

expected that these fins will sublime fairly early during the re-
entry heat pulse, but the angular momentum which they impart

to the capsule will remain. A circular cylinder of this type has
a natural trim position with its major axis at a right angle with
respect to the relative wind, but its degree of stability is very

low. Therefore, the initial spin rate will be practically un-

damped during the reentry period.

The capsule is designed to survive the shock of impact at
terminal velocity and/or earth burial without release of the iso-

tope fuel.
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A plutonium-fueled capsule 1s larger than the polonium-
fueled capsule for a given thermal power output. Its ballistic
coefficient 1s higher, as shown in Table III-10, This increases
the intensity of the aerodynamic heating pulsc. Consequently,
more reentry protection material 1s required. Because the rel-
ative void volume allowed for containment of helium ecvolved dur-
ing decay 1s less for the plutonium-fucled capsule, 1t 1s deemed
preferable to limit the masximum temperature during reentry to
a lower value than with polonium. Thus a material such as alu-
minum trifluoride, which sublimes at about 2100°F, would be

used for the plutonium capsule,

b, Reentry of Lightweight Sheets

Another approach to the problem of insuring intact reentry
of cylindrical fuel capsules 1s to enclose an array of slender cap-
sules 1n a body having a large surface area-to-mass ratio. Such
a design 1s shown in Figure 11I-27, Curving the block by about
30° of arc will tend to insure a preferential orientation during re-
entry with its convex face forward. This curvature will not com-
pletely suppress oscillation and tumbling of the sheet, and the
edges will require application of a rim of heat-protective mate-

rial.

An alternate design would be to curve the sheet in the shape
of a segment of a sphere. This would give added stability in the
face-forward attitude, but would recquire that the heat exchanger

be less compact than would be possible with singly curved sheets.

The greater part of the volume of the lightweight sheet shown
in Faigure III-27 consists of a honeycomb or foamed structure,
made of a superalloy. The outer surfaces of the shecet are also
of a superalloy. The fuel 1s enclosed 1n slender capsules of a

refractory alloy, with a platinum oxidation barrier.

Terminal velocity for an oscillating sheet of this type could
be as low as 92 ft/sec at sca level., The honeycomb and outer

structure would absorb much of the shock on impact, and the
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Figure III-27. Iaightweight Sheet

fuel tubes are designed not to rupture. Burial would not occur

upon impact with most surface soils.

c. Reentry of Lenticular Lifting Body

A lighter landing can be accomplished if the body 1s shaped
so that 1t has some aerodynamaic 1lift in the subsonic flaight regime
just prior to impact. A design incorporating this concept 1s
shown in Figure III-28, The underside of this body has a large
spherical radius which shifts the CG down and stabilizes the body
with this side down in the hypersonic flight regime during which

maximum heating occurs.
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Fagure III-28 Lenticular Lifting Body, Concept 3

After the body has slowed to subsonic velocities, 1t loses 1its
tendency to stabilize face-forward, and tends to oscillate over
wider limits. The center of mass can be offset horizontally,
and stabilizing fins provided will tend to make the body fall on a
gliding path. The fins will be on the lee side of the body during
the period of high heating, and thus will not melt away,

The predicted specific weight, in pounds per kilowatt ther-
mal of this lifting body, 1s very nearly the same as that of the
lightweight curved plate. The additional weight of the stabilizing
fins 1s partially offset by the possibility of saving some weight of
protective material due to the flight attitude being more closely

controlled

A novel feature shown in Figure III-28 1s the enclosure of
the fuel in a flat sheet, rather than in separate tubes. Thus the
reentry body has the form of a sandwich, with a honeycomb main
structure. Heat transfer from the inner surface, surrounding
the fuel, to the outer surface 1s by thermal radiation and conduc-~

tion through the cells of the honeycomb, It 1s estimated that a
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temperature difference of about 100°F will exist between the
mner and outer plates when the outer plate i1s at 1800°F, This
design puts a crushable cushion between the fuel container and
the point of impact, which helps to absorb the impact energy.
This same concept could also be used i1n the lightweight sheet de-

sign, but i1s not practical for Pu238 sources,

The major advantage of this body 1s the high nonburial proba-
bility that its stable and low-velocity landing mode provides.

d. Controlled Reentry of Complete Heat Source

A controlled reentry and recovery of the heat source assem-
bly 1s highly desirable if the fuel 1s valuable enough to offset the
resultant high cost in equipment weight. One concept for recov-
ery 1s shown in Figure III-29, The pownt of reentry 1s controlled

by firing a retrorocket at a selected point in the orbit.

The reentry package 1s shaped to be stable in one particular
attitude, like a manned reentry capsule. Heat protective mate-
rial 1s used on the forward face. At the end of the heating period,
a parachute 1s deployed, reducing the sink rate to a few feet per
second. The capsule can then be recovered in the air, or it can
be allowed to reach the carth where 1t can be picked up. Flota-

tion gear would be used for recovery in water,

The concept of controlled reentry has a disadvantage with re-
spect to the weight of the equipment required for a given thermal
power, when 1t 1s compared with the other concepts discussed
previously, Its use may be mandatory for plutonium fuel, which
has a long half-life, giving a greater incentive for recovery, For

polonium-fueled capsules, the other concepts are preferable,

e. Effect of Reentry Mode on Heat Source Design

The major effect that the reentry mode has on heat source
design 1s on the specific weight, as can be seen from an inspec-
tion of Table III-10, For polonium, the fuel and reentry protec-
tion weights vary from 1.0 1b/kwt for a lightweight sheet and
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5.0 1b/kwt for individual capsules to almost 40 1b/kwt for a re-
entry body. Heat exchanger and structural specific weights are
the same order of magnitude as the encapsulated fuel weights, so
the unshielded heat source specific weights vary the same as do
the fuel weights. It 1s readily seen that a recoverable package
suffers a substantial weight penalty and 1ts use must be justified
on the basis of economics. It 1s more likely to be used with

Pu238 than P0210 systems.

Integration of cither of the source block concepts into a kilo-
watt thermal heat source will require more than one block per
heat source, For large manned sysiems, the arca required for
a single source block design 1s impractical from the shielding
and vehicle integration standpoint, but a group of 2 to 5 blocks
can be integrated into a compact, cubical array. As an example,
six source blocks roughly 17 by 17 by 1 in. would provide the
equivalent of 80,6 kwt.

Finally, heat sources comprised of source blocks can be
made more compact than with capsules. Because of their com-
pact design, the source block heat source shielded areas are
less than those for capsules, and both the shield weights and
shielded heat source weights arc lower, Thus a lightweight-
sheet heat source offers a 35% weight saving over individual cap-
sule designs. However, 1t presents a probability of burial which
must be considered. The stabilized gliding body on the other
hand offers a slightly lower weight savings, 32%, but has a lower
probability of burial., Because of this, it 1s a very promising

approach.

D. SHIELD

The nuclear shield required to reduce the 1sotope source
radiation 1s a major consideration for manned systems. The
shield 1s comprised of two parts, a gamma-ray shield and a neu-

tron shield. The design of the shield depends upon

320



1) Isotope source characteristics,

2) Isotope form (1.e,, oxide, nitride, etc.),
3) Impurities associated with the 1sotopes,
4) Heat source geometry,

5) Vechicle geometry,

6) Mzission operational constraints,

7} Allowable dose rates.

Without fairly specific information on each of the items above, no
firm estimate of shielding requirements can be made, However,
an insight into the weight of shielding can be gained by considering
certain applications which have been investigated in detail. Faig-

ure III-30 shows the shield weight as a function of source thermal

1500 T , ,
< 10001 _
'_
I
o
w
z
[}
|
o 500f- -
T
[72]
0 ] 1 |
0 50 100 150 200

BEGINNING-OF -LIFE POWER (kwt)
6030 2508

Figure III-30, POZIO Shield Weight vs
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power for a 10-ft-diameter dose plane at 16 ft. The weights are
based on a dose of 10 rem per 90 days. If the separation dis-
tances decrease, and/or the shield angle increases, the shield
weight will, of course, increase. The shield weights for Pu238
systems are typically of the same order of magnitude as for PoZIO
systems; in all cases 1t will be found that the shield weight is a

subsiantial portion of total system weight for manned isotope

applications,

E. THERMOELECTRIC SYSTEMS

Thermoelectric space power systems offer advantages in
several areas, Most notable of these is the ability to convert
thermal energy directly to electrical encrgy without rotating or
other moving parts. In systems to be operated in remote regions
such as space environmentis, this advantage contributes signifi-

cantly to overall system reliability,

With the advent of semiconductors the use of thermoclectrics
for energy conversion has become competitive with other conver-
sion systems, Studies and research over a 10-year period have
established that the most desirable semiconductor candidates fall
into two classes: the silicon-germanium (S1Ge) alloys, and lead

telluride (PbTec).

