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FOREWORD

This report presents the results of a design

study of a 3.25 megawatt in-pile nuclear ther-
mionic space powerplant condncted by the

Pratt & Whitney Aircraft Division of United
Aircraft Corporation, East Hartford, Connecticut,
under National Aeronautics and Space Adminis-
tration Contract NASw-763, with the technical
direction of J. F. Mondt of Lewis Recearch Center.
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I. SUMMARY
1041

This report nresents the results of preliminary design studies of a
3.25 megawatt in-pile nuclear thermionic space powerplant. The de-
sign of the powerplant 18 based on a systems analysis1 which varied
component and system parameters to determine systein performance. In tnis
report, the powerplant is described in detail and an evaluation of its
performance is given. Major technical problems and uncertainties are
discussed and a number of appendices are included which present sup-
porting detailed design and analytical studies and materials data. The
purpose of this study was to determine thermionic system performance,
prepare a preliminary design of a system, generate engineering desigmn
criteria and identify significant technical problems.

The powerplant selccted for design contains a thermionic reactor, a
nuclear shield; a primary coolant loop, a multiple-loop heat rejection
cystem and a power=-conditioning system. The reactor is fueled with
UC=-ZrC clad with a tungsten-rhenium alloy. Borated graphite and
lithium-7 hydride are the materials used in the shield tc »rotect the
radiation sensitive components in the power-conditioning equipment.
The main heat rejection system consists of sixteen individual loops,
each containing a radiator segment, a heat exchanger and an electro-
magnetic pump. Lithium is used as the cooclant and Cb-1Zr as the
containment material for all components of the primary systera and the
main heat rejection system. The radiators also employ Cb-1Zr as

the meteoroid barrier material instead of beryllium. As shown in
Report PWA-2319, the use of Cb=1Zr resuits in a lower powerplant
weight, due to its higher allowable operating temperature, The power-
conditioning system contains electrical equipment cooled by an auxiliary
heat rejection system employing monoisopropylbiphenyl as the coolant
and aluminumn as the containment material, The porverplant is integrated
into a flight configuration with a lightweight titanium support struciure
designed to support loads in space. The powerplant is supported during
launch by a trussed support siructure which is jettisoned in space
during powerplant startup, along with the aercdynamic fairing an
auxiliary startup equipment. / g

o

lpratt & Whitney Aircraft, Parametric Study of High Power In-Pile
Nuclear Thermionic Space Powerplants, Report PWA-2319

sagE NO ]
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Selection of a high cathode cperating temperature is desired to mini-
miz: powerplant wveight. For high reliabiiity, the cathode temperature
in operating convertzrs should be limited to maintain structural inte-
grity and long-life thermionic performance. In addition, because
converters in the reactoar may have failed due to an open-circuit condition. .

_the temperature level at this condition should not cause structural

failures that will lead to progressive reactor failure. For the present

study an operating temperature level of 3200"F was selected on the )
basis of material limits for long-time reactor operation. The 320G°F K
operating cathode temperature selected also maintains consistency )
with the previous one-megawatt studyl.

The powerplant requires the use of power-conditioning equipment to
convert the jow voltage DC thermionic output to a high voltage DC in-
put for the ion engines. The two types of power-conditioring equip-
ment considered were low-temperature (150°F) sclid-state devices
and high-temperature (1100°F) gas-tube devices. The significant
features of powsrplants using these devices are shown below:

Low-Ternp. High-Temp.
Equipment Equipment

inflight powerplant specific weight, lbs/

KW{e) 23. 4 30.7 : -
overall system efficiency, % 10.5 8.8
area (projected one-side) of auxiliary
radiator, f12 3180 365
weight of auxiliary radiator, lbs 3250 1800
efficiency of power-conditioning equipment, % 93 7
weight of power-conditioning equipment, 1bs/KWe) 4 10

These results are based on the latest available power-conditioning equip-
ment information published by Westinghouse®. It should be noted that
the system design study described in this report was based on earlier

lI"rat.t & Whitney Aircraft, Design Report, Advanced Nuclear Electric
Power Generator Systems Siudy, Thermionic Nuclear Space Power-
plant, Report PWA-2224, Vol. I CRD, Vol, II SRD :

2 . .
Westinghouse Electric Corporation, Aerospace Elertrical Divisicn, i
Space Electric Power Systems Study, Volume 5, NAS5-1274 ‘

»aqg wo. 2
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Westinghouse data presented in PWA-2240% because the powerplant
study was completed prior to the publication of the new data.

Based on this study the following conclusions can be made:

A, -The largest payload weight is obtained by reducing powerplant
inflight weight, even if this results in incr=asing system launch
weight, It has been shown that for a givea payload weight, up
to 3 pounds of powerplant launch weight can be added to save
1 pound of inflight weight (see Appendix 2).

B. A planar radiator configeration results in lower powerple :t weight
than a cylindrical configuration due predominantly to lov er shield
weight (see Appendix 2).

C. The selection of NaK as a coolant instead of lithium results in an
increase of about 4 lbg/KW(e) in the inflight weight »>f the power-
plant. This increase in specific weight almost eliminates the en-
tire payload capability of the vehicle {see Report PWA-2319 and
Appendix 2).

D. Increasing the converter power density to a value greater than that
used in this design (approximately 10 watts/cm2) will not signifi-
cantly reduce the powerplant specific weight (8ee g. 110).

E. Development of the anode trilayer is as important to the develop-
ment of the thermionic fuel element as the evelopment of the nuclear
fuel (see p. 114).

F. A 50 per cent change in meteoroid barrier thickness results in
only a 5 per cent change in the specific weight of the powerplan®.
This indicates that the meteoroid barrier criterion, within the
thickness range studied, will not significantly affect the power-
plant specific weight (see p. 122).

1 Pratt & Whitney Airecraft, Parametric Study Report, Advanced Nuclear
Electric Power Generatur System Study, Thermionic Nuclear Space
Powerplant, Report PWA-2240

paGE NO. 3
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Variable converter length with uniform fuel loading results in about
the same system performance as constant converter length with
variabite fael loading (see Appendix 6).

A fuel element designed to coatain 100 per cent figsion gas release
would increase system specific weight by about 30 per cent(see
Appendix 7).

The largest thermionic reactor that cau be reflector-controlled with
a 2 per cent shutdown margin is about 53 inches in diameter. For
a 3200°F cathode temperature, a reactor of this diameter can pro-

-duce about 9 megawatts of electrical power (see p. 118).

Further systems studies are required to investigate the potential of
other reactor fuels and reactor concepts.

Further experimental work is required to establish sufficient data
for fuel materials, containment materials, electrical insulators,
thermionic performance, meteoroid effects and power -conditioning
equipment.

The following areas require documentation to establish the feasi-
bility of this concept, 1) fuel endurance, 2) ca‘hode endurance,
3) trilayer anode fabrication and endurance, 4) fission product
gas disposition, 5) cesium vapor distribution. and 6) radiation
effects in electrical insulators.
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II. INTRODUCTION

In~-pile nuclear thermionic systems are attractive for use as nuclear-
elactric space powerplants. These powerplants have two potential uses
in space vehicles, 1) as propulsive power, and 2) for on-hoard power.
In order to evaluate these systems and to compare them with competi-
tive powerplants, gsystem studies have been conducted for powerplants
over a wide range of power output. The design study presented in this
report was performed by Prati & Whitney Aircraft in partial fulfillment
of Contract NASw-763 with the Lewis Research Center of the National
Aeronautics and Space Administration. The purpose oi the study was
to investigate performance, to define optimum systems, to identify the
sigriticant technical problem: that must be resolved before underiaking
deveiopment of these systems, to establish engineering design criteria
for components, and to indicate the objectives for component demon-
stration programs. A parametric study was performed to identify op-
timum systems in the power range from 1 to 10 megawatts (electric)
and is presented in Report PWA-2319. The design of the 3.25 MWe
powerplant presented here was performed to aid in the definition of a
high power system.

Similar studies of a one-megawatt powerplant were performed and de-

scribed earlier by Pratt & Whitney Aircraft under Contract NASw-3601,2,

As a part of this study certain areas of interest were examined which
had been indicated as requiring additional study by the one-megawatt

study.

1)
Z)

.3)

4)

These areas are:

Selection of radiator configuration

Comparison of variable and constant-length converters and
variable and uniform fuel loading

Establishment of the relative importance of powerplant launch
weight and powerplant inflight weight, from a mission standpoint
Establishment of the maximum power level of a reflector-con-
trolled thermionic reactor

1Pratt & Whitney Aircraft, Parametric Study Report, Advanced Nuclear
Electric Power Generator System Study, Thermionic Nuclear Space
Powerplant, Report PWA-2240

2Pratt & Whitney Aircraft, Design Repori, Advanced Nuclear Electric
Power Generator Systems Study, Thermionic Nuclear Space Powerplant,
Report PWA-2224, Vol. I CRD, Vol. II SRD

pacx NO. 5
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L3
5) 'Determination of cverall system weight penaities and reactor I
size increase for fission gas containment

6) Determination of the effects of design criteria selection on the '{
system -
7) Comparison between a sysiem sized to provide full power at )

beginning of life and a system designed to provide full pewer at
end of life .-

'A]though most of the potential missions cannot be precicely defined,
selection of a representative mission was desirable to provide general -
direction for the powerplant investigaticn. Therefore, for the purposes

of tkis study an unmanned Jupiter -~ capture mission using electric pro-

pulsion was assumed as a model. For this mission tte azsumpticn was

ma.de that the space vehicle would be launched into an earth srbi: by a

Saturn 5 vehicle.

During launch and for about 10 hours afterwards, the powerplant would
be dormart to allow orbit verification and startup of the system. The
propulsicn system would then be activated and the vehicle embarked upon
a trajectory which included cscape and transfer to a heliocentric orbit,
followed by a coast until approaching the vicinity of Jupiter, where a
capture maneuver would be executed. The vehicle would orbit the planet.
make observations, and transmit information back to earth. For this
mission, the optimum power level for the powerplant was determined
from a mission analysis to be 3.25 megawatts (electric).

The meteoroid hazard is an environmental uncertainty which affec*s the
reliability and design weight of the powerplart for a given mission.
Since all missions for this powerplant are not specifically defined, and
since the meteoroid hazard itself is not well documented, an assumption
of the reliability of the radiator and other components waa required.

On the basis of a segmented radiator, the system was assumed to pro-
vide full power at the start of the mission with all segments 2ud cor.-
ponents sperational. Meteur~id nrotection was provided for a 30 per
cent probability that three-fourths or more of the radiator segments .
would be operating at the end of the assumed Jupiter miseion of 24, 0u0 i
hours. ’

PAGE NO. 6
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11I. RESULTS

A. System Description

The nuclear thermicnic space power system whose inflisht configuration
is shown in Figure 1 is comprised basically of a heat source, an energy
conversion device and a heat rejection system:. In this system a nu-
clear reactor is employed as the heat source and thermionic converters
as conversion devices. The converters are an integral part of the fuel
elements contained within the reactor and are heated directly by the fuel.
Electrical power generated in the converters is conducted out of the
reactor to power -conditioning equipment whick processes the reactor
output power characteristics to match those required by the load. A
liquid metal coolant circulated by an electromagnetic (EM) pump cools
the reactor and transfers waste heat in parallel -connected heat exchangers
to the coolants in the heat rejectior system. A segmented radiator re-
jects the waste heat to space. Auxiliary coolant systems are used to
control the temperatures of the cesiun reservoirs and of the power-
conditioning equipment.

A simplified flow diagram for the powerplant is shown in Figure 2. The
system components are grouped into three major subsystems, 1) a
primary or energy source subsystem, 2) a secondary or heat rejection
subsystern, and 3) an auxiliary or power-conditioning subsystem. Thke
components contained in each subsystem are:

Primary Subsystem Secondary Subsystem Auxiliary Subsystem
thermionic reactor heat exchangeré (16) power-conditioning
nuclear shield radiators (16) equipment (4 units)
primary EM pump secondary EM pump auxiliary radiators (4)
primary piping (16-cell) centrifugal pumps (4)

cesium reservoir heat secondary piping
rejection system

B. Powerplant Design

The therm:ionic powerplant selected for design study is one that delivers
3.25 megawatts 2lectric to a space vehicle assigned to complete a
Jupiter-capture mission. This powerplant would be used to supply
electric power for both on-board requirements and for electric pro-
pulsion. The assumed Jupiter mission requires 20, 000 effective full
power hours of powerplant operation during a total mission time of
24,000 hours. A typical powerplant power-time profile is given in
Section IV. G.

PAGE NO. T
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The derign of the powerplant incorporates all necessary system com-
pcnents integrated with a support structure to form a space vehicle.
Primarv requirements are that the powerplant 1) be contained within the
payload envelope of the Saturn 5 launch vehicle, 2) be capable of sus-
taining acceleration and vibration loads of the launch vehicle (data for
the Saturnl was used s'nce data for the Saturn 5 was -navzailable),

3) be compatible with the nuclear and space environment for the dura-
tion of the mission, and 4) fulfill the electric power requirements of

the mission.

i. _Inﬂight Conii guration

The inflight configuration of the thermionic powerplant integrated

with a propulsion system tc forin a space vehicle is shown in Figure

3. This configuration differs from the launch configuration shown

in Figure 4 in that the launch struciure, the fairing, and the protective
inert gas enclosures have been jettisoned. In this condition the power-
plant weighs 76,100 pounds as compared to 123, 200 pounds at lauach.

The overall arrangement of the vehicle is based primarily upon the
shape of the payload envelope for the Saturn 5. Location of the re-
actor and the radiation-sensitive powe.-conditioning equipment at
opposite ends of the powerplant was dore to keep shielding weight to

a minimum. The placemeant of the shield directly behind the reactor
also provides minimum weight in the shield. A planar radiator was
se.c~ted over a cylindrical configuration on the basis that a planar
design results in a lighter weight vehicle in space (see Appendix 2),
with consequenily greater payload. System components were grouped
according to their temperatures and located in the plane of the main
radiator to reduce heat atszorption by low temperature components.
The high temperature components are located at the forward end of
the vehicle and the low temperature components at the rear. All
heavyweight components are so oriented about the principal axis of
the powerplant that the center of gravity of the whole vehicle falls on
that axis. All heavyweight components supported by the inflight sup-
port structure have interconnecting piping designed to sustain thermal
expansion.

The primary subsystem is arranged at the forward end of the vehicle
with the reactor located at the apex and the shield irnmediately be-
hind it. Eight reactor control drum drives, the primary coolant
pump and the cerium reservoir coolant pump are arranged directly

paGE NO 10
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behind the shield to protect thes;e components from nuclear radiation.
The reactor and shield are supported by a truss-type structure which
supports -hese components for both axial and side loads. This struc-
ture is attached to the powerplaat structure by tke forward support ring,
and to the reactor by a cylindrical skirt which extends from the top

o1 the reactor, and which is designed to sustain the difference in
thermal expansion between the reactor and the structnre. Two large-
diameter primary pipes extend dowvnward from the reactor and ter-
minate behind the shield in two toroidal mauifolds. These manifolds
cacompasas the heat exchanger assembly and are supported by a cru-
ciform structure to remove their weight from the reactor pressure
vessel. The cruciform structure which is a part of the forward support
ring assembly also supports the primary and cesium reservoir coolant
pumps.

The secondary subsystem which comprises the major pertion of the
powerplant volume is also located behiud the shield. Sixteen heat
exchangers grouped in a cylindrical cluster are supported by the
toroidal inlet manifold and are allowed to expand thermally by the
looped piping which connects them to the toroidal outlet manifold.
Placing the heat exchangers directly behind the shield is an optimum
location since it results in a minimum total weight for both primary
and secondary piping. The main radiator, which consists of sixteen
separate rectangular segments, is arranged in a plane which deter-
mines the overall geometry of t.e powerplant. Different rec’angular
shapes for the segments were 2mployed toc make as efficient use as
possible of the area available, in the payload envelope. The various
shapes do not affect system weight. Support.of the radiators is
accomplished by an open-lattice framework which surrounds each

of the segments and trans.nits their loads to the forward suppert
ring. The framework is attached to a central support structure
which runs the length of the powerplant along its axis and connects
the fore anld aft support rings. The cesium reservoir coolant
radiator consists of two panels which are located just forward of the
main radiator.

The auxiliary subsystem consists of four power -conditioning packages,
each with its own coolant system comprised of a pump and a radiator.
The radiators are located in the same framework and to the rear of
the main radiator. Support of the power -conditioning modules located
behind the radiators is afforded by cross-bracing to the aft support
ring.

PAGE NO. 13
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A propulsion system consisting of 55 cesium-ion engines aad four ‘
propellant tanks is included (o show a possible arrangement for the -
space vehicle. The cesium-ion engines are grouped in a cyliadri-
cal array at the rear of the vehicle and are supported by the central
support structure. The four propellant tanks are supported at the
lower support ring and are located 90 degrees apart about the central
axis of the vehicle. Two antennas mounted on telescoping supports
are included with the vehicle to provide for commurications. =

The inflight support structure for the vehicle, shown in Figure 3,
consists of a central support column, fore-and-aft support rings, and -
tvo framework structures for the radiators. All structural members
are constructed of open-lattice titanium beams for light weight. The ‘
forward support ring located directly behind the nuclear shield forms -
the base tor the framework which supports both the reactor and the

shield. Contained within the diameter of the ring is a beam which .
supports the heat exchanger assembiy, the primary piping and the -
primary pump. Also contained within the ring are two beams located
as chords on either side of and parallei to the diametric beam. These
bearns aid in supporting the heat exchanger assembly and serve as

the connecting members between the forward support ring and the
radiator framework supports. The two support structures for the
radiators are located symmetrically about the central support col-
umn and are divided into ten frames in which are contained the main
radiator and auxiliary radiator segments: eight main and two auxi-
liary segments on each side of the central column. The radiator
structures are attached along their entire length to the centra! cclumn
which connects the fore-and-aft support rings and adds rigidity to

the entire vehicle structure in a direction perpeadicular to the plane
of the radiators. The central support column is connected to the
lower ring through a cruciforin structure which is uttached through
four expansion joints to an octagonal structure contained within the

aft ring (see Figure 1). The purpose of the exparsion joints is to -
allow for thermal expansion of liquid metal comporents and inflight

structure relative to the launch structure. The octagonal structure

is cross-braced in its interior to support the power-conditioning ~
equipment. The cross-bracing also serves as the connection be-

twcen the aft end of the radiator structures and the aft support ring.

Four cesium propellant tanks located 90 degrees apart and two com- -
rmunications antennas are also supported from the aft support ring.
The central support column protrudes through the aft ring and runs
to the rear of the vehicle where it attaches to the support structure ‘
for the cesium ion engines. Support of payload packages located be-

ragE NO. 14
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tween the aft ring and the ion engines can be obdtained by attaching
them to the central column.

2. L_aiunch Confi&uration

The launch configuration of the powerplzant shown in Figures 4 and 5
consists of the inflight configuration with the addition of the launch
structure, the aerodynamic fairing and the inert gas enclosures.

These components are required to protect the vehicle from the rigors

of a launch from earth. The launch structure is designed to support

the entire weight of the powerplant under launch acceleration and
vibration loads. Data for the Saturn 1 used in the calculations gave
steady loads of 12G axial and 5G side. The data used for noise and vibra-
tion loads are given in Figures 3 and 5 in PWA-2224, Appendix A.

The launch structure shown in Figure 5 is divided into four quadrants,
each quadrant forming a trussed column between the fore-and-aft
support rings. The quadrants are constructed of four vertical tita-
nium columns trussed at given intervals to prevent buckling. Shear
webs are used to sonnect the quadrants into a single structural unit

of high rigidity. Components loads from the primary and secoﬁdary
subsystems and the auxiliary radiators are transmitted to the forward
support ring, then down through the trussed columns into the aft
support ring, thence to a cylindrical skirt which extends from the
launch vehicle. Loads duc to the power -conditioning equipment and
the propellant tanks are taken at the aft ring by bracing, while loads
due to ion engines and payload packages are transmitted to the afi
ring through the extension of the central support column.

Inert gas enclosures are used in the powerplant to protect all colum-
bium - 1 zirconium alloy components from oxidation during the pre-
heat period prior to launch. The primary system is contained within
the nose-cone section of the fairing which joins with a cylindrical
enclosure around the heat exchanger cluster. The latter enclosure
joins with a container which encompasses the central support column,
within which are containeua the secondary system piping and EM
pump. Individual enclosures are employed for each of the main ra-
diator segments. Ail enclosur:s are interconnected to allow for a
continuous flow of gas during the air evacuation and gas purge cycles
prior to filling the system with liquid metal. Disposal of the enclo-
sures occurs in space during the powerplant startup orocedures.

The aerodynamic fairing which enccrapances the vehicle is a titanium
sandwich consisting of a thin sheet on either side of a corregated
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FORWARD
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ENCLOSURE

PIPING ENCLOSURE

Figure 5 Powerplant Launch Arrangement
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sheet. This construction produces a highly rigid fairing. The fair-
ing is separated into two separate scctions. The nose-cone section
serves not only to protect the vehicle from aerodynamic loads but also
as 1 disposable inert gas enclosure for the primary system. This
section 1s separated trom the vehicle at a joint which connects it to
the heat exchanger cluster container. The second section of the
fairing covering the remaining portion of the vehicle is supported
locally by the launch structure and is separated from the vehicle in
four parts (see Figure 28). This section mates with the cylindrical
skirt extending from the launch vehicle.

C. Component Design

The components of the powerplant system include the thermionic-reactor
fuel elements, reactor, reactor shield, high-temperature main radia-
tor, low-temperature auxiliary radiators, heat exchangers, electro-
magnetic pumps, busbars, and the power-conditioning equipment. The
optimization of many of the system parameters is shown graphically in
Report PWA-2319, the previous report under this contract. The design
parameters for each of the components are given in Table 1. ‘

TABLE 1

Parameters for 3.25 MW Nuclear Thermionic Space Powerplant
Reactor Units
thermal power MW 33.4
grrss electric power MW{e) 3.99
reactor output voltage volts 218
number of fuel elements - 2185
average fuel burnap MWD/ton 10, 050
maximum fuel burnup MWD/ton 11,750
initial critical UC loading kg 1210
UC loading for temperature effect kg 9.2
UC loading for burnup kg 31.4
temperature coefficient of reactivity AK/K/°F -2.68x10-6
mean fiscion energy Mev . 337
nvt core center neutrons/cmé 3.26x1022
fuel element power output antte 1824
fuel rlement voltage output KX 11.5
fuel elements per fuel assembly (series

connection) - 19

paag No. 17
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number of converters in reacicr

number of fuel assemblias (parallel
connectisn)

‘uel assembly power output

fuel assembly voltage output

reactor fuel (average composition)

maximum centerline fuel temperature

core diameter (effective)

core LID

coolant volume fraction

reflector material

reflector thickness

reactor coolant

coolant flow raie

core pressure drop

coolant inlct temperature

coolant exit temperature

cesium reservcir coolant

cesium coolant flow rate

cesium coolant inlet temperature
cesium coolant exit temperature
pressure vessei and viping material
total primary piping pressure drop
primary piping inside diameter
primary piping wall thickness

Fuel Element

converters per fuel element
average converter power output
average converter voltage
average converter power density
average convelrter efficiency
fuel outside diameter

cathode material

cathode thickness

maximum operating cathode temperature

interelectrode gap

anode material

anode thickness

average anode temperature
insulator material
insulator thickness

racEnNO. 18

KW(e)
volts

mole fraction

°F

inches

inches
lbs/sec

psi

°F

‘F
lba/sec

°F

°F

psi

inches

inches

watts
volts
watts/cm?
%
inches
inches
°F
inches
inches
°F

inches

PWA-235]

34,960

115
34. 6
218

U 252rC 75

3400
38.8
0.93
2.093
BeO
2.0
lithium 7
70.0
1.53
1566
1945
lithium 7
1.1
656"
6754
Cb-1Zr
2.79
7.0
0.199

1€

114
0.718
4.42
12.1
0.588
W-25Re
0.025
3200
0.020
Cb-1Zr
0.031
1780
BeO
0.010
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cladding material -

cladding thickness inches
converter length inches
cathode lcad I./A in/in
axial converter spacing inches
fuel element outside diameter inches

fuel element pitch/diameter ratic -

Shield
materials -
graphite (C) thickness inches
Li’H thickness inches
dose at power-conditioning equipment
fast neutrons . nvt, rem
gammas rads

Main Radiator

radiator material -

radiator fluid -
number of segments -
heat rejection per segment Btu/hr
radiator area per segment(prujected-one side) it
emissivity -
mean effective radiator temperature °F
radiator inlet temperature °F
radiator exit temperature °F
lithium flow rate per segment ' "lbs/sec
tube pressure drop psi
manifold pressure drop'(1 manifold) psi
average piping pressure drop (1 pipe) psi
number o1 tubes per segmen* -
average radiator tube length inches
tube inside diameier inches
tube wall thic' 1ess(including meteoroidbarrier) inches
fin width inches
fin thickness inches
fin efficiency %
average manifold length inches
manifold ingide diameter inches
manifold wall thickness (including meteoroid

barrier) inches

pagE NO. 19
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Cb-1Zr
0.020
2.0
5.0

—_ O O e

.5
.80
.0

C, Li'H
8
19.6

1013, 4x105
107

Cb-1Zr

lithium 7
16

5.85x106
87.7
0.9
1659
1929
1437
3. 41
3.78
0.76
2.30
120
83.3
0.148
0.120
0. 44
0. 029
70. 1
152
1.5

0. 140
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average pipe length

piping irside diametar

piping wall thickness (including meteoroid
barrier)

g_eat Exchanger

type

heat exchanger material

heat exchanger fluids

number of heat exchangers

primary fluid inlet temperature
primary fluid outlet temperature
secondary fluid inlet ‘emperature
secondary fluid outlet temperature
log mean temperature difference
primary fluid flow rate (tubeside)
primary fluid pressure drop
secondary fluid flow rate (shell side)
secondary [luid pressure drop .
number of tubes per exchanger

tube inside diameter

tube wall thickness

tube length

tube pitch-to-diamieter ratio

ghell inside diameter

shell wall thickness (including meteoroid barrier)

shell length

Auxiliary Radiator

radiator material
radiator fluid
number of segments

radiator inlet temperature

radiator coolant temperature drop
radiator mean eifective temperature
radiator area (projected-one side)
fin efficiency

average radiator tube length

tube inside diameter

feet
inches

inches

°F

°F

°F

°F

°F
lbs/sec

psi
lbs/sec

psi

inches
inches
inches
inches
inches
inches

PWA-2351

40
1.45

0. 140

tube-shell
Cb-1Z2r
Li-Li

16
1945
156¢
1437
1929
54.3
4.38
0.28
3.41
0.75
897
0.10
0.020
15.0
1.1
4.85
0. 140
20

aluminum

- monoisopropylbiphenyl

°F
°F
°F
£t2
%

inches
inches

tube wall thickness (including meteoroid barrier) inches

raGE NO. 2()
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500
83.5
447
552
63.5
118
0. 433
0.302
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average manifold length

manifold inlet diameter

manifold wall thickness (including meteoroid
barrier)

fin width

fin thickness

number of tubes per segment

tube pressure drop

manifold pressure drop

radiator coolant flow rate per segment

Cesium Reservoir Coolant Radiator

radiator material

radiator fluid

number.cf panels

inlet temperature

coolant temperature drop

area (projected-one side)

fin efficiency

average radiator tube length

tube inside diameter

tube wall thickness [including meteoroid
barrier)

piping inside diameter

pipe wall thickness

fin width

fin thickness .

number of tubes per panel

coolant fdow

iviarnas Dusbar
dviara buspar

ma’ 2rial

length

number of busbars
rross-sectional area/busbar
surface temperature

Pump Busbar

material

length
cross-sectional area
surface teinperature

pagx No. 21

inches
inches

inches
inches
inches
psi
psi
1lbs/sec

°F

°F

ft2

%
inches
inches

inches
inches
inches
inches
inches

lbs/sec

ft

in
°F

ft
ft
in2
°F

PWA-2351

1€9
0.704

0. 322
3.30
0.030
23
14.0
2.80
1.17

Cb-1Zr
Jithium 7
2
676
20
19.3
70.1
83.3
0. 148

o

. 179
.0

. 199
.44
. 020
2

—— O O O %=

1

copper
100

4

2.15
1000

copper
100
3.01
1000
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Primary Subsystem

a. Y¥uel Elemenrt

The design features of the thermionic-reacior fucl clemeut are
illustrated in Figure 6. The design reflect- compromises made
between two conflicting goals,l) attainment of 2 minimum system
specific weight,and 2) achievement of a practical and reliable
piece of hardware. System parametric studies (Report PWA-
2319) were conducted to determine system performance when
component parameters were varied. During these analytical
studies, many of the parameters of the reactor fuel element
were optimized in order to define the value of each parameterthat
would result in minimum system weight. However, as design
studies progreased, off-optimum values of the parameters had
to be sclected in most instances to achieve a fuel -element de-
sign believed to represent a reasonable engineering approach.

