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for the 
San Francisco Operations Office 
U. S. Atomic Energy Comnission 

-NOT ICE-
This report was prepared as an account of work 
sponsored by the United States Government. Neither 
the United States nor the United States Atomic Energy 
Commission, nor any of their employees, nor any of 
their contractors, subcontractors, or their employees, 
(nakes any warranty, express or implied, or assumes any 
legal liability or responsibility for the accuracy, com
pleteness or usefulness of any information, apparatus, 
product or process disclosed, or represents that its use 
would not infringe privately owned rights. 

Gulf General Atomic Project 0018 July 1, 1971 

GULF GENERAL ATOMIC COMPANY. P.O. BOX 608, SAN DIEGO, CALIFORNIA 92112 

IMSTRlBUTiaN Of THIS DOCUMENT IS UNLtMllB/i' 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



NOTICE 
This report was prepared aa an account of work sponsored by the United States 

Government. Neither the United States nor the United States Atomic Energy Com
miss ion , nor any of their employees , nor any of their contractors, subcontractors, 
or their employees , makes any warranty, express or implied, or a s sumes any legal 
liability or responsibil i tyfor the accuracy, completeness or usefulness of any infor
mation, apparatus, product or process disc losed, or represents that its i^se would 
not Infringe privately owned rights. 

Printed in the United States of America 
Available from 

National Technical Information Service 
U. S. Department of Commerce 

5285 Port Royal Road 
Spr ingf ie ld, Virginia 22151 

Price: Printed Copy $3.00; Microfiche $0.95 



ABSTRACT 

A thermionic reactor power system for application to a long-lived, 

manned space laboratory is described. The design net power is ko kWe; 

however, the system can be operated at any power up to 55 kWe at 

beginning-of-life (BOL) and Uo kWe at end-of-life (EOL). The design objec

tive is 5 years, i.e., no limits known to be less than five years are 

included in the design. 

The reactor contains thermionic fuel elements, in which electrical 

power is produced, and U-ZrH driver fuel elements. The thermionic converter 

design is the same as that presently being tested in the Gulf General Atomic 

thermionic test reactor. There are enough fuel elements in the reactor to 

provide a high degree of redundancy at BOL (,33%) at the nominal Uo kWe 

design point. Reject heat from the fuel elements is removed by forced con

vection WaK loops to the primary radiator where it is radiated to space at 

about 800°K (980°F). Electrical power output from the reactor at about 9 V 

is carried to a modular power conditioning system where it is processed to 

higher voltage for transmission to the spacecraft. Radiation protection is 

provided by LiH neutron shielding and W gamma shielding in a shaped T̂T con

figuration, i.e., the reactor is shielded on all sides but not to equal 

extent. 

An alternate power system configuration for cable tether mounting ap

plying the same reactor design is also presented. This configuration offers 

reduced total system mass and improved electrical performance. Performance 

characteristics of a system applying a reactor using only thermionic fuel 

elements and no driver elements are also given. 
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1, INTRODUCTION AND SUMMARY 

1.1. BACKGROUND 

Power systems which have been studied as potential Space Station 

auxiliary power supplies include solar cell arrays, reactor thermoelectrics, 

isotope and reactor Brayton and Rankine cycles, and reactor thermionics. 

Reactor thermionic systems have generally been considered to be applicable 

after I98O and when predicted power requirements were above 100 kWe. Other 

systems were considered for nearer term, lower power applications. During 

the past few years, there have been changes indicating further evaluation of 

thermionic reactor power systems of lower power levels. These are: l) NASA 

schedules for the space station program have changed such that power require

ments of greater than 20 kWe are not expected until the early 1980's (Ref. 1); 

2) preliminary system studies of low power thermionic reactor systems using 

U-ZrH driver concept (Ref. 2) show the theimionic system attractive at this 

power level; and 5) increased emphasis on the use of the space shuttle makes 

the compactness of the thermionic system more important. 

Design studies have been performed on thermionic reactor systems for 

power levels up to 50 kWe. The approach used is a "U-ZrH driver" reactor in 

which U-ZrH fuel elements are used in the core in addition to the thermionic 

fuel elements (TFEs). The addition of U-ZrH elements permits a critical re

actor with fewer TFEs and moderates the neutron spectrum for potential 

Increase in TFE life and ease of control. 

The initial study of a U-ZrH driver thermionic reactor (using a TFE 

design essentially the same as those presently being tested in the GGA 

TRIGA thermionic test reactor) was done for a 25 kWe system (Ref. 2). Recent 

studies on design ajid integration of reactor power systems for extended 

capability space stations (Ref. 3) recommend power system capabilities of 40 
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to 50 kWe. Key criteria for the power system were identified as growth capa

bility and the ability to adjust to varying space station requirements. The 

thermionic system is particularly attractive for meeting these criteria 

since the incremental weight for additional power is small and the overall 

system package is small because of high heat rejection temperature. 

In the thermionic reactor, the electrical power is produced by direct 

conversion of heat to electricity within the fuel elements. The TFE not only 

contains the nuclear fuel in the reactor but also performs the power con

version. The TFE design used has evolved through a development program which 

has included laboratory and in-reactor testing of experimental and prototype 

single cell and two-cell converters and full length TFEs. Experimental 

electrically heated converters have accumulated over 130,000 test hours with 

the longest single test continuing after 38,000 hours. Over 90,000 test hours 

have been accumulated on in-reactor converters with longest single tests of 

10,000 hours on experimental converters, 7j700 hours on prototype single cells, 

and 12,000 hours on a 2-cell TFE. Three full length 6-cell TFEs (which are 

essentially the same as the reference design) are presently operating in the 

TRIGA thermionic test reactor with test hours of 4,000, 2,750 and 150. 

The thermionic reactor power system design described herein is sized 

for a nominal output of 4o kWe with a beginnlng-of-life capability of 55 kWe 

and a design life of 5 years. The reactor is designed for a gross output 

capability in excess of that required to allow for system growth capability. 

The gross output capability for the 6o TFE reference reactor is about 100 kWe. 

After system losses and redundancy, a system design with net output of about 

70 kWe could be obtained with the same reactor design. 

1.2. STUDY OBJECTIVES AND APPROACH 

The objective the the study is to define a reference design 4o kWe 

thermionic reactor system for the modular Space Station. The study is done 

in conjunction with an in-house effort at NASA-Marshall Space Flight Center, 

who provide explicit guidelines and constraints for the reactor power system 

2 



and evaluate integration interactions. A further objective is to identify 

AEC/MSFC mutually beneficial supporting research and technology for a 

thermionic reactory system. 

The study approach is depicted in Fig. 1. The study was initiated in 

October 1970 with the baseline design definition completed by January 1, 1971' 

This baseline design was then reviewed by MSFC and ABC personnel and served 

as the basis for design analysis. On the basis of the work done on the 

baseline design, improvements were incorporated into a reference design, the 

definition of which was completed by March 1. Evaluation of the reference 

design continued through June 50, 1971-

The reference concept is to be boom mounted to the station. An option 

of attaching the system to the station with a cable tether is considered to 

evaluate reduction in shield weight, reduction in radiation dose gradients in 

the vicinity of the station and possible simplification of the mechanical 

Interface. 

Although the power conditioning system to step up the reactor output 

voltage is considered part of the power system, the electrical Interface 

between the efforts of Gulf General Atomic and MSFC is defined as at the input 

to the power conditioning electronics. 

1.3. GUIDELINES AND CONSTRAINTS 

The following power system design guidelines and constraints were sup

plied by MSFC. 

1.3.1. Radiation 

The reactor shield leakage should result in isodose contours no greater 

than shown in Fig. 2 with a maximum accumulated dose of ^ 25 rem/6 months 

within station. 

The radiation spectrum expected outside the shielded reactor should be 

defined. Later evaluation of effects on experiments will require knowledge 

of both level and spectral distribution of radiation, 

3 
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Fig. 2. Radiation Environment from Nuclear Reactor 



1.3.2. Separation Distance 

The reactor shield should be defined in parametric form to cover sepa

ration distances from 30.5 m (100 ft) to 6l m (200 ft). A second case of 

separation distances of 1.5 to 4 km will also be considered. In the second 

case a true 4TT reactor shield should be used. The minimum shield defined 

should be consistent with intact reentry and with manned operations near (at 

rear of reactor package for maintenance of disposal rockets or electronics) 

the reactor after some cool-down period (hours or days). 

1.3.3. Station Attachment 

Rigid boom mounting and tether attachment will be considered. Rigid 

boom mounting will be considered the initial baseline. 

1.3.4. Shuttle Launch Constraint 

The reactor power system will be confined within a 3.7 m (l2 ft) dia

meter by 15.2 m (50 ft) length package as the design goal. Upper limit to be 

considered will be 4.3 m (l4 ft) diameter by 17.7 m (58 ft) length. 

The reactor power system or separable modules thereof will not weigh 

more than 9100 kg (20,000 lb). 

The power system center of mass should be within 3m (lO ft) of geomet

rical center of the cargo bay. 

1.3.5. Integral Launch Constraint 

The baseline system will be defined as a shuttle launched power system 

for addition to an extended capability version of an existing space station, 

but an integral launch with the Space Station on Saturn (iNT 21) will be con

sidered. The minimum launch height is desirable for improved all-season 

launch probabilities. The total power system mass for this configuration may 

be 9000 to 18,000 kg. 
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Although the total power system weight on orbit is not directly 

limited, assume the system will be charged at the rate of $2,.200/kg and 

$550/kg for Saturn (iNT 2l) and Shuttle launches, respectively. When sepa

rable modules are launched by Shuttle and assembled on-orbit to construct a 

configuration equivalent to one that could have been launched integral with 

the station on Saturn, orbital assembly will be charged at $2,000 per as

sembly manhour. 

1.4. POWER SYSTEM DESIGN GROUM) RULES 

In addition to mission guidelines and constraints, a number of design 

ground rules were adopted for the system based on present TFE development and 

existing technology. These ground rules include: 

1. Use basic 6F thermionic fuel element design (presently being tested 

in TRIGA Thermionic Test Reactor 

2. Maximum EOL emitter temperature and current density of 2000 K and 

8 amp/cm respectively 

3. UC-ZrC fuel in vapor deposited duplex tungsten emitter 

4. Active redundancy in TFEs of greater than 30^ 

5. Driver fuel elements will use U-ZrH fuel 

6. Maximum reactor outlet temperature at end-of-life less than 900 K 

(1150°F) 

7. Eutectic NaK coolant 

8. Stainless steel vessel and heat rejection system 

9. Design lifetime goal of 5 years. 
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1.5. SPACE STATION DESIGN 

The initial baseline station design for the study is referred to as 

Skylab B, alternate. This design (shown in Fig. 3a) consists of a 22 ft 

diameter central core module with docking ports for l4 ft diameter experi

ment modules. The core module would be launched on an Intermediate 21 

booster. This booster has sufficient capability for an integral launch of 

the core module and complete reactor power system. 

Recent NASA emphasis on development of a Space Shuttle combined with 

suspension of Saturn V launch vehicle production has led to a Space Station 

design composed entirely of modules compatible with the Shuttle launch capa

bility. Pre-phase A studies have been done at I^FC (Ref, 4) in which aji 

initial reference design was selected (Fig. 3b). Further study of the 

concept is being done by McDonnell Douglas Astronautics Co. 

Initial power requirements of about 15 kWe for either design will be 

supplied by solar arrays. An extended capability, 12-man station with 

higher power requirements is expected later. The reactor thermionic system 

is aimed at this extended capability station axid is applicable to either 

configuration. 
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Fig. 31'. Modular Space Station - Option II 
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2. THERMIONIC POWER SYSTEM DESIGN SUMMARY 

The reference design power system (Fig. 4) consists of four major sub

assemblies: reactor, radiation shield, heat rejection system, ajid electrical 

power conditioning system. The power system has a maximum diameter of 3.66 m 

(12 ft) and an overall length of 10 m (33 ft). The total weight (without 

support boom) is 12,100 kg (26,700 lb). The system is designed to be launched 

by the shuttle in two modules, one including the support boom and a portion 

of the shield totaling 8590 kg (l8,900 lb) and a second including the power 

system and the remaining shield totaling 5370 kg (ll,800 lb). 

The reactor is made up of the reactor core containing the fuel elements 

and a neutron reflector which surrounds the core. Both the core and the 

reflector are contained within a stainless steel reactor vessel. The reactor 

subassembly includes the gaseous fission product storage chambers and control 

drives. 

The thermal power produced in the reactor which is not converted to 

electricity is removed by the heat rejection system. This system consists 

of circulating liquid metal (NaK) loops, a heat exchanger, and a radiator. 

The NaK passing through the reactor becomes radioactive and would be a radi

ation hazard to personnel in the spacecrai't if it flowed directly to the 

radiator. The heat is transferred to 5 radiator loops in a heat exchanger 

which is in a region around the reactor, shielded both from reactor and 

spacecraft. The radiator loops carry the heat to the radiator panels, each 

of which consists of 1150 heat pipes making up an isothermal radiating surface. 

The radiation shield protects space station personnel from nuclear 

radiation emanating from the reactor and from the activated reactor coolant. 

The reference shield is a shaped 4TT shield giving a dose rate of 5 mrem/hr 

(22 rem/6 mo.) at 6l m (200 ft) over a dose plane diameter of 4o m (l30 ft) 

at the spacecraft. It consists of two portions; one surrounding the reactor 

10 
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which reduces the dose rate at the side and end of the reactor to 100 R/hr at 

a distance of 30.5 m (100 ft) from the reactor, and the other which provides 

the low dose shadow cone covering the Space Station. 

The power conditioning system takes the electrical power from the re

actor at 9 V dc and converts it to a higher regulated voltage, meeting space 

station requirements. Power is carried from the reactor to the power con

ditioning by insulated transmission lines. The power conditioning system 

consists of 30 modules in which the mounting plate serves as a direct radi

ating heat sink for the electrical components. 

The power system is shown schematically in Fig. 5- The 4o kWe rating 

is net output capability of the system (EOL) after deduction of parasitic 

losses. The major parasitic losses are the power dissipated in the trans

mission lines and power conditioning equipment, and the electrical power 

requirements of the electromagnetic pumps. 

The system is designed to be able to provide 4o kWe net at end-of-life 

(EOL) without exceeding adopted limits on operating parameters. Redundant 

capability (55^) is built into the system to compensate for TFE degradation or 

failures during life. Redundancy is also incorporated in the heat pipe 

radiator panels to compensate for loss of individual heat pipes by meteoroid 

puncture. 

The constraints of dose rate and dose plane diameter result in a shield 

weight which requires 2 shuttle trips (assuming 9100 kg (20,000 lb)max capa

bility) for launch of the initial system. The system is designed to have a 

separable portion of the shield which can be launched with the support boom, 

reducing the power system weight to about 5400 kg (12,000 lb). The station 

shield and boom become a permanent part of the Space Station. A replacement 

power system can be accommodated on a single shuttle launch. 

A summary of reference design power system parameters is given in 

Table 1. Descriptions of the major component assemblies are given in the 

following sections. 

12 
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F i g . 5 . Thermionic power system schematic (BOL cond i t i ons ) 
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TABLE 1 

BOOM MOUNTED POWER SYSTEM SUMMARY 

Net conditioned power 40 kWe 

Beginning-of-life capability 55 kWe 

Overall length 10 m 

Maximum diameter 3.66 m 
2 2 

Radiator area 75 m (8lO ft ) 

Power system weight 5,36o kg (11,200 lb) 

Station shield weight 6,770 kg (l4,900 lb) 

Support boom weight 1,800 kg (4,000 lb) 

Total power subsystem weight 13,950 kg (30,700 lb) 

An alternate configuration for attachment to the station by a cable 

tether (1.5 to 4 km) was also evaluated. This configuration (Fig. 6) offers 

advantages of about a factor of 2 reduction in total system weight and 

minimum interaction with space station configuration and operations. Evalu

ation of orbital mechanics and deployment techniques is being done by MSFC. 

A summary of the tethered system characteristics is given in Table 2. 

TABLE 2 

TETHERED POWER SYSTEM DESIGN SUMMARY 

Net conditioned power 4o kWe 

Beginning-of-life capability 65 kWe 

Overall length 12 m (4o ft) 

Maximum diameter 3.o6 m (10.2 ft) 

Power system weight 5l80 kg (ll,400 lb) 

Cable tether weight (approx.) I090 kg (2,400 lb) 

Total power subsystem 6220 kg (l5,800 lb) 

A comparison of mass breakdown of boom mounted and tether mounted systems 

is given in Fig. J. The system mass reduction over the boom mounted design 

results primarily from reduced shielding requirements. At a distance of 2 

miles, the dose limit of 25 R/6 mo at the station can be met with a 33 cm 

14 
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(13 in.) thickness of LiH. Since the orientation of the power system relative 

to the station can not be guaranteed, the reactor is shielded on all sides to 

meet the maximimi dose criteria (see Fig. 6). Additional neutron and gamma 

shielding is required to protect the power conditioning electronics. In the 

normal orientation (power conditioning toward station) the dose at the station 

is less than the 25 R/6 mo limit. 

Some additional weight saving and simplification is achieved in the 

heat rejection system in that no intermediate heat exchanger is required and 

a single loop system is used. 

The power conditioning is designed for 3-phase, 4800-volt output for 

transmission to the Space Station. The sinusoidal high voltage is obtained 

by the phased addition of the square wave outputs of 15 modules. The highest 

step up in any single module is 500 V. Three inverter-transformer units 

operate in parallel in each module for redundancy and automatic compensation 

is made for failures in order to maintain constant voltage output. Power loss 

in the 3.2 km cable is 1.4 kW. 

The tether cable which connects the power system to the space station 

provides for power transmission. A flat cable is used which is 15 cm (6 in.) 

wide by 0.05 cm (0.020 in.) thick with six copper conductors, steel reinforce

ment, and Kapton/Teflon insulation. The cable is designed with a slight 

sinusoidal shape to be an in-plane spring with a spring constant of 0.36 gm/cm 

(0.002 lb/in.) around the equilibrium. The equilibrium force in the tether 

is 7-1 kg (15.7 lb) as a result of gravity gradient and centripetal forces. 

Total cable weight 3.2 km (2 miles) is estimated as 1100 kg (2400 lb). 

Orbital mechanics analysis has been done at MSFC to investigate power 

system deployment (both by reel from the station and deployment by a shuttle 

vehicle), orbital stability, and effects of accelerations as might result from 

docking of a shuttle to the station. The results generated to date show 

stable deployment characteristics, small motion amplitues for normal distur

bances, and stability of power system position for wide variations in tether 

stiffness and damping characteristics. Analysis of the orbital dynamics is 

continuing. 
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3. DESIGN DESCRIPTION 

The thermionic reactor power system for the space station is designed 

to a nominal power of 4o kWe with a beginning-of-life capability of 55 kWe. 

The same fuel element design used in this system is applicable over a wide 

power range and has been applied in specific design studies for 25 kWe and 

100 kWe systems (Refs. 2 and 5). 

In the in-core thermionic reactor, the electrical power is produced by 

direct conversion of heat to electricity within the fuel element. The TFE 

serves the dual role of containing nuclear fuel in the reactor as well as 

doing the power conversion. The power from two TFEs is coupled to an inde

pendent power conditioning module to become a single power production unit. 

The 4o kWe Space Station system contains 30 of these power production units, 

with 23 required for 4o kWe, to provide a modular power system with active 

redundancy. 

3.1. REFERENCE DESIGN DESCRIPTION 

3.1.1. Overall System Design 

The thermionic power system consists of four subsystems: reactor, radi

ation shielding, heat rejection and power transmission and processing. The 

weight of the system is determined primarily by the radiation shielding and 

the size of the system is determined by the primary heat rejection radiator. 

The power system is shown in Fig. 8. Both thermal axid electrical power 

are generated within the reactor. The electrical power is produced by direct 

conversion of heat to electricity within the thermionic fuel element. This 

power is carried from the reactor by the power transmission lines at 9 V DC. 

The thermal power produced in the reactor which is not converted to electricity 

is removed by forced convection cooling with eutectic NaK. 
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Nuclear control of the reactor is maintained by control drums in the 

reflector region of the reactor. The position of these drums is controlled 

by actuator motors which are located outside the reactor shield. 

Gaseous fission products produced within the TFEs are vented to storage 

chambers outside the reactor. There is an individual chamber for each TFE 

which is connected to the TFE by a small diameter tube. The TFE and storage 

chamber design are such that the fission gases are doubly contained. 

Sufficient shielding is placed around the reactor (side shield) to 

reduce the dose rate at the sides and end away from the station to 100 R/hr 

at 30.5 m (100 ft). A shadow shield which shields both reactor and side 

shield from the space station reduces the dose rate to 5 mR/hr over a ̂ 0 m 

(130 ft) dose plane diameter at the station. 

The total shield weight required to meet the dose rate constraints re

sults in a system weight greater than the 9IOO kg (20,000 lb) weight limit 

specified for the shuttle. To allow the power system to be shuttle launched, 

it is separated into two modules. One of these [weighing 84l0 kg 

(18,500 lb)] Includes the portion of the shield aft of the parting plane 

(Fig. 8) and the telescoped 61 m (200 ft) boom. The other is the power 

system and the remainder of the shield weighing 5270 kg (ll,600 lb). The 

portion of the shield which remains with the boom is referred to as the 

"station shield" and is not replaced with the power system at the end of the 

power system life. The separation of the power system and station is il

lustrated in Fig. 9-

The reactor coolant loop does not penetrate the shadow shield. Reactor 

loop piping, pumps, expansion compensators, and the heat exchanger arp 

located outside the side shield but within the shadow cone of the station 

shield. Five independent radiator loops carry the heat from the heat ex

changer to five panels of heat pipes which make up the radiator. The side 

shield provides sufficient shielding to prevent significant activation of 

the radiator loop NaK. 
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Electrical power is carried from the reactor to the power conditioning 

modules by bundles of aluminum busbars. Connection of the busbars to the 

TFEs is made in the region between the reactor end shield and fission gas 

chambers. The power conditioning modules are distributed over the conical 

surface durectly behind the station shield. Electrical power losses in 

the power conditioning electronics are radiated directly from the component 

mounting plate. 

