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ABSTRACT 

The results of a preliminary design study of a transportable 
100 kW(e) thermionic reactor power plant are discussed. The 
design emphasizing a minimum cost approach for a small ter
restrial power plant by utilizing common construction materi
als and standard fabrication techniques wherever possible. 
The selected design is based on a natural-circulation, water-
cooled and moderated reactor with thermionic fuel elements. 
Shipping weight is minimized by using lightweight materials 
and available site water for cooling, moderating and shield
ing. The power plant consists of two compact modules to 
facilitate air shipment. Plant costs were estimated and the 
major cost elements are identified. The key development 
problems of the plant are discussed. 

INTRODUCTION ' ' 

A requirement exists in several terrestrial applications for transportable elec
trical power supplies in the hundred kilowatt range. It is believed that many of 
these applications can be met with nuclear power systems. Present nuclear systems 
for these applications are restricted because of their mechanical complexity, 
their limited transportability and their frequent refueling requirements. Since 
nuclear power systems potentially offer several important advantages for many of 
the applications of interest, there has been a desire to investigate other nuclear 
system concepts that might reduce or eliminate the restrictions of the present 
systems. As a result, a study was performed to investigate and define a nuclear 
thermionic power plant design concept,that would best meet the requirements im
posed by the terrestrial applications^ '. 

An accompanying paper presents the results of a parametric design study that leads 
to the selection of the major design parameters for the system concept based on an 
in-core thermionic reactor'̂  '. The concept utilizes thermionic fuel elements with 
molybdenum emitters fueled with bulk uranium dioxide (UO2) enriched to 50^ U-235. 
The reactor core is moderated and cooled with low pressure water in a naturat 
circulation loop. This paper presents a description of the preliminary plant 
design based on the selected system parameters. The estimated plant costs and 
the system development program are also discussed. 

*This work was performed for the Nuclear Power Field Office, U.S. Army Engineer 
Reactor Group under Contract No. DAAE I5-67-C-OO27. 
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This preliminary design study emphasized an appraoch for a minimum cost small 100 
kW(e) terrestrial thermionic power plant. In order to achieve both minimum capi
tal and operating costs, the system design is simple in over-all construction and 
utilizes proven material and fabrication techniques wherever possible. The sys
tem development program costs and risks are also minimized with this approach 
since the design relies to^a large extent on proven technology. 

GENERAL PLANT DESCRIPTION 

The over-all thermionic reactor power plant concept developed as a result of this 
study is a compact, transportable system as shown in Figure 1. It consists of 
two air transportable modules; a reactor module and a control module. The reactor 
module includes the thermionic reactor core in its pressure vessel, the contain
ment- vessel for the water shielding, the primary water coolant loop piping, and 
the air-cooled heat exchanger system located near the upper part of the module. 
A reactor pressurization and off-gas system is located at the top of the reactor 
module. Water makeup and purification systems are also included in the reactor 
mod^e package. The direct current electrical power from the thermionic fuel 
elements is fed to a silicon controlled rectifier power conditioning system loca
ted on the outside of the reactor module where it i-s converted to 6o cycle, three-
phase, 440 volt alternating current. Provision for fuel loading and removal from 
the reactor module is made through the top of the containment and pressure vessels. 
The reactor module is estimated to weight 8000 lb without water. Its over-all 
dimensions are a maximum of 8 ft by 8 ft by 28-l/2 ft. The size and weight are 
compatible with air shipment as a single unit. Site preparation for the reactor 
module will include preparation of a 4 ft diameter hole ~12 ft deep for Insertion 
of the reactor module into the earth and an 8 ft square concrete pad for module 
support. An earthen embankment around the reactor module may be required for 
incidental radiation protection of personnel. 

The plant control module contains the electrical and electronic portions of the 
control and Instrumentation system, and is packaged as a separate unit. The 
control module weighs~1000 lb. The control console is connected to the reactor 
module with the necessary electrical leads and is located at a convenient build
ing location away from the reactor. Suitable nuclear, thermal and hydraulic con
trol systems are provided for automatic plant operation. 

