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Design of Isotope Heat Source for Automatic Modular Dispersal 
During Reentry, and its Integration with Heat Exchangers 

of 6-kWe Dynamic Isotope Power System 
Alfred Schock 

Fairchild Space Company 
Germantown, MD 20874 

In late 1986 the Air Force Space Division (AF/SD) had expressed an interest in using a Dynamic Isotope Power System 
(DIPS) of approximately 6 kWe to power the Boost Surveillance and Tracking System (BSTS) satellites. In support of that 
objective, the U.S. Department of Energy (DOE) requested Fairchild Space Company to perform a conceptual design study 
of the DIPS heat source and of its integration with the dynamic power conversion system, with particular emphasis on system 
safety. This paper describes the results of that study. The study resulted in a design for a single heat source of ~30 kWt, 
employing the standard 250 W General Purpose Heat Source (GPHS) modules which DOE had previously developed and 
safetytested for Radioisotope Thermoelectric Generators. A scheme was devised for holding the individual heat source 
modules together during launch but automatically releasing them during reentry, so as to minimize their impact velocity., 
The ability of that scheme to withstand 3axis launch vibration to 25 G(rms) was demonstrated in vibration tests using GPHS 
module mockups of prototypical size, mass, and wear surfaces. The heat source design also contains passive provisions 
against overheating in case active cooling is lost. Designs were developed for integrating the sealed heat source with Brayton, 
Rankine, and thermoelectrically topped Rankine conversion systems. The heat source and conversion system are discrete 
assemblies, produced and tested separately, and joined at the launch site. 

Introduction 
In late 1986 the Air Force Space Division (AF/SD) had 

expressed an interest in the possible use of a Dynamic Iso

tope Power System (DIPS) of approximately 6 kWe to power 
the Boost Surveillance and Tracking System (BSTS) sat

ellites under development for Air Force and SDI missions. 
In support of that objective, the U.S. Department of Energy 
(DOE) requested Fairchild Space Company to perform a 
conceptual design study of the DIPS heat source and its 
integration with three alternative dynamic power conversion 
systems (Rankine, Brayton, and thermoelectrically topped 
Rankine), with particular emphasis on system safety. The 
purpose of the Fairchild study was to scope the design prob

lems and identify the key design issues, pending selection 
of a DIPS system contractor by DOE. (Fairchild was con

tractually ineligible to compete for that role.) 

Heat Source Modules 
Safety is of paramount importance in the design of all 

radioisotope power systems. To minimize the need for ad

ditional safety tests, it was decided earlyon to employ the 
standardized General Purpose Heat Source (GPHS) modules 
(Schock 1980) which DOE had previously developed and 
safetyqualified for Radioisotope Thermoelectric Genera

tors (RTGs) for the Galileo and Ulysses space exploration 
missions. Over the past ten years, DOE has spent tens of 
millions of dollars in performing the required safety analy

ses and tests of GPHS modules for these missions, for all 
credible accident scenarios before, during, and after launch 
(Bennett et al. 1988 and Bradshaw et al. 1989). As a result, 
these modules are extremely well characterized, much more 
so than radioisotope heat sources used on earlier space mis

sions. 
Viewed from the outside, each GPHS module is a graphite 

brick of roughly 5 X 10 x 10 cm. Each GPHS module 
contains passive safety provisions against fuel release. As 
illustrated in Figure 1, each 250W module contains four 
iridiumclad 238PuOz fuel capsules, surrounded by graphitic 
components, including an aeroshell designed to withstand 
reentry ablation, a thermal insulator to avoid excessively 
high clad temperatures during the reentry heat pulse and 
excessively low clad temperatures at earth impact, and an 
impact shell to help absorb impact energy and reduce fuel 
capsule deformation during earth impact. The aeroshell and 
impact shell also provide protection against impact of shrap

nel on the heat source. 
In addition, in a dynamic power system the heat source 

must be protected against overheating in the event that ac

tive cooling is lost. The design and analysis of a passive 
system for providing that protection are described in a com

239 



240 A. Schock 

* Fine-Weave Pierced Fabric, a 90%-dense 3D carbon-carbon composite 
*'Carbon-Bonded Carbon Fibers, a 10%-dense high-temperature insulator 

"*62.5-watt 238Pu02 pellet 

Figure 1 General-Purpose Heat Source Module (250 Watt), Sectioned at Mid Plane 

panion paper (Schock 1990). To be effective, the spacecraft 
must be configured so that the heat source has a relatively 
unobstructed view of space. 