The power system structure consists primarily of longerons which pass 

along the inside surface of the radiator and circumferential ribs running 

around the inside, forming a cage structure. The longerons connect to the 

structure imbedded in the portion of the shield directly behind the reactor. 

The structure members and coolant loops are surrounded by small blocks of 

shielding material at the point where they mate with the station shield (see 

Section A-A, Fig. 8). The assembly and separation of power system and station 

shield is guided by rollers in channel guides. The shape of the guides cor

responds to the cutouts in the station shield for the structure and coolant 

loops to provide further alignment during assembly. 

3.1.2. Performance Characteristics and Weight Summary 

Beginning- and end-of-life conditions for the reference design are 

summarized in Table 3. The reactor outlet temperature is 825°K (1025 F) 

at BOL and reaches a maximum of 870°K (1100°F) at EOL conditions. Although 

the optimum outlet temperature for thermionic performance is about 975 K 

(1300°F), the thermionic performance is relatively Insensitive to the coolant 

temperature. The outlet temperature was selected to Insure long life of 

the U-ZrH fuel elements. Factors evaluated include hydrogen overpressure, 

clad ductility, fuel dimensional stability, barrier integrity, and hydrogen 

leak rates. The TFE performance at a coolant outlet temperature of 870 K 

(1100°F) is S% of the maximum. 

The power capability specified in Table 3 is that which can be obtained 

without exceeding the design maximum reactor outlet temperature of 875^K. 

This outlet temperature limit is specified to insure long tenn operation of 
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TABLE 3 

POWER SYSTEM PARAMETER SUMMARY - BOOM MOUNTED 

Electrical Parameters 

System output (kWe) 

Pump requirement (kWe) 

Processed power (kWe) 

Power to power conditioning (kWe) 

Transmission loss (kWe) 

Reactor gross output (kWe) 

System capability (kWe) 

Power redundancy (̂ ) 

Thermal Parameters 

Reactor thermal power (kWt) 

Reactor outlet temperature (OR) 

Coolant loop AT (OR) 

Average radiator temperature (OK) 

Reactor coolant flow rate (gpm) 

Ttierraal power rejected (kWt) 
2 

Effective radiator area (m ) 

Average TFE Parameters 

Emitter temperature (OK) 

Emitter current density (amp/cm ) 

Net output power density (w/cm ) 
Q 1 

Electrode power density (w/cm ) 

Efficiency | 

1 BOL 

40.0 

6.6 
46.6 

52.5 

0.9 

53.4 

55.0 

57.0 

1235 

825 (1025*F) 

80 (l4ooF) 

755 (900°F) 

374 

ll8o 

75 (810 ft^) 

1950 

4.6 

3.1 

3.6 

10.0 1 

1 EOL 

40.0 

10.0 

50.0 

56.0 

1.8 

57.8 

4o.o 

0 

1510 

870 (1100°F) 

80 (l40OF) 

800 (975"°) 

460 

iU5o 

74 (795 ft^) 

i960 

6.4 

4.3 

5.3 
11.4 
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the U-ZrH fuel elements. Allowing this ten̂ jerature to increase by 50°K 

would allow shorter term power capability of 70 kWe at beginning-of-life 

and 50 kWe at end-of-life without exceeding the 2000° K and 8 amp/cm limit 

ground rule on the thermionic emitters. 

The TFE operating conditions are comparable to conditions during life 

tests in the GGA thermionic test reactor. Examples are the 2-cell TFE, 2E1, 

which operated 8,000 hours at an emitter temperature of 194o°K and power 
o 

output of 5 w/cm at the electrodes, a prototype single cell (C-ll) which 

ran 8,000 hours at 1920°K and 3.1 W/cm^, and a test cell (l-4) which ran 

10,000 hours at 1930°K and 6 w/cm . 

The weight breakdown and dimensions of the power system are given in 

Table 4. 

3.2. ALTERNATE DESIGN DESCRIPTION 

3.2.1. System Design for Tether Attachment 

The tethered power system consists of the same basic subassemblies as 

the reference boom mounted system, but in a different configuration (Fig. lO). 

The greatest impact of tether mounting is on the shield and heat rejection 

system. 

The reactor is shielded on all sides to meet the dose limit at the 

space station; however, additional shielding is required for protection of 

the power conditioning electronics. The power conditioning shield protects 

the power conditioning from direct radiation from the reactor and scattering 

from the side shield and radiator. Size and weight parameters are given in 

Table 5 for the reference separation distance of 3.2 km (2 miles). 

The separation distance of 3.2 km is great enough that activated NaK 

does not present a radiation hazard to the crew. This eliminates the need 

for separate reactor and radiator loops and an intermediate heat exchanger. 

The radiator is configured to be shadowed from the power conditioning system 
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TABLE 4 

WEIGHT AND DIMENSIONS SUMMARY BOOM MOUMCED 

Reactor 

Reactor auxiliaries (control motors, 
fission product traps) 

990 kg (2,170 lb) 

160 kg (350 lb) 

Shield 

Tungsten gamma shield 
LiH neutron shield 

Portion attached to power system 
Portion attached to boom 

Total Shield Weight 

5950 kg (13,100 lb) 
2770 kg (6,100 lb) 

1950 kg (4,300 lb) 
6770 kg (l4,900 lb) 

8720 kg (19,200 lb) 

Heat rejection system 

Reactor loop plumbing 
Reactor loop pumps 
Heat exchanger 
Radiator loop plumbing 
Radiator loop pumps 
Total NaK 
Heat pipe panels 

Total Heat Rejection System Weight 

34 kg (75 lb) 
77 kg (170 lb) 
l45 kg (320 lb) 
77 kg (170 lb) 
118 kg (260 lb) 
277 kg (610 lb) 
1000 kg (2200 lb) 

1727 kg (3,800 lb) 

Power transmission lines 

Power conditioning system 

Structure 

Support boom 

Total system (including boom and 
station shields) 13955 kg 

210 lb) 

360 lb) 

620 lb) 

4,000 lb) 

30,700 lb) 

Replaceable power system module 

S t a t i o n s h i e l d and support boom 

DBffiNSIONS 

Overa l l l eng th 

Maximum diameter 

Radia tor l e n g t h 

Radia tor a r ea 

Reactor o .d . 

Reactor l eng th 

5364 kg 

8590 kg 

11,800 l b ) 

18,900 l b ) 

10 m (33 f t ) 

3.7 m (12 f t ) 

6.7 m (22 f t ) 

75 m^ (810 f t ^ ) 

66 cm (26 i n . ) 

97 cm (38 i n . ) 
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to prevent scattered radiation from the reactor and radiation from the 

activated coolant from increasing dose rates to the power conditioning. 

TABLE 5 

TETHERED SYSTEM SIZE AND WEIGHT 

Overall length (m) 

Maximum diameter (m) 

Weight breakdown (kg) 

Reactor 

Shield 

Heat rejection system 

Power conditioning 
and transmission 

Structure 

Auxiliaries 

Total Weight (k^) 

986 (2,170 lb) 

2590 (5,700 lb) 

1180 (2,600 lb) 

320 (700 lb) 

241 (530 lb) 

160 (350 lb) 

5500 (12,050 lb) 

13.0 (42.0 ft) 

3.2 (10.5 ft) 

Electrical and thermal perfonnance parameters describing the system 

are given in Table 6. The electrical performance of the tethered system is 

improved over that of the reference system because of reduced parasitic 

losses allowing further derating of the reactor. The shield weight is signi

ficantly reduced. The radiator area is smaller as a result of lower thermal 

power and the use of a single coolant loop with no heat exchanger temperature 

drop. As in the boom mounted system, allowing a short term increase in out

let temperature of 50°K, the system output capability is 72 kWe BOL and 

55 kWe EOL. 

3.2.2. All TFE Fast Reactor Alternative 

A 162-TFE fast reactor with no driver fuel was evaluated as an 

alternative to using the 60 TFE reactor with U-ZrH driver fuel. This fast 

reactor is the same as that studied for a 100 kWe Space Base System (Ref. 5). 
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TABLE 6 

POWER SYSTEM PARAMETER SUMMARY TETHERED SYSTEM 

Electrical Parameters 

Nominal system output (kWe) 

Pump requirement (kWe) 

Processed power (kWe) 

Power to power conditioning (kWe) 

Transmission loss (kWe) 

Reactor gross output (kWe) 

System capability (kWe) 

Power redundancy {%) 

Thermal Parameters 

Reactor thermal power (kWt) 

Reactor outlet temperature (°K) 

Coolant loop AT (°K) 

Average radiator temperature (°K) 

Reactor coolant flow rate (gpm) 

Thermal power rejected (kWt) 
2 

Effective radiator area (m ) 

Average TFE Parameters 

Emitter temperature (°K) 

Emitter ciurrent density (airtp/cm ) 

Net output power density (w/cm ) 

Electrode power density (w/cm ) 

Efficiency (̂ ) 

BOL 

4o.o 

4.5 

44.5 

50.5 

0.8 

51.5 

5̂ .0 

47.0 

1270 

845 (io6o°r) 

80 (l4o° 

795 
54o 

1219 

67 (721 

1920 

4.5 
5.0 

5.7 

9.5 

F) 

ft^) 

1 EOL 

4o.o 

6.2 

46.2 

52.5 

1.1 

53.6 

4o.o 

0 

1450 

870 (1100°F) 

80 (l4o°F) 

820 

380 

1597 

66 (705 ft^) 

1940 

6.0 

4.1 

5.0 

11.4 
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the TREK experiment (Ref. l4) and is presently under study for electric pro

pulsion system applications. 

A summary of major parameters for the system is given in Table 7- The 

system is lighter by about 2700 kg and shorter by 4 m (13 ft) than the refer

ence U-ZrH driver reactor system. The principal reasons are lower thermal 

power and higher radiator temperature. Although the TFEs are derated to very 

low performance {6% efficiency compared to 11'̂  for U-ZrH driver), all heat 

produced in the core is produced within the TFE giving a higher overall reactor 

efficiency. The lower power results in reduced shielding and heat rejection 

area. The radiator area is further reduced by the allowance of higher cool

ant temperatures in the absence of the U-ZrH elements. The reactor diameters 

are very similar, the all TFE reactor being 2 cm larger. 

The most important difference between the fast and the moderated driver 

reactor is the Increased fast neutron dose in the fast reactor which limits the 

lifetime of the alumina Insulators within the core. Applying the present data 

on alumina integrity, insulator leakage near- the core center would be expected 

at about three years for this application. This leakage would be expected to 

degrade the performance of the TFEs in which the leakage occurs by about 15^. 

Other factors include the increased cost of the reactor, for ground 

tests and flight system, as a result of the increased number of TFEs; and 

operational uncertainties associated with the small temperature coefficients 

which would require more extensive ground tests and control analysis. 

3.3. REACTOR SUBASSEMBLY 

The reactor chosen for the space station power system design has a 

core composed of thermionic fuel elements (TFEs) and driver (Z-ZrH) fuel 

elements (Fig. ll). The thermionic fuel elements convert fission heat to 

electricity and the driver fuel elements provide sufficient reactivity to 

achieve nuclear crlticality. The heat produced in the core, not converted 

to electricity, is removed by a liquid metal coolant (eutectic sodium-

potassium alloy) that is pumped through the core by external pumps. The 

reactor is reflected by both fixed and movable beryllium oxide pieces arranged 
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TABLE 7 

40 kWe SYSTEM USING ALL TFE REACTOR 

Overall length 5.7 m (19 ft) 

Total mass 9550 kg 

Shield mass 7250 kg 

Radiator area 30.7 m^ (350 ft^) 

Reactor outlet temperature 1000°K 

Net TFE power density 1.2 w/cm'' 

TFE efficiency 6̂  

Average emitter temperature 1200°K 

21 Fast neutron dose (> 0.1 MeV) 1.5 x 10 nvt/yr 
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around the periphery of the core. The movable pieces contain a strong neutron 

absorber (B. C) that is moved towards or away from the core by drum rotation 

to adjust the reactivity of the assembly. 

The overall reactor subassembly is shown schematically in Fig. 12. 

Attached to the reactor vessel is a superstructure that contains equipment 

needed to provide auxiliary functions. The superstructure Includes electrical 

leads from the TFEs to the transmission lines, cesium reservoirs to provide 

cesium vapor at controlled pressure to the TFEs, control actuators to rotate 

the control drums, and fission product storage chambers to store the fission 

product gases vented from the TFE nuclear fuel during reactor operation. 

Table 8 summarizes significant reactor design parameters. 

3,3.1. Reactor Internals 

The configuration of the reactor vessel internals is shown in elevation 

in Fig. 13 and in cross-section in Fig. l4. The internals provide for fuel 

element support and spacing, direction of the coolant flow and distribution 

of the coolant flow across the reactor diameter. 

The thermionic fuel elements are rigidly connected to the vessel head 

at one end, and guided radially by a grid plate at the other end. The driver 

fuel elements are bundled in groups of three by end fittings. The end 

fittings are guided by the vessel head at one end and rigidly fixed to the 

grid plate at the other end. The elements are spaced apart in the core by 

continuous, spiral wire spacers attached to the driver fuel elements as 

shown in Fig. l4. 

A sheet metal shroud with attached spacers separates the core region 

containing the TFEs from the annular region containing only driver fuel 

elements. This provides positive separation between these regions for flow 

to prevent flow streaming. Another sheet metal shroud separates the core 

from the reflector region and provides a separation of the two streams in the 

two-pass vessel (see Fig. 13). 
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Fig. 12. Reactor subassembly schematic 
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TABLE 8 

REACTOR DESIGN PARAMETERS 

Reactor outside diameter 

Reactor length 

Number of thermionic elements 

Number of U-ZrH elements 

Number of control drums 

Control drum diameter 

Axial reflector thickness (ea.) 

Reactor mass 

Vessel material 

Vessel wall thickness 

Peak > .1 MeV neutron dose 

Average burnup/yr - TFE 

- UZrH, TFE zone 

- UZrH, driver zone 

U-235 inventory - TFEs 

- UZrH elements 

Hydrogen to Uranium ratio: 

TFE zone 

Driver zone 

Gross electric power output (kW) 

Thermal power output (kW) 

Coolant outlet temperature ( K) 

Effective number of TFEs operating 

Fraction of thermal power in TFEs 

67.3 cm 

96.5 cm 

60 

810 

18 

8.7 cm 

12.7 cm 

989 kg 

316 SS 

0.32 cm 

7.8 X 10^°/yr 

6.6 X lO-""̂  fission/cc (.38̂ ) 

1.6 X lO-"-̂  fission/cc (-72̂ ) 

2.9 X 10-̂ ^ fission/cc (1.3^) 

55.9 kg 

27.3 kg 

4.0 

25.8 

BOL 

54 

1235 

825 

60 

0.42 

EOL 

58 

1510 

870 

46 

0.42 
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The reflector radial region contains fixed and movable reflector 

pieces. The fixed pieces are attached to the lower grid plate and guided by 

the vessel head. The fixed pieces contain BeO reflector material. The 

movable reflector-control pieces (di-ums) are cylinders of BeO, each with a 

segment of BiC mounted on one side, over the full length. These drums are 

mounted on bearings in dry-wells that are attached to the grid plate at one 

end and to the vessel head at the other end. The dry-well is open to space 

at the head end. The drum and its bearing then normally operate in a vacuum 

environment with the heat generated in the driom by nuclear reactions radiated 

to the dry-well where it is removed by the reactor coolant. Rotation of these 

drums by the control actuators changes the position of the B, C relative to 

the core and thus changes the reactivity of the assembly to effect changes in 

the power level. 

Figure 13 also shows the tungsten plate that is mounted in the vessel 

at the opposite end from the vessel head. This is part of the shield and 

it serves to reduce gamma heating in the LiH portion of the shield immediately 

next to the reactor vessel. This tungsten plate is cooled by the reactor 

coolant. 

3.3.2. Fuel Element Design 

Two types of fuel elements are used; thermionic fuel elements in which 

the electrical power is produced, and U-ZrH fuel elements. The number of 

TFEs required for the 4o kWe output is less than required to achieve nuclear 

crlticality on TFEs alone. The U-ZrH elements provide the additional uranium 

to achieve the required neutron multiplication as well as providing hydrogen 

for neutron moderation which reduces fast neutron irradiation damage and 

enhances reactor safety. Each TFE contains 6 identical thermionic converters 

(Fig. 15) which convert a portion of the nuclear heat generated in them into 

electricity. The electrical power capability of a single TFE is up to 1.5 

kWe without exceeding an emitter temperature of 2000°K. In the Space Station 

System, the TFEs are operated at about 1 kWe at 4.5 volts. Two TFEs are 

connected in series, one in each polarity from a common ground (the reactor 

structure) as shown in Fig. 16. Each TFE pair is connected to a power 
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conditioning module, providing 30 independent power production units. The 

TFE dimensions, characteristics, and average operating parameters are given 

in Table 9• The variation of parameters for individual converters is given 

in Section 4.1. 

TABLE 9 

THERMIONIC FUEL ELEMENT PARAMETERS 

Number of converters 

Fuel element o.d. 

Length to end of reflector blocks 

Vessel feedthrough o.d. 

Pitch spacing 

Outer sheath material 

Collector material 

Emitter material 

Insulator material 

Fuel material 

6 

3.34 cm 

66.8 cm 

3.18 cm 

4.4 cm 

Nb-lZ.r 

Nb 

W 

AI2O3 

UC-ZrC 

Average Operating Parameters 

Emitter temperature (°K) 

Collector temperature (°K) 

o 
Output power density (w/cm ) 

Current density (amps/cm ) 

Output voltage (TFE pair) 

Efficiency {f) 

TFE surface heat flux (w/cm ) 

BOL 

1930 

800 

3-1 

4.6 

9.0 

10.0 

23 

EOL 

i960 

850 

4.3 

6.4 

9.0 

11.4 

29 
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Each of the 6o thermionic fuel elements includes a vessel head feed-

through for passage of the electrical lead, cesium vapor, and radioactive 

gaseous fission products. Gaseous fission products produced within the TFEs 

are vented from the fuel element to prevent possible emitter distortion due 

to pressure buildup during long term operation. These gases (Xe and Kr) are 

vented to storage chambers filled with activated charcoal. The charcoal 

adsorbs the gases, minimizing the containment volume required. Details of 

the TFE stem which provides double containment for the fission gas are given 

in Section 3.3.3.1. Connection of the transmission line is made in the region 

just below the gas storage chambers. 

The U-ZrH element uses the same materials as the fuel elements developed 

for the U-ZrH reactor program (used Incoloy 800 cladding in this study), but 

operates at lower temperatures and heat fluxes. U-ZrH element parameters are 

given in Table 10. 

TABLE 10 

U-ZrH ELEMENT PARAMETERS 

Element o.d. 

TFE zone l.l4 cm 

Driver zone 1.17 cm 

Active length 44.2 cm 

Clad thickness .05 cm 

Uranium content in U-ZrH 15 w/o 

Average heat flux (w/cm ) BOL EOL 

TFE zone 4.2 5.1 

Driver zone 6.3 7.6 

3.3.3. Reactor Superstructure 

The reactor superstructure is shown in Fig. 17. It consists of the TFE 

stem and electrical connection, cesium reservoir, and fission product storage 

chamber for each of the 60 TFEs, and the 9 control actuators and position 
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Fig. 17. Reactor superstructure 
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indicators for the l8 control drums. These components are an integral part 

of the reactor subassembly, 

3.3.3.1. TFE Stem and Electrical Connection. The TFE stem is the portion of 

the TFE that extends from the core through the head of the reactor vessel. 

It conducts electricity, cesium vapor, and fission product gases. The TFE 

stem is shown in detail in Fig. 18. 

The stem is designed to provide double containment of the radioactive 

gases vented from the fuel to insure against release of radioactive materials 

from the power plant. The stem also provides a barrier against leak of the 

reactor coolant to space should the TFE sheath be breached inside the reactor 

vessel. 

The electrical lead (made of molybdenum) is hollow to provide for the 

flow of cesium vapor from the cesium reservoir to the inside of the TFE. 

Its ends each have a short section of niobium diffusion bonded to them to 

provide a transition for welding to the niobium structure of the TFE. The 

electrical lead is optimum in cross-section; i.e., the Increment in system 

mass due to an infinitesimal change in the cross section is zero. The 

electrical lead terminates in a terminal in a terminal to which a niobium 

bus bar clamp is attached during system assembly. 

The details of the transmission lines from TFE to the power conditioning 

are shown in Fig. 19. The bus bar clamp is diffusion bonded to a copper lead 

which extends radially outward to an aluminum power transmission line. The 

copper lead is clamped to the reactor structure and contains two miilti-strand 

cables to prevent transmission of moments to the TFE stem. 

3.3.3.2. Cesium Reservoir. The cesium reservoir for a single TFE is also 

shown in Fig. I8. It is a reservoir of the liquid type; i.e., the cesium 

vapor is in thermal equilibrium with the liquid cesium at about 6oo°K. A 

fine screen is provided to maintain the location of the vapor-liquid inter

face. 
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The reservoir is fitted with an electricaJ. resistance heater for 

temperature control emd a thermocouple to measure the temperature of the 

liquid cesium. The leads from the reservoirs are bundled and extend back 

to the reactor control system components (Fig. 19)-

An alternate to the use of a liquid reservoir is a sorption-type cesium 

reservoir operating at 90O to 1100 K. Development and testing of this type 

of reservoir has been carried out at Gulf General Atomic (Kefs. 6, j). 

