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ABSTRACT

Thermal analyses were performed for two distinct configurations of a proposed space
nuclear power system which combines the U.S. Department of Energy's (DOE) General
Purpose Heat Source (GPHS) modules with state-of-the-art Free-Piston Stirling Engines
(FPSE). The two configurations correspond to systems with power levels of 250 We and
500 We. The 250 Wg GPHS/FPSE power system utilizes four GPHS modules and one
FPSE, and the 500 Wg contains eight GPHS modules and two FPSEs. The configurations
of the systems and the bases for selecting the configurations are described. Brief
introductory sections are included to describe the GPHS modules and free-piston Stirling
engines.

The primary focus of the thermal analyses is on the temperature of the iridium fuel clad
within the GPHS modules. A design goal temperature of 1573 K has been selected as
upper limit for the fuel clad during normal operating conditions. The basis for selecting
this temperature limit is discussed in detail.

Results obtained from thermal analysis of the 250 We GPHS/FPSE power system indicate
fuel clad temperatures which slightly exceed the design goal temperature of 1573 K. The
results are considered favorable due to the numerous conservative assumptions used in
developing the thermal model and performing the thermal analysis. To demonstrate the
effects of the conservatism, a brief sensitivity analysis is performed in which a few of the
key system parameters are varied to determine their effect on the fuel clad temperatures.
It is concluded that thermal analysis of a more detailed thermal model would be expected
to yield fuel clad temperatures below the design goal temperature limit of 1573 K.

Thermal analysis of the 500 Wg GPHS/FPSE power system yields fuel clad temperatures
slightly greater than those obtained in the analysis of the 250 We power system, yet still
close enough to the design goal temperature limit to consider the results favorable.
Analysis of a more detailed thermal model would be expected to yield fuel clad
temperatures closer to, or lower than, the design goal temperature.

An additional analysis is performed for the 500 Wg GPHS/FPSE power system. Since
the 500 Wg system has two Stirling engines, the effects on fuel clad temperatures of
losing one engine are analyzed. It is found that the fuel clad temperatures rise
significantly when one engine is lost. The results are not too unfavorable due to certain
ambiguities associated with the design goal temperature limit.
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1.0 INTRODUCTION

This report presents the results of a thermal analysis performed by the University of
Florida's Department of Nuclear Engineering Sciences for NASA Lewis Research Center
(Contract # NAG3-1123). The primary intent of this study is to demonstrate by thermal
analysis the feasibility of developing radioisotope-fueled dynamic space power systems
of 250 We and 500 Wg which combine the U.S. Department of Energy’s (DOE's) General
Purpose Heat Source (GPHS) modules with state-of-the-art Free-Piston Stirling Engines
(FPSE). Feasibility of each system is based solely on meeting the temperature constraints
for the radioisotope fuel clad under normal operating conditions. Other general design
Criteria, such as requirements for specific mass (kg/kWeg) and structural design, are given
consideration in this study, but can be addressed in full detail only as design of the

system progresses beyond the conceptual stage.
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2.0 OBJECTIVES

2.1 Overview

This study consisted primarily of the performance of thermal analyses of the proposed
GPHS/FPSE power systems using thermal models representative of the system
configurations at power levels of 250 Wg and 500 We. Development of the thermal
models and the resu-tts of the thermal analyses performed with these models are
described in this report. The thermal models were created using NASA's thermal analysis
computer codes, TRASYS and SINDA. These codes were used together to generate the
steady-state temperature distribution throughout the enclosures of the power generation

systems, including the interior components of the GPHS modules.

The primary focus of the thermal analysis with the thermal models is the temperature of
the iridium fuel clad in the GPHS modules. Temperature constraints and other design

considerations are addressed in detail in the following subsections.

2.2 Temperature Constraints

The temperature limits are imposed on the clad to ensure the integrity of the fuel capsule
in the event of an aborted mission in which the GPHS modules reenter the earth’s
atmosphere and impact the surface. For the cladded fuel pellet to survive impact, the

iridium clad must retain its ductility. To ensure adequate ductility, the fuel capsules must



impact with a relatively high clad temperature and a reasonably fine grain size. The fine
grain size can be assured only if the fuel clad temperature during normal operating
conditions has been below a prescribed temperature limit and the peak reentry

temperature of the clad has also been below a specified temperature limit.

To meet the temperature requirements of the iridium clad in the GPHS/FPSE power
system, there are two primary design concerns: (1) under normal operating conditions,
the iridium clad temperature must be below the maximum allowable, and (2) the system
must be designed such that, upon accidental reentry, the power system will break apart,
allowing the GPHS modules to reenter the atmosphere individually. Design considerations

associated with this second concern are given in the next section.

The first design concern, the maximum permissible temperature for the iridium clad under
normal operating conditions, was initially thought to be straightforward. The temperature
limits of the clad for normal operating conditions and for extended transient conditions
were identified in a 1986 Rockwell International Corporation BSTS (Boost Surveillance and
Tracking System) power system definition study (reference 1). These temperature limits,
given in Table 2.1, are almost identical to, but slightly more conservative than, the initial
temperature constraints used in the design of the GPHS modules (reference 2). The
requirements given in Table 2.1, although slightly ambiguous, were interpreted to impose
the following fuel clad temperature limits: (1) a maximum of 1300° C for normal

operation and (2) a minimum of 850* C for reentry and earth impact. The temperature



ranges listed for transient conditions would only apply to the GPHS/FPSE system if
mission lifetimes for the power system were to be within the time intervals listed for

‘transient’ conditions.

Table 2.1 GPHS Temperature Design Requirements [1]

P— —

'PlCS,operationa! 1300° C or less
___Mmaximum long term
*PICS, impact 950° C minimum

Time at temperature
Transient (hours)
1600 to 1500* C 10
1500 to 1400° C 50
1400 to 1300* C 1000
1300 to 1200° C 100,000
1200 and below indefinite

'Post-lmpact Containment Shell [Iridium Fuel Clad)

The temperature limits used for design of the GPHS modules are given in reference 2 as:
(1) a maximum of 1330°C for normal operation, and (2) 900°C for minimum impact

temperature. In addition, a peak reentry temperature limit of 1800° C was also imposed.