Figure III-31 shows the schematic of a typical POZIO isotopic
thermoelectric space power system. In this system the thermal
energy rcleased by the isotope heat source is carried to a com-
pact thermoelectric converter by the primary heat transfer loop.
The medium used is the cutectic mixture of potassium and sodium,
NaK-78, The wastc thermal power of the converter is trans-~
ported to a radiator by the sccondary loop, also containing
NaK-78. A dc conduction pump with an integral thermoelectric
power source provides the pumping power for both primary and

secondary loops.

With the use of short-lived i1sotopes such as POZIO, a sub-

stantial decay of heat source power can occur over the mission
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Fiyure III-31. Po 0 S1Ge System Schematic

life and optimum system performance requires the use of a
power-flattening device. In the system illustrated in Figure III-31,
a power-flattening radiator 1s used to maintain a near-constant

thermal mput to the converter,

Each heat transfer loop 1s supplied with an expansion com-
pensator to provide for changes in the volume of the heat trans-
fer medium and to provide system pressurization., This 1s typi-

cally an all-mectal bellows device,

The electrical output from the converter 1s delivered to a
voltage regulator which conditions the power in response to load
demands. The waste energy delivered to the radiator 1s in turn
rejected to space. The specific types of thermoelectric systems

of interest are discussed below,

a, Si1Ge Thermoelectric Systems

Of the various semiconductors investigated to date, alloys of
silicon and germanium (S1Ge) offer significant advantages over

most of the others. SiGe can be hot-pressed and compacted into
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shapes having good structural strength; is stable in air, vacuum,
and most gases; and can be metallurgically bonded to other mate-
rials. The degradation rate for SiGe is generally lower than for

other thermoelectric materials.

A typical compact converter is shown in Figure III-32. It
consists of four submodules, each of which is a complete power-
converting device, The submodules can be connected in various
parallel and series arrangements, both hydraulically ¢nd elec-
trically, to provide considerable flexibility in their use and

installation,

6096-2506

Figure IlI-32, SiGe Compact Converter Module

The criteria used for selection and sizing of the various
components involve a tradeoff between the minimum system
weight, maximum system efficiency, and minimum radiator
area. All of these items are important to any space mission

and the careful consideration of each is necessary,

324



In general the system tradeoffs are made on the basis of
munimum weight and the decision 1s then tempered by radiator
arca requirements and efficiency. Figure III-33 shows the effect
of Carnot efficiency on system weight, system efficiency, and
radiator arca for a POZIO—fueled system desizned for a 90-day
mission. The system net output 1s 2.1 kwe, A design goal of
0.98 full-power relhiabilaity was used. The shiclding critcrion 1s
10 rem over a 10-ft diameter dose plane at 16 ft. The efficiency
shown 1s the overall system efficiency at the end of life, As in-

dicated, the system efficiency increases with increasing Carnot
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efficiency (decreasing radiator temperature for fixed heat source
temperature). The system radiator area increases exponentially
with increasing Carnot efficiency due to the decreasing radiator
temperature and the T4 relationship for heat rejection from the

radiator.

Both shielded and unshielded system weights are shown in
the figure, The weights decrease, pass through a minimum, and
then increase with increasing Carnot efficiency. The initial
weight decrease 1s due primarily to decreases in the source and
shield weight as the system efficiency increases. As the Carnot
efficiency continues to increase, the radiator weight begins to
dominate and turns the weight curves up. For this SiGe system
the minimum system weight of 1610 1b occurs at a 52% Carnot
efficiency, However, for Carnot efficiencies in the range of 45
to 60%, the system weight varies little. In situations where the
radiator area available 1s limited, one would pick an operating
point at a Carnot efficiency somewhat less than 52% to reduce the
radiator area required. A slight weight penalty 1s incurred and
the system efficiency drops. On the other hand, 1if 1sotope fuel
inventory 1s critical and adequate radiator arca 1s available, an
operating point at a Carnot efficiency greater than 52% would be

chosen.

8 for the heat

The performance of a S1Ge system using Pu23
source 1s shown in Figure [1I-34, The design life of this system
1s 2 years, with a 2.1-kwe output and with a full power reliability
of 0.98. The trends of the various parameters as a function of
Carnot efficiency are the same as described for the POZIO sy stem,
However, 1t will be noted that the weights of the Pu238 system
are almost a factor of two higher than those of the POZIO systems,
The heavier weight of the Pu238 system can be atiributed almost
completely to the increased weight of the heat source and associ-

ated shielding. The Pu238 hecat sources are more than four times

heavier than the POZIO sources for the same thermal power, Of
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course the P‘uz3 has a much longer life, thus increasing sub-
stantially the specific energy of the system.

The increased specific weights of the Pu238 heat sources

place a premium on system efficiency and account for the mini-
mum Pu238 system weight occurring at a higher Carnot efficiency
than for the POZlO systems. The higher Carnot efficiency results
in the minimum-weight Pu238 system having larger radiators

than the corresponding P0210 system,

The effect of output power on system weight 1s shown in Fig-
ures III-35 and III-36. The weights shown are total shielded sys-
tem weights based on the overall end-of-life system efficiencies
shown. It will be noted that the relationship of the system weight
curves for various efficiencies corresponds to the shape of the

system weight as a function of Carnot efficiency, which has been
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shown previously, That is, the total system weight decreases as

the system efficiency is increased, and then increases again.

As indicated in the figures, the system weight as a function
of power for constant system efficiency is nearly a straight line,
This is due to the fact that for constant efficiency, the source
weight, converter weight, and radiator weight vary directly with
system power. And, while the shield weight does not vary exactly
as power, the relationship is close to linear because of the in-
creasing size of the heat source. The component weights which
do not vary directly with power are the pump, piping, and struc-
ture weights, However, these are a fairly small part of the total

system weight,

The variation of radiator area with power is linear for con-
stant efficiency since at a given efficiency the radiator tempera-
ture is fixed and the radiator area varies directly with the ther-
mal power rejected. For a given efficiency the radiator area
for 2.1 kwe can be taken from Figure III-35 or III-36 and scaled

directly for the power output of interest.

Variations in the hot-junction temperature can produce sig-
nificant changes in the performance of the power systems, In
general, increasing the allowable hot-junction temperature re-
sults in decreased system weight, decreased radiator area, and
increased system efficiency. However, increasing the hot-
junction temperature generally results in an increased degrada-
tion rate which partially offsets the gains to be made in efficiency

and weight and area reductions,

As the average primary temperature is increased, the Carnot
efficiency of the minimum-weight system increases, This is due
to the reduced fraction of the total system weight that the radi-
ator comprises. This shift makes the fuel weight more signifi-
cant and results in a tendency to reduce the fraction that the fuel
weight comprises by operating the converter at a higher effi-

ciency., In general, the higher operating temperatures would be
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selected consistent with system reliability goals and the antici-

pated state of converter development.

The ability to fabricate the SiGe 1n structurally sound shapes
allows significant simplification in the geometric arrangement of
the elements. Cylindrical as well as rectangular geometries have
both been used in the construction of the thermoelectric con-

verters,

Since S1Ge 1s little affected by most gases at high tempera-
tures, no special provisions have to be made to provide gas ex-
clusion from the thermoelements, This further reduces the de-
sign problem and alleviates stresses which might be transmatted
from the hot-junction plate to the cold-junction plate through con-

tainment members,

The ability of the S1:Ge to operate at temperatures 1n excess
of 1500°F takes advantage of the high temperature capability of
the i1sotopic heat sources and allows heat transfer between the
heat source and the thermoelectric converter to be accomplished
efficiently by radiation, The converter efficiency varies from
4 to 6%. The ability to operate at high temperature results 1n a
fairly high radiator temperature, 400 to 600°F, and reasonably
low radiator areas,

Design summaries for typical 2.1-kwe P0210 and PuZ38 51Ge

systems are shown in Table III-11. These data are typical of sys-
tems using either the compact or direct-radiating thermoelectric
converter configuration, For a 5-kwe system using a S1Ge con-
verter with PoZIO having a mission life of 90 days, the weight

will be about 3250 1b, For a 5-kwe system using a S1Ge converter
with Pu238 having a mission life of 2 years, the weight will be

around 6800 1b.

b. PbTe Thermoelectric Systems

The other class of thermoelectrics currently being used for
space power systems 1s the lead-telluride (PbTe). Also a semi-

conductor, PbTe has a material efficiency up to 50% higher than
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TABLE III-11
2.1-kwe ISOTOPE SiGe SYSTEMS

po210 pu238
Net Power (kwe) 2.1 2.1
Life (yr) 0.25 2
Full Power Reliability 0,98 0.98
Dose Criteria (rem/90 day) 10 10
Dose Plane Diameter (ft) 10 10
Separation Distance (ft) 16 16
End-of-Life Efficiency (%) 4.5 4,45
Beginning-of-Life Thermal Power
(kwt) 78.7 46,9
Radiator Area (ftz) 120 135
Specific Weight (1b/kwe) 792 1555
Weight Summary (1b)
Heat source 496 2230
Shield 574 375
Pump 65 65
TE converter 66 60
NaK 35 60
Expansion compensator 54 70
Radiator and piping 240 275
Power flattener 19 -
Structure 45 60
Instrumentation and control 70 70
Total 1664 3265

SiGe and for this reason considerable effort is being expended to
perfect converters using this material, Current PbTe devices
are generally limited to below 1100°F, Above this level serious
degradation occurs, making the use of PbTe impractical, In
addition, the tensile strength of PbTe is extremely low and all
converter designs investigated to date have some method of hold-

ing the thermoelements in compression. In spite of these
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limaitations, the high efficiency makes the material competitive
with S1Ge and further work 1s in progress to overcome the

limatations.