3.5.3.5. Fission Gas Storage Chambers. The fission products of uranium 

include elements that are gaseous at the temperatures prevailing in the 

structures surrounding the reactor. The major components are xenon and 

krypton which eire produced at a rate of approximately one atom per four 

fissions. These gases must be vented from the fuel cavities of the TPEs 

to prevent long term deformation of the fueled emitters due to internal 

pressure. The gases are conducted from the TFE through a passage in the 

stem (shown in Fig. I8) and carried into sealed, double-walled containers 

as shown. These containers are filled with absorbent charcoal to reduce 

the total volume required to store gas at a given pressure and temperature. 

The storage chambers are cooled by radiation to space to maintain a low 

pressure (0.84 atm) at the end of the five-year life of the reactor. Table 

11 summarizes design parameters of the fission gas storage chambers. 

5.3.3.4. Control Drive. The drum control drive employs one linear actuator 

to operate each pair of control drums. The linear actuator is the type 

developed under the SNAP-8 program and is described in Ref. 8. The actuators 

are mounted on the superstructure support ring as shown in Fig. 17• Each 

actuator drives two drums through a spur gear set with a gear ratio of 10:1. 

A differential trajisformer position indicator is mounted on the actuator 

shaft. The gears and bearings in the actuator as well as the control drum 

bearings employ the technology developed for the reference U-ZrH reactor. 

Design parameters for the control actuator are listed in Table 12. 
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TABLE 11 

FISSION GAS CHAMBER DESIGN PARAMETERS 

Design Philosophy: Double containment of volatile fission products 

vented from TFEs over 5-year reactor operation at full power. 

Nvmiber of Chambers 

Active material 

Trap volume 

EOL Trap pressure 

Maximum trap temperature 

Trap material 

Trap cooling 

EOL fission product inventory per TFE 

6 0 - 1 per TFE 

Charcoal 
3 

520 cm each 

0.84 atm. max. 

583 °K 

Nb, SS alt. 

Direct radiation to space 

0.3 g Kr and 1.5 g Xe 

TABLE 12 

CONTROL ACTUATOR DESIGN PARAMETERS 

Type 

Number of drives 

Actuator case temperature 

Radiation dose, gamma 

fast neutron 

SNAP reactor 

Linear actuator 

9 

735° K 
11 1.2 X 10 -̂  rad/yr 

1.0 X 10-̂ ^ nvt/yr 
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3.4. NUCLEAR RADIATION SHIELDING 

3.4.1. Shield Design 

A radiation shield has been designed to meet the basic dose constraint 

of no more than 25 rem to be received at the space station during a six-

month period. The shield has also been designed to reduce the radiation 

field in all directions around the reactor because of requirements for 

rendezvous and docking maneuvers. 

The requirement for this study was that the radiation field around 

the space station must be no greater than that shown in Fig. 2. The diameter 

of the 10 W dose plane at the space station is 4o m. 

The shield configuration for the boom-mounted thermionic reactor 

system is illustrated in Fig. 20. A relatively thin shield is provided at 

the side and top of the reactor to meet the requirement of no greater than 

100 R/hr at a distance of 30 m. A multilayer station shield is provided to 

shield the dose plane of 4o m diameter. The shield cone half-angle for a 

separation distance of 6o m is 17-3 • 

The intermediate heat exchanger and other liquid metal loop components 

are placed adjacent to the reactor rather than in an intermediate gallery 

region as in earlier designs (Ref. 2). Elimination of the gallery permits 

a weight saving by reducing the diameter of the second layer of gamma 

shielding as it is placed closer to the apex of the shielding cone. However, 

activation of the radiator loop NaK passing through the heat exchanger 

contributes to the dose rates at the space station. The radiator loop NaK 

is distributed over the area of the radiator which becomes a gaimna source 

outside the reactor shield. The evaluation of this additional radiation 

source is contained in Section 4.2.3. 
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The dimensions of the thermionic reactor shield are summarized in 

Table 13. These dimensions are required for a separation distance of 6o m 

and a dose plaxie diameter of 4o m. Total shield mass for this configuration 

is 8747 kg (19,200 lb). 

TABLE 13 

SHIELD DIMENSIONS AND MASSES FOR BOOM MOUNTED REACTOR 

Crew Shield 

Side Shield 

Tungsten 

LiH 

Tungsten 

LiH 

Tungsten 

LiH 

Thickness 

5.08 

21.6 

8.38 

51.3 

0.63 

31.0 

(cm) Component Mass (kg) 

336 

473 

5324 

1470 

271 

872 

TOTAL 8747 kg 

3.4.2. Contributions to Radiation Dose 

Nuclear radiation from the power system includes neutrons and gamma 

rays generated in the reactor core, secondary gamma rays generated by neutron 

absorption events within the shield, and gamma rays from radiator loop cool

ant activated by neutron absorption. 

Inside the shielded cone angle, the dose due to neutrons at the space 

station is approximately 1 mR/hr or 20^ of the total dose. The balance of 

the dose is due to gamma rays, mostly the secondary gammas produced in the 

tungsten shielding material. The gamma rays from the reactor core account 

for about 0.75 mR^r, the activated NaK in the radiator contributes 0.2 mR/hr. 

Table l4 presents the differential energy spectrum of neutrons and gamma 

rays for radiation received from primary and secondary sources in the reactor 

and shield. The data is normalized to 1 mRem/hr of that particular radiation 

type. Although most of the neutrons are in the lower energy groups, it should 

be noted that the major contribution to the dose comes from the fast neutrons. 
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TABLE l4 

SHIELDED NEUTRON AND GAMMA RAY SPECTRA 

Group 

1 

2 

3 
4 

5 
6 

7 
8 

9 
10 

11 

12 

13 

l4 

15 

16 

Upper 
Energy 

1.49 

8.19 

5.49 

3.68 

1.00 

7.45 

3.02 

2.24 

8.65 

2.48 

5.53 

2.6l 

1.25 

5.83 

4.79 

2.38 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

(eV) 

10^ 

10« 

io6 

10« 

10« 

io5 

io5 

io5 

10^ 

lo'' 

io5 

lo' 

lo' 

10^ 

10^ 

Neutrons^ ' 
(n/cm^-

Inside 
Shield 

1.00 X 

4.19 X 

4.88 X 

1.05 X 

2.19 X 

2.91 X 

2.79 X 

5.8o X 

1.10 X 

3.42 X 

1.04 X 

2.l4'x 

4.38 X 

l.6o X 

1.39 X 

5.91 X 

Cone 

10-T 

10-T 

10-7 

10-^ 

io-« 

io-« 

io-« 

io-« 

10-5 

10-5 

10-^ 

10-^ 

10-^ 

10-5 

10-^ 

10-^ 

•sec-eV) 

Outside 
Shield 

l.o4 

1.10 

2.55 

1.56 

5.80 

5.45 

5.16 

1.12 

2.18 

6.94 

2.16 

4.49 

9.51 

5.49 

3.12 

8.77 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Cone 

10-^ 

10-7 

10-7 

10-6 

10-6 

10-6 

10-6 

10-5 

10-5 

10-5 

10-^ 

10-^ 

10-^ 

10-5 

10-2 

10-2 

(2) 
Gammas^ •' 

(photons/c 

Upper 
Energy (eV) 

9 X 10^ 

7 XI06 

5 X 106 

5 X 106 

2.5 X 10 

2 X 10 

1.5 X 10 

1 X 10 

.5 X 106 

:m2-sec-eV) 

Inside 
Shield Cone 

2.19 X 10-

6.25 X 10-6 

2.60 X 10-5 

4.48 X 10-5 

6.07 X 10"5 

8.66 X 10-5 

1.28 X 10-
-4 

2.12 X 10 

8.98 X io"6 

(1) 

(2) 

normalized to 1 mr/hr of neutron dose 

normalized to 1 mr/hr of gamma dose 



For example, the four highest groups, representing those neutrons with 

energy above 1 MeV, contribute 80^ of the total dose from neutrons inside 

the shielded cone. 

Calculations to obtain the gamma ray spectrum outside the shielded 

cone angle are not yet complete. However, it is estimated that most of the 

dose in these regions will be due to neutrons. 

3.4.3. Dose Rates After Shutdown 

The radiation dose rate from the power system after shutdown is calcu

lated to evaluate power system replacement and disposal operations. The three 

main sources contributing to shutdown dose are the reactor core, fission gas 

storage chambers, and activated reactor loop coolant. The total dose at 3 m 

and 6 m from the side of the reactor for varying time after shutdown is given 

in Table 15. 

TABLE 15 

DOSE RATES AFTER SHUTDOWN 

Time after Shutdown (days) 

1.0 

10.0 

100.0 

Distance from Side Shield 

3 m 

l6.7 R/hr 

9.9 R/hr 

1.3 R/hr 

6 m 

4.2 R/hr 

2.5 R/hr 

0.3 R/hr 

One of the disposal modes being considered is pickup by the shuttle and 

return to earth. Carrying out this operation within a few months after shut

down will require placing some gamma shielding around the reactor to avoid 

excessive doses to the crew. 

3.5. HEAT REJECTION SYSTEM DESIGN 

The heat rejection system (shown schematically in Fig. 21) consists of 

pumped reactor and radiator NaK loops, a heat exchanger, and heat pipe 
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radiator panels. The reactor loop is divided into two circuits to reduce the 

size of shield penetrations and provide improved flow distribution in the 

reactor. Coolant temperature at the reactor outlet is 825 K (1030 F) at BOL and 

870 K (1100 F ) at EOL. Heat is transferred from the activated reactor loop 

to five radiator loops in a counterflow shell-and-tube heat exchanger located 

around the reactor shield. Each of the radiator loops is independent and 

carries the heat to one of five radiator panels which are arranged in a 

cylindrical configuration. The heat is distributed over the surface of each 

panel by heat pipes containing potassium as the heat transfer fluid. Further 

detail of the heat rejection system plimibing is shown in Fig. 22 with design 

parameters given in Table 16. 

The heat exchanger is a single pass, counterflow, shell-and-tube type. 

The shell is circular in cross section with an overall configuration of a 

toroidal sector (Fig. 23). The reactor coolant flows on the shell side with 

the radiator coolant within the tubes. The heat exchanger contains 35 tubes, 

with 7 tubes manifolded into each of the 5 independent radiator loops. 

The radiator loops carry the heat to independent panels of heat pipes. 

The portion of the loop which is in contact with the heat pipes has a flat

tened cross section to increase heat transfer area to the heat pipes. The 

radiator loops are completely enclosed by the heat pipe panels which provide 

a double layer of meteroid protection for the liquid metal loops. 

The heat pipes themselves are multiple independent units each of 

which has a small projected area for meteriod Incidence. Tradeoff studies 

of pipe size, degree of redundancy, and armor requirements are presented 

in Section 4.4.4. The heat pipe is designed to a nonpuncture probability 

of 0.9. Because of the fin effectiveness of failed heat pipes, the redun

dancy in BOL radiator area is 2^ to provide the design requirement at EOL. 

Individual heat pipes are armored to achieve a 0.9 survival probability for 

five (5) years. This requirement is met in the reference design by in

creasing the heat pipe wall thickness. 
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TABLE 16 

HEAT REJECTION SYSTEM PARAMETERS 

Containment material 

Coolant 

Pump type 

316 SS 

NaK-7 8 

lineaj" induction 

16(a) Reactor Loop 

Coolant volume 

Coolant weight 

Pmnp weight 

Total loop weight 

Reactor inlet to outlet AT 

Flow rate 

Pressure drop 

Average reactor loop 
temperature (°K) 

.17 x^ 

128 kg 

77 kg 

24i kg 

80° K 

BOL 

2.6 X 10 cm /sec 

1.7 X 10 n/m^ 
(2.5 psi) 

785 

EOL 

3.3 X 10 cm /sec 

4 ? 
2.6 X 10 n/m 
(5.7 psi) 

830 
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TABLE 16 (continued) 

16(b) Heat Exchanger 

Type 

Configuration 

Number of tubes 
(radiator side) 

Tube i.d. 

Shell cross section o.d. 

Heat transfer area 

Weight empty 

Average primajry-secondary AT 

Shell side AP 

Tube side AP 

Shell and tube, single 
pass, counterflow 

235° toroidal sector 

35 

2.54 cm 

22.1 cm 

9.4 m^ 

l45 kg 

BOL 

20° K 

1.4 X 10^ n/m^ 

EOL 

30° K 

2.2 X 10^ n/m^ 3.4 x 10^ n/m^ 

2.2 X 10^ n/m^ 

16(c) Radiator Loops 

Number of independent loops 

Coolant volume per loop 

Pump weight, each 

Coolant weight, each loop 

Total weight, all loops 

Loop AT (°K) 

Loop flow rate 

Pressure drop 

.04 m 

23.6 kg 

30.0 kg 

346 kg 

80 (l4o°F) 

BOL 
3 3/ 5.2 X 10 cm /sec 
4 / 2 

1.5 X 10 n/m 

EOL 

6.5 X 10 cm /sec 
4 / 2 

2.2 X 10 n/m 
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l6(d) Radiator 

Type 

Number of radiator panels 

Number of heat pipes/panel 

Radiator surface emissivity 

Heat pipe o.d. 

Heat pipe length 

Material 

Radiator diameter 

Radiator length 

Total radiator area 

Radiator weight 

Average radiator temperature (°K) 

Loop to panel AT (°K) 

BOL 

760 

14 

Heat pipe 

5 

880 

0.85 

0.39 

81 cm 

516 SS 

3.7 m 

7.9 m 

75 m^ 

1000 kg 
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Expansion compensators are included in both reactor and raiiator loops 

to provide for the increase in NaK volume in going from ambient to operating 

conditions. The design applied is that developed on the U-ZrH r=actor program 

(Ref. 9) an<I employs a dual bellows system for double containment of the 

coolant. 

Induction pumps are used for circulation of coolant in all loops. This 

type of pump was selected for its high reliability (Ref. 10) and relative in-

sensitivity to off-design conditions. 

3.6. POWER TRANSMISSION AND PROCESSING 

The output from each TFE is carried to the power conditior ing system by 

a separate transmission line. The layout of these transmission lines is 

shown in Fig. 19. Over most of its length, the line is aluminum for near 

minimum weight, good fabricability and low cost. 

The average current carried by each line is about 250 amp?res. The 

design temperature of 475°K is maintained by allowing sufficient exposed 

radiating area to dissipate the ohmic losses in the line. More detailed 

discussion of the trajismission line design and optimization is given in 

Section 4.5-2. 

The electrical power from a TFE pair arrives at the power conditioning 

(P.C.) module at 9 volts. The purpose of the P.O. module is to process the 

power to high voltage d.c. for transmission to the spacecraft. The perform

ance assumed for the reference design is based on a conventional inverter-

transformer rectifier circuit (Fig. 24). Analysis of the basic elements of 

this circuit is presented in Ref. 11. The basic parameters of the trans

mission and P.C. system are given in Table I7. 

The power conditioning requirements for the tethered system are more 

demanding in that the voltage must be stepped up by a significantly higher 

ratio (factors of lOO) for the 3 km transmission to the Space Station. This 

cannot be done practically in a single stage. 
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TABLE 17 

Power Conditioning and Transmission Lines 
Boom Mounted System 

Transmission Line Length 

Transmission Line Mass 

Voltage to P. C. 

Power Loss in P. C. 

P. C. Radiator Area 

P. C. Radiator Temperature 

Transistor (Sl) Junction Temperature 

P. C. System Mass ' 165 kg 

2, .7 m 

95 kg 

9. 

4, 

4, 

37 

3c 

, 0 V 

,0 kWe 

. i m ^ 

'0°K 

)0°K 
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One approach to the P.C. for the tether system which has been studied 

by Marshall Space Flight Center uses a multistep buildup of a 3-phase, 400 Hz 

sine wave output. This approach (depicted in Figs. 25 and 26) uses phased 

series connected output from one of three secondary winding in each of 15 

modules to produce a 4800 volt sine wave output. Each series of windings 

produces one of the three phases. Three power stages are operated in 

parallel with automatic compensation for failures. This technique is de

scribed in Ref. 12 and has been used in the central electronics in the Saturn 

rocket. 

Improved techniques have been developed for space power processing 

giving lighter weights and improved efficiency. One promising method, 

referred to as a series capacitor inverter-converter (Ref. 13) has demon

strated weights of 2.5 kg/kWe and over '^Q^o efficiency in a 1 kW output module, 

processing power from 300 to 2000 volts. Further evaluation of these tech

niques for the application will be carried out in the future. 
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4. DESIGN ANALYSIS 

This section describes the analysis performed on the design and gives 

detailed information not included in Section 3-

4.1 SYSTEM ELECTRICAL AND THERMAL PERFORMANCE PARAMETERS 

The electrical and thermal output of the reactor is calculated by 

combining the performance characteristics calculated for individual therm

ionic cells in the reactor, including effects of nonuniform fission power dis

tribution in the reactor core. Calculations of net system output includes per

formance of the power conditioning and heat rejection subsystems and the re

lated parasitic losses. 

4.1.1 Thermionic Converter Performance 

Performance characteristics of the converters are analytically determined 

using the CROP program (Ref. 15). This program was developed at Gulf General 

Atomic to perform converter performance and optimization analysis. The pro

gram includes analytical prediction of electrode thermionic perfoimance, 

electrical losses within the converter, temperatures, and heat transfer char

acteristics for a cylindrical converter. The principal application of the pro

gram is for determination of converter performance for use in thermionic power 

plant design calculations. It is also useful in intearpreting experimental measure

ments and in evaluating methods of converter improvement. 

Converter performance was calculated for the converter materials and 

geometry of the F cell design presently used for in-pile testing. The emitter 

surface is chemically vapor deposited tungsten with the [lio] crystal plane 

preferentially exposed to give a high work function (4.9 eV). The 
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interelectrode spacing is 0.025 cm (O.OIO in.) and the collector is niobium. 

Typical converter performance for one interelectrode cesium pressure is 

shown in Figs. 27 and 28. The effect of Cs pressure on performance is 

shown in Fig. 29. The perfonnance given is the net output from the converter 

after deduction of electrode and lead ohmic losses. 

4.1.2. Reactor Performance 

Performance characteristics for the reactor are computed by the ZONE 

computer program. This program combines the perfonnance characteristics for 

individual converters with the power distribution in the reactor and the 

resistances for electrical series connection within the thermionic fuel 

elements. The program also performs fuel zoning in the TFEs to flatten 

the power distribution. 

The portion of the core containing TFEs is divided into radial regions 

corresponding to hexagonal "rings" of TFEs and axial regions corresponding 

to the converters within the TFEs. The fission power density in each region 

is computed by 2-D transport theory and is input to ZONE. The converters 

within each of the radial regions are connected axially in series as in a 

fuel element and must have a common current density and cesium pressure. 

The following assumptions are made in the analysis: 

1. The output voltage of all fuel elements is the same; the current 

density is varied in the radial regions. 

2. Fuel is zoned such that all emitters which do not contain maximum 

fuel loading operate at the maximum emitter temperature (2000 K 

EOL), i.e., fuel is removed from the hotest emitter and placed in 

the lower temperature emitter in an attempt to bring all emitters to 

the same temperature. The extent to which this can be achieved is 

limited by available fuel volume fraction margin. 

3. The cesium pressure for a fuel element is chosen to be above the 

optimum for the hottest emitter in the element to allow a power 
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increase without reaching a cesium burnout condition. The 

pressure is chosen as that which is equivalent to a liquid 

reservoir temperature 10°K above the optimum. 

The thermionic region is divided into four radial regions. The num

ber of fuel elements in each of the regions is 6, 12, l8, and 24 (see Fig. 

l4), giving a total of 60 fuel elements. The core is assumed symmetrical 

about the horizontal midplane and the half core is divided into three axia". 

regions using one region to represent each converter. 

The average performance and operating parameters for the TFEs and the 

reactor were given in Table 3 (Section 2). The current density and cesium 

pressure in each of the four radial regions are given in Table l8. Tables 

19 and 20 give the operating conditions of each converter in the core. Each 

set of three numbers gives the average emitter temperature, output electrical 

power density, and the total input thermal power (expressed as an emitter 

heat flux) of the converter in that position. The table shows an area 

representing the upper right hand quadrant of the core. 