The plant is designed for a 15-year life with refueling occurring after two years 
of full power operation. The plant has a minimum number of moving parts and has 
redundancy and fail-safe characteristics where moving parts are involved. As a 
result of the plant's simplicity and automatic control features it should not 
require continuous manual operation. The time required for maintenance and refuel
ing is also minimal because of the design simplicity and the minimum number of 
moving parts. The system design parameters for the thermionic reactor power plant 
are shown in Table 1. 

lABLE 1. SYSTM DESIGN PARAMETERS 

General 
Output ., • 
Life 
Refueling Cycle 
Operation 
System Efficiency 
System Weight 

ll8 kW 440 volts, 3 phase, 60 cycle 
15 years 
17,500 hours 
Automatic with manixal o v e r - r i d e 
8.4^ 
9,000 lb (without water) 

Reactor 
Type In-core with thermionic fuel elements, water moderated 
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17 in. diameter by 21.5 In. long 
110 
UD2 50^ enriched 
Molybdenum-operating temperature 1530°C 
Molybdenum-operating temperature 730°C 
Peripheral control elements 

Solid-state iising silicon-controlled rectifiers 
95^ 

Natural circialation water 
250 psia 
93°C (200°F) 
l49°C (300°F) 
1270 kW(t) • •••• 
Forced circulation air 

^ 
THERMIONIC FUEL ELEMENTS • • . ' • ̂  ' 

The reactor core consists of 110 thermionic fuel elements (TFEs) assembled in a 
cylindrical arrangement 17 in. in diameter by 21.5 in. long. Each TFE consists 
of 23 series-connected converters inside an electrically insulated sheath. The 
emitter of each converter is made from a small cup of molybdenum and contains a 
50^ enriched uranium oxide pellet (see Figure 2). The collector of each converter 
is also made of molybdenum and is connected to the emitter through a series of 
intercell leads, thus, forming a basic emitter-collector subassembly as shown in 
Figure 2. The outer surface of the collector cylinder is electrically insulated 
with an alumina sheath insulator. The collector and emitter of each subassembly 
are thermally insulated from one another with intercell heat shields. A small 
hole is provided at the end of the emitter to permit fission gas escape from the 
emitter into the interelectrode space. 

Although series connection of individual converter cells within the tubular TFE 
increases the output voltage over that of a single converter by a factor equal to 
the number of cells connected in series (23), a further doubling of the reactor 
output voltage is achieved by utilizing two types of fuel elements appropriately 
arranged. In one type of fuel element, the collector of the bottom converter is 
grounded to the sheath tube, while the emitter of the converter at the top is con
nected to the electrical bus. Whereas in the other type of fuel element, the 
reverse is effected. The emitter rather than the collector of the bottom con
verter is grounded to the sheath and the collector is connected to the electrical 
bus. The voltage, therefore, across the respective buses of two fuel elements is 
double the voltage across a single fuel element. By doubling the output voltage 
from the reactor with this arrangement, the size and weight of the electrical 
leads to the power conditioning system are substantially reduced and the electri
cal lead losses are minimized. 

A cesium reservoir is located inside each TFE immediately above the active fuel 
section. The temperature of the cesium reservoir is controlled with an electri
cal heater. Just above the cesium reservoir a thermal expansion compensator is 
inserted to allow longitudinal thermal expansion between the sheath tube and the 
series thermionic cell subassemblies. The upper end of the sheath contains a 
metal-to-ceramlc seal insulator to join the sheath tube to the electrical bus. 
The electrical bus contains a fission gas port (sized and shaped to control cesium 
leakage) to permit passing the fission gases through the electrical bus and into 
a charcoal fission gas adsorption trap, located at the top of the fuel element 