The temperature limits interpreted from Table 2.1 seemed reasonable and were to be
used as the design goal temperatures for the detailed thermal analysis. However, while
on a trip to Mound Laboratories in Dayton, Ohio, where the GPHS blocks are assembled

and tested, the Mound engineers expressed skepticism concerning the validity of these
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numbers. The minimum impact temperature was agreed upon as 950°C, but, the Mound
engineers stated that the GPHS modules could be safely operated for extended periods
(anticipated mission lifetimes) in the temperature range of 1573 K £200 K (1100°C to
1500°C, 2012°F to 2732 F). Grain growth in the iridium clad, they suggested, had been

overestimated when the temperatures limits listed in Table 2.1 were established.

Using the temperature limits as recommended by the Mound engineers would lead to
much more flexibility in design of the GPHS/FPSE system. For example, a power system
configuration with fuel clad temperatures of up to 1500°C would be allowed to operate
for an indefinite period. If the values in Table 2.1 were used as the design criteria, the

blocks could be operated with a clad temperature of 1500°C for only 50 hours.

Due to this confusion, the Astro Space Division of the General Electric Company (GE),
which performed the Safety Analysis for the Galileo mission (which uses the GPHS-RTG),
was contacted for their advice. According to Mr. John Loffreda of GE, there is an
ongoing debate as to the effect on grain growth in the iridium clad of long term operation
within the temperature ranges given in Table 2.1. Somae feel that these temperature limits
are conservative, and the GPHS blocks may be operated safély for longer periods in
these temperature ranges. Others feel that there would be too much grain growth when
adhering to these temperature constraints. The concerns, however, are more with the
higher temperature ranges and the associated times of operation. Operation of the GPHS

modules with the iridium clad temperature at or near the maximum long term operational
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temperature limit of 1300+ C given in Table 2.1 is perfectly acceptable for indefinite
operation. Thus, the design goal of this study is to produce thermal models of the
GPHS/FPSE power systems which can be shown by thermal analysis to have iridium clad
temperatures of 1300 C (1573 K, 2372 F) or below under normal, steady-state operating

conditions.

2.3 Other Design Considerations

In developing the configurations for the GPHS/FPSE power systems, three design
considerations were followed in addition to the primary objective of meeting the clad
temperature requirement for normal operation. They are listed below with brief

explanations.

(1) Structural design. Configuration of the power systems must allow for
supports for the GPHS blocks (to be added to the design later) to fail upon
reentry, allowing the GPHS blocks to reenter the atmosphere individually.
This condition assures that temperature requirements are met for reentry

and earth impact.

(2) Overall size of the power system enclosure. The power system
enclosure for each configuration, consisting of the GPHS blocks, heat sink,
structural supports, and multifoil insulation must be as small as possible to

reduce the specific mass of the system.
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(3) Symmetry. The GPHS modules must be arranged symmetrically
without any large gaps to ensure uniformity of the heat flux into the heat
sink. Uniformity of the heat flux into the Stiring engine heater head is

critical to the successful operation of the free-piston Stirling engine.

Steps taken to ensure that these design considerations are followed are addressed in this
report. The system coﬁﬁgurations are described in Section 3.0. The GPHS modules and
FPSE are described in Sections 4.0 and 5.0, respectively. Thermal modeling and analysis
of the 250 Wg GPHS/FPSE power system are described in Sections 6.0 and 8.0,
respectively. Thermal modeling of the 500 Wg GPHS/FPSE power system is described
in Section 7.0 and results of the thermal analysis of the 500 Wg system are given in

Section 9.0.

2.4 References

1. Brandewie, Dr. R, et al., "Lockheed Missiles And Space Company BSTS Power
System Definition Study®, Rockwell International Report #RI/RD86-188 Rev. 1,
1986. .

2. Schock, A., *Design Evolution and Verification of the 'General Purpose Heat
Source’," Proceedings of the 15th IECEC, Seattle, Washington, August, 1980.

3. Conversations with EG&G engineers at Mound Laboratories in Dayton, Ohio on
February 6th, 1990.

4. Conversation with John A. Loffreda of General Electric Company's Astro Space
Division on February 22, 1990.
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3.0 GPHS/FPSE POWER SYSTEM CONFIGURATIONS

3.1 Introduction

For power levels of 250 We and 500 We, the basic configurations of the GPHS/FPSE
systems used for thermal modeling and analysis are described in this section. The
descriptions are very general. Detailed descriptions of each configuration and the bases
for selecting these two configurations are included in Sections 6.0 and 7.0 where the
thermal models for each system are described. Specific characteristics of the
components, such as materials and thermal properties, are covered in the thermal

analysis sections of this report.

3.2 The 250 Wg GPHS/FPSE Power System
3.2.1 Introduction

The general configuration for the proposed GPHS/FPSE 250 Wg power system is shown
in Figures 3.1a and 3.1b. As indicated in the figures, the system contains a cylindrical
heat sink (to simulate the FPSE heater head) surrounded by four GPHS modules, all
encased in an insulated cylindrical outer structure. Since each GPHS block generates

approximately 250 thermal watts, the total thermal power of the system is 1000 Wp.

An overall system efficiency of 25% has been assumed in order to produce 250 Wg. This
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Multifoil

Quter Insulati
' Structure I Sulation

Figure 3.1a Side View of 250 W(e) GPHS/FPSE Power System

Heat Sink

Multifoil (FPSE heater head)

Insulation

Outer
Structure

Figure 3.1b Top View of 250 W(e) GPHS/FPSE Power System

32



assumption is based upon discussions with engineers in NASA Lewis Research Center's
(LeRC's) Power Systems Integration Office and Stirling Technology Branch. The 25%
efficiency value is consistent with the design system efficiency for the 1.5 kWg Solar

Dynamic Space Experiment (SDSE).

The power level is comparable to that of the GPHS-RTG (General Purpose Heat Source -
Radioisotope Thermoelectric Generator) which has a beginning-of-life output power of
approximately 285 Wg. As design of the GPHS/FPSE system progresses, a comparison

to the GPHS-RTG will be made based upon specific mass.