TABLE 18 

TFE CURRENT DENSITIES AND Cs PRESSURES 

J (amp/cm ) 

P (torr) 
cs ^ ' 

BOL 

EOL 

BOL 

EOL 

Radial Region Number 

1 

5.1 

7.0 

6.8 

8.0 

2 

4.9 

6.7 

6.8 

8.0 

3 

4.6 

6.4 

6.6 

7.8 

4 

4.6 

6.3 

6.5 

7.7 
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TABLE 19 

CONVERTER OPERATING PARAMETERS, BOL 

1 
1 1 

1 
^e (°^) 1 
a (w/cm ) 1 

Q̂ ĵ  (watts/cm ) 

T^ (°K) 1 

0 (w/cm^) 1 

Q̂ , (watts/cm ) 1 

Tg (OK) 1 

a (w/cm^) ' 

Q,̂, (watts/cm ) 

1 

Radial Region Number 

1 

1880 

2.9 

30.8 

1970 

3.8 

35.3 

1970 

3.8 

35.3 

2 

1884 

2.6 

29.6 

1970 

3.7 

34.7 

1970 

3.7 

34.7 

3 

1845 

2.3 

27.8 

1970 

3.5 

33.6 

1970 

3.5 

33.6 

4 

1845 

2.3 

27.8 

1970 

3.4 

33.5 

1970 

3.4 

33.5 

Core Midplane 

[ 

£' 

TABLE 20 

CONVERTER OPERATING PARAMETERS, EOL 

1 
1 
1 

0 (w/cm ) 1 
p 

Q̂ î  (watts/cm ) 1 

Tg (°K) 

a (w/cm^) 
p j 

'̂ th (̂ "̂̂ ^̂ s/™ ) [ 

T (OK) 1 
2 

0- (w/cm ) 
p 

Q., (watts/cm ) , 

Radial Region Number 

1 

1906 

3.8 

36.0 

2000 

5.1 

4l.3 

2000 

•5.1 

41.3 

2 

1889 

3.5 

34.5 

2000 

5.0 

4o.5 

2000 

5.0 

4o.5 

3 

1865 

3.1 

32.5 

2000 

4.9 

39.3 

2000 

4.9 

39.3 

4 

1865 

3.1 

32.4 

2000 

4.8 

39.1 

2000 

4.8 

39.1 

Core Midplane 

& 
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The average TFE output characteristics are given in Figs. 30, 31> and 

32 as a function of the average emitter temperature in the reactor. The 

peak emitter temperature in the reactor is about 4OOK above the average. 
2 

The current and electrical power are given per cm of emitter area. The 

total TFE current is obtained by multiplying the current density by the 

emitter area of 47-5 cm . Since the output powers of the converters are 

additive, the TFE power is obtained by multiplying the power density by 
2 

total emitter area in a WE, i.e., 285 cm . Beginning-of-life and end-
of-life performances are different because of varying collector temperature 

4.1.3. System Performance Analysis 

System performance parameters are calculated by combining results from 

analysis of subassemblies and using simplified relationships to deteimlne 

overall system performance. The procedure is summarized below. 

The average thermal power input to a TFE is given by 

q. = 6-^ A (1) 
1 Ti e ^ ' 'e 

where a and r\ are the average net converter power density and efficiency, 

A is the emitter area and 6 is the number of converters per element. The 

thermal power rejected from the TFE is 

q̂  = q^(l - Tig) (2) 

The total thermal power input to the reactor is 
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60 q. 

\--T^ (3) 

where f is the fraction of the fission power produced in the reactor which 

is produced within the TFE. The fraction 1 - f is that produced in the driver 

fuel. The factor f is determined from the nuclear analysis (Section 4.3). 

The number of TFEs in the reactor is 6o. 

The thermal power rejected is simply 

where P is the gross electric output from the reactor, given by 

P ^ + P 
P =_2£i P + p (5) 
r n ^ ^TL ^•'^ 

pc 

where P ,= net system output 

V = power conditioning efficiency 

P = power dissipated in transmission lines, 
TL 

The pumping power P is computed as 

T = 1 ^ (6) 

where F is the loop flow rate, Ap the pressure drop, and n is the pump 

efficiency as given in Section 4.4.1. The transmission line losses are 

discussed in Section 4.5. 

Determination of the system parameters is iterative in that reactor 

output and parasitic losses are inter-related. The procedure usea is to 

assume a reactor gross output, P̂ ., which specifies TFE performance, a^ and V , 

The parasitic losses (pump power and transmission line loss) are c termined 

and P is calculated from Eq. 5. This is repeated until P is converged. 
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The end-of-life conditions are computed first using TFE performance 

corresponding to selected maximum emitter temperature, or that wtich gives 

the selected redundancy in TFEs. The number of operating TFEs required is 

given by 

e e 

The radiator area is calculated for the EOL condition from the thermal 

power rejected as 

where 

_ AT 
T^ = T - -7^ - AT (9) 
R ro 2 pr 

and T = reactor outlet temperature ro ^ 
AT = temperature rise inlet to outlet (assumed the same for radiator 

and reactor) 

AT = is the temperature drop from reactor loop to radiator, including 
heat exchanger and coolant to heat pipe drops. 

Determination of BOL conditions is similar except that in this case the 

radiator area is known and the collector temperature is back calculated as 

/ q, \4 AT 
T = — ^ \ +AT -.-^ (10) 
c I e cr Aj^ I cr 2 

when AT is AT plus the col lector to coolant drop. Since a l l 6o TFEs (6 cr pr ^ 
ce l l s per TFE) are operable, the required power density i s computed 

P 

^e = 60(6] Ag 
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Given the converter power density and collector temperature, the emitter 

temperature and corresponding TL are chosen from CROP performance data. 

The effect of collector temperature on performance is included as: 

i^l =i^ol (-2.72 + 7.3 X 10"3 T - 3.57 X 10"^ T ̂ ) ( 

where a and TI are the power density and efficiency at optimum collector 

temperature. There are two levels of iteration in this case in that both 

T and P are interrelated with performance and parasitic losses. 

4.2 SHIELDING ANALYSIS 

4.2.1 Determination of Shield Thickness . 

Shield designs were prepared for the two basic concepts considered, 

the reactor placed on a boom attached to the space station or at the end 

of a cable tether at a distance of 1 to 2.5 miles. The basic dose con

straint of no more than 25 rem to be received at the space station during 

a 6-month period applies to either concept. This total dose corresponds 

to an hourly rate of 5-7 mRem/hr. 

For the boom-mounted reactor configuration, the radiation field around 

the space station was constrained to be no greater than that shown in 

Fig. 2. As is discussed in Section 4.1.1, the thermal power of the nuclear 

reactor increases throughout the mission to compensate for failure or de

gradation of the independent power modules. In order to provide adequate 

shielding without regard to the actual time of failure of the redundant 

elements, radiation protection is designed for the highest reactor power 

level corresponding to end-of-life conditions. The allowable dose rate 

at the space station was taken to be 5 mRem/hr. 

Preliminary sizing of the radiation shield was accomplished by adapting 

the results of calculations performed by personnel of Oak Ridge National 

Laboratory on the shielding requirements for a fast-spectrum thermionic 
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reactor (Ref. l6). While these calculations were performed for a fast 

reactor, they did Include an optimization of the placement of the shield 

layers for the same configuration as the present design. The capability 

to perform this optimization is not presently available at GGA so these 

early calculations were used as a best guess of an optimum shield design. 

Specific characteristics such as attenuation properties and heating rates 

have been calculated, however, for the specific shield design selected and 

are discussed in subsequent paragraphs. 

4.2.2 Radiation Attenuation in the Shield 

One-dimensional transport theory calculations were performed for neutron 

and gamma penetration through the crew shield and for neutron penetration 

through the side shield of the reactor. Cross sections for neutron inter

actions were generated for 15 fast groups and one thermal group. The thermal 

group consisted of all neutrons below 2.38 eV. Cross sections representing 

(n, Y) interactions and gamma ray interactions were generated for nine gamma 

ray energy groups. The energy group structure for both neutrons and gamma 

rays is described in Table 21. 

Fluxes and currents calculated by neutron transport calculations in 

the nuclear reactor were used as source terms for the shielding calculations. 

The reactor core is not included in the shield calculations. Regions repre

senting the reflectors become the source regions for the calculation, which 

are followed by the layers of the shield. 

The neutron transport analysis in the reactor was performed using a P 1 

expansion of the cross sections and an S 4 angular quadrature. For deep 

penetration through shields, a P 3 expansion of the cross sections and an 

S 16 angular quadrature were considered necessary. 

The source term for the shield calculations was entered as an angular 

dependent surface flux at the boundary of the problem. The source was 

generated from the fluxes and currents of the reactor calculation as 

9(M) = i 9O + I ^ (12) 
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TABLE 21 

GROUP STRUCTURE FOR SHIELD ANALYSIS 

Group 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

Neutrons 

Energy I n t e r v a l (eV) 

1.492 X 

8.187 X 

5.488 X 

3.679 X 

1.003 X 

7.427 X 

3.020 X 

2.237 X 

8.652 X 

2.479 X 

5.530 X 

2.613 X 

1.234 X 

5.829 X 

4.785 X 

2.380 

lo"̂  to 

10 t o 

10 t o 

10 t o 

10 t o 

10^ t o 

10^ t o 

10^ t o 

4 
10 t o 

4 
10 t o 

10^ t o 

10^ t o 

10^ t o 

10^ t o 

lO"*" t o 

8.187 X 10^ 

5.488 X 10^ 

3.679 X 10 

1.003 X 10 

7.427 X 10^ 

3.020 X 10^ 

2.237 X 10^ 

8.652 X 10 

2.479 X 10 

5.530 X 10^ 

2.613 X 10^ 

1.234 X 10^ 

5.829 X 10^ 

4.785 X lO""" 

2.380 

t o 0 ( thermal ) 

Gamma Rays 

Energy I n t e r v a l (MeV) 

9.0 -

7.0 -

5.0 -

3 .0 -

2 .5 -

2 .0 -

1.5 -

1.0 -

0.5 -

7.0 

5.0 

3.0 

2 .5 

2 .0 

1.5 

1.0 

0.5 

0.015 
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where /x is the cosine of the angle, cp is the scalar flux, and J is the 

neutron current. The fluxes and currents in the radial and axial reflector 

regions used as source terms in the shield analysis are indicated in Tables 

22 and 23. 

A comparison of the neutron fluxes in the axial reflector as calculated 

in the reactor and shield analyses is shown in Fig. 33. The ccmparison 

between the fluxes from the two analyses is seen to be quite close. The 

fluxes in the reactor calculation tend to drop more rapidly going out 

through the reflector because of the use of a vacuum boundary condition 

outside the reflector. 

The attenuation of fast neutrons (those vith energy above 1 MeV) and 

"thermal" neutrons (below 2.38 eV) through the crew shield is shown in Fig. 34. 

The production of secondary gamma rays in the axial reflector and the 

crew shield and their subsequent transport through the crew shield have 

been calculated using coupled neutron-gamma cross section sets in a one-

dimensional transport program. The spectrum of secondary gamma rays emergent 

from the shield was presented in Table 13 of Section 3.3.2. 

The attenuation of gamma rays produced within the reactor core, either 

as a product of fission or due to neutron absorptions was calculated using 

a point kernel attenuation program for the two-dimensional shield. This 

calculation also gave some information about possible two-dimensional 

effects upon neutron attenuation. 

A point kernel computer code, QAD-P5A (Ref. 17) was used to calculate 

neutron and core gamma ray attenuations in a two-dimensional geometry. The 

point-kernel technique used represents the source volume by a number of point 

isotropic sources and tracks the line-of-sight path from each source point 

to the dose point. The dose received from each source point is calculated 

from gecxnetric attenuation and from attenuation through any shield material 

lying along the line-of-sight path. For gamma rays, a buildup factor is 

specified to include the effect of scattering within the shield material. 
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TABLE 22 

FLUX AND CURRENT SPECTRA IN RADIAL REFLECTOR 

(normalized to 1 MW reactor power) 

Group 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

Flux 

8.18 

5.84 

1.81 

1.86 

5.96 

1.58 

5.34 

1.30 

1.24 

1.18 

4.91 

4.84 

4.51 

1.18 

9.96 

8.67 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

109 

10^° 

10^^ 

1 0 ^ 

10^1 

1 0 ^ 

10^^ 

1 0 ^ 

1 0 ^ 

1 0 ^ 

10=̂ ^ 

10^^ 

10^^ 

1 0 ^ 

10^^ 

10^^ 

Current 

5.00 

3.31 

8.99 

5.80 

1.06 

2.23 

5.15 

9.20 

5.96 

5.05 

1.52 

3.22 

2.68 

7.68 

6.53 

3.89 

X 10^ 

xlO^° 

xlO^° 

xlO^l 

xlO^^ 

xlO^^ 

xlO^° 

xlO^° 

xlO^° 

xlO^° 

xlO^° 

xlO^° 

xlO^° 

xlO^° 

xlO^° 

xlO^° 
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TABLE 23 

FLUX AND CURRENT SPECTRA IN AXIAL REFLECTOR 

(normalized to 1 MW reactor power) 

Group 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

Flux 

1.51 

1.05 

3.24 

3.05 

9.75 

2.89 

8.64 

2 . 2 1 

2.04 

1.84 

7.44 

7.46 

6.57 

1.64 

1.12 

9 .11 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10^° 

1 0 ^ 

1 0 ^ 

1 0 ^ 

10^^ 

1 0 ^ 

10^1 

1 0 ^ 

1 0 ^ 

1 0 ^ 

10^1 

10^^ 

10^^ 

1 0 ^ 

1 0 ^ 

10^^ 

Current 

7.52 

4.81 

1.31 

7.44 

1.65 

3.23 

4.66 

5.12 

3.26 

-8.48 

-3.51 

-5.06 

-8.56 

-3.26 

-5.78 

-1 .16 

X 10^ 

xlO^° 

x l O ^ ^ 

x l O ^ l 

x l O ^ l 

x l O ^ ^ 

xlO^° 

x lO^O 

X 10^ 

X 10^ 

X 10^ 

X 10^ 

X 10^ 

xlO^° 

xlO^° 

x l O ^ l 
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Neutron penetration is also calculated using point kernels that are 

determined from a moments method solution for a point isotropic fission 

source in an infinite medium of the material being used. If a material 

other than the reference material is encountered along the line-of-sight, 

an equivalent length is calculated by weighting the penetrating distance 

for each material by its removal cross section. The version of the QAD-P5A 

progreim available at GGA contains a LiH neutron kernel so that only a small 

amount of material encountered in the shield is treated by the equivalent 

length technique. 

The point kernel method is much less accurate than the angular quad

rature transport analysis. This is paxticularly true for the asymmetric 

shield designs for space power use where scattered gamma rays make up the 

greatest part of the dose received. The method does have the particular 

advantage, however, that the calculations can be perfonned extremely rapidly. 

The results of the analysis cannot be used for the final shield design, par

ticularly since secondary gamma ray formation is not calculated. The method 

can be used, however, to investigate the effects of shield design changes 

close to the source region and to calculate heating rates due to gamma rays 

generated within the reactor core. 

The simplified model used in the point kernel attenuation analysis is 

illustrated in Fig. 35- The reactor and shield geometries were represented 

in the configuration shown with the conical crew shield approximated by a 

right circular cylinder. 

The numbered points in the figure represent points at which calcula

tions of the dose were performed. Table 24 lists the calculated doses 

from core gammas and neutrons normalized to 1 MW of reactor power. The 

dose rate due to primaiy gamma rays across the back face of the shield 

varies from 0.437 to O.061 R/hr. If this dose is transformed back to the 

dose plane at 200 feet, the equivalent dose rate from primary gamma rays 

is less than 0.1 mr/hr. 
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TABLE 24 

DOSE RATES FROM POINT KERNEL CALCULATION 

(normalized to 1 MW reactor power) 

Point No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

Core Gammas (P/hr) 

34,300 

18,000 

9,070 

3,260 

0.289 

0.228 

0.103 

0.061 

3.85 

3.44 

2.39 

1.25 

0.265 

0.576 

0.675 

0.437 

0.413 

0.349 
0.264 

o.l4o 

0.060 

0.039 

Neutrons (P/hr) 

16,100 

6,830 

863 

60.4 

9.66 

2.85 

0.792 

0.417 

3,520 

3,220 

2,480 

1,590 

600 

152 

42.7 

8.17 

7.85 

6.99 

5.76 

3.77 
2 . l4 

1.06 
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4.2.3. Material Heating Rates 

Heating rates in the shield material have been calculated from the 

neutron and gamma ray fluxes throughout the shield, the radial reflector, 

and the control drums. 

4.2.3.1. Analytical Technique. Neutron heating results from the production 

of alpha particles in certain materials and the loss of kinetic energy due to 

scattering of neutrons within the material. The heating due to the production 

of an a particle after absorption of a neutron is localized around the absorp

tion site. The heating is calculated from 

^ = ̂ 2 '̂ a ̂1 ^^3) 
1 

where C = 1.6 x lo" watt-sec/MeV 

e = reaction energy of the emitted alpha particle and recoil atom 

cp. = neutron flux in group 1 
1 

y^= the (n,a) absorption cross section for group 1 
a. 

The (n,a) reaction is significant in two materials in the reflector and 

shield, the boron in the control drums and the Li in the LiH shield. For 

B"'"̂ , the reaction energy is 2.315 MeV, for Li the energy is 4.79 MeV. 

The neutron heating due to scattering is calculated from 

H = Cy^^jZ î (1^) 
1 

I. r, -, £: nn~13 w a t t - s e c 
where C = 1.6 x 10 —TT-TJT 

MeV 

s: 
AE = average energy loss per collision 

scattering cross section for group 1 
s 

cp. = neutron flux in group i 
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The dominant scattering mechanism for both the BeO and the LiH is 

elastic scattering. The average energy loss can be calculated from the 

mean log energy loss per collision, § 

^1 

Eg = E^ e ^ 

(15) 

and E, - Eg = E (l - e"^) 

so that the heating rate 

H = C ^ E 7 ( 1 - e"^i) ^ cp̂  (16) 

1 

The value of g for BeO and LiH has been calculated from values for 

the elements (Ref. l8) weighted by the scattering cross sections for each 

element for each energy group. Calculated values of the mean log energy 

loss are shown in Table 25. 

Gamma heating in materials is due to absorption and scattering of 

the gamma rays throughout the shield. Gamma heating represents most of 

the radiation heating in the BeO reflector material and in the tungsten 

shield layers. Heating in the lithium hydride is predominantly due to 

neutron interactions for regions close to the core. However, the atten

uation of the neutrons in LiH is much greater than for gamma rays so that 

at deeper penetrations the gamma heating becomes significant. 

When the gamma flux is determined at a given location, the heating 

rate is calculated frcxn 

H = (1.6 X 10-3 H ^ f - ) E M , c p (17) 
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TABLE 25 

MBAH LOG ENERGY LOSS FOR BeO and LiH 

High Energy 
gy Group 

1 

2 

5 
4 

5 
6 

7 

8 

9 
10 

11 

12 

13 
14 

15 
l6 

for Group 

14.92 MeV 

8.19 

5.49 

5.67 

1.00 

743 KeV 

302 

224 KeV 
86.5 

24.8 >•;-

5.55 

2.6l 

1.25 

585 eV 

47.9 

2.58 

{ for LiH 

.609 

.650 

.651 

.761 

.840 

.875 

.695 

.925 

.957 

.962 

.965' 

.965 , 

.964 

.964 . 

.965 

.965 

^ for BeO 

.072 

.071 

.094 

.159 

.159 

.l4o 

.156 

.160 

.165 

.163 

.174 

.174 

.174 

.174 

.174 

.174 
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where M = energy attenuation coefficient, cm" 
e 

E = energy of the gamma rays, MeV per photon 

cp = gamma flux in photons/cm sec 

4.2.3.2. Heating Rates in Reflector Material. 

Boron Carbide - Neutron heating rates in the radial reflector are sensitive 

to the position of the control drums. Figure 36 Indicates the heating in 

natural Bĵ C by the (n, a) reaction as a function of location in the reflector 

for the two extremes of "full-in" and "full-out" for the control drums. It 

appears that in each position, the maximum heating in BKC is approximately 

2 watts/cm per MW of thermal power in the reactor. 

It is quite likely, however, that during steady state operation, the 

drums might be located halfway between "full-in" and "full-out." In this 

situation, a small amount of BrC in the tapered edge of the poison segment 

may extend into a higher flux region and not receive the benefit of local 

flux depression from the bulk of the poison. In such a situation, it is 

possible that local heating rates of 5 w/cm per MW would occur from the 

(n, a) reaction. 

Gamma heating rates in the BKC are presented in Table 26 with selected 

(n,cy) heating values taken from Fig. 36. 

TABLE 26 

RADIATION HEATING IN THE REFLECTOR 
PER MW REACTOR POWER (w/cm^ MW) 

Distance 
Through Reflector 

0 

2.5 

5.0 

7.5 

9.0 

Core Gamma 
Heating in BrC 

.96 

.62 

.36 

.23 

.18 

(n. 
Heating 

Drums-in 

2.6 

1.0 

in Bî C 

Drums-out 

.425 

.091 
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Beryllium Oxide - The primary mechanisms for radiation heating in BeO are 

gamma heating and elastic scattering of neutrons. Heating rates per MW of 

reactor power in the BeO in the side reflector are shown in Fig. 37 for 

these two mechanisms. The neutron flux used to calculate the heating by 

elastic scattering was taken from the "drums-out" calculation of the reactor. 

The gamma fluxes used here were calculated from sources in the core 

region only. It is estimated that an additional 10^ of heating may result 

from capture gammas born in the reflector region. 

4.2.3.3. Heating Rates in Shielding mterials. Heating rates for the various 

layers of the shield have been calculated with a combination of transport 

and point-kernel analyses. The heating due to neutron Interactions and 

reactions with secondary gamma rays was calculated using the one-dimensional 

transport calculations. Heating from primary gamma rays was calculated us

ing the results of the point-kernel calculations. 

Heating rates due to primary gamma rays in tungsten shields near the 

reactor core are shown in Figs. 38 through 4l. These calculations were 

performed using the point-kernel code with the reactor core divided into 

360 point sources. These sources were placed at the center of 5 radial, 

9 axial, and 8 azimuthal increments. The results of point-kernel calcula

tions close to the source are quite sensitive to the placement of points 

within the source because of attenuation within the source region. For this 

reason, the heating rates shown for the radial shield in Figs. 4o and 4l are 

fairly uncertain. The selection of a representative buildup factor for the 

gamma rays introduces another uncertainty. As a consequence, these heating 

rates could be off by a factor of 2 to 3. 