With respect to radiation, radioisotope heat sources for 
use in space employ Pu-238, which is an alpha emitter. 
Alpha particles will not pass through the fuel clad, and the 
emitted radiation level is extremely low. Therefore, the heat 
source need not be mounted on a separation boom, except 
in the unusual case of extremely sensitive payload instru
mentation. 

Heat Source Design Groundrule 
In addition to the built-in safety provisions within the 

GPHS modules, the safety of the heat source also depends 
on the manner in which the modules are packaged and 
structurally supported. In RTGs, the GPHS modules are 
arranged in a stack, which is held together during launch 
vibration by means of a large axial preload (Schock and 
Shostak 1979). The large preload is supplied by Belleville 
springs that bear against an outer aluminum housing 
(Schock et al. 1979). Aluminum was selected because of its 
low melting point. 

When it melts during reentry, the GPHS modules are 
automatically released and thereafter descend as individual 
units. This is highly desirable, because the impact velocity 
of individual modules is substantially lower than that of the 
assembled heat source. In fact, the GPHS RTG could have 
been made significantly lighter by using a beryllium instead 
of an aluminum housing, but this was rejected because be
ryllium's higher melting point did not provide the same 
assurance of module release during reentry. 

For the same reason, it was decided that the DIPS heat 
source should also be designed for automatic disassembly 
during reentry. To assure this, DOE directed that there be 
no high-melting structure on the outside of the heat source, 
and this groundrule governed Fairchild's design effort. Spe
cifically, this led to a design in which the high-melting 
Brayton gas heater or Rankine boiler is located on the inside 
of an annular heat source stack, and the GPHS modules 
which comprise that stack are held together by a low-melt
ing aluminum outer structure. 

Heat Source Layout 
For a DIPS power output of 6 kWe, a thermal power of 

approximately 30 kWt is required. The exact number de
pends on the efficiency of the Brayton, Rankine, or ther
moelectrically topped Rankine system used. The 120 GPHS 
modules required to produce 30 kWt can be assembled as 
a single heat source or as a number of smaller heat source 
assemblies. Smaller heat source assemblies are easier to cool 
and to shield during assembly, transportation, and space
craft installation, and require fewer modifications of hot 
cell assembly facilities. On the other hand, use of a single 
30-kWt heat source leads to a significantly lower system 
mass and to a much simpler structural and piping arrange
ment. The Fairchild study concluded that the advantages of 
a single heat source outweighed those of multiple heat 
sources, and therefore selected the single-heat-source de
sign approach. 

As illustrated in Figure 2, the GPHS modules are ar
ranged in rings of twelve modules, with the annular heat 
source consisting of a stack of eight such rings for the 
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Figure 2 Heat Source Ring, Reference Design, 12 Modules (3 
kW) per Ring. 

Brayton system, nine rings for the thermoelectrically 
topped Rankine system, and eleven rings for the untapped 
Rankine system. This arrangement yields favorable length-
to-diameter ratios for the annular heat sources. 

The annular heat source is enclosed between two cylin
drical cans to prevent access of air to the hot graphite com
ponents and molybdenum multifoil insulation during ground 
operations. The heat source is assembled and sealed at a 
DOE facility. The sealed unit is then shipped to the launch 
site, where it is mated with the spacecraft-mounted DIPS 
converter. 

