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Abstract 

A conceptual design of a 2000 kW^ Rankine system for nuclear-
electric space power is described. The system includes a unique 
reactor-boiler unit operating at 1500°K that utilizes heatpipes in lieu of 
a conventionally pumped primary loop. An efficient heatpipe radiator 
rejects waSte heat at 1035°K. Overall system efficiency is 18.8% 
yielding a net electrical output of 37 5 kW. The system specific mass 
is 10 g/W including a generous shadow shield for unmanned payloads. 
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CONCEPTUAL DESIGN OF A 2000 kW 
NUCLEAR HEAT SOURCE SUITABLE 

FOR SPACE ELECTRIC POWER 

I. Introduction 

In July, 1965, a program to develop 
the technology for building advanced, 
high-temperature reactors for nuclear-
electric space power systems was initi
ated at the Lawrence Radiation Laborato
ry. Reactor concepts using liquid metal 
Rankine cycle, out-of-pile thermionic, 
and other conversion systems were ex
amined. Electrical power levels ranged 
from tens of kilowatts to megawatts. All 
systems studied were conceptual and in
tended for application 10 to 20 years in 
the future. 

A technology development program 
such as this is best placed in proper per
spective by examining specific overall 
power system designs. These designs 
provide a framework for studies of r e 
actor operating conditions, serve to 
identify specific problem areas, and indi
cate the relative importance of the many 
parameters and system configuration 
options involved. 

This report summarizes the results 

from one of these design studies— a con

ceptual design of a 2-MW Rankine cycle, 

nuclear-electric space power system. 

This system, designated as SPR-4, uses 

sodium heatpipes to transport energy 
from the reactor heat source to a boiler 
employing natural potassium as the work
ing fluid. In this design the heatpipes r e 
place the primary loop of a conventional 
reactor system and eliminate the need 
for a primary pump. In contrast, a 
10 MW system, reported by Pitts and 
Walter!, used flowing liquid lithium in a 
conventional primary loop to transfer 
the heat from the reactor to the boiler. 

The design effort for the SPR-4 

system was less than originally intended, 

and the design of some components was 

not entirely completed. However, by 

emphasizing work on the reactor-boiler 

and nuclear shield, and by utilizing ex

isting designs for other components, it 

was possible to partially optimize the 

system. The goal of the optimization was 

to obtain a low power plant specific mass 

with high system reliability. Further 

Heatpipes are self-contained, thermal 
conductance devices having high thermal 
efficiences. 
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details of the work performed, which are 

not included in this report, have been 

published in other formal and informal 

reports. 

The SPR-4 system can be applied 
to ion-propulsion systems for unmanned 
space missions and to auxiliary electric 
power systems. Nuclear electric pro
pulsion permits a significantly larger 
payload for orbital missions to the major 
planets as compared to other types of 

propulsion . Applications to lunar bases 
and to earth-orbiting power stations also 
are feasible. The reactor technology 
developed here is applicable generally to 
unmanned, long life-tiine space nuclear 
power plants. Although this report speci
fies particular characteristics, the r e 
actor performance and its design should 
be considered as a general case capable 
of being adjusted for a variety of uses in 
future space exploration including auxil
iary power for manned missions. 
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II. General System Description 

The SPR-4 system shown as an 

a r t i s t ' s conception in Fig. 1 consists of 

the following ^najor components: an in

tegral reactor-boi ler operating at 2 MW 

and at 1500°K; a nuclear shield composed 

of alternate layers of lithium hydride 

(LiH) and tungsten(W); a turbine-al ternator 

unit; two heatpipe radia tors , one 

operating at lOSS'K and the other at 770°K; 

and a single electromagnetic pump for the 

circulation of the potassium working fluid 

in the power conversion loop. (See Fig. 2) 

The system was designed to operate under 

the principal constraints listed in Table I. 

Operating conditions of the system are 

shown in the schematic diagram of Fig. 2 

and a breakdown of the system thermal 

economy is diagrammed in Fig. 3. Sys

tem efficiency is 18.8%. 

An overall length of only ~10 mete rs 

allows the system to be launched into o r 

bit as a integral unit. The reac tor would 

achieve criticality after it was placed 

either in a stable earth-orbit or posi

tioned on the moon or another interplan

etary body. 

The SPR-4 reactor design utilizes 

uranium mononitride (UN) as the fuel, a 

tungsten alloy containing 25 at. % rhenium 

(W-25% Re) as the structural material , 

and sodium as an interst i t ial thermal 

bonding agent and heatpipe fluid. The 

uranium is enriched with the isotope 

in two radial zones. Although the reactor 

is compact, an even smaller reactor 

could be designed by introducing the more 
233 active U isotope. The m.aterial han-

233 dling character is t ics of U , however, 
235 are more difficult than those of U 

The UN fuel has a high uranium density, 

good thermal conductivity, a high melt

ing point, and excellent physical proper

t ies . 

^ 3 5 

Net electrical power - 375 kW 

Total power plant mass - 3750 kg 

Overall length - 10 m 

Maximum width -5.3 m 

-ShielcJ 

Main heatpipe radiator 

-Reactor-boiler 

Fig. 1. SPR-4 space nuclear-e lec t r ic power plant. 
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The active core consists of 378 
hexagonal fuel elements. Each fuel ele
ment has a central hole through which a 
heatpipe, partially filled with sodium, is 

3 
inserted. Fuel elements are bundled 
to form an approximate right circular 
cylinder, 34-cm in diameter, 42-cm long, 
with a 6-cm-diameter central duct to 
transport potassium vapor to the power 
conversion loop. Two potassium boilers 
are integrated with the reactor, one on 

each end of the cylindrical core. Heat
pipes extend from the ends of the core 
into the boilers. The potassium working 
fluid is boiled on the outside surfaces of 
the heatpipe tubes protruding into the 
boilers. These heatpipes replace the 
primary loop of a conventional conver
sion system. Thus, heat is transferred 
under nearly isothermal conditions from 
the fueled core to the boilers. Each 
boiler has the approximate shape and 

18.5 ba „l 

1035 °K 
1.1 bar 

saturated 
liquid 

Reactor 
(2000 kW) 

U ^ 

Boil 

Nuc shield 

6 k W / ^ >. 
radiant/ Pump j 

heat loss Y j 

Turbine-
alternator 

Saturated vapor 
1485 °K 
18.4 bars 

997 g/sec 
potassium 

375 kW 
electric power 

1 

1040°K 
1.1 bar 

82% quality 

Main heatpipe 
radiator 

Auxil iary heat 
pipe radiator-

( 7 7 0 ° K ) 

1566 kW 
rejected power 

53 kW 
]• rejected 

power 

Fig. 2. SPR-4 system schematic. 



Table I. SPR-4 design constraints. 

Reactor power 
Design lifetime 
Power conversion method 
Application 

Design power on-off cycles 
Payload 

Type 
Dose criterion 

Distance (frori reactor) 
Shield half-angle 

2000 kW 

20,000 hours 

Rankine cycle 
Electric power 

for ion-propulsion or for 
space station auxiliary 
power 

10 

Unmanned 
o 

10 R for gamma radiation 
13 10 nvt for neutrons 

~10 m 
~14 deg 

Main radiator 
1566 kW 

Auxiliary 
radiator 

53 kW 

Reactor 
2000 kW 

Boiler 
2000 kW 

Turbine 
2009 kW 

Alternator 
443 kW 

Net electrical 
output 375 kW 

9 kW 

System efficiency = 18.8% 

Fig. 3. SPR-4 thermal economy. 
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size of the nuclear core. The potassium 
flow rate is adjusted to ensure that the 
fluid leaves the boilers as a saturated 
vapor. 