The calculated heating rates through the axial shield are shown in 

Figs. 42 and 43. In the tungsten shields, the predominant heating is due 

to gamma rays; both the primary and secondary gamma rays are included in 

the values shown. In the lithium hydride, the neutron interactions predom

inate in the regions close to the core. The contributions of the elastic 

scattering and the (n,cy) reactions are about equal in the lithium hydride 

region shown in Fig. 42. 
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At deep penetrations in the shield, the gamma ray heating eventually 

predominates because the neutrons are attenuated more rapidly than the gamma 

rays in the lithium hydride. At the back face of the LiH shield gamma heat-

ing contributes 3 x lO" w/cm , while elastic scattering accounts for 1.3 x 

10 and (n, a) reaction produce 2.2 x 10 w/cm . 

Heating rates in the LiH hydride side shield for the reactor operating 

at 1 MW are shown in Fig. 44. The neutron heating rates are calculated from 

the one-dimensional transport calculations. Gamma ray heating in this case 

was calculated by a simple hand calculation. The QAD code calculates a 

heating of 1.97 x 10"3 w/cm at the Inside face compared to the 2.5 x 10 

w/cm shown. This variation is well within the uncertainty of the gamma 

ray buildup factor. 

4.2.4. Shield Thermal Analysis 

A thermal analysis was performed to predict the operating temperatures 

of the side shield which surrounds the reactor. The configuration assumed 

for the analysis was based on an early design which consisted of -5- in. of 

tungsten next to the reactor and 8 in. of lithium hydride outside of the 

tungsten. A layer of multifoil insulation is sandwiched between the W and 

LiH shield layers. 

Experience on the SNAP reactor programs indicates the optimum operating 

temperature range for LiH to be beî -een 800° and 1100°F. The calculation 

results show that to produce a minimum LiH temperature of 800°F, a surface 

emittance of 0.37 is required. This may be obtained with a stainless steel 

outer jacket according to Table A-23 of Ref. I9. With an 800°F outer surface 

temperature the inner surface temperature is 1085°F. This assumed the thermal 

conductivity of LiH from Ref. 20 and the heating rates from Section 4.2.3. 

The temperature of the tungsten layer was calculated to be 1150°F when 

rejecting heat by radiation to the reactor vessel at 1000°F, the design 

coolant inlet temperature. 
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The final reference design side shield contains 31 cm of LiH and the 

heating rates have been revised from the initial results used in the thermal 

analysis. Continuing effort on the space station system Includes detailed 

thermal analysis of the shield. 

4.2.5. Evaluation of Coolant Activation 

The system configuration, discussed in Section 3, places the inter

mediate heat exchanger adjacent to the side shield rather than in an 

intermediate gallery region. Elimination of the gallery provides a weight 

saving by reducing the diameter of the second layer of gamma shielding by 

moving it forward to a smaller cone diameter. However, it is necessary that 

the side shielding (shown in Fig. 20) be thick enough to reduce the neutron 

activation of secondary NaK in the heat exchanger to tolerable levels. Acti

vation of the radiator loop coolant becomes an additional source of radiation 

to the space station when it is distributed throughout the heat re.jection 

radiator. 

The activation of NaK behind varying thicknesses of LiH shielding was 

calculated with a l6-group discrete ordinates calculation (using s6 quadra

ture and P3 cross sections) using the IDF computer program. 

A multlgroup calculation of this type is required to calculate accu

rately the change in neutron spectrum going through the LiH. As seen in 

Fig. 45 (Ref. 21), the activation cross section varies significantly with 

neutron energy. 
1.0 
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The source term for the neutron leakage through the LiH was derived 

from an l8-group (15 fast, 3 thermal) radial calculation of the reference 

reactor. The scalar fluxes in the "middle drum" zone (77.8^ BeO) of this 

calculation were introduced as an isotropic surface source in the shielding 

problem which was calculated as a slab geometiy. 

4.2.5.1. Radiation Dose at the Station Due to Activated NaK. The equilibrium 

activation of coolant flowing in a loop, one section of which is being irra

diated, may be written 

Aoo = N$ai ^3^;^ (18) 
1 - e 

where N = atom density of coolant 

i = neutron flux 

a = activation cross section 

X. = disintegration constant of activated isotope 

t '= time of exposure in neutron flux for each coolant cycle 

T = period of complete circulation cycle 

For the radiator coolant loop, the ratio of t '/T is approximately 0.2 

3 the value of ; 

equation reduces to 

since the value of \ for Na ih the above equation is I.29 x 10 sec , the 

A^ = N§a(0.2) (19) 

The gamma dose at the crew compartment is calculated by using a source 

term in disintegrations per second. 

S = (A^) (Volume of Radiator in cm"̂ ) (20) 

3 q 

The radiator volume was estimated to be 0.042 m (1.5 ft ). Since 

the mid-point of the radiator is about 55 m from the crew when the reactor-

crew separation is 60 m, a first order result can be obtained by treating 

the radiator as a point source. The dose is then calculated for each gamma 

ray energy emitted by the activated coolant. 
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Figure 46 summarizes the results obtained from the above calculations. 

The doses received from activated NaK in the radiator at reactor-crew sep-

axation distances of 45 and 60 m are shown as a function of LiH thickness 

between the reactor and the intermediate heat exchanger. The values shown 

in the figure are for I.67 MW of reactor power and a radiator volume of 
q 

42,500 cm . Dose rates for other powers and radiator volumes will be 

directly proportional. 

For the reference side shield thickness of 31 cm (12.2 in.,), the dose 

received at a separation distance of 60 m is 0.17 mr/hr. It is concluded 

that placement of the intermediate heat exchanger in the location shown in 

Fig. 20 is feasible from the standpoint of dose levels from activated 

secondary coolant. 

4.2.6. The Effects of Reactor-Space Station Separation on Shield Mass 

The effect of separation between the reactor and the space station for 

the boom-mounted configuration is illustrated in Fig. 47. The masses for 

the boom and the reaction control system (RCS) propellant requirements 

were supplied by NASA MSFC personnel (Ref. 22). The total mass of the 

three items is shown to pass through a broad minimum between 45 and 60 m 

separation. While the 60 m separation shows the lightest total mass, a 

reduction of the separation distance to 45 m would increase the total mass 

by only 485 kg. 

For the configU3ra,tion with the reactor at the end of a tether, the 

thickness of shielding required for the power conditioning modules would 

not be affected by changes in the separation distance from the space sta

tion. However, the amount of shielding required to meet dose requirements 

at the station will change. In addition, the diameter of the power condi

tioning shield will change to confonn to the outer diameter of the 47r 

shield as shown in Fig. 48. These effects are shown in Table 26. 

The overall system weight tradeoff including the tether and deployment 

weights and power conditioning weight is shown in Fig. 49. 
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TABLE 27 

EFFECT OF TETHER LENGTH ON REACTOR SHIELD 

Tether Length (km) 

LiH in Crew Shield (cm) 

Tungsten in Crew Shield (cm) 

Crew Shield Mass (kg) 

P.C. Shield Mass (kg) 

Total Shield Mass (kg) 

1.6 

38 

2.5 

2131 

24l5 

4546 

2.4 

36.8 

0.0 

882 

2125 

3007 

3.2 

33 

0.0 

763 

1843 

2606 

4.0 

30 

0.0 

675 

l64i 

2316 
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4.2.7. Dose Rates After Shutdown 

The radiation dose rate from the power system after shutdown is of inter

est in evaluating disposal modes and the associated hazards. The principal 

sources of radiation after shutdown are the fission products in the core and 

the fission product gases in the storage chambers external to the shield. 

4.2.7.1. Reactor Core. Calculations of the dose from the reactor core have 

been made assuming that all the fission products are retained in the core. 

Source tenns for seven energy groups were derived for different times after 

shutdown using data from Ref. 23. 

The QAD computer program (Ref. 17) was then used to calculate gamma ray 

doses outside the side shield of the reactor at different times after shut

down. The calculated gamma doses are shown in Table 28 for various times 

after shutdown at varying distances from the outside of the LiH side shield. 

4.2.7.2. Fission Product Traps. The radiation dose from the fission product 

traps during EOL full power operation was shown to be 0.24 p/hr at 30 m 

separation for an effective delay time of 4l.7 hr. 

The dose rate from the fission product traps at a distance of 3 m at 

various times after shutdown is shown in Table 29. The radiation doses 

from the fission product traps are the same order of magnitude as those from 

the reactor itself so that there does not appear to be a significant penalty 

in the shutdown dose rate from placing the fission product traps outside the 

reactor shield. 

4.3. REACTOR ANALYSIS 

This section describes the analysis done on the reactor subassembly 

and includes the details of nuclear analysis, core thermal-hydraulic analy

sis, fission gas management, control drive and drum analysis, and stress 

analysis on the reactor vessel. 
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TABLE 28 

SHUTDOWN DOSE RATES FROM REACTOR CORE 
(R/hr) 

Time Since 
Shutdown 
(days) 

0.1 

1.0 

10.0 

100.0 

0.5 m 

946.8 

601.2 

356.4 

46.8 

Distance from 

1.0 m 

236.7 

150.3 

89.1 

11.7 

Shield 

3.0 m 

26.3 

16.-̂  

9.9 

1.3 

TABLE 29 

DOSE RATES FROM FISSION PRODUCT TRAPS 
(R/hr) 

Time Since 
Shutdown 
(days) 

0 

0.1 

1.0 

10 

100 

Distance from Shield 

3 ffi 

24.0 

23.2 

18.9 

5.6 

0.16 
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4.3.1. Nuclear Analysis 

4.3.1.1. Reactivity Requirements. The principal objectives of the neutronic 

calculations were the following: 

1. Establish the reactor size to provide adequate excess reactivity 

with the required number of TFEs. 

2. Specify detailed two-dimensional fission power distribution for 

converter performance evaluation. 

3. Verify that an adequate shutdown margin can be provided with the 

control drums. 

4. Determine the sign and magnitude of the major temperature coeffi

cient components. 

In the subsequent discussion, the term "core" refers to the central re

gion composed of the TFEs and the UZrH fuel elements intermixed with them 

(H/U ratio of 4.0). The term "driver" refers to the outer region of UZrH 

elements (H/U ratio of 25.8). 

The reactivity requirements assumed for the purpose of Initial sizing 

studies are given in Table 30. 

TABLE 30 

REACTIVITY REQUIREMENTS 

Temperature Defect 

Burnup and Hydrogen 

Shutdown Margin 

Uncertainty 

Control Worth 

Loss 

0.03 Ap 

0.01 Ap 

0.03 Ap 

0.02 Ap 

0.09 Ap 

These requirements imply that the cold clean reactor should have a calcu

lated multiplication factor of k „™ = I.06 with all control drums out. Since 
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reactors of this type have not been analyzed in detail before, the values 

assumed for the various reactivity terms are approximate, and it would be 

expected that several design iterations would be required to establish the 

core size. Fortunately, it is characteristic of the design that the driver 

region has a large reactivity worth so that small adjustments in the driver 

region thickness produce large changes in k _- without greatly changing con 

trol worth or other parameters (increasing the driver thickness by 1 cm 

increases k ^ by about 0.027). Thus, if some of the terms contributing 

to the reactivity requirements are found in later analyses to have signi

ficantly different values than those assumed, the required changes In 

reactor dimensions are likely to be small. 

The values assumed for the temperature defect (reactivity charge from 

room temperature to average operating temperature) and the burnup \oss are 

estimates based on earlier hydride-thermionic reactor studies. The shut

down margin of O.O3 Ap would allow the core to be shut down by 0.02 Ap, 

even if a single pair of drums is stuck in the full out position (ignoring 

interaction effects). The uncertainty allowance of 0.02 Ap is that which 

might be realistic following a detailed design effort and a critical exper

iment program; the uncertainty in the present calculations is substantially 

larger. 

The majority of the initial calculations was done with the one-

dimensional transport theory code IDF (Ref. 24) with six neutron energy 

groups. The group structure is given below. 

Group 

1 

2 

3 
4 

5 
6 

Energji 

l 4 . 9 X 

6.74 X 

275 

2.38 

0.12 

0.05 

' I n t e r v a l (eV) 

10^ 

10^ 

- 6.74 X 10^ 

- 275 

- 2.38 

- 0.12 

- 0.05 

- 0 .0 

Ipo 



Six-group cross sections for the core, driver, and reflector regions 

were obtained by averaging over infinite medium neutron energy spectra of 

the three compositions using the multlgroup cross section code, GGC-4 (Ref. 

25). While this procedure is adequate for survey calculations, it should 

be noted that the driver and reflector regions are not large enough to 

produce the infinite medium spectra appropriate to their compositions. 

The actual spectrum in these regions is influenced by the adjacent regions. 

This problem can be resolved by using more energy groups in one-dimensional 

calculations. In the two-dimensional calculations to be reported below, 

the use of more energy groups would be too expensive. For these cases the 

six-group cross sections for each region were prepared by averaging over 

region-dependent spectra obtained from 25 group one-dimensional calculations. 

As a result of the preliminary calculations, the annular driver thick

ness was fixed at 5-23 cm, which gave a k _„ of about I.065. Two-dimensional 

transport theory calculations for this core were done with the TWOTRAN Code 

(Ref. 26) to improve the reactivity estimate and determine the power dis

tribution in the diodes. 

The possibility of using a partially fueled axial reflector to reduce 

the need for zoning the uranium in the TFEs was also investigated. It was 

found, however, that the additional fuel in the reflector significantly re

duced the system efficiency. The reference design therefore has 12.65 cm 

BeO axial reflector pieces on all fuel elements. These results are summarized 

below. 

, Fract. Power 
eff in TFEs 

One-dimensional: Ref. Unzoned Core I.O65 

Two-dimensional: Unzoned 10.I5 cm Fueled Axial Reflector 1.079 O.36 

Two-dimensional: Unzoned 12.65 cm BeO Axial Reflector I.O65 0.42 

4.3.1.2. Power DistributioBS. Figure 50 shows a comparison of the radial 

power distribution from one-dimensional calculations using the 25-group and 

the six-group cross sections described above. Both curves are normalized 

to an average power of 1.0 in the reactor. It is seen that thf 6-group 

case gives a higher power in the core zone and a lower power 1 . the driver 
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zone than that computed with 25 groups, with a maximum difference of approx

imately 8^. The 6-group case also gives an Increase in k „„ of ,̂  0.4^ (i.e., 

Ak = +0.004). These results are an indication of the error likely to be 

introduced in the two-dimensional power distribution calculations which are 

restricted to six groups for reasons of economy. 

The two-dimensional power distribution was computed using an r-z model 

as shown in Fig. 51. The diodes are represented radially as rings of unit 

cells* in a hexagonal array and axially as the 5.1 cm fueled and 2.3 cm 

unfueled zones. (The so-called "unfueled region" does of course contain 

fuel in the UZrH elements which are axially continuous). The radial reflec

tor drums are represented as annular rings surrounding the core. The 

homogenized 12.7 cm axial reflectors are composed of extensions of the TFEs 

and hydride rods, filled with BeO. Figure 52 gives the relative power 

distribution in the diodes for a uniform fuel density of 64.8^ theoretical 

density inside the fuel cavity. The power is normalized such that the aver

age power in the diodes is 1.0. The highest axial max/min power ratio in 

the unflattened core is 1.44 in the outer ring of diodes. 

The axial power distribution in the core zone was flattened by varying 

density of UCZrC in each diode zone as shown in Fig. 53- These densities 

represent the fraction of theoretical density inside the fuel cavity, with 

the average density maintained at 64.8^ theoretical density. 

The relative power distribution in the diodes in the core zone is given 

in Fig. 54 normalized to an average power in the diodes of 1.0. The highest 

axial max/min power ratio has been reduced to ^ 1.21. 

These results indicate that fairly uniform power production can be 

obtained in all diodes by varying the fuel density in the diodes. Further 

variations in the diode fuel densities or zoning within the diode could 

further reduce the max/min power ratio if this were required. Another 

A hexagonal "unit cell" consists of a TFE and one-half of each of the 
twelve UZrH elements surrounding the TFE. 
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method of zoning which has not been investigated would be to vary the uranium 

weight percent in the hydride fuel in the core zone. This method might offer 

some advantage in improving the system efficiency. It should be noted that 

any method of zoning will normally result in a loss of reactivity and a prob

able increase in fabrication cost. 

A breakdown of the power split in the various zones in Table 31. This 

power split is essentially the same in the zoned and unzoned core. It is 

computed for the case of all control drums fully out. 

TABLE 31 

FISSION PCWER SPLIT IN REACTOR CORE 

Material 

Fuel in Diodes 

UZrH in Fueled Zone 

UZrH in Unfueled Zone 

UZrH in Driver 

Fraction of Power 

0.4l8 

0.117 

0.049 

0.4l6 

1.000 

The azimuthal power distribution was studied with an r-9 geometry 

model representing a 30° sector of the fueled zone of the core with the 

control drums represented as annular rings. The model is shown in Fig. 55. 

The azimuthal variations of the power distribution are not large for this 

case, since all control drums are in the full out position. A typical radial 

power distribution through the homogenized portion of the core, the outer 

TFE and the driver zone is shown in Fig. 56, at 0 = 15°. Here, the power 

at the inner and outer edge of the TFE varies by about 7%. The relative 

power in the core zone and driver zone differs from that shown in Fig. 50, 

since the core zones here do not include the unfueled portion of the diode. 

4.3.1.3. Control Worth. The reference design control system consists of I8 

control drums made of BeO with an insert of B^C occupying a sector one-sixth 

of the diameter in thickness. The B^C is made with natural boron. Several 
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control worth calculations have been done with various calculational methods. 

Since two-dimensional models can only be done with a few energy groups, a 

one-dimensional control worth calculation was done with 25 groups to separate 

the effect of the space-dependent energy spectrum. In one-dimensional radial 

calculations or two-dimensional r-z geometry calculations, the drums must be 

homogenized into annuli with appropriate shielding factors for the B. C 

absorbers. This effect was studied with two-dimensional r-9 geometry calcu

lations. The use of few groups and the neglect of azimuthal shielding fac

tors both result in overestimates of the control worth. Assuming the correc

tions are separable, the best present estimate of the control worth is O.06 

Ap. This is less than the O.O9 Ap listed as the assumed requirement in 

4.3.1.1 above. The difference could be made up by using enriched boron in 

place of natural boron, or increasing the thickness of the poison segment, 

or a combination of these. The effect of drum positions on the power dis

tribution should be Investigated before deciding which method to use. It 

should also be noted that the O.O9 Ap requirement is itself likely to change 

with more detailed analysis. 

4.3.1.4. Reactivity Coefficients. The temperature coefficient of the reactor 

is made up of the Doppler coefficients of u , U , tungsten, tantalum, 

and niobium, the thermal base effect in the ZrH moderator and the thermal 

expansions of the fuel, coolant and structure. For purposes of dynamic 

analyses, all of the components of the coefficients must be individually 

calculated so that they may be associated with their proper time constants 

in a thermal-hydraulic model. For purposes of establishing excess reac

tivity requirements, however, only the combined effect of all components 

up to their average operating temperatures is needed. 

Two sets of six-group cross sections were prepared designated "cold" 

and "hot" respectively. The following temperatures were assumed. 
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Resonance Absorbers 

Nb 
Ta 
W 

U2 38 

Scattering Kernels 

H (UZrH) 
C (UCZrC) 

BeO (radial refl) 
BeO (axial refl) 

Temp, °K 

Cold 

300 
300 
300 
300 

Hot 

853 
853 
1973 
2200 

Temp, °K 

Cold 

300 
300 
300 
300 

Hot 

973 
2200 
1200 
900 

The density of the NaK coolant is reduced in the "hot" calculation on the 

basis of an assumed 788°K average coolant temperature. 

235 
Resonance calculations for U were not included in the two cross 

section sets because of limitations of time and cost. The Doppler coeffi

cient of fissile materials involves a delicate balance between the broadening 

of capture and fission and, depending on the neutron energy spectrum, could 

be positive or negative. To make a meaningful estimate would require more 

calculational detail and cost than was considered Justifiable in the pre

sent study. (This does not mean the coefficient is negligible in magnitude). 

The reactivity decrease from the cold to the hot condition for the 

zoned core, as calculated with two-dimensional transport theory, was 0.0137 

Ap. This calculation does not include any thermal expansion effects except 

for the coolant density change mentioned above. 

The thermal expansion reactivity coefficients depend strongly on the 

detailed mechanical design and operating conditions. Calculations have been 

done for the reactivity worth of 1^ uni-directional expansions of individual 

components. These were done with the GAPER two-dimensional perturbation 

134 



theory code (Ref. 27) using the direct and adjoint fluxes for the hot con

dition as the reference point. The results may be combined with thermal 

expansion coefficients of the particular materials to give reactivity 

coefficients. 

The two most important expansion effects are the axial expansion of the 

UZrH driver fuel (a prompt effect) and the radial expansion of the grldplate 

(a relatively delayed effect). Expansion of conponents of the TFE may be 

prompt or delayed but give substantially smaller reactivity changes. The 

results are given in Table 32. 

The GAPER perturbation theory code was also used to compute some of the 

individual components of the Doppler coefficient. These are given in Table 

33. The values for the resonance absorbers in the Intercell region are only 

approximate. 

For a rapid reactivity transient, the effective prompt temi erature 

coefficient would be comprised of the U and U Doppler coefficients, 

the thermal base coefficient and the UZrH fuel axial expansion coefficient. 
235 

Excluding the U Doppler coefficient, which was not calculated, the prompt 
-6 

coefficient is about - 5 x 10" Ap/°K. In less rapid transients the emit
ter tungsten Doppler coefficient could be Included in the prompt coefficient. 