The power system components and their positioning with relation to each other are

described below.

3.2.2 Configuration Description

The heat sink is centrally located at one end of the power system enclosure. It is
cylindrically shaped with a radius of 1.0 inch and a length of 3.0 inches. The heat sink
has a constant surface temperature of 1050 K. At the end of the cylindrical heat sink is
a flat disk-shaped end cap which is thermally insulated from the heat sink. The disk is
not considered a part of the heat sink. The basis for the heat sink design is given in

Section 6.0 as part of the detailed description of the thermal model.

The GPHS modules are positioned symmetrically around the heat sink. The modules
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have dimensions of 3.826 inches (width) X 3.668 inches (height) X 2.090 inches

(depth). Their largest surfaces (3.826 inches X 3.668 inches) face toward the heat sink

with the height parallel to the length of the heat sink. The shortest radial distance
between the heat sink and the GPHS modules is 1 inch. The modules are assumed to
be 0.5 inches from both the top and the bottom of the enclosure. Thus, the modules are
suspended in this configuration, and do not physically contact any other surfaces. The
half inch gap is provided to allow for structural support which will be added later in the

system design. The shortest edges of the GPHS blocks (2.090 inches) extend away

from the heat sink.

The cylindrical outer structure is internally lined with muiltifoil insulation and contains the
heat sources and the heat sink. The inner surface of the power system enclosure (the
inner-most foil of the insulation) is cylindrically shaped with a radius of 4.8 inches and a
length of 4.668 inches. The thickness of the foil and the external ‘dimensions of the

system will be determined as design of the system continues.
3.3 The 500 Wg GPHS/FPSE Power System

3.3.1 Iintroduction

As shown in Figures 3.2a and 3.2b, the general configuration for the 500 Wg GPHS/FPSE
power system is very similar to the configuration described in the previous subsection for

the 250 Wy system. Due to the increase in power level, however, there are a couple of
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differences. Instead of having only one heat sink, this system utilizes dual, opposing heat
sinks which represent two opposing FPSE heater heads. In addition, eight GPHS
modules are required to supply 2000 watts of thermal energy. As with the 250 We

system, an overall system efficiency of 25% has been assumed.

3.3.2 Ceonfiguration Description

The cylindrical heat sinks in the 500 Wg power system are similar but not identical to the
one in the 250 Wg system. The radius of each sink is the same (1.0 inch) but in the 500
We configuration, the heat sinks have lengths of only 2.5 inches. This provides for the
most compact configuration. Since the distance betweén the two ends of the enclosure

is 5.18 inches, the ends of the heat sinks are separated by only 0.18 inches.

The heat sinks are centrally located at each end of the power system encloswv'e. The
cylinder surfaces have a constant temperature of 1050 K. Like the heat sink in the 250
We system, a flat disk-shaped end cap is located at the end of each heat sink cylinder.
The end caps are thermally insulated from the heat sinks. The basis for the heat sink

design is given in Section 7.0 as part of the detailed description of the thermal model.

The eight GPHS modules are stacked symmetrically around the heat sinks in four sets of
two (See Figures 3.2a and 3.2b). Each set of two can be viewed as a single block with
dimensions of 3.826 inches (width) X 4.180 inches (height) X 3.668 inches (depth).

The largest surfaces (3.826 inches X 4.180 inches) of each stack face the heat sinks
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with the height of each stack parallel to the lengths of the heat sinks. The shortest radial
distance between the heat sink surface and the GPHS modules is 1.0 inch. A gap of 0.5
inches is left between the blocks and the ends of the enclosure to allow for support
structures to be added later in the system design. The shortest edges of the stacks of

GPHS modules (3.668 inches) extend away from the heat sink.

The cylindrical outer structure is internally lined with multifoil insulation and contains the
heat sources and the heat sink. The inner surface of the power system enclosure (the
inner-most foil of the insulation) is cylindrically shaped with a radius of 6.5 inches and a
length of 5.18 inches. The actual thickness of the foil and the external dimensions of the

system will be determined as design of the system continues.
3.4 References

1. Schreiber, J., et al., "SDSE Summary,” NASA Lewis Research Center, Cleveland,
Ohio, Summer, 1989.

3-7






4.0 GENERAL PURPOSE HEAT SOURCE

4.1 General Description

The General Purpose Heat Source (GPHS) module is a block-shaped hexahedron with
overall dimensions of 8.317 cm X 9.718 cm X 5.308 cm (3.668in. X 3.826 in. X
2.090 in.) and a mass of approximately 1.45 kg (3.2 Ib). Each module contains four
iridium clad fuel pellets, two graphite impact shells, two thermal insulation sleeves, and
an outer aeroshell. Initially each block generates 250 + 6 watts of thermal energy. Each
GPHS module is completely autonomous including its own passive safety provisions. The
internals of the blocks are illustrated in Figure 4.1. The major components are described

in the following subsections.

4.2 Fuel Pellet

Each GPHS module contains four radioisotope fuel pellets (see Figure 4.1). The solid
ceramic pellets are cylindrically shaped with an average diameter of 2.753 + 0.025 cm
(1.084 £ 0.010 inch) and an average length of 2.756 + 0.038 cm (1.085 + 0.015 inch).
The fuel material is an isotopic mixture of piutonium in the form of the dioxide, PuOa,
containing 83.5 £ 1% 238Pu02. Each pellet contains an initial thermal inventory of 62.5
* 1.5 watts which correébonds to 1921 + 46 Curies of 2°5Py and 152.4 + 3.7 grams

of PuO2 per pellet. Heat transfer properties of the fuel are included in Appendix A.
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4.3 Clad Material

From a nuclear safety perspective, the clad material is the most important feature of the
GPHS$ module. The clad's primary function is to prevent the release of radioactive
material under all anticipated operating and accident conditions. Such conditions include
ground transportation and handling, launch operations, launch, ascent and orbital
insertion, on-orbit operations, and reentry, impact, and post-impact environmental
behavior. In order to perform its intended function, two primary technical objectives had
to be satisfied: (1) the clad must be chemically compatible with the fuel material and the
surrounding Graphite Impact Shell (GIS) in all anticipated environments; and (2) the
clad must be resistant to long-term air oxidation at elevated temperatures after surviving

reentry and earth impact.