Reactivity of the reactor is regulated 
with a dual control system consisting of a 
molybdenum side reflector and centrally 
located, in-core, liquid control circuits. 
The side reflector is 2-cm thick and can 
be translated axially. Each system is 
capable of controlling the reactor inde
pendently throughout its entire lifetime. 
This dual control system considerably 
increases system reliability. 

The liquid control circuits consist 
of twelve tubes placed inside the fueled 
core in an annular region surrounding 
the potassium vapor duct. The tubes 
contain a capillary screen structure and 
are partially filled with the strong 
neutron-absorbing isotope, lithium-6 (Li ). 
Reactivity is varied by adjusting the 
quantity of lithium in the control tubes. 

The reactor-boiler is separated 
from all other components by a nuclear 
shadow-shield, which reduces the dose 
rate of the payload and electronic equip
ment to acceptable levels. The shield 
consists of two layers of lithium hydride 
separated by a layer of tungsten. The 
shield is contained within a metal con
tainer to prevent hydrogen loss and to 
protect against damage from meteoroids. 
A slight hydrogen overpressure of less 

than 50 tor r may be required to prevent 
4 

disassociation of the lithium hydride. 
An overall shield thickness of 75.4 cm 

was calculated, using point-kernel 
methods, to establish the specific dose 

at the payload of 10 R for gamma rays 
13 and 10 nvt for neutrons. Penetrations 

of piping and other devices through the 

shield have helical paths to reduce 
streaming. 

A turbine-alternator similar in 

size and performance to that reported by 
5 

Robbins is used to extract useful energy 
from the potassium vapor leaving the 

boilers. Excess heat is removed from 

the alternator windings through the use 

of a cylindrical auxiliary heatpipe radia

tor operating at 770''K. 

The vapor leaving the turbine is 

subsequently condensed in a large, but 

low-mass, flat radiator containing 2200 

heatpipes. Use of heatpipes in the radi

ator reduces its mass to about one-half 

thatof a conventional fin-and-tube radiator. 

The heatpipes operate independently, and 

in parallel, thereby providing unprece

dented redundancy for the radiator. 

The system does not require high-

temperature pumps. The most critical 

pump operates at I035°K in the power 

conversion loop. An electromagnetic 

pump, similar to that reported by 
7 

Diedrich and Gehan, was chosen for this 

use because of its reliability. Slight dif

ferences in electromagnetic pump per

formance have a negligible effect on sys

tem power output or on specific mass. 

The complete system is presented in 

in Fig. 4 and the specific masses of 

system components are given in Table II. 

Operating characteristics of the system 

are tabulated in Table III. The low spe

cific mass of 10 g/W is made possible by 

utilizing a compact reactor-boiler em

bodying a high fuel burnup capability, 

high strength alloys, efficient heatpipe 

radiators, and an efficient nuclear shield. 

The smallest practical reactor was se 

lected because reactor size affects not 

only the mass of the reactor but, more 

- 6 -



Molybdenum re f lec to r 

a pressure vessel 

HfO^ insulation ° ° P ° 

OOOOOO' 
OOOOOOOOO"^ 
00006000000"^ 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 

NOTE: Distance between payload 
dose plane and near reactor 
face is 1000 cm. 

0 0 0 0 0 
O O O Q 

uel elements O O O 
0 0 ' 

0 0 

Potassium vapor duct 

control tubes 

0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 

Heatpipes (from fuel elements) 

Main heatpipe radiator-
Control tubes supply 
and return lines 

Section A - A 
(Reactor) 

Nuclear shield 

Reactor-boiler 

Fig. 4. Layout of SPR-4 system. 
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Table II. SPR-4 system masses. 

Shield 

R e a c t o r - b o i l e r 

T u r b i n e - a l t e r n a t o r 

Main rad ia to r 

P u m p 

Misce l laneous 

E lec t r i ca l output 

Mass 
(kg) 

1400 

900 

400 

400 

200 

450 

3750 
power = 

Spe 

375 kW 

cific m a s s 
(g/W) 

3.73 

2.40 

1.07 

1.07 

0.53 

1.20 

10.00 

Relat ive 
m a s s 

0.373 

0.240 

0.107 

0.107 

0.053 

0.120 

1.000 

Table III. Operating characteristics. 
Reactor-boiler 

Reactor power level (kW) 
Reactor peak fuel temperature (°K) 
Heatpipe fluid temperature ("K) 
Boiler potassium outlet temperature (*K) 

2 
Average heat pipe radial heat flux (W/cm ) 
Maximum heat pipe axial heat flux''~ (W/cm ) 
Core pressure (bar) 

Heatpipe pressure (bar) 
Boiler potassium pressure (bar) 
Detailed reactor-boiler characteristics 

Shield 
Maximum temperature (°K) 

Thickness 
Firs t LiH layer (cm) 

Tungsten layer (cm) 

Second LiH layer (cm) 
Total, cm 

Power conversion loop 
Pump inlet pressure (bar) 

Pump outlet pressure (bar) 

Potassium working fluid flow rate (g/sec) 

Turbine inlet temperature ("K) 

Alternator net output power (kW) 

Auxiliary radiator heat rejection (kW) 

Auxiliary radiator rejection temperature ('K) 

Main radiator heat rejection (kW) 

Main radiator rejection temperature (°K) 

Define as heatpipe power divided by cross-sectional area of the vapor 
channel in the heatpipe. 

(See 

2000 

1540 

1500 

1485 

46 

7000 

18.4 

11.0 

18.4 

Table IV) 

800 

11.8 

1.2 

62.4 

75.4 

1.1 

18.5 

997 

1485 

375 

53 

770 

1565 

1035 



importantly, the mass of the nuclear 
shield. 

Interactions between individual 
components were examined using a flex
ible, simple mathematical representation 

o 

of the system. Results of these system 

studies were used to minimize system 

specific mass. Calculations were per

formed in two parts . First , approximate 

component masses and efficiencies were 

found by individual component studies and 

through examination of data available in 

the l i terature. Second, the thermodynam 

ic performance of a complete cycle was 

predicted for an ideal system and then 

adjusted for the component inefficiencies 

found from the individual component 

studies. The specific mass of the system 

was calculated at a constant reactor 

power by calculating the net electrical 

output power Irom the cycle tnermody-

namic analysis and totaling the masses 

of the individual components. Only a 
partial optimization of the system was 
possible inasmuch as detailed perform
ance characteristics and masses were 
determined only for the reactor , 
nuclear shield, and main radiator. 

It was determined that, for a r e 
actor with an operating temperature of 
ISOO'K, a main radiator rejection tem
perature of 1035°K produced a minimum 
system specific mass. The correspond
ing turbine temperature ratio* was found 
to be 0.7. A slightly lower optimum tur
bine temperature ratio than the classic 

9 
0.75 is expected because the radiator 
mass is not predominant in the SPR-4 
system. 

"''Turbine temperature ratio is defined 
as turbine outlet temperature divided by 
turbine inlet temperature. 



III. Reactor—Boiler 

GENERAL DESCRIPTION 

The SPR-4 heatpipe reactor is 

closely coupled to the boiler of the power 

conversion loop (See Fig. 5). For this 

reason it is difficult to discuss their de

signs separately. The unit may be de

scribed as a double-ended, heatpipe-cooled 

reactor from which the heatpipes extend 

to form an integral boiler. In the nuclear 

core, UN fuel is thermally coupled by 

liquid sodium to the walls of the heat

pipes. Sodium heatpipes made with a 

composite groove and mesh wick s t ruc 

ture , penetrate the core from each end 

and extend to the core mid-plane. These 

heatpipes a re held in a hexagonal a r r ay 

by core end plates and five additional 

2-mm-thick t r ansve r se plates equally 

spaced along the core axis. The dodeca

gon (12 sides) was selected as the most 

suitable core cross section consistent 

with the hexagonal fuel a r ray . Fuel e le

ments consist of hexagonal tubes of UN, 

slipped over the heatpipes with allowance 

for differential thermal expansion and 

fuel swelling. 