4.3.1.5. Burnup and Hydrogen Loss. The reactivity loss with burnup results 

235 

from the depletion of U , the buildup of fission products, and the redis

tribution and loss of hydrogen from the UZrH fuel. Time-dependent burnup 

calculations have not been done to date, but some estimates of the reactivity 

effect of U burnup and hydrogen loss have been made. No estimate of the 

actual amount of hydrogen lost is available, since this depends on a detailed 

thermal analysis. 

The u burnup in the core and driver was estimated by assuming a 

burnup rate of 1 gram Û '̂ '' per thermal megawatt day and a power level of 

1.37 MWt. The reactivity loss was computed with the GAPER perturbation 

theory code. The results are given in Table 34. 
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TABLE 32 

EXPANSION TEMPERATURE COEFFICIENTS 

Component 

UZrH Fuel: Axial Expansion from 
Center Inside 
Stationary Clad 

Core 
Driver 

UZrH Fuel: Axial Expansion from 
Center Moved by 
Expanding Clad 

Core 
Driver 

j Top (Vessel Head) and Bottom 
Grldplate: 

Uniform Radial Expansion 

UCZrC Diode Fuel Axial 
Expansion Inside Emitter 

All Fxiel Expands Away from 
Core Midplane 

All Fuel Expands Towards 
Core Midplane 

Nb Sheath Axial Expansion 

All TFEs Expand Away from 
Core Midplane 

All TFEs Expand Towards 
Core Midplane 

Reactivity Change 
per Percent Expansion 

Ap/A£/£ 

-0.045 
-0.135 

-0.042 
-0.130 

-0.590 

-0.002 

+0.023 

-0.028 

+0.041 

Ass\imed Thermal 
Expansion Coeff 

A£/£/°C 

1.5 X 10"^ 
1.5 X 10"^ 

1.66 X 10"^ 
1.66 X 10-5 

2.17 X 10-5 

1.225 X 10-5 

1.225 X 10-5 

7.91 X 10"^ 

7.91 X 10-6 

Expansion 
Temp. Coeff 

Ap/°C 1 

-0.67x10"^ 
-2.03x10"° 

-0.69x10^5 
-2.16x10"*' 

-1.28x10-5 

-0.28x10-7 

+2.8 xlO-7 

-2.2x10-'' 

+3.25x10-7 



TABLE 33 

TEMPERATURE COEFFICIENT COMPONENTS 

Doppler Coefficients 

Tungsten: 

Niobium: 

Tantalum: 
U-238: 

Thermal Base 

Qnitter Region 
Intercell Region 

Emitter Region 
Intercell Region 

Intercell Region 
Emitter Region 

Effect 

Ap/°K 

-3.36 X 1 0 % @ 1975°K 
f« -1.8 X 10 @ 1975°K 

-1.99 X 10' @ 850OK 
^ -0.30 X 10"° @ 8500K 

R:i -2.9 X 10'^ @ 8500K 
-0.65 X 10-0 @ 22000K 

-1.8 X 10' 

TABLE 34 

BURNUP REACTIVITY LOSS 

U-235 in TĴ'Es 

U-235 in UZrH (core zone) 

U-235 in UZrH (driver zone) 

TOTAL 

Specific Power 
kwt/kg 235 

10.3 

19.8 

34.8 

Burnup 
Atom Percent/yr 

0.38 

0.72 

1.27 

Reactivity Loss 
Ap/yr 

5.83 X 10" 

4.30 X 10 

6.16 X 10 

16.29 X 10"^ 
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Burnup at this rate would then add up to a O.OO8 tip reactivity loss in 

5 years. The burnup reactivity requirement assumed for the reactor design 

was 0.010. The additional effects of fission products and hydrogen loss are 

not included. 

The reactivity worth of removing 5^ of the hydrogen from all core and 

driving zones was computed with the GAPER code to be -O.OO89 Ap or O.OOI8 

Ap per percent hydrogen. Since hydrogen has a major effect on the neutron 

energy spectrum, the validity of this perturbation theory result cannot be 

assumed over a wide range. 

00 

4.3.1.6. Fast Damage Flux. The maximum fast damage flux (J„ , ^ ^ $(E)§E) 

in the zoned core was computed to be 2.1 x 10 n/cm /sec/MWt. This flux 

occurs in the diodes nearest the center of the core. Assuming 10,000 hours 

of operation at I.37 MWt, the maximum integrated fast damage flux is 
21 

^ 1.0 X 10 nvt. 

4.3.1.7. Summary. The best present estimate of k _„ is I.O78 for the cold, 

zoned core with drums out. The required value of I.06 assumed in 4.3.1.1 

appears valid since the overestimate of the temperature defect is compensated 

by the underestimate of the burnup requirements. Since the difference be

tween 1.078 and 1.06 is within calculational uncertainty, there is no pre

sent justification for reducing the core size (the reduction required would 

only be about 0.8 cm in driver thickness). 

Some increase in boron enrichment or volume is required to achieve 

adequate shutdown. An adequate power distribution is obtainable by vary

ing the fuel density in the diodes. The major temperature coefficient 

components are negative, with the possible exception of the u Doppler 

coefficient which was not calculated. Parametric dynamics calculations 

would be required to determine whether the coefficients are of acceptable 

magnitude. 
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4.3.2. Core Thermal-Hydraulic Characteristics 

The thermal-hydraulic characteristics of the core have been examined 

for the design case with fuel elements centered in their nominal locations 

and each fuel element manufactured to its nominal size. 

A section of the core is shown in Fig. 57. Three flow channels are 

identified in the figure. Each of these three is typical of a large number 

of flow channels in the core. The first hydraulic calculation was performed 

assuming the core was not orificed to control flow distribution and that 

the radial pressure gradient was zero across the core. 

The flow rate in each type channel was calculated from the following 

equation: 

W = KA^ (D^)-^^'^ (21) 

where W = coolant mass flow 

A = cross sectional area of channel c 

D = hydraulic diameter of channel 

K = normalizing factor 

This equation was derived assuming the channel pressure drop to be due 

to shear stress along the channel boundaries alone and the friction factor 

to vary with the channel Reynolds number to the -0.2 power. 

The linear heat input to each channel was determined from the calculated 

power distribution ignoring the circumferential heat conduction in the fuel 

rods. Table 35 gives the heat fluxes assumed and the calculated heat inputs. 

The results of the hydraulic analysis and power distribution calculation 

were combined to give the coolant bulk temperature rise for each typical 

channel (Table 36). Examination of this table shows that a hydride element 

in the TFE region will experience an increase in azimuthal temperature grad

ient of 4o°K (difference between channels 2 and 3) due to non-uniform coolant 

enthalpy rise across the core in this region. A possible solution to this 
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Fig. 57. Typical flow channels 
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problem is the addition of a flow spacer of triangular cross section to the 

core along the full length of each type 3 channel (Fig. 58). This restricts 

the flew in that channel and increases the enthalpy rise. The temperature 

rise in a type 3 channel was re-calculated with the spacer and the results 

are given in Table 36. 

TABLE 35 

FUEL ELEMENT HEAT FLUXES 

Surface Description 

TFE 

UZrH in TFE Region 

UZrH in Driver Region 

Channel Number Linear 

1 

2 

3 

Heat Flux, w/cm^ 

25.0 

4.4 

6.7 

Heat Input, w/cm 

12.4 

28.4 

7.9 

TABLE 36 

CHANNEL COOLANT TEMPERATURE RISE - NO SPACER 

Channel Number Coolant Temperature Rise, "K 

1 60 

2 78 

3 38 

TABLE 37 

COOLANT TEMPERATURE RISE - WITH SPACER 

Channel Number Coolant Temperature Rise, °K 

1 

2 

3 

60 

78 
88 

l4i 
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Note that this temperature distribution is more uniform than that in 

Table 35 and also that it will be altered by circumferential conduction in 

the fuel as described in the following section. 

A method for calculation of the temperature distribution in liquid 

metal cooled, closely spaced fuel rods was developed and evaluated in Ref. 

28. In this model, the two-dimensional temperature field in a region con

sisting of the coolant passage and fuel rod is calculated assuming the 

coolant to move in slug flow (no radial velocity gradient). 

The temperature distribution in the clad of a UZrH rod and an adjacent 

TFE is shown in Fig. 59. This calculation was performed for an average core 

outlet temperature of 865OK (llOOOp). The channel marked with an average 

temperature of lioiop is a type 2 channel and the shaded channel is a type 3. 

The coolant flow rate assumed for the type 3 channel corresponds to that 

calculated for inclusion of the triangular spacer described above. 

From the temperatures given on the figure the maximum circumferential 

temperature difference around the TFE sheath is 7°K (13°F) and around the 

UZrH rod 28OK (51°F). 

The maximum axial stress in the UZrH rod cladding (incoloy 80O) is 

given by 

aEAT 
^z =-2-

^^ __ 9 X 10-^ X 30 X 10^ X 51 __ 6885 psi (4.75 X 10^ N/m^) (22) 

«z = ̂  = °-023^ 

This strain is small compared with the strain at failure of the clad 

(2-4^). The bending stress produced in the UZrH rod clad will be small 

because of the nearly axisymmetric nature of the temperature distribution. 

That is, if the temperature is represented as a Fourier cosine series, the 

wave number for significant harmonics is 2 or greater (see Ref. 29). 
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f = 854° K 

F i g . 59. TFE and UZrH element c i r c u m f e r e n t i a l 
tempera ture d i s t r i b u t i o n 
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The clad temperature distribution for a UZrH rod next to a type 1 channel 
p 

was calculated at an average surface heat flux of 10 w/cm , which is greater 
o 

than the expected EOL maximum of 6.7 w/cm . The results are shown in Fig. 60. 

The temperature gradients around the clad are small (4.5°K) so the induced 

thermal stresses will be low compared with those in rods located next to a 

type 3 channel. 

In summary, the most significant stresses occur as a result of the 

temperature gradients in the UZrH rod clads next to a type 3 channel, even 

though the calculated strains are acceptable. Further work would evaluate 

means of increasing the design margin, e.g., devising ways to further res

trict the flow in a type 3 channel relative to the rest of the channels in 

the core. One means to be investigated is removal of the spiral spacers 

from the UZrH rods in the TFE region and allowing the rods to touch each 

other over the full length of the core. The TFEs would then be fitted with 

spacers to prevent the TFEs from contacting the UZrH rods; this will consid

erably alter the present flow balance between type 2 and type 3 channels in 

a favorable direction. 

4.3.3. Fission Gas Manetgement 

For long term operation of the TFEs, it is necessary to vent gaseous 

fission products from within the emitters to avoid pressure buildup and 

subsequent emitter distortion. The gaseous fission products are vented out 

of the reactor to charcoal traps operating at a lower temperature. The 

physical location of the fission product traps is influenced by the 

amount of heating within the traps, the cooling required to maintain the 

trap at operating temperature, and by the possible dose rates to the crew 

from fission products in the traps. 

The amount of heating is determined by the amount of each fission 

product to reach the traps. If all volatile fission products were instan

taneously transmitted to the trap, the heating would be approximately 10 W 

per kW of TFE thermal power. Of this amount, about 6.1 W is due to isotopes 
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Fig. 60. Hydride fuel rod at core exit annular driver region 



of Xe and Kr. However, over 70^ of the heating by Xe and Kr is contributed 

by isotopes having half-lives which are less than five minutes. Any delay 

between the isotope generation in the fuel and final deposition in the 

fission product traps will reduce the heating in the traps. 

For a steady state condition in the vent system, the rate of gas 

generation can be estimated for each kW of power in a TFE-

.25 ^ . ^ ^ . 3.1 X 10^3 ̂ iss ^ ^ 12 a t ^ 
^ fission "̂  sec kW sec kW 

12 
and Q = (62.364) ^'^^ ^ ^° T (°K) (23) 

6.02 X 10 -̂  

Q = 8.02 X 10""'"° (T OK) torr-liters/sec. 

Fission gases which are formed in the fuel are delayed by the fuel 

material itself and by the tortuous passage between the fuel cavity and the 

fission product traps outside the reactor. 

4.3-3-1. Fission Product Delay in the Fuel. An estimate of the holdup in the 

fuel material has been made based upon some fission product release data 

taken in 1964 with UC-ZrC fuel (Ref. 30). The data for Xe-133 has the 

characteristics shown in Fig. 6l; the fraction of gas released from the 

fuel increases with time and appears to approach an asymptote. However, 

the half-life of Xe-133 is 5.27 days. For isotopes having shorter half-

lives, the number of atoms existing outside the fuel is decreased by 

radioactive decay as illustrated in Fig. 62. If an estimate of heating 

rates in the traps is made on the basis of steady state fission rate, the 

maximum rate of heating is represented by the maxima in the curves in Fig. 

62. 

Iteximum release fractions have been estimated from curves of the type 

shown in Fig. 62. It has been assumed that Kr diffusion from the fuel has 

the same rate as that for Xe. Table 38 summarizes the heating rates in 

the traps per thermal kilowatt in the TFE for each isotope of Xe and Kr. 
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Fig. 62. Effective release of Xe isotopes 
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For the purposes of this calculation, it has been assumed that other chem

ical elements such as iodine and cesium are tied up by formation of compounds 

and never reach the traps. Note that, at the end-of-life thermal power of 

11 kW per TFE, total heating per trap, based on release from the fuel only, 

is estimated to be I.92 watts. 

Table 38 
Heating Rates in the Fission Product Traps 

Isotope 

Kr-85 M 
-85 
-87 
-88 
-89 
-90 
-91 

Xe-133 
-135 
-137 
-138 
-139 

Instantaneous 
Release [w/kw(t)] 

0.054 
0.00065 
0.351 
0-29 
0.663 
0.705 
0.625 

0.113 
0.236 
1.1625 
0.591 
1.273 

Effective Release 
From Fuel 

0.0075 
9 X 10-5 
0.0266 
0.027 
0.0113 
0.0014 

-

0.0158--
0.0271 
0.0255 
0.0272 
0.0051 

Total 6.064 0.175 

4.3.3.2. Fission Product Delay in Vent Tubes. The activity observed in the 

fission traps will also be decreased by the effective delay time of the 

fission product vent system. The conductance for Xe Isotopes for each sec

tion of the fission product vent system has been estimated as shown in Table 39-

Table 39 

Fission Product Vent System Gas Conductance 

Conductance AP of Xe-139 for 1 kW(t) 
Path (liters/sec) in TFE (torr) 

-7 
0.05 mm dia. vent tube 3-7 x 10 ' 0.275 

38 cm fission product tube 104 9.8 x 10"° 

Passage through Cs reservoir 24 4.3 x 10-9 

Slots in lead assembly 616 3-2 x 10-10 

Stem 98 1.6 X 10-9 

Fission product slot at top diode 4938 2.8 x lO-H 

l49 



Examination of the conductances suggests that the problem can be 

greatly simplified by considering the system as a single volume vented 

through the low conductance vent tube. The total volume in the vent sys-

tem is 56 cm . 

The shortest time for fission product escape will occur at the beginning 

of-life, where it can be assumed that the partial pressure of fission prod

ucts at the charcoal trap is equal to zero. Under these conditions the mass 

flow rate 

Q (torr-llters/sec) = F AP (24) 

= F P 

where F = vent tube conductance 

P = partial pressure in the volume. 

At steady state, where the venting through the vent tube is equal to 

the generation rate in the fuel, the average time spent by the gas in the 

vent system volume is 

(25) T = ^ ^- = 
F P 

3 .7 3i 

= 4 i . 7 

. V 
• F 

56 cm̂  
-4 3/ : 10 cm / s e c 

h r 

If this delay time is applied to the isotopes listed in Table 38, the 

estimated heating rate falls to 0.0012 watts per kilowatt in the TFE. At 

end-of-life conditions in the Si)ace Station Reactor, total heating per trap 

is approximately O.OI5 watt. 

4.3.3.3. Radiation Doses from Unshielded Fission Traps. The fission product 

traps can be placed at that end of the reactor away from the crew compartment 

within the shadow cone of the man-rated shield. However, an additional 
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0.13 

6.3 X 10"^ 

3.78 X 10 

51.2 

2 .48 

0.24 

constraint upon the power system design is a limit on the radiation dose 

of 100 p/hr at a distance of 30 m at all points around the reactor. As is 

shown in Table 4o, however, the gamma ray dose from the fission traps is 

quite small, even if no allowance is made for the gas transport time between 

the fuel element and the charcoal trap. 

Table 40 

Dose Rates from Fission Product Traps 

Total Dose Rate 
Dose in P/hr at in p/hr Based Upon 

Release Assumption 100 ft per kW TFE Power EOL Reactor Power 

All noble gases instantly 
appear in traps 

All gases released from fuel 
appear instantly in traps 

Gases released migrate to 
traps with 4l.7 hr delay time 

4.3.3.4. Storage Chamber Design. The fission product storage chambers were 

sized to provide an acceptable gas pressure at end of life with the bundle 

of 60 chambers located within the cone angle of the space station shield 

(see Fig. 20). 

The chamber design includes consideration both of the volume required 

and the temperature of the chambers due to heat dissipation to the environ

ment. The heat dissipated by the chambers is derived from two sources. 

These are radioactive decay heating by fission products of O.OI5 W per 

thermal kilowatt of the TFE and heat conduction from the cesium reservoir 

to the chamber (see Fig. 18). The bundle of chambers was assumed to rad

iate to space from the outside surface of the bundle and also from the end 

of the chamber away from the reactor. The chambers inside the bundle trans

fer heat by thermal radiation to their neighbors immediately outside of them. 

This results in a temperature gradient with radius of the bundle with the 

central chambers operating at maximum temperature of 585OK. 
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The fission gas accumulated in 5 years in a single chamber is composed 

of 0.3 g of Kr and I.5 g of Xe. The gas pressure calculation assumea the 

chambers to be filled with charcoal, Barnaby-Cheney grade MI-673b. Data 

for gas absorption by this charcoal is given in References 31 and 32. 

The volume of a chamber for the geometry assumed in thermal calcula-
3 

tions is 520 cm . The calculated end-of-life pressure in such a chamber 

at the maximum temperature of 585°K is 0.85 atm. Present information indi

cates this to be an acceptable value. This pressure estimate is above that 

expected since, at the time these calculations were performed, the cesium 

reservoir was assumed to be of the sorption type, operating at 975°K. Sub

sequently, the reference design was changed to specify a liquid reservoir 

at about 575°K. This will reduce the heat leak to the fission product 

chambers and cause them to operate at a lower temperature and EOL pressure 

than stated here. 

4.3.4. Control Drive and Drum 

The thermal and radiation environment of the control drive actuator 

was calculated for comparison to that predicted for the SNAP-8 application. 

The temperature of the actuator case was calculated with the follow

ing assumptions: 

a. Case is 9-2 cm o.d. x 10 cm long. 

b. Shaft is 2.5 cm o.d. x 0.12 cm wall x 15 cm long stainless steel, 

but the thermocouple coupling conductance is 3 times that of the 

shaft alone. 

c. Electrical loss is 26 W continuous. 

d. Reactor vessel at 8650K. 

e. View factor to si)ace is 0.5. 
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f. Actuator case emittance is 0.5-

The case temperature was calculated by solving the equation 

4 4 
A Foe (T - T ) = K (T . - T ) + O, 

^ case space reactor case ^ 

where F = view factor to space 

a - Stefan-Boltzmann constant 

e = emittance 

K = thermal conductance from actuator to reactor 

Qp = heat generated in actuator by electrical losses 

A = area of case 

The solution to the equation is the mean temperature of the actuator 

case — 735°K. 

The gamma dose to the actuator was calculated using the gamma energy 

flux as 3.67 X 10 /sec-cm -MWt of 2 Mev photons (from section 4.2.1). The 

energy absorption coefficient was taken as that for iron at a gamma energy 

of 2 Mev or 0.023 cm /g. Attenuation by the actuator was ignored. The cal

culated gamma dose for 5 years was less than 6.2 x 10 rad. 

The fast neutron dose is calculated using fluxes from section 4.2.1. 
17 The calculated nvt is less than 5.4 x 10 . 

Table 4l summarizes the calculated environmental conditions for the 

actuator where they are compared with those for the SNAP-8 reactor operat-

ing 10 hours (from Ref. 6). 
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Table 4l 

CONTROL ACTUATOR ENVIRONMENT 

60 TFE System (5 yrs) SNAP-8 (10 hr) 

11 11 
Gamma Dose < 6.2 x 10 rad 3 x 10 

IT 20 
Fast Neutron nvt < 5 . 4 x l O ' 1 x 1 0 
Temperature 860°F case 900 max 

The results shown in the above table indicate that the design is con

servative relative to the application for which the actuator was developed 

with the exception of the gamma ray dose. If further study shows this to be 

a problem, a small amount of additional shielding may be added between the 

actuator and reactor to reduce the Integrated gamma dose to the actuator. 

A thermal analysis was performed to calculate the operating tempera

ture of a control drum. The drum is assumed to be in a position of 50^ 

poison insertion or the poison segment is parallel to a reactor radius. 

The following assumptions were also made: 

a. Reactor power is I60O kWt 

b. Heating rates from section 4.2.1 of this report 

c. The emittance of the inside of a diywell is 0.5J the emittance 

of the control drum surface is O.3 (niobium) 

d. All nuclear heat generation is in BKC 

e. All of the heat generated in the drum by nuclear reaction is 

transferred to the drywell by thermal radiation, i.e., thermal 

conduction through the support bearings is ignored. 
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The maximum surface temperature of the drum is calculated to be 

1015°Kj the maximum interior temperature is about lOOR above the surface. 