Key Problem and Proposed Solution 
The inner (Inconel) can of the annular heat source is 

designed to radiate the generated heat to the Brayton gas 
heater or Rankine boiler. The outer (Aluminum) can is in
sulated from the annular GPHS stack by means of multi-
foil insulation. Since multifoil is not load bearing, lateral 
support for the GPHS modules is provided solely by the 
inner can. The key problem then was how to structure the 
annular heat source so that the GPHS modules are held 
together and constrained by the inner can during lateral 
launch vibration, but are free to disperse as soon as the 
outer aluminum can melts during reentry. 

To accomplish this, the Fairchild design calls for nipple 
and dimple interlocks on two opposing edge faces of the 
GPHS modules (as shown in Figure 3), and for stacking 
the heat source module rings in a staggered arrangement so 
that each module serves as a link between two modules in 
the adjacent rings (as illustrated in Figure 4). Thus, as long 
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Figure 3 GPHS Module with Interlock Provisions. 

Figure 4 Two Rings of Staggered Interlocked GPHS Modules. 

as the mating nipples and dimples remain engaged, the rings 
of modules form a set of looped chains. 

Figure 5 depicts a sectioned view of the heat source's 
inner can, which provides the radial support for the stack 
of staggered heat source module rings. Made of Inconel, 
this can has a cylindrical inner surface and an icosa-tetra-
gonal outer surface, to mate with the staggered heat source 
modules. As shown, the inner can has a top cover and a 
bottom flange, which are used to seal the annular heat 
source. 

The shaded region in Figure 5 represents multifoil ther
mal insulation, to minimize heat loss to the flange. As 
shown, the heat source modules rest on a floating axial 
support ring, which in turn is supported by six pyrolytic 
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Icosaletragonal 
Inner Can of 
Annular Heat Source 

Axial Support Ring 

Axial Support Stud (6) 
PyrolyNc Graphite* 

Figure 5 Heat Source Module Support Structure. 

graphite (PG) studs. PG was selected because it has good 
compressive strength and very low thermal conductivity in 
the axial direction. The six studs rest on the inner can's 
bottom flange. 

Figure 6 depicts a sectioned view of the array of heat 
source modules, stacked up on its support structure. It also 
shows an axial load ring above the heat source modules. 
This is used to axially constrain the heat source modules, 
to ensure that the nipples and dimples remain engaged dur
ing launch vibration. 

Figure 7 illustrates the mating of the heat source stack 
and its support structure with the multifoil-insulated outer 
can. That can is made of aluminum, and its flange is bolted 
to the inner-can flange and sealed by means of an O-ring. 
The outer can is covered by a helical auxiliary coolant tube, 
which is designed to prevent excessive heat source tem
peratures prior to startup of the dynamic conversion system. 

In effect, the stacked modules form a continuous chain 
around the inner can, which provides the lateral support. 
Thus, even though the annular stack is unconstrained on 
the outside, it is effectively self-constrained as long as the 
modules' mating nipples and dimples remain engaged. To 
ensure that they remain engaged, axial constraints are re
quired. These are supplied by PG studs and metal pistons 
at 60-degree intervals, as shown at the top of Figure 7. Note 
that no preloads are required with this scheme; just enough 
constraint to keep the nipples and dimples from disengag
ing. 

The six pistons are loaded by Belleville springs, which 
bear against load caps at the top of the outer can. The springs 
and load caps are shown at the top of Figure 8, which depicts 
the fully assembled annular heat source. The load caps are 
sealed to the outer-can hubs by O-rings, and their positions 
are adjusted after the heat source temperatures have equi-

Assembled in Hot-Cell, On Water-Cooled Rotating Lift Fixture 

Axial Load Ring 

Hail Source Module 

Axial Support Ring 

Multf'Oll Insulation 

Axial Support Stud (6) 
-Radial Support Shell 
(Inner Can) 

• Axial constraint needed to ensure engagement of mating 
nipples and dimples of interlocked heat source modules 

Figure 6 Stacked-Up Heat Source Modules On Support 
Structure. 