This integral configuration of the 

SPR-4 reactor-boi ler resul ts in a t em

perature difference of l ess than 12''K in 

the reactor fluid loop. Because of the 

nearly isothermal character is t ics of 

heatpipes and the good thermal conduc

tivity of UN, liquid sodium, and W-25% 

Re, the total difference between the peak 

fuel temperature and that of the potassi

um working fluid leaving the boiler, un

der normal operating conditions, is only 

48'*K. Operating character is t ics of the 

reac tor-boi ler a re tabulated in Table IV. 

The double-ended boiler configura

tion was chosen for two reasons. Fi rs t , 

the reactor radius is smal ler for a 

Molybdenum reflector 

UN fuel elemenh 

Lithium-6 l iquid control tubes 

Boiler heatpipes 

Vapor duct 

\ _ Potossiu 
vapor to 
turbine 

• Potassium l iqu id from main radiator 

Fig. 5. Integral reac tor-boi ler . 
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Table IV. C h a r a c t e r i s t i c s of the SPR-4 r e a c t o r - b o i l e r . 

Nuc lear p a r a m e t e r s 

P o w e r level (kW^) 

Lifet ime (hr) 

Average fuel burnup (a/o) 

Maximum fuel burnup (a/o) 

Fuel densi ty (fraction of theore t i ca l ) 

Average fuel en r ichment (fraction of U 
235 Maximum fuel enr ichment (fraction of U ) 

o 

Average fuel power density (W/ cm ) 
Q 

Maximum fuel power densi ty (W/cm ) 
Radial p e a k - t o - a v e r a g e power densi ty r a t i o 

(at most s e v e r e t r a n s v e r s e c r o s s section) 

Axial p e a k - t o - a v e r a g e power densi ty r a t i o 

Overa l l p e a k - t o - a v e r a g e power densi ty r a t i o 

Median neut ron energy causing fission (MeV) 
2 

Maximum neutron flux in core above 1 MeV ( n / c m sec) 

Average neut ron energy (MeV) 

P r o m p t neut ron l i fe t ime, i * (sec) 

Delayed neut ron fraction, |3 .^ 

Worth of 1 cm i n c r e a s e in r ad ius of fueled core (Ak) 

Worth of 1 cm i n c r e a s e in length of fueled core (Ak) 

Genera l d imens ions 

Fueled core length (cm) 

Mean fueled core outer d i ame te r (cm) 

Mean liquid l i th ium control zone outer d i ame te r (cm) 

P o t a s s i u m vapor r e t u r n duct ins ide d i a m e t e r (cm) 

P r e s s u r e ves se l inside d i ame te r (cm) 

Side re f lec to r inside d i ame te r (cm) 

Side re f l ec to r outside d i ame te r (cm) 

2,000 

20,000 

0.68 

1.08 

0.97 

0.93 

0.99 

100. 

159. 

1.18 

1.35 

1.59 

0.53 

5.1 X 10 

0.39 

2.4 X 10 

0.0066 

0.043 

0.006 

41.9 

33.9 

12.8 

6.3 

36.2 

37.2 

41.2 

13 

Fuel e lement and heatpipe d imens ions 

Fuel ins ide rad ius (cm) 

Fuel f la t - to-f la t half dimension (cm) 

Heatpipe vapor channel rad ius (cm) 

Heatpipe inside r ad ius (cm) 

Heatpipe outside r ad ius (cm) 

Heatpipe capi l la ry r ad ius (cm) 

Number of fuel e lements 

Number of heatp ipes 

0.466 

0.773 

0.313 

0.417 

0.463 

0.025 

378 

756 

- 1 2 
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Table IV. (Continued) 

Fueled core volume fract ions 

I 'uel volume t r ac t ion 

Heatpipe meta l volume fract ion 

In te rmedia te tube space r volume fract ion 

Heatpipe liquid volume fract ion 

Heatpipe vapor volume fract ion 

Swelling al lowance volume fract ion 

Total fueled core volume ( i ) 

0.616 

0.062 

0.016 

0.117 

0.150 

0.039 

32.4 

M a s s e s 

Mass of u r an ium r e q u i r e d (kg) 
235 Mass of U r equ i r ed (kg) 

250 

232 

Control worth 

Minimum reac t iv i ty s ta te , k .„ (Reflector Off, 300°K, beginning 

of life, 100% Li-6) " 0.943 

Operat ional shutdown (Ak) 1.50% 

Maximum t e m p e r a t u r e effect (300''K to 1500*K, 35% Li-6) (Ak) 1.04% 

Operat ional l o s s e s due to fuel burnup, etc . (Ak) 0.54% 

Total control r eac t iv i ty r e q u i r e d (Ak) 1.58% 

Tota l wor th of re f lec to r (Ak) 8.0% 

Tota l worth of l iquid control c i r cu i t s (Ak) 3.4% 

Therma l -hydrau l i c p a r a m e t e r s 

Total heatpipe fluid flow r a t e (kg/sec) 0.566 

Heatpipe fluid sa tura t ion t e m p e r a t u r e (°K) 1500 

Heatpipe fluid sa tura t ion p r e s s u r e (bar) 11.0 

Maximum heatpipe l iquid velocity (cm/sec) 7.8 

Maximum heatpipe vapor Mach number 0.02 
2 

Average heatpipe rad ia l heat flux in (W/cm ) 46.4 

Average heatpipe radia l heat flux out (W/cm ) 23.2 

Maximum heatpipe axial heat flux based on vapor volume (kW/cm ) 7.0 

Nominal peak fuel t e m p e r a t u r e (°K) 1533 

double-ended configuration with a cent ra l 

vapor r e t u r n duct than it would be for a 

s ing le-ended configuration without a r e 

t u r n duct because of l imi ta t ions in heat 

t r a n s f e r f rom the co re faces . Second, 

the double-ended configuration fac i l i ta tes 

fabricat ion, tes t ing, and a s s e m b l y of 

heatp ipes into the r e a c t o r . Each of the 

two heatpipe a s s e m b l i e s could each be 

p r e t e s t e d before sur rounding t h e m with 

fuel. The two r e a c t o r - b o i l e r ha lves 

would be joined by a single g i r th weld. 

A light pin at one end loca te s the core 

axial ly. T h e r e i s only a sma l l net force 

act ing on the core due to vapor flow in 

the cent ra l duct. 

•13 



The reactor heatpipes extend from 

the nuclear core to make available twice 

the heat t ransfer area of the core for 

boiling the potassium in the power conver

sion loop. Boiling data for flow inside 

tubes indicate that high quality vapor 

is obtained with average heat flux ra tes 

of 25 to 50 W/cm . Thus, it appears 

that the limiting heat flux is governed by 

boiling of potassium on the outer surface 

of the heatpipes. Recognizably, boiling 

would be enhanced by wrapping a capil

la ry screen on the outside of the tubes. 

Swirling tapes also may be desirable. 