The calculations indicate that a refractory metal cladding is pre

ferred on the control drums. A niobium alloy is the reference choice for 

this study. 

4.3.5. Reactor Vessel Stress Analysis 

A preliminary stress analysis of the reactor vessel was performed to 

set dimensions of key components. The following assumptions were applied 

in the analysis: 

a. Gamma heating of the vessel is at a rate of O.3 w/g. 

b. The structural material of the vessel is stainless steel, type 316. 

c. The nominal pressure of the coolant is 2 atm. 

d. ASME Unfired Pressure Vessel Code, Section VIII, design stresses 

apply. Thermal stresses are allowed to be twice the magnitude of 

primary stresses as specified in Section III of the Code. 

e. There is a 0.32 cm spacing between the o.d. 's of adjacent con

trol drum drywells. 

The results of the calculations are as follows: 

The minimum drywell wall thickness required to resist collapsing due 

to the coolant pressure is 0.15 cm. 
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The maximum allowable vessel head thickness to limit the thermal 

stress by gamma heating is 3.8 cm. The thermal stress was calculated 

from the following equation for an unbounded slab of thickness L: 

e = ^ ! ? ^ r 2 + e - M - M L . ^ ) - ^ l 

2(i-v)k7L **L '̂ LJ 
(27) >(l-v)kM 

where S = maximum surface stress 

a = thermal expansion coefficient 

Q = volumetric heating rate 

V = Poisson's ratio 

k = thermal conductivity 

t^ = linear energy absorption coefficient 

The calculated thermal stress is 1.1 x 10 N/m (15,900 psi); the 
"7 

design stress for 3l6 stainless steel at 875°K was taken to be 6.5 x 10 

N/m^ (9450 psi). 

Taking the maximum allowable head thickness, the minimum allowable 

ligament efficiency for the control drum drywell penetrations was calcu

lated to be 0.2. This requires that at least every other drywell is to 

be reduced in diameter at the head end to result in an allowable drywell 

mean diameter of 9.̂  cm. An implication of this result is that at least 

half of the drums must be built into the vessel rather than added after the 

vessel is completely fabricated. This conclusion should be re-examined when 

more accurate estimates of the vessel gamma heating distribution have been 

made. 

4.4 HEAT REJECTION SYSTEM 

Calculations were performed to determine the size and weight of the 

key heat rejection components and to optimize the dimensions and other 

physical parameters of these components. These are summarized in the fol

lowing sections. Included here is the selection of polyphase annular 

linear induction pumps and the calculation of size, weight, and efficiency 

for these pumps. The method of optimization of the heat exchanger between 
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the primary and secondary loops is described, as is the method for optimization 

of pipe size in the loops. The determination of the radiator heat pipe para

meters and panel design, including meteoroid protection, is also presented. 

4.4.1. Pump Selection 

Pumps are required to circulate coolant in the reactor loop and in each 

of the 5 radiator loops. The principal performance requirement for these 

pumps is that they have high reliability for a 5-year lifetime. Since the 

pumps are welded into the liquid metal loops, it does not appear feasible to 

maintain or repair them during the lifetime cf the reactor power system. 

Electromagnetic pumps were selected for use in all loops. These pumps 

have lower efficiency than mechanical pumps for liquid metals, but have the 

potential for a higher lifetime and reliability. They have no moving parts 

to wear out, and they allow the loops to be hermetically sealed. Extensive 

operating experience has demonstrated the high reliability of electromagnetic 

pumps in alkali metal loops. 

There is considerable experience with both conduction- and induction-

type electromagnetic pumps. In the conduction pumps, electrical current 

passes from bus bars through the walls of the duct and across the fluid 

being pumped. In induction pumps, the electrical currents are induced in 

the fluid by moving magnetic fields. Direct current conduction pumps are 

generally more efficient than induction pumps but are susceptible to burn

out failures in which the duct walls are melted by the electrical current. 

Burnout failures can result from non-wetting of the pump throat, from the 

passage of gas bubbles through the pump throat, or from local boiling of 

the fluid in the throat. 

Induction pumps were selected for the reactor and radiator loop on the 

basis of their proven reliability and insensitivlty to off-design conditions 

which could cause burnout of conduction pumps. In several years of testing 

of induction pumps at GE, Bvendale, where tests of 15,000 to 20,000 hours 
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duration have been performed, there has never been a failure of an induction 

pump (Ref. 33). The polyphase induction pump with an annular linear duct 

was selected for the reactor and radiator loops. This type of pump is par

ticularly suited to the high flow, low pressure service required in these 

loops. This type of pump is described and illustrated in Ref. 10. 

The scaling laws for weight, efficiency, and dimensions of the poly

phase annular linear induction pump were derived from data on a few pump 

designs given in Ref. 10. The efficiency and weight of pumps of this type 

are shown in Fig. 63 and Fig. 64. The curves are based on the four points 

shown, which were the only applicable ones presented in Ref. 10, and a 

liberal amount of extrapolation. It should be noted that these pumps were 

optimized for low weight rather than for high efficiency. Specifically, 

the weight penalty for electrical power input to the pump was assumed in 

Ref. 10 to be 4 kg/kw(e). 

Size estimates for these pumps are based on a single pump design which 

is described on page 123 and illustrated in Fig. 79 of Ref. 10. The refer-

ence pump, for 360O cm /sec and I.7 x 10 N/m , has an overall length of 

65 cm and a throat length of 53 cm. If it is assumed that the throat length 

required is proportional to the pressure rise except for a 5-6 cm throat length 

allowed for end losses, the pump length is given by 

L = 48 ( ^ A + 19 cm (28) 
\1.7 x 10"''/ 

The diameter of the reference pump is 8.9 cm with a mean diameter of 

the coolant annulus in the throat of 2.92 cm. If it is assumed that the 

diameter of the annulus is proportional to the flow rate and that the 

thickness of the windings is independent of the flow rate, the pump 

diameter is given by 

D = 2.92(^^/1^)+ 5.95 cm (29) 
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4.4.2. Heat Exchanger 

The heat exchanger between the reactor loop and radiator loops is shown 

in Fig- 23. It is a single-pass, counterflow exchanger, shell and tube con

figuration with the shell bent into a portion of a torus as shown in the 

figure. The radiator loops are on the tube side and the reactor loop is on 

the shell side. The heat exchanger size was computed using a computer code 

(HEX) written for this calculation. The computer code iterates on number 

of tubes, tube diameter, and tube pitch spacing to result in a unit that 

meets specified requirements of overall subtended arc of the partial torus, 

and pump work on both sides of the heat exchanger. The program computes 

dimensional information, pressure drop, pump work, and mass of the heat 

exchanger and the contained coolant. 

The basic, physical phenomena occurring in the heat exchanger are 

represented by the following set of equations which are incorporated in 

the computer code: 

S ^̂ Ri " ̂ Ro 
r TT ITT ") ^30) 
min ^ Ri Hi^ (Ref. 34) 

1 - e 
-NTU (1 - C . /C ) ^ mm' max 

• (31) 
C . -NTU (1 - C . /C ) (Ref. 34) 
m m ^ mm' max^ ^ -^ ^ max 

ATI 
NTU = ^ ^ (32) 

min 

Nu^ = 4.82 0.0185 (Pe^f-^^^ (33) 

Nuĵ  = a + 0.0155 (tPce)° (34) 

(Ref. 35) 

(34) 
(Ref. 36) 
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a = 6.66 +3-126 (p/d^) + 1-184 (P/d^)' 

1.82 
(|( = 1.0 

PTJ^ • (EM) 
iTF 

(35) 

(36) 
(Ref. 36) 

EM = ^ ( R e / - T 3 6 

^̂H = ^H2i^t^^*H] 

(37) 
(Ref. 36) 

(38) 

fjj = 4 • 0.046 Rejj 
-0.2 

(39) 

*H = 5'^^ ^ ~ i ~ ' 2-57)°'^ (^0) 
(Ref. 37) 

(GR) L 
^̂ R = ^R2 i7^ ^^^^R^ 

fĵ  = 4 • 0.046 Reĵ  -0.2 

(41) 

(42) 

*R = 5.1^ i i - 2.57)°-5 

PP = ^ ! L ^ 
^ pR 

APH ' w^ 

(^3) 
(Ref. 37) 

(44) 

(45) 
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NOMENCLATURE 

2 
A heat transfer surface, m 

C capacity - weight flow x specific heat, joule/hr-°K 

d diameter, m 

f friction factor 
p 

g gravitational constant, m/sec 

L length of heat exchanger, m 

P pressure, newtons/m 

R radius of center line of torus, m 
p 

U overall heat transfer coefficient, joule/sec-m -°K 
W weight flow, kg/sec 

p 

EM eddy diffusivity for momentum, m/sec 

PP pump power, W 

Pe Peclet number 

Re Reynolds number 
a defined in equations 

e heat exchanger effectiveness 

ijf correction for nonequallty of heat and momentum diff usivities 

p density, kg/m 

A difference 

Subscripts 

e equivalent 

t tube inside 

o tube outside 

H heat rejection loop 

R reactor loop 

min minimum of C„ and C n K 
max maximum of Cj, and C, 

R 
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The heat exchanger design parameters, calculated using the computer 

code, are given in Table 42. The active section subtends 236° out of a 

possible 360° of arc. 

TABLE 42 

HEAT EXCHANGER PARAMETERS 

?verall diameter 

Shell section outside diameter 

Number of tubes 

Tube i.d. 

Tube wall thickness 

Surface area 

Mass (empty) 

Tube side .ressure drop 2200 N/m"̂  (0.32 psi) 
2 

180 

22 

2 .5 

0.021 

9.4 

145 

cm 

cm 

35 

cm 

cm 
2 

m 
kg 

p 
Shell side pressure drop 3400 N/m (O.5 Psi) 
Material 3l6 SS 

The tubes are manifolded at their ends to make the five independent 

heat rejection loops as shown in Fig. 23. 

4.4.3. Pipe Size Optimization 

The coolant pipe size in the reactor loop and the heat rejection loops 

have been selected to minimize the system mass. The optimization is based 

upon selecting a pipe diameter at which the change in pipe and contained 

coolant mass for a small change in pipe diameter is just equal to the incre

ment in system mass to supply the change in required coolant pumping power. 

The pipe plus coolant mass is given by: 

M . = L-f [(D ̂  - D.^) p + D.%1 (46) 
pipe 4 L o 1 ' ̂ p 1 ̂ J 

since D = D̂  + 2t 
o 1 

? 2 ? 
D = D, + 4D, t + 4t 
o i 1 
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then Vpe = J 4^'P " ̂"̂i % ' ̂ '%] 
differentiating. 

dM 
^ = f L [2D,p . Hp J 

Define, 

The pump work is given by. 

\ - KgW 

PP 
_L AP-W ̂  AP_ 
\ P " K̂ p 

The pressure drop is. 

AP = f hr^ [̂ ^̂ ] 
G^ 

The friction factor is defined by. 

f = 
0.184 

0.2 

( ^ ) 

and 
G = 

4w 
rrD. 

then 

AP = 
o.i8.(^) 

1 . 8 n 

2g^PM 
^-072^ D. 

L. 1 

^ * 

PP = 
o.i84| m 1.8 

2 -0.2 
2g /2P ^ D . 

1 

^T^ 
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Define, 

Then, 

Differentiating, 

Since 

<D = 
-^(?) 

1.8 

^ ^ 5 -O.S 
2g /2P '̂  

L E 4 . 8 p^3-aj 

PP ^r-^.8L 3-8K' 

D 

a • dPP dM 

dM 
dD, 

...^r^-8L , 3-8K" 

(56) 

(57) 

(58) 

(59) 

At the optimum pipe diameter. 

or . 

^Vpe dM_ 
dD^ dD^ 

&ar4.8 3.8 K] V ^a 

(60) 

(61) 

(62^ 

Note that, in the above, for — = 0, or for friction losses directly propor-
L 

tional to length, the optimum pipe diameter is independent of the length. This 

is analogous to the case of a transmission line where the optimum cross sec

tional area is not a function of length if voltage drops at joints are ignored. 
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The above equation is solved for D., the inside diameter of the coolant 

pipe. 

The size of a radiator loop pipe was calculated under the following 

assumptions: 

a. There are five radiator loops. 

b. The reactor power is 1600 kWt. 

p 

c. The heat rejection system weighs 10 kg/m radiating surface. 

d. The pump efficiency is 10^. 

e. The pipe wall thickness is 0.125 cm and is 300 series stainless steel. 

f. The mean effective radiator temperature is 750°K and the emittance 

is 0.85. 

g. The bends and fittings in a radiator loop contribute 100 L/D to 

the pressure loss. 

h. A loop is 15 m long. 

i. The incremental weight of the power plant is determined by the 

increment in the heat rejection system alone. 

j. The fluid flow is turbulent. 

The results of the calculation give a pipe inside diameter of 5-5 cm 
4 / 2 

with a pressure drop in the pipe, bends, and fittings of 1,2 x 10 N/m . 

The radiator loop pipe weighs 1.75 kg/m and the contained NaK 1.8 kg/m. 
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NOMENCLATURE 

D. Inside diameter of pipe, m 

D Outside diameter of pipe, m 

f Darcy-Weisbach friction factor 

G Mass flow rate, kg/sec 

g Gravitational constant, m/sec 
C T 

K Equivalency in - of pipe fittings 

Kg Efficiency multiplier 

L Pipe length, m 

M Mass, kg 
p 

AP Pressure drop, newton/m 

PP Pump power, W 

t Pipe wall thickness,m 

W Coolant flow rate, kg/sec 

a System mass-energy increment 

$ (see definition in paper) 

T] Pump efficiency 

M Coolant absolute viscosity, newton/sec-m 

p Coolant density, kg/m 

p^ Pipe material density, kg/m 
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4.4.4. Heat Pipe Radiator Analysis 

The reference radiator configuration has five equal area panels cor

responding to the number of independent secondary loops. There are four 

pajiels on the cylindrical section (l80° each) and one conical panel. A 

cross section of a radiator panel showing secondary loop to heat pipe 

connection is shown in Fig. 65. 

2.6 cm 

2Z T 

137 cm f 
V//////A 

[*— 7-0 c m - ^ 

1L 

Fig. 65. Radiator panel cross section 

End of life conditions have been established as 

Mean EOL radiator temperature - 800°K 

Radiator AT - 8OOK 

EOL rejected power - l460 kW 

Therefore, from 

Q = e a A T (63) 

with an assumed emissivity of O.85, the radiator area required is 75 m 

4.4.4.1. Heat Pipe Sizing. Optimum heat pipe capillary structures have been 

specified using the methods of Van Andel (Ref. 38). This procedure considers 

the pressure drops occurring in the heat pipe at conditions of maximum heat 

transfer. 
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Wall thickness, 
(for armor) 

Permeable screen 

Liquid channel, 2r 

Heat pipe cross section 

For a capillary system consisting of a permeable screen at a distance 

2r from the inner wall (see above), the pressure drop in the liquid channel 

between the heat pipe wall and the screen is given by 

P^ = 0 . 3 7 5 ^ HP ^ 
r V 

(641 

and the pressure drop due to vapor flow in the heat pipe is 

^v " 2d ^^ HP Re (65) 

where d = vapor channel diameter 

i, = length of shielded zone s 
L = length of heated zone 

I = effective length for friction (^ I. + t ) 

r = effective capillary radius 

V = kinematic viscosity 

V = mean vapor velocity 
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and 

p = density 

Y = surface tension 

7] = dynamic viscosity 

L = latent heat of evaporation 

Q ^ v 
Hp = 2 ' 1^® Heatpipe Number, proportional to the ratio of 

5" Py' viscous forces in the vapor and capillary forces. 

^ v 
Eu = TT , The Euler Number, or the effective vapor pressure 

- 0 V 

2 V̂ drop, expressed in number of velocity heads. 
Q d 

Re = 5 , The Reynolds Number, proportional to the ratio of 
5" ' V inertial to viscous forces in the vapor stream. 

For an optimum r, 

-opt = (̂ -̂ 3 HP - ^ d ^ ) * 
V 

These equations can be combined to provide an expression for the maximum 

heat flow capability of the heat pipe 

Equation 66 is shown in Fig. 66 for a range of vapor channel diameters for 

a potassium heat pipe. The permeable screen is constructed of 8-layer, 

400 mesh stainless steel for a finished wall thickness of 0.04 cm. A 0.25 cm 

vapor channel diameter, smallest considered feasible, is optimum from a sys

tem mass standpoint but slightly deficient in thermal capacity. Mass cal

culations assumed the thinnest wall commercially available 3l6 stainless 

steel tubing the thickness varying, over the indicated range, between 0.01 

cm and 0.025 cm. 

171 



RADIATOR MASS 

aax 

X J. X 

REQUIRED HEAT 
REJECTION/PIPE 

X X 
0.2 0.4 0.6 0.8 1.0 

Heat Pipe Vapor Channel Diameter (cm) 

1.2 

Fig. 66. Heat pipe thermal limits and unarmored mass estimate 
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4.4,4.2. Meteoroid Protection. Armor requirements for meteoroid protection 

are developed in Ref. 39 considering a flat plate impact, Meteoroid flux 

distributions corresponding to the Whipple I963 A model are assumed 

•••'(f(4rW'f"M''"N"" "" 
where 6 = required thickness of armor (cm) 

.25 if sp 

.75 no spalling 
damage coefficient " l^'^^ ^^ spalling acceptable 

Y = damage factor 

V = meteoroid velocity 

c = sonic velocity in target material 

p = particle mass density 

p = target mass density 
-2 -1 

a = flux distribution constant (ft day ) 

3 = flux distribution constant 
2 

A = exposed area of target (ft ) 

P(o) = survival probability of target 

T = mission time (days) 

Figure 67 gives the required heat pipe wall thickness for a range of 

vapor channel diameters and for the following data: 

a = 1.75 

Y = 2.0 

p = 0.44 gm/cc 

p̂j, = 8.0 gm/cc 

V = 20 km/sec (Ref. 39) 

c =5.07 km/sec 
-11 -2 -1 

a = 5.3 X 10 -̂  ft day 

3 = 1.34 

T = 1825 days 

The results clearly indicate armor requirements over the unshielded 

thickness. 
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Fig. 67. Influence of heat pipe survival probability on required wall 
thickness 
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4.4.4.3- Mass Adjustments due to Armor Requirements. In order to maintain 

the EOL reactor outlet temperature at 1100°F, anticipated heat pipe failures 

must be accounted for by an increase in the BOL reference radiator area. 

This increase should also provide for the required overall system reliability. 

However, such an increase need not be on a one-to-one area basis with failed 

pipes, since a punctured pipe still represents a significant radiating sur

face with an appropriate fin effectiveness. 

Let k = the number of failed pipes for a given system survival proba

bility. From Fig. 68, for Instance, armor requirements for a single pipe 

survival probability P(0) =0.9 statistically imply a system failure frac

tion of approximately 0.11 for a 3cr (.998) confidence Interval. Therefore, 

for a radiator with n pipes, each with a P(0) = 0.9 and a system survival 

probability of O.998, k = 0.11 x n. 

Since there is an assumed uniform failure distribution for each of the 

1 independent loops, the total area of Interest, Â.,, composed of all fins is 

k/l A . Furthermore, since the effective lengths of the fins are functions 

of the failure pattern (single failures, doublets, triplets, etc.) the 

required compensated area, A , (which is the additional area to be added to 

the radiator to compensate for all failures at EOL) can be represented by 

k/i 

ĉ = ̂  E J^j ^^- ĵ) ^̂ ^̂  
j = i 

projected radiating area of single pipe 

number of pipes in a failed group 

number of groups of j pipes 

fin effectiveness of a j pipe grouping 

Or, if p. represents the 

a fin effectiveness of TI. 

b 

where A 
P 
j 

f. 
J 

percentage of failed pipes in groups having 

k/i 

YJ Pj (1 - ̂ j) ^^9) 
j=l 
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Fig. 68. System suî rival probability for zero fin effectiveness 
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The fin effectiveness of a rectangular thin extended surface is shown 

in Fig. 69 in terms of the parameter A. 

K = 
g e L T-
K 6 

(70) 

where a = Stefan Boltzmann constant 

e = emissivity 

L = length 

T = fin root temperature 

K = thermal conductivity 

6 = fin thickness 

This relationship assumes one-dimensional heat flow and fin root temper

atures equal to that of the active heat pipe surface (Ref. 4o): 

Since the rectangular fin is approximated by the circular geometry of 

the failed pipes, the thermal conductivity of the "fin" is reduced by the 

ratio L/-£, = 2/n, while assuming the length of the fin to be equal to the 

frontal or projected radiating area (see above illustration). 

Assuming a heat pipe survival probability of 0-9̂  the fin effectiveness 

is computed (Fig. 70) for a range of failed pipe groupings and for different 

vapor channel diameters. 

177 



100 

10.0 

1.0 — 

0 . 1 

771+ oTf oA 

Fin Effectiveness 

Fig. 69. Fin effectiveness of a rectangular thin extended surface 
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The distribution function for p., Equation 69, has not been constructed 
J 

Clearly, this function is dependent upon the assumed system survival proba

bility (see illustration below), inasmuch as larger clusterings of failed 

pipes are more likely as the percentage of failures increases. 