During the initial phase of the design studies, availabie test
data on fuel properties such as fission product gas release rate,
burnup limits, swelling, thermal conductivity, thermal expan-
gion coefficient and compatibility were examined. Refractory
metal and electrical insulator properties were also reviewed

as well as current fabrication techniques. Preliminary derign -
assumptions ware based on the available data. The effects of
fission product gas contamination of the cesium plasma are un-
known. The preliminary design assumptions were made in the
direction of conservative engineering practice to develop a de-
sign that would indicate the areas of major technical uncertainty
needing engineeriang test data. These assumptions pertained to
the use of UC-ZrC fuel, the separation of fission-product gases
from the cesium plasma, the use of a refractory metal cathode
(f1€l cladding) to reduce fuel evaporation and alleviate problems
invo:wing fuel cracking, swelling and fission-product contamina-
tion of the cesium lasma, and venting of the fission products to
space in order to reduce the pressure stress in the fuel cladding.
Such reactor concepts a. allowing the fission-product gases to
mix with the cesium piasma and removing them by the use of a
cesium-~vapor flush (a continuous process), containment of thke
fission-preduct gases in the fuel cladding, electron emissicn
dircctly froin the surface of the fuel, and the use of othexr fuel
materials and other fuel-element confizurations are pussible

paGE NO. 22
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alternates to the preliminary design approach us~d in this study.
These alternate concepts have Leen the subject of a preliminary
examination to determine the unique features of their design and
performance. Appendix K of Report PWA-2224 preseats the re-
sults of a study of a flat-plate element, an internally-cooled ele-
ment and a cesium-~flushed element. Appendix 7 of this report
presents the additional study conducted for a fission-gas-ccntained
element.

The thermionic-reactor fuel element shown in Figure 6 was de-
signed to operate in a fast neutron spectrum and in a liquid-
lithium environment at temperatures up to 2009°F for 20, 00C
effective-full-power hours during a total lifetime of 24, 0060
hours. The =lement is 0. 8 inch in diameter and 48.4 inches in
overall length. Each fuel element contains gixteen axially-
stacked 2-inch long, cylindrical, cesiated, thermionic con-
verters, with a BeO reflector pellet at each end of the element.
The converters are electrically insulated {ic ot the liquid lithium
coolant of the reactor by a high-density BeO coating on the out-
side surfaces of the anodes. The coaiing is protected from the
reactor coolant by an cuter ¢l»-"ding of columbium alloy.

In the reactor the fuel elem 1 are gro.ped into nineteen ele-
ment assemblies and are su  orted " y their upper end enclosures
which ar: joined to a single 2 :ser..oly supoort plenum. Extend-
ing from this plenum is an assewnbliy zu .. stem which houses
the zesium reservoir for a complete assembly in iws tip. The
stem protrudes through the core support plate above which flows
a second lithium coolant which controle the pressure of the ce-
siura vapor emanating from the resarvoir. The cesium vapor
florvs down through the assembly support stem and plenum and
through the elen.ents in parallel. The vapor permeates the
interelectrode spaces in the converters and is isolated from the
fission gases by the cathode, the cathode support assemblies

and the graded c~ramic seal. All of the elements of each agsem-
bly are conrected structurally ai their lower ende by a single
enclosure. The elements are connected electrically by Cb-1Zr
busbars which are contained within the upper and lower enclo-
sures. Fission gases flow within the catnodes from the upper-
most converter in each element down through the following con-
verters and are collected in the lower enclosure. The gases then
flow cut of the rcactcr through channels contained in the electri-
cal busbars.

pacE No. 24
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The discussion which immediately follows considers the main
design features of the converters, the neutron reflectors and

fuel -element end leads, and the element cladding and end enclo-
sures.

1) Converter

Each of the sixteen converters in a fuel element consists

of a fuel pellet clad with a thin-walled cylinder (cathode),

a thin-walled, cylindrical anode positioned a~ound the cathode,
seals, heat-radiation shields, and electrical insulation.

An inter-electrode gap is maintained between the cathnde
and anode by the cathode-~to-anode support and the cathode-
to-anode elecirical lead. The support is located on one end
of the cathode and the lead on the opposite end. A graded
ceramic seal is positioned between the lead in one conver-
ter and the cathode-to-anode support in an adjacent con-
verter, thus insulating adjacent cathodes electrically and
sealing fission gas2s from the cesium vapor. The maxi-
mum op~rating temperature for the cathode is 3200°F, the
maximum centerline fuel temperature is 3400°F. the aver-
age anode temperature is 1780°F, and the average cesium
pressure is 5.3 mm Hg. At these conditions, each con-
verter will produce 114 watts at 0.72 volt and each fuel ele-
ment will produce 1824 watts at 11.5 volts. A cylindrical
converter configuration was chosen on the basis of overall
thermionic efficiency, dimensional stability, mechanical
integrity, and applicability to reactor configurations. The
size of the converters was based on results obtained in the
narametric study of this powerpiant (Report PWA-2319).
The number of converters per fuel element was determined
by the required power output of the reactor and the geometry
and size of the core. The connection of converters and fuel
elements in series was dictated by the voltage output of the
individual converters and the required reactor output voltage.
It was assumed that the cesium vapor should be reparated
from fission-gas products in order to prevent contamination
in the interelectrode space and consequent decrvase in
thermionic performance. All passageways for fission gaszs
within the fuel elements were designed to be as large a«
possible, in an attempt to lessen any susceptibility to clog-
ging by condensable products. tlowever, clogging remains
as a potential problem which should be¢ verified experimen-
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tally. The supply of cesium vapor to an assembly of fuel
elements was chosen on the basis of 1) mechanical simpli- \
city in the method of delivering high-purity cesium to the '
fuel elements, 2) reliability, and 3) the use of the cesium-

reservoir housing as a support for the fuel elements. The
cathode-support geometry was so selected as to provide a

support that would be mechanically rigid in the radial direc-

tion, thus maintaining the interelectrode cesium gap during

thermal cycling, and yet having sufficient flexibility in the

axial direction to permit thermal expansion at acceptable

stress levels. A detailed discussion of the various compo-

nents of an individual converter assembly, as evolved in

the design studies, follows:

2) Cathode '

The cathode assembly consists of a cylindrical UC-7LxC fuel pellet,
0.588 in~h in diameter, 2 inches in length, and cla i with

a 0.025-inch thick W-25 Re tube. The diameter of the fuel

nellet, the converter length, and the cathode-tube wall !
thicknesses were determined from systern parametric studies

and practical engineering considerations.

Thermal and structural analyses described in Report PWA-
2224 were conducted for the fuel element denigned for the
one-megawatt powerpiant. Since the elemert used in this
study is very similar, the resuits of those studies apply
here. Based on those studies, thermal stresses in the
cathode at operating temperatures should be acceptable.

The carbide fuel l, although a good thermionic emitter, was
designed to be clad with a refractory metal to retain fission
gases within the cathode and to provide a metallic electrical
conductor. The choice of a W-25 Re cladding was based on
fabrication considerations, low evaporation rate, high re-
crysiaii:zation temperature, and fuel compatibility (see
, Appendix .3 of Report PWA-£224 and Appendix 8 of this

l(Tyenera.l Atomics Division, Investigations of Cartides as Cathodes for
Thermionic Space Reactors, Final Report, GA-4769, NAS 3-2532
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report). It was assumed that this alloy would have the

same thermionic performance as tungsten. Circular heat
shields were located at both ends of the fuel pellet to reduce
radiani heat loss from the end surfaces of the fuel. The
maximum centerline fuel temperature is 3400°F for a selec-
ted maximum operating cathode temperature of 3200°F.

To minimize the temperature difference across the fuel,
the cladding requires good thermal contact with the out-
side surface of the fuel. An axial slot located on the out-
side surface of the fuel pellet and around the periphery

of the thermal radiation shields allows fission gases to
flow within the cathodes from one converter to the next.
The axial slot is located on the outside surface of the fuel
pellet rather than at the center because of the lower rate of
fuel evaporation at the lower temperature outside surface.

A uranium-monocarbide, refractory-metal-carbide, solid-
solution alloy was chosen on the basis of the available data
on thermionic-reactor fuels (Appendix B of Report PWA-
2224 and Appendix 8 of this report), For the prelimirary
design, ZrC was chosen as the refractory carbide due to
its low evaporation rate and density., Ry alloying UC with
ZrC the fuel density is sharply decreased and the fucl
melting point is raiser. significantly. In addition, the

Z2rC forms a stable carbide by preventing carbide reduc-
tion of refractory cathodesl. Other refractory metal
carbides, such as TaC. form solid solutions with uranium
monocarbides., However, their high densitites and a lack
of materials data led to a desigu choice of ZrC. For the
fuel compositions listed in Table 3, p. 69, fuel evaporation
rate at a cathode temperature of 3200°F should be less
than 5 miis per year,

lGeneral Atomics Division, Investigations of Carbides as Cath;:de‘ for
Thermionic Space Reactors, Final Report, GA-4769, NAS 3-2532
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The higher thermal expansion coefficient of the fuel, com- ‘s
pared to that of the cathode tube, will result in good ther-

mal bond, and will tend to reduce the evaporation of the fuel.
A radial gap of approximately 2 mils between fuel and cathode
under cold conditions should close when operating tem-
peratures are reached. Thermal conductivity data are
availahle at the maximum fuel tc mperature of 3400°F1, and

a value of 9.5 Btu/hr ft °F has been used. The carbide fuels
have good thermal stress integrity at the required power
densgities and thermal gradients. It is assumed that there
will be no fission product retention in the fuel at operating
conditions. Fission product condensavles will plate out on
the cathode suprort structure, and noncondensables will be
vented to space.

e

The possible dif:iculties of fuel evaporaticn, cracking,
swelling, and fission-product contamir.ation of the cesium
plasma caused a design decision againat a carbide cathode
and in favor of canning the fuel with a metallic cathode tube.
A tungsten-1 henium alloy was chosen for the cathode tube
because it had the following desirable properties:

1; low evaporution rate,
2) good thermionic emission qualities,
3) acceptabl: electrical resistivity,
4) low thermal emittance,
5) high work function,
6) accejpiable thermal conductivity,
. 7) low thermai expansion for good fuel-cathode ther-
mal honding,

1L AMS 2433, Quarterly Status Report of the lLASL Plasma Thermocouple
Development Program for Period Ending March 20, 1960
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8) acceptable cathode fabricatiocn and weldirg to
thermionic -converter leads,

9) acceptable strength, and

10) high recrystallization temperature.

Refractory .naterials other than tungsten and rhenium were
considered for the cathode-tube application. However, all
exc ept tantalum were eliminated because of their unsatis -
factory evaporation rates, fuel compatibilities, and/or
strongth characteristics. Although tantalum is workable and
duc‘ile at room temperatures, it was rejected for two rea-
sons, 1) its inferior emission characteristics would resvlt
in a greater system weight than if tungsten were used, and
2) the rate of diffusivity of zirconium and uranium atoms
through tantalum would be higher. It was estimated that

Zr and U atoms would diffuse through Ta at the raic cf
300u/50 hours and would contaminate the catliode emission
surface.

The tungsten-rhenium alloy (W -25 Re) was considered to be
superior to tungsten for the cathode-tube application bc-
cause of the high brittle-ductile transition ter perature
(400-600°F) of turgsten, which makes it difficult to fatri-
cate. W-25 Re ailoy his room temperature ductility and
has been fabricated successfuliyl. However, counpatibility
with the fuel needs dccumentation,

3)  Anode

The ancde is a Ch-1Zr tube. 0.740 inch in outside diamneter,
0.031 inch in 1thickness, 2.3 inches in leng*h, and 1s posi-
tioned arcund t"e cathode with a 0. 020~inch cathode-to-ancde
gap maintained by the cachode support and cathnde -te-anode
lead. The average anode leraperature corresponding to mi-
nimurm syscem specific weight was calculated to be 1730°F.
A cathode-to-anode gap of 0.020 inch is thought to be fea-
sible for 7 practical thermionic converter at the present

lSirns. C.T. and R.1. Jaffec, Properties of Refractory Alloys Contain-
ing Rhenium, Trans. of AM. Soc. for Metals, Vol. 52, !

960, p. 929
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time. Cb-1Zr was chosen as the anode material because

‘ts compatibility with cesium (see Appendix 8) and

.ause it has a coefficient of thermal expansion approxi-
mately equal to that of BeO. Nickel was considered for the
anode application because it has a lower electrical resis-
tivity than columbium. Calculations (Anpendix B of Report
PWA-2224) showed that the system specific weight of a
reactor .sing nickel anodes is less than that of a reactor
utilizing columbium anodes. However, these favorable
asdects of nickel were offset by the fact that the coefficient
of expansion for nickel is much greater than that of either
columbium or BeO, co that, for the present converter design,
a nickel ancde would cause a higher strees in the weld be-
tween the cathode support and the anode. Failure of this
weld is extremely serious since it constitutes an open
circuit in the series-connected converters and would,
therefore, result in a disruption in the power output of all
the converters in series with the failed zonverter. Other
materials were considered for the anode applicati. .. as
discussed in Appendix B of Report PWA-2224.

4) Catkode-To-Anode Lead and Cathode Support

The purpose of the cathode-to-anode lead is to provide an
electrical connection between the cathode oi one converter
and the anode ¢ f an adjacent converter. The lead, which is
compnsed ~f two discs, prevides support for the cathode

in the axial and radial directions, and maintains the cathode-
to~anode gap and the concentricity of the cathode within the

¢ > 2. A study of the effects of operation with an eccentric
c. "hode is included in Appendix C of Repurt PWA-2224.

The dimensions of the lead were based upon an sptimum

vaiue of 15 in/inZ for the rati~ of lcad lerngth to area

(L/A ratio), as detsrmined by the system atudies. This
optimum value was based on minimum system s ecific weight
and was arrived at by minimizing the total power loss in the
lead, such loss being the svu:: of the thermal-conduction and
electrical-powcer ‘osses. "he type 2f lead selected for the
application under discussiou not only satisfies the optimurn
L/A ratio va ue,but also provides adequate support for tne
cathode. Stractural studies (Appendix A of Report PWA-2224)
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indicate that although the stresses in the lead are in ex~
cess of the yield strengths of the materials of which it i»
comprised, the lead should be capable of yielding plactically
for about 100 thermal cycler.

Tne cathode support, which is located at the end »f the ca-
thode opposite tc the lead end, mates with and is insulated
from the cathode-to-anode lead of ar adjacent converter.
The support has a much smaller L/A ratio value than does
the lead. It is constructed of a flat disc and a conical disc.
This construction makes it more flexible in the axial direc~
tion than the lead and allows the support to accommodate
thermal expansicn of the cathode. The small cross-section-
al area of the support not only contributes to the axial flex-
ibility of the cathode, but also reduces heat loss by ther-
mal conduction from the cathode to the anode. As was
mentioned previcusly, the optimum value of the L/A ratio
for the cathode lead was calculated on the basis of minimum
system specific weight. The optimum value of L./A ratio
for the support was based on stress cousiderations.

One of the two discs comprising the cathode-to-anode lead
and one of the two comprising the cathode support are con-
structed of W-25 Re; the other two discs are of tantalum.
Each of the W-25 Re discs is welded at its larger diametar
to the W-2% Re cathode and is welded to the tantalumn disc
at the hole in the ceunter of the disc. The tantalum disc of
the cathode lead is welded at ifs larger diamater to the
Cb-1Zr anode of the adjacent converter, thereb;, providing
a series connection between two adjacent converters. The
flat tantalum disc of the adjacent converter snppoxrt is
welded to the cther Cbh-1Zr face of the same seal and is in-
sulated with a 5-mil layer of A1203 from the cylinder sur-
rounding the seal. The Al203 in the seal aad this layer
insulates adjacent cathodes electrically. The lead and the
cathode support are timetallic to match radial expansions
of the cathode and anode and thus reduce thermal stresses.
Tantalum wag chosen as the intexmediate metal becaust

of its high ductility and desired therma' expansion proper-
ties. The outside diameter of the Cb-1Zr cylinder surround-
ing the seal contains porous ceramic-filled slots, to re-
duce electrical leakage between converters through the ce-
sium vapor. An analysis of this leakage problem is given
in Appendix D of Report 1'"WA-2224.
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5) Elecirical Insulators

A high-density coating o BeO covers the outside cf all tre
converters in a fuel element. This coating electrically in-
sulates the anode of adjacent converiers and separates the
anodes of the converters from the liquid-metal coolant and
fuel -element ~ladding.

The genera’ propertiec required of the electrical insulation
include:

1)  high electrical resistivity ( >10® ohm-cm) and
adequate thermal conductivity,

2) adequate dielectric strength (imposed voltage
is 350 volts maximum:)

3} low vaporization rate and outgassing,

4) satructural and chemical compatibility with anode,
cladding, cesium, fission gases, elements and
lead~, and cathode supports,

5) high resistance to change in electrical properties
with time ir: a cesium environment,

6) controllability cf purity and porosity,

7) close-tolerance controllability of coating thick-
nesees cver large areas, and

§) stability in a high-temperature irradiation environ-
ment.

Compared to the oxides, the nitrides have a higher volatility
and are more difficult to sinterl, The stable carbides have
pocr electrical insulating properties. The higher melting
point nitrides have relatively poor thermal conductivities.
Relatively little is known about the electrical insulating pro-~
perties nf (he nitrides. Oxide insulators were chosen be-
cause they are more stable. However, future data on the
high temperature (1800-2000°F) electrical insulating pro-
periies of the nitrides may change the choice. Vaporiza-
tion stability at high-temperature limits the oxide insulator
materials to ThOp, BeO, Zr0O2, and Al203. ZrO2 has poor

electrical insulating properties at high temperatures (20060°F).

ThO; is the most atable oxide and has the lowest vaporiza-
tion rate. However, it has the disadvantage of low thermal

1Efat.mphell, I.E., High-Temperature Technology, John Wiley & Sons,
Inc., 19506, Chlapters 3 and 8
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contuctivity and of conversion of thorium to U-233, with
gubscquent fissioning. Ideally, BeO is the best insulator,
due to its high thermal conductivity, electrical resistivity,
and die!ectric strength. At room temperatures, BeO is
superior to Al203 with respect to these propertics. Also,
BeO kas a greater chemical and vaporization stability '
than A1,0.. However, its toxicity requires rpecial con-
sideration durirg the process of applying BeO insulator
coatings.

The grzatest lack of electrical data is for breakdown volt-
ages of the oxides in a cesium atmosphsre at high tempera-
tures. Data in the literature gives 387 volts per mil
breakdown voltage for 99 per cent dense Al3O3 at room
temperature. At a temperature of 1400°F, the breakdown
voltage for Al203 is approximately 10 per cent of the value
at room temperature. BeO has twice the dielectric strength
of Al;03 at room temperature, no data being available for
high temperatures. TlLe theriral conductivity of BeO is 4
or 5 times greater than that of A1,03. Based on the avail-
able data and insulator requirements, BeC was chosen as
the high-voltage insulator, Knowiedge of the irradiation-
stability characteristics of BeO is iimited. Reference 1l in-
dicates that BeQ specimens remain intact when irradiated
with 1021 fast neutrons per cm? at 1400°F, and helium oro-
duced by irradiation was retained in the BeO up to 1900°F.
Low density BeO specimens were irradiated up to a fast
neutron (1 Mev) dose vf 2.9 x 1021 n/cm?, whereas the

dose of high-density BeO was a maximum of 5 x 1029 n/cm?.
Low density specimens, irradiated at 1350-1750°F at a

dose of 2.1 to 2.6 x 1041 fast n/cm? fractured. A crack
was observed in only one capsule of the high-density raa-
terial wlhich was irradiated to 4.5 x 1040 nvt. According

to available data it is not possible to determine whether
high-density BeO resists radiation better ithan low-density
BeO, since the two kinds of specimens were subjected to
different ranges of radiation dose. Reference 2 also gives
some irradiation data for BeO. The effects of neutron irra-

lshields, R., Lee, J., Effects of Fast-Neutron Irradiatinn and High
T mperature on Beryllium Oxide, ORNL-3164

2General Electric, Second Annual Report, High Temperature Materials

Tl

i and Reactor Component Development Programs, V.l [, GEMP-177A
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diation on the dimensicns and thermal conductivity of BeO
are shown in Figures 13 and 14 of Appendix 8 of this report.
For the preliminary dcsign, the maximum BeO temperature
is 2000°F, and the integrated fast neutron (1 Mev) dosage
{nvt) is approximately 3.26 x 1022 n/cm?. Therefore,
electrical shorts due to BeO insulator fractures may be a
problem. At high irradiation levels, the thermal conduc-
tivity of BeO decrzases 50-100 per cent and its greatest
life capabilities are in the 1400-1900°F range.

The graded ceramic seal that insulates the cathodes of ad-
jacent converters is a cylindrical body having pure Cb-1Zr
at both axial ends of the cylinder, pure Al203 at the center,
and graded Cb-A1203 mixtures in between. Cb-1Zr was
chosen for the areas indicated in order to match the thermal
expansion properties of the seal and anode materials. A
structural analysis of the seal is included in Appendix A of
Report PWA-2224.

6) Neutron Reflector and Fuel-Element End Leads

The cylindrical BeO reflector pellets positicned at each
end of the fuel elements serve as neutron reflectors for the
assembled core. A reflector should have the following
properties, i) high efficiency in reflecting high-energy neu-
trons from the core, 2) low density, 3) stability at nigh
values of temperature and irradiation, 4) good thermal con-
ductivity, and 5) compatitility with the element end leads
and fission products. Consideration of data for Items 1, 2,
and 4 led to the choice of a beryllinm compound, such as
BeO, Be2C, or an intermetallic beryllide. ta available
for Items 3.and 5 leads to BeO as the initial design choice
(See Appendix 8). The pellet at the upper end of the fuel
element is 0. 680 inch in diameter, 2 inches in length, and
is clad with Cb-1Zyx 0. 090 inch thick which serves as an
electrical lead. The cladding is welded at one end to the
anode or to the cathode support of the end converters,
depending on the type of electrical connection required. At
the other end of the reflector-pellet cladding, a smaller
diameter Cb-12Zr tube protrudeas. Fuel elements are con-
nected to each other electrically by a tubular Cb-1Zr bus-
bar which is welded to the reflector -cladding protrusions.
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Fisgion gases from the fuel flow through the lower BeO re-
flector pellet and into the lower assembly enclosure via a
flat on the outside surface of the reflector pellet.

The reflector at the top of the fuel element has 2 spiral
groove cut into the outside surface of the Cb-1Zr cladding
around the BeO pellet. The groove is coated with high-den-
sity BeO to insulate the cladding from the cesium, and is
filled with a porous ceramic to provide a path of high electric-

‘al registance for cesium to flow between the cesium veser-

voir and the converters. A highly resistive path is rcquired
because of the high voltage buildup in the series-coanected
converters, which can cause an electrical breakdown through
the cesium between the converters and the cesiumn reser-
voir. This protlem is analogous to the problem: of current
loss between converters, but 18 much more severe due to

the high voltage.

A voltage buildup of 550 volts atopen-~circuit results {rom
the series connection of fuel elements. This voltage exist~
ing in busbars raises the problern of breakdowu to the en-
closure. Therefore, the element-connecting busbars are
coated with high-deasity BeO to prevent electrical break-
down between the busbars and the enclosure assemblies.

The busbars connecting the fuel elements are 0.56 inch in
diameter and were sized to yield a minimum weight. A
heat transfer analysis indicates that busbar temperature
should not exceed 2200°F. The total power loss in the re-
actor for all end leads is less than 1 per cent of the total
reactor power output.

7) Element Cladding and End Enclosures

A 20-mil thick Cb-1Zr cladding is located over the BeQ in-
sulation to protect the converters from the reactor coolant.
A 20-mjl cladding is required to give the element structural
integrity. Firm contact must be maintained between the
anodes of the converter, the BeO insulation, and the Cb-1Zr
cladding throughout operation, since heat conduction througk
this trilayer wil’ greatly affect the temperature performance
of the converters. A method of fabrication must be develop-
ed to fabricate a structurally integrated trilayer.

PAGE NO. 35



O R

PRATT & WHITNEY AIRCRAFT

b.

PWA-2351

The end enclosures for each pair of fuel elements are con-
structed of Cb-1Z~. The busbars connecting adjacent fuel
elements are contained within these enclosures. Protruding
from the upper enclosure plenum is a long Cb-~1Z+ tube
which houses the cesium res:rvoir in iis tip. The stem is
hung from the core support plate by a carbide-coated Cb-1Zr
nut. This nut screws onto the threaded section oi the stem
and rests on a tube welded to the core support plate. The
upper end enclosures must be capable of supporting pairs of
fuel elements while the stem must be capable of supporting

a complete wssembly of elements under launch loads at a
temperature of approximately 7C0°F. Thermal expansion

of the enclosure must not subject the welds to severe siresses
because of the possibility of fracturing the welds and be-
cause of the increased corrosion in stress locations. The
lower end enclosures will not be required to withstand any
launch load, but must accommodate very small relative
axial movemenis of the fuel elements.

Reactor

Figure 7 shows the design selected for the 3.25 megawatt ther-
mionic reactor. It is a 33.4 MW (thermal), high-temperature,
fast reactor, fueled with UC-ZrC and controlled by externally-
mounted rotating control drums fabricated from BeO. It is cy-
lindrical in shape and its core has an L/D ratio value of 0.93.
The core containe 1251 kilograms of 93 per cent-enriched UC
and 1505 kilograms of ZrC. The reactor core is cooled by a
primary high-temperature coolant and the cesium reservoirs
for the element assemblies are cooled by a low-temperature
coolant. In both instances the coolant is lithium. The total re-
actor electrical power is 3.99 MW at 218 volts. The principal
features of the reactor pressure vessel, the reactor core, the
coolant and insulation system, and the reactor control eystem
are discussed in subsequent paragraphs.

1) Reactor Pressure Vessel

The reactor pressure vessel consists of a cylinder with
ellipsvidal heads welded to each end. The wall thickness

is approximately 0.4 inch with local areas around nozzles
shaped to reduce stresses. Cb-1Zr was selected as the
construction material for the pressure vessel, as it was for
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all other components in contact with lithium (see Appendix

B of Report PWA-2224). Pratt & Whitney Aircraft has
performed congideranle research and development work

with Cb-1Zr and has run flow systems witk lithium at high
temperature (2000°F) for periods up to 10,000 hoursl,2.

A stress analysis of the critical areac of the pressure vessel
is presented in Appendix 1 of this report.

Z) Reactor Core

The core is designed as an irregular polygon and is com-
posed of 115 hexagonal fuel assemblies held together later-
ally by baffled guides located at the periphery of the core.

This lateral support system maintains the fuel elements in

a close-packed, triangular-pitched array. The coolant flows
in the cusp-shaped passages between the elements. A detailed
temperature analysis of the trilayer anode is preseuted in
Appendix E of Report PWA-2224, The area around the outer
edge of the core contains the flow baffles which reduce the
coolant flow through this region.

The hexagonal fuel assemblies deliver 34.6 KW at 218 volts
each. They are electrically connected in parallel and con-
tain 19 series-connected thermionic fuel elements each.
The number of elements connected in series in each assem-
biy determines the voltage buildup in the assembly. Ob-
viously it is desirable to deliver power from the reactor at
as high a voltage as possible so as to reduce busbar losses.
However, since the anodes of the converters are insulated
from the liquid metal system by a layer of BeO, some pow-
er will leak through .his insulation to ground. In order to
select a reactor voltage for the reference design a calculation
wag performed to determine the system weight increase due
to this power loss as a function of reactor output voltage.
The results are plottec in Figure 8 which shows that signifi-

1Pratt & Whitney Aircraft Desicn Report, Advanced Nuclear-Electric
Power Generator Systems Study, Thermionic Nuclear Space
Powerplant, Report PWA-2224, Vol, II SRD, Appendix L

2R, 1. Strough and A.I. Chelfant, Pratt & Whitney Aircraft, High

Temperature Technology for the SNAP 50/SPUR Nuclear-Electric

Space Powerplant, SAF and ASME Air Transport and Space Meeting,
April 1964
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cant losses and system weight increases begin to occur at

a reactor voltage of about 200 volts. Therefore, an assembly
of 19 elements was selected which yields a symmetrical
array and produces 218 volts. This voltage produces a
system weight increase of only about 3 per cent above
optimum. Fewer elements connected in series, which

would yvield less than 100 volts, result in a system weight
increase due to busbar losses, and compound the complexity
of the electrical counections required to be made in the
reactosr. More than nineteen elements yield sigaificant
weight increase due to electrical leakage across the trilayer,
and increase the probability of arcing within the fuel elements.

The fuel assemblies are arranged in concentric hexagonal
arrays, each array containing the same fuel ioading. The
variation in fuel loadings between arrays is shown in Table
3. The fuel loading within each fuel assembl: is varied in
three axial regions. A total of fifteen separate fucl regions
exist in the core. This design aids in flattening t .e axial
and radial power distributions.

The series-connected fuel elements comprising the hexa-
gonal fue! assemblies are supported in the reactor by
hanging them from a core-support plate. The parallel elec-
trical connection of the hexagonal fuel agssemblies is
accomplished by a collector-ring busbar located in the lo-
wer head of the pressvre vessel. Cylindrical busbars in-
sulated with BeO proirude from the iast fuel eloment in each
assembly and are welded to flexible straps attached to the
collector ring. The flexible straps allow axial motion of
the elements durirg launch and thermal cycles. The collec~
tor ring is enclosed in a Cb-1Zr enclosure, one face of the
busbar being insulated with BeO and in contact with the
enclosure. Nuclear heat and I2R heat generated in the bus-
bar are dissipated to the reactor coo.ant though thic fz:e.

Fission gases, which flow through channels in the fuel-ele-
ment busbars, pass through the void volume in the collector-
ring enclosure and oui of the reactor throuxh the cylindri-
cally-shaped bushars. These bushars conduct the current
from the collector ring to other busbars located outside the
reactor. All of the busbare located within the reactor are
constructed of Ck-1Zr alloy. They are sized fnr minimum
weight and shaped to allow for adequate cooling.
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The core is supported by a plate construcred of alternatinz
cones and cylinders sandwiched between two shallow conical
plates. This type of consatructicn was selected because of
ite light weight and rigidity. Drilled holes are located in
certain regions of the support plate so that liquid metal may
circulate and the nuclear hezt generatzd withia the plate
may be dissipated. The cesium-reservoir stems whicl
support the fuel-elemn.nt pairs pierce the support plate ithrough
tubes mounted in the plate. Columbium carbide-coated

nuts mate with the threaded sections of the steme and rest
on :he upper edge oi the tubes. Thus the elements are kept
in tension during launch. The weight of the core is trans-
mitted from a support lip to a cylindrical skirt extension on
the upper head of the vessel and then to the reactor support
structure. Thlus the entire weight of the rea tor is hung in
i2nsgion from the skirt. Lateral members extending from
the reactor support structure to the lower head of the vessel
provide lateral support for the reactor.