Figure 6 shows the potassium flow 

passage inside the reactor-boi ler . Liq

uid potassium at lOSS'K i s admitted to 

the reactor at the core mid-plane. The 

flow divides and continues axially along 

the p ressure vessel toward the end faces 

of the react or-boi ler . This flow a r range

ment, together with HfO^ tile insulation, 

maintains the maximum reactor vessel 

temperature below 1250''K. This maxi

mum temperature allows the use of a 

0.4-cm thick tantalum alloy for the ves

sel wall. After reaching the core end 

faces, the flow is distributed radially 

and then continues axially through the 

boiler. The potassium leaves the boiler 

as a saturated liquid. Fluid vaporized in 

the outboard boiler is returned through a 

6-cm-diameter central return duct. To

tal p res su re drop in the potassium, as it 

flows through the reactor-boi ler , is only 

0.1 bar. 

The natural shape of the fuel for a 

heatpipe reactor is a hollow hexagonal 

washer. The hexagonally-shaped fuel 

can be placed over the previously tested 

subassembly of heatpipes. Final dimen

sions chosen for the heatpipe-fuel e le

ments are shown in Fig. 7. 

With this geometry, heat is r e 

moved along the center of the fuel pellets 

and the temperature at the periphery of 

Reflector 
oiler area 

Potassium 
vapor to 
turbine 

Potassium from 
main radiator 

Fig. 6. Schematic diagram of integral reactor-boi ler flow passage cross section. 
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or bonding 
f luid 

Fig. 7. Thirty-degree segment of hexagonal heatpipe—fuel element assembly. 

the fuel is higher. Based on thermody

namic arguments, therefore, the fission 

gas bubbles would tend to move away 

from the heatpipe and be released at the 

outer free surface of the fuel pellets. At 

present, it is difficult to predict the 

amount of fission gas which would be r e 

leased under these conditions. Accord

ingly, provisions must be made to remove 

all the fission gas which would be gener

ated during the life of the reactor. At 

the peak fuel operating temperature of 
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1533*K, nitrogen over-pressure for the 
uranium nitride fuel may not be required. 
If an over-pressure of nitrogen is r e 
quired, however, it can be easily pro
vided. 

Sodiuin was chosen for the heat
pipe working fluid at a nominal tempera
ture of ISOCK. Its use results in higher 
heatpipe performance and hence in a 
smaller core size compared to the core 
sizes necessary when lithium and po
tassium working fluids are used. The 
primary limitation on heatpipe perform
ance ar ises from the internal vapor 
pressure drop which depends strongly 
upon the volumetric flow rate. Lithium 
has a higher latent heat of vaporization 
than sodium, but its low vapor pressure 
at ISOO'K requires a larger volumetric 
flow rate per unit power. On the other 
hand, potassium has a higher vapor p re s 
sure than sodium, but in this case its 
lower latent heat of vaporization produces 
a similar effect. At a higher tempera
ture lithium would be better than sodium. 
A disadvantage to using sodium in the 
heatpipes instead of potassium is the ad
verse pressure gradient of ~7 bar on the 
heatpipes in the boiler region. The po
tassium power-conversion-loop fluid 
must be at its saturation pressure 
(1485°K, 18,4 bar) and the heatpipe work
ing fluid at its saturation pressure 
(1500°K, 11 bar) in the boiler region. 
Furthermore, the bonding fluid used in 
the core could not be potassium because, 
unless its pressure were considerably in 
excess of 18 bar, it would not remain a 
liquid under high power conditions. Con
sequently, this would result in a low tol
erance to hot spots. Preliminary calcu
lations indicate that the pressure 

differential with sodium and potassium 

would be tolerable from the standpoint of 

creep buckling in the heatpipes. 
Natural potassium was chosen as 

the power-conversion-loop fluid mainly 
because information on potassium tur 
bines was most readily available. Its 
use also produces considerably fewer 
neutron activation problems than sodium. 
Either natural potassium or natural so
dium are acceptable for the dose cr i te
rion chosen for SPR-4 even though both 
sodium-23 and potassium-41 are act i
vated by neutrons. Natural potassium 
contains only 7% potassium.-41. This 
concentration can be reduced economi
cally to less than 0.1% if necessary. 
Natural sodium contains the single i so
tope sodium-23. A manned payload ap
plication requiring a reduced dose rate 
could be accomodated only if the potas
sium isotope, potassium-39, were used. 

The extent of corrosion in the heat
pipes is not well known and experimental 
verification of both heatpipe performance 
and corrosion is desirable. Fortunately 
such tests would not be difficult and 
could lead to a less conservative choice 
of capillary mesh size shown in Table IV. 
The temperature difference in the heat
pipe fluid loop is about one-fifth that 
which usually results in a convective 
fluid loop. And the mass flow rate in 
the heatpipe fluid loop is about one-tenth 
of that normally considered in a convec
tive fluid loop. This tends to reduce 
corrosion. A disturbing factor is that 
complete vaporization of the fluid occurs 
at the heated end of the heatpipe. 

The tungsten heat pipes are clad on 
the outside with tantalum where they ex
tend into the boilers to avoid dissimilar 
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metal difficulties in the potassium loop. 
The core is contained in a sealed can 
made from 0.15 cm W-25% Re sheet. 
This can also is clad externally with 
tantalum. 

The outside reflector radius for 
the double-ended heatpipe reactor is 
20.6 cm compared with 17.2 cm for a 
conventionally cooled reactor. The out
side reflector radius could be reduced to 

233 18.5 cm if more active U were used 

in the fueled core. In either case, how
ever, the increased radius and additional 
length of the integrated reactor-boiler 
would require a larger shield. Whether 
or not the heatpipe reactor is justified 
depends on factors such as reliability 
and development potential of the heat
pipe and conventional systems. 

An additional advantage to heatpipe 
cooling is that it prevents overheating of 
the reactor after shutdown because heat 
from decay products is automatically 
removed from the reactor. 

DESIGN METHODS 

The SPR-4 reactor was designed 
using a composite neutron transport-
mechanical-fluid dynamic computer code 

similar to that described by Brown and 
12 

McCauley. This computer code con
sidered nuclear performance, structural 
component sizes, expansion due to fuel 
swelling and thermal effects, plus pro
duction of daughter fissile species in a 
single pass. By means of this code com
plete design of the reactor could be com
puted in a few minutes rather than after 
weeks of iterative calculations. The 
final reactor design was internally con
sistent and all structural considerations 

were incorporated a priori. Additional 
items such as neutron streaming from 
the core faces and water safety were 
considered separately for the reactor 
design but later integrated into the final 
version of the computer code. 

Numerical values remain in the 
computer throughout the design and 
analysis. This feature permits small 
perturbations to be made with a high de
gree of numerical consistency. Complex 
interactions also can be studied in de
tail rather than as a series of approxi
mate partial derivatives. Thus interac
tions that are not anticipated frequently 
can be uncovered. 

The reactor code required about 
two years of development. A previous 
reactor design study utilized an earl ier 
version of the code. Basically the neu-
tronic calculations were performed with 
a modified one-dimensional neutron 

13 
transport code, DTF , with an S. ap
proximation. The reactor is described 
in eight radial zones, each having five 
sub-regions. The thermodynamic por
tion of the program permitted a variety 
of thermo-mechanical constraints. Neu
tron cross sections were derived from 
the Howerton evaluated cross section 

14 
l ibrary with the resulting data col
lapsed into a 16-group structure by the 
MESNE code.'''^ Monte Carlo calculations 
were made to appraise the effects of 
neutron streaming using the 05R Com-
puter Program. 

Computation of the reactor begins 

with a statement of the boundary condi

tions of thermal power, lifetime, oper

ating temperature, core aspect ratio, 

materials, l imits on thermal s t ress , 

fuel wall temperature difference and fuel 
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surface heat flux (See Fig. 8). From 
this information, temperature and t ime-
dependent material properties can be 
determined. 