Axial Support Stud (6) 
(Pyrolytlc Graphite) 

Figure 7 Insertion of Heat Source Stack into Insulated Outer 
Can. 
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Lilt Point 
Axial Load Cap 

Upper Flange to Support 
Cantllevered Heat Source 

Axial Support Ring 

. P.G. Support Stud 

Outer Can 

Thermal 
Insulation 

Heat Source 
Module 

C-ring Seal 

Figure 8 Assembled Annular Heat Source (Rankine Heat 
Source has 11 Layers, Brayton has 8). 

Boiler Support Shell 

Interleaved 
Helical Tubes 
(2 Independent Loops) 

Mult I loll 
Thermal 
Insulation 

Mounting Hole (12) 
Ring Groove 

Bui lei Mounting Screw (12) 

Base Plate, 
Mounted on DIPS Structure 

Axial Support 
Bushing (12) 

(Ceramic or PG) 

Figure 9 Rankine System Boiler Assembly. 

librated. The gas management and vent valves are not shown 
in the figure. 

Clearly, axial constraint of the heat source modules de
pends on the integrity of the outer can. Melting of the outer 
aluminum structure during reentry removes the constraints 
and allows the GPHS modules to disengage and disperse. 

Integration with Dynamic 
Conversion System 

The sealed annular heat source depicted in Figure 8 is 
ready for mating with the dynamic conversion system. The 
Rankine system boiler and the Brayton gas heater, shown 
respectively in Figures 9 and 10, both use helical tubes to 
minimize the number of weld joints. Both use interleaved 
tubes for two fully redundant conversion systems. The hel
ical tubes are brazed to an inner support shell, which is 
thermally isolated from the base plate by multifoil insula
tion. 

The principal difference between the Rankine boiler and 
the Brayton gas heater is that the gas heater requires a much 
larger tube diameter to maintain a reasonable pressure drop. 
As shown in Figure 10, it has four interleaved 1.5-inch tubes 
(two parallel branches for each of the two independent Bray
ton conversion systems). A secondary difference is that the 
Brayton heater assembly requires a baseplate well to ac
commodate the large-diameter tube bends. 

• Has much bigger tubes than Rankine bailer 
© Requires bese plate well 

Support Shell 

4 Interleaved Tubes 
1.5" O.D. 
(2 Loops 
2 Branches Each) 

1 
[From R«eijpaiitor| 

l— Thermal Insulation 

Figure 10 Brayton Gas Heater Assembly. 
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The thermoelectrically topped Rankine system employs 
an array of thermoelectric multicouples mounted on the 
boiler support shell. These multicouples are essentially the 
same design as those used in the Modular Isotopic Thermo
electric Generator (Schock 1981 and 1983). As shown in 
Figure 11, the boiler has vertical instead of helical boiler 
tubes, to accommodate the multicouple mounting holes. 
The vertical boiler tubes are connected in series at the top 
and bottom of the assembly. As before, there are two in
dependent loops for redundancy. Each multicouple is ad
jacent to tubes of both loops. 

Each multicouple has a square graphite heat collector, 
which is radiatively heated by the annular heat source. The 
multicouples are bolted to the boiler shell, and Belleville 
springs are used to ensure good thermal contact. Multifoil 
insulation is used to force the heat from the heat collector 
to flow through the thermoelectric legs. Each multicouple 
has 40 thermoelectric legs, which are internally connected 
by hot and cold electrodes to form 20 couples in series. 

Figure 11 Thermoelectric Boiler, 

The Brayton gas heater or the Rankine boiler, with or 
without thermoelectric topping, is next joined to the rest 
of the dynamic conversion system. This is schematically 
illustrated for the Brayton system in Figure 12. In either 
system, the only moving part is a small monolithic rotor 
which combines the turbine, alternator, and compressor (or 
pump). The rotor is supported by hydrodynamic foil bear

ings via a fluid film, and there is no solid-to-solid contact 
or wear mechanism. All electrical windings are in the stator, 
and there are no sliding seals to the outside. 