3) Coolant ancC Insulation System

Lithium was selected to be the reactor coolant. This choice
was determined in the system parametric studies conducted
for this and the former study contract, NASw-360. Lithium
possesses a very low vapor pressure at high temperatures

2 1 ‘he lithium-7 isctope has a very low neutron absorption
vross~-section. Pratt & Whitney Aircraft work in lithium
technology is summarized in Reference 4 cf Appendix 8.

Two lithium-coolant flow paths pass through the pressure
vessel. One path channels the primary high-temperature
coolant which cools the reactor core. The otl.er channels
the low~-temperature coolant which cools the cesium reser-
voirs. The primary coolant enters the reac:or from four
inlet pipes. The pipe sizes were so seclected as to minimize
coolant pressure drop. The primary-coolant inlet nozzles
are 3.5 inchc. 1n diarn.eter and are located in the side of the
pressure vesie! The couclant enters the reactor at 1566°F
and flows radially across the top and down through the core
to the lower pressure-vessel head. The coolant leaves the
reactor through two 7-inch diameter nozzles located 180
degrees apart in the lower head. Exit temperature and flow
raie for the primary coolant 2re 1945°F and 70 lbs/sec.

‘The lithium coolant for the cesium reservoirs enters the
pressure vesscl through a l-inch diameter nozzle located
at the edge of the upper head of the vessel. It flows through
a plenum and zcross the tops of the fuc’-assembly siems,
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in whnich are housed the cesivm reservoirs. A flow distri-
butor is located above the s.em 1ips to ensure an even ilow
distribution icross the strms. The coolant leaves the ves-
sel througk 2 l-inch dia’neter nozzle located in th= center
cf the upoer head. T"e cesivm-reservoir coolant enters
the pressu--e ves- .1 at 656°F and exits at 676°F. with a
flow: rate v i. 1 ib/sec. The pipes and plenums for the
Primaryv-cooiant flow syster~ and the cesium-reservoir-
coolant flow system were designed to minimize pressure
drap and stresses.

An insulator plate is located in the upper plenum of the re-
actor to reduce heat transfer between the primary high-
temperature reactor ccolant and the low-t~mperature ce-
sium-reservoir coolant. This plate, which is filled with
ZrO2 and clad with Cb-1Zr, serves to separate the two
coolant flows through the reactor. The pressure of the
coolant on either side of the plate must be controiled in or-
der to reduce the scepage of liquid metal threough the plate
and around the fuel -eiement stems which protrude through
the plate. A ZrO insulator ring is located within the re-
actor vessel and in contact with the vessel wall. The ring
serves to ., ‘duce the thermal gradient and the thecmal
stress existing in the wall because of the temperature dif-
ference betweer the liquid-metal coolants. An analysis of
the stresses existing in this section of the vessel wall ic
given in Appendix 1.

4) Control System

The thermal power of the reactor is controlled by a reflec-
tor consisting of eight rotating control drums and eight
movable slabs. Tue slabs are interspersed between the
drums and provide additional shutdown margin. Each con-
trol drum is pie-shaped, has an open-lattice construction,
and contains BeO in its circular sections. Nuclear heat
generated in the BeO is dissipated by ther:mal radiation
throu ;h the open-lattice frarmework to space. The control
dru'r.s are mounted on the pressure vessel 'y means of ball
bearinge. Because these bearings will be operating ina
high ternperature, nuclear, vacuum e vironment, and will
not be continually in motion, they give rise to severe design
problems. Means must be provided for preventing welding
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between the muvable and stationary componants of *he beas-
ing. The contrcl drums are driven throuzh vhafting by motors
which are located behind the reactor shield to protect them
from the nuclenr cnvironment.

The interspersed slabs referred 1o consist of BeO contained
in an open-iattice frame-work. They are movabdle to allow
Jor reactor shutdown. The slat.s are pivoted at their top
edges and meved by pneumatically-operatued linear actuators
mount.:d on the lower head of the pressur= vessel. They
w/ill be maintaired in the cut positior during launch and
moved to the in position during the initial phase of reacior
startup. The pneumatic ac’uztors contain springs for mov-
ing the slabs to the oar position quickly, in the event that
emerJency skutdown is required. The slabs are held against
the pressure vessel dvring reactor operatior and nuclear
heat generated in the B>O is radiated to space.

c. Stield

A nuclear shield is employed in the powerplant to protect the
power-zonditioning squipment from nuclear radiation. The shield,
shown in Figure 3, is located behind the reactor and casts a re-
duced radiation shadow over the entire powerplant. The selection
of ths maximum radiation dose for thc power- conditioning equip-
ment is based on the allowable dose for solid-state equipment,
since data for the gas-tube equipmen* was unavailable. The total
integrated dose over a 24, 000-Lour period was set at 10 3 vt
(fast) for neutrons and 107 rads for gammaece.

Three materials are used inthe construction of the shield, 1)
borated graphite, 2, thermal insulation, and 3) lithium lLiydride,
An eight-inch thicknees of borated graphite faces the reactor,
followed by 2 inches of thermal insulation and 19.6 inches of
lithium hydricde. The graphite is used in the shicld because of
its high temperature capability. It aids in reducing the heat
generation and therefore the temperature in the lithium hydride.
The purpose of the thermal insulation is to reduce the heat flux
from the graphite to the lithium hydride., Lithium-7 instead of
lithium~-6 is used in the lithium hydride portion of the slield in
order to reduce its operating temperature, This was shown in
the shield analysis for the one megawatt powernlant where ex-
tremely high te.1peratures were generated with the use of
lithium-6 due to an (n, a ) reaction. This does not occur in
lithium-7.
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d. Primaiy EM Pump and Piping

An electromagnetic pump circulates the lithium <oo’~n: in the
primary subsystem. A typical design for the pump :s shown
in Figure 19 of Repaort PWA-2224. The design parameters for
the pump were selected on a2 minimum overall system weight
basis. The pump cells and the interconnecting busbars are
constructed of Cb-1Zr ard are insulated from each other by
Al,03. A cobalt-iron alloy with a high Curie point (1790°F)
was selectied for the pump magnet in order to prevent the loss
of permeability at the high operating temperature. The magnet
windings consist of copper wire wrapped with Crystai M, an
inorganic paper type insulation. A more detailed description
of the design features of this pump is also given in Report
PWA-2224,

The primary piping consists of [our pipe: which complete the
coolant flow path for thc primary systemn. Two of the pipes are
connected to the ‘wo reactor outlet nozzles and allow the coolant

to flow from ine reactor to the heat exchangers' inlet manifold.
The cool2at then fiows through the heat exchangers and is collected
in the “utlet manifold. From there the coolant flows through the
two rewnaining primary pipes which branch off at the reactor to
provide for four coolant inlets to the reactor. The inside diameter
of the pipes was detzrmined on a minimum weight basis by the
systems analysis ancd the pipe wall thickness was sized to provide
adequate meteoroid protection.

e. Cesiurn Reservoir Heat Rejection System

This system consists of a single-segment space radiator and
an EM pump. The pump circulates a low temperature lithium
coolant through the upper head of the reactor vessel (in which
are contained the cesium reservoirsg) and through the radiator.
This fluid cools the reservoirs to their prescribed temperature
and conducts the heat to the radiator where the heat is rejected
to space. The design of this pump is similar to that of the pri-
mary pump but much smaller in size due to the reduced pump-
ing power requirements. A tube-{in type radiator similar to
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that used in the main heat rejection ¢ stemn is e’ ;ployed here inld
is optiraize i in the same way. How ver. the ‘.t wal. thickn2ss
of the radiitor as well as the pip- wall thickaess are sized fo
provid: meteoroid protection.

The radiator consists of two panels thro:gh which flow the rame
coolant in series. ‘The pan:ls are located forward of and in the

same plane as the main rzdiator and are constructed of Ch-1Zr.

2. Secoadary Subsystem

The secondary subsyste:n is comprisad of the sixteen coolant loops
of the main heat rejectior. sysiem. Each loop contains an M pump,
a heat exchanger atd a radiator segment. 5Segmentation was used to
achieve minimum weight and to provide redundancy. The coolan?
used in this system is lithiumm. All components in contact with the
coolant are constructed cof Cb-1Zr to give the radiators a high temp-
erature capability which greatly reduces radiator area and eliminates
the necessity of folding.

a. Radiatcrs

The radiator segments are rectargular in shape and arc com-
posed of inlet and exit manifolds with interconnecting finned
tubes. The arrangement of the scgments in a plane is as de-
termined by the plan area of the Saturn pavlcad envelope. De-
sign parameters such as tube and fin dimensions were deter-
mined or. a minimum weight basis in the system analysis. Wall
thizcknesses were deiermined from meteoroid criteria. For
even flow distribution, the inside diameters of manifolds were
sized to give a pressure drop 10 per cent of that for tle tubes.
Emissivity of radiator surfaces was assumed tc be 0.9. This
value w23 based upon results of extensive testirg! which indicate
that this value may be attainable in the future.

Support cf individual radiator segments is accomplished by em-
placement of the segments in the radiator support struciure.

Two such structures contain all of the radiator segments, one
structure on each side of the powerplant axis. The segments

are hung from their upper manifolds which are oriented per-
pendicular to the powerplant axis and are allowed to grow against

1Pratt & Whitney Air;aft. Determination of the Emissivity of Materials,
Report PWA-2206
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leaf-type springs cortained in the icwer manifold supo~r‘s. La-
teral growth is acccmmodated by springs located in th: outboard
tube supporte. The two support structures are connected at

their ends to the fore-and-aft support rings. The structures are

hung from tlLe forward ring and are attached to the aft ring through

a cruciform structure. At the four points of the cross ave lo-
cated expansior. joints to accorimodate any difference in thermal
growth between the radiator structure and the launch structure
during the system preheat cycle. Lateral support of the radia-
tors is accomplished at launch by the four-quadrant launch struc-
ture which sandwiches tte planar radiator between the paired
quadrants.

b. Heat Erchans_ers

The secondary system contairs sixteen lithium-to-lithium,
counterflow, tube-and-shell heat exchargers, one for each of
the heat rejection loops. The heat exchangers are of a straight
tube design with the tubes welled to tubesheets and the shects
welded to the outer sh:ll. Desigr parameters such as tube in-
side diameter, length. and log mean temperature difference,
were determined in the system analysis. A typical design for

a heat exchanger is shown in Figure 9 of Report PWA-2224. The
straight tube design was based upon experience at Pratc & Whit-
ney Aircraft indicating that this design is capable of withstanding
the stresses imposed at operating conditions. Spacers are pro-
vided between the tub~s to prevent sagging which could cause
blockage of flow. The inlet and exit plenums for the shell side
are toroidal in shape and are welded to the tubesheets and the
outer shell. 7'.ese plenums have thin walls to allo. for dif-
ferencas in thermal expansion between the tube bundle and the
stell. The inlet and exit plenums for the tube side are hemis-
pherical in shape and located at both ends of the heat exchanger.
All exterior wall thicknesses were determined from meteoroid
criteria.

The heat exchangers are grouped in the poweiplant in a cylin-

drical cluster and are located behind the nuclear shield. This

location is an optimum which was determined by trading off the
pipe weights and the 1 ~quired pressure drops.

c. Secondary EM Pump and Piping

The el~ctromagnetic purnp employed in the secondary system
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coutains sixteen separate purnping channels, one for cach of

che heat re ection loovs. Ilesign parameiers for this pump were
also determined on a minimurn weight basis in the system analy-
sia. Tne design features nund the materia.s uti.ized for this

pump are similar io thcse presented in Figure 11 of Report
PWA-2224. Two of the more obvious features of the pump are,

1) tkr. electrinal conarction of the pumping celle in series, and

2) th: p-ovision for .ooling the channel walls with a separate
coolani loop. The :ells were electrically connected in series

to increase the pvrnp voltage requirements, since the calculated
voltage for =ach cell was very small. A hrigher voltage for the
pump reduces husbar losses and the weight of pow er ~conditioning
equipment. 7 he ribbon-shaped coolant ioop is interwound between
the pump ce'ls and provides cooling for the cell walls in the event
of a loss of coolant due to a rzdiator puncture. Loss of fluid in

a cell lzaves only the cell walls to conduct the high puraping cur-
rent so 1hat the possibility of melting the walls exists.

The pump is mounted on the inflight support structure at the
center of the main radiator. Long lengths of secondary piping
which connec! the radiator seginents with the pump arec designed
with expansior bends ic absorb thermal motion and relieve the
purap of any excessive stresses. The piping inside diameter
was optimized and the wall thiciness was determined from me-
teoroid data.

3. Auxiliary Subsystem

The auxiliary system consists of DC-to-DC power-conditioning equip-
ment and its required heat rejection system. Power-conditioning
equipment is required in the powerplant to process the output power

of the reactor to match the characteristics required by the ion engines.
The reference thermionic reactor produces electrical power at 218
volts DC which must be increased to 5000 volts for utilization by the ion
engines.

a. Power-Crnditioning Equipment

Components for the conditioning equipment are shown in Figure 9
which was taken from a Westinghouse systems study’, The

1Westinghouse Elec:iric Corporation, Aerospace Electrical Division,
Space Electric Power Systems Study, Volume 5, NAS3 -1234.
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Westinghouse report contains 2 parametric study for space power-
conditioning equipment capable of processing power in the range
of from 0.5 to 5 megawatts at varicus input and output voltages,
Two typea of equipment wexe considered in the stu-ly, high tem-
perature and low temperature. The high ternperatire ecuipment
employed gas~tube inverter components while th: low temperature
employed either silicon power transistors or silicon-controllzd
rectifiers as inverters. All systems considered, ussd th-: svstem
components shown in the block diagram ir Figure 9.

For the present study, it was assumed that the conditioning
equipment weight was 5 lbs /KW(e) and that the equipment
utilized high temperature components capable of operating
at about 500°F. It was also assumed that the equipment
efficiency was 93 per cent. The data presented in the
Westinghouse study was received after the selection of a
system design so that the powerplant design presented here
is not based on this data. However, Appendix 5 presents
the res<lts of the Westinghouse study, and Appendix2 vresents
some of the important systemn parameters which would result
with the inclusion of the new data in the powerplant design.

b. Auxiliary Heat Rejection Svstem

Each loop of the auxiliary heat rejection system employs a
motor -driven centrifugal pumy to supply the pumping require-
ments. Each segment consists of an inlet and an outlet manifold
with interconnecting finned tubes. Inside diameters of the ra-
diator tubes were optimize«, and wall thicknesses were calcu-
lated from meteoroid criter a. ! n «idth and thickness were
calculated to give required -urfa.v radiating area for minimum
weight.

The selection of monoisopropylbiphenyl as the coolant was based
on the Westinghouse study presented in Appendix 5 of Report
PWA-224C, and the aluminum radiator was chosen because of its
light weight.

The auxiliary four radiator segmentr are supported in a manner
similar to the main raciator segments anc are the last four seg-
ments contained in the radiator support s¢ructure. The power-
conditioning equipment is located within and supported by the aft
support ring.
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¢. Busbars

The designs of the busbars errployed throughout the powerplant
reflect a trade-off between minimum busbar weight and the in-
crement of weight that would be added to the sy3tem weight be-
cause of I2R losses in the busbars.

Power is drawn from the reactor through two rylindrical Cb-1Zr
busbars which pierce the lower head of the vessel. Each of
these busbars is connected to two flat copper busbars which
conduct the power to the power -conditioning equipment. The
flat copper busbars are oriented parallel to the main radiator,
and the side of the busbar facing the radiator is thermally in-
sulated. With this arrangement the busbars will operate at 2
temperature of approximately 1000°F. Other busbars employed
throughout the powerplant to deliver power to various loads are
also of copper.

The current generated in the reactor is conducted first to the
Power -conditioning packages, then to the loads and finally back
to the reactor. A study of the possible methods of wiring the
power-conditioning modules is given in Section IV. G.

It is desirable to wire the pcwerplant in such a way as to reduce
power perturbations in the r.-actor and power-conditioning mod-
ules due to system componer failures.

Busbtars employed within the eactor are constructed of Cb-1Zr
because of the high-temperature environment. The Cb 17 bus-
bars are insulated with BeO and clad with Cb-1Z1» to protect
thein from the lithinm environment. Copper busbars are used
outside of the reactor because of the low electrical resistivity
and high operating temperature capability of this material.

D, Weight Analysis

1. Powerplant Weight

Since the weight of a system to be launched into space is of prime
importance, the derign of the thermionic powerplant was based on

a minimum-weight philosophy. However, the practical design of
the system components necessitated the choice of off-optimum para-
meters, Also, bascd on material-property and space-enviion-
ment data, conservative engineering assumptiont were made to
ensur: the reliability of the system. These assuraptiors in
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all cases entailed system~weight penalties. A weight

analysis was performed to determine the weights of all

of the system components. Table 2 lists these weights

and ircludes the waight of the powerplant support structure, the

fairing, and the orboard auxiliary-power unit required for startup.

The estitnat~d inflight powerplant weight is 76, 100 lha or 23.4 1lbs/KW(e).
The total p»werplant weight on the launch pad is 123,400 ibs or 37,90

1bs /KW(e).

Comparing these weights with those of the one-megawait powerpylant
showe that the inflight specific veight for the present powerplant is
lower ang the lavuch weight h.zheir. The former result occurred
primarily hFecause the specif/ c weights are lower for the shield and
the mzian and auxiliary radiators. The shield specific wei.jht is lower
because a gamma shield was not required for this powerplant as it
was in the one-megawait system (sece Appendix 3 for the analysis of
the shield). The maii. radiator specific weight i7 less because of a
decrease in the metecroid basrrier thickness predicted by a new
correlation. A much hagher @ cac rejection temperature caused the
reduction in {ne specific weight for the auxiliary radiator., The launch
specific weight for this powerplant is sigrificantly grcats: because of
the large increase in the length of the powerplant which requires a
disproportionate increase in launch structure weight. It can be anticipated
that as the size and weight of a space powerplant increase, the specific
weight of required launch structure will increase.

The spccific weight of this powerplant is dependent uporn the operating
cathode temperature selected. The selection of this temperature can
be based on either of twc limiting criteria as is discussed in Section
IV.H. Due to a lack of experimental data and for consistency with the
previous one-megawatt study, a maximum cathode temperature of
3200°F was sel:cted. If the thermal criterion of maximum open-
circuit temperature had been chosen, an increase of 20 per cent in
reactor power and a decrease of 8 per cent in specific weight could
have been obtained.

As was discussed in Section iV,C., the weight of the power-condition-
ing equipment was based on preliminary assumptions. Latzr data
published by Westinghouse showed that high tempe: rature conditioning
equipment c2n be expected to be significantly heavier than the weight
assumed in this study. A discussion of the powerplant weight as
affected by this new.data is given in Appendix 2.
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TABLE 2

System Component Weights

reactor (core, pressure vessel, reflector, control 19,200 1lbs
drums and actuators)

shieid 7, 200
nrimary piping and coolant 2, 350
primary EM pump 500
heat exchangers (16) 750
secondary EM pump 300
high ter.perature heat rejection system (main radi:.tor, 11,900

secondary piping and coolant)
cesiurm. reservoir coolant pump 150

cesiurn reservoir h»zf s2jection system (radiator, 300
piping and ccviuni)

auxiliary heat rejection system (radiator, pump, p.ping and 1,100
coolant)
power-conditioning equ.vment 16,500
busbarzs 6,750
inflight support structure 8,800
Total Inilight Weight /6,100 its
onbcard APU 200
launéh structure . 33,000
aerodynamic fairing - 14, 100
Total Launch Weight 124,400 lbs
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2. Vehicle Weipght

The total weight of the space vehicle, consisting of the powerplant,

the propulsion system and the payload, is limited to 226,000 pounds.
This weight is the maximum that the Saturn 5 is capable of lofting

into a 300-nautical mil=s earth orbit. Jince it is desirable to maximize
the payload, a mission study was performed (Appendix 2) to determine
the effect of the launch and inflight powerplant weights on payload
weight. The study estimated the cesium propellant weight required

by the ion engines, and the payioud that the vehicle will be capable

of delivering to Jupiter ar a fuaction of both the inflight and launch weights.
It was found that to maximize the payload, it was more important

to reduce the inflight rather than the lacnch weight. That is, a
greater payload could be delivered for the lighter inflight powerplants
even though their launch weights migit bc heavier. This result is
imporiant since it affects the sclection of & powerplant configuration
(see Appendix 2 for a comparisor of planar and cylindrical radiators),

The propellant and payload weights are dependent on the thrustor
efiiciency assumed. Since a more efficient thrustor requires less
propellant to complete the same mission, the reduction in the pro-
pellant weight for a more efficient thrustor can be added to increase
the payload weight. Presented below are the payload and propeilant
weights for two thrustor efficiencies. The payloads shown are gross
amounts that include the weights of the equipment required for guidance

and navigation.
85% Efficiency 95% Efficiency

powerplant iaurch v.aight 123,400 lbs 123,400 1bs

propellant weight 89, 500 85,000

payloal weight 13,100 17,600

total vehicle weight 226,000 1bs 226,000 1bs
Powerr«'.a.nt Performance

Studies have been performed to determine the performance of the sys-

tem selected for design. The purpose of the studies was to determine

in detail the charactaristics of the individual components and thz inter-
action of the components in the overall system.
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.. Converter Performance

The performance of a thermionic converter is ultimately governed
by tl: geometry, the mate:ials and the operating conditions chosen.
Once these parameters have bezn established the thermal and electrical
characteristics and, therefore, the performance of the converter
are specified. Both characteristics must be considered in tiic cval- .
uation of performance because of their intimate reiationship in the
thermionic process. The discussion that follows will be mainly con-
cerned with perf.rmance as affected by operating conditions. Dis-
cussions p2artaining to the effects of geometry on perfiormance as
evidenced by their effects on system weight are given in Section V,
C. of Report PWA-2319 (it should be noted that the system weights
of PWA-2319 are less than those presented in (hiz report because
they do not include weight estimates of layout designs). Section
IV.C. above presents the engineering coneide -ations concerning
geometry and materials that were taken into account ia arriving

at a final converter design.

An operating parameter that affects converter performance and
system weight soriously is the cathode temperature. A plot of rela-
tive system weight versus cathode temperature, shown in Figure 10,
indicates the variation in sysiem weight for systemsas optimized at
each ot the given cathoce temperatures. This curve was prepared
assuming that there was uo limit on fuel evaporation, Witk the maxi-
mum cathode design temnerasture selected, the variatizn in power
output of : converter during powerplant operation can ve discussed.

It is assumed for this discussion that the thermal power input to a
particular converter contained in the reactor is helc constar.t while
the load resistance ig varied. This causes the electric powcr output
anl th= cathode tempe-ature to vary. Since only ¢ single converter

is considered, the characteristics of the converter are diiferent from
those cf a fuel eleraent or the reactor, as will be showr. below.

Figure 1] shows the sensitivity of the pover output to changes in ca-
thcde temperature. As can be geen, . 0 per cent decrease in power
results when the temperature is decrea. :d 200°} or Increased 500°F
from the temperaturc corresponding to maximum power. The cathode

oty
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Figure 10C Relative System Weight vs Cathode Temperature

temperature at which the maximum power output occurs for a par-
ticular converter is dependent upon the thermal power input. For
this converter, the maximum power output occurs at a temperature
which is only slightly higher than the limit imrposed on the cathode
temperacure.

Other converters in the reactor will have much different thermal
‘nputs and therefore the temperaturzs at which they produce their
maximum power will be far from the 3200°F limit. These con-
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Figure 11 Converter Power vs Cathode Temperature

verters will operate at an off-optimum condition sirce they will

not be operating at the point where they can produce their rnaximurn

power output. This is important since it gives rise to a weight

penalty which is incurred due to the nonuniforin powe r genera..on
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in the reactor. A discrssion of this problem is given in th:e follow-
ing section which is concerned with fuel element performance.

To aid in understanding th2 performance of an operating converter
and tie relationships of the variables invoived, consider the sim-
plified model of a converter presented below.

r—’l"—ﬂle
cathode anode
-
‘ Qp —>" q '
: th L eq, R load
n-—-Qj
.z TC Ta ' "
i Lol J
: Q¢ = thermal power input
- qe = electrorn cooling
. qr = radiation loss
= ge¢ = thermal conduction through cegium plasm -
' q} = thermal loss through the lead

Joule heating in cathode
qRr = thermal power rejected

An energy balance taken on the cathode yields thz equation
9th = qe * qr * 9¢ *+dl - qj (1)

From the equation it can be seen that the energy loss from the ca-
thode is both thermal and electrical. Each term on the right side
of the equation can be written explicitly in terms of the cathode temp-
erature. Ars.ming a given thermal power input, an anode tempera-
ture and an electric current, the temperature of the cathode and the
. value of each term can be determined. A change in the value of the
load resistance changes the current through the converter, which

Py
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in turn changes the value of each term on the right siccv o1 ihe equa-
tion. Since the thermal power input has been kepi constant, the values
of the thermal and electrical losses mnust adjust themselves by an .
adjustment of the cathode temperatare. Figure 12 shows the variz-
tion in these terms as a function of the current flowing through the
converier and the converter voltage. It is assumed that the converter
is initially at an open-circuit condition (‘nfinite load resistance)
which produces the highest cathcde temperature and the highest con-
verter voltage, since ali energy losses from ilic ~athode are thermal.
At this condition no current flows and the major loss is by thermal
radiation to the anode, with only minor losges by lead and plasma
thermal conduction. When the load resistance is reduced, a current

CONVERTER VOLTAGE

2.80 l.'{ﬁ {80 1.25 100 O7% 050 9
i [ [ I N o |
IOOO T ;T
Qh = CONSTANT
L\\\‘ TA = CUNSTANY
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N ELECTRON
o CoOLING\ |
'§ 600
i \\ e
x [RADIATION Loss
2 400 ; i
o JOULE LOSS 1 \L
ELECTRIC POWER \L
OUTPUT —~—
200 L / LEAD AND SUR-
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~FC3IUM CONDUCTION LOSS
0
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Figure 12 Counverter Performance
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flow is initiated and electrical energy (electron cooling) now flows
from the cathode. Since the thermal energy input is held constant.

a reduction in the cathode temperature must occur to reduce the
thermal losses. Continuing the reduction in load res.stance increases
the electron cooling from the cathode and decreases the cathode
temperature, the converter voltage and the thermal losses from the
cathode. The electric power output of the converter alsc increases,
This occurs because the power output of the converter is the product
of the current and the voltage, and since the voltage decreases ac
the current increases, the product of the two can be expected to pass
through a maximun».

The determination of the electrical characteristics can be demon-
strated by again considering Equation (1). Neglecting the terms
qc» q) and a; which are usually small, and rewriting the equation
in approximate form, the follow 1g expression results

4 (2)

“ince the work function ¢, is a function of temperature, the equa-
tion can be written

ath = i [#To+ 2kTc) + oA e T A (3)

Assuming the function f(T¢) is known, the equation can be solved for
T. If the r2lation between T, and converter voltage is also known
from experimentation, the relaiicachip between the current and volt-
age is known. A plot of this last relationship gives the I-V charac-
teristics for a converter. Figure 13 is » plot of these characteristics
for the particular converter discussed previously. Also shown in

the figure is the variation in cathode temperature with current,
Equations 2 and 3 and Figure 13 show the intimate relationship

between the thermal and electrical characteristics of a converter
which results in a distinct current-voltage plot for each converter

with a different thermal powe r input.

The cathode temperature referred to previously is the maximum
temperature occurring on th: cathode. Due to the lead and support
connections on either side o' the cathode which supply paths for teat
logs, a tcmperature distributior results as shown in Figure i4. The
temperature distribution is determined by dividing the fuel and the
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cathode into ten axial sections and by performing a heat balance on
each section. The heat source for the fuel is the nuclear energy
which is assumed to be generated uniformly through the volume of the
fuel. Heat lossres for a fuel sectica are the radial heat conductior

to the cathode and the axial heal conduction through the fuel. The
ends of the fuel region are essentially insulated by the radiation
shields.

Heat inputs to the cathode section consist of the heat conducted ra-
dially from the :uel (no thermal contac! resistance assumed
between the fuel and the cathode) and the =iectrical resistance
heating of ‘ne cathode, Heat losses from the cathode consist of

the axia! heat conduction to adjacent cathode sections, thermal
radiz‘ion exchange with the anode, electron cooling, and heat con-
duction through the cesium in the interelectrode gap. End sections
2180 have h=at losses through the cathode support and the electrical
lead. The electric lead thermal loes calculation included the effect
of electrical resistance heating in this structure.

The power output of a converter is also affected by the operating
anode temperature, A particular optimum anode temperature which
results in a maximum power output exists for any converter. This
temperature is not selected for the anode operating temperature
because it does not result in a minimum system weight, To

produce a minimum weight system the anode temperature is optimized
by a tradeoff between reactor weight and radiator weight, This
compromise results in an optimurn system anode temperature which

is higher than the optimum thermionic value.

The effect of the circumferential temperature variation on the anode
3ue to uneven cooling ot the close-packed elements was previously
investigated for the elements of a one-megawatt system, and was de-
scribed in Report PWA-2224. That study indicated (hat the effect

of the temperature distribation is negligible. Since the converter
and element designs for this powerplant are similar to those for the
previous study, it can be concluded that the effect here will also be
negligible.

Four modes of converter operation were considered in this study,
1} constant voltage, 2) constant thermal power, 3) constant cath-
ode temperature, and 4) maximum efficiency. The design of
the converters for the reactor was based on the constant volt-
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age modc of operation with maximum cathode temperature limit of
3200°F. A discuasion of the relative merits of each mode and the
reasons frr the selection of the constant voltage mode are given in
the section covering reactor performance.