For small, criticality-limited 
cores such as that of the SPR-4, the 
maximum allowed fuel enrichment is 
specified and fuel burnup is an indepen
dent design variable. The reactor de
sign subroutine is called and a minimum 
porosity core is designed within the a s 
sumed constraints. An iteration scheme 
assures that the number of fuel elements 
chosen is consistent with the fuel element 
limitations and the core configuration 
selected. This is an important point for 
small reactors having a small number of 
rows of fuel elements. 

Once the core is designed, the code 
adds thermal insulators, the pressure 
vessel,and the external side reflector. 
Whenever desired, boundaries of the 
fuel element rows can be examined to 
determine optimum power-flattening 
zones. The dimensions and volume 
fractions of this tr ial mechanical design 
are translated into a dimensional and an 
atom density array which is then fed 
automatically into the neutronic sub
routine which calculates the multiplica
tion factor. Core dimensions then are 
reduced to room temperature dimensions 
and the atom density array is manipu
lated to appraise reactivity effects in 
water. 

This amount of detail is necessary 
for conceptual reactor design because of 
the number of interactions between heat 
transfer, thermal expansion, fuel swell
ing, and nuclear effects. It is neces
sary to know how these effects combine 
to evaluate the reactivity states of the 

reactor under all conditions. Simple 
calculation of the reactor reactivity 
state at various constant temperatures 
shows that the SPR-4 reactor has nega
tive temperature coefficients. Power 
and temperature coefficients of reac t iv
ity are computed, but a kinetic analysis 
has not yet been incorporated into the 
codes. 

PERFORMANCE CHARACTERISTICS 

Axial heat flux in the reactor-boiler 

heatpipe was based on the mean core pow

er and the factors listed in Table V for 

assumed deviations from the mean core 

power. The resulting combined factor is 

3.4 which is applied as a multiplier to the 

total power expected for an average heat

pipe. The maximum probable local radial 

heat flux into the heatpipes is 1.85 times 

the average value quoted in Table IV. 

This value is calculated by multiplying 

the maximum-to-average core power 

density by a factor that accounts for in

creased load due to the failure of an ad

jacent heatpipe. Pool boiling correla-
17 tions indicate that this maximum 

probable value is at least a factor of 2 

below burnout. 

Redundancy of control is provided 

by two fully independent reactivity control 
1 ft 

systems. Each of tliese control systems 

is located at its optimum efficiency posi
tion in the core and covers only the range 
of the adjustable reactivity required for 
the duration of the mission. The alterna
tive control system provides for unfore
seen reactivity requirements and for 
individual control-element failures. This 
principle enables each system to be 
physically small and highly efficient. The 
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ip = fuel surface heat flux l imit 

Assume Bu = fuel burnup 
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Design minimum porosity reactor 
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Power distribution 
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Fig. 8. Heatpipe reactor calculation schematic. 
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Table V. Factors applied to the mean core power. 

Radial peak-to-average power density ratio 
(at most severe transverse cross section) 1.1 

Heatpipe working fluid property uncertainty 1.2 
Increased load in the event of a failure of an adjacent heatpipe 1.17 
Core power fluctuations 1.1 
Safety margin 2.0 

overall result is that the size of a reactor 

with dual controls is generally smaller 

than the size of an identical reactor gov

erned by a single control scheme. In 

other words, a single control system 

necessarily requires a greater control 

range because reserves and redundancy 

provisions have to be included. 

The controls of the SPR-4 reactor 

provide for adjustments to the neutron 

leakage external to the core and also the 

neutron capture inside the core. Mechan

ical reactivity adjustments are made by 

separating the two halves of the axially-

translating, molybdenum side reflector. 

Liquid reactivity adjustments are made 

through the use of in-core control circuits, 

with lithium-6, the neutron absorbing 

isotope, as the liquid control agent. 

Each of these systems is capable of 

carrying the mission to completion with

out using the other system (see Fig. 9)."~ 

With a dual control system, a particular 

reactivity state can be approached by 

combining the possible control states of 

the individual controls, as long as the 

combined effect matches that of the de

sired reactivity requirement. This is 

illustrated in Fig. 9 by the shaded area 
for achieving criticality of the beginning 
of life and at 600'*K. The dotted arrows 
indicate a suggested path. 

Ground safety of 6.5% Ak is achieved 
by opening the side reflector (the least 
reflective position) and filling the liquid 
control circuits completely with lithium-6. 
Once the reactor is launched into space, 
the reflector halves are partially closed 
and the lithium-6 is removed to reach 
criticality. Because tlie reflector halves 
are fairly close together throughout most 
of the core lifetime, a long-time, l a rge -
motion actuator is not needed. 

The total adjustable reactivity r e 
quirement for the reactor, 3.08% Ak, is 
small because backup controls supply 
reactivity reserves and provide for fail
ure of individual segments of each system. 
The total reactivity requirement consists 
of: 

Temperature effect (300°K 
to 1500°K, 35% Li-6)* . . . . 1.04% Ak 

Losses due to fuel burnup, 
fuel swelling, and fission 
products 0.54% Ak 

Operational shutdown 1.50% Ak 
Total adjustable reactivity 

required 3.08% Ak 

''"Because the mechanical and the liquid 
control systems act on the periphery and 
inner boundary of the fueled core, r e 
spectively, reactivity effects of the two 
systems are decoupled. 

""The isothermal temperature effect 
varies slightly depending upon the amount 
of lithium-6 present in the controls. 
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Fig. 9. Range of the dual control system for SPR-4 
reactor. CEOL designates critical at end 
of life; CBOL indicates critical at beginning 
of life. 

Molybdenum was chosen as the 
material for the side reflectors over MgO, 
AlgOg, Ni, and BeO (See Fig, 10), even 
though these materials are somewhat more 
effective, because it can be constructed 
simply and is compatible with high-
temperature operating conditions in the 
radiation environment. The oxides would 
require a metal supporting structure. 
Nickel is an excellent candidate material 
and would have been selected had a de
tailed analysis of reflector heating just i
fied its use. The lithium-6 isotope was 
chosen as a fluid for the liquid control 
circuits because of its strong neutron 
absorption characteristics. 

The reactor is self-regulating on 
temperature and power because of sev
eral features. Its self-regulating tem
perature characteristics ar ise from neg
ative void coefficients for the sodium in 

the core. Total loss of sodium from the 

fueled core results in Ak = -0.62%. Its 

self-regulating characteristics on power 

are possible as the result of changing 

effective thickness of the potassium liq

uid in the boilers adjacent to each end of 

the core. Here, the liquid potassium 

affects the end leakage of neutrons and 

renders a maximum effect of Ak = 0.23%. 

As reactor power increases, the effective 

potassium thickness decreases, causing a 

small loss of reactivity which effectively 

reduces power. As reactor power de

creases, the reverse occurs. 

Neutron streaming out of the core 

end-faces through the voids in the heat

pipes and through the central vapor duct 

was estimated using the 05R Monte Carlo 
1 fi 

code. This estimate of the reactivity 

effect, as shown in Table VI, indicates 
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that neutron streaming is significant in 
small reactors with a hard neutron energy 
spectrum. 

Radial power flattening was com-
puted automatically by the reactor design 
code for the SPR-4 reactor. Results are 
shown in Fig. 11. Reactor design was 
limited to the use of uranium-235 and 
uranium-238 and was designed without 
absolute water safety as an imposed con
straint. No appreciable advantage was 
found in having more than two fuel zones. 