The dynamic power conversion system can be tested with 
an annular electrical heat source of prototypic dimensions, 
both before and after it is mounted on the spacecraft. After 
testing, the spacecraft-mounted converter is shipped to the 
launch site, where it is mated with the sealed isotope heat 
source, as illustrated for in Figure 13 the Brayton system. 

Mass Comparison 
Table 1 compares the mass distribution of the DIPS heat 

source and working fluid heater for the three conversion 
systems studied. The analysis assumed a system efficiency 
of 25% for the Brayton system and 18% for the Rankine 
system. These efficiencies are substantially lower than those 
claimed by their respective developers. 

As can be seen, the mass of the heat source is much 
higher than that of the working fluid heater, and the GPHS 
modules constitute about two thirds of the heat source mass. 
The Brayton system has the lowest mass for these com
ponents, but this may be balanced by its higher recuperator 
mass and greater structural complexity. 

Vibration Test Assembly 
The key feature of the above-described designs is Fair-

child's proposed scheme for holding the heat source mod
ules together during launch, but allowing them to disperse 
when the aluminum housing melts off. To assess the feas
ibility of that heat source support scheme, a number of 
vibration tests were performed. Their primary goal was to 
prove that—given a sufficiently rigid inner can to provide 
lateral support—the annular array of modules will hang 
together under lateral launch loads, without outside support. 
Additional goals of the vibration tests were to prove that 
the modules will hold together even without axial preloads 
and—in fact—even without axial contacts between adjacent 
module faces, and to prove that the scheme does not result 
in excessive wear on load-bearing graphite interfaces and 
interlocks. 

The tests employed aluminum mockups of the General 
Purpose Heat Source modules. These mockups, pictured in 
Figure 14, duplicated the dimensions and the mass of the 
actual GPHS modules. Moreover, inserts of prototypical 3D 
carbon-carbon composite (Fine-Weave Pierced Fabric) in 
prototypical orientation were used on all load-bearing sur
faces and interlocks. 

Figure 15 depicts the complete test assembly. Only two 
rings of interlocked modules were used in the tests, since 
that is sufficient to form a chain and to demonstrate the 
basic feasibility of the scheme. The inner can was made of 
steel, and its outer surface was machined to form an icosa-
tetragonal prism. There was a fixed support ring beneath 
the bottom layer of modules, and a floating load ring above 
the top layer of modules. There were no interlocks between 
these rings and the modules. 
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Simplified Schematic 
245 

760 

• There are two or four 
independent loops, which are 
completely redundant except for 
common gas heater structure 
and radiator structure 

T y p i c a l O p e r a t i n g T e m p e r a t u r e s (°C) 

586 

RECUPERATOhT JL 189 
, ~ W W W W V 

STATOR 
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STATOR 
FOIL 
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r 1 
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1147 
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COOLER 

RADIATOR 

1 37 

COLD PLATE 

52 40 

OUTPUT TERMINALS 

Power system can be tested with electrical heat source, 
before and after it is mounted on spacecraft 

Figure 12 Brayton Gas Heater joined to Rest of Power System. 
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Annular Heat Source 
(8 Layers. 
Otherwise largely 
the same as 
Rankine heat source) 

Seal Ring 

...Qas Heater 
■■-';,-''" Assembly 

Bolt (12) 

~ | From Recuperator 

| To Turbine Inlet | 

During Installation of heat source, Brayton system alternator 
acts as motor to drive the turbine and compressor, which 
circulate helium-argon coolant. 

Figure 13 Mounting of Heat Source on Brayton Gas Heater 
(performed at launch site). 

A. Schock 

Vibration Test Results 
Figure 16 shows the assembly mounted on a shaker head 

for lateral vibration testing. Three test series were run: one 
in which the floating ring was axially springloaded; one 
in which that ring was snug but not preloaded; and one in 
which there was a deliberate 10mil gap between the top 
of the modules and a fixed constraint ring. (10mil clearance 
is still sufficient to ensure interlocking between adjacent 
modules.) For each configuration, a series of four lateral 
vibration tests was performed, at 25, 50, 75, and 100% of 
the maximum random vibration level of 25 G(rms). After 
each 2minute test, the unit was disassembled and examined 
for wear. 