2. Fuel Element Performance

The thermionic fuel element consists of sixteen converters connected
in series. This connection of converters with varying thermal in-
puts due to the nonuniform thermal power distribution in the reac-
tor, gives rise to a number of prrLiems which do not exist for
individually operating converters. A circuitry analysis was con-
ducted for the designed fuel element to investigate these problems.
A description of the analysis is given in Report PWA-2224, The
analysis considered the thermal and electrical characteristics of
each of the converters and determined the variations in the con-
verter operating parameters as a function of their axial location
in the reactor.

Figure 15 shows the axial thermal power distribution occurring in
the core. The thermal power input for each converter wus averaged
according to this distribution, which results in differing thermal in-
puts to each converter as shown in Figure 16. The increase in anode
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Figure 15 Axial Power Distribution
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Figure 16 Thermal Power Input

temperature due t> the cooclant temperature rise in the reactor is
shown in Figure i7. Since the therrnal input to each converter is
different, the thermal and electrical characteristics are different.
Figure 18 shows the diiference in the cathode operating temperature
for each converter at the reference operating condition. This
condition was set by limiting the cathode ternperature of the hottest
~oave:ier to 3200°F. (Of course, the current through each con-
verter is the same). As can be scen, unly a few of the converters
attain this condition due to the different thermal inputs to each
converter. For the same reason, the electrical power output

from each converter is also diff>rent as shown in Figure 19, More-
over, as will be shown below, the power delivered from each con-
verter is not the maximum power output that the converter is capable
of, since the maximum occurs at different currenis for -ach of the
converters. To attain the maximum power output from the fuel ele-
ment requires obtaining the maximium power output from each con-
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verter a: the same series curcent. Essentially this means that the
electrical characteristics cf the converters must be matched by
adjusting the thurmal powe: inputs. A study has beer made to in-
vesgtigate this problem and .s presented in Appendix 6.

Figure 20 shows the curren -voltage characteristics for three
convarters in the fuel element. The characteristic of each con-
verter was determined hy the method given in Section IV. E. 1.
above. Showa in Figure 21 1s a plot of power output versus current
for the same three converters. As can be seen, the maxiraum power
output from each converter cccurs at a different current so that at
the reference current converiers twoand three are operating at less
than their maximum power ovtput. This situatior occurs for a num-
ber of the converters in the fuiel element. Obviously it would be de-
sirable in order tu reduce system weight for each converter to pro-
duce peak power. Appendix 5 also gives the resulta of the studies
concerned with the metnods possible fos accomplishing this.
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The variaticns in performance of tiie converters discussed above are
a result of tke nonuniform thermal power distribution in the reactor.
In order to account for this in calcuiating the number of converters
required to deliver the rated power of the reactor, an effective
cathode temperature was employed. This temperature wae deter-
mined 80 a3 to represent the thermal and electrical characteristi-s
of an average converter. To show the penalties incurred due to the
nonuniform fower distribution in the reactor, as opvosed to 2 hy-
pothetical uniform distribution, calculations were pesformed for the
pPrevious one megawatt powerplant study and the results are pre-
sented in Report PWA-2224. Those results showed that an 16 per
cent degradation in power was incurred for the one megawatt reoactor
due to nonuniform power distribution. Also, those results showed
the reduction in effective current density and efficiency ard the in-
crease in optimum cathoude temperature.

To operate each diode at its optimum cesium pressure would iavoive
severe design problems. For this reason all of the fuel elemente

in each assembly we:-e designed with a common cesium reservoir.
A gtudy was performed for th: previous one megawatt reactor to
determine the sensgitivity of the reactor power output to cesium re-
servoir temperature. The result of that study showed that the re-
actor power output was fzirly insensitive to variations in cesium
temperature.

3. Reactor Performanc:

The severity of the effects of reactor thermal power distribution was
reduced by dividing the reactor ccre inte reg.ons and adjusting the
fuel composition to compensate for neutron leakage. The resgulting
radial and axial thermal powar distributions are shown in Figures

22 and 15 respectively. ine reactor fuel composition and material
voiume fractions for each region are shown in Tables 3 and 4, re-
spectively. As can be seen from Table 3, the fuel compositions
required vary over a broad range of UC concentrations, from 14 to
56 mole per cent of UC. This indicates that many different fuel
compositions must L investigated to allow a flattened power dis-
tribution. For this reactor study, fuel evaporation rates for all
regions were less than about 2 mils/year. However, for smailer
higher temperature reactors where higher concentrations of UC

will be required, fuel evaporation may present a significant problem.
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TABLE 4

Reactor Region Volume Fractions

Region UC(93%) ZrC Cb w Tz BeO Li?
1 . 05 .343  ,229 .c81 .0l4 .041  .093
2 . 075 .333
3 . 095 .3i3
4 J121 .287
5 . 148 .260
6 .081 .327
7 . 054 .314
8 .119 . 289
9 . 151 .257
10 . 185 .223
11 .107 .301
12 . 124 . 284
13 . 157 .251
14 .200 .208
i5 .244 . 164

The criticality calculations for the reactor were determined utilizing
multigroup two-dimensional diffusion theory. The fuel loading required
to achieve and maintain criticality for the mission is 1251 kilograms

0f 93.5 per cent eanriched uranium monocarbide. The reactor is not
criticality limited, but limited rather by the number of converters
necessary to meet the electric power requirements. As a result,
ample rcom exists for the fuel in the converters and the fuel is

diluted with ZrC.

As was mentioned previously, four modes of corverter or reactor
operation were selected for consideration. Figure 23 shows a plot
of the reactor electric power output as a function of the load resis-
tance for three of the operating modes. This plot was determined
fur the one megawatt study and is included here for illustrative
jurposes.

The first mode, constant voltage operation, shown by the linee of
constant voltage in Figure 23, requires a variation in thermal
power input as the load resistance and the eslectric power output
vary. Thie mode of operation causes the cathode temperature

to decrease as the eiectric power output decreases from the design
point of 100 per cent electric power.
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Figure 23 Reactor Performance

The second mode, constant cathcde temperature operation, also re-
quires a variation in the thermal power input as the load demand
varies. This mode causes the reactor voltage to increase as elec-
tric power output and thermal power input de.rease. The voltage
output can also be made to decrease with decreased electric power
demand by increasing the thermal power input., However, the latter
mathod of operation is inefficient since increased fuc. burnup is
incurred at reduced electric power levels.
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The third mode of operation, constant thermal power, requires var-
iations in the cathode temperature and the output voltage. As can be
seen, an increase in electric power output can be attained from the
design point by an increase in cathode temperature and voltage. The
reason for this will be given below. A reduction in electric power
from tue design point is attained by decreasing both cathode temp-
erature and voltage.

The last mode, maximum efficiency operation, is net shown in the
figure but it can be visualized by a line connecting the points of
maximum electric power output on each of the constant thermal power
curves. Figure 24, a plot of the current-voltage characteristics for
the 3.25 MW(e) reactor, shows this operating line. The line connects
the points of maximum efficiency which coincide with the points of
maximum power output on each of the constant .nermal power curves,
so that the maximum electric power output is extracted for the given
thermal power input.

The mode of operation selected in this study is the constant voltag=z
mode, based on the desire to supply constant-voltage power to the
pewer -conditioning equipment. A maximum cathode temperature
limit of 3200°F was selected as the limiting criterion so that at 100
per cent electric power output the temperature of the hottest con-
verter in the fuel elements does not exceed 3200°F. The conver-
ters as well as the entire system were optimized at 100 per cent
power output based on this mode of operation. The converter operat-
ing parameters determined with this criterion dictated a given set

of thermal and electrical cliaracteristics for the converters.

The selection of a limiting criterion, that is, the selection of a para-
11ctls ana a partitwar value for that parameter which must not be
exceeded, and the selection of an operating line are uncertain at

this time, due to a lack of experimental data. Therefore, in the
control analysis for the powerplant, two operating lines, constant
voltage and maximum efficiency were studied with their correspond-
ing limiting criterion, maximum operating cathode tempe rature and
maximum open-circuit temperature, respectively,

Since it was a purpose of this study to produce a minimum weight

system, consideration of a limiting criterion was undertaken. For
this purpose, consider a plot of the current-voltage characteristics
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Figure 24 Reactor Electrical Characteristics

of the reactor for constant cathode temperature operation which
would produce a plot similar to that shown fcr constant thermal
power in Figure 24, The optiinized design point at 100 per cent
electric power occurs at the point of maximurn power output on the
3200°F temperature line. This point does noil currespond to the
peint of maximum reactor efliciency at the sane thermal input

!
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Figure 23 shows that the point of maximum power output and effi-
ciency, based on the thermal power inrut determined above, does
not coincide with the point of rnaximurn nower based on constant
cathode temperature operation. As the figure shows, a significant
increase in electric power could be attained by shifting the design
point. With the consideration of the possible increase in power out=-
put and the additional consideration of the probabhility of open-circuit
failures in *se converters, it appears desirable to shift the limiting
criterion to the maximum open-circuit temperature. That is, when
optimizing the system, a maximum open-circuit temperature should
be selected rather than the maximum operating cathode temperature,
since the latter results in a reactor with lower efficiency. However, .
the two criteria available have two completely different set of
requirements, and at present it is not known which requirements are
the more stringent, Additional analytical ar.d experimental work is
required before the selection of this criterion can be made with
corfiience.

4. Syst-m Performance

a. Main Heat Rejection System

The probability that the system will not be disabled by a meteo-
roid penetration was assumed to be 0.9000 for this study. This
total system probability is the product of the survival probability
of each of the following subsystems, 1) primary lcop, 2) main
vadiator and piping, 3) auxiliary power-conditioning radiator
and piping, and 4) cesium reservoir coolant radiator. It was
assumed that if one of these subsystema is unable to function,
then the system as a whole cannot function.

The main radiator system is divided into 16 segments. If
one segment fails, the remaining segments continue to
funciion, and it was assumed that any 4 out of the 16 seg-
ments would fail during the mission.

There are 16 heat exchangers, each with reactor coolant flow-
ing on the tube side and radiator coolant on the shell side. The
heat exchangers are a necessity for redundant heat rejection
systemas. Film coefficients on the tube and shell side were com-
puted from the Kaufman-Lubarsky correlation for liquid metals
with a 1.3 factor on the temperature drop for uncertainty due to
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data scatter. Tube and shell pressure losses considered iric-
tion and plenum losses.

The heat exchanger tube diameter and tube spacing were held at
the minimum values Jlztermirer from design studics since these
parameters had little efiect ca system weight., The heat exchanger
diarneter was optimized [he trade-off in weight between the

heat exchanger and radictor was accomplished by varying the log
mean temperatur: arop of the heat exchanger.

The radiator panels, which consisted of coolant tubes with ~traight
fing and meteoroid bzrrier around the tubes, rejected heat from
both sides. Coolant pipes carry coolant between the heat exchangers
and the raditor panels, and manifolds distribute and collect <oolant
to tubes in a panel. The heat rujected from the radiator system

was computed by the equation below., Components considered to
radiate heat are pipes, mar ifolds, panel tubes (with barrier) and
fins. Heat loss from the primary piping is also taken into account.

Q = ’(zi !iSiFin‘)T:,

where Q = total heat rejected
¢ = Stefan-Boltzmann constant
¢i = component emissivity .
S; = total component surface
F; = component geometric facter
"{ = component radiating =fficiency
T.qy = mean radiator coolant temperature

Radiator tube and fin view factors werz computed, assuming that the
tube surface (s at the mean coolant temperature and that all incident
radiation is absorbed (a valid assumption for high emissivities). Mani-
fold and piping view factors were estimatad by dividing twice their
projected area by their total surface area. The efficiency factor is

the ratio of actual heat transfer to the heat that would be transierred

if the component surface were at the mean coolant temperaturc. The
radiator tubes, manifolds and pipes were assumed to be at the coolant
temperature and therefore had efficiencies of unity.

The fin temparature distribution was determined by an analy .ical

solution given by the equation below, Incident radiation from the radiator
tubes was approxinmiated by the use of the culculated view factors but
radiation from the sun or planets was neglected.

2
da"T
kgtg z = 2 ﬂ(fT4f -q*(2)
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whese kf = fin conductivity

tg = fin thickness
T; = fin temperature
¢; = fin emissivity
q"(Z) = incident abscrbed radiation

The radiator tube pressure drop s the sum cf friction and en-
trance and exit losses. The ruanifolds were sized to give a
total pressure deop (momentum plus friction) of 0. 1 times the
tube pressure drop. Thus the manifolds will produce negligible
flow maldistribution to tubes in a radiator panel. Pipe pres-
sure drop is the sum of pipe friction losses and losses in pipe
fittings.

The radiator fin geometry was r,ptimized for minimum weight.
The tube diameter was selected at the optimum value while tube
lengths were determined fror. the powerplant design. Radiator
panel aspect ratios and segrient pipe lengths were cstimated
from design data. TIn analvzing the reference design, an average
radiator panel was studie i rather than concidering each panel

The mcteoroid barrier thickness was computed as shown below.
A segment reliability of 0.8394 was used which, in conjunction
with other loops, g7ve a total system reliability of 0.9CC0. The
barrier equation contains factors for spalling and thin plate be-
havior. Vulnerrole area was taken to be the total outside sur-
face of fluid-c~ntaining ducts.

] [(A 6 )]0.2485

pl/z CZ/3 -ln P‘

= barrier thickness, inches

= vulnerabie area, ft2

mission time, hours

= probability of no punctures during time 6
= density of barrier, gms/cc

= wvelocity of sound in barrier, km/sec

ty, = .01118

D> Vo >F
[1]

b. Auxiliary Radiator

The components of the power-conditioning equipment musx be
cocled to maintain their temperature less than 500°F. The re-
jection of this heat to space requires a large radiator because
of the relatively low temperature. However, this radiator

is light in weight because all-aJuminum construction was

used.

For the purpose of calculating meteoroid barrier thickness, the
radiator was considered to be a nonredundant system. It was
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assumed that the powerplant would cease to fuaction if a segmenr!
were punctured. Actuaily the conditioning equipment is Jdivided
into 4 modules, each with its own radiator, and failure of a
segment would reduce the power-handling capat ility of thc con-
ditioning equipment by only one-quarter.

The hydraulic and heat transfer analyses for the auxiliary 2adi-
ator are eesentially identical to that of th.e main radiator. The
performance was determined for deep space.

The heat removed by the auxiliary radiator was 7 p=r cent oi the
power input to the conditioning equipment. The radiator inlet
coolant temperature was fixed at 500°F ancd the fin dimensions
and coolant flow rate were optimized for minimum system
weight. The radiator tube diaineter was held at the optimum
value.

c. Cesium Reservoir Coolant Radiator

Heat is transferred through the thermal insulator plate between
the reactor coolant inlet plenum and the cesium coolant. This
heat is rejected by an auxiliary radiator to maintain the reser-
voir at the required temperature. The heat transfer and hy-
d-aulic calculations are similar to those of the other radiators.
The mean radiator coolant temperature was set equal to the
optimum cesium temperature for best system performance.

d. Electromagnetic Pum s

Support studies conducted for the one megawatt powerplant in-
cinded a study of multichannel electromagnetic pumps for the
reaclor coolant and for the main radiator circuit (see Appendix
J of Repcrt PWA-2224). The results of the study established
pump weight as a function of pump efficiency and coolant flow
rate. This data was used to determine pump efficiencies for
the best system performance. The final pump design 1s not the
optimum design indicated by the powerplant performance study.
Because of the low pump voltages the pumyps were connected in
series to increase the voltage of the pump power supplied by

the power -conditioning equipment. This necessitates a redesign
of the pumps since the circuitry requires the matching of cur-
rents of different pumps connected in series. The final design
therefore, was a comproiaise between the optimum pump design
and a desire to build up high voltage by scries connection.

e¢. System Analysia Methods

The methods used to analyze the reference system are an ex-
tension of those used to conduct the pararnetric studies described
in Report PWA-2319. Certain detailed considerations were

addzd to permit greater depth in the analysie and a better understand-
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ing of powerplant characteristics. The most significant addi- -
wion includes the effects of nonuniform reactor power distribu-
tion. A discussion of these effects is given in Section IV. E. 3.
above. The methods used for analysis are given in Report PWA-
2224 under the heading of circuitry analysis.

F. System Startup

A pieliminary study of powerplant tamperature and environment control

during powerplant startup was performed. The purpose of this study

was to outline a launch and startup procedure within current tentative

temperature, loading and safety considerations, and to eetimiate the -
-weight of required system startup equipmenti,

Powerplant startup as considered in this study comprises three phases.,
The first phase includes the final assembly of the powerplant,preparatory
to launch, The second phase is the period between sinal systera assembly
and booster firing. The third phase ie the time betwen booster firing
and reacior power opervation.

The general procedure for startup is to preh=zi and fill all lithium-

containing components on the 1aunch pad, allow them t» cool slowly

during the time hztween launch and orbit confirmation, and lastly to

start the reactor for power operation. Preheating and filling the -
lithium components on the ground increases the reliabiiity and

practicality of this operation. Allowing a system cooldown reduces

the weight of on-board auxiliary power sources by eliminating the

need for thermal energy input to the lithium after launch. Startup

of the reactor in space is required by safety criteria which

preclude reactor s _rtup until a proper orbit is confirmed. Corapcnent
temperatures must be maintained during this time, since the liquid

metal loops are filled on the launch pad. Therefore, the liquid inetal

must be kept hot and circulating to prevent it frem freezirg in local

cold spots. While the powerplant is on the ground external power can

be supplied to maintain the proper thermal conditions. Hacwever, after

the venicle is launched all power sources for the vehicle rmust be

carried aloft, Obviously, it is desired to obtain a system which re-

quires the minimum amount of weight. Based on this study and on the

previous study for a one-megawatt powerplant, a temperature con‘rol

system using a2 low-emittance coating applied over the high-emittance .
coating on the high-temperature main radiator and on the fa:ring was
chosen. This method of controlling the powerplent temperature consists
of heating the powerplant to scme prescribed temperature on

the ground and allowing it to cool after launch., The rate of :oocling

and hence the temperature achieved at any given time after launch are
controlled by tne emissivity of the radiator and the fairing suriuces.
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It should be noted that a high evaporation rate for the low emissivity
coating applied to the main radiator is requires to allow this coating
to evaporate when the radiator temperature bezins to increase, after
the initiation of reactor power operation.

An additional problem which complicates the system startup procedure
is the high ratz of oxidation of columbium -1 zirconium in a2ir. To
crevent the oxidation of this alloy requires the containmernt of power-
plant components in an inert atmosphere while the powerplant is on

the launch pad, and during the time between launch and attainment of
orbital altitude. The containment of components is accomplished with
the use of component enclosures which can be jettisoned in orbit.

A summary of prelaunch, launch and orbital startup procedures is
given in the following outline.

1) Pre-Startup

a) Asse:nble powerplant to beoster vehicle

b) Evacuate air from inside compcnent enclosures

c¢) Fill enclosures with helium

d) Circulate helium throuzh remainder of fairing

e) Fill low temperature auxiliary radiator with oil and cirzulate
fy Fiil and circulate helium in main piping and hezt to 700°F

g) Evacuate helium frora main piping

h) Fill main piping with lithium at 70C°F

i) Circulate lithium and supply hea: to maintain at 700°F

) Umbilical Cord Components

a) Electric power for pumps and controls
b} Instrumentation and control leads

¢) Electric power for heating lithium

d) Helium piping for fairirg coolant

3) Startup

a) Launch

b) Switch to on-board power {or lithium pumps

¢) Bleed helium from faiiing

d) Bleed helium from coniponent enciosures

e) Achieve criticality, after establishing orbit

f) Jettison fairing and en:losures

g) Go to full thermal power with nc load

L) Calibrate neutron couuting with reactor thermal power. Thias
establishes maximum thermal power with neutron counting
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i) Connect reactor to conditioning equipment and load
i Bring cesium temperature up to operazting temperature (650°F)
from about 460°F

The status of each of the powerplant componenis is givin in the tabla
below ¢ iring the startup sequence.

Stage Component Status

pre-launch reactor external power on, heated to
{after lithium 700°F. EM pump idling

fill) main radiatcr external power on, hzated to

auaxiliary radiator
cesium radiator
power~conditioning

equipment
fairing package

700°F, EM pump idling

external power on, pump operating

at 200°F

external power on, heated to 700°F,
M pump idling

at auxiliary radiator temgerature

helium flowing through at i50°F

launch and reactol internal power on for iciing EM
orbit pump, temperature decaying
main radiator internal power on for idling EM
pump, temperatare decaying
auxiliary radiator pump not operating, temperature
slowly decaying
cesiurn radiator internal power on for idling EM
pump, temperature decaying
power-conditioning temperature slowly decreasing
equipment
fairing package: internal vacuum after first 6 minutes
reactor reactor go critical, temperature increases
startup main radiator temperature increases, coating

auxiliary radiator
cegium radiator

power- conditioning
equaiprment
fairing package

evaporates off

phmp operating

adjust temperature for optimum
cesium pressure

heats to operating temperature

jettison fairing and enclosures

The relative location of components inside the fairing at launch condition
is shown in Figure 25. Also shown in the figure are the individual comn-
ponent ¢nclosures. This method of maintaining an inert gas over the

80
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Figure 25 Powerplant Arrargement at Prelaunch Condition
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con.ponents was selected instead of using the entire fairing,because of
the extremely large size of this system. A single fairing enclosure
would present difficult fabrication and sealing problems. In addition,
the use of individual enclosures allows a flow of heliurn in the fairing
which cools the fairing, the support structure and the aluminum auxiliary
radiator system. Maintaining these components as cool as possible is
important in order to insure their structural adequacy during launch.
Temperatures less than 200°F can be maintained in these components
by insulating the component enclosures and by causing a cooling gas to
flow through the fairing which has an average temperature of 150°F and
a temperature increase of about 50°F,

The monoisoprcpylbiphenyl coolant in the low temperature auxiliary
radiator should remain in the vicinity of 200°F during the pre-launch
period without any special cooling or heating other than the fairing
cooling gas. The low temperature aluminum radiator is not enclosed
but employs radiation baffles so that th~ radiator does not see the¢
fairing opposite the main radiator. To prevent hot spots in the power-
conditioning equipment package, the MIPB coolant is circulated during
the pre-launch period. The MIPB pump for this purpose requires
about 0. 6 KW of external power.

After completion of the liquid metal fill, the lithium must be continucusly
circulated so that local freezing does not cccur. If the primary and
secondary electromagnetic pumps can be operated satisfactorily at 10

to 15 per cent of tneir rated power, then electrical pumping power require-
ments for the primary and secondary loops will be about 5 KW. An
additional pre-launch power requirement will be to supply heat at the

rate of 215 KW to compensate for losses from the primary and secondary
loops to the fairing and its cooling gas.

During the pre-launch period, component termperaturss are as follows;

secondary loop - 700°F

primary loop - 700°F

fairing - 200°F

power-conditioning equipment - 200°F
low temperature radiator ~ 200°F

At the time of launch, all external heating and rooling power is8 removed

from the puwerplant package and it undergoes a thermal transient until
full power reactor operation is achieved. Tl.e flow of cooling gas through

PAGE NO. §2

i}



i

] et | — vy b

-4

[—.

— m rowad Pt

PRATT & WHITNEY AIRCRAFT PWA-2351

the inside of the faizing also stops at launch and the gas is allowed to
bleed from the fairing so that space conditions exist within the fairing
at orbital altitude. The time consumed from launch to orbital altitude
is approximately € minutes. The helium within the protective enclosures
can be bled off slowly when launch is initiated, as long as the blanket
of inert gas remains to protect the Cb-1Zr until the vehicle is beyond
the atmosphers. The main on-board pow«r requirements during the
orbital period anci prior to startup ar< for the primary and secondary
lithium circulatirg pumpes. These Jumps operating at reduced flow
rates will require approximately 5 KW of auxiliary power for about
ten hours. The three most probable auxiliary power unit systems
are fuel cell, chemical dynamic, and primary batteries. From the
estimates of weight and volume presented below, the fuel cell at 230
pounds appears to be the best choice.

Comparison of Auxiliary Power Units for 5 KW, 10 Hours, 7-10 Volts

Temperature control methoda for this study were limited to the use of
radiator coatings of 0.1 and 0.2 emissivity in addition to the normal
radiator coating emissivity of 0.9. The low-emissivity coatings will
evaporate off the main radiato. ac its temperature increases during
startup, leaving the normal 0.9 emissivity surface. Other coatings

as well as combinations of coatings and super-insulations were investi-
gated in the previous one-megawatt powerplant startup study. Figure
26 shows the cooldown rate assuming a 0.1 emissivity coating on the
main radiator as well as on both the inside and outside surfaces of the
fairing. As the figure indicates, the lithium temperature has dropped
to about 460°F after 10 hours, or about 100 °F above the freezing point.
For a system employing a NaK radiator, a much longer cooldown

iime would be allowed, (about 50 hours) due to the low melting point

of Nak.

race Nno. 83

. Co. Chemical
Primary Batteries Fuel Cell Dynamic
Ag/Cd Ag/Zn Open Cycle Hj and Q;
Components Weight Volume Weight Volume Weight Volume Weight Volume
(Ibs) (£t3)  (lbs) (ft3) _(ibs) _4it3)  (lbs) _(ft])
Power unit 1560 8.8 665 4.25 175 3.5 81 7.5
Reactants and
tankage - - - - 55 2.5 150 10.0
Power-conditioning 10 - 10 - - - 40 -
Estimated Total 1670 8.8 675 4,25 230 6 271 17.5
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Figure 26 Frestartup Radiator Temperatures. Main Radiator
¢ = 0,1

Also indicated in the figure is the cooldown rate for the low-temperature
auxiliary radiator which has an emissivity of 0.9. A low-emissivity
coating is not used for the latter because it doés not reach high enough
temperatures to evaporate the coating. The MIPB coolant temperature
drops very slowly to about 170°F after 10 hours and then cools rapidly
when the fairing is removed in preparation for startup. Similar cal-
culations were performed for the main radiator using a coating emissivity
of 0.2 throughout. These results, presented in Figure 27, indicate that
the lithium has reached its freezing point of 367°F after 10 hours. It
should be noted tnat the effect of the component enclosures acting as a

~heat resistance is not.included in these calculations and will present

another radiation barrier to further reduce the cooldown rates shown
in beth figures.
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e = 0.2

Radiator cooling rates are greater for the 3. 25-megawatt system study
than for the one-megawatt system study, due primarily to the lower mass
per unit area oi the former compared to the latter. This has occurred
because of the new meteornid barrier thickness calcuiation which has
reduced the barrier and also because oi .he lower minimum radiator
tube diameter used in the 3. 25-megawatt study.

After a satisfactory vehicle orbit has been confirmed, the reflector seg=
ments of the reactor are brought into position and the control drums ro-
tated to achieve criticality, The fairing structure and component enclosures
are then jettisoned by explosive connectors as shown in Figure 28.

The next step is to go to full thermal power under no-load conditions
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and calibrate the neutron counting with the maximum thermal power,
The ~ircuit connecting the reactor with the power-conditioning equip-
ment and the load is closed and cesium temperaiure adjusted to an
optimum value.

Protlem Areas

To reduce internal power requirements, it was assumed that the DC

EM pumps can be idled at 10 to 15 per cent of their design power without
cessation of fluid flow. Approximately 90 to 95 per cent of the onboarc
power is consumecd by these prmps so tha. development of EM pumps
with good reduced power performarce is desirable.

Ancther problem area in the present startup procedure is the point at
which the reactor is taken to full thermal power for control calibration.
At this point the liquid metal pumps are operating on auxiliary power
at reduced flow rates since power is not yet available from the reactor.
A detailed startup study wculd be required to determine component
temperatures 2s rexctor power is increased.

Asg shown in the cooldown curves of Figures 26 and 27, component
temperatures can be maintained at satisfactory levels with an emissivity
of 0.2 on the fairing and main radiator suriaces. However, if a pre-
startup period of longer than 10 hours is required, some ad-litional
means of temperature control is necessary.

Detailed temperature studies for the system as well as for the individual
components are necessary. A detailed study of transient sink tem-
perature and radiator orientation for the particuiar orbit will be required.
The assumption of a 0°F constant temperature sink for this study is only
approximace since equivalent sink temperatures vary vver several
hundred degrees with radiator orientation to sun and e: »th, and with
position in the orbit. Sink temperatures are also greatly different for

the two radiating faces of the panel. Temperature control of the entire
launch package or of each component individuaily is possible by controlling
the orientation of the surface and its radiatior characteristics. Surface
orientation such as always parallel or perpendicular to the sun-earth
vector would require attitude control. Surface radiation characteristics
whicr affect heat loss anu heat input are primarily solar absorptance

{ ag) and thermal emittance (¢t). Since the main purpnse of temperature

pagg NOo. 87

ke ST

amindh,



P ATYT & WIITNEY AIRCRA-T PWA-2351

concrol on a systern such as this is to maintain.liquid metal temperatur:s
well above the freezing point, the maost desirable ratio of these two
properties would be a high ratio of &, to ¢¢{. Other factors tending to
maintain radiator temperature are the longer time of sun exposure

than of dark aide exposure for a typical 300-:ile earth orbit and the

high specific mass and heat capacitiea of the radiators.