A compact PbTe converter 1s currently being developed for
the AEC. Figure III-37 shows the cross section of one of these
devices., It 1s composed of two concentric cylinders, between
which the PbTe elements are placed. The heat 1s carried to the
elements by the hot fluxd which passes through the inner tube,
The cold fluid surrounding the outer tube carries away the waste
energy. The thermoelements are connected 1n series internally
and the electrical connections to the submodule are made at the

ends of the device,

IRON CONDUCTOR RINGS LEAD TELLURIDE 2P

LEAD TELLURIDE 2N

LEAD TELLURIDE 2P

BORON NITRIDE

ELECTRICAL INSULATION LEAD TELLURIDE 3N TYPE 316 SS

INNER CLAD EXTENSION 7

%L , £ B WELD
TYPE 304 SS
END RETAINER

ALSIMAG-222
THERMAL INSULATION

IRON END RING ASSEMBLY

MICA
ELECTRICAL INSULATION

TYPE 316 SS OUTER CLAD INCONEL X-750 INNER CLAD

729 66 Figure III-37, PbTe Converter Submodule 6090 2509

These submodules are then connected together to form the con-
verter, The number of submodules used determines the power
output and other characteristics of the converter. The sub-

modules may be connected together in series or parallel, both

hydraulically and electrically,

This type of compact converter module has been fabricated
and 1s currently undergoing development testing. While the tem-

perature capability, stability, and reliability of this compact
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converter design are still to be demonstrated, extensive develop-
ment and life testing and, for lower powered systems, opera-
tional orbital use of other PbTe converter configurations, assure

the availability of PbTe thermoelectric converters.

For purposes of comparison with systems using a SiGe con-
verter, the PbTe system w1ll be i1llustrated on the same basis as
in the previous section, Figure III-38 shows the overall system

characteristics for a PoZIO—fueled system using a PbTe
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Figure III-38. P0210 PbTe System Performance

vs Carnot Efficiency
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converter. The mission lifetime 1s 90 days and the net electri-
cal output power 1s 2.1 kw., The design reliability goal 1s 0.98,
The trends of weight, area, and efficiency as a function of Carnot
efficiency are the same as discussed for systems using a S1Ge
converter., The radiator areas for the PbTe systems are greater
than for the SiGe systems, approximately 40% greater for
minimum-welght systems, because of the lower operating tem-
peratures of the PbTe systems. The system weight curves are
again relatively flat, varying 10% over the range of 40 to 50%
Carnot efficiency. The total system weights are about the same
for the PbTe and S1Ge, with the PbTe showing a slight advantage.
However, the system efficiency of the PbTe system 1s substan-
tially higher than the SiGe system, about 25% higher at the mini-
mum weight point., Figure I1II-39 shows the weight, area, and

efficiency for the 2.1-kwe Pu238 system using the PbTe converter.
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Figure III-39. Pu238 PbTe System Performance
vs Carnot Efficiency
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The effect of net electrical power on system weight 1s shown
in Figure III-40 for the POZIO system, and in Figure III-41 for
the P\1238 system. Again the same characteristics apply to the
variation in system weight and radiator area with net electrical
power for the PbTe systems as for the S:Ge systems. Also, the
effects of hot-junction temperature on system weight, efficiency,

and radiator area discussed previously again apply.
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Figure III-41. Pu238 PbTe System

Weight vs Power

The use of PbTe for thermoelectric converters 1s desirable
due to 1its materials efficiency being about 50% above the next
best material. However, limitations on the use of PbTe exist,
both in temperature and in the structural integrity of the mate-
rial, which pose fabrication difficulties and contribute to a fairly

high degradation rate.

The advantage of the PbTe occurs in systems where fuel
weight and shield weight are significant fractions of the total
system weight. In these cases, the high efficiency of the PbTe
results in fuel inventory reduction and therefore also in shield
weight reduction. For PoZIO-fueled systems, the difference be-

tween the systemweights using PbTe and S:1Ge converters 1s small,
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but for Pu238—fueled systems the PbTe results in a weight sav-

ings of about 10% due to the reduction in fuel weight,

Table III-12 presents system design summaries for 2.1-kwe
PbTe systems. A 5-kwe system fueled by P0210 having a 90-day
life would weigh about 3400 1b with a PbTe converter, The same

system fueled with Pu238 and having a 2-year life would weigh
6700 1b,
TABLE IIi-12
2.1-kwe ISOTOPE PbTe SYSTEMS
POZIO P11238
Net Power (kwe) 2.1 2.1
Lafe (yr) 0.25 2
Full Power Reliability 0.98 0.98
Dose Criterion (rem/90 day) 10 10
Dose Plane Diameter (ft) 10 10
Separation Distance (ft) 16 16
End-of-Iife Efficiency (%) 5.95 5.7
Beginning-of-Life Thermal Power (kwt) 59.6 35.5
Radiator Area (ftz) 200 250
Specific Weight (1b/kwe) 809 1435
Weight Summary (1b)
Heat source 367 1660
Shield 440 270
Pump 65 65
TE converter 165 150
NaK 35 75
Expansion compensator 31 40
Radiator and piping 375 480
Power flattener 30
Structure 40 60
Instrumentation and control 70 70
Total 1618 2870
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c. Cascaded Thermoelectric System

The two thermoelectric systems discussed above are based
on the use of single converter units, The different thermoelec-~
tric materials have different optimum operating temperatures,
The use of both the PbTe and SiGe converters in the same system
will yield a higher system efficiency and hence lower fuel inven-
tory, lower system weight, and lower radiator area., Significant

improvements are possible for these parameters,

Figure III-42 shows the flow schematic of a cascaded thermo-
electric system capable of using both of the compact converters
at their optimum temperature points. It can be seen that the
coupling between converters 1s accomplished by a pumped liquid-
metal loop similar to the normal system hot and cold loops dis-

cussed previously,
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Figure III-42, Cascaded System Schematic
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TABLE III-13
CASCADED TE SYSTEM PERFORMANCE

130210 Pu238

Power

(kwe) Area Weight Area Weight

(t2) (1b) (ft2) (1b)

2.1 100 1,210 150 2,200
5.0 240 2,875 355 2,840
10.0 480 5,560 710 8,880
15,0 720 8,120 1,065 12,200

The above weights are based on a 10-rem allowable radiation
dose at a distance of 16 ft per cach 90 days of the mission.
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The cascaded system 1s composed of components 1dentical
to those of the single converter systems above. The compact
converters are operated in the same temperature ranges as are
the liquid-metal (NaK) loops., It can be concluded that the heat
source requires the most effort but 1s technologically capable of

a low-risk development cycle.

The use of a cascade system 1s dependent on the develop-

ment of both compact converter designs,

Figure I1II-43 shows the performance characteristics, 1.e.,
area, weight, efficiency, of the cascaded system as radiator
temperature {Carnot efficiency) 1s varied. It can be seen that the
minimum weight occuis at about 60% Carnot. The data shown

are for 2,1-kwe systems for 90 days waith POZIO, and 2 years

with Pu238. The weight varies almost linearly with power, as
does area. Therefore, this system at 5, 10, and 15 kwe has the

characteristics shown in Table III-13.

F. MERCURY RANKINE SYSTEM

The radioisotope mercury Rankine system offers a light-
weight, low specific area electrical power system for space
applications, Modules of 3 to 5 kwe, presently in an advanced
state of development, can be used in multiples to produce up to
30 or 40 kwe of power. High reliability of such systems can be
achieved since 1t 1s relatively simple to include additional standby

modules for redundancy,

Figure III-44 1s a schematic of a typical radiorsotope mer-
cury Rankine system employing two basic power conversion
modules. This could depict either two active power conversion
modules or one active and one standby module. Also shown 1s
one method of achieving power per module or higher module re-
liability through the use of redundant CRU's 1in a given module.
Mercury 1s boiled and superheated 1n a single-tube, once-through
boiler which receives 1ts heat by thermal radiation from the 1so-

tope heat source. The superheated vapor drives a turboalternator
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unit, 1s then condensed in a multitube radiator-condenser (RC)
and the condensate 1s pumped back to the boiler, The turboalter-
nator Combined Rotating Unit (CRU), shown in Figure III-45, 1s
a single-shaft, hermetically sealed unit which contains all the
system rotating components, 1.e., the turbine, alternator, and
condensate pump, and 1s supported by liquid-mercury-lubricated
journal and thrust bearings. The turbine back pressure {(con-
denser pressure) 1s maintained constant by a passive bellows
pressure regulator tank at the condenser exit, which accepts RC
inventory changes at constant pressure, A cavitating ventur:i is

used to passively maintain constant flow to the boiler.