Pj 

.̂  0.9 and Tflg ..̂  ^ 

0.02, depending on the vapor channel diameter, contrasted to 

For the present system of approximately 5000 pipes, the assumed sur

vivability of 0.9 suggests a low frequency of occurrence of fin groupings 

of two or more. As a conservative approximation to the system mass estimate 

it was assumed that P.̂  = O.9 and T\^ = "Ho = - -. = Tl_. = 0. This results in 

a value of A 
c 

the failed area of 0.10. Therefore, there is a tradeoff between armor 

requirements reflected by reduced values of P(o) and the compensated area 

at that survival probability given by Equation 69- Indications are that 

application of the distribution function p. will optimize the radiator 
J 

system mass at P(o) < 0-9- In addition, armor is applied only to the 

exposed radiating area with the inner half circle of the heat pipe having 

an unarmored minimum wall thickness. The resulting radiator mass is shown 

in Fig. 71 and the associated heat pipe system characteristics in Table 43. 

4.4,4,4. Heat Pipe Startup. The operation of heat pipes at low temperatures 

is limited by the vapor pressure of the liquid metal in the pipe. The theo

retical sonic heat flow density is given by 
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Fig. 71. Radiator mass; annored for P(o) = 0.9 
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TABLE 43 

RADIATOR HEAT PIPE PARAMETERS 

Thermal Capacity at 800°K 

Permeable Screen, 6 

Optimum Annular Spacing, 2r 

Pipe o.d., P(o) = 0.9 

Pipe i.d. 

Number of Pipes Required @ 
P(o) = 0,9 

Heat Rejection/Pipe EOL, 
P(o) = 0,9 

Reynolds Number @ Required 
Heat Rejection/Pipe 

Vapor Channel Diameter 

0.25 cm 

58 watts 

,038 cm 

,0075 cm 

,422 cm 

.345 cm 

13,600 

122 watts 

1810 

1 0.75 cm 

455 watts 

.038 cm 

.0125 cm 

,962 cm 

,865 cm 

5,960 

278 watts 

1350 

1,25 cm 

1150 watts 

.038 cm 

.0152 cm 

1.5 cm 

1.38 cm 

3,840 

430 watts 

1250 

Selected design point 
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^sonic = °-'̂3 L (p^p^) (71) 

P 
where p„ = total vapor pressure in the zone (dynes/cm ) 

2 
p̂  = vapor density in the heated zone (g/cm ) 

Experimental results indicate that contraction of the vapor jet and friction 

effects reduce the magnitude of Eq, 71 by 60^, For radiation cooled heat 

pipes there apparently is no difficulty in bringing the pipe to isothermal 

operation with the above flow density (Ref. 4l). 

4.5. POWER CONDITIONING AND TRANSMISSION 

As discussed in Section 3.0, the output from each TFE is carried to 

the power conditioning (PC) system by a separate transmission line. Two 

TFEs of opposite polarity are connected to a single power conditioning 

module forming an independent electrical power production unit. The power 

conditioning modules step up the voltage for transmission to the space station. 

4.5.1. Power Conditioning for Boom Mounted System 

Design and analysis of the basic power conditioning module used for the 

reference design is described in Ref. 11. The basic circuit used is shown 

in Fig. 24 (section 3.5). It is assumed that under steady state operating 

conditions, the voltage input to the PC is constant. Constant voltage is 

maintained for different load requirements by varying the reactor power 

level. Voltage will be maintained during transients (sudden load changes) 

by controlling interaction with an energy storage or dissipation device. 

Power conditioning module parameters are given in Table 44. 

4.5.2. Power Conditioning for Tether Mounted System 

Preliminary evaluation of a power conditioning system for the tethered 

system has been done at NASA MSFC. For small losses in the 3 km cable the 

power must be transmitted at thousands of volts. The reference output was 

chosen as 3 phase a.c. at 4800 V. 
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TABLE 44 

POWER CONDITIONING AND TRANSMISSION 

Voltage to P.C. 

Switching Transistors 

Transistor Case Temperature 

Transistor Junction Temperature 

Mounting Plate - Radiator 

Power Loss in Power Conditioning 

P.C. Radiator Area 

P.C. Radiator Temperature 

P.C. System Weight 

9-0 V 

Si (Westinghouse l4oi) 

383OK 

392°K 

0.32 cm Mg with 
reinforcing ribs 

4.0 kWe 

4.1 m^ 

370°K 

165 kg 

Conversion from 10 to 4800 V in a single stage is impractical because 

of circuit losses and transformer design limitations. The approach used is 

to build a 4800 V sine wave by adding, with proper phasing, 15 lower voltage 

outputs. The concept is depicted in Figures 25 and 26 (section 3-5). The 

voltage output from each stage (see Fig. 26) is given in Table 45. 

The design is such that only three types of transformers are needed. 

The transformers have a pair of primary windings which are the same in all 

cases. Each transformer has three secondary windings (one of which is used 

in each of the three phases) which have differing numbers of turns as shown 

in Fig. 72. The connection of the secondaries is shown in Fig. 26. 

Since the transformer outputs are connected in series and a single 

open circuit would cause the loss of one phase, three power stages (Fig. 

25) are in parallel in each module. Automatic compensation is made for 

loss of stage output by utilizing a feedback control on the preamplifier. 

The power conditioning system consists of 30 modules giving two com

plete 15-stage (3 in parallel), three-phase sets. Total weight of the 

system is expected to be between 270 and 320 kg. 
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TABLE 45 

STAGE VOLTAGES FOR 4800 VOLT SINE WAVE BUILDUP 

Stage Number 

1 and 

2 and 

3 and 

4 and 

5 and 

6 and 

7 and 

8 

15 
14 

13 
12 

11 

10 

9 

Voltage 

500 V 

491 

459 

400 

335 

255 

160 

50 

WINDING MATERIAL - HIPERSIL H89 

TYPEX 

9T#1 

9T#1 

TYPEY 

9T#1 

9T#1 

TYPEZ 

9T# 

9 T # 1 

a 

507 #18 

258 #18 

258 #18 

496T#18 

162T#18 

338T#18 

464T#18 

51T#18 

404 #18 

Fig. 72. Transformer design 
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k.^,3. Transmission Lines 

The electrical transmission lines between the reactor and power con

ditioning equipment were optimized by trading off power losses against the 

weight of the lines. Aluminum was selected as the electrical conductor to 

minimize both the losses and the weight of the lines. Aluminum has a lower 

product of density and electrical resistivity than other solid conductor. 

The transmission lines are cooled to 473°K (390°'F) to reduce the electri

cal resistivity of the line. The cooling scheme is a passive one, in which the 

lines are thermally insulated from the nuclear radiation shield or primary rad

iator on one side and are covered with an emissive coating on the other side 

which radiates to space. The transmission lines are shaped to provide adequate 

radiating area to reject the total heat load by radiation at 473 K. The 

heat load consists of internal generation due to ohmic losses and leakiage 

through the thermal insulation. The criteria and procedures for optimization 

of the dimensions and temperature of the transmission line and dimensions of 

the thermal insulation axe described below. 

The power loss in an electrical transmission line is given by 

^W = — ^ , (72) 

where I is the current to be carried, p is the electrical resistivity of 

the conductor, t is the length of the conductor, and A is the cross-sec

tional area of the conductor. This power loss can be converted to a mass 

penalty by 

M = a' AW , (73) 

where a' is the additional mass of power generating equipment required to 

produce an additional quantity of power, i.e., 

a' e AM /AW , (74) 

where AM is the additional mass of reactor, radiator and shield required 
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to produce an increment of unconditioned power AW at the reactor bus bar. 

The mass of the transmission line is 

M^-p^M, (75) 

where o is the mass density of the conductor. The total mass penalty for 

electrical tremsmlsslon is then 

M^ = Mp + M^ , (76) 

which is to be minimized by selection of an optimum cross-sectional area of 

the lead. The total mass penalty for power transmission is minimized when 

the two terms on the right side of the above equation are equal or when 

m (77) 

The optimum current density in the transmission lines is then 

1 
1 ^ 

J = p-_ , (78) 

and the thermal power density due to resistive loss in the optimized trans

mission line is 

H = ̂  . (79) 

Since the electrical resistivity of the transmission line material 

increases with increasing temperature, there is an incentive to maintain as 

low a temperature in the transmission line as possible. Lower temperatures, 

on the other hand, require more thermal insulation and a large width of the 

transmission line to provide adequate area for radiation. In the region 

where the transmission line passes over the radiation shield, it blocks heat 

losses from the shield and may cause undesirable hot spots in the shield. 

The transmission lines were optimized to provide near minimum weight and 

power losses without the array of lines becoming excessively wide. 
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The configuration used in this analysis is illustrated in Fig. 73. 

Unit Length 
of Line 

Thermal Insulation 
Aluminum Line 

Fig. 73. Transmission line model for analysis 

Heat from the nuclear radiation shield or primary radiator leaks 

through the thermal Insulation and is rejected, along with ohmic heat 

generated in the transmission line, by radiation from the surface marked 

A in Fig. 73- The width, w, of transmission lines considered in this 

analysis is the total width of all of the transmission lines connected to 

elements of one polarity, which are assumed to be grouped closely. These 

individual transmission lines would be separated from each other by elec

trical insulation along planes indicated by the dotted lines in the diagram. 

The area of the thermal insulation insulating a unit length of transmission 

line is given by 

A. = w + 2t + ̂  t., 1 2 1 (80) 

where the dimensions are as defined in the diagram. The heat balance for 

a unit length of line is given by 

î 4 4 
H w t + r- kAT = w e CT (T - T ), (81) 
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where H = volumetric heat generation in the line due to ohmic heating 

k = conductivity of the thermal insulation 

AT = temperature difference across the insulation 

e = emissivity of surface A 

a = Stefan-Boltzmann constant 

T = temperature of the transmission line 

T = effective sink temperature for radiation of heat from the 

line 

The mass of a unit length of insulated transmission line is given by 

M = p w t + p̂  A^ t^, (82) 

where p and p. are the densities of the line and the thermal Insulation, 

respectively. 

The thermal insulation was assumed to be Linde superinsulation with the 

properties given in Ref. 33. The product of k and AT was taken to be 

4 X 10"-̂  w/cm for a hot side temperature of 8llOK (lOOOOF). It was assumed 

that this product is Independent of the cold side temperature (transmission 

line temperature). A density of 0.273 g/cm was taken for the insulation 

on the basis of Ref. 42. The mass penalty for power consumed in the trans

mission lines (a') was assumed to be 4o kg/kW(e). The effective sink 

temperature varies greatly with the view factors of the sun and the earth, 

as shown in Ref. 43- An average value of 250°K was selected for the sink 

temperature along with an emissivity of O.85 for the transmission line surface. 

The procedure for optimizing the transmission lines was to apply Equa

tions 78 and 79 to determine the optimum current density and heat generation 

rate in the transmission line. The cross sectional area of the line (the 

product of w and t) was calculated by dividing the optimum current density 

into the total EOL current of 9630 amp. Substituting the relationship 

between the w and t in Eq. 8I results in a relationship between the width 

of the transmission line, w, and the thickness of the insulating layer, t.. 

A series of calculations was performed to determine this relationship between 

189 



width and insulation thickness for the two extreme temperatures of 325° 

and 473°K are shown in the table below. 

W(cm) 

130 

150 

180 

24o 

300 

T = 325' 

tj^(cm) 

2.97 

0.70 

0.38 

0.24 

0.20 

K̂ 

M( gm/cm) 

244 

192 

186 

184 

184 

W(cm) 

26 

27 

30 

35 

T = 473' 

t^(cm) 

.37 

.23 

.11 

-07 

K̂ 

M( gm/cm) 

219 

218 

217 

218 

As shown here, the thickness of insulation and the mass of a unit 

length of transmission line drop rapidly as the width, w, of the line is 

increased over the minimum width necessary to radiate ohmic heat. As the 

width is increased, the total mass of the line and Insulation eventually 

reaches a minimum as the greater area of insulation offsets the reduction 

in the required thickness of Insulation. 

Since the area of the radiator which is blocked by the transmission 

lines will Increase the area and weight of the radiator, smaller widths 

for the transmission line are preferable. As shown in the table above, 

the mass of the line does not decrease greatly as the width is increased, 

the total mass of the line and insulation eventually reaches a minimum as 

the greater area of insulation offsets the reduction in the required thick

ness of Insulation. 

Since the area of the radiator which is blocked by the transmission 

lines will increase the area and weight of the radiator, smaller widths 

for the transmission line are preferable. As shown in the table above, the 

mass of the line does not decrease greatly as the width is increased above 

a value about 20^ greater than the minimum width. The characteristics of 

transmission lines whose width is 20^ greater than the minimum are given 

in the following table. 

190 



T(OK) 

325 

350 

373 

425 

473 

W(cm) 

149.6 

102.0 

76.7 

44.5 

29-3 

t(cm) 

0.43 

0.67 

0-93 

1.73 

2-79 

t^(cm) 

0.71 

0.46 

0-33 

0.19 

0.13 

M( gm/cm) 

192 

190 

195 

205 

218 

As shown here, the width of the line varies much more rapidly than the 

mass of the line as the temperature is changed. A transmission line temp

erature of 473°K (390°F) was chosen to keep the width of the line less than 

30 cm (about 1 ft). The parameters of this line are summarized in Table 46. 

TABLE 46 

TRANSMISSION LINE PARAMETERS 

Temperature of lines 

Overall width of assembly of lines 

Thickness of line perpendicular to 

Width of individual line 

Thickness of electrical insulation 

Thickness of thermal Insulation 

Mass of Insulated bundle of lines 

Current density in lines 

Ohmic heating rate in lines 

Power loss per length of line 

radiating 

between 

surface 

lines 

473°K (390°F) 

30 cm 

2.79 cm 

0.976 cm 

0.024 cm 

0.13 cm 

223 gm/cm 

117.9 amp/cm 

0.067 w/cm^ 

5.44 w/cm 
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5. OPERATIONAL ANALYSIS 

Initial evaluations have been made of startup and shutdown operations 

of the thermionic reactor system, and the power requirements to maintain the 

system in a standby status. 

5.1. REACTOR STARTUP 

The sequence for the initial startup of the thermionic system is described 

here along with the electrical power requirements for Its accomplishment. The 

startup sequence presumes that the power system is in a ready condition with all 

coolant loops at a temperature above the melting point of eutectic NaK (260°K). 

The startup sequence is as follows: 

a. Supply power to the reactor instrumentation and control subsystem. 

b. Verify that the nuclear detectors are reading the neutron source 

level. 

c. Start the coolant pumps in the reactor loop and establish the 

pump power to produce a coolant flow rate l/3 of the design 

quantity. 

d. Supply power to the radiator loop coolant pumps to produce i/3 

of the design flow rate. 

e. Continue until coolant temperature thermocouples remote from the 

pumps indicate that flow has been established. 

f. Activate the control actuators and bring the reactor to crlticality. 
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g. Increase the reactor thermal power until open circuit voltage 

reaches the nominal design value (thermal power about l/3 design 

power) at a rate not to exceed 15 K per minute or a maximum of 

8lO°K coolant outlet temperature. 

h. Turn on cesium reservoir heater power and bring the reservoirs to 

their design operating temperature of 600°K. 

i. Begin constant voltage control mode and draw power for pump 

operation. 

j. Increase coolant pump power to that required at the nominal design 

conditions. This is done simultaneously for all loops. 

k. Increase load as reactor power is increased to maintain constant 

output voltage. Do not change the thennal power at a rate greater 

than that producing a change in outlet temperature greater than 

15 K per minute. 

1. The reactor is now "on the line." 

The external power requirements to bring the reactor through step 

(1) have been calculated. The assumptions used in the calculations are as 

follows: 

a. Pump efficiency at l/3 flow rate is l/3 the design efficiency; or, 

about 3io. 

b. Reactor control and instrument electronics requires 200 W. 

c. The control actuator power is from Ref. 44. 

The cesium reservoir heater power was calculated assuming the reactor 

to be at 8lO°K and no joule heating of the electrical leads. A summary of 

the external power requirements for startup is given in Table 47-
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TABLE 47 

REACTOR STARTUP POWER REQUIREMENTS 

Allocation 

Cesium Reservoir Heaters 

Control Actuators 

Coolant Pumps 

Reactor C&I 

Total 

Power 

3.10 kW 

0.45 

1.8o 

0.20 

5.55 kW 

The control and instrumentation power requirements are purely an assump

tion, since this equipment has not been designed. The cesium heater power 

requirement can probably be reduced with further design work. 

5.2. SHUTDOWN COOLING REQUIREMENTS 

When a nuclear reactor has operated at a significant power level for 

more than a few days, it will continue to produce sufficient heat after shut

down that means for dissipation of this heat need to be considered in design 

of the power plant. Terrestrial power reactors often dissipate the afterheat 

produced following shutdown by free convection of the coolant. However, for 

a space power reactor, in the absence of gravity, heat dissipation must be 

accomplished by an active system. A very small system with a high surface to 

volume ratio, however, may be able to safely reject this heat by conduction to 

a radiating surface. 

The afterheat dissipation capability was evaluated by assuming the maxi

mum allowable coolant temperature in the core to be 920°K (1200°F). The 

quantity of heat rejected at this temperature was compared with the afterheat 

production to determine the length of time after reactor shutdown when the 

heat dissipation at 920°K (1200°F) central core temperature was just equal to 

the heat production. It was then assumed that the coolant pumps must be 

operated from the time of shutdown until the time determined above. The pump 

power is integrated over this period to obtain the total pumping energy 

requirement. 
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For the heat transfer calculations, it is assumed that the reactor can 

dissipate heat through the side and top shields and through the electrical 

leads to the fission product traps. Conduction into the station shield was 

ignored because the thermal conductance between the reactor and this shield 

has yet to be evaluated. The calculations assumed a thermal emittance of 

0.37 ^or "the outside of the shields as determined in Section 4.2.4 above. 

The heat dissipation to the fission product traps was taken as the same 

amount of heat lost during the normal reactor operation. 

The heat transfer model for heat lost through the side shield is a 

one-dimensional one described by the following equation: 

Q = eoAT^ = 1^(920 - T̂ )̂ (83) 

where K, is the overall radial conductance of the reactor-shield composite, 

T̂ , is the outside surface temperature of the shield, and 920 K is the maximum 
K 

allowed central temperature in °K. The above equation was solved for T 

and the heat flow calculated. A similar analysis was applied for the top 

shield. 

The heat balance on the reactor at equilibrium with 920°K(1200°F) 

maximum core centerllne temperature is given in Table 48. 

TABLE 48 

REACTOR HEAT DISSIPATION AT 920°K MAXIMUM 

Heat Path 

Through side shield 

Through top shield 

Through electrical shields 

Heat Flow, kW 

3.72 

1.32 

0.70 

5.74 kW 

The operating thermal power of the reactor at EOL conditions is 1510 kW. 

Comparing this with the heat dissipation at 920°K maximum: 
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f-= Ms = 5.8x10-5 (84) 
o 

The afterheat production for a reactor that has run u n t i l the f iss ion 

products are in equilibriimi concentration i s given by: 

^ = 6.1 X 10-5 [T]-°-2 ; (85) 
o 

T is in days after shutdown (Ref. 45). 

Solving the above equation for the time to produce power at 0.0038 of the 

shutdown power yields 10.5 days. This is the time for which electrical 

power is supplied to the pumps from an external source. 

To estimate the pumping power required, several assumptions are made; 

these are: 

a. Coolant flow rate is proportional to reactor thermal power. This 

results in a functional dependence of hydraulic pump power on 

reactor power to the 2.8 power, assuming friction factor depending 

on Reynolds number to the -0.2 power in the coolant pipes. 

b. The coolant pump efficiency is proportional to coolant flow rate. 

These assumptions are applied to calculate the pump power as a function 

of time for 11 days. The pump power is calculated as a fraction of that just 

prior to reactor shutdown, i.e., 10 kW. The integral of pump power with time 

is 0.12 kWh. 

5.3. STANDBY STATUS 

After the power plant is placed into orbit, there may be a long period 

of time before the reactor is started. During this standby period, it will 

be necessary to maintain the coolant in both the reactor lOop and heat 

rejection loops in the liquid state. (The melting point of NaK-78 is 26O°K). 
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Analyses were performed to calculate the energy required to maintain the NaK 

in the radiator loops above the melting point. Another calculation was made 

to estimate the rate at which a radiator would cool to the melting point 

from a given initial temperature. 

For these calculations it was assumed that the temperature of the heat 

pipes in the radiator was below that required to initiate heat pipe startup. 

The heat transferred by the heat pipes then, was only by conduction through 

their structure. 

a. Direct conduction to the heat pipes ajid subsequent radiation to 

space at an effective temperature of l4o (-210°F). The emissivity 

of the radiator surface is taken as 1.0. 

b. "Shine" from the coolant loops through the opening at the space

craft end of the radiator to space of 0°K (-46o F). 

c. Radiation from the coolant loops to the inside surface of the heat 

pipes followed by conduction through and raxiiation from the heat 

pipes. 

The heat loss by each mode is listed in Table 49, 

TABLE 49 

HEAT LOSS FROM RADIATOR AT 275°K (40°F) 

Mode Heat Loss 

Direct conduction - radiation 975 W 

Shine through open end 33 W 

Backside radiation - reradiation 300 W 

Total 1308 W 

These heat losses may be supplied by running the coolant pumps with 

1,3 kW input power. This will not only make up for heat loss, but also 

circulate the coolant to keep the radiator temperature uniform. If this 
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standby power requirement is excessive, the backside of the coolant pipes 

may be insulated to reduce the total power requirement by about 23^0. 

Furthermore, if the radiator is covered by a shroud, the heat loss can be 

significantly reduced. 

The time to cool the radiator was calculated over a range of initial 

temperatures up to 555°K (54o F). The heat capacity of the coolant and 

coolant pipes only was considered. The results are shown in Fig. 74 where 

the time to cool down to a given temperature, starting at 555 K (54O°F) is 

plotted. The time increment between any two intermediate temperatures can 

be found by subtraction of the ordinates for the two temperatures. 
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