The clad material chosen for use in the GPHS is the iridium alloy, DOP-26 Ir, developed
by Oak Ridge National Laboratories. This alloy was already known to be compatible with
PuOgand the GIS, and it had the best chance of meeting the second technical objective.
Meeting the second objective was difficult due to temperature constraints imposed on the

clad in order for it to retain adequate ductility to survive earth impact (See Section 2.2).

The clad surrounds the fuel pellet with a minimum thickness of 0.0559 cm (0.022 inches).
At one end of the fueled clad is a vent hole with a diameter of 0.04445 cm (0.0175 inches)
and a vent hole filter subassembly which allows the helium gas to escape but prevents

the release of particles from inside the fuel pellet.



Heat transfer properties of DOP-26 Ir can be found in Appendix A.

4.4 Graphite Impact Shell (GIS)

As shown in Figure 4.1, there are two GIS's per GPHS module. Each GIS contains two
iridium clad fuel pellets separated by a floating membrane. The GIShag é thréaded énd
cap to secure its contents. The GIS, the floating membrane and the end cap are all
constructed of fine weave pierced fabric (FWPF) graphite. FWPF is a composition of
carbon-bonded carbon fibers which are layered to form a relatively dense, three
dimensional structure. The cylindrical sides of the GIS have a density of 123.8 Ib/ft3
(1.98 g/cms). FWPF is extremely tough and has excellent thermal-shock resistance. The

thermal conductivity and emissivity are anisotropic as indicated in Appendix A.

The GIS is designed to absorb energy and cushion the fuel capsule under earth impact
conditions associated with GPHS module terminal velocity. The GIS also provides a

protective shell against shrapnel which may penetrate the aeroshell and the CBCF sleeve.

4.5 CBCF Disk and Sleeve

SurfoUnding each GIS is a thermal insulating sleeve constructed of the carbon-bonded
carbon fiber, CBCF-3. Developed by Oak Ridge National Laboratory, CBCF-3 has a
density of only 14.4 lb/ft3 (0.23 g/cm3) and has a very low thermal conductivity normal

to its deposition plane (see Appendix A). At each end of the GIS is an insulating disk

made of the same material.
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The primary function of the insulator is to prevent overheating of the fuel capsule during
hypersonic reentry and overcooling during subsonic descent. It also provides protection

against the heat from launch pad fires.

4.6 Aeroshell

Four cladded fuel pellets enclosed in two GIS's and surrounded by the thermal insulators
are housed in the outer aeroshell as shown in Figure 4.1. Each of the two assemblies
is held in place by an aeroshell cap and a lock screw. All aeroshell components are
constructed of the same material as the GIS, FWPF graphite. Physical properties of the

aeroshell FWPF graphite are included in Appendix A.

The aeroshell is the primary structural member of the GPHS module. Its primary function
is to provide ablation protection during reentry, thus protecting the GIS's from the harsh
environment encountered during reentry. It also serves as the outermost protective layer

against shrapnel in the event of an explosion.

4.7 Nuclear Safety

Each heat source module contains its own passive safety provisions to immobilize the fuel
under all credible accident conditions. The most severe accident would be atmospheric
reentry followed by earth-impact. In order to guarantee containment of radiocactive
material after earth-impact, the design of the blocks requires the modules to reenter the

atmosphere individually. Any power system design which incorporates the GPHS
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modules must allow for individual reentry.

Under all normal and accident conditions, there are two primary barriers to the release
of radioactive material from the GPHS blocks. The first barrier is the ceramic fuel capsule
itself. The ceramic material retains all solid decay products. The second barrier is the
fuel clad with its vent hole filter subassembly which allows the escape of only the helium
gas generated from the alpha decay. As discussed in earlier sections, the GPHS modules
have been designed and tested to ensure that these two barriers prevent the release of
radioactive material under all normal operating conditions and in all postulated accident

and post-accident environments.

4.8 References

1. Schock, A., "Design Evolution and Verification of the 'General Purpose Heat
Source'," Proceedings of the 15th IECEC, Seattle, Washington, August, 1980.

2. Angelo, Jr.,, Ph.D,, J.A,, Buden, D., Space Nuclear Power, Orbit Book Company,
Inc., Malabar, Florida, 1985.

3. FEinal Safety Analysis Report For The Galileo Mission, Prepared for the U.S.
Department of Energy by General Electric's Astro-Space Division Under Contract
DE-ACO1-79ET32043, May, 1988.

4. Glasstone, S., Sesonske, A., Nuclear Reactor Engineering, Third Edition, Van

Nostrand Reinhold Company, New York, 1981.
S. Brandewie, Dr. R., et al., "Lockheed Missiles And Space Company BSTS Power

System Definition Study,” Rockwell International Report # RI/RD86-188 Rev. 1,
1986.
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5.0 FREE PISTON STIRLING ENGINE

5.1 Introduction

For the purpose of the thermal analysis of the proposed GPHS/FPSE system, the Stirling
engine is treated primarily as a heat sink which makes efficient use of the heat supplied
from the decay of plutonium-238. When the system reaches the development phase, the
cylindrically modeled heat sink may actually be a set of heat receptor fins, heat pipe(s)
or the Stirling engine heater head itself. In any case, as development of this power
system continues, the goal remains the conversion of the heat from radioactive decay to

useful electrical output by a Free-Piston Stirling Engine (FPSE).

5.2 FPSE General Description

The FPSE is essentially a thermally driven mechanical oscillator which derives its power
from the heat flow between a heat source and a heat sink. Using the Stirling cycle, the

FPSE operates with the highest thermal efficiency of all known heat engines.

The three basic components of a FPSE are: (1) a relatively massive piston (the power
piston), (2) alow mass piston (the displacer), and (3) a hermetically sealed cylinder.

A typical configuration of a FPSE is shown in Figure 5.1.