An auxaliary NaK coolant loop proviades cooling for the iso-
tope prior to startup of the system, as well as during any shut-
down periods. This loop also acts to remove the excess heat re-
quired to maintain constant turbine inlet temperature as the i1so-

tope decays.

System startup 1s achieved by injecting pressurized liquad
mercury from a bellows injection tank into the hot boiler (and
simultaneously through the CRU bearings). Vapor from the
boiler passes through the turbine spinning up the CRU and 1s con-
densed in the cool radiator condenser. This injection process
continues until the CRU mercury pump primes and takes over the
system flow. The pump will prime as soon as the RC pressure
builds up sufficiently as a result of preheat from the continued
vapor condensation, During the preheat process, liquid mercury
collects in the RC both from condensation and from the bearing
drain flow, When the pressure builds up to the design point, the
regulator tank becomes effective and accepts this excess mer-
cury from the RC and the system reaches steady state. The ex-
cess 1nventory in the regulator tank can be simply transferred
back to the injection tank to provide restart capability., This
startup process can be utilized for an orbital startup or slightly

modified for prelaunch startup.
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a State of Development

The Mercury Rankine Program (MRP) hardware 1s all in an
advanced state of development. In addition, a great deal of com-
plete developmental prototype system development testing has
also been achieved on the program. Table III-14 summarizes

some of the more pertinent test experience on the program.

TABLE III-14
MRP EXPERIENCE SUMMARY

Operation of CRU Machinery (hr)

Accumulated SNAP 2/MRP machinery 30,000

Accumulated prototype CRU-V machinery 20,000

One machine 6,600
Operation of Mercury-Lubricated Bearing (hr) 150,000
Component Test Experience (hr)

NaK-Hg boiler 26,000

NaK TE pump 17,000

Radiator-condenser 2,000

Load control 30,000
Integrated System Experience (hr)

PSM-1 (flight configuration) 550

PSM-3 (orbital simulation) 1,200

The CRU has receiwved by far the most development effort
in the MRP. Two models have been under test in the past few
years the CRU-IVM, a developmental prototype, and the
CRU-V, the flight prototype. Over 20,000 hours of testing have
been achieved with the CRU-V unit. Thus far, seven units have
operated for more than 1000 hours, six units have operated more
than 2500 hours, and one unit (which 1s still on test) has operated
in excess of 4200 hours. An intensive design review and subse-
quent modifications in the unit were effective in eliminating the

infant mortality failure modes of the unit.
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b. System Performance

The overall power system performance for the radioisotope
Rankine system 1s a function of boiling temperature (source tem-
perature), the heat rejection temperature, and the mission dura-
tion (type of i1sotope). The various tradeoffs to be considered are
efficiency, area, and weight. For 1sotope systems, and in par-
ticular for the mercury Rankine system because of its low area
requirements, the maximum efficiency system (also close to the
minimum weight system) 1s usually selected at an increased area

penalty to minimize system (1sotope mnventory) cost.

For potential manned mission requirements, power systems
of from 5 to 15 kwe can be made up of from one to three 5-kwe
power conversion modules operating in parallel from the i1sotope
heat source. Additional redundant modules can also be added as
required from reliability aspects, The basic 5-kwe module
would operate with the performance characteristics listed 1n
Table III-15.

TABLE III-15
5-kwe NET MODULE DESIGN POINT

Gross Electrical Power (kwe) 5.75
Turbine Inlet Temperature (°F) 1300
Boiling Temperature (°F) 1065
Turbine Inlet Pressure (psia) 250
Turbine Discharge Temperature (°F) 578
Turbine Discharge Pressure (psia) 5.1

Turbine Efficiency (%) 55

R-~C Pressure Drop (ps1) 1.6

Pump Inlet Pressure (psia) 3.5

Pump Discharge Pressure (psia) 450
Net System Efficiency (%) 11.3
RC Arca Per Module (ft%) 109
End-of-Life Thermal Power (kwt) 44 .4
Flow (1b/man) 17.4

The 5.75-kwe gross power to achieve 5 kwe net includes
an allowance of 5% for system degradation and 10% for
power conditioning.
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A reference 5-kwe radioisotope mercury Rankine power

system description 1s presented below,

This power conversion system would be made up of 1 active
5-kwe net module and a standby redundant module for increased
reliability, This redundant module shares the radiator fin area

of the active unit without imposing an additional area penalty.

A single 1sotope heat source radiates to the boiler tube-fin
arrangement. The specific 1sotope heat source to be employed
would depend on the mission duration. Polonmium w1ll be used for
the shorter (~90-day) missions and plutonium for the longer du-
ration missions. Shielding requirements for these two 1sotopes
differ significantly and will require modification with specific

mission variations,

A single auxiliary NaK loop 1s provided for cooling of the
1sotope prior to startup and during any shutdown periods, and
also to reject the excess 1sotope decay heat to maintain constant
turbine inlet conditions. The loop consists of a set of coolant
tube s mounted on the boiler tube-fin arrangement, a direct-
radiating thermoelectric NaK pump and a high-temperature NaK
radiator, This auxiliary cooling function could also be accom-
plished by radiation to space with a variable-shutter type of

control,

Table III-16 lists the overall system performance character-
1stics of the 5-kwe mercury Rankine power system, and Table

III-17 gives the system weight breakdown.

¢c. Summary of Characteristics

To a first approximation, all of the various power conver-
sion system concepts exhibit approximately the same weight per
kilowatt when they are compared under the same ground rules.
The real differences among the systems can only be seen 1n cycle
efficiency, radiator area, inherent system reliability, and the

state of development.
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TABLE I1II-16
5-kwe MERCURY RANKINE POWER SYSTEM PERFORMANCE

CHARACTERISTICS
System Electrical Power Output (kwe)
Net 5.0
Gross 5.75
End-of-Life Thermal Power (kwt) 44 .5
Beginning-of-Life Thermal Power (kwt)
90-Day Po?!0 70
2-Year Pu238 45
System Efficiency, End-of-Life (%)
Net 11.3
Gross 12.9
Overall Radiator Area (ftz)
Power conversion system condenser
auxilitary NaK loop 110
90-Day P0210 mission i5
2-Year Pu238 mission 10
System Weight, Shielded (1b)
90-Day Po210 mission 2045
2-Year Pu238 mission 3635
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TABLE III-17

5-kwe NET MERCURY RANKINE SYSTEM WEIGHT
BREAKDOWN (1b)

Active Standby
Basic Power Conversion System
CRU modules 90 90
Boilers 25 25
Radiator condensers 175 35
Startup equipment 75 160
Electrical and power-
conditioning equipment 100 100
Structure 75 75
Mascellaneous 50 50
Active module weight 590
Redundant Standby 5-kwe Module 535
90-day POZIO 2-year Pu238
Auxaliary NaK Loop
Thermoelectric pump 20 20
Radiator 40 30
Miscellaneous 10 10
Subtotal 70 60
90-day P0210 2-year Pu238
Heat Source
Isotope heat source 450 2200
ShleldlngT 510 360
Subtotal 960 2560
Total Shielded Weight 2045 3635
Total Unshielded Weight 1535 3275

Includes ablative reentry protection
TUsing 10 rem per 90 days at a mean separation of 16 ft
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The mercury Rankine system is characterized by a moder-
ately high efficiency (8 to 14%) and a low specific area require-
ment (15 to 25 ftz per net electrical kilowatt). To achieve the
higher efficiencies one must sacrifice radiator area, and like-

wise minimum-area systems exhibit the lower efficiencies,

Another important aspect of the Rankine cycle 1s its relative
insensitivity to effective sink temperature variations because of
the high (~600°F) heat rejection temperature, One disadvantage
1s the requirement to maintain vapor-liquid interfaces in the
boiler and condenser under orbital zero-g, and also in most
cases, small negative-g loads. Whereas this represents a dis-
advantage, there are straightforward design procedures avail-
able to overcome this problem. In the boiler where large pres-
sure drops can be tolerated, this 1s accomplished by simply
swirling the two-phase mixture to achieve high internal body
forces. Methods — while not as straightforward and simple —
are also available to achieve stable interfaces in the radiator
condenser through control of the tube diameter, the relative fric-
tion loss to momentum gain (entrance loss and condensing
length), and the velocity gradient at the interface itself, In the
present design, one to two psi of pressure drop in the RC 1s suf-
ficient to protect against interface instability up to about a tenth

of a "g'' negative acceleration.