The radial power profile can be ad

justed slightly by judicious use of the dual 

controls. Reactivity can be increased by 

removing lithium-6 from the central l iq
uid control circuits. This tends to i n 
crease the power generated near the inner 
radius of the fueled core. On the other 
hand, reactivity also can be increased by 
adding side reflector; however, this tends 
to increase the power generated near the 
outer radius of the fueled core. Appro
priate adjustments of both control systems 
can flatten the power profile more than 
the degree shown in Fig. 11. This addi
tional flattening amounted to only 2 - 3% 
for the SPR-4 reactor and it was not con
sidered essential because some of the 
redundancy inherent with the dual controls 
would have been lost. 

Table VI. Effects of neutron streaming from core end-faces as 
calculated by the 05R Monte Carlo code. 

Ak (neutron streaming along heatpipes) 

Ak (neutron streaming through central duct) 

Ak (total estimate of neutron streaming) 

-0.005 ± 0.005 
-0.018 ± 0.005 
-0.023 ± 0.007 

0 1 2 3 4 
Equivalent side reflector thickness — cm 

Fig. 10. Reactivity worth of different 
side reflector materials. 
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Fig. 11. SPR-4 power profile and fuel 
loading. 
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The axial power profile assumes a 
natural cosine-like shape with a peak to 
average power density ratio of 1.35. The 
reduction of maximum burnup fraction 
and radial heat flux, which could be 
achieved by flattening the axial power pro
file, was not considered essential to the 
core design. 

The nuclear heating rates within 
the reactor-boiler were calculated using 
the two-dimensional transport code. 

19 
DOT. These heating rates include fis
sion, elastic and inelastic neutron scat
tering, and (n, a) events as well as the 
effects caused by gamma ray absorption. 
The volume-integrated heat generation 
for each component within the reactor is 
given in Table Vn. The maximum inte
grated fast neutron flux in the reactor-

27 boiler is 10 nvt. The maximum heating 
rate in the lithium hydride nuclear shield 

is approximately 0.2 W/cm . 

Table VII. Nuclear heating in the reactor-boiler. 

Component 

L i th ium-6 control region 

Core 

Tungsten core can 

Liquid po tass ium coolant 

T h e r m a l insula t ion 

P r e s s u r e ves se l 

Reflector 

Boi le r heatp ipes 

Heating 
Neutron 

2.388 

1878. 

0.020 

0.014 

0.228 

0.016 

0.216 

0.048 

(kW) 
Gamma 

6.186 

121. 

4.010 

0.106 

1.988 

2.724 

5.456 

1.460 

Tota l 

8.574 

2000. 

4.030 

0.120 

2.216 

2.740 

5.672 

1.508 



IV. Nuclear Shield 

DESIGN CRITERION AND GENERAL 
DESCRIPTION 

The SPR-4 shield was designed for 
an unmanned mission using payload dose 
levels of 10 nvt for neutrons and 10 R 
for gamma rays. The payload dose plane 
was taken to be 10 m from the nearest 
reactor face. These dose levels repre
sent a reasonable compromise between 
the cost of hardening the electronic com
ponents and the mass savings in the nu
clear shield. If presently available 
electronics are used without regard to 

radiation effects, a maximum integrated 
11 2'''̂  

fast neutron flux of 10 neutrons/cm 
4 

and an integrated gamma dose of 10 R 
could be tolerated. However, if care is 

used in selecting the proper electrical 

components, designing redundant circuits, 

and providing local shielding, these val-
14 ues may be increased to 10 nvt and 

7 20 10 R. By incorporating a shielding 

half-angle of 14 deg, all turbo-machinery 

and the main radiator can be placed be

tween the nuclear shield and the payload 

(See Fig. 4). Attenuation of radiation at 

Equivalent 1 MeV neutron flux, based 
upon damage in silicon. 

the payload due to components other than 
the shield was neglected. 

The shield was designed for mini
mum mass which was found to occur when 
materials were alternated between lithi
um hydride and tungsten as shown in 
Table VIII. Lithium hydride was chosen 
to attenuate neutrons and tungsten to 
attenuate gammas because of their well-
known material and shielding properties 
and because their use resulted in a shield 
which was lighter than shields fabricated 
from the other materials considered. 

The nuclear shield was shaped in 
the form of a truncated cone, 75.4-cm 
long, with its axis of symetry oriented to 
correspond to the system centerline be
tween the reactor-boiler and the main 
radiator as shown in Fig. 4. The shield 
diameter varies from 105.2 cm to 
142.9 cm so that the shield outer boundary 
lies along the 14-deg shielding half-angle. 

The shield is contained inside a 
stainless steel vessel that prevents hy
drogen leakage. This vessel is protected 
against meteoroids by beryllium 1 cm thick 
Necessary penetrations through the shield 
for plumbing and other devices should 
have about 3/4-turn along a helix path to 

Table VIII. SPR-4 nuclear shield dimensions. 

Region Thickness (cm) Material 

Shield 
relative 

mass 

Maximum 
diameter (cm) 

1 

2 

3 

11.8 

1.2 

62.4 

75.4 

LiH 

W 

LiH 

0.10 

0.19 

0.71 

1.00 

111.1 

111.7 

142.9 

m A m A B A A * A ^ A A A 



prevent streaming. For calculational 
purposes, the amount of shield material 
removed by the penetrations is assumed 
to be added to the rear of the shield so 
that the total shield volume remains con
stant. The internal heating rate in the 
shield is high enough to cause excessive 
lithium-hydride temperatures if internal 
cooling is not utilized. Total heat gener
ation inside the shield is expected to be 
about 5 kW. This heat can be dissipated 
by adding heatpipes to conduct heat from 
the center to the surface of the shield 
where it can be radiated. 

ANALYTICAL DESIGN METHOD 

An adequate shield design includes 

not only the neutrons and gammas emitted 

by the fission process by also the gammas 

generated by inelastic neutron scattering, 

neutron capture, and activation and sub

sequent transport of material throughout 

the system. To include all of these pro

cesses, a detailed calculation was per

formed on the reactor which included all 

the neutron, gamma, and secondary 

gamma reactions. This work made use 

of the two-dimensional transport code 

DOT and a set of cross sections contain

ing 16 neutron groups and 7 gamma 

groups. The geometry included all the 

components of the heatpipe reactor-

boiler. Only the neutron and gamma 

currents hitting the shield surface were 

calculated because cross sections used 

in the DOT code are not adequate for 

deep penetrations through the shield. 

These currents are given in Table IX. 

As far as the shield is concerned, the 

reactor is simulated by an equivalent 

point source emitting 0.73 neutron/fission 
and 1.41 MeV of gamma energy/fission. 

The shield was designed using 
point-kernel techniques. The usual r e 
moval theory kernel was used for neutrons 
using the Albert-Welton kernel for hydro
gen and the effective reactor point source 
obtained from the DOT problem. Seven 
energy groups of gamma rays, correspond
ing to those given above, were used 
with the appropriate build-up factors. 
The production of inelastic gamma rays 
was related to the removal of fast neu
trons while the capture rate of thermal 
neutrons was given by solving the diffu
sion equation in one-dimensional slab 
geometry with a source given by the fast 
removal kernel. The thickness of the 
laminated regions of the shield were 
varied to obtain minimum shield mass 
using a steepest descent method. 

Calculations indicated that 
13 4.6 X 10 n/sec were absorbed in the 

potassium coolant. Part of these are 

absorbed in the potassium-41 isotope 

which becomes activated and produces 

delayed gamma radiation. Because the 

potassium circulates throughout the sys

tem and behind the shield, this activa

tion produces a fixed dose rate at the 

payload. Assuming that potassium-41 

has the same fast neutron absorption 

cross section as natural potassium, that 

the radiator can be considered as a flat 

trapazoidal source of uniform strength 

per unit area, that half the potassium is 

behind the shield, and neglecting the at

tenuation of the radiator, it was found 

that the use of natural potassium 

(6.91% K ) caused an integrated gamma 

dose at the payload of 2100 R. This 
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Table IX. Neutron and gamma currents impinging upon the shield surface. 