The FPSE is chosen because the current technology status indicates that a light weight,
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high efficiency, maintenanc-é-free engine may be developed in the near future. The
expected reliability of the FPSE is significantly higher than other dynamic conversion
systems due to several unique features. Operating in a hermetically sealed cylinder, the
FPSE has no mechanical linkages, no high pressure shaft seals and no contaminating

lubricants; all of which tend to increase the probability of failure in a dynamic system.

5.3 References

1. Angelo, Jr., Ph.D., J.A,, Buden, D., Space Nuclear Power, Orbit Book Company,
Inc., Malabar, Florida, 1885.






6.0 THERMAL MODEL OF THE 250 wg
GPHS/FPSE POWER SYSTEM

6.1 Introduction

A general description of the 250 Wg GPHS /FPSE power system was given in Section 3.0.
In this section, the detailed thermal model used for the thermal analysis is described. The
bases for selecting the specific dimensions and physical properties for each of the nodes
representing the power system components are given and the thermal connections
between the nodes are also described. Figure 6.1 depicts the power system

configuration including the components and their dimensions. Nodes of interest in the

thermal analysis are identified in Figure 6.2.

The dimensions and physical properties associated with the nodes are given in Tables
6.1 and 6.2 for the heat sink cylinder nodes, Table 6.3 for the exterior GPHS module
nodes, and Table 6.4 for the power system enclosure nodes. Nodes representing the fuel
clad in the GPHS modules are described in Section 8.0 of this report. Additional
information regarding the nodes representing the interior of the GPHS modules is given
in Appendix B. Deep space, the external heat sink, is represented by a single boundary

node (node # 89999) with a constant temperature of 0 K (-460°F).
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6.2 Thermal Modeling of the Components

6.2.1 Heat Sink

6.2.1.1 Nodal Descriptions

The heat sink is situated at the center of one end of the power system. It is represented

by a single cylindrical boundary node with a diameter of 2.0 inches, a length of 3.0

inches, a constant surface temperature of 1050 K, and an emissivity of 0.8.

At the end of the heat sink cylinder is a single arithmetic node (zero thermal capacitance)
with a disk shape. This end cap has a diameter of 2.0 inches and an emissivity of 0.2.
The end cap has not been assigned a thickness and it is thermally insulated from the heat

sink. The heat sink cylinder and end cap nodal characteristics are summarized in Table

6.1.

Table 6.1 Heat Sink and End Cap Nodes

Node Node Node Dimensions
Number Type Shape (inches) Emissivity
10100 Boundary Cylinder Radius: 1.0 0.8
Length: 3.0
10200 Arithmetic Disk Radius: 1.0 0.2
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6.2.1.2 Basis for Heat Sink Parameters

The heat sink was initially to be modeled with heat entering through the sides and the end
of thé heat sink cylinder. The disk-shaped end cap was originally represented by a
constant temperature boundary node. However, after discussion with Mr. Jeff Schreiber
of NASA Lewis Research Center's (NASA LeRC's) Stirling Technology Branch, it was
decided that this initial model would not be very accurate. He suggested that it would be

more accurate to assume that heat enters only through the sides of the cylinder.

The basis for this assumption lies in the performance of the Stirling engine. If, in the final
design of the GPHS/FPSE system, the heat sink is in fact a Stirling engine heater head,
the performance of the engine would suffer considerably if heat were absorbed through
the end of the heater head. The reasons for this drop in performance are beyond the
scope of this project. Thus, in the thermal model, the flat disk representing the eﬁd of the
heat sink is treated as an arithmetic node which is thermally insulated from the heat sink.

The disk has not been assigned a thickness since no heat is conducted through it.

The heater head has been sized to have a heat flux consistent with the Solar Dynamic
Space Experiment (SDSE) Stirling engine (reference 1). Determination of the SDSE
heat flux value was not straightforward since the heater head heat flux is not one of the
primary design parameters used when sizing the Stirling engine. in fad. an exact value

of the heat flux into the heater head of the SDSE Stirling engine has never been
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determined. Due to the complex heater head design for the SDSE engine, the actual heat
flux had to be estimated. NASA LeRC engineers estimated the effective heat flux into the

engine to be approximately 70,000 W/m2.

Using the dimensions given for the 250 Wg GPHS/FPSE power system and assuming
that all of the heat generated by the GPHS modules (1000 Wy is absorbed by the heat
sink, the heat flux into the heat sink is calculated to be 82,230 W/m2. According to NASA
LeRC, this value is acceptable for this thermal model. Using a value slightly larger than
the SDSE heat flux is, in fact, preferred. As design of the GPHS/FPSE system
progresses, if it is found that the FPSE cannot accommodate this heat flux, the heat flux
would be reduced by increasing the heat sink surface area. This increase would result
in a lower surface temperature of the GPHS modules and, therefore, a lower fuel clad
temperature. Thus, the correction of any error introduced by underestimating the heat

sink size could only result in lower fuel clad temperatures, which is desirable.

The heat sink surface temperature value of 1050 K also has its basis in the SDSE engine
design. Although the effective hot side temperature for the SDSE engine is approximately
1030 K (reference 1), the mean heater metal temperature for the SDSE engine is slightly
higher, 1080 K. Because of the simplicity of the heat sink model for the GPHS,/FPSE
system relative to the SbSE heater head design, it was decided that a temperature of

1050 K be used for the heat sink surface temperature.
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The emissivity value of 0.8 for the cylindrical heat sink was chosen after discussion with
NASA LeRC engineers. [t is based upon emissivity values for materials which would be
used for a Stirling engine heater head. For the disk-shaped end cap, an emissivity of 0.2
was selected. This value was based on emissivities of polished metallic surfaces at

temperatures expected for this surface.

The parameters of the heat sink and the disk end cap are summarized in Table 6.2.

Table 6.2 Heat Sink and End Cap Parameters

_ He_at Sinkﬁi End Cap=él
Dimensions Radius: 1.0 inch Radius: 1.0 inch
Length: 3.0 inches
Heat Flux 82,230 W/m? N/A
Temperature 1050 K To be determined
Emissivity 0.8 0.2 n

6.2.1.3 Thermal Connections

The heat sink is thermally insulated from both the end of the enclosure through which it

penetrates and the disk-shaped end cap. Therefore, the heat sink and the end cap
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exchange thermal energy with other nodes in the power System by radiative heat transfer

only. The radiation conductor conductance values for the heat sink and end cap are
generated by the TRASYS code and are included as part of the SINDA input deck in

Apper;dix D.