64 

^ CON^fDENT 

Core Size 
No. of Fuel Elements 
Fuel Material 
Emitter 
Collector 
Control 

Power Conditioning 
Type 
Efficiency 

Cooling System 
Primary System Type 
Pressure 
Inlet Temperature 
Outlet Temperature 
Capacity 
Secondary system type 



extension. The seal insulator seals the cesium vapor inside the TFE and electri
cally insulates the grounded sheath from the electrical bus. This completes the 
basic TFE which is then slipped inside a sandwich consisting of an outer sheath 
tube, a compacted powder alumina thermal insulator and a sheath liner. At the 
bottom of the TFE, a molybdenum heat block is used to control heat leakage from 
the bottom converter. This heat block is gamma heated to a temperature equal to 
the collector temperature, A conical nose is placed on the end of the fuel 
element to facilitate insertion into the reactor. The electrical bus from the 
top of the basic TFE is connected to the bus extending through the fuel element 
extension with a flexible connector. The fuel element extension is sealed to the 
reactor head and terminates in a junction box where the charcoal fission gas ad
sorption trap and electrical power connectors are located. 

REACTOR CONTROL AM) COOLING SYSTEMS 

The reactor is controlled with 6 control elements surrounding the periphery of 
the core. The control elements are made of a poison section which faces the core 
side and an aluminum section on the outside. The poison serves as a conventional 
control element, the aluminum section serves by replacing water reflector. The 
control elements are moved radially outward from the core to increase reactivity. 
As the element is moved outward, the poison is removed from the core; water 
reflector is added by replacing the aluminum. This radial outward motion is 
mechanically obtained with the control drives pulling upward on the elements which 
slide upward and outward away from the reactor core. Scram action is obtained by 
mechanically disengaging the drive to permit a combination of gravity and spring 
action to move the control elements against the core. The drives and remainder 
of the control elements system are positioned so that the reactor can be refueled 
without removing or otherwise rendering Ineffective any portion of the control 
element system. 

The reactor pressure vessel consists of a two-foot diameter by nine-foot long 
aluminum pressure vessel, which is double walled along the sides to provide a 
dead air gap for thermal insulation. Two nozzles for coolant inlet are located 
in the bottom of the pressure vessel and two nozzles are located near the top for 
coolant outlet. The upper head of the pressure vessel provides penetrations for 
the TFEs. The junction box at the top of the pressure vessel provides for electri
cally connecting the TFEs to the power conditioning unit and is in a cool location 
for the fission gas charcoal traps. 

Reactor cooling is accomplished with a natural circulation water system operating 
at 250 psia with a core inlet temperature of 93°C (200°F) and a core exit temper
ature of l49"c (300°F). Waste heat removed from the reactor core is rejected to 
air in a forced-air heat exchanger. The piping diagram for the cooling system is 
shown with heavy lines in Figure 3. This system operates at relatively low tem
peratures and pressures and is fabricated predominantly of aluminum. System 
pressure is maintained by a compressed air pressurizer located above the air heat 
exchanger. An off-gas venting system consisting of a filter, a hold-up cooler 
and a carbon bed is used for venting gases from the pressurizer to the atmosphere. 
The water supply system for the reactor consists of a filter, a mixed bed deminer-
alizer, a make-up tank, a small pump and miscellaneous valves and piping. This 
system is used for supplying demineralized water for the initial reactor filling 
and for water make-up as required during plant operation. The system can also be 
used for any necessary water clean-up during reactor shutdown and for draining 
water from the reactor before plant relocation. 

A four-foot diameter containment vessel provides for a water shield around the 
reactor vessel. The containment vessel is also used for pressure suppression in 
the event it becomes necessary to dump excess water from the cooling system. The 
portion of the containment vessel above thfe ground level is finned and shrouded 
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to provide cooling of the containment water. The containment head provides pene
trations and mountings for all the power buses, electrical leads, coolant pipes 
and control element drives. The design pennits easy removal of the reactor vessel 
and the remainder of the reactor module without removing the containment vessel if 
the plant is relocated. 

POWER CONDITIONING SYSTM • A • . • " ••. • • - ̂  •.•'... • 

Both solid-state and dynamic power conditioning systems were considered for the 
reference plant design. After a study of the technical and economic features of 
the acyclic motor generator and the silicon controlled rectifier (SCR) power con
ditioning systems, the SCR system was selected. The SCR system is particularly 
attractive for this application becavise of its high efficiency, light weight, com
pactness and absence of moving parts. The power conditiorfing system for the ref
erence design operates^with an efficiency of 95^ with an input voltage of l6 volts 
DC and output of 440 volts, 3 phase, 60 cycle. 