Group 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

Type 

Neutron 

Neutron 

Neutron 

Neutron 

Neutron 

Neutron 

Neutron 

Neutron 

Neutron 

Neutron 

Neutron 

Neutron 

Neutron 

Neutron 

Neutron 

Neutron 

Gamma 

Gamma 

Gamma 

Gamma 

G a m m a 

Gamma 

Gamma 

Ene 

10 

3 

1.4 

0.9 

0.4 

0 .1 

17 

3 

0.55 

100 

30 

10 

3 

1 

0.4 

0.1 

15 

9 

7 

5 

3 

2 

1 

rgy range 

- 3 MeV 

- 1.4 MeV 

- 0.9 MeV 

- 0.4 MeV 

- 0.1 MeV 

- 0.017 MeV 

- 3 keV 

- 0.55 keV 

- 0.1 keV 

- 30 eV 

- 10 eV 

- 3 eV 

- 1 eV 

- 0.4 eV 

- 0.1 eV 

- 0.0 eV 

- 9 MeV 

- 7 MeV 

- 5 MeV 

- 3 MeV 

- 2 MeV 

- 1 MeV 

- 0 MeV 

Neutron or g a m m a / s e c 

2.97 X 10^^ 

5.58 X 10^^ 

4.22 X 10^"* 

1.20 X 10^^ 

2.18 X 10^^ 

5.04 X 10^^ 

1.02 X 10^^ 

3.45 X 10^° 

4.74 X lo ' ' 

4.33 X 10^ 

5.99 X 10^ 

2.79 X 10^ 

8.76 X 10^ 

2.17 X 10^ 

2.39 X 10^ 

1.22 X 10^ 

2.17 X 10^° 

1.32 X 10^^ 

1.37 X 10^^ 

7.02 X 10^^ 

9.99 X 10^^ 

1.63 X 10^^ 

3.31 XIO^^ 

value is negligible when compared to the 

gamma dose criterion of 10 R. 

It is possible for activated mate

rials , such as sodium from a ruptured 

heatpipe, to get into the potassium work

ing fluid and raise the dose rate at the 

payload. If one heatpipe ruptures at the 

beginning of life and all of its sodium is 

discharged into the power conversion 

loop, an integrated dose of about 2.5 R at 

the payload results . Rupture of 5% of all 

the heatpipes within the core would r e 

sult in a dose of 95 R. This dose also is 

negligible. If a heatpipe does rupture, 

its fluid would only diffuse slowly into 

the potassium loop because there would 

not be a driving pressure force. A break

down of the gamma radiation sources is 

shown in Table X. 

The mass of the shield can be r e 

duced by varying the payload-to-shield 

Table X. Breakdown of gamma radiation 
sources. 

Reactor sources 
Shield secondary 

sources 

Potassium coolant 
sources 

Total 

6.5 X lO^R 

3.5 X lO'̂ R 

2.1 X lO^R 

1.0 X lO^R 
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11,000 

.2 
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Fig. 12. SPR-4 shield mass versus 
shield-payload separation. 

10 20 30 40 50 60 

Shield half-angle — degrees 

Fig. 13. SPR-4 shield mass versus 
shield half-angle. 

Table XI. Dose ra tes present outside the shield shadow. 

Distance 
from reactor 

10 m 
100 m 

1000 m 

Fast neutron 
(n/cm^ sec) 

1.8 X lo"̂  

1.8 X lo'^ 

1.8 X 10^ 

Gamma 
(R/hr) 

1.3 X lo'^ 
1.3 X 10^ 

1.3 

Total 
(Rem/hr) 

2.5 X 10^ 

2.5 X 10'̂  

2.5 X 10^ 

separation distance or the dose criterion 

as shown in Fig. 12. A position of 10 m 

was chosen because this distance permits 

a very compact system. Figure 13 indi

cates the dependence of the shield mass 

upon the half-angle of the shield. 

The shield provides a reduced dose 
rate within the shadow only. Outside the 
shadow, it is possible to see the un
shielded reactor package. The approxi
mate dose rates outside of the shadow 
are tabulated in Table XI. 
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V. Power Conversion 

HEATPIPE RADIATORS An excess number of heatpipes is 

The heatpipe radiator (See Figs. 1 
and 4) provides a reliable method of r e 
jecting waste heat. At the same time the 
heatpipe radiator has low specific mass. 
The advantages of redundancy and low 
mass are achieved through the use of 
about 2200 highly efficient, independent 
heatpipes in the main radiator. Radiator 
specific mass is about 0.25 g/W of r e 
jected power. 

The selected heatpipe design was 
that of Werner & Carlson. The main 
radiator is constructed of a ser ies of 
manifolds, positioned in a rectangular 
array, with a large number of heatpipes 
penetrating the manifolds. The manifolds 
and other ducting are protected against 
meteroids in the same way as other radi
ator designs. Because of their low p re 
sented area, however, they contribute 
only slightly to the total radiator mass. 

Table XII. Heatpipe radiator characterist ics. 

Main radiator 

Total heat rejection required (kW) 
Total projected area including piping and 

manifolds (m^) 

Total radiator mass (kg) 

Number of heatpipes 
Heatpipe fluid 

Heatpipe wall material 
Meteoroid barr ier material (where required) 

Heatpipe rejection temperature ("K) 
Heatpipe inside diameter (cm) 

Heatpipe radial input flux (W/cm ) 

Radiator survival probability 

1565 

19.2 
400 

2200 

Potassium 

Niobium 
Beryllium 

1025 
0.75 

50 

0.99 

installed at the beginning of life. The 
pipe wall thickness is determined so that 
a certain fraction (approximately 10%) of 
the heatpipes fail from meteoroid penetra
tion during their lifetimes. The number 
of surviving heatpipes at the end of the 
mission must be sufficient to reject the 
required heat. This number is determined 
by approximating the distribution of heat
pipe failures with a normal distribution. 
The effect of the puncture of a heatpipe is 
only that it will cool and not contribute 
significantly as a heat exchange member. 
The ducting must have the desired degree 
of meteoroid protection to ensure that no 
punctures occur. Some characteristics 
of the main radiator are shown in Table 

xn. 
The effects of various parameters 

on the SPR-4 main radiator mass were 
investigated. While the parameter var i 
ation was not exhaustive, it was complete 

- 2 8 -
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enough to specify a near-optimum main 
radiator design. The radiator survival 
probability was found to be the major 
parameter affecting the radiator mass. 
Heatpipe diameter also was found to be a 
strong influence on radiator mass; the 
smaller diameters producing smaller 
masses . Size selection was based upon 
fabricability. 

Figure 14 shows the mass penalty 
necessary for radiator survival probabil
ities higher than 0.99. 

Design of the auxiliary heatpipe 
radiator, which is necessary to cool the 
alternator windings, is similar to the 
main radiator except that the heatpipes 
were inserted directly into the area 
around the windings. Heatpipes utilizing 
sodium as the working fluid conduct the 
heat away from the windings. The auxili
ary radiator rejection temperature is 
770°K, 

TURBINE-ALTERNATOR 

Since development work on high 

temperature turbine-alternator assem

blies for Rankine cycle space power sys

tems has been conducted by a number of 
21 -23 organizations, it was decided to se

lect a previously designed unit having 

operating characterist ics similar to those 

required by SPR-4. Minor adaptations 

are expected to be necessary; however, 

the performance characteristics should 

not change appreciably. 