6.2.2 GPHS Modules
B6.2.2.1 Introduction

The GPHS modules were described in detail in Section 4.0. In this subsection a
description is given of the nodes representing the exterior surfaces of the modules and
the thermal connections of these nodes to the other surfaces within the power system.
From this perspective, the GPHS modules can be viewed as blocked-shaped heat

sources with generated heat radiating from all six external surfaces.

The thermal model representing the interior of the GPHS modules was produced
specifically for this project by the Engineering Directorate of NASA Lewis Research Center
(NASA LeRC). A description of the internal nodes of the GPHS thermal model and the
SINDA input deck for the model can be found in Appendix B. The model contains 151
nodes with six nodes representing each fuel pellet and five nodes representing the clad
of each fuel pellet. Nodes representing the iridium fuel clad are described in detail in
Subsection 8.2.2 as part of the thermal analysis of the power system. The focus of the

thermal analysis is on the steady-state temperature of the fuel clad nodes.
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6.2.2.2 Nodal Descriptions

The GPHS modules are block-shaped with external dimensions of 3.668 in. X 3.826 in.
X 2.090 in. The exterior of each GPHS module is represented in the thermal model by
six rectangular arithmetic nodes corresponding to the six faces of each module. The
modules are symmetrically positioned around the heat sink cylinder as described in
Section 3.2. The nodes have an emissivity of 0.8. Measured radially from the center of

the heat sink, the closest face of each block is one inch from the heat sink surface.

Table 6.3 summarizes the characteristics of the external nodes corresponding to one of
the GPHS modules. These nodes exchange radiant energy with other surfaces within the
power system enclosure. The node numbers corresponding to the other three GPHS
modules are calculated by adding 2000, 4000, and 6000, respectively, to the nodes
numbers given in Table 6.3. For example, nodes 101, 2101, 4101 and 6101 represent the
largest face of each of the modules that faces the heat sink. Positioning of the surfaces
within the enclosure is shown in Figure 6.2. Figure 8.2, included as part of the thermal
analysis results, also depicts the positioning of the GPHS surface nodes relative to the

heat sink cylinder.

6.2.2.3 Basis and Background for GPHS Thermal Model

For the 250 Wg GPHS/FPSE power system configuration, the GPHS thermal model

(SINDA input deck in Appendix B) was duplicated four times and the nodes were
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renumbered to correspond to the four individual modules. The positions of the blocks

relative to each other and to the other components of the power system are specified in

the TRASYS input file (Appendix C).

Table 6.3 GPHS Module Surface Nodes

—

Node Node Dimensions
Number Shape (inches) Emissivity Positioning
100 Rectangle 2.09 X 3.826 0.8 faces node
10600
101 Rectangle 3.668 X 3.826 0.8 faces heat
sink
102 Rectangle 2.09 X 3.668 0.8 side facing
GPHS module §
103 Rectangle 3.668 X 3.826 0.8 faces node
10400
104 Rectangle 2.09 X 3.668 0.8 side facing
GPHS module
105 Rectangle 2.09 X 3.826 0.8 faces node
10500 E

Due to the method used in TRASYS to generate the model of the GPHS blocks, the

external surfaces of the blocks had to be assigned a constant emissivity. As indicated

in Tables A.6 and A.7 of Appendix A, the emissivity of the aeroshell material is actually

both temperature dependant and anisotropic.
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incorporated into the TRASYS input, an appropriate average value for the emissivity had
to be selected. The value was selected based upon the results from a NASA LeRC
thermal analysis in which an individual GPHS module was analyzed in a vacuum
environment, radiating to an external heat sink at a temperature of 1010° C (1850° F,
1283 K). In this environment, the GPHS surface temperatures were found to be
approximately 1900* F (~1310 K). From Tables A.6 and A.7 of Appendix A, at 1900°

F, an emissivity of 0.8 is a good approximation for a constant average emissivity value.

As stated in the introduction to this subsection, the thermal model representing the interior
of the GPHS blocks was prepared as a precursor to this project. General Electric (GE)
Company’s Astro Space Division supplied values for the physical and thermal properties
of the GPHS materials (Appendix A). GE has their own thermal model for the GPHS
modules, but it was not available for use on this project. However, results from a thermal
analysis using the GE model were available. These results were used to verify the

accuracy of the model created at NASA LeRC.

As mentioned in Section 3.2, the GPHS modules are assumed to be suspended in the
vacuum space in the power system enclosure. This assumption is conservative since any
structure added to secure the blocks in place would provide a heat removal path superior
to the exclusively radiative heat removal modeled in the analyzed configuration. Although
this improved heat transfer path from the GPHS surfaces to the power system structure

may degrade the overall system performance, its effect on the fuel clad temperature
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would be favorable. The fuel clad temperatures would be lower than indicated by the

thermal analysis performed with the current thermal model.

6.2.2.4 Thermal Connections

In the thermal model, the external surfaces of the GPHS modules do not physically
contact any other nodes in the power system enclosure. Thus, the exterior nodes of the
modules are connected to each other and to the other surfaces in the power system
enclosure with radiation conductors. The GPHS module radiation conductor conductance
values are generated by the TRASYS code and are included as part of the SINDA input
deck in Appendix D. The conductance values for the GPHS module interior nodes are
included in both the GPHS Thermal Model (Appendix B) and the SINDA input deck

(Appendix D).

6.2.3 Power System Enclosure
6.2.3.1 Nodal Descriptions

The power system enclosure is cylindrical with an internal radiusﬁof 4.8 inches, an internal
length of 4.668 inches, an external radius of 5.5 inches, and an external length of 6.068
inches. The enclosure is represented by six arithmetic nodes; two of the nodes are
cylindrical and four are disk-shaped nodes. Three of the nodes represent the inner
surfaces of the enclosure and the other three represent the exterior of the power system

which radiates directly to space. All nodes have been given emissivity values of 0.1. The
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enclosure has a thickness of 0.7 inches. The power system enciosure nodal

characteristics are summarized in Table 6.4.