The inherent reliability of the mercury Rankine conversion
system 1s essentially that of any of the rotating machinery con-
cepts. Whereas this 1s lower than that achievable with a static
thermoelectric system, very high overall system reliabilities
can be achieved through the use of redundant standby units. This
can be seen from the solid lines of Figure III-46 as a function of
individual module reliability and the degree of redundancy em-
ployed. The system depicted 1s a 20-kwe system made up of
four active 5-kwe net modules. The turnover portion at the top
of the curve 1s the reliability limit imposed by the remainder of

the system, 1,e., heat source, etc. From this curve, one can
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see that for a demonstrated module reliability of 0.9 with no re-
dundancy, one can demonstrate a system reliability of only about
0.63. With one redundant unit this increases to 0.9, with two re-
dundant to 0.96, etc. This 1s the approach taken with the mercury
Rankine cycle. Each additional redundant 5-kwe module costs
about 400 1b 1n weight but does not add a significant area penalty
since 1t shares the area already provided for the active units, re-

quiring only an added set of tubes.

G. MANNED BRAYTON SYSTEMS

The Brayton cycle offers a conversion system with the high-
est potential performance of the three systems discussed, The
efficie1cy of the Brayton systems 1s a factor of two greater than
that of the mercury Rankine systems and a factor of 2 to 4 greater
than that of the thermoelectric systems. The Brayton systems
are amenable to modular development, as with the mercury Ran-
kine systems., Again 4 to 6 kwe modules can be used to obtain
the desired power level. Also, redundant power conversion sys-
tem modules can be used i1n order to obtain a high overall system

reliability.

The Brayton cycle i1deally 1s composed of two reversible
constant-pressure processes and two adiabatic reversible proc-
esses, The real cycle requires modification to the i1deal cycle
diagram since the compression and expansion processes cannot
be 1sentropic. The cycle efficiency can be increased greatly 1f
the energy rejection from the cycle can be conserved. This 1s
accomplished regeneratively by a recuperator, Waste thermal
energy 1s transferred from the turbine exhaust to the compressor

discharge gas, thereby retaining this energy in the cycle.

The fluid cycle schematic for a single-shaft, radial-flow
power conversion system 1s depicted in Figure III-47, The work-
ing gas i1s heated by the radioisotope heat source heat exchanger
and passecs through the radial turbine., It then enters the recuper-

ator, regeneratively heating the return flow to the heat exchanger.
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Figure III-47. Brayton Cycle System Schematic

The gas 1s then cooled in the radiator, compressed in the radial
compressor, regeneratively heated in the recuperator, and re-
turned to the heat-source heat exchanger to complete the cycle.
A motor-driven jacking-gas compressor may be provided to in-
crease gas pressure 1n the bearings of the combined rotating unit

for increased load-carrying capability under launch conditions.

The alternator provides raw electrical power to the power-
conditioning system. A parasitic load associated with each PCS
maintains constant output power despite normal fluctuations in

the load demand.

The heat-rejection loop removes waste heat from the heat-
sink heat exchangers and cools the alternator and bearings. A
coolant reservoir 1s provided to accommodate thermal expansion
of the fluid and minor system leaks, In addition, this reservoir

15 preloaded to ensure the required NPSH at the pump 1inlet,

An i1sometric drawing of a typical 1sotope Brayton cycle
power system designed for a manned space station i1s shown in
Figure I11-48. Two completely independent heat source/PCS
units operate in parallel to provide station power. Pu23802-

filled fuel capsules are located in a graphite fuel block. The fuel
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Figure III-48, Pu238 Brayton Cycle System

blocks are shaped to function as a reentry body and provide in-
tact reentry of the fuel capsules in the event of a mission abort,
Heat 1s transferred by radiation from the fuel blocks to the U-
shaped heat exchanger, The argon gas working fluid 1s heated
in the heat exchanger and flows to the Brayton cycle rotating

assembly which 1s located above the lithium-hydride shield.

Insulation completely surrounds the fuel block and heat ex-
changer to limit thermal losses. Emergency heat dump doors
are located beneath each fuel block to allow direct fuel block
radiation to space in the event of a PCS failure. Upon replace-
ment of the failed PCS module, the heat dump door may be

closed and normal operation resumed.

The lithium-hydride shadow shield has a movable side
portion — shown 1n the open position — to permait PCS replace-
ment. The shield 1s designed to limit direct- and scatter-
radiation dose to the crew. Shield thickness 1s contoured to

minimize system weight.

a. State of Development

The most detailed study to date of a radioisotope Brayton

cycle power system for a manned spacecraft application has been
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the study conducted by the joint Al/Douglas Aircraft/AiResearch
team for NASA-Langley. This study defined an 11-kwe power sys-
tem for MORL. The system proved to be very attractive, Major

conclusions from this study are given below.

The results of the CRU studies indicate that the performance
and life goals required to meet the overall MORL requirements
can be obtained, and no unique development problems have been

introduced into the design.

The efficiencies of the compressor, turbine, and Rice alter-
nator selected for the CRU can be obtained with a high degree of
confidence, Based on experience using argon, compressors and
turbines have been designed and tested and have closely demon-~
strated the desired performance at typical system conditions
(specific speed, inlet pressure, etc.). A careful loss analysis
of the Rice alternator design indicates a performance margin of
2% over that required to meet MORL system performance and
weight estimates. Since similar Rice machines have been de-
signed and tested, high confidence 1n the accuracy of the loss and

efficiency analysis exists.

Stress analyses of the turbine rotor indicate that for over
50,000 hours of operation, the growth of the rotor will be less
than 1% (according to data on conventional materials in air) and
will not exceed normal operating clearances, Thus, 1t 1s ex-
pected that the turbine rotor can satisfy life requirements,

Stresses i1n the compressor and alternator rotors are not critical,

The design efficiency of the turbine 1s 0,873, based on total-
to-total pressure ratio. A turbine configuration similar to the
MORL turbine has been designed and tested as part of a Brayton-
cycle research package for NASA., This turbine, with a 6.00-1n,
rotor, has been tested in argon by NASA and has shown a design

point efficiency of 0,90 based on total-to-total pressure ratio.

Test data were available on a 5-kwe 85,000-rpm Rice motor

which had been operated as an alternator., The MORL alternator
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design represented a minor uprating of this machine to 7 kwe

using design and fabrication techniques proven at the 5-kwe level,

b. System Performance

The data shown below were developed specifically for the
MORL application. The data are valid, however, for any manned

spacecraft of the MORL category.

Power conversion system weight, radiator area, and overall
cycle efficiency vs electrical power output are shown in Fig-
ure I11-49. Overall cycle efficiency vs turbine inlet and compres-
sor inlet temperature are shown 1n Figure III-50. The strong
dependence of efficiency upon compressor inlet temperature 1s
demonstrated. The MORL reference design point 1s shown. Fuel
block and shield weight vs fuel block thermal power are shown in

Figure III-51.

Figure III-52 shows typical radioisotope Brayton cycle
power system parameters optimized to provide 11 kwe to a
manned spacecraft payload, Selection of the fundamental PCS
design parameters involved an overall analysis and optimization
of heat source, PCS, and radiator requirements with respect to
performance, weight, and physical size. From this optimization,
a turbine inlet temperature of 1640°F and a radiator surface
area of 920 ftz, corresponding to a compressor inlet temperature

of 65°F, were selected.

Each of the two fuel blocks 1s designed to produce a thermal
power output of 20.35 kw at the end of a 5-year mission, This
output corresponds to an initial installed capacity of 21,15 kwt
when 1sotope decay 1s considered. This power level includes an
allowance of 1,15 kwt for each PCS to account for heat losses
from the system. The fuel-block surface operates at a maximum
temperature of 1800°F, radiative heat transfer across an effec-
tive heat transfer surface area of 9.5 ftz (each fuel block) raises
argon gas temperature to 1640°F 1n 1ts passage through the heat

source heat exchanger, The combined rotating unit (CRU) design
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Figure III-52. PCS Schematic

is based on a turbine efficiency of 87.3% and a compressor effi-

ciency of 80%. Operation of the CRU at 64,000 rpm results in an

optimum pressure of 17,7 psia at the compressor inlet. Gas ex-

pansion through the turbine expends about 88% of the total head

developed by the compressor; the remainder is allotted to pres-

sure drop through heat exchange components and ducts,

The gas flow from the recuperator enters the heat sink heat

exchanger at 347°F, where provision is made for removing up to

2.42 kwt by the environmental control/life support (EC/LS) coolant,

The remainder of the waste heat load is transferred to the

heat-rejection system. After passage through the compressor,

the gas flow is regeneratively heated from 265 to 1203°F in the

recuperator. The high recuperator effectiveness (0.92), com-

bined with optimized cycle operating conditions, results in a

cycle efficiency of 27% under design conditions.

In each of the heat-rejection systems the coolant, FC-75,

removes waste heat from the sink heat exchanger and the alter-

nator. Under design conditions, flow through the radiator
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reduces coolant temperature from 266 to 51°F by thermal radia-

tion to a design average heat sink temperature of -20°F.