The maximum test level of 25 G(rms) was based on pre

vious programs. The incident vibration loads are charac

teristic of the launch vehicle, which is generally not 
identified until a specific mission is selected. The trans

mitted loads are characteristic of the spacecraft. Histori

cally, the spacecraft design is not defined until after the 
design and development of the power system are well under 
way. Therefore, the design of a power system such as the 
Galileo RTG is usually based on conservative estimates 
guided by previous missions. 

Typical modules after completion of testing are shown 
in Figure 17. The tests showed that the staggeredmodule 
interlock scheme worked; that the modules hung together, 
even without axial preload and even with axial gaps between 
modules; and that the graphite surfaces and interlocks were 
burnished after the tests but showed very little wear. Thus 
the tests so far confirm the feasibility of the support scheme. 
A final confirmation test with a fullheight stack of graphite 
modules has not been performed yet. 

The results of structural, thermal, and safety analyses of 
the heat source integrated with the boiler and gas heater of 
the dynamic conversion systems are described in a separate 
paper (Schock 1991). 

Table 1 Comparative Mass Distribution (kg) of DIPS Heat 
Source and Working Fluid Heater for Three 
Conversion Cycles. 

CYCLE 
(Heat Source Modules) 

GPHS Modules 
Inner Can 
Support and Load Rings 
Thermal Insulation 
Outer Can 

Heat Source Total Mass 
Heater Tubes 
Heater Support Shell 
TE Element and Multifoil 
Baseplate 
Working Fluid 

TOTAL MASS (kg) 

SPECIFIC MASS (kg/We) 

RANKINE 
(132) 

189.4 
30.7 
12.3 
7.1 

35.8 

275.3 
20.6 
13.4 


18.7 
2.2 

330.3 

0.055 

BRAYTON 
(96) 

137.7 
25.5 
12.3 
5.9 

31.6 

213.0 
22.9 

9.8 

17.6 
0.1 

263.4 

0.044 

T. E./ 
RANKINE 

(108) 

155.0 
28.5 
12.3 
6.0 

33.0 

234.8 
11.9 
12.5 
16.8 
18.7 
1.8 

296.6 

0.049 

Acknowledgments 
The work described in this paper was supported by the U.S. 

Department of Energy, Office of Special Applications. Its director, 
J. J. Lombardo, provided the guiding groundrules for the design 
study. Contributors to the design study and vibration tests were 
T. Kline, P. Larkin, and A. Shostak of Fairchild Space Company. 
This paper was presented at the 6th Symposium on Space Nuclear 
Power Systems in January 1989. 

References 

Bennett. G. L. et at. (1988) "Developmem and Implementation of Space 
Nuclear Safely Program," in Space Nuclear Power Systems I9R7, M. 
S. El Genk and M. D. Hoover, eds.. Orbit book Co.. Melabar, FL, 
VOL. 6. pp. 5992. 

Bradshaw. C. T. et al. (1989) "Update to the Safely Program for the 
GeneralPurpose Heal Source Radioisotope Thermoelectric Generator 
for the Galileo and Ulysses," \n Trans. of the Sixth Symposium on Space 
Nuclear Power Systems, CONF890103Summs, held in Albuquerque. 
New Mexico. 812 January 1989, pages 209214. 



HEAT SOURCE FOR REENTRY DISPERSAL 247 

Nipple Dimple 

Figure 14 Aluminum Module with Graphite (FWPF) Inserts on Load-Bearing Surfaces. 
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Figure IS Spring-Loaded Assembly of Graphite-Clad Modules. 
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Bull Nose 
Shaker \ Test Assembly 

Figure 16 Vibration Test Assembly mounted for Lateral Shake. 
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Figure 17 Wear Pattern on Graphite Inserts after Vibration Tests. 
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