Table 6.4 Power System Enclosure Nodes

Node Node - Dimensions
Number Location Shape (nches) Emissivity
10400 Interior Cylinder Radius: 4.8 0.1
Length: 4.668
10600 Interior Disk Radius: 4.8 0.1
10500 Interior Disk with Inner Rad: 1.0 0.1
hole Outer Rad: 4.8
10700 Exterior Cylinder Radius: 5.5 0.1
Length: 6.068
10900 Exterior Disk Radius: 5.5 0.1
10800 Exterior Disk with Inner Rad: 1.0 0.1
hole Outer Rad: 5.5
S — __——"_",]

6.2.3.2 Basis for Power System Enclosure Parameters

The power system enclosure was originally to be modeled with nodes and thermal
conductor conductance values representative of specific physical and thermal properties
of a selected multifoil insulation and an outer structural material. As work on this project

continued, and a suitable insulation material had not been chosen, the decision was made
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jointly by the University of Florida and NASA LeRC to model the system with negligible
heat loss through the enclosure, thus eliminating the need for selection of a specific

insulation material. All ofthe thermal energy generated by the GPHS modules is assumed

to enter the internal heat sink.

Using this assumption in the thermal analysis results in higher temperatures within the
power system than if the model allowed for heat loss to'space through the enclosure.
The assumption is conservative since the project objective is to demonstrate fuel clad
temperatures below a maximum temperature value. Any direct heat loss from the actual
system will be detrimental only to the overall system performance and will not jeopardize

the safe operation of the GPHS modules.

The interior dimensions of the power system enclosure have been chosen to ensure
adequate space for GPHS module structural supports to be added later in the system
design. At the same time, the overall system volume has been minimized to ensure the

lowest possible specific mass (kg/kWg) of the system.

The exterior dimensions of the power system were selected rather arbitrarily. An
enclosure thickness of 0.7 inches was chosen only because this is the thickness of the
multifoil insulation for the GPHS-RTG. The actual thickness of the enclosure does not
impact the thermal analysis of the GPHS/FPSE system since there is negligible heat

transfer from the interior to the exterior of the enclosure.
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Since the system is modeled with no heat transfer through the power system enclosure,
all thermal energy is retained within the enclosure and the emissivity values of the six
enclosure nodes do not affect the results of the thermal analysis. The emissivity values

are sbeciﬁed for computational purposes only.

An emissivity value of 0.1 was chosen for the interior and exterior surfaces of the
enclosure to accommodate future thermal analyses in which a specific insulation
material's properties and structural material’s properties are included in the thermal model!
and analysis. The low emissivity value for the interior surfaces will ensure maximum
reflection of thermal energy within the enclosure. A low emissivity value for the external
nodes will ensure the minimum radiant heat loss from the exterior of the enclosure.

Surface coatings can be used to achieve low emissivity values for all of the surfaces.

6.2.3.3 Thermal Connections

The interior nodes of the power system enclosure exchange thermal energy with each
other and with other nodes within the enclosure by radiative heat transfer only. None of
the other nodes within the enclosure are in direct physical contact with the enclosure's
inner surface. As mentioned in Subsection 6.2.1.3, the heat sink is assumed to be
thermally insulated from the enclosure. The radiation conductor conductance values for
the thermal connections within the enclosure are generated by the TRASYS code and are

included as part of the SINDA input deck in Appendix D.
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As mentioned in the previous subsection, the thermal model does not allow for direct heat
loss from the enclosure to space. The radiation conductors representing the heat flow
paths from the inner enclosure surface nodes to the corresponding exterior nodes have
been given thermal conductance vaiues of 1 X 10725 Btu/hr4t-*F. Use of this value

essentially eliminates any heat loss through the enclosure.

Since there is essentially no thermal conductance assumed in the enclosure itself,
conduction conductors were not computed for heat transfer between the cylindrical nodes

and the nodes representing the ends of the enclosure.

6.3 References
1. Schreiber, J., et al., "SDSE Summary,” NASA Lewis Research Center, Cleveland,
Ohio, Summer, 1989.

2. Conversations with Jeff Schreiber of NASA Lewis Research Center, February, 1990.
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7.0 THERMAL MODEL OF THE 500 Wg
GPHS/FPSE POWER SYSTEM

7.1 Introduction

As indicated in the description of the 500 We power system given in Section 3.3, besides
the increase in overall size, there are only two primary differences between this system
and the 250 Wg power system: 1) The 500 W power system has an additional
cylindrical heat sink, and 2) it contains twice as many GPHS modules as the 250 W
system. Because of the similarities between the thermal models of the two power
systems, the following description of the 500 Wg power system thermal model details only
the significant alterations made to the 250 Wg model to accommodate the higher power

level.

Figure 7.1 depicts half of the power system configuration including the components and
their dimensions. The nodes of interest in the thermal analysis are identified in Figure 7.2.
The dimensions and physical properties associated with these nodes are given in Table
7.1 for the heat sink cylinder nodes, Table 7.3 for the exterior GPHS module nodes, and
Table 7.4 for the power system enclosure nodes. Nodes representing the fuel clad in the
GPHS modules are described as part of the thermal analysis in Section 9.0 of this report.
Additional nodal descriptions representing the interior of the GPHS modules are given in

Appendix B.
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7.2 Thermal Modeling of the Components
7.2.1 Heat Sinks

7.2.1.1 Nodal Descriptions

The heat sinks are situated at the center of both ends of the power system. They are
each represented by single cylindrical boundary nodes with diameters of 2.0 inches,

lengths of 2.5 inches, constant surface temperatures of 1050 K, and emissivities of 0.8.

At the end of each heat sink cylinder is a single arithmetic node (zero thermal
capacitance) with a disk shape. The end caps have diameters of 2.0 inches and
emissivities of 0.2. As in the 250 Wg system thermal model, the end caps have not been
assigned thicknesses and they are thermally insulated from the heat sinks. The nodal

characteristics of the heat sink cylinders and the end caps are summarized in Table 7.1.