System design parameters are shown in Table III-18,

TABLE III-18
SYSTEM DESIGN PARAMETERS

Net Electrical Output Power 11 kwe
Design Orbital — Sink Temperature -20°F
Radiator Area 920 ftz
Working Fluid Argon
Turbine Inlet Temperature 1640°F
Compressor Inlet Temperature 65°F
Shaft Speed 64,000 rpm = 1.25%
Recuperator Effectiveness 0.92
Total Pressure Loss Factor (rt/rc) 0.88
Compressor Specific Speed 0,092
Alternator Efficiency 0.90
Total Heat Leakage 2.3 kwt
Bearing Loss/CRU 500 watts
System Thermal Efficiency

(kwe /fuel kwt) 0,27

Total for 2 PCS packages, at alternator terminals

The launch weight of the Plutonium Brayton Cycle (PBC)
system 1s presented in Table III-19,

The very high efficiency of an 1sotope Brayton cycle system
minim:izes fuel block and shield weight and simplifies system

design and integration into a manned spacecraft,

Minimizing the required 1sotope inventory is also important
due to the current Iimated supply and high cost of the more attrac-

tive long-lived 1sotopes.
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TABLE III-19
PBC SYSTEM WEIGHT SUMMARY

Weight
(1b)

Fuel Block and Radiation Shield 1653

Power Conversion Unit 1344
Brayton cycle PCS (2) 1124
Coolant motor and pump assembly (4) 90
Evaporator subsystem 130

Power Conditioning and Control 1089
Transformer and rectifiers 116
Inverters 119
Variable frequency "nverters 200
Battery and battery charger 430

Speed control, relays, breakecrs, and

miscellaneous 224

Vehicle Integration 1381
Interstage extension 355
Structural and mechanical 665
EC/LS system 64
Insulation and attachment 133
Radiator 164

Total system weight 5467
Extrapolated system weaght 4967

Excludes 519 1b for distribution and protection equipment,

Heat transfer from the fuel block to the working gas heat ex-
changer by direct radiation results in a very attractive system,
The entire power conversion system can be replaced simply by
disconnecting the radiator lines, the alternator electrical plug,
and the mechanical support latches, No gas connections need be
broken or resealed, and no difficult assembly operations are

required.
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The very low radiator temperatures required for efficient
cycle operation can be a problem in some applications, however,
in large manned space station applications, the radiators usually
integrate very well into the vehicle. The low heat rejection tem-
perature allows use of space station skin itsclf for a radiating
surface, and also minimizes thermal interfaces with the crew
living quarters, Aluminum radiator tubes can be used and the
spacecraft skin provides the required metcoroid protection with-
out an additional weight penalty. Dafficult radiator fabrication,
corrosion, or plugging problems are not encountered, The use

of argon in the primary loop eliminates corrosion problems

within the PCS.

The Brayton CRU and 1800°F heat source represent the long
lead 1tems with this system. Neither are presently involved 1n a
full development effort. The principal potential problem with the
CRU 1s the thermal and mechanical integration of each shaft and

housing component into a reliable and operable unait,

H. RADIOISOTOPE SYSTEMS SUMMARY

Based on the fuel, heat source, and power conversion con-
siderations discussed previously, the final selection 1s based on
the combinations which best meet the requirements of a particu-
lar mission, The mission parameters which influence system se-

lection are

Parameter Influences
. Mission Lufe ., ........... Fuel selection
PCS selection
. Weight Constraints . . . ...... Fuel selection
. Area Constramnts .......... PCS selection
Mission Type.......... ... Heat source configuration
. MissionDate .,........... Fuel selection

. Volume Constraints. ........ Fuel, heat source, and PCS

A summary of the major elements 1s presented in the following.
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The power conversion equipment falls in one of two classes:
static conversion or dynamic conversion, Static conversion
includes thermoelectrics and thermionics. Dynamic power
conversion includes Rankine and Brayton rotating machinery.
For early programs thermionics cannot be considered. This

leaves thermoelectrics and dynamic systems for consideration.

a. Thermoelectric Conversion

Thermoelectric (TE) conversion is characterized by simplic-
ity, high reliability, and static operations. However, this is
achieved at the expense of system conversion efficiency. There
are two principal TE materials which must be considered, These
are SiGe and PbTe. Either of these materials can provide an
operating efficiency in the range of 5 to 6%. The PbTe has a
slight edge on efficiency but has a lower operating temperature
and larger radiation area, SiGe has a lower inherent materials
efficiency; however, its higher temperature capability helps to
provide nearly equal system efficiency. The SiGe also requires

about 1/4 the radiation area of PbTe.

The PbTe and SiGe thermoelectrics have both undergone ex-
tensive development, SNAP 10A utilized a direct radiating SiGe
module which has now demonstrated several years of life at about
1300°F. PbTe has also been used extensively. However, until
recently it was never put through the exhaustive technology and

device development effort through which SiGe has passed,

Presently both PbTe and SiGe are being developed in the con-
figuration of a compact converter, The compact converters both
utilize heat transfer from a hot liquid metal loop through the TE
material to a cold liquid metal loop. These two concepts could
result in demonstrated conversion devices in time for the early
flights. Table III-20 shows design characteristics of several TE

systems.

Based on current technology status only, TE conversion can

be considered for the 1968-1970 time period. None of the dynamic
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TABLE III-20

RADIOISOTOPE SYSTEMS PERFORMANCE SUMMARY
(Manned applications; power = 5 kwe)

Svstem System|Radiator| Overall
System y}_,ife Weight| Area [Efficiency
(1b) (£t2) (%)
210 .

Po Thermoelectric 90 days 3550 225 4.5
P0210 Mercury Rankine 90 days 2045 125 11.3
Po?!? Brayton 90 days | 2570 460 25
Pu238 Thermoelectric |1 to 5 years| 6800 395 5.0
Pu238 Mercury Rankine|l to 2 years| 3635 120 11.3
Pu238 Brayton 1 to 3 years| 2910 445 25

systems can be ready for this early flight, The choices there-
fore are the PbTe compact converter, the SiGe compact con-
verter, or the SiGe direct radiating converter. Any of these can
be available. The direct radiating SiGe module has the most ad-
vanced developmental status with both compact designs requiring

additional development.

During the 1969-1970 time period, the TE power conversion
represents the only potential approach. Cascading is a unique
possible system which contains a developed SiGe compact con-
verter combined with a compact PbTe converter to provide an
8 to 9% system efficiency, low weight and area. This system
has the best chance of being ready by 1969-1970 because the prob-
lems of cascading PbTe with SiGe have been eliminated by use of
an intermediate loop. Further, the improved efficiency reduces
the fuel availability problem, From a practical standpoint there
is little time between now and 1969 to carry through even the

POZIO

chance of meeting such a flight date.

TE system. However, this system does stand the best
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b. Dynamic Power Conversion

The two dynamic systems which are of interest are the mer-
cury Rankine system and the Brayton system. The mercury
Rankine system has been under development for about 8 years,
while development of the Brayton machinery has just recently

been initiated.

The mercury system represents the most advanced dynamic
system in existence. Presently unit operation is in excess of
5000 hours with an objective of 10,000 as the next step. The
mercury system can provide an overall efficiency of between
10 and 12%. Another advantage of the mercury Rankine approach
is the low area requirement, Generally a specific area of

20 ftZ/kwe will result,

The Brayton cycle system is the most efficient space power
approach which can be considered. It should provide net effi-
ciencies of between 20 and 22%. With isotope heat sources this
is a major advantage., The Brayton system does, however, re-
quire large radiation areas. The specific radiator area of about

90 to 100 ftz/kwe would be expected,

The Brayton system has only just entered the developmental
cycle. For this reason its use cannot be considered before the

early 1970's,

Table I1I-20 shows typical system characteristics for the
Rankine and Brayton system along with the single module TE
system, This data is based on a 5-kwe power output in an Apollo

hardware mission,

Based on the status of development, it is projected that the
mercury system can be available for the 1972 time period with

the Brayton available in 1973,

The potential availability times are shown for each system
type in Figure III-53, It can be seen from this figure that the
projected power-time relationship for each type of system is

quite consistent with early manned programs.