Calculations of maximum and minimum coolant equilibrium temperatures
with fairing removed were made for the main radiator for assumed values
of “s-’ ¢, and for a constant radiator attituce perpendicular to the earth-
sun vector. as/ €, values of 1, 3, and 5 were assumed, resulting in
maximum lithium tempe~itures of 160°F, 345°F, and 456°F and minimun
lithium temperaturesof 140°F, 280°F and 354°F respectively. These
results show that very high values of a_/ ¢ will be required for this
method of temperature control since the lithfum: cools down as far as
345°F with an e_/ ¢ as high as 5. The minimum desirable lithium
temperature would probably be about 100 degrees above the freezing
point or about 470°F, Since the power-conditioning equipment radiator
has a 500°F operating temperature it cannot use special coatings
which evaporate off at higher temperaturzs. This is the reaaon for the
0.9 emissivity on this radiator during the pre-startup period, and also
necessitates a relatively low ag/ ¢,. Using a typical °‘s/ €. of 0.3 and
¢, = .9 for this radiator, maximum and minimum equilibrivm tem-
peratures were calculated as 40°F and -42°F respectively.

The MIPB cooiant has a melting point of -65°F and is not being circulated
during the pre-startup period. The minimum allowable temperature for
this coolant therafore is that at which the pump car satisfactorily circulate
the MIP B at startug. Limiting high values of MIPB viscosity will probat’y
occur between -20 and -40°F.

It should be mentioned that if the above method of powerplant temperature
control were used before startup, the radiator would have to be rotated
90 degrees (radiator parallel to earth-sun vector) after startup. This is
required to limit the auxiliary radiator temperature to its operating value
when the powerplant is brought to full power.

Transient heat transfer radiator calculations for this study were per-
formed with a computer program which utilized a one-dimensional
finite difference machine sclution. Using symmetry about the vertica.
centerline of the main radiator and omitting the titanium enclosure
shown in Figure 25, the analysis takes into account heat transfer by
the following modes for the main radiator:
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1) Conduction thrcugh the lithium and its containing Cb-1Z 1 tubes

2) Convection in the gas (helium) between main radiator and
fairing for the first 6 minutes after launch was approximated
by using a film coefficient of K/L. This approximaticn for
natura! convection appears to be validated by McAdarms' dis-
cussion of vertical enclosed air s~~-~es”

3) Radiation from main radiator to fairing

4) Conduction through the fairing which was approximated as a
0.25 inck thickness of titaniumn

5) Radiation from the outside of the fairing was assumed tc be to
70°F sink temperature for the first 6 mirutes and to 0°F for
the remainder of the calculations

The above calculations were duplicated in determining the MIPB curve
presented in Figure 26, Material dimensions used in these calculations
2re for a preliminary 3. 25-megawatt system. [Dlimensions may differ
slightly from final design table values. Where the thickness of a material
is not constant, as for a radiator panel, an effective overall uniform
thickness is calculated. The total volume of lithkium contained in the
secondary system is assumed to be present at the radiating area since

the lithium is being circulated. A list ¢{ material properues used in
these calculations is presented in the table below.

Material Properties for Transient Heat Transfer Calculations

Specific Heat Thermal Conductivity Density

Material Btu/lb °F Btu/Hr Ft °F 1b/£t3
lithium 1.0 22 30.7
Cb-1Zr 0.07 29,3 534
aluminum 0. 22 106 169
monoisopropylbiphenyl 0.44 0.07 59.5
titanium 0, 126 8.6 283
helium 1.25

0.234 0.0G8

1McAda.ms. W. }., Heat Transmission, 3rd edition, 1954, pp 181, 182
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G. Powerplant Control

Gystern control studies for the 3.25-megawatt powerplant have been
conducted to establish its operating characteristics during the mission
and to define the requiremente of the major system components and
methods of powerplant control. The study assumed

system performance characteristics based on two possible limiting
thermal criteriza, 1) a maximum operating cathode temperature, and
2) a maximum open-circuit cathode temperature. With the {irst Ymit-
ing criterion it was assumad that 2 constant reactor output voltage
world be maintained as the load demand varied, vrhile with the second
it was assumed that the optimurn reactor output voltage, which varies
with Joad demand, would be used. Discussions presented in Sections
IV.E. and IV, H. gave the relative merits of the two types of
operation.

The system control study was conducted in three basic steps. First,
maximum operating limits were established for the major system com-
ponents where estimates could bes made. Second, fiilure rate estimates
were made for the main powerplant radiator, based on the meteoroid
barrier criterion used for the system stucdy. When no estimate could

be made of a failure rate for other components, a failure was assumed
to occur. The third step in the control study was to impose the com-
poaent operating limitations and failure rate cn the power-time profile
for the mission, and to analyze the performance of the syrtem using

a minimum amount of instrumentation to assure the highest reliability.

The following cuntrol mode was used in the studies, 1) control of reactor
thermal power level through nuclear instrumentation, 2) a reactor
coclant exit temperature control that would limit the maximum tera-
perature to 2000°F, 3; voltage regulation and load-impedance matching
on the input of the power-conditioning equipment, and 4) coustant

cesiurn temperature. The plant control scheme requires control rirum
motion to change thermal levels in the reactor caused by changes in the
electrical power demand and by radiator segment failures,
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Control of the reactor thermal power is required to maintain tem-
perature limits within the fuel element. The temperature of primary
corcern is the cathode operating temperature which is a complicated
function of both the thermal and electrical cutput and will vary as the
load demand and as physical properties (such as electrode emissivity)
vary during the mission. Since it is physically impossible to measure
the cathode temperature directly and since it is impossible to calculat~
this temperature {due to physical property changes), all that can be
done is to estahlish a maximum temperature limit at the open-circuit
condition. Before this can be done, the total thermal power produced
by the reactor must be measured, and nuclear instrumentation is re-
quired for this purpose. Nuclear measurements are preferred since
the only other method of determining thermal power is by measurement
of both the reactor's electrical output and the heat pickup by the coolant.
The latter measurements wiii require computation to determine the
reactor thermal power because the recactor electric power and the ccolant
inlet and outlet temperatures can be expected to change during the
mission.

Calibration of the nuciear instrumentation can be done during reactor
startup in space, under a no-load condicion, The thermal power cilibra-
tion can be performed by measuring reactor coolant temperatures and
flow rate since no electrical power is delivered. Althcugh computation
is required during the calibration, the performance of the powerplant
during the mission can be checked without it.

Measurement of the reactor outlet temperature is required to prevent

this temperature from exceeding 2000°F. jucreases in the coolant temperature
will occur as radiator segments iail so that the thermal power must

also be limited by this temperature.

1. Kuclear Control

Control Regu_lizements

In order to maintain the reactor in a steady state, the effective
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m.ultiplication constant must remain at unity, that is, the reactor
'nust be critical. Several factors exist, however, which tend to
disturb the criticality by either increasing or decreasing the
multiplication constant. The major sources of change that were
considered are fuel depletion and temperature cffects. The former
source i8 due ¢{o the depletion of the fissionable materizl or burnup
as the reactui operates. Thus, to continue operation for the life-
time of the reactor it becomes necessary to increase the fuel in
excess of the initial critical loading.

The criticality calculations were determiacd utilizing multigroup
diffusior theory. The fuel loading neres<~ry to achieve criticality
for the reference design 2t room tempe: :ture and beginning of life
was calculated to be 1210 kilograms o« .5 per cent enriched
uranium monocarbide. In addition to  : initial locading, 31 kiiograms
of fuel is required for the reactor to i..iction iur 20,000 hours at

full thermal power. The correlatior of reactivitr = - fuel is given

by the material co24ficient of reactivity. The ave..ge cosfficient,
AK/K/ Am/m, for the reference reactor is 0. 55.

The temperature coefficient of reactivity waes determined for tne
change in physical properties with teinperature by adjusting the
material density and reactor dimensions. This produced a negative
temperature coefficient of 2. 68 x 10°% per cent AK/K/°F. The
neutron flux energy distribution at the center and outer edge of the
core is shown in Figure 29, The distribution results in a mean
fission energy of 0. 338 Mev. Because of the high fission energy
the contribution to the temperature coefficient due to the change in
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the slowirg down range and the thermal group cross-sections is
negligible.

Another source o1 variation of reactivity with temperature is the
Doppler effect due to uranium resonance cross-sections. At the

- resonance energies the cross-section is extremely high, precducing
a reduction in ths neutron flux such that, for a given energy integral
of cross-section, the number of events is less than the number that

- would cccur if the resonances were smoothed cut. Due to the in-
creased kinetic energy of the uranium nuclei with increasing tem-
perature, the width of a rescnance is increased but the height is
decreased, keeping the integrated cross-section invariant. Thus,
an increase in temperature results in 2 larger number of reactions.
For small, highly-enriched reactors, the temperature coefficient
due :0 the Doppler effect is positive. A somewhat conservative
estimate of the coefficient for the reference design is about +.85 x 10-4
per cent AK/K/°F, The .otal iscthermal temperature coefficient
is therefore negative with a value of 1.83 x 10-4 per cent AK/K/°F.
Becausc of the negative temperature coefficient an additional 6.7
kilograms cf fuei is required in order to overcome the decrease in
reactivity as the reactor proceeds to operating temperature during
startup.

As a sesult of the lifetime and temperature demands, 37.7 kilograms

of fuel must be added to the initial fuel loading of 1210 kilograms, which
results in 2 1. 79 per cent excess reactivity at room temperature.

A shutdown requirement of 2 per ceni will therefore require a 3.79

per cent reactivity worth in the reactor control system.

Control Drum Analysis

The excess reactivity will be controlled by regulating the neutron
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leakage out of the core. This is achieved by eight rotatable drums
symmetrically placed about the core and containing a segment of
the reflector. To decrease reactivity, the drums are rotated out
of the reflector, Initial studies were conducted to determine the
thickness of radial reflector that would permit the incorporation of
control drums of the required reactivity worth. It was found that
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a two-inch reflector would be adequate for control. Two-dimensional
r - § multigroup diffusion theory was used to determine the change
in reactivity with drum position. The control worth as a function of
drum position is shown in Figure 30, The drum position at beginning
of life and operating temperature is 45 degrees.
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Figure 30 Control Drum Worth va Drum Rotation

2. System Control

There are a number of possible events that may occur durirg operation
of a thermionic power system. The occurrence of these events is
postulated and the control of the system ie checked to insure that it

is adequate to prevent disabling of the system. The events to which
the system is assumed to be subjected are, 1) changes in electric
power demand, 2) anticipated radiator failure by meteoroid puncture,
and 3) open-circuiting of some thermionic cunverters b, lead failure
or loss of cesium. Tle analysis of an assumed mission is discussed
below and pertinent results are given,
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Electric Power Demand

The assumed power requirements for a Jupiter mission are given in
the table below.

Jupiter Mission Electric Power Requirements

Mission Phase interval, hrs % Electrical Power
geocentric orbit 0 - 2,400 100
heliocentric orbit 2,400 - 6,700 100
coast 6,700 - 11,000 10
Jupiter capture 11,200 - 15, 300 100
observations and

communications 15, 300 - 24,000 100

During the coast phase the electric power demand is appreciably
less than 100 per cent. It is desired to reduce thermal power level
in the reactor during this phase for the following reasons, 1) reducs
fuel burnup to limit reactor reactivity changes during life, 2) lower
operating temperatures of components when possible to increase
reliability, and 3) to lower the magnitude of swings in reactor output
voltage which would otherwise complicate design of the power-con-
ditioning equipment. '

Segment Failure

The meteoroid protection was distributed on the powerplant com-
ponents to meet the following requirements, 1) a 90 per cent probability
that the reactor coolant piping, the¢ auxiliary radiator, and 12 or

more of the 16 main 1adiator segments will be iutact at the end of the
rmission, and 2) that the system weight with meteoroid barrier will

be a minimum. At various times in the mission the number of
operating main radiator segments will fall between the limits indicated
on Figure 31 with 90 per cent probability. For the mission discussed
here the number of segments was taken to be the least number of seg-
ments, the most adverse situation for a 90 per cent reliability.

The major consequence of 2 rad’ator segment failure is the loss of
radiating area with a subsequent rise in temperature throughout the
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Figure 31 Number of Main Radiator Segments in Operation during
Mirsion

system and particularly in the main heat rejection eystem if the
thermal power level is not changed. If the svstem is operating at
peak capacity and a failure occurs, then the thermal powc r must be
cut back to avoid exceeding the thermal limits on the system. in
Figure 32 is shown the maximum power capability of the system

with different numbers of segments in operation, Whether cperating
with limits or. cathode operating temperature or cathode open-circuit
temperature, the limit on the maximum coolant temperature will
severely reduce the power capability of the eyste 1 when operating
‘with fewer than 15 segments. This situation couid be changed by
increasing the areia of the radiator panels and thus increasing the
power capzbility of the system with fewer segments 1.2 operation

{see Section IV.H. for an evaluation uf a systermn capable of delivering
full power with only 12 segments in operation at the end of (h + mission).

Another consequence of radiator {ailure is a reductior in reactor and
radiator conlant flow rate. A meteoroid puncture will empty a chan-
nel of the mair, rediator pump of liquid metal. The result is an in-
crzase in the resistance of the pump circuit which reduces current and
thus reduces flow in operating pumyp channels. This effect is shown in
Figure 33.
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Figure 32 Maximum Power Capability of Nuclear Thermionic
<,<tem at Constant Voltage

In Figure 34 is shown the thermal power level, the effective full
thermal power hours and the variation in reactor exit temperature
during the mission. Wiih operation at constant voltage, the }imit
on reactor exit coolant temperature is reached after the first radiator
ranel ailure. If the cperating cathode temperature were not the limit,
t* + 3y em could be operated at a m. ire zfficient voltage which would
luce the coolant temoe-ature arnd allovs operation at higher thermal
b vor and with much highsr electrical power output.

Maximum Operating Cathode Temperature

The cathode operating temperature during the mission is shown in
Figure 35, The sclid curve refers to the operation of the system
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with voltage optimized at the beginning of the m*ssion for maximum
puwer with a limiting operaiing cathode temperature of 3200°F. slso
the voltage is held constant later in the mission when the reacror exit
coclant temperature is limiting for about the first 5000 hours of
oparation. The reactor voltage and power output for this case are
shown by the solid curves labeled'constant voltage'. The power out-
put capability is seen to drop below the assumed mission require-
ments after the first radiator failure. ‘

Cpen-Circuit Cathode Temperature

The maximum open-circuit cathode temperature is the highest
cathode temperature that can occur witk a constant thermal power
level. Figure 36 shows that *he open-circuit cathode temperature is
appreciably higher than thz operating cathcde temperature. This is
a consequence of the loss of elec’.ron cooling in a failed reactor fuel
assembly. )
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lectrical Characteristics
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Possible causes of epen~circuiting of a converter are loss of electric
lozd on the reactor, failure of a conve:ter lead in the reactor, loss

of cesium vapor, or contamination of the cesium vapor by fission
gases, For the case of loss of electric nower demand on the reactor,
corrective action cnuld be taken to lower the reactor thermal powzar
and prevent or reduce the temperature excursion. The other conditions
which lead to open circuits in single fu:l assemblies cannot be readily
detected and corrective action would not he possible. Reactor failure
could eccur due tc the opene<circuited fuel assembly in the event that
fuel evaporated to space witk alossin rcactor criticality o. the fuel
«2lement cladding ruptured.

The open-circuit cathode temperature is relatively insensitive to
anode temperature and therefere insensitive to th'e reactor voltage
and number of main radiator segments at a given thermal power level.

The major effect of the change in thermal criterion will be in the reactor
power output and reactor voltage output, which are discussed in the
next section,

Reactor Power and Voltage

With cathode operating temperature limiting, the maximum power

output is obtained at low reactor voltage and high reactor current.

The resulting power output and voltage are shown as the sclid lines
on Figure 35 which are labeled'constant voltage'.

If the operating cathode temperature limit is not used, the voltage

can be optimized to obtain a higher power output. The reactor volt-
age and power are higher for this situation, as shown by the dashed
lines labeled'optimum ‘voltage'in Figure 35. As mentioned previously,
this change in Tnerating voltage has no appreciable effect cn the open-
circuait tempe rature. However, the lower current output results in
higher cathode temperature Gue to a partial loss of electron cooling

as seen in Figure 35. The increased power output is in part due to
the increase in cathode temperature.
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In Figure 34 it is shown that the optimun voltage operation gives
lower coolant temperature due to the lower heat rejection from more
efficient thermionic performance. This means that hig' er thermal
power could be used late in the mission when the rea« .or coolant
temperature is limiting.

3. Fiilure Sturlies

Several failure s.udies concerned with reactor compec~ent and power-
conditioning 2quipment failures were conducted for the one-megawatt
pewerplant and are described in Report PWA-2224, These studies
ware not repeated for this powerplant since the results of the pre-
vious study are applicable. Instead a summary of those results will

be given.

a. Reactor Component Failure

Converter Short Circuit

A converter short circuit can occur by the cathode and anode
coming into contact. If only a few of the converters in an
assembly are shorted the power output from the reactor is
decreased slightly by the power corresponding to the number of
converters shorted. However, if a large number fail in an
assembly, the electrical circuit in the reactor will be significantly
disturbed which can result in a large decrease in power output
from the reactor. Additional studies are required to evaluate

the reactor power loss as a functicn of the number of converters
shorted in an assembly.

An investigation of the tempcrature distribution occurring on
the cathode showed that a temperature decrease can be expected
for the cathode of the shorted diode with this type of failure.

An open-circuit failure occarring in a corverter is z more serious
problem and since it affects an entire fuel assembly it will be

discussed in a later section.

Fuel Element Failure

A short circuit from anode to ground could result in the failure

rage no. 104



bmsen] i el RGN e Feewsd  wen RS EDAR

s

Lo
| e~

NS eed

FRATT & WHITNEY AIRCRAFT PWA-2351

of a rumber of fuel elements comprising an assembly. The
location of the short determines the number of elements shorted
out of the circuit. As the previous study showed, the loss of up
to 50 per cent of the elements (9) in a single assembly would not
seriously degrade the power ~utput of the reactor. However, if
as many as 75 per cent of the elements (13)are shorted, an appreciable
power degradation of the reactor may result. The degradation
could cccur because the voltage output of the remaining assemblies
may have to be shified from the optimum value to keep the operat-
ing fuel elements in the partially~failed assembly operating in the
power producing range. Otherwise, these elements would shift

to the po>wer-consuming range with the possibiiity of creating an
over-teimperature coadition in the elements. This, of course,
could lead to a fuel element failure and the loss of fuel from the
reactor. '

The failvre mode described above can be serious, because only

a single short circuit from anode tc ground can result in a
significant reduction in reactor voltage and power output. Although
additiona! study is required t> evaluate this problem in greater
detail, the severity of the possible results again points out the
importance of the anode trilayer.

Fuel Assembly Failure

The failure of a complete assembly can occur as a result of an
open-circuit condition. Loss or contamination of cesium in the
interelectrode snaces or the mechanical failure of an electrical
lead can produce the open circuit, The reduction in the electric
power output of the reactor is equal to the powexr output of the
open-circuited assembly., This is due to the nature of the failure
which does not affect the electrical output of the normally-operating
assemniblies.,

A more imp- rtant consequence of this type of failure is the
occurrence of a very high cathode temperature which is attained
when elcctren cooling from the cathode ceases. This open-circuit
temperature depends upon the thermal power input and can be high
enough to create serious temperature protiems within the elements.
A discussion of this problem is given in Hection IV.H. of this
report.

Power-Conditioning Module Failure

The powerplant design uses the power~-conditioning equipment divided
into four modules, each of which supplies power for the ion
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engines and any other on-board power requirements, A descrip-
tion of the components included :n this equipment is given in a
Westinghouse systems study’., The results of the failure analysis
conducted for the previous 1 MW powerplant study are presented
in Table 5. That study was concerned with the effects of a singie
module failure upon the remaining portione of the power-condition-
ing equipment and the reiactor. Various methods of connecting
the load teo the power-conditioning modules were investigated as
shown in Figure 37, to determine aa electrical system that would
minimize {ailure effects. Table 5 shows the effects of a single
module failure (which can result from radiator segment, ceolant
pump or electrical equipment failure) upon the reactor and the
power-conditioning equipment, for the various types of load and

ot

froves somn,

equipment connections. The study assumed that cathode
open~-circuit temperature was the limiting thermal criterion.
The obvious advantag: for some wiring schemrs is that -
no corrective action is required when a module fails. As

can be seen, the effects vary for the different types of con-

nection, so that the selection of a particular wiring scheme

will, in the event of a failure, determine the power output

of the powerplant. At the present time it is not possible to

make this selection, because of the lack of data concerning

both the reactor and the power-conditioning equipment. A

study has been performed by the Westinghouse Corporationl‘

concerning a single-channel (module) power-conditioning

system. This study points out the reliability deficiencies

inherent in single-channel systems and the need for a.ddition-

al studies for multichannel systems. Obviously, much wor¥

remains to ve performed before permissible operating con-

ditions for a thermionic recactor can be ascertained.

H. Design Criteria

1, Thermionic Reactor

a. Limiting Criteria

A significant question existing fcr the thermionic reactor is the
selection of a thermal criterion to limit the operation of the

1‘v&let-ztinght'mse Electric Corporation, Aerospace Electrical Divisinnm,
Space Electric Power Systems Study, Vol. 5
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converters. This question exists because insufficient experi~

mental data for converters is available at this time. Two criteria
appear desirable and either might be selected as limiting, 1) maxi-
mum operating cathode temperature, and 2} maximum open-circuit
temperatiure.

The cathode operating temperatuve naturally arises as a limiting
criterion since it iz the temiperature to which the converters are
subjected during the mission, The converter components and
the fuel must be capable of withstanding the conditions of reactor
opcration at this temperature.

The maximum open-circuit temperature arires as .. iimiting
criterion hecause of {hic possibility of an open-circuit failure in
the system and the possibility of increasing the power output
from the reactor. Opea-circuit failures can occur either by an
open circuit outsidc c€ the reacior or by a failure within the
reac*or resulting in a stoppase of electrical current. With either
type of failure, the cathode ten.perature increases due to the
cessation of electron cooling from tnc cathode.

The possibility for increasing the power output or the reactor with
the second c riterion occurs because it permits the operation of
the converters at maximum efficiency. Referring to Figure 23,
if operation is limitea by ’* : maxiraum operating cathode tem-
perature the point of operation is selected 2t the maximum in the
constant.temperature curve. The thermal povwer input varies
along this curve and although this point resvits in the maximum
power output, it 4oes not correspond to m:.ximumn efficiency.
Inscead, if converter operation is based on maxir um open-circuit
tempnerature which is determined by tlie thermal power input and
described by the lines of constar.i thermal powe. in the same
figui ¢, the point ¢«. maximt m power corresponds to that of maxi-
mum efficiency. Thiy results in an increase in electrical power
output from the reactor, an increase in the cathode operating
temperaiure and the converter voltage.

Figure 38 shows tlie increzse in relative electric power output as
the relaiive reactor voltage varias  The relative voitage of unity
is the optimuin voltage corresponding to constant cathode tem-
perature operation. Corresponding to this point is a thern.al
power input which 1f held constant as the voltage is allowed to
increase results in an increase in electric power output. A
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Figure 38 Relative Gross Electric Outpt vs Relative Voltage

maximurn occurs at a relative voltage of about 1.4 with a cor-
responding increass of 20 per cent in electric power. This is

the in.rease that can be attained by proceeding from the maximum
cathode temperature criterion to that of maximum open-circuit
temperature, Figure 32 shows that an 8 per cent saving in
system specific weight also results for the latter criterion. The
figure also shows that an increase in weight results as the voltage
is increased for constant cathode temperature opezation.

b. Converter Power Density

Figure 40 show3 the effect of converter power density on relative
system weigiit, The relative power density of unity corres-~
ponds to 10 watts/cm? which is the predicted va'ue from the
thermionic performance prediction system precented in

Report PWA-2240 for a converter at optimum conditions

and a cesium gap of 0. 020 inch. This value was varied ~t a
fixed cathode temperature (3200°F), the reactor perform-
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ance was recalculated incJuding the effecte of nonuniform
power distribution, and the powernlant weight was determined.
The curve shows, as could be expected, tha’ the greater

the converter power density, the lower the system weight.
However, a closer inspection of the curve shows that if the
power densgity could be doubled from the referenca value,
oxily a 12 per cent saving in system weight can be realized.
Conversely. if only one-half the power density can be
attained, then the systern weight increases by 25 per cent.
This slow sariation in system weight is due to relatively
small increase in reactor efficiency {(from 12.1to 15.1 per
cent) with doubling of the power density and the large amount
of powerplart weight little affected by changing efficiency,
such as the power-conditioning system, structure, pumps
and piping.

c. Optimum Anode Temperature

The optimurn anode temperatiure based on thermionic perform-

ance is that ancde temperature which corresponds to the maximum

power output from a coaverter. This temperature is different
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RELAT'VE SYSTEM WEIGHT

irom the actual anode temperature used in the system which was cal-
culated to produce minimum system weight. In the design of the power-
plant, the optimum thermionic anode temperature was calculated from
an experimental prediction system presented in Report PWA-2240.
However, since there is still ingufficient experimental performance
data, a calculation was performec to determine the effect of varying
optimum thermionic anode temperature. The results of the calculation
are shown in Figure 40a where system weight is plotted as 1 function
of actual anode temperature at constant optimum thermionic anode
temiperature, T*. The figure shows that increases in system weight
car. be expected if the predicted T* is low by a few hundred degrees.
For example, T* for this powerplant was calculated to be about 1500°F
which results in a system weight of 23, 4 1bs/KW(e). If T* were
actually 1300°F, a system weight increase of abcut 2 1bs/KW(e) would

-
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be incurrad. Also, as the figure shown, the actual anode *emperature
calculated for the system would decrevase, which would cause a
decreased radiator temperature. If the resulting radiamnr temperature
were low enough, a beryllium radiator might be optimum. This

result is important since it points out that the optimam thermionic
anode temperature affects the selection of the radiator material.

As was mentioned above, T* is not the anode temperature select-

ed for the r,ystem, since it does not result in a minimum weight
gystem. Each of the cur--es in Figure 40a "vas generated for

a constant T*, and as can be seen the anode temperature which gives

a mirimum weight is higher than the T* for that curve. The reason
for this is a weight tr-de-off between the reactor, which wants the
anode ternperature to be equal to the thermionic optimum, and the
radiator, which wants :8 high an anod: temperature as possikle, to
increase the radiator heat rejcction temperature and therefore de-
crease the radiator size  and weight. For example if an anode tem-
perature lcwer than T* is selecied, the reactor is heavy due to poor
thermionic efficiency, and tne radiator is heavy due to both the poor
tihermionic efficiency and the lcw heat rejection temperature. At an
anode (emperature equal to T#, the reactor weight is a minimum due
to maximum thermionic ef:iciency, but the radiator is still fairly
heavy. At temperatures higher than T#, the reactor weight begins to
increace due to decreased efiiciency, the radiator wants to be bigger
and neavier for the same reason, but because the heat rejection tem-
perature is higher the radiator weight is lowered to such an extent that
it overcomes the increase in reactor weight. This trend continues as
the anode temperature increases until the decreased conversion effi-
ciency causes such large increases in reactor weight that they overcome
the decrease in radiator weight and the overall effect is an increare

in cystem weight, Therefore, the minimum weight system occurs at
an anode temperature where the total of the reactor and the radiator
weight i# a minimum and not at the optimum thermionic anode tempera-
ture, where only the reactor weight is 2 minimum.

d. Anode Trilayer

The resistivity of the BeO used in the anode trilayer is an important
varameter because of the power loss that can occur by leakage of
current to ground. This is shown in Figure 41 where it can be
seen that a large portion of tlie power generated can be lost due
to an insufficient resistivity, For this design a resistivity
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Figure 41 Electriz Power Loss vs Anode Insulation Electrical
Resistivity

of 10® ohm-cm and a thickness of 0.010 inch were chosen. The

curve shows for these values only a 4 per cent loss is incurred. How-
ever, a review of experimental data available reveals investigators
have reported values varying from 105 to 107 ochm-cm (at 2000°F)
depending on material properties such as density, purity and

method of fabrication. As the curve for 0.010 inch thickness

shows, a resistivity of 10 results in about a 40 per cent loss in
electric power and resistivities less than this are completely intoler
able. Increasing the thickness of the insulation to 0.030 inch gives
only a small improvement in this situation.

The problem of insulation resistance is compounded by the high-
temperature nuclear environment within which the insulation must
operate. Insufficient in-pile experimental data is available upon
which can be assigned a reliable value of the resistivity, More-
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over, some work performed indicates many problems can be anticipated
with the use of ceramic insulators in reactors. Such problems as
cracking and helium generation in BeO have been observed.

An additiorai requirement for the trilayer is that it must present a
low resistance to heat flow. This requires fabrication into an integral
body without the presence of voids. Pratt & Whitney Aircraft! is cur-
rently developing a trilayer using BeO as the insulation. Figure 42,

a plot of relative system weight versus trilayer thermal resistance,
shows the weight penalty incurred due to 2 high resistance trilayer. :
The three points indicated by ceramics were calculated by assuming '
an integral tiilayer (no thermal contact resistance between layers),

and indicate ttat either of the electrical insulation materials may

l "
Pratt & Whitn:y Aircraft, Liquid Metal-Heated Space Radiator-Mounted
Thermionic G:nerator, APL TDF 64-121
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be used. The point designated 'radiation’' assumed a co:aplste

vcid in the trilayer across which heat transfer occurs by zadiation
only. The'heliurn'point wae calculated assuming that the void was
filled with helium. Obvicusly, it doer not appear that the presence
of helium will be of any benefit. Preliminary experimenta} data
from Pratt & Whitney Aircraft and Radio Corporatior of Americal
concerning temperature drops across a trilayer indicate that system
weight increases ranging up to 30 per cent can be expected. Ailso,
large increases in radiator area will result due to the decrease

in reactor coolant temperature.