ESTIMATED SYSTEM COSTS . . " ••_>".•• •-.•. 

In the discussion of the various cost elements which follows several assumptions 
were made. These are as follows: 

1) No capitalization charges or lease charges on the nuclear fuel were included 
in the- following estimates. 

2) All engineering an^ manufacturing design work was assumed to have been 
completed during the system development program. 

3) All tooling and other facilities were assumed to be in place and operational. 
4) Labor, material^ overhead, profit and other rates are assumed to be those 

which applied in 1967. No escalation has been included. 
5) Plant and equipment are assumed to have a useful life of 15 years. 

Based on the above ground rules, the reference system plant and equipment costs 
were estimated to be those shown in Table 2. 

TABLE 2. ESTIMATED PLANT AND EQUIPMENT COSTS 

Reactor Assembly 
Coolant and Auxiliary System 
Control and Instrumentation 
Power-Conditioning System 
Plant Assembly and Other Components 

Cost per Plant Based on 
Constructing Ten Plants 

$ 437000 
18,000 
35,000 

, . 8,000 
•.. • 40,000 

$144,000 

Item 

Reactor Assembly 

Cooling and Auxiliary Systems 

Control and Instrumentation 

Power Conditioning System 
Other Components plus Plant Assembly 
and Test 

Description 
Reactor vessel and internals. Thermionic 
fuel elements and in-core instrumentation 
are not included in this item. 
Heat exchanger, pressurizer, water supply 
system, vent system and connecting pipes 
and valves. 
Control panel and its internals, all other 
instrumentation, control element drives 
and interconnecting wiring. 
SCR power-conditioning unit. 
Containment vessel, sheet metal housing, 
monorail crane, structural components and 
cost of assemblying and testing plant 
modules. 
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This information in Table 2 is based upon a careful review of cost elements for 
other water cooled reactors having similar power levels and other characteristics 
but without the thermionic reactor core. The thermionic fuel elements for the 
reactor have been estimated to be $4lO per element based on the production rates 
required for 10 plants. Using the above estimated plant and therminnic fuel 
element costs, and including fuel fabrication and fuel burnup, the reference 
system power cost for the plant was estimated to be 49 mills/kWh as indicated in 
Table 3. , . - • , . 

. _ , TABLE 3, ESTIMATED POWER COSTS (mills/kWh) 

Plant and Equipment 9 
Fuel Fabrication and Reprocessing 11 
Theraiionic Fuel Element Fabrication 22 
Fuel Burnup 7 
Total 49 mills/kWh 

It should be noted that the operating and maintenance costs as well as the ship
ping, site preparation and relocation costs are not included in this estimate. 
The values indicated in this table were calculated based on a two-year fuel 
element life with a 100^ plant load factor and a 100^ plant utilization factor. 
In practice, power costs greater than 49 mills/kWh would be applicable for this 
system design when allowance is made for other load and utilization factors and 
when other costs are included. While the operating and maintenance costs for the 
plant were not estimated during this study, they are expected to be a reasonably 
small fraction of the total power costs because of the simplicity and automatic 
operating features of the plant. -

SYSTM DEVELOPMENT 

One of the ground rules of this study was to utilize proven components and tech
nology to the greatest extent practical. To a substantial degree, this ground 
rule was achievable. The power plant external to the thermionic reactor incor
porates components requiring little or no development. The key development item 
is the thermionic fuel element. Factors which must be considered in its develop
ment include thermionic performance, fuel element life, fabrication costs and 
fission gas removal. A program of development which is successful in each of 
these areas is essential if' the ultimate objectives of the reference design 
power plant are to be achieved. Once the thermionic fuel element is successfiilly 
developed, a broad range of power plant systems can be built with minimal effort. 
This fact deserves considerable weight in evaluating the thermionic concept. 