367



89¢

vs FUEL CELLS

e | OW SYSTEM WEIGHT
* NO CONSUMABLES REQUIRED
e | OW VOLUME REQUIREMENT

e LARGE GROWTH POTENTIAL IN
BOTH LIFE AND POWER LEVEL

vs SOLAR CELLS

LOW RADIATOR AREA
SURVIVABILITY
INTEGRATION FLEXIBILITY

INDEPENDENT OF ORIENTATION OR
SUNSHADE EFFECTS

NO RESTRICTION ON IN-ORBIT MANEUVERS

TOTAL SYSTEM WEIGHT

TOTAL RADIATOR AREA

(Ib)

( ft2)

8000

6000

4000

2000

700
600
500
400
300
200

100

P Pu 7
- RADIOISOTOPE SYSTEMST
1

T |
FUEL CELLS 4

—

ORIENTED SOLAR CELLS]

-
-
e

1 I L
90 180 270 360
MISSION DURATION (days)

1.0 2.0 3.0 40 5.0
ELECTRICAL POWER OUTPUT (kwe)

7-A4-176-30

Figure III-54, Power Systems Performance Comparison



The question of fuel availability is one of the most important
questions which must be answered. Based on many studies it is
concluded that adequate fuel can be produced if a requirement is
established,

c. Selection Summary

In summary, it can be concluded that the isotope fuels POZIO,

Trn1 ’U, Pu‘ja, and possibly Crn244 are applicable. These can
be coupled with TE, mercury Rankine, and Brayton power con-
version subsystems and be available at the times indicated in

Figure III-53,

The most logical application of isotope systems appears to
be with initial selection of TE power conversion coupled to either
Tm170 or POZIO. At the second stage of use the TE conversion
can be retained and technology growth incorporated which will
yvield modest performance improvement. Along with this growth
TE conversion subsystem, the capabilityfor using either the short

life fuel or Pu238 will become available, With the introduction

of Pu238 in 1971-1972, the growth to 1973 + should be by a step

change to either Pu238 Rankine or Brayton. By retaining both
PCS systems the selection can be made much later and on a bet-

ter demonstration basis.

d. Mission Applications

Currently three types of power systems are being consid-
ered for early manned space missions. These are the solar cell
system, fuel cell system, and radioisotope systems. The fuel

cell system is being used on the short-life mission Apollo.

Figure III-54 shows a comparison of the typical performance
of fuel cells, solar cells, and radioisotope systems. The com-
parisons shown are at 3 kwe and in the case of the area compari-
son at 90-daylife, It canbe seen from this figure that the radio-
isotope system weight vs mission duration is generally less than

either solar cells or fuel cells. As mission time increases the

369



5-18-66 UNCL

Figure III-55.

Al-66-0539 (

Manned Orbiting Research Laboratory

370



fuel cells become prohibitive in weight., In a generalized mis-
sion such as is represented by Figure III-54, the solar cell sys-

tem is quite close in weight to the radioisotope system.

In the area comparison shown in Figure III-54, it can be
seen that the fuel cell is the lowest area system of the three.
However, the more significant relationship is between solar
cells and radioisotope. Using a Po210 TE system as the base,
the solar cells required at least twice the deployed area. In

addition this must be oriented to the sun at all times,

In summary, it is clear from Figure III-54 that the radio-
isotope system offers the best performance of the three candi-
dates in the kilowatt electrical range for missions over about 45-

to 90-day duration,

Typical examples of the missions for which radioisotope
systems are being considered are shown in Figures III-55 and

I11-56. These are discussed below.

1. MORL (Manned Orbiting Research Laboratory)

Figure III-55 shows an artist's sketch of the MORL space-
craft, It is designed as a long-life (up to 5 years) space station
capable of supporting up to 10 men., The power system studied
for this mission was the Pu238 Brayton cycle system. It is in-
tegrated directly into the spacecraft and uses the surface as a

low temperature radiator,

2. MOL (Manned Orbiting Laboratory)

Typical of a small manned space station, the MOL is shown
in Figure III-56. This type of application would require two to
three men and a power level of 3 to 5 kwe, A Po210 or Pu238
heat source coupled with either straight thermoelectrics or a
cascade thermoelectric subsystem would make an attractive

power supply for this class of mission.
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4. UNMANNED RADIOISOTOPE SYSTEMS

A, INTRODUCTION

There are a growing number of space missions requiring
varying amounts of electric power for which solar cells and bat-
teries look unattractive. These missions include interplanetary
and galactic probes where solar energy is reduced to very low
levels and where relatively long lifetimes are required. For
these applications radioisotopes using long half-life fuel, such as
Pu238, offer significant advantages. The use of radioisotopes in
a variety of unmanned earth orbital missions also offers signifi-
cant advantages over the use of solar cells and batteries. These

advantages include:

1) High inherent reliability, which offers a power supply
lifetime capability considerably in excess of that obtainable

with oriented solar cells and batteries.

2) Low weight, which permits the installation of excess
redundant electrical equipment in a given spacecraft to in-

crease useful mission life.

3) The capability of using waste heat for spacecraft tem-
perature control and to further increase electronic equipment

lifetimes.
4) Cost effectiveness through increased mission lifetimes.
5) Low heat rejection area requirements.
6) Radioisotope performance independent of orientation.

The heat from the radioisotopes can be converted to elec-
trical energy by the use of either thermoelectric converters or by
use of dynamic systems utilizing the Rankine or Brayton cycle.
Since dynamic systems are less reliable and since efficiency is
less important at low pressure, thermoelectric systems are more

attractive for unmanned missions.
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B. RADIOISOTOPE THERMOELECTRIC SYSTEMS

An RTG consists basically of the radioisotope heat source, a
thermoelectric converter, a radiator to reject waste heat, and
the thermal coupling between these components, There are many
ways of physically and thermally coupling the components of an
RTG. The methods of heat transfer between the major system
components are limited to conduction, forced convection, and

radiation,

For lower power levels, i,e., under a few hundred watts, the
optimum design appears to be one where the radioisotope capsule
transfers heat to the TE converter, which in turn transfers to
fins, which radiate to space. Since this type of a system uses
no moveable parts, it is extremely reliable, and has been used
for most of the systems built up to this time. The following RTG's
for space use this type of a design: SNAP's 3B, 9A, 19, and 27.

For higher power levels, a one-loop convection system ap-
pears to be more attractive., Figure III-57 presents a one-loop
convection system. In this design, the radioisotope capsules
transfer heat to the TE converters by radiation. The liquid
metal coolant then transfers the heat by convection from the TE
converter to the radiator which radiates to space. In Fig-
ure 1II-57, a power flattening device is shown for radioisotopes

with short half-life, such as Tm170 and POZIO. If a long half-

life radioisotope, such as Pu238, is used, the power flattening

device will not be necessary.

The following presents some details on RTG's that have

already been placed in orbit, or are under development.
SNAP 3B

The SNAP 3 program had its beginning in early 1958, Its

fundamental purpose was to investigate the potentialities of
direct conversion as applied to radioisotopes in space, Po210

238

and Py fuel were used in their ground experiments.
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However, the flight systems SNAP 3B7 and SNAP 3B8 used
Pu238. Table III-21 presents pertinent data regarding SNAP 3B.
SNAP 3B7 was the first nuclear power plant to be used in space.
It was installed aboard the Transit 4A Navigational Satellite, and
was successfully launched on June 29, 1961, The SNAP 3BS8 was
launched aboard the Transit 4B on November 15, 1961, The
Transit satellites transmit constant frequency radio waves to
earth, Through precision doppler-shift techniques and knowledge
of the satellite's position, ships at sea can make accurate navi-
gational fixes. Since long life and stable operation are manda-
tory for Transit power supplies, Pu238 was used as the heat
source since it has a long (86 years) half-life, Figure III-58
presents the SNAP 3B fuel capsule drawing using PoZ 10. The Pu238
capsule which was used for the flight system is very similar,

Note the three capsules are placed one within the other to assure
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TABLE III-21
CHARACTERISTICS OF SNAP 3B7, 8, AND SNAP 9A

Characteristic SNAP 3B7 and 8 | SNAP 9A

Fuel Pu238 Pu238
Fuel Loading (gm) 95 1000
Fuel Capsule Material Haynes-25
Converter Material PbTe
Number of Couples 54
Insulation Material Min-K
Generator Shell Copper
Output Voltage (volts) 3.5
Maximum Electrical Power

(watts) 2.7 25
Thermal Power (watts) 52 ~550
Generator Efficiency (%) 5.2 ~4.6
Mass (kg) 2.1 12.3
Operational Date 1961 1963

that the radioisotope will not be released in case of an accident,
Figure III-59 presents a cross section of the SNAP 3B generator

with the fuel capsule placed at the center.
SNAP 9A

The SNAP 9A RTG was a direct outgrowth of the successful
SNAP 5B's. Table III-21 also presents pertinent data about the
SNAP 9A. It also used Pu238 fuel; however, the electrical out-
put was 25 watts instead of 3 watts for the SNAP 3B, The first
SNAP 9A was successfully launched aboard a DOD satellite for
the Navy in September 1963, and operated at a power lower than
the design power, The second SNAP 9A was also successfully
launched in December 1963, It also operated at a lower power
than the design power, The third SNAP 9A was launched in

April 1964, However, due to a malfunction, it did not go into

orbit and was burned upon reentry. Figure III-60 presents an
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Figure III-60. Exterior Drawing of the SNAP 9A Generator
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exterior drawing of the SNAP 9A generator. Note the size of the

fins used to radiate the excess heat.
SNAP 19

SNAP 19 is a 25-watt RTG system which will be used to aug-

ment the solar array and batteries on the Nimbus B spacecraft.