The turbine-alternator character

istics shown in Table XIII were based 

generally on a General Electric Co. 

400 kW, potassium turbine-alternator 
5 

unit. The turbine portion is a six-stage 
counterflow unit using the potassium of 

1.0 
0.9999 0.999 0.99 

Meteoroid penetration survival probability — 
main radiator 

Fig. 14. Effect of meteoroid penetration 
survival probability on the main 
radiator mass. 

the power conversion loop as a fluid. 
Interstage moisture extraction was con
sidered unnecessary as long as adequate 
consideration was given to turbine bucket 
corrosion through appropriate aerody
namic design. 

The alternator is a radial-gap, 
homopolar-inductor alternator. Both the 
stator and field coil windings of the unit 
are cooled heatpipes. The evaporator 
region of each heatpipe is embedded in 
the outer region of the stator casing. 
The condenser region extends outward 
from the end of the alternator to form a 
cylindrical ring which operates as auxili
ary heatpipe radiator surface. 

The turbine-alternator assembly is 
a standard four-bearing configuration 
with a flexible coupling located between 
the turbine and alternator. Bearings are 
lubricated with potassium. Hydrodynam-
ic seals are used on the turbine rotor 
side of each bearing and rotor disc to 
preclude leakage of lubricant into turbine 
flow passages. 

ELECTROMAGNETIC PUMP 

A helical-induction electromagnetic 
punap, based on the design of Diedrich 



Table XIII. SPR-4 t u r b i n e - a l t e r n a t o r opera t ing c h a r a c t e r i s t i c s . 

Speed (rpm) 

Turb ine 

Inlet t e m p e r a t u r e ("K) 

Inlet p r e s s u r e (bar) 

Outlet t e m p e r a t u r e ("K) 

Outlet p r e s s u r e (bar) 

Exit quality (%) 

Flow r a t e (g/sec) 

Overa l l efficiency (%) 

A l t e rna to r 

F requency (Hertz) 

Voltage (volts) 

P o w e r factor 

Output power (kW) 

Efficiency (%) 

Auxi l iary r ad ia to r re jec t ion t e m p e r a t u r e (°K) 

24,000 

1485 

18.4 

1040 

1.11 

82 

997 

80 

2400 

2400, 3-phase 

0.8 

390.5 

88 

770 

Table XIV. Condensate pump c h a r a c t e r i s t i c s . 

P o t a s s i u m flow r a t e (g/sec) 997 

Inlet p r e s s u r e (bar) 1.06 

Outlet p r e s s u r e (bar) 18.5 

Inlet t e m p e r a t u r e ('K) 1035 

Overa l l efficiency including cyc lo -conve r t e r 
and t r a n s f o r m e r (%) 19.6 

Total m a s s including cyc lo -conver t e r and 
t r a n s f o r m e r (kg) 200 

and Gehan, was se lec ted as the conden

sa te pump in the power convers ion loop. 

P u m p pe r fo rmance c h a r a c t e r i s t i c s a r e 

given in Table XIV. Other m i s c e l l a n e 

ous l o w - t e m p e r a t u r e pumps, which a r e 

n e c e s s a r y for the r eac to r - l i qu id control 

c i r cu i t s , a r e not cons idered to be a major 

design prob lem. 

-30-



VI. Alternative Systems 

A more nearly optimum reactor 
which utilizes U along with the U 
and U isotopes was designed as a 
companion reactor to the reference 
SPR-4 double-ended heatpipe reactor-
boiler system. Coupling of power flat
tening with a water immersion safety 
requirement allowed a 27% reduction in 
reactor core diameter and also a 54% 
decrease in fuel inventory. Beyond the 
obvious physical improvement in config
uration, the design approach demon
strates the relative simplicity of incor
porating more involved and realistic 

design constraints with no effective in
crease in computation time. Relative 
characteristics of this comparison de
sign and the SPR-4 reactor-boiler are 
shown in Table XV. It should be noted 

233 
that the use of U together with in
creased allowable fuel burnup and allow
able heatpipe fluxes account for most of 
the comparison reactor size reduction. 

Possibly more important than the 
reactor-boiler size reduction is the de
velopment of an integrated reactor de
sign method that includes power flatten
ing and water immersion safety criteria. 

Table XV. Comparison of SPR-4 and companion reactor characteristics. 

Item SPR-4 
Companion 

reactor 

Power (kW .̂) 

Life (hr) 

Average fuel burnup 
Radial peak-to-average power density ratio 

(at most severe t ransverse cross section) 

Axial peak-to-average power density ratio 
(at most severe longitudinal cross section) 

Overall peak-to-average power density ratio 
Fueled core length (cm) 

Mean fueled core outer diameter (cm) 

Mean liquid lithium control zone outer diameter 
(cm) 

Side reflector thickness (cm) 
Number of heatpipes 

2 
Average heatpipe radial heat flux in (W/cm ) 

2 
Average heatpipe radial heat flux out (W/cm ) 
Maximum heatpipe axial heat flux „ 

(based on vapor volume) (kW/cm ) 

Estimated fuel costs (dollars) 
Associated shielding mass (kg) 

2000 
2 X 10^ 
0.68 

1.18 

2000 
2 X 10^ 
1.50 

1.06 

1.35 

1.59 

4 1 . 9 

33 .9 

12.8 

2.0 

756 

46 .4 

23 .2 

7.0 

2.7 X 10^ 

1400 

1.35 

1.43 

35 .5 

24 .7 

8.4 

4 .7 

648 

99 .0 

4 4 . 5 

21 .4 

1.2 X 10 

1100 
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This design method, reported by Brown 
12 and McCauley, uses mechanical-nuclear 

analyses that are consistent for a par t ic
ular reactor design. 

The SPR-4 system also can be 
compared to other types of conversion 

24 systems as shown in Fig. 15. The 
greatest potential for improvement in 

this rough comparison is shown by the 
lithium heatpipe out-of-core thermionic 

25 diode system, in which the specific 
mass can be reduced to 4.3 g/Wg at a 
reactor temperature of 2000°K, assum
ing optimistic diode efficiencies and low 
thermal contact resistance between the 
diode plates. 

The Rankine cycle system with 
potassium as a working fluid and a sodi
um heatpipe reactor could achieve a 
minimum specific mass of 9 g/Wg by 
reducing the shield angle by one-half and 

1400 1600 1800 2000 

Reactor temperature — °K 

Fig. 15. System specific mass com
parison. 

increasing the reactor temperature to 
1650'K. Turbines tend to become over-
stressed when the reactor temperature 
exceedslSOO'K. 

VII. Conclusions 

Analysis of an integral heatpipe 
reactor-boiler confirms its attractive
ness as a space nuclear heat source. 
Computer techniques that incorporate a 
composite neutron transport — mechanical-
fluid dynamic analysis now exist for the 
detailed design of heatpipe-cooled reactors . 

The fast spectrum heatpipe reactor-
boiler and the heatpipe radiator provide 
considerable system redundancy and per
mit pump operation at temperatures no 
higher than is required for heat rejection. 
High reliability is predicted. 

A dual reactivity control system 
provides an efficient method of achiev
ing a redundant reactivity reserve. The 
control is provided by centrally located 
lithium-6 control circuits along with an 
axially translating molybdenum side 
reflector. 

Mass of the nuclear shield is min
imized through the use of alternate 
layers of lithium hydride and tungsten. 
Even so, 56% of the total system specific 
mass of 10 g/Wg is contributed by the 
nuclear shield. 

- 32 -
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