Table 7.1 Heat Sink and End Cap Nodes

Node Node Node Dimensions T
Numbers Type Shape (inches) - Emissivity

10100 Boundary Cylinder Radius: 1.0 0.8

11100 Length: 2.5

10200 Arithmetic Disk Radius: 1.0 0.2

11200
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7.2.1.2 Basis For Heat Sink Parameters

The bases for selecting the heat sink parameters for the 500 Wg power system are
identical to those used for the 250 Wg power system (See Subsection 6.2.1.2).
However, in an effort to minimize thé overall enclosure size, the lengths of the heat sink
cylinders were reduced from 3.0 inches (250 Wg model) to 2.5 inches for the 500 Wg
thermal rﬁodel. This decrease in heat sink surface area results in an increase in the
heater head heat flux from 82,230 W/m? to 98,676 W/m2. The increased heat flux was
reviewed and approved by NASA LeRC engineers for use in this thermal analysis.

Parameters for the heat sinks and the disk end caps are summarized in Table 7.2.

Table 7.2 Heat Sink and End Cap Paraméters

Heat Sinks End Caps
Dimensions Radius: 1.0 inch Radius: 1.0 inch
Length: 2.5 inches
Heat Flux 98,676 W/m? N/A
Temperature 1050 K To be determined
Emissivity 0.8 - 0.2
. ————— —

For the purpose of this thermal analysis, the increased heat flux (smaller heat sink) is

a step in the more conservative direction. If thermal analysis of the present thermal model
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yields fuel clad temperatures which are too high, the model can be revised to increase
the overall heat sink size. Thermal analysis using the larger heat sink surface area (lower

heater head heat flux) would result in lower fuel clad temperatures.

7.2.1.3 Thermal Connections

As in the 250 Weg thermal model, the heat sinks are thermally insulated from the ends of
the enclosure through which they penetrate and from the disk-shaped end caps.
Therefore, the heat sinks and the end caps exchange thermal energy with other nodes
in the power system by radiative heat transfer only. The heat sink and end cap radiation
conductor conductance values are generated by the TRASYS code and are included as

part of the SINDA input deck.

7.2.2 GPHS Modules
7.2.2.1 Nodal Descriptions

As in the 250 Wg power system thermal model, the exterior of each GPHS module is
represented in the thermal model by six arithmetic nodes correéponding to the six faces
of each module. All of the GPHS surface nodes have emissivities of 0.8. Measured
radially from the center of the heat sink, the closest face of each set is one inch from the

heat sink surface.

As described in Section 3.3, the eight GPHS modules are stacked symmetrically around
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the heat sinks in four sets of two. The thermal model representing each set consists of
two complete models of a GPHS module. The external nodes of the GPHS modules in
one set are shown in Figure 7.3. The characteristics of the external nodes are
summarized in Table 7.3. The node numbers corresponding to the three other sets of

GPHS modules are calculated by adding 2000, 4000, and 6000, respectively, to the nodes

numbers given in Table 7.3.

The interior of each GPHS module is represented in the thermal model by the same
model that was used for the GPHS modules in the 250 Wg system thermal model (See

Subsection 6.2.2 and Appendix B).

7.2.2.2 Basis and Background for GPHS Thermal Model

For the configuration of the 500 We GPHS/FPSE power system, the GPHS thermal model
(Appendix B) was duplicated eight times and the nodes were renumbered to correspond
to the eight individual modules. The positions of the blocks relative to each other and to

the other components of the power system are specified in the TRASYS input file.
The bases used for selecting the physical parameters of the GPHS modules and their

positioning within the power system are the same as those used for the 250 We power

system thermal model (See Subsection 6.2.2.2).
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20102 (Side)

20101

20100
(Back) 20104

s
100 104
(Back)

s

X
103 (Bottom) Heat Sink Cylinders

Not shown:
101 - top face of bottom module
20103 - bottom face of top module

Figure 7.3 GPHS Exterior Nodal Configuration for the 500 W, Power System
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Table 7.3 GPHS Module Surface Nodes

e —

79 -

Node Node Dimensions
Number Shape (inches) Emissivity Positioning
100 Rectangle 2.09 X 3.826 0.8 Faces node
10400
101 Rectangle 3.668 X 3.826 0.8 In contact
with node
20103
102 Rectangle 2.09 X 3.668 0.8 Side facing
GPHS module
103 Rectangle 3.668 X 3.826 0.8 Faces node
10500
104 Rectangle 2.09 X 3.668 0.8 Side facing
GPHS module
105 Rectangle 2.08 X 3.826 08 Faces heat
sink
20100 Rectangle 2.09 X 3.826 0.8 Faces node
10400
20101 Rectangle 3.668 X 3.826 0.8 Faces node
10600
20102 Rectangle 2.09 X 3.668 0.8 Side facing
GPHS module
20103 Rectangle 3.668 X 3.826 08 In contact
with node 101
20104 Rectangle 2.09 X 3.668 0.8 Side facing
GPHS module
E 20105 Rectangle 2.08 X 3.826 0.8 Faces heat
sink
— —————————— |




7.2.2.3 Thermal Connections

In the 500 Wg system thermal model, the external surfaces of each set of GPHS modules
do nbt physically contact any other nodes in the power system enclosure. However,
since there are two modules per set, there are two GPHS surface nodes in each set that
are in contact with each other. In the thermal model, these surfaces are connected by
radiation conductors. In order to connect the surfaces radiatively, the thermal mode! had
to include a small gap between the surfaces. The gap is only 0.006 inches; therefore,
the surfaces exchange thermal energy only with each other.

As in the 250 Wg system thermal model, all other exterior nodes of the GPHS modules
are connected to each other and to the other surfaces in the power system enclosure
with radiation conductors. The radiation conductor conductance values connecting the
GPHS module exterior surface nodes to the other surface nodes in the power system are

generated by the TRASYS code and are included as part of the SINDA input deck.
7.2.3 Power System Enclosure

7.2.3.1 Nodal Descriptions

Similar to the 250 Wg system thermal model, the 500 Wg power system enclosure is
represented by six arithm