Althougl. the anode emissivity has only a small effect on system
weight, it does have a significant effect on the maximum open-
circuit cathode temperaiure. An increase in anode emis-~
sivity causes a decrease in the open-circuit temperature. This

is important since in the event of an open-circuit failure it is de-
sirable to have the lowest open-circuit temperature possible so as
to minimize evaporation, gas release and swelling of the nuclear
fuel. Figure 43 shows the effiect of increased anode emissivity

on system weight and open-circuit temperature, with the operaing
cathode temperature held fixed. The open-circuit temperature de-
creases with increased anode emiusivity due to the increase in radiation
heat loss from the cathode. However, since the heat loss from
the cathode is increased, the efficiency of the converter decreases
which cau:ses an increase in system weight. Also, increas :d fuel
burnup is incurred since an increuse in thermal power inpat is
required tc maintain the cathode temperature constant. It is in-
teresting to note that although an increase in emissivity :auses

an increase in the thermal power :nput, the overall effe:t is a
decreage in open-circuit terr perazure.

Figure 44 shows the effect of the ‘i. rease in anode emissivity on
system weight and cathode operatng temperature wit' a fixed
open-circuit temperature. As anode emissivity incrz2ases, the
heat loss from the cathode increases so that an incr :age in ther-
mal power wnput is required ‘o0 maintain the open-circuit temp-
erature consiant. The overall effect is an increase¢ in the operat-
ing cathode temperature which increases the converter power
density, even though ths converter effitiency is decreased. As

1 -
RadioCorporation of America, The Lievelopment of an Auxiliary Electrode
Thermionic Converter, ASD-TDR-63-442
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Figure 43 Anode Emissivity at Fixed Cathode Temperatr-e

a result, a slight decrease in system weight occurs, but at the
cost of 2 high cathode operatiw.g temperature.

The importance of Figr:es 43 and 44 is that the problem of a
high open-circuit temperature can be somewhat alleviated by an
increase in anode emissivity. However, a penalty must be paid

by either an increase in system weight or cathode operating tem-
perature.

e. Reflector Control

As a part of the study of high power thermionic powerplants, a T
study was performed to determine the limits on the size of
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E thermionic reactours capable of reflector control. Obviously,
due to the emitting area requirement for a thermionic reactor,
¥ the size of the reactor will determine the maximum electrical
} power output at a given temperature. As the core dimensions
increase, the neutron leakage decreases and consequently the
; ability to control excess reactivity by a movable reflector concept
! diminishes. It is of cource possible to employ control rods for
large reactors; however, this concept perturbs the reactor power
i distriburion and results in p r thermionic performance.

The reactivity worth of an infinite reflector was determined for
o several core diameters and Ior a length-to-diarneter ratio of one.
{ A 1/4-inch columbium pressure vessel was =ituated between the
core and the reflector. The worth was obtained using a one-

[ e
5 oprem——"
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dimensional muli.group neutron-transport progr:m. The total
worith is piesented as the cdifference in the effective multiplica-
tion constants obtuined by proceeding from a bare core to one
with an infinite radial refiector. In the study an 8-inch reflecior
was assumed (0 be infinite. The -adial reflector worth is shown
as a function of core diameter in Figure 45 {or a 2-inch axial
reflector.

\ total radial reflector worth

75% total radial reflecter worth

AR - PER CENT

o L L 1 '} - L ' 4
0 10 20 0 40 2] 60 7 L)
COR’. DIAMETER - INCHES
Figure 45 Reactiivity Worth of an Infinite Radial Reflector vs

Core Diameter

The power output was determined for varicus reactor diameters
and cathode temperatuces using the thermionic system program.
A coiumbium radiator was employed in the analysis. Core
diameter is shown as a function of ca..ode temperature and pc ver
output in Figure 46.

magE No. 120



T Y e N

Froom §

| a3an

TR et M peeneAtt g mmn e vy

PRATT & WHITNEY AIRCRAPT

90 r

80

70 -

60 |-

CORE DIAMETER - INCHES

30 ~

PWA-2351

COLUMBIUM RADIATOR

-
b

} L

20
2800

sigure 46

Using a 4 per cent

3000 3200 3400 @ 3600 @ 3\/OY 4000

CATHODE TEMPERATURE~(*F)

Core Diameter vs Cathode Temperature

AK control requirement, Figure 45 indicates a max-
imum corc diameter of 70 inches. Applying this value to Figure 46 re-
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sults ir. 2 20 mcgawatt power cutput for a 3200°F cathode temperature.
A more reaiistic approach, however, is to assume that only 75 per cent
of the irlinite radial reflector worth can be achieved. This reduces the
maximum core Jdiametar to 53 inches and the resulting maximumn power
is 9 1r agawatts at the 320G°F cathode temperature.

2. Meteoroid Criteria

The selection of a meteoroid criterion for vehicles destined for deep
space probes is uncertain due to lack of data. Therefore, since this
uncertainty exists a study was made to determine the effect different
criteria would produce on system weight. Figure 47 shows a plot of
relative system weight versus relative barrier thickness., The thick-
ress was allowed to varv from 0.5 to 1.5 times tae thickness pre-
dicted ty the criterion selected for this study. The plot indicates

ODESIGN POINT
"

o o —
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= Pl
f
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w
2
g “
[ 4

N 4
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BARRIER THICKNESS — INCHES

Figure 47 Relative System Weight vs Relative Meteoroid Barrier

Tnickness
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that this variation produces system weight variations of .ess than
10 per cent over the entire range. Therefore, it can be concluded
that for high power thermionic systems, the meteoroid criterion

selected will not have a drastic effect on system weight within the
thickness range used here.

3. Powerplant Reliability

For this study meteoroid protection was provided for a 90 per cent
probability that three-foarths or more of the radiator segments
would be in operation at the end of the missior., From Section IV.G.
above, it was seen that the powerplant is not ~apable of completing
the assumed mission. This occurred because as radiator seyments
failed, the reactor coolant outlet temperature increased until it
reached the 2000°F temperature limit early in the mission.

To allow the powerplant to fulfill the mission, an increase in the
main radiator area is required. A calculation was performed to
determine :he system parameters for a powerplant designed to
produce the rated power at the end of the missgion. The radiator
area of each of the sixteen segmeris was increased to permit com-
pletion of the mission when only twelve segments are in operation.
The total area of the 12 segments is sufficient to reject the neat
corresponding to 3. 25 megawatts. Table 6 presents a list of some
of the system parameters, and shows that a 2, 6 1bs/KW in-flight
specific weight increase results from this design criterion.
Hcwever, the specific weight of 26 1bs/KW(e) quoted in the table

is based on the end-of-mission power, and since the powerplant
has a higher power capability at the initiation of the missicn the
system specific weight on this basis is 23.6 1bs/KW(e). Table 6
presents a comparison of the full power system parameters at the
beginning and end of the mission. A 21 per cent increase in power
at mission initiation results from the increase in radiating area
which lowers thc mean radiator and reactor coolant temperatures.
The decrease in the latter temperature improves thermionic
efficiency, which allows the higher power output at the beginning
of the mission.
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System Parameters*

inflight system specific weight,
emitter temperature, °F
system lifetime, hrs

net electric power, MW({e)
radiator area, ft

radiator segments

mean radiator temperature, °F
mean anode temperature, °F
thermionic efficiency, %
reactor thermal power, MW

#System designed for full power at end of life

TABLE 6

ibs/KW(e)

PWA-2351

25
3,200
24,000

Beginning of Mission End of Mission

3.94
1,867
16
1,5%5
1,670
12.4
38.4
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IV. AREAS OF MAJOR TECHNICAL UNCERTAINTY

.
f e g

~ Many areas of uncertainty exist in the design of nuclear thermionic

4 space power systems which require considerable experimental effort.
The reactor especially presents many formidable problems and some
work is currently in progress to solve them. However, most of the
basic problems that were presented in the previous one-megawatt
powerplant study are still unsolved. Report PWA-2224 presents the
important problems and a summary of these will be given here.

.
[prav.

1

§7 S e

A. Fuel Element

1. Thermionic Prediction System

The thermionic prediction system used in the powerplant analysis
{given in Report PWA-2240) agrees quite well with test data in the
region of maximum power. However, some doubt exists for short-
circuit and open-circuit conditions, and for the transition from the
extinguished to the arc-mode. This data must be known to be able
to predict converter performance and open-circuit temperature.

2. Thermioni. Zifficiency

The emissivities of the converter electrodes are impceriant because
of their effect on performance. Tae effects of cesium plasma
and plaiing of materials on the electrodes during operation are not
yet known. These effects may be deleterivus to performance since
thermionic efficiency may degrade daring converter operation.

} 3. Thermal Criterion

The selection of a cathode temperature and the operating condition
corresponding to that temperaiure is a major uncertainty affecting
the whole system design. Data are required to select the critical
condition needed to establish reasonable design limits.

e g

4, Fission Gas Products

P A
sy

The dispoeition of fission products for a thermionic fael element is
still questionable. Vented and contained gas designs are possible

b
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but both present significant problems. The vented gas designs pre-
sent the problem of condensation of products in vents and passageways .
which could result in a stoppage of flow and a buildup of pressure
within the converters. The gases could be allowed to permeate the
interelcctrode spaces where they would be vented by flushing with
cesinm vapor. However, the effect of plating of condensables on the
clectrodes and the effects of contaminating the cesium vapor are as
yet unknown. Ccntained gas designs incur system weight penalties
due to the containinent volume required in the reactor. Also, the
contained gases present the problem of cathode distortion and
possibly cathode failure due to pressure buildup.

5. Arcing Problems

The relatively high electrical conductivity of the cesium piaama and .
the voltages existing in the fuel element raise the possibility of )
arcing in the elements. This can occur between converters and

between the cesium reservoir and the converiers. Either case will

produce a degradation in power, the latter being the more serious

since it could produce a complete short circuit of an assembly.

6. Materials and Fabrication

Although efforts are carrently in progress in these areas, much
additional work is required to determine, 1) the radiation stability
of the fuel element materials, especially the fuel and ceramic
insulators, 2) the compatibility of the materials, and 3) the fabrica-
tion of the element components.

7. Structural Requirements

“he structural requireinents for the thermionic fuel vlement are
svvere due to the extreme operating conditicns existing within the
elemnen* and the use of complex ceramic and metal structures. In
particular, the cathode lead, the cathode support, the graded seal
and th. ceramic trilayer pose difficult structural problems. These
componewvts are highly st+2ased due to large thermal gradients,
differences 1. coefficients of expansion and launch loads. In addition,
thermal cycling a..1 thermal shocks must be sustained during power-
plant transients, especially those caused by system component failures.
Extensive analytical, desiy,™ and experimental work are required to
insure the structural integrity ol *he element,
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B. Reactor

A number of problems arise concerning the fabrication and operational
feasibility of the reactor. These include the operation of external con-
trol drums having bearing surfaces that must operate in a space en-
vironment without welding. The control of the reactor by control drums
without severe scalloping should be experimentally verified to insure

a flattened power distribution. The support of the fuel assemblies

and the containment of two coolarts present problems that must be
solved. Endurance of the reflector at high temperature in the vacuum
environment is questioned at high radiation dose.

C Shield

Tke major technical uncer‘ainty in the shield design is the containment

of LiH. At elevated temperatur=s such as 800°F, LiH dissociates to
form gaseous hydrogen and liquid lithium, and therefore an overpressure
of hydrogen is required. Hydrogen gas diffuses througn most materials,
such as stainless steel, so that hydrogen will be lost during operation

for extended periods at high temperatures. The ability of the shield to
stop neutrons will be decreased. Also, liquid lithium will be liberated
with the attendent corrosion problem, Further analytical and experimeutal
efforts should be made to resolve the shielding problems.

D. Radiator

The design of spa:e radiators is still somewhat uncertain due to lack

of meteoroid occurrence and penetration data. Current radiator designs
are based on theo:'ies and correlations of little data which have not

yet been substantiited.

High-emissivity ccatings require development to insure a high emissivity
at high temperatuzes in a space environment for long periods of time.
Liow-emissivity coitings appear attractive for startup to eliminate

the weignt of auxil ary heating units or the use of cumbersom« insulat-
ing blankets. Sucl properties as emissivity, evaporation and com-
patibility need to be evaluated to determine the worth of the coatings.
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E. Power-Conditicning Equipment

Fuature missions into deep space will require large blocks of electric
power for propulsion, ¢nrmmunications, and other systems. Power-
conditioning equipment will undoubtedly be required to tailor the primary
power output to the system requirements. The design criteria for space
power-conditioning equipment are minimum weight, maximum e:ficiency,
and high operating temperatures, in addition to high reliability. Un-
fortunately, space power-conditioning equipment using state-of-the-art
components is rather heavy, and operates at relatively low temperatures.
The low operating temperature offsets the high efficiency of the equip-
ment, since the power lost must be dissipated at & low temperature

with a subsequent high auxiliary radiator weight. Requirements to
condition power for the electromagnetic pumps have not been examined
and may result in difficult problems.

£, Electromagnetic Pumps

Direct current electromagnetic pumps in use toduy are both heavy and
inefficient. To develop electromagnetic pumps suitable for use in space,
extersive analytical and experimental work muet be conducted, Such
problems as magnetic fringing, magnetic saturation and current los ses
must be solved to produce lightweight pumps. Materials investigations
should be conducted to find high-tempevature materials possessing high
Curie points and low electrical resistivities for magnetic and ~lectrical
conductors. Also, compatibility investigations 3hould be conducted to
determine the types of high-temperature insulation that can be employed
in pump design.

G. Powerplant Operation

Conirol schemes must be analyzed as to powerplant stability, accuracy
and reliability of control, and whether maximum powerplant perform-
ance can be achieved without exceeding thermai limits in normal
operating transients. The powerplant should respond to changes in
electric power demand and expected radiator failures.

Powearplant reliability analyses now consider only component failures
frcm meteoroid punctures. More complete reliability analyses which
consider other failure modes are desired, but data on component
reliability are lacking.
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The control of the powerplant is possible only if instrumentation can be
developed to operate in a nuclear space environment for long periods
of time. Experimental verification is required for instrumentation
such as neutron counters.

paax noO. 129



PRATT 8 WHITNEY AIRGRAPFY PWA-2351

V. RECOMMENDED FUTURE FROGRAMS

Report PWA-2224 presented a thorough listing of experimentai programs
required to solve the many materials problems present in 2 one mega-~
watt nuclear thermionic space power system. Since the powerplant
study presented in this report is encumbered witli the same problem.,

the recommended future programs remain the same and will not be
repeated here,

Since the issuance of Report PWA-2224, additional experimental work

has been performed. Appendix 8§ of this report presents a compilat.on
of the significant results obtained from these efforts.
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APPENDIX 1
Powerplant Structural Analysis

Structural analyses were perfurmed for the critical structure areas in
the powerplant. The analyses considered the problems involved in gup-
porting the reactor vessel, the core, the radiators and the entire power-
plant. Since data is not yet available for Satura 3 loading, data for tire
Saturr 1 was used. A compilation of this data given ‘.. Report PWA-
2224, shows that a maximum load of 15G axial and 7G sid2 can be
anticipated during transportation and that a 12G arial and a 5G side

load can be expected during launch.

Suppori of the reactor is accomplished as ehown in Figure 1-1. A cy-
lindrical skirt extending from the upper head of the vessel supports the
reactor in tension during axial loading. Eight cross-links attach to the
lower head of the vessel at the lower coatrol drum mounts and support
the vessel during side loading. The support structure within which the
vensel is hung consists of three rings with four interconnecting struts
as shown in Figure 1-2. The upper ring attaches to the recactor skirt,
and the lower ring attaches to the forward support ring.

Figure 1-3 shows the attachment of the reactor to the reactor support,
the thermai gradient along the reactor during space cperation, and the
accompanying stresses for transportation and launch. Also shown are
thermal stresses encountered during space operation. The stregses
for launch and transportaticn are below the yield strength. During
space operation, local yielding due to thermal stresses, occurs at the
attachment of the core support to the reactor vessel. Although the
vessel yields, space maneuver loads are negligible and the plastic
strair. is less than the design allowable for a 100-cycle life.

Figure 1-4 shows a summary of reactor support structure stresses for
transportation and launch loads. Titanium AMS 5613 was selected
as the material since it resulted in smaller ring and strut sizes and is
easier to fabricate than AMS 4910 ritunium. The strength-weight ratio
for botn materials at the launch temperature is the rame, indicating
negligible weight difference.

In Figure 1-5 is shown the reactoi core support, its attachment to the
outer shell of the reacior, and the pertinent stresses due to vertical
loads. Lateral loads are distributed along the length of the reactor
shell and do not present a significant problem at this location.
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Figure 1-3 Reactor Attachment Stress Summary and Temperature
Profile of Reactor in Space

ragE NO. 135



PRATT & WHITNEY AIRCRAFT PWA-2351

Strut
5" x 5" x

Upper Ring

Lower Ring
1 3/16" 5'"%x5"x1/2'(min)5" x 5" x5/8"(min)

Link
= 1 in?

A

TRANSPOR TATION LAUNCH
T = 700°F (Max)

15 G Axial 7 G Side 12 G Axial 5 G Side

M;in 113,000 in-ib  196,000in-1» 90,500 in-1b 140, 00C in-1b
Moyt 198, 000 in-b 1, 080, 000in-1b 159, 0C0 in-1b 770,000 in-1b
Tmax 29,800 in-1b 1,750,000in-1b 23,800 in-1b 1, 250, 000 in-1b

0max 26,200 psi 108, ¢00 psi 21, 000 psi 76,800 psi
Tmax 1:500 psi 74, 000 psi 1,200 psi 52,800 psi
oy.s. 110, 600 psi 110,000 psi 90, GOO psi 90, €00 »si
M;, 105,00€ in-1b  406,000in-1b 84, 000 in-1b 230, 000 in-lb
Mout - - - -

Trmax - - - -

Omax 8,900 psi 34,200 psi 7, 100 psi 24,500 psi
Tmax =~ - = -

y.s. 110,000 psi 110,000 psi 90, 000 psi 90, 000 psi
Mmax - 2,000,000in-1b - 1,430, 000 in-1b
Prax 47,4001b €2,000 1b 37,900 lb. 44,300 1b
¢ max 3,000 psi 110, €00 psi 2,500 psi 78,500 psi’
oy.s. 110,000 psi 11C, 000 psi 90, 000 psi 9C, 000 psi
Prax - 25,690 1t - 18,200 1b

% max - 25, 600 psi - 18,200 psi
oy.s. - 110, 006 psi - 90, 000 psi

Material - ANS 5613 RC 30-38

I\/iin
Mout
14 Tmax

Ring, in-Plane Moment
Ring, Cut-of-Fiane Moment
Ring. Maximum Twisting Moment

4

1]

Figure 1-4 Reactor Support Stress Summary
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Figure 1.5 Reactor Core Support

pacE NO. 137



PRAT: & WHITNEY AIRCRAFT PWA-2251

All of the radiators in the powerplant are coplanar and are supported
within the radiator support structure, one-half of which is shown in
Figure 1-6. The radiators are secured within this structure
and are allowed to grow thermally against leaf springs located within
the lower marifold supports. Attachment for thia structure occurs at
the main forward and aft support rings. The structures are hung in
tension from the upper ring and can grow thermally relative to the
;aunch structure by four expansion joints located on the aft svpnort

" ring. During laarch the radiator structure is free to grow axially and
radially but is guided laterally by the launch structure.

Figure 1-7 showe the main and auxiliary radiator tube stresses. Pro-
vided the launch structure is essentially rigid, the vibratory input will
be attenuated to legs than 1 G in the first mode. However, resonance
could occur if the higher modes are excited. Damping or methods tc
ensure that the higher modes will not be excited can be incorporated
in the design.

The powerplant support structure is divided into two sections, the launch
structure and the inflight structure. The launch structure which sup-
ports the powerplant above the launch vehicle is hinged to the vehicle

at the aft support ring (Figure 1-8). This structure is rotated outboard
at the time of vehicle separation. The inflight structure supports the
vehicle in space.

The launch structure is divided into four quadrants, each quadrant
forming a trugsed coiumn approximately 95 fest long. When installed,
the four quadrants are mechanically tied together by shear webs (Fig-
ure 1-8, Section S-S) to comrrise a single structure unit of high rigidity.
This single unit becomes the launch weight support system for all liquid
metal components, including the main radiators. Individual truss mem-
bers are sized on the basis of buckling and load carrying requirements.
Where necessary, wall thicl.nesses are increased in weld zones to pro-
vide adecquate weld areas.

The primary liquid metal system is mounted on top of the launch struc-
ture (Figure 1-8). The secondary liquid metal svstem is hung inside

the launch structure, i.e., the radiators and all secondary system
plumbing are supported by permanent structure which is attached to the
forward and aft support rings. This arrangement places the inflight
structure in tension during launch, an arrangement that precludes the nec-
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Figure 1-6 Radiator Support Framework
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Figure 1~7 Radiator Tube Stresses
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Figure 1-8 Structural Schematic
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essity of designing for buckiing. This arrangement also provides the
intermediate permanent structure with good transverse support and
full freedom for axial thermal expansion.

Prior to laanch, all liquid metal -containing components (reactor, pip-
ing, pumps, and radiators) will be preheated to 700°F by means of
inert gas. A gas-tight insulated enclosure will be provided around
all of these components as shcwn by Figure 25. This blanket wiil be
stripped away from the radiator surfaces by the remocval of the launch
structure. From the startup studies, it is anticipated that the launch
structure will attain a temperature of approximately 300°F prior to
launck.

Figures 1-9 and 1-10 show the primary structure and 2 summary of the
critical members in the structure. The size of these members at the
base of the structure is 13.75 inches in outside diameter to reduce the
stress below the yield strength and to get a minimura buckling margin
of 30 per cent.
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98FT
toial weight = 67,000 1bs

launch loads

PWA-2351

a) 12G vertical

b) % 5G horizonta:

critical member surmmary

material AMS 4910 titanium
Tmax = 300°F

max, load 5C horiz. = 445,000 lbs
max. load 12G vert. = 92,000 lbs
9 max = 72,000 psi
yield strength at 3CO°F= 80,000 psi
buckling load = 575,000 1lbs
section properties
outside diameter = 13.75 in.
inside diameter = 13,60 in.

ELEVATION

CRITICAL/
MEMIER

33FT.

Typical Crass-Section

Figure 1-9 Launch Structure
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APPENDIX 2

A. Comparison of Powerplant Configurations

This appendix presents the results of a preliminary study performed
to compare the weights of 3. 25-megawatt powerpleats with two radiator
configurations, 1) planar, and 2) cylindrical. The purpose of the study
was to aid in the selection of a minimum weight arrangement for the
reference powerplant design. This is desirable, both to minimize
launch vehicle requirements and to maximize payload capability. The
initial comparison was made as shown in Figure 2-1 using the parame-
ters for the power-conditioning equipment that were available at the
start of the design effort. Upon receipt of new conditioning equipment
data from Westinghouse, a revision of the weight estimates presented
in Figure 2-2 was made. Support studies were performed for cylindrical

shields and radiators, and the resultsof these studies are presented in
Appendix 3 and 4, respectively.

In addition to the two alternative configurations, two types of power-
conditioning equipment were considered, 1) low-temperature solid

state equipment, and 2) high-temperature gas tube equipment. The op-
erating temperatures and the efficiencies for this equipment are impor-
tant because they have a drastic effect on auxiliary radiator area, over-
all weight and powerplant configuration.

1. Initial Compazrison

The alternatives given above result in four possible powerplant configura-
tions which are shown in Figure 2-1. The estimated system specific
weights which were based on the initial power-conditioning equipment
data are also given in the figure. Comparing the planar configurations
with the cylindrical (1,2 vs 3, 4) it can be seen that the former have a
lower weight, This is due primarily to the shield weights which are
listed below.

Shield Weight - 1b

Low-Temperature High-Temperature

Power-Cond. Equip. Power-Cond. Equip.
planar 6,900 1bs 7,200 lbs
cylindrical 17,000 18,400
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14 1 i
’ smo;r'rz L
L 1 \ 44
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Reference Design

(@) MIGH-TEMP. AUX. RADIATOR

23.4 lbs/KW L-”'*l

CONICAL & CYLINDRICAL RADIATOR
() LOW-TEMR AUX. RADIATOR

1

34

49
Trmal660°F
st !
| Tmei3ZF
A

THERMAL
BARRIER

27,6 Ibs/KW 33—

Figure 2-1

() HIGH-TEMP. AUX. RADIATOR
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[Tm2460°F

t

26.9 1bs /KW

-3:3'-4

Radiators fcr 3.25-MW Thermionic Powerplant
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PLANAR KADIATOR
LOW-TEMR AUX. RADIATOR
R
; : HICH-TEMR AUX. RADIATOR
X i
| 156' ’
' 20
.
"y

| s

23. 4 1bs /KW F—38—t—26—~ 30,7 lbs/XW

CONICAL & CYLINDRICAL RADIATOR
LOW-TEMP AUX.RADIATOR

!
33!
1 e HIGH TEMP. AUX. RADIATOR
49’ 1
34'
$— }L__
s’ se' |
_L__. 9’
26,6 Ibs/KW J

34,2 lbs/KW

Figure 2-2 Revised Estimates Based on New Power-
Conditioning Information
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The cylindrical powerplant shields are larger and therefore heavier,

since they must provide a solid angle of shadow defined by the conical
portion of the powerplant. T'is requires the geometry of the shield

for the cylindrical powerplar.t to be a truncated cone while only a slab
shaped shield is required for the planar powerplant. Also, since the
cylindrica. powerplants are shorter, the reactor is closer to the dose
point which requires the axial thickness of these shields to be greater
than the thickness for the planar configurations. A comparison of the
weights of the radiators for both configurationa shows that there is no

significant difference hetween them (see Appendix 4 for cylindrical ra-
diator weightu).

Comparing the powerplants employing low-temperature power-condition-
ing equipmeat with those using the high-temperature equipment (1,3 vs
2,4) ~hows that the low-temperaiure powerplants are moderately heavier,
but significantly larger. Since the payload anclosure of the launch vehicle
is of fixed diameter, the low-temperature powerplants are much longer,
requiring increased launch structure weights. In addition, the low-tem-
perature planar configuration requires the deployment of a part of the
auxiliary radiator which places an additional reliability restriction on
this powerplant.

Based on the above comparisons, the planar configuration utilizing
high-temperature power-conditioning equipment was selected for the
12ference design. This configuration results in the lowest inflight
weighi which, as shown in the analysis of payload capability, permits
the greates' payload delivery at the end of the mission. Thc lightest
powerplant in .pace requires the least amount of fuel for propulsion

so that additional pavload can be carried aboard. In addition, the planar
configuration wius selected uver the cylindrical because the launch
structure can be jettisoned more easily. Although the weights given

in the figure do not include launch structure weights, it can be assumed
that the in-flight weights of cylindrical powerplants will also be greater
because of the inherent difficulty in jetiisoning all of the launch structure.
This can be anticipated, since some of the launch structure for the
cylindrical powerplants will probably be contained within the radiators.
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2. Revised Coryariégg_

The study described above and the selection of the configuration ‘or the

reference deeign powerplant was made prior to the publication of Ref- ,
arence 1 which concerns space power-conditioning equipment. This .
report presented conditioning equipment weights and required heat re-

jection systems that were different from the data used for the re-

ference design. For example, a specific weight of 5 1bs, KW(e) was

assumed for both the high and low-temperature equipmen* whereas the

r>port showed *this cstimzte to be slightly pessimistic, by 1l lbs

KW(e), for the low-temperature equipment but very optimistic, by

5 1ba/KW(e), for the high-temperature equipment. Also, an etficiency

of 93 per cent was assumed for the high-temperature equipment where

the report published efficiencies of less than 80 per cent. However,

the error in this assvmption was mitigated by the selection of a con-

servative operating temperature of 500°F, whereas the report

indicated operating tcmperatures of 1100°F. The estimated heat re-

jection temperature and efficiency for the low-temperatur_ equipment

were correct. Therefore, the radiator area used in the eriginal study

for both the high and low-temperature equipment is within reason. The

weight assumed for the high-temperature equipment, however, is not.

A .e-evaluation of the specific weights and the system parameters was

made based or the new data given in the referenced report. For the -
systems employing the high-temperature equipment, the auxiliary ra-

diator employed NaK as a coolant and stainless steel as the contain-

ment material. The revised weights and powerplant dimensions are

shown in Figure 2-2, and some of the system parameters are given

in the table . As was mentioned previously, tte initial assumptions

concerning efficiency and heat rejection temperat.. - were somewhat .
compensating so that the changes in the sizes of the radiators did not

significantly change the powerplant dimensions.

1Westinghom.:e Electric Corporation, Aerospace Electrical Division,
Space Electric Power Systems Study, Volume 5
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Revised System Parameters

Low-Tenp. High-Temp.

_Zquipment Equipment
Powerplant Specific Weight (Inflight, lbs/KWk) 23.4 30.7
Overall System Efficiency, % 16.5 8.8
Auxiliary Radiator Area (Projected one-side),
f2 3180 365
Auxiliary Radiator Weight, lbs. 3250 18C0
Average Auxiliary Radiator Temperature, °F 132 962
Average Auxiliary Radiator Materiais MIPB-AL Nak-S.S.
Power-Conditioning Equipment Efficiency, % 93 78
FPower-Conditioning Equipment Specific
Weight, 1bs/KWig) 4 10

Comparing the new weights of the powerplants shows that the planar
configuration utilizing high-temperature equipment is no longer the
lighiest. Both the planar and the cylindrical configurations employirg
low-temperature equipmen* are lighter. However, the much greater
lengths of these powerplants will require heavier launch atructure.
Also, it can be anticipated that the inflight weight of the cylindrical
powerplant will be greater than that showa, due to the difticulty in
jettisoning launch gtructure.