The thermionic fuel element development would be concentrated on the construction 
and in-core testing of fuel elements based on the selected design concept. Since 
the reference system design uses a low-temperature, water-cooled, thermal reactor, 
it was considered that the thermionic fuel element irradiation tests could be 
performed in a pool-type reactor facility operating at 1 to 2 MW(t). Initial TFE 
irradiations would have as their primary objective, the measurement of electrical 
performance characteristics followed by full scale TFE endurance testing. If 
these tests are carried out in a facility specifically modified for TFE testing, 
it is quite possible that over a period of time a significant portion of the 
reactor core may consist of thermionic fuel elements. In this manner, significant 
information on the nuclear and transient characteristics of the thermionic reactor 
core may be obtained. 

It was estimated that the reference design power plant could be developed (includ
ing a prototype test) within eight to ten years. This estimate assumed reasonable 
development support and a continuing development of thermionic reactor systems 
for space applications. 
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CONCLUSIONS 

Th6 results of this study indicate that a nuclear thermionic power plant producing 
100 kW(e) shows promise of meeting the requirements for a low-cost, lightweight, 
easily operated transportable power system. The concept selected is based on a 
natvural-circulation, water-cooled and moderated, in-core thermionic reactor. 
The design concept is an attractive thermionic reactor power plant for a variety 
of low-power terrestrial applications. While the detailed design features and 
operating characteristics have not been completely identified, it is believed that 
sufficient system definition has been achieved to establish the desirability of 
fxirther, more definitive studies of this power plant. 

REFERENCES 

Report 
1. Nuclear Thermionic Reactor System Conceptual Design Report (U), 

GEST-2103, General Electric Company, August, 1967 (CRD;. 

Conference 
2. Sawyer, C. D., Hill, P. R., General Electric Company, Parametric 

Design Studies of a Low Power Thermionic Reactor, in this volume. 

68 

ii^MflDENTIAL 



69 



RtACTCR VISULMCOO 

SSStnoH. 

OVERALL THERMIONIC FUEL ELEMENT ASSEMBLY 

S 

COLLICTCR 
CONVCRTCR 

MCAT SLOCK 
COLLECTOR OAOUND 

- o u r t R SHSATM Tuec 
INSULATOR 

CtSlUM HBATK 
CCSIUM RtMRVOiR 

THftRMAL ftXPMMSlOM 
COMPKNSATDW, 

BASIC THERMIONIC FUEL ELEMENfT 
COLLECTOR SR0UNP6D 

ikkCTRICAL M l * 
PIftSiON SAft WAT 

IN^tRCSLL LEAD 
ft^.IATM .NSULATUR. 

COLLEv-Tptf 

FISSION SAS VCNT 
^ tNrCRCELL MEAT SHIELDS 

BASIC EMITTER-COLLECTOR SUB-A&SEM&Ly 

SECTION LE6ENP: 

BASIC THERMIONIC FUEL ELEMENT 
EMITTER GROUNDED 

t ^ ^ ^ S ^ ^ ^ ^ ^ ^ ^ ^ 

BMrrreR 

ZOL^tCTOB. 

INS-JLATOR 

PUKL i;-;-:;::.:;-v^ 
k \ W V. V V V M 

FIGURE 2 - THERMIONIC FUEL ELEMENT REFERENCE DESIGN 



> l %) *' 

CA^BOA/ B£0 

^ coots/? 

F/Lr£./i 

P^£SSO/?£ 

VAIV£: 

CO/?£ 

COAf£'/e£SS£Z? 
A/£. 

fSAcra? 
PJ^£SSU/?/Z£K 

/^SAT SXCMAA^M/^ 

je£/./ef: VALve 

/e£Acro/? 
Pfi£SSU/fE 
VESSEL 

(H 

^ •¥*• 

^ 

£)£A//^ 

•^TX 

( ^C)EM/A/££Al/Z£J^ 

MAJ^£-i/fi-¥Mr£^ 
STORAGE 
rAA/A! 

/«rA7 liVA7£/? /t//HF 

sy-PAss 
-CL£AAJ e/P 
AlT£f?NAT£ 

FIGURE 3 - PIPING DIAGRAM THERMIONIC W A T E R - C O O L E D REACTOR 