Nimbus B is one of a family of meteorological satellites for
research and development. The basic Nimbus spacecraft is
equipped with a solar array and battery power supply which pro-
vides an average of 185 watts, On Nimbus B spacecraft, this
will be augmented by two SNAP 19's which will furnish a contin-

uous power of 50 watts for the in-flight mission life of one year,

The SNAP 19 power supply for Nimbus B consists of three
subsystems: a generator subsystem, a power conditioner, and
a telemetry conditioner. The generator subsystem is mounted
on top of the spacecraft main structure — the sensory ring. The
power conditioner and the telemetry signal conditioner are
housed in standard Nimbus modules and are installed in a bay of
the sensory ring just below the generator subsystem. The gen-
erator subsystem includes two SNAP 19 generators mounted in
tandem, KEach generator has an output of approximately 27 watts
at 2.5 to 2.8 volts, and each generator weighs 30 1b, The gener-
ator housing is 6-1/2 in. in diameter and 10-3/4 in. in height,
Six fins are used to increase radiator surface. These fins give
the unit an overall diameter of 22 in, Maximum radiator tem-
perature is 350°F, and thermal radiation to the spacecraft sur-
faces is negligible. This is an important consideration since
the Nimbus sensory ring includes a precise thermal control sys-
tem. The generators are fueled with plutonium-238 and utilize
PbTe converters., Sensors are provided for measurement of in-
ternal pressure and internal and external temperatures. The
support structure contains provisions for structural dynamic iso-
lation and for minimization of heat ¢onduction to the spacecraft.
The generator subsystem is designed for high altitude dispersal

of the radioisotope fuel upon reentry.
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The power conditioner contains two dc-to-dc converters, in-
strumentation, and relays which connect or disconnect the inda-
vidual generator outputs and the spacecraft regulated bus. The
converter design provides minimum heat dissipation within the

module 1n the event of a no-load condition at the output.

The telemetry conditioner transforms raw analog measure-
ments from various sensors into analog signals that are compat-
1ble with the analog-to-digital converter of the spacecraft tele-
metry subsystem. The conditioner provides for 30 analog mea-

surements, and requires less than 2 watts for operation,

Power conditioners and electrically heated generators have
been built and subjected to developmental environmental tests,
and integration and safety studies are in progress., Perform-
ance testing has been conducted. The final phase of the program
has been initiated. This phase provides for delivery of complete
systems to be tested and integrated with a Nimbus B model and
flight spacecraft, The major objective for SNAP 19 1s to assess
the operational capability of radioisotope power for long-life

meteorological satellites.
SNAP 27

SNAP 27 1s a 56-watt radioisotope-fueled thermoelectric
generator used with the Apollo program. The SNAP 27 systems
will be used as the power supply of the Apollo Lunar Surface Ex-
periment Package (ALSEP). However, the SNAP 27 could be
used for unmanned systems in space, and the performance char-

acteristics would be slightly different,

Plutonium-238 1s used as the radioisotope fuel for the SNAP
27. The SNAP 27 generator consists of three subsystems the
generator and the fuel capsule heat source, a storage cask, and
a fuel capsule handling tool which 1s used for fueling the gener-
ator on the lunar surface., The SNAP 27 generator assembly,
with fuel capsule in place, 1s shown in Figure III-61. Table III-22
presents pertinent data about the SNAP 27, Heat generated by
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TABLE III-22
SNAP 27 SYSTEM SUMMARY

Generator Performance

Output power (test) 73.3 watts
Output power (minimum) 63.5 watts

(end of mission)
Output voltage (nomainal) 16 volts dc
Current {nominal) 4 amps

Maximum hot junction
temperature 1130°F
(lunar day)

Maximum cold junction
temperature 525°F
(lunar day)

General Design Characteristics

Overall generator diameter

(over fins) 15,7 1n.
Overall generator length 18.1 1n,
Number of fins 8
Fin radial length 5.0 1n.

Heat Source Characteristics
Number of fuel capsules 1
Capsule OD 2.50 1n.
Capsule length 15.6 1n.
Thermal output {nominal) 1450 watts
Weight

Generator assembly
{Includes cable, connec-

tor, and instrumentation) 28.2 1b
Fuel capsule assembly 14.5 1b
Total IPU weight 42,7 1b

decay of the fuel 15 transferred by radiation to a cylindrical hot
frame 1in the generator., The thermoelectric elements, mounted
radially around the hot frame, convert heat directly to electrical
power, and the waste heat 1s rejected by a set of radiating fins.

The thermoelectric elements are of the lead-telluride type,
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spring-loaded and sealed in an inert atmosphere. For maximum
reliability, the elements are connected in a series-parallel lad-
der arrangement. A spherical seat is used at the outer end of

each element to reduce problems of misalignment under thermal
cycling (lunar day-night variation). Wherever possible, beryl-

lium is used as the main structural material to minimize system
weight, Other materials include Inconel and Haynes superalloys

for strength at high temperature.

Assembly of the first engineering model of the generator was
completed in October 1966, and this unit has successfully com-
pleted development tests. Qualification models will be completed
and placed on test early in 1967. Delivery of four flight-qualified
systems and one backup system will begin in July 1967.

SNAP 29

SNAP 29 is a 500-watt RTG system for unmanned space ap-
plication. For potential applications requiring multiples of
500 watts, modular arrays of SNAP 29 systems have been pro-
posed.

Polonium-210 has been selected as the radioisotope fuel for
the SNAP 29, Its high power density capability is ideal for space
application and its short half-life is satisfactory since the re-
quired heat source lifetime is 144 days; this time span includes
prelaunch-hold potential and mission time. At the end of the
operational period, the net electrical power output of the SNAP
29 generator must be at least 500 watts with high reliability.

The SNAP 29 generator consists of five subsystems: the
heat source subsystem, the thermoelectric modules subsystem,
the thermal control subsystem, the heat rejection subsystem,

and the structure, shielding, and instrumentation subsystem.

The polonium-210 fuel is contained in capsules. The heat
source is designed for intact reentry into the earth's atmosphere
through impact, and containment of the fuel during normal as well

as abort conditions,
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The thermoelectric module 1s the basic power-producing
component of the generator. The thermoelectric elements se-
lected are of the PbTe type, fully bonded into couples with posi-
tive pressure provided by spring-loaded pistons. The hot plate
which receives radiant heat from the heat source 1s stiffened by
ribs to counteract the spring and internal gas pressure forces
acting on the hot plate. Heat 1s removed at the cold end of the
module by NaK coolant circulating in parallel flow channels in-
side the cold end parts., SNAP 29 1s basically a one-loop con-
vection system, as shown in Figure III-57. The modules are
connected in series to yield 500 watts net power at approximately
28 volts. In addition, the power for the electromagnetic pump 1s
obtained from a separate circuit in each module. All pump cir-
cuits are parallel connected to yield low voltage, high current

power for the EM pump.

The thermal control subsystem consists of thermal shutters,
a mechanical linkage connecting the shutters, and an actuating
device which 1s thermally coupled to the module hot plate through
thermal sensing tubes containing NaK fluid. Basically, the ex-
pansion and contraction of a constrained NaK volume, due to
changes in temperature of the thermoelectric module hot plate,
actuate a bellows-piston device, which in turn drives the me-

chanical linkage of the shutter.

The coolant heat rejection subsystem consists of the NaK
coolant, EM pump, NaK accumulator, and space radiator,
Eutectic NaK coolant (78%K by weight) was selected as the fluid
to transport the waste thermal energy from the thermoelectric
module to the radiator. The space radiator consists of coolant
tubes and associated meteoroid protection armor joined to an
aluminum skin. The configuration of the radiator 1s variable
and will be dependent upon the vehicle into which the power sys-
tem 1s being integrated. A high emissivity coating on the radi-
ator surface will be used to improve the heat radiation charac-

teristics in vacuum operation,
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The major subsystems (exclusive of the radiator) are brought
together to form a basic thermoelectric power conversion gener-
ator. The common component which ties these subsystems to-
gether is the generator housing. The basic RTG subsystems are
unitized for maintainability and interchangeability. For example,
the TE conversion modules are mounted to a common frame
which attaches to the generator housing. Thus, the TE module
assemblies can be removed or replaced. The thermal control
system, consisting of the thermal shutters, mechanical linkage,
NaK actuator, and thermal sensing tubes, is also mounted on a
common frame which attaches to the generator housing. The
thermal sensing tubes can be removed from the hot plate of the
modules through holes in the top of the generator. Finally, the
heat source is installed in the generator through an opening in
the side of the housing. In addition, the housing is designed to
break apart during reentry to enable the heat source to re-enter

separately.

The major development objectives for SNAP 29 are as

follows:
Power Level 500 w(e)
Power/Weight Ratio 1 watt/1b
Reliability High
Lifetime — Fueled Generator 144 days

The design features of the SNAP 29 system enable its appli-
cation to a broad variety of mission requirements. Power lev-
els below 500 watts can be accommodated and, as indicated pre-
viously, higher power levels can be achieved by modular arrays

of the basic generator.
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