There are other corsiderations and trade-offs that rmust be taken into
account before a complete evaluation can be made. Therefore, although
it may appear at first that the new data causes a change in the gselection
of the powerplant, additional design and analyiical studier must be con-
ductu:d to determine with confidence the best possible configuration.
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B. Y¥Vehicle Payload Analyeis

Payloads have been estimated for a typical one~way Jupiter orbiter using
a propulsive powerplant with 3. 25 megawatts net electric output. The
powerplant grcund launch weight and interplanétary flight weight were
considered parametrically to permit comparison of vehicle performance
with various powerplant configurations. The pcwerplant flight weight
was found to b2 usually the more important factor in determining the
spacecraii payload. For examgle, it was also found that for the ref-
erence powerplant, if the inflight weignt is increared by 1 pound, and
the launch weight decreased by 1!b, the payload capability reduces by
0.4 1b. Whereas, if the launch weight is increasec by ! pound and the
inflight weight decreased by 1 1b, the payload capability increases by
0.4 1b. This result is .unportant when comparing powerplant configura-
*ions and indicates that the lighter inflight powerglint can deliver a
greater payload even if the launch weight i; heavier.

The Mission

The specific missioa consicdered was an 825-day transfer from a 300-
nautical miie earth orbit to a satellite orbit around Jupiter at an
altitude of 50,000 nautical miles. For the varions powerplant con-
figurations examined, the transfer time from earth orbit to a high
altitude elliptic orbit around Jupiter (a situation in which the space-
.raft is barely captured by Jupiter's gravitational field) varies from
about 630 to 650 days, and the minimum propulsion time required to
spiral down from this condition to a 50,000 nautical miie circular orbit
varies from about 195 to 175 days, Th= minimum total flight time is
825 days in all cases. The spiral time can be lengthened if desired
(with a resulting increase in total missicn time) by either reducing
thrust or by using intermittent instead of continuous thrust. Observa-
tion time at various altitudes can be adjusted in this manner, as
desired.

Performance Results

It was assumed that the launch vehicle could boost 226,000 pounds into
a 300-nautical mile earth orbit.

With low-thrust electric propulsion systems, high acceleration loads
will be encountered only during the initial launch from the ground int-
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earth orbit. Consequently there will be a large portion of powerplant
support structure which is required only during this high acceleration
phase. Some pewerplant designs may permit jettisoning of this structure
once the spacecraft has reached its earth orbit. Jettisoning this structure
is advaniageous since it is merely dead wcight so far as the remainder

of the mission is concerned.

Figure 2-3 shows the spacecraft propellant requirement for this typical

130
FINAL ORBIT ALTITUDE = 50,000 NAUT. ML
MISSION TIME = 825 DA .

120 PROPULSIVE POWER = 3.25 MW (ELECTRICAL)

no

90

PROPELLANT WEIGHT - LBS 10°

70

60

0 10 <0 30 40 50 60

JETTISONABLE LAUNCH STRUCTURE - LBS X10°

Figure 2.3 Dropellant Requirement for Jupiter Satellite Mission
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mission as a function of the dead weight that can be jettisoned, assum-
ing thatr a votal of 226,000 pounds is originally placed in earth orbit.
Results are shown for various thrustor efficienciet.

Figures 2-4 and 2-5 show the resulting gross payioad as a function of

the powerplant flight weight (weight after jettisoning launch structure)
and powerplant launch weight (weight before jettisoning launch structure).

T

FiNAL ORBIT ALTITUDE: 30,000 NAUT M.
MISSION TIME = 625 DAYS

TROPULSIVE POWER = 3.25 MW (ELECTRICAL)
iON THRUSTOR EFFICIENCY = .85

GROSS PAYLOAD WENHT - LBS X 100

0 1 1 1 i —
40 50 60 .o 80 0
POWERFLANT FUGHT  WEGHT
38 X 10°

Figure 2.-4 Jupiter Satellite Fayload. Ion Thrustor Efficiency = .85
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20 FINAL ORBIT ALTITUDE = 50,000 NAUT. MI.
MISSION TIME = 823 DAYS
\\ PROPULSIVE POWER = 25 MW (ELECTRICAL)
IO THRUSTOR EFFICIENCY » 96

80 \  PONERPLANT

LAUNCH WEIGHT
50,000 LeS
N

(GROSS PAYLOAD WEIGHT -.8S X 105

40 80 €0 70 80 20

POWERPLANT FLIGHT WEIGHT - LBS X 10°

Figure 2-5 Jupiter Satellite Payload. Ion Thrustur Efficiency = .95

Thrustor efficiencies of . 85 and .95 were used for Figures 2-4 and 2-5,
respectively, To obtain net useful payload one muat subtract, from ihe
gross payload shown in the figures, an allowance for the weight of hard-
ware such as thrustors, guidance and navigation equipmen:.

It can be seen from Figures 2-4 and 2-5 that the powerplan: fiight weight
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generally influences the payload capability mcre significantly than does
the powerplant launch weight. For an example, assume that the thrustor
efficiency is .85. Then Figure 2-4 shows that a gross payload of 31,500
pounds can be obtained if the inflight powerplant weighs 70,000 pounds and
no launch structure is jettisoned. The same payload can be obtained,
however. if the powerplant weighs 90,000 pounds at takeoff provided

that sufficient launch structure can be jettisoned in earth orbit to reduce
the powerplant flight weight to 63, 000 pounds. Similarly a powerplant
with a 120, 000-pound launch weight and a 52,000-pound flight weight
would permit the same payload.
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APPENDIX 3

Shielding Studies

A nuclear shield is employed in the powerplant to provide shielding for
the power-conditioning equipment. The semiconductor componente of
this equipment were used for setting the maximum allowable radiation
dose. The total integrated dose over a 20, 000-hour period was set at
1013 nvt (fast) for neutrons and at 107 rads for gammas.

The shielding analysis was performed for the reference powerglant
shield and for a cylindrical powerplant shield. Figures 3-1 and 3-2
show the models used for the nuclear analysis and the optimized dimen-
sions, Studies for bcth shields were performed to aid in the selection
of a configuration for the reference powerplan: (see Appendix 2).
Figure 3-3 shows the location of the shield and the distance between the
reactor and the dose point (thepower-conditioning equipment) for both
powerplants.

In the analysis, the shield is separated into a direct shield and a scatter
shield. The direct shield is cylindrical and is equal in diameter to the
outside diameter of the reflector which surrounds the reactor. The
scatter shield fills the space between the direct shield and the powerplant
envelope and attenuates neutron radiation striking the radiators which
scatters into the power-conditioning equipment. The thicknesses of

both shields were optimized on a minimum weight basis by varying the
fraction of allcwable dose through each portion of the shield.

Direct Shield

The direct shielding thicknesses required to achieve the allowakhle dose
were calculated by use of a one-dimensional multigroup neutrca diffusion
code with a gamma and neutron ahielding subprogram. The reference de-
sign reactor dimensions and compositicn were used in the code mockup.

Three materials were ~onsidered for use in the shield, 1) borated

graphite for the high temperature portion of the shicld, 2) tungsten
for gamma shielding, and 3) lithium hydride for neutron shielding. It
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Figure 3-1 Reference Powerplant Shield
Specific Weight 2. 22 lbs/KW {e)
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INSULATION
CARBON L!'THIUM HYDRIDE

- |35Ty- !

15°
7N DIMENSIONS IN INCHES

Figure 3-2 Cylindrical Powerplant Shield
Specific Weight 5, 65 ibs /KW (c)
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SHIELD

Powerplant Layout

D:se Point
L

85' Reference Powarplant
(planar radiator)

62' Cylindrical Powerpiant
(cylindricai radiator)

Figurc 3-3 Vehicle Layout
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was decided ‘~ use borated graphite in the shield to reduce the heat
generation * > lithium hydride due to neutron heating. The addition
of this mater..l eliminated the need for gamma shieldiag so that the
final shield designs contained only borated graphite and lithium hydride.

In the discussion of shield heating it will be shown that 8 inches of borated
graphite is needed to thermally protect the reference powerplant shield
and 13.5 inches is necded to protect the cylindrical radiator shield.

¥rom th: shielding analysis, it was found that approximately 2 inches

of borated giaprite would replace 1 inch of lithiurm hydride. Thus, when
the graphite shielding was added, the lithium hydride thickness was re-
duced accordingly.

The results of the aralvsis of the direct shield for the reference power-
plant are given ir Figures 3-4 ana 3-5. Figure 3-4 snows the neutron
dose rate at the dose point as a function of the neutron shield thickness.
Figure 3-%5 shows the gamma dose as a function of garnma shield thick-
ress and reucron shield thickness. This figure i8s included for 1llustra-
tive purposes only, egince it was later found that the addition of borated
graphite eliminated the need for gamma shielding. In determining the
allowable dose rate, a conversion factor of 7,000 n/cm?-sec equal to

1 rem/hr was used. For 20, 000 hours this gives an a’lowable neutron
dose rate of 19.8 rem/hr.

In the optimization of the shield, the allowable dose rate through the
direct anc scatter shields was varied. This caused the shield weights
to vary as shown in Figures 3-7 and 3-9. The minimum weight shield
for the reference planar powerplant results when the direct and scatter
dnses are equal. %or the cylindrical powerplant, the optimum shield
resuits when 3C ner cent of the dose is allowed through the direct ahieid
and 70 pr :ent “urough the scatter shield.

Scatter Shield

The scatter shield is sized so that the radiator does not have » direct
unshielded view of the reactor from which to scatter radiation into the
n.wer-conditioning equipment. Thus, the scafter shield extends out-
ward fi ~m the direct shielu to cover *he "0 degrees of the vehicle

0. o1 :. The scatter shield fo. the reierence powerplant has a thizk-
@ verpendicular to the radiator equal to the outside diameter of the
reflector. For the cylindrical powerplant, the shield geometry is that
of a truncated cone.
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Figure 3-4 Neutron Dose Rate vs LiH Neutron
Srield Thickness

The radiator can scatter both neutrons and gamma rays iato the power-

cenditioning equipment, The dose from gamma scattering is not signif-
icant since the sorated graphite reduced the gamma dose to well below

the total allowable gamma dose,

To determine the neutron scattering ofi the radiatora, the reactor was
considered a point isotrcpic scurce. The neutron dose reaching the
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Figure 3-5 Gamma Dose Rate vs Tungsten
Shield Thickness

power-conditioning equipment after originating in the reactor and being
scattered off the planar radiator was determined by numerical integra-
tion. This integral considered single scattering, the solid angle be-
tween the reactor and radiator, and the solid angle between the radiator
and power-conditioning equipment. Figure 3-6 shows a plot of the con-
tribution to total dose from each section along the radiator leugth. The
scatter chield thickness was determined by attenuating the scattered
neutror dose until it equalled the allowable scatter dose. Figure 3-7
shows the scatter shield weight and total chield weight versus the
allowable dose ratio for the planar radiator shield. These weights
include the weight of the borated graphite thermal shield.
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Figure 3-6 Scattered Dose. Planar Radiator

Tou determine the neutron scattering off the cylindrical radiator, an -
equation vias devised using a cylindrical radiator model with the reac-
tor as a point isotropic source. Jly consicering cingle scattering, the
tolid angle tetween the reactor and radiator, and the solid angic be-
tween the radiator and power-c:onditioning equipment, the following
integral was formulated.
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dy
d¢8 = 8x - /b- (yZ + a&) _[Ty - yl)z + a‘]

where és = scattered neutron flux, n/cm?2
Zg = macroscopic fast neutron Scattering cross-section

S = neutron source strength
t = radiator thickness
a = one half the raidator diameter
1 = source to dose point distance
y = variable axial distance between source and aft

cnd of radiator
b = distance between source and forward end of radiator
c = distance between source and aft end of radiator

]

o T T T
Reference Powerplant
8000
TOTAL SHIELD WEIGHT
7000
€00v
3
| $000 SCATTER SHELD :
'é B o 1%1.
w
3 4000
3000
S CT_SHIELD WEISH:
2000
1000 ;
oL -
0 10 20 30 « 80 60
PER CENT THROUGH DIRECT SHIELD
! V A 1 L o

T
100 90 8C 70 60 89 40
PCR CENT THROUGH SCATTER 3+I L

Figure 3-7 Shield Weight vs Allowable ilose Cis‘ribution.Flat
Flate Radiatcr
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After integraticn the equation reduces to th> following form

c

- Tta S 1 -1y, .1 2432 1 S1.Yi-Y
$g = 4,(4a2+yl‘[> [a tan (a) +Y1 ln-—l—(y_YI)z——z-+a - I tan (._L_a ) )

Since this equation is for a pure cylindrical model and the radiator actu-
ally has a small cone-shaped section tapering towards the reactor, a
comparison was made to test the accuracy of the model. By numerically
integrating the dose: ofi the partially cone-shaped radiator, it was found
the total scattered dose compared very closely with the total scattered
dose from the analytical model. Figure 3-8 shows a plot of the contritu-
tion to total dose from each point al-ng the radiator length for the anal-

Cylirdrical Powerpliant

~ |
REACTOR |L Dose Point

0 5 W s 80’

N
o

 Analytical Model

o

g
-
-

§h~-

N\

[} s?'
Distance from Shield - Ft

PER CENT OF CONTRIBUTION
TO TOTAL SCATTERED DOSE

Actual Configuration

o

Figure 3-8 Scattered Dose. Cylindrical Radiator
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ytical model and actual configuration. Again, the shield thickness was
determined Ly attenuating the scattered neutron dose down to the allow-
able dose. Figure 3-9 shows the scatter shield weight and total shield
weight versus the allowable dose ratic for the cylindrical radiator shield.

20,000 T :
TOTAL SMIELD WEIGHT
I |
18,000
16,020 J—
JU—
SCATTER SAELD WEIGHT
14,000
|
12,000 —
? Cylindrical Powerplant
+ 10,000 —t
b 4
@
(7]
® 4000
#000 —
4000 —
F DIRECT SMIELD WEIGHT
2000
)
) 0 2u_ 30 4 850 60
PER CENT THROUGH DIRECT SHIELD

L J i 1 | Jd
100 %0 0 T0 0 6 %
PER CENT THROUGH SCATTER SHIELD

Figure 3-9 Shield Weight vs Allowable Dose Distribution. Cylindri-
cal Radijator

.

Shield Heating_

The heat generation due to neutron and gamma radiation frcm the re-
actor was determined by utilizing a one-dimensional multigroup neutron
diffusion computer code with gamma and neutron heating opticns, Gamma
and neutron heating was calculated both for an all-lithium hydride shield
and a borated graphite-lithium hydride shield.
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Li7H was used for the neutron snield, due to the high alpha heating in
Li%, When a neutron is absorbed by a Lib atom, the atom disintegrates
to form a helium atom and a tritium atom. This reaction is significant
since the helium atom is stopped almost immz:diately and the heating is
localized. The analysis considered both the reactor and plenum as ccn-
sisting of homogeneous mixtwres, The neutron heating in the reactor
and in the planar radiator shield is shown in Figures 3-10 and 3-11,

The gamma radiation heating is shown in Figures 3-12 and 3-13, In

the ho.nogeneous regions such as the core and plenum, the gamma
heating was calculaied in individual materials as indicated on the figure.
The total heating in each of the shieid componsnts is shown in Figure
3-14.

To obtain the steady-state temperature distribution in the shield, a two-
dimer.zional heat transfer analysis was er:pioyed. Heat removal from
the shield was based on radiating to space fro.n the shield surface. The
heat generation in each of the shield components was approximated by
an exponential equation in each component.

The sides of the shield facing the reactor and the radiator were insulated
to prevem radiation heat transfer from these components to the shield.
Therefore. in the analysis, adiabatic boundary conditions were imposed
on these sides of the shield. For the reference powerplant, the shield
has two dimensions perpendicular to the powerplant axis, One .~ equal
ta the outside diameter of the reflector and the other is sized to fit with-
in the angle of the nose cone, The latter is the longest dimensiin and
was considered as being infinite in the analysis. Therefore, it wvas
assumed that there was no heat (low perpendicular to the surface shown
in Figure 3-15,

In the first analysis, it was assumed that the shield contained Li’H

only. The high heating and low thermal conductivity produced 2 maxi-
mumn temperature of 6826°F, Since this temperature is well over the
maximum ope rating temperature of lithium hydride, borated graphite
had to be added to reduce the heat generation in the lithium hydride.
Several calculations were run at various thicknesses of borated graphite,
to determine the thickness that would keep the lithium hydride tempera-
ture below its maximurn operating value of about 800°F. The borated
graphite is at a much higher temperature than the litkium hydride and
heat flows into the lithium hydride causing increased temperatures.,
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COMPONENT THICKNESS- IN.

Figure 3-14 Total Shield Heating vs Shield
Component Thickness
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Figure 3-15 Shield Temperature Distribation
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Therelore, it was necessary o insulate the lithium hydride irom the bo-
rated gcravhite with a near-adiabatic layer of insulation. This insulation
consists of layers of thin meta:i foil and resuits in an extremely low
conductivity. Thus. it was determined that 8 inches of borated graphite
was needed to keep the heating in the lithium hydricde at an aliowabvle
level, and 2 inches of insula.’on was needed to prevent a large amount
of heat flow from the borated grapiaite to the lithium hydride. The final
shield temperatur es are shown in Figure 3-15. Although a complete
temperature grid was obtained, only representative tcmperatures c:e
shown. The maximum lithium hydride temperature is 750°F, an allow-
able cperating temperature. The total heat aeposited in this shield is
59. 6 kilowatts: 36.3 kilowatte in the borated graphite and 23. 3 kilowatts
in the lithium hydride.

The cylindrical radiatcr shield has the shape of a truncated cone, 30 it
was inocked up in two-dimensional R-Z coordinates. With the t- > end
conditions adiabatic, this allcws for heat flow in the racdial direction.
Since the radial dimension is greater than the dimensjon of the narrow
part of the planar radiator shield, heat has further to flow and conse-
quently the maximum temperatures ;:re greater in ihe cylindrical radi-
ator shield. This increase in the ma:imum lithiurn hydride temperature
dictated a g ater thickness of borated graphite. To reduce the maxi-
mum lithium nydride temperature to that of the flat plate radiator shield,
13.5 inches of boraied graphite were needed. The final shield tempera-
tures for the cylindrical vadiator slield are shown in Figure 3-16. The
total heat deposited in this shield was 156.7 kilowatts: 137.2 kilowatts
in the borated graphite and 19.5 kilowatts ic the lithium hydride,

In the final design, perhaps more borated graphite might be needed in
the shield due to the effect of variables not included in this study. For
example, the lithium hydride was corsidered as being continuous when
in actuality it may be discontinuous, thus reducing the effective thermal
conductivity. Also, the temperatures may be highcr due to the lack of
a perfect thermal bond between the components and cladding.
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APPEN)II 4
Cylindrical Radiator Study

The results of an analysis of cyliadrical radiators performedu to 2id in
the comparison cf planar and cyiindrical powerplants are presented.
The studv included the analysis of both tiie main and auxiliary radiatoxs,
and assum.ed heat rejection from the ouwiside radiator surface only. The
analysis was performed independently of a complete systems analysis
so that the size and weight values determined may not be the exact op-

timums, tut sheuld be representativz of the optimum values. Parameters

such as pressure drop, radiator reliability. and heat rejection rate and
temperatuze for the analysis were taken from the systems analysis for
the planar powerplant.

Three fin-tube radiator designs, Figure 4-1, for the liquid lithium main

radiator and two hidden-tube radiatcr designs, Figure 4-2, for the
monoiscpropylbiphenyl auxiliary radiaior arvs presented.

BARRIER

Figure 4-1 Fin-Tube Radiator Design

FIN

& — |

TUBE

BUTTON
BARRIER

Figure 4-2 Hidden-Tube Radiator Design

Main Liquid Lithiuin Radiatos

For the liquid lithium radiator the fin-tube radiator design deinonstrated
a weight advantage over the hidden-tube radiator design. The radiators
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were designed to reject 9. 13 x 107 Btu/hour from sixteen parallel cir-
cuits with a radiator pressure drop of 4. 6 psi and to be compatible with
the vehicle design shown in Figure 4-3.

6LSFT

-— S G e

Figure 4-3 Vehicle Design

The following requirements were placed on the main radiator design:

1) Total heat rejection rate = 9.13 x 107 Btu/hour
2) Number of segments = 16

3) Inlet temperature = 2380°R

4) Outlet temperature = 1935°R

5) Flow rate per cegment = 3.676 lbs/sec.

6) Radiator pressure drop = 4.6 psi

7) Coolant, liquid lithium

8) Tube and barrier-material, Cb-1Zr

9) Reliability per segment =0.8696

The recommended design consists of four segments arranged as a cone,
plus twelve segments arranged as a cylinder. This configuration is
considered toc provide the best balance between powerplant height and
radiator weight. The results of a study of three designs for the liquid
lithium main radiator are presented below.
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Mn. of Segments Total Radiator Vehicle
Design Cone Cylinder Weight,lbs _Area, sq.ft Height, ft
1 0 16 10, 630 3846. 4 99. 65
4 12 10, 498 3752.4 90. 1
3 8 ] 12, 430 3627 80.57

Design 1 was rejected because the additional powerplant height weuld
require an increase in support structure weight. Design 3 was rejected
because ol an excessive increase in radiator weight for the reduction

in vehicle height gained.

The corfiguration chosen for the three designs was one in which the
manifold and collector are parallel to the circumference of the vehicle
and the tubes are parallel to the vertical axis of the vehicle. This
offered the advantage of setting the number of tubes and hence the fin
width by means of the pressure drop assigned.

A space radiator design computer program was used in the design ol
the radiator. The analysis which formed the basis of the program con-
sidered:

1) Different manifold and collector designs,

2) Location of fin to tube in determining their respective view
factors to space,

3) Meteoroid protection and reliability,

4) Temperature drop in tube wall, root and fin,

5) Variation in heat transfer coefficients, and

6) Variation in fin effectiveness and fin thickness.

The program contains an cptimization routine for computing a minimum-
weight radiator by variation of any number of continuous independent
variables.

In the analysis it was assumed that eighty per ¢ ent of the total radiator
pressure drop was in the tubes and ten per cent in each of the headers.
The radiator consisted of constant-thickness fins and a nontapered mani-
fold and collector. The positioning of the manifold and collector was
such that (hey were radiating to space. The metzoroid equation used in
the analysis to calculate the thickness of the barrier material required
for the manifold, collector and tubes was:
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__0.01118 ar ]0-248
in T,V % -lnP

where = density of material,gm/cm3

sound velocity in material, km/sec
vulnerable area, ft

mission time, hours

probability of no meteoroid penetration

un

P
C
A
T
P

The characteristics of the all-cylindrical radiator designed in this
manner are tabulated prelow:

Total area = 4,272 sq ft

Total weight = 9,000 lbs

Inside diameter of tubes = 0.130 inch
Thickness of barrier = 0.104 inch
Number of tubes per segment = 219
Tube-to-tube distance = 0.90 inch
Thickness of fin = 0.0133 inch

The fin in this design was considered to be too thin to manufacture. To
obtain a suitable fin thickness of 0. 030 inch, an off-optimum radiator was
chosen. The characteristics of this radiator are tabulated below and shown
in Figure 4-4.

Total area = 3,346 sq ft

Total weight = 10, 630 lbs

Inside diameter of tubes = 0.130 inch
Thickness of barrier = 0. '.'7 inch
Number of tubes per segimert = 206
Tube-to-tuhe distance = 1.178 inch
Thickness of fin = 0.0319 inch

In an attempt to reduce the powerplant height, a design involving four
segments on the cone and twelve on the cylinder was investigated. The
basic planform of the segments on the cone was rectangular. These
were arranged to cover a major portion of the surface of the cone. A
trapezoidal planform would cover he entire surface of cone but a com-
plex configuration is encounrered in this design. Analysis requires the
calculation of:
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Radiator Data and Dimensions

plan area = 240.4 sq ft/segment
length of manifold and collector =

25.918 ft

length of tubes = 9,275 tt
numpber of tubes = 206
overall radiator effectiveness =

0.735

fin effectiveness = 0. 72

radiator pressure drop = 4. 6 psi

heat rejection per segment
=5.7x 106 btu/hr

Figure 4-4

Main Radiator.

flow rate per segment = 3. 67 lbs/sec
radiator weight = 10630 1b
diameter of tube (dt) = 0. 130 inch
thickness of outer barrier (tt)
= 10,1017
shielded barrier thickness (di) =
0. 0373 inch
thickness of fin (tf) = 0. 0319 inch
width of fin (21f) = 0. 589 inch
diameter of manifold = 1.5 inch
diameter of collec‘or = 1,67 inch

Fin-Tube Configuration.

Radiator Data and Dimensions
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1) Manifold and collector geometry due to change in iength,

2) Fin tnickn(ss to maintain fin effectiveness with tapering fins,
3) Shielded barrier thickness due to varying fin thicknes;, and
4) The temperature drop in the root and fin.

The characteristics of the off-optimum radiator with a rectangular plan-
form conforming to the st .vlatioa of a minimum 0. 030 inch fin thickness
are tabulated belcw and shown in Figure 4-5.

Segments Cone Cylinder
Total area, sq ft 867 2,880
Total weight, ibs 2,525 7,973
Inside diametzzr of tubes, inch 0.130 0.130
Thickness »f barrier, inch 0.1045 0.1017
Mumber of tubes per segment 219 206
Tube-to-tube distance, inch 0.812 1.178
Thickness of fin, inch 0.0266 0.0319

The last design irvestigated (Figure 4-6) consister of eighi rectangular
planform segmen.. placed on the cone and eight on the cylinder. This
design was unsatisfactory since the weigh! of the additional four rec-
tangular planform sections increased the weight of the entire radiator
by approximately 2000 pounds. The characteri:tics of the design are
tabulated below:

Segments Cone Cone Cylinder
Total area, sq ft 836 867 1,923
Total weight, lbs 4,590 2,525 5.315
Inside diameter of tubes, inch 0.130 0.130 0.130
Thickness of barrie., inch 0.1223 0.1045 0.1017
Number of tubes per segment 250 219 206
Tube-to-tube distance, inch 0.517 0.812 1.178
Thickness of fin, inch 0.0260 0.0206 0.03219

Auxiliary Monoisopropylbiphenyl Radiator

The four-parallel-circuit design for the monoisopropylbiphenyl auxiliary
radiator was dete. mined as a function of pressure drop. The hidden-
tube desigr exhibited a definiie weight advantage over the fin-tube design
for this particular radiator. The following requirements were placed
on the des:ign:
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Figure 4-5
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Data and Cimensions

radiator and barrier material
plan arca per segment

length of manifoid a

iength of tubes
number of tubes

ollector

overall radiacor effectiveness

fin e!fecivenes«

radiator prevs' “e drup
Leat rereclion per segmen®
flow rate per segmer:

weight of segments

4iameter of tube (dt)
thickness of outer barrier itt)
<hic.ded barricr thickacss {di1)

thickness of fin {¢f)

wadtn of fin {z1f)

diameter of mamfold
d,ameter of collector

Main Radiator.
Segments 1-4 and 5-16

race NO. 183

Segmenis 1-4

Segments S5-10

Cb-12:
hd

4.6 pay

5. 7x106 bea/hr
3.676 'ba/sec
2525 lbs

0.13 anch
0.104% inch
0.035% {ach
0. G266 inch
0.4086 inch
1.42 inch
1.59 wnch

Cb-17¢
246.4 1°
2%.918 it
9.215 &

296

0.73

0. 70

4.6 psa

S Tx10% beu/hr
3. 676 ibs/sec
7973 lbe

13 inch
1017 incn
.037., inch
0319 inch
589 iach
.3anrh

i1.€7 arch

emoos

Fin-Tube Configuration.
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Data and Dimensions

Seg te 1-4 Segments 5-8 Segments 9-16
radiator ard barrier material Ch-13 Cb-1Zr Cb-1Z¢
Cin Afea per segmant 279 ft 216.5 12 2403 1t
lergth of marafold and collector 16 ft 21 ft 25.91i8 1t
length of tubes 13.06 f¢ 10.33 {¢ 9.275 ft
number cf tubes 250 219 206
overall radiatar clfecliveness 0.846 0.815 ¢
fin e{fectiveness 0.691 0. 807 0.70
radiator pressure drop 4.6 pei 4.6 pei 4.6 pai
heat rejection per segment s 7x106htu/hr 5. Tx106 btu/hr 5. 7 10° btu/hr
flow rate per segment 3.676 lbs/aec  1.676 1be/eac 3.07¢ 1be/aec
weight of segments 4590 1bs 2525 1bs 5315 lbe
diameter of tube {4t} 0.13 inch ¢ 1Vinch 0.13 inch
thickness of outer barriex (to/ 0. 1223 inch 0. 1045 inch 0. 1017 inch
shielded barrier thickness {(91) 0.061 inch 0.0355 inch  0.037) inch
thickness of Jin ((1) 0.026 inch 0. 0266 inch  0.0319 inch
width of fin (210) G. 2586 inch 0. 4056 inch 0.589 inch
diameter of mamfold 1.3 inch 1.42 inch 1.5 inch
diameter of collector 1.5 inch 1.59 inch .67 inch

Figure 4-6 Main Radiator. Fin-Tube Configuration, Seg-
ments 1-4, 5-8, and 9-16
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1)
2)
3)
4}
5)
6)
7)
8)
9)

Total heat rejection rate = 834, 000 Btu/hour
Nunber of segments = 4

Inlet temperature = 960°R

Outlet temperature = 885°R

Flow rate per segment = 1.285 lbs/sec
Radiator pressure drop = 17.2 psi

Coolant, monoisopropylbiphenyl

Tube and barrier material, aluminum
Reliability per segment = .990765

The results of a study of the auxiliary radiator are pres-nted below.

Cylindrica' Segments Drop, psi Weight, 1bs Area, sq ft Height, ft

Pressure Total Radiator

The configuration chosen for the two designs was that of the hidden tube,
Figure 4-2, with the headers parallel to the circumference of the vehicle
and the tubes parallel to the vertical axis.

was the same as that for the main radiator.

4 (.5 768 €69.2 9.38
4 10.0 642 1080.0 10.53
4 17.5 634 1224.0 11.90

were placed around the circumference of the powerplant as shown in
Figure 4-7.

SEGMENT 4

SEGMENT 3

SEGMENT §
SEGMENT 2

Figure 4-7 Location of Auxiliary Radiator Segments
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The space radiator computer program was used in the design of these
segments. A plot of radiator pressure drop versus radiator weight,
Figure 4-8, revealed that the pressure drop specified was on a relative-
ly shallow portion of the curve. The radiator pressure drop can be re-
duced from 17.5 to 10 psi with a negligible increase in weight. A further
reduction to 7.5 psi may be obtained if the radiator weight is increased
from 642 to 768 pounds. The radiators whose characteristics are listed
below are off-optimum designs sirce it was desired to have a fin thick-
ness close to 0. 030 inch. The designs are shown in Figures 4-9 and 4-10.

Pressu.se drop, psi 7.5 10.9
Total area, sq ft 969 1080
Total weight, lbs 768 642
Inside diameter of tubes, inch 0. 125 0.125
Thickness of barrier, inch 0.0786 0.0794
Number of tubes per segment 55 49
Tube-to-tube distance, inch 5.66 6. 34
Thicknesgs of fin, inch 0.036 0.026
780 T

ool

\

3
<]

~
N
(o]

RADIATOR WEIGHT— LB
g

g
"

660
640 #

—
6207 8 9 0 1 12 13 14 18 16 7 8

PRESSURE DROP~— PSI

Figure 4-8 Auxiliary Radiator, Fin Type 3. Radiator
Weight vs Pressure Drop
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Raciater Data and Dimensions

plan area = 270 sq ft/segn:ent
length of manifold and collector =
25.918 ft
length of tubes = 10.42 ft
number of tubes = 49
overall radiator effectiveness =
0. 695
fin effectiveness = 0, 763
radiator pressure drop = 10 psi
heat rejection per segment
= 208, 500 btu/hr

Figure 4-9
Configuration,

prag NO. 187

Auxiliary Radiator.
Radiator Data and Dimensions

flow rate per segment 2 1,285 1bs/sec

radiator weight = 642 lbs

diameter of tube {dt) = 0. 125 inch

shielded barrier thickness (di) =
0. 0794 inch

connecting strip length (1f-d) =
0.1 inch

connecting strip thickness (fs) =
0. 0902 inch

thickness of fir: (tf) = 0. 026 inch

width of fin (z!f) = 3, 17 inches

diameter of manifold = 0, 632 inch

diameter of collector = 0. 665 inch

Hidden- Tube
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Radiator Data and Dimensions

plan area = 242. 3 sq ft/segment
length of manifr.1ld and collector
25.918 ft
length of tubes = 9, 35 ft
number of tubes = 55
overall radiator effectiveness =
0.774
fin effectiveness = 0, 843
radiator pressure drop =z 7.5 psi
heat rejection per segment
= 208,500 btu/hr

flow rate per segment = 1. 285 lbs/3ec

Figure 4-10 Auxiliary Radiztor.

Configuration.

PAGE NO.

radiator weight = 768 lbs

diameter of tube (dt) = 0. 125 inch

shielded barrier thickness (di) =
0. 0786 inch

connecting strip length (1f-d) =
0.1 inch

connecting strip thickness ({s) =
0. 126 inch

thickness of fin (tf} = 0, 036 inch

width of fin (zlf) = 2. 83 inches

diameter of manifold = 0. 671 inch

diameter of collector = 0. 708 inch

Hidden-~ Tube

Radiator Data and Dimensions
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APPENDIX 5
Power -Conditioniag Equipment

This appendix presents the results of a new study performed by the
Westinghouse Corporationl for DC-to-DC space power -conditioning
equipment. The rexults of this study were not included in the reference :
powerplant presented in this report since the new results were re-
ceived after the selection of the reference design. The data used for
the reference design is given in Section IV.C. of this report, and was N
based partly on assumptions and partly on a previous Westinghouse studyz.
However, the effects of the new data on the design of the 3.25 MW(e)
powerplant have been studied, and the results of this study are pre-

sented in Appendix 2.

The new Westinghouse study is of a more compreiuensive nature than the -
previous one and was performed to investigate megawatt~rated DC-to-

DC converter systems utilizing components which should be available

within the next 5 years. All of the systems wera considered to be -
operating with a nuclear thermionic power source to suppiy power

in space for ion thrustor electric propulsion. Parametric data was ‘
generated for each of the componer..s (See Figure 9) included in con- -
verter systems whose power output ranged from 0.5 to 5 megawatts with
varying input and output voltages. Electrical characteristics of the
nuclear thermionic powe- source were taken from Prat: & Whitney
Aircraft's study of a IMW system?2.

The results of the study are presented in Table 5-1 through 5-3 which
give the weights, volumes and efficiencies of the systems using either
silicon transistors or siliccn-controlled rentifiers in the inverter
switching circuits. The former component was included in the low
input voltage (20 and 100 volts) systems and the latter was used for

the higher input voltage (300 and 600 volts) systems. Both of these
systems will be restricted to low temperature operation with maximum
coolant temperatures of about 150°F. Algo included in the tables under

lWestinghouse Electric Corporation, Aerospace Electrical Division,
Space Electric Power Systems Study, Volume ., Contract No. NAS5-1234

ZPratt & Whitney Aircraft, Design Report, Advanced Nuclear-Electric

Power Generator System Study, Thermionic Nuclear Space Powerplant,
Report PWA-2224, Vol. I CRD
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iMW systems is the data for a system using high t« mperature vapor
tube thyratrons in the inverter. This system was studied because its
high temperature capability allovrs a drastic reduction in the required
radiator area. ThLe data listed in tre tables for this system include
the pararneters for only those components indicated. An estimate of
the data for the power transformer, output filters, drive amplifier and
control circuits was made using the data for the 1 ranegawatt 20 and
100-volt input systems. Using these figures, the high temperature va-
por tube system parameters would lie in the following ranges:

Minimum Maximum
voltage 20 100
weight, 1bs 10, 708. 1 11, 647.7
volume, ft3 162.5 172.9
efficiency, % 76.0 78.1
total locsses, KW 279.0 316.9

From all «f the data given the gross conclusions that can be made
concerning power-conditioning equipment ror megawatt-rated nuclear
thermionic space powerplants are that, 1) its weight will represent

a significant fraction of the total powerplant weight, 2) its volume
will be small sc¢ that it should not affect powerplant configuration,

and 3) higher efficiencies andlower specific weights can be expected
ior the low temperature equipment thanfor the high temperature
equipent. The latter conclusgion indicates that the low temperature
equipment would be the most desirable for space powerplants. How-
ever, the low operating temperature for this equipment will result

in ve.y large radiaioss which cause problems with powerplant con-
figuraticn and system weight increases, due to the increased size

of the radiator and the additional meteoroid barrier required. Also,
the shield weight may be heavier for the low temperature equipment
because, 1) this equipment is more sensitive to radiation than the high
temperature equipment, and 2) deployment of the radiator outside the
shadow of the shield may be necessary which will cause an increase in
the size and weight cf the shield.
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APPENDIX 6

Variasle Length Converter Study

1. Introduction

A major design objective oi a thermionic reactor is the reduction of the
effects of nonuniform thermal power distribution in order to attain mini-
mum system weight. This 1 equires matching the eiectrical charac-
teristics of each of the converters in the circuit.

For the reference design rea: tor a variable fuel loading techniqie was
employed to reduce the effect: of nonuniform power distribution. This appen-
dix presents the results of a s udy performed to dctermine the value of
varying converter geometry, aaid discusscs the interplay of converters
operated in a series circuit.

Since thermionic converters are fundamentally high current, low volt-
age devices, it hecomes ne«cessary to connect them in series to obtain
desirable voltages. Also, since neutron leakage from the reactor
causex a nonuniform spacial pow.r generation, the thermal power iuput
tc each converter varies. TLereiore, the electrical characteristics
which are intrinsically affected by the thermal characteristics are dif-
ferent for each converter. The imr.portant point is that the maximum
power output from each of the converters in the reactor sccurs at a ait-
ferent operating point, and sirce in a series circuit a constant current
must be maintaired, it becomes impossible to operate all of the con-
verters at theiy peak power. In additior to tnis, a more severe problem
exists if the electrical characteristics of a numbe- of series-connected
convert.rs are so hadly mismatched that some of the converters act as
a lvad in the circuit and consume power.

The penalties incurred due to nonuniform reactor thermal power aistri-
hution can be reduced generally by two methods, 1) a variation of the
Zuel concentration in certain regions of the core, and 2) a variation of
the conveiter geometry. In the former case, the fuel concentration is
varied to flatten the thermal power distribution so that with the use of
constant-geometry converters a more ejual thermal power input to each
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converter occurs. This results in matching of the converter elec-
trical characteristics. In the latter case, the fuel concentration is held
constant while the converter geometry, especially the electrode length,
is varied to improve the matching.

2. Variable Geometry Criteria

A number of geometric parameters can be varied in a converter, but
only variations in electrode length will be considered in the foilowing
discussion. In a later section of this appendix variations in lead gec-
metry are also discussed.

Considering a fixed thermal power distribution the converter length can
be so varied that either the thermal flux or the tharmal power to each
converter comprising 2 series circuit are equal. I1 order to demonstrate
the criterion that will yield the maximum electric power output for a
fixed thermal power input and a maximum operating temperature, a
simple analytical model was constructed. This ccnsisted of three ther-
mionic converters electrically connected in series, subjected to a ccsine
thermal power distribution with a maximum-to-minimum power ratic of
four. The converter dimensions were those for the reference design
with the exception of the lengths, and the total thermal power for the
three converters was maintained constant. The anode temperatures

of the converters were equal.

Three investigations were conducted to determine the effects of varying
converter lengths. In the first the converter lengths were set equal to
the value of the reference design. In the second the lengths were adjust-
ed go that the thermal flux in each converter was equal, and in the third
the lengrths were adjusted so that the thermal power in each converter
was the same. The cuzine power distribution and the converter lengths
corresponding to the preceding requirements are shown in Figure 6-1,
The values oi converter length, thermal flux, and thermal power for

the three criteria are listed in Table 6-1.

TABLE 6-1

Equal Converter Lengths

Converter Converter Thermal Thermal
No. Length - Inches Power~ Watts Flux - Watte/cm?
1 2.0 1388 52 8
2 2.0 1117 42. 4
3 2.0 603 23.0
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Equal Thermal Flux

Converter Converier Thermal Thermal
No. Lengih - Inches Power - Watts Flux - Watts/cm2
1 2.89 1520 40.0
2 2.00 1051 40.0
3 1.04 545 40.0

Equal Thermal Powers

Converter Converter Thermal Thermal
No. Length - Inches Power - Watts Flux - Watts/cm?
1 1.45 1035 54.2
2 1. 66 1035 47. 4
3 2.89 1035 27.2
1.2
W 1.0
; o ‘\
8 \
08 ™S
< N
>3
G
x 06
-
w
2 .
et 04 \
L ¢
-
x
0.2 CONSTANT THERMAL
FLUX
CONSTANT THERMAL
POWER
0 CONSTANT LENGTH
o ! 2 3 4 5 L 7 8 9
LENGTH - INCHES
Figure 6-1 Thermal Power Distribution. Converter Length

Criterion
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Circuitry analyses were performed to determine the individual perform-
ance of each converier in the circuit and the combined performance of
the three converiers. The initial phase of the analysis involved the de-
termination of the current-voliage characteristics for each converter.
Because the analysis was concerned with constant thermal power iather
than constant cathode temperature, the current-voltage characteristics
were letermined to balance thermal inpLt with the cathode energy loss
due to electron cooling, radiant heat transfer, lead thermal conduction,
and cesium thermal conduction. This entailed iterating upon the cathode
temperature to maintain the heat balance. The change in cathode temp-
erature with raspect to current was determined, thus enabling the cath-
ode temperature to be obtained for each series circuit current. .The
corresponding converter voltages were determined utilizing the thermio-
nic correlations presented in Report PWA-2240 for constant cathode
temperature. With che current voltage characteristics thus determined,
the electric power is presern ed as the products of the sum of the voltage
output of each converter and the series circuit current.

The relative electric power output for each of three criteria 1s shown

in Figure 6-2 as a function of relative cathode temperature. The values
are normalized with respect to the optimum power and the correspond-
ing cathode temperature occurring for the equal converter length cri-
terion. Each of the corverters in serizs operates at a different cathcde
temperature due to the difference in thermal power input. The temp-
eratures in the figure cocrrespond to the highest cathode temperature

in the circuit. This requires the electron cooling to be different fer
each converter, which necessitates a variation in cathode temperature
to maintain the thermal balance.

It is seen that the equal power criterion results in a 27 per cent increase
in power, wherecas the equal flux criterion results in a slight degrada-
tivn in power. The optimum ior both the =zqual flux and equal power
criteria occur at lower cathode temperatures, that is, 4 and 8 per cent
respectively. This result is important since maximum operating cathode
temperature is frequently employed to determine operating criteria.

The open-circuit conditions f)r equal length, equal flux and equal power
results in an 8, 2.5, and 7 per cent increase in cathode temperature
respectively. It should be noted that both the equal-flux and equal-
povrer criteria result in lower open-circuit temperatures than the con-
stant-length criterion.
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Figure 6-2 Circuit Perforrmance. Cathode Length Criterion

The aforementioned relations can be accounted foi by considering the
converter current-voltage char:zcteristics for each criteriou. The con-
verter characteristics for equa! -thermal -power, equal-thermal-flux.
and equal-length criteria are shown in Figures 6-3 to 6-5, respectively.
The individual thermal flux and thermal powers are indicated along the
lines of constant thermal power. Lines of constant cathode temperature
are also shown. The striking aspect of the curves is the similarity of
the characteristics for the equal-thermal-power criterion and the con-
trast in characteristics which exists for the other criteria. It is this
mismatch of current-voltage characteristice which limits the series
circuit current, thus resulting in a degradation in electric power.
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Figure 6-3 Current-Voltage Characteristics. Equal Thermal
-Power

The converter characteristics can be accounted for by considering Table
6-2 which lists the cathode upen-circuit temperature and the change in
cathode temperature with respect to current. The open-circuit temp-
erature is the cathode temperature which exists when no current ema-
nates from the converter. The major thermal energy losses are there-
fore radiant heat transfer and lead thermal condur *ion, the former
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Figure 6-4 Current-Voltage Characteristics. Equal Thermal Flux

being the predominant mode. Table 6-2 indicates that the open-circvi*
temperatures for each criterion increase as the heat generation de-
creases, converter number one being at the maximum end o the cesine
distribution and converter number three at the ndnimum. The cliange

in cathode temperature with respect to curr~nt increases in a similar
manner fcr the equal -length and equal-flux criteria. The change in
cathode temperature with respect to current for the equal-power criter-
ion, however, decreases as the heat generation decreases. Thus,

as current begins to flow in the circuit utilizing the equal -power criterion,
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Figure 6-5 Current-Voltage Characteristics.
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Equal Cathode Length

the differences betweean the cathode temperatures in each «onverter de-
crease, and because the converter veltages are linear functions of cathode
ternperature, the current-voltage characteristics approach i1natched con-
ditions. Conversely for the remaining criteria, the differences between
cathode temperature in each converter increase, resulting in mismatch

¢ nditions and the associated power degradation.
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TABLE 6-2

Equal Length

Converter Open-Circuit AT/ Al
No. Temperature - °F °F/amps
1 4050 3.038
2 3840 3.409
3 3225 4.559
Equal Thermal Flux
Converter Open~Circuit AT/ Al
No. Temperature ~ °F °F/amps
1 2840 2.527
2 3785 3. 447
3 3630 6.550
Equal Therm:l Powes
Converter Open-Circuit AT/ Al
No. Temperature -°F _°F/amps
1 4020 4.015
2 3915 3.760
3.102

3 3500

PWA-2351

Ttus, adjusting the cathode length so that the thermal power input to
each converter is equal results in an increase in electric power output
and a decrease in both opera.’ug aad open-circuit cathode temperature.
For this reason it was decided to investigate the effects of varying
cathode length in the reference design utilizing the constant-power cri-

terion.

3. Reference Design

a) Variable Fuel Loading

The two methods indicated above, variable fuel loading or variable
converter length, that can be used to reduce the power degradation
due to nonuniform power distribution, each present problems.
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Var sing converter length necessitates the accurate determination of the
spacial power distribution and the fabrication of each converter indivi-
dually to achiecve equal thermal power. Varying fuel distribution, on
the other hand, requires dividing the reactor core into regions and
varying the fuel concentration to compenszte for neutron leak>qe. ’fhis
essentially results in a different fuel for each region of the ¢ .e.

A circuitry analysis was conducted to determine the performance

of the reference fuel elemcnt subjected to the power distribution

for the var‘able fuel loading. Varying the fuel loading reduces the
severity of the thermal power distribution, but does not provide a
completely uniform distribution. Consequently, a mismatch exists

in the current-voltage claracteristics, which can be reduced by vary-
ing the converter lengths and the lead-length-to-area rati. .. The lead
length~to-area ratios were varied in an attempt to match cathode
temperature by altering the lead conduction (osses.

Three studies were performed employin, a variable fuel form re-
actor. The tirst involved equal converter length, the second,
varying cunverter length to yield equal thermal power input, and
the third, varying converter length and lead length-to-area ratio.
The power distribution due to the variable fuel loading is sYown in
Figure 6-6 as a function of fuei element half length. Also indicated
are the converter positions for the constant and varying length
studies.

The eleciric power for the aforementioned studies is shown in
Figure 6-7 as a fuaction of maximum cathode temperature. The
values are normalized with respect to the reference design, which
was established for a maximum operating cathcd: temperature. The
thermionic reactor, however, provides constaiit thermal power to
the converters. Thus, two modes of operation are possible, constant
cathode temperature and constant thermal power. For an invariant
therrnal input, the maximum electric power for the latter mode

is greater than that for the constant temperature mode. This is
illustrated by the curve for equal converter length. It is seen that
31 per cent greater power can be achieved by proceeding from the
constant temperature to the constant power mode nf operation. The
increase in power output, however, is accompanis«d by a 5 per cent
increase in cathode temperature. This is because the values corres-
ponding to maximum power output and maximum efficiency do not
coinzide for the constant temperature mode.
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Figure 6-6 Thermal Power Distribution. Variable Fuel Loading

Vary:ng the converter lengths so that the thermal power inputs are

equal, results in a 27 per cent increase in electric power at the same
catiode temperature. A further increase of 4 per cent is achieved by 2l1s0
also varying the lead length-to-area ratio. The ability of the lead length-
to area ratio to match current-voltuage characteristics is limited, but

it does provide a method of fine adjustment.

The vperating cathode temperatures are shown in Figure 6-8 as a
function of converter position in the fuzi element. The convergence
towards rnatched conditions is evidenced by the convergence of the
temperatures towards a uniform temperature condition.

b) Uniform Fuel Leoding

A circuitry analysis was conducted to determine the performance

ot the reference fuel element subjected to the power distribution

fcr a uniform fuel loading. As a means of comparing the variable fuel
loading and constant length concept with the variable converter length
uniform fuel loading concept the :ntegrated thermal powers were set
equal. The first part of the analysis entails determining the fuel ele-
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mznt performance for equai converter !ength, the second, varying con-
verter length to achieve equal thermal power, and the last, varying
converter iength and Yead 'ength-tc-area ratio. The power distributior
is shown in Figure 6-3 as a function of fuel element half length. Also
indicated are the converter positions for the equal and varying length

studies.
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Figure 6-9 Thermal Power Distribution. Uniform Fuel Lozding

The electric pewer is shown in Figure 6-10 as a function of maxi-
tnum cathode temperature for each of the aforementioned atudies.

For the purpose nf comparison the values are normaliz

ed with re-

spect to the ; rformance for the reference fuel element with vari-
aole tuel loading and equal cathode length. The mismatch between

equal length converters with uniform loading is so seve

re that the

maximurn cathode temperature is always greater than the maximum

operating cathode temperature for the reference design
the converter length at a relative {emperature of one re
per cent power degradation. The degradation i8 reduce
by varying the lead length-to-area ratio.
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Figure 6-10 Fuel rlement Performance. Uniform Fuel Loading

The operating cathode temperature is shown in Figure 6-11as a
function of converter position in the fuel element. The convergence
towards matched conditions iz evidenced by the convergence of temp-
eratures towards a vniform value. Figure 6-12 shows a comparison of
the various methods of improving reactor performance. Comparing the
variable with the uniform fuel loading cases, it can be seen that all
cases produce a reasonable power output at the reference temperature
except for the case of uniform loading with uniform converter length,
For this case, the optimum power output occurs at a much higher tem-
perature and falls off so quickly with temperature that at 3200°F, prac-
tically no power output is obtained. Comparing the cases of vari-

able fuel loading, it can be seen that improvements in power result
forn variations in converter length or converter Iength and lead geo-
metry. However, the improvements in power are not great enough to
overcome the problems associated with the fabrication and inveatory

of variable geometry converters, Comparing the cases for uniform
loading it is obvious that constant geometry should not be employed,
and that relatively small power degradations result with the variable
geometry cases.
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Figure 6-11 Cathode Operating Temperatures. Uniform Fuel Loading

c) Canclusions

The variable fuel loading concept with constant geometry and the
variable couverter length concept with uniform loading are comparable
on the basis of performance. The former concept requires the reactor
core to be divided into fifteen regions, each with a different {uel com-
position. This essentially results in fifteen different fuels which will
have to be developed.

The variable length concept requires development of many different
converter structures and complicates assembly. Cormnbining both con-
cepts results in a 26 per cent increase in electric power, but unfm tun-
ately involves combining the aforementioned problems.
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APPENDIX 7
Contained Fission Gas Fuel Element

1. _I'ntroduction

Because of the long lifetimes associated with nuclear space power
systems, the problem of gas pressure buildup due to fission products
must be considered. This leads to the problem of either containing
or venting the fission products. In the latter scheme, the products
are vented to space through passages leading from the reactor core.
Although this apparently presents a simple and direct solution, it may
reduce the reliability of the system. This is due to the possibility of
the fission products condensing at cold spots and eventually blocking
the passages. Should this occur, the fission gas pressure buildup
could rupture the cathode, producing fuel element failures. Because
of the question concerning reliability, an analysis was conducted to
determine the penalties in system specific weight that would be incurred
by retaining the fission gas in the reactor core.

2. Fission Gas Buildup

A significant property of fission products is their radioactivity. The
immediate decay products are also radioactive and, although the decay
chains vary in length, each fragment is followed on the averzge by three
stages of decay before a stable species is formed. Becausc there are
about 60 different radioactive nuclides produced in fission and each is,
on the average, the precursor of two others, there are approximately
180 radioactive species present among the fisgion products after a short
time. In view of the complexity of the decay scheme it was assumed
that for each fission product there exists one isotope which effectively
renresents the entire decay chain.

This isotope is the member of the chain which is present in the greatest
quantity during the reactor lifetime. In this manner the number of iso-
tones was considerably reduced. The fission product burnup was neg-
lected, since the mean fission energy for the reference design is high,
resulting in low neutron absorption cross-sections. Because of the lack
of data, thermal reactor yield values were in some cases substituted
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for fast reactor yield values.

PWA-2351

The number of atoms per fission product

was thus determined as a function of fission yield, reactor power and
operatiun time.

3. Fission Gas rressure

To determine the gas pressure due to fission products it was assumed
that for any gas, there exists some critical temperature above which
the pressure is given by the pexfect gas law and below which the pres-
sure is simply its vapor pressure.
in a specified volume are at a temperature less than their critical temp-
erature and the gas pressure as calculated from the perfect gas law is
less than the gas pressure as calculated from the vapor pressure equa-
tion, it was assumed that there are not enough atoms present to consti-

tute a liqaid.

If, however, a number of atoms

The choice of th= correct equation to determine the gas

pressure was made according to the aforementioned conditions.

4, Fission Gas Volume

An analysis was conducted to determine the volume necessary to con-
tain the fission gas at one end of the thermionic converter. This scheme
shown in Figure 7-1 was used only as an analytical model and does not

represent a suggested design.
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termine the most desirable configuration. The volume was determined
using creep in a cylindrical pressure vessel under conditions of varying
internal pressure as the governing criterion. The analysis assumes that
for uniaxial tension specimens the logarithm of the minimum creep rate
varies linearly with the logarithm of the circumferential stress. An ex-
pression wasg obtained for internal pressure as a function of material,
temperature, time, strain, cylinder radius and thickness. The volume
was varied by varying the containment length (the cathode outside dia-
meter was held constant) which required a variation of cathode thickness
unti] the fission gas pressure converged to the allowable internal pres-
sure obtained by the preceding expression.

An initial analysis was conducted for 100 and 50 per cent fission gas
release from the fuel. The volume was sized so that the cathode con-
tained the fission gas al end of life. Three design criteria were em-
ployed for the reference converter. The first criterion ‘#as cathode
rupture. The second was an allowable change in cathcde radius, where-
by the cathode was parmitted to come in contact with the anode at end
of life. The last criterion was an allowable cathode true strain of 1

per cent. Each was analysed for maximum operating and open-circuit
cathude temperature. The distance between adjacent converters {the
containment length) necessary to accomodate the fission gas volume

for the preceding conditions is listed in Table 7-1. The striking fea-
ture of this table is the severe penalties in core volume and the ensuing
increase in reactor weight that would occur should open-circuit temper-
atures govern the fission gas containment.

The ability of the anode to contain the fission gas, should the rathode
rupture, was investigated for 100 and 50 per cent figsion gas release.
Because a failure of this nature would involve fission gas ir. the inter-
electrode space, the analysis was conducted for open-circuit conditions.
The design criteria included anoce rupture and allowatlz true strains

of 1.0, 0.1 and 0.01 per cent. The results in Table 7-2 list the con-~
tainment lengths necessary to contain the fission gas for the aforemen-
tioned conditions.

Figure 7-2 shows the allowable pressures at the end of the mission for
cathodes with the specified thicknesses. Corresponding to each cathode
thickness is a containment length for each of the assumed gas releases.
Obviously, for a given cathode thickress the containment length increases
as the gaa releaze incrcascs.
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TABLE 7-1

Containment Lengths for
Figsion Gases C~ntained Within Cathode

oy ews o 00N

Fission Gas Containment
Release % Cathod: Temperature Design Criterion Length inches
100 maximum operating cathode rupture 6.54
. temperature electrode contact 7.27
1 per cent strain 9.17
I
) open-circuit cathode rupture 22.1
ternperature electrode contact 24.0
i 1 per cent strain 31.7
L 50 maximum operating cathode rupture 3.27
- temperature electrode contact 3.56
1 per cent strain 4.63
open-circuit cathode rupturc 11.1
temperature electrode contact 12.5
! per cent strain 15.4
TABLE 7-2
Containment Lengths for
Fission Gases Contained Within Anode
Fission
Reiease %o Design Criterion Containment Length inches
100 anode rupture . 49
l per cent strain .76
0.10 per cent strain 1.18
0.01 per cent strain 1.89
. 50 anode rupture .24
1 per cent strain .38
4 0. 10 per cent strain .59
i 0.01 per cent strain .94
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Figure 7-2 Fission Gas Pressure vs Cathode Thickness

A iurther analysis was conducted for the reference design employing
n.aximum operating cathode temperature and an allowable change in
cathode radius permitting contact with the anode at end cf life. The
cathode thickness and fission gas release were varied to determine the
«pacing necessary to contain the fission gas. The results are shown in
Figure 7-3 where containment length is presented as a function ot cathode
thickness for constant values of fission gas release. The line labelled
minimum weight connects the locus of points corresponding to the op-
timurn values of containment length aiud cathode thickness for minimum
system weight at each of the fission gas releases. The lines for 10
per cent increase in systemn weight are also shown. Values for the
system weight were determined from the curves in Figure 7-4 which is
a plot of relative system specific weight versus cathode thickness.

The containment length snown in Figure 7-3 is limited by the ability

of the anode to contain the gases in the event of a cathode rupture.
Therefore, the selection of a containment length and a cathcde thickness
should be based not only on the desire to attain minimum weight but
alsc on the ability of the annde to contain the gases. This may require
the selection ot off-optitnum parameters.
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Figure 7-3 Containment l.ength vs Cathode Thickuess

Also shown in Figuie 7-3 are control iimit lines which represent addi-
tional limi‘«tinns on the containment length and cathode thickness. The
control lim.ts cncomass the systems whose reactor diameters are small
enough to be «ontinlled by -otating reflectors. These lines were de-
termined from Yigurzs 42 which showed that the limiting diameter is
about 50 inchz2s. ‘The valuss of reactor diameter for the contained gas
systems are given in Figure 7-5.
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DESIGN STUDY OF A HIGH POWER
IN-PILE NUCLEAR THERMIONIC SPACE POWERPLANT

by
A. U. Buatti and J. W. Schmitt

ABSTRAC .

A preliminary desiga study of a 3.25 MW(e) in-pile nuclear thermionic
space powerplant reguired to complete an assumed 24, 000-hour Jupiter-
capture mission was performed. Engineering design criteria and pre-
liminary system anc component weights were established. The im-
portar.ce ot component parameters and the requirements and limitations
of components were identified. Also, alternate reactor concepts were
investigated and estimates of their requirements and performance made.
Systern parameters for the powerplant were taken frorn a parametric
study of powerplants in the power range from ! to 10 MW (e) (Report
PWA-2319). The results of the parametric study shows specific
weights of powerplants in this power range to be relatively constant.
This design study incorpo.ated the results of the parametric study and
considerations of engineering practicality. The effects of nonuniferm
reactor power generation, powerplant structure and integration, power-
conditionirg equipr.ent and mission requiremerts were also included.
The results of the design study indicate that the in-flight powerplant
specific weight is 23.4 1bs/KW and that the specific weight is relatively
insensitive to increases in converter power density and converter
configuration.





