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Abstract

Under the joint sponsorship of the Department of Energy and NASA, a radioisotope power system
utilizing Stirling power conversion technology is being developed for potential future space missions. The
higher conversion efficiency of the Stirling cycle compared with that of Radioisotope Thermoelectric
Generators (RTGs) used in previous missions (Viking, Pioneer, Voyager, Galileo, Ulysses, Cassini, and
New Horizons) offers the advantage of a four-fold reduction in PuO, fuel, thereby saving cost and
reducing radiation exposure to support personnel. With the advancement of state-of-the-art Stirling
technology development under the NASA Research Announcement (NRA) project, the Stirling
Radioisotope Generator program has evolved to incorporate the advanced Stirling convertor (ASC),
provided by Sunpower, into an engineering unit. Due to the reduced envelope and lighter mass of the
ASC compared to the previous Stirling convertor, the specific power of the flight generator is projected to
increase from 3.5 to 7 W./kg, along with a 25 percent reduction in generator length. Modifications are
being made to the ASC design to incorporate features for thermal, mechanical, and electrical integration
with the engineering unit. These include the heat collector for hot end interface, cold-side flange for waste
heat removal and structural attachment, and piston position sensor for ASC control and power factor
correction. A single-fault tolerant, active power factor correction controller is used to synchronize the
Stirling convertors, condition the electrical power from AC to DC, and to control the ASCs to maintain
operation within temperature and piston stroke limits. Development activities at Sunpower and NASA
Glenn Research Center (GRC) are also being conducted on the ASC to demonstrate the capability for
long life, high reliability, and flight qualification needed for use in future missions.

Introduction

This paper presents the developmental status of an electrically heated engineering unit (EU) for
Advanced Stirling Radioisotope Generator (ASRG), which is being performed under Phase I1C of the
110-W Stirling Radioisotope Generator (SRG110) program. This program is managed by the Department
of Energy (DOE) under NASA’s Science Mission Directorate (SMD). The SRG110 as previously
reported (Cockfield, 2002) was in the process of fabricating the EU for assembly and test by the Fall of
2006 and was initiating the design of the Qualification Unit using the Technology Demonstration
Convertor (TDC). However, with the significant advances in the higher specific power Advanced Stirling
Convertor (ASC) demonstrated in the NASA Research Announcement (NRA)-funded project (Wong, et
al., 2006), the SRG110 program was redirected in May 2006 to integrate the ASCs into the EU for
assembly and test by March 2008 (Misra, 2006). The ASCs will be produced by Sunpower, Inc. in the
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NASA NRA project managed by GRC and delivered to the ASRG program as Government Furnished
Equipment (GFE).

One of the key program requirements for this effort is to use as much existing SRG110 hardware as
possible, to minimize program cost and schedule. This requirement will limit the effort that can be applied
to optimizing the generator design to take advantage of the much reduced mass and envelope of the ASC.
The high-temperature MarM-247 heater head being developed in the NRA project also will not be used
for the EU. The MarM-247 heater head allows the ASC to operate at 850 °C with margin, which can
improve the conversion efficiency of heat input to AC power output to approximately 40 percent (Wood,
et al., 2006a). Instead, Inconel 718, which was the baseline heater head material for the SRG110, will be
used as the heater head material in the EU ASRG, limiting the ASC hot-end temperature to no higher than
650 °C.

The use of existing EU hardware with the lower-temperature heater head material will limit the
increase in specific power to a lower value than what has been predicted as ultimately possible using the
Sunpower ASCs. The primary objective for this phase of the ASRG program is to demonstrate that a
highly reliable Stirling system can be built to meet typical NASA mission needs. The EU will be
fabricated and tested to a set of typical mission requirements, and its reliability will be estimated using
test data obtained over the life of the program. Depending on NASA mission needs, a relatively
unchanged generator could be built and qualified for flight, or additional development activity could be
pursued in order to further increase the system specific power.

Engineering Unit ASRG Design Description

The electrically heated EU ASRG design, making use of the existing SRG110 housing hardware, is
shown in figure 1. The EU design configuration is very similar to that of the SRG110. It consists of a
beryllium housing; two ASCs, each with a dedicated electric heat source located at either end; bulk
thermal insulation for multi-mission purposes; an externally mounted active power factor correction
controller that is single-fault tolerant; and auxiliary components, gas management valve and pressure
relief device, are mounted on the housing surface.

The approach of dual ASC’s with each one coupled to an individual heat source prevents fault
propagation in the generator in the event of an ASC failure by still allowing one-half generator power
output, if desirable from a mission standpoint. The end mounting approach also eases the loading of the
radioisotope general purpose heat source (GPHS) modules during generator fueling. It is very desirable to
ensure that good thermal contact between the GPHS and ASC hot end exists to minimize temperature
gradient and thermal loss. Centrally locating the GPHS modules would make achieving both fuel loading
and good thermal contact difficult.

The beryllium housing, which serves as the primary structure, is square in cross-section and is
stiffened by axial and lateral ribs. It consists of two halves, one inboard and one outboard, in order to
facilitate integration of the ASCs and other internal components during generator assembly. Both inboard
and outboard beryllium housings had been fabricated during SRG110 Phase A effort; the outboard
housing is shown in figure 2. The reduction in Stirling convertor length from 12.9 in. for the TDC-based
design to 7.9 in. for the ASC means that the overall generator length can be reduced by 10 in. To
accommodate this shorter length, only the outboard housing will be used, and a new, shortened inboard
housing will be fabricated from an existing spare beryllium billet. Thus for the EU ASRG, the inboard
and outboard housings will have unequal length, which will affect slightly the dynamic characteristics of
the generator, when mounted in cantilever configuration at the end of inboard housing. The overall
dimensions of the EU ASRG are 28.5 in. in length, 18 in. in height, and 11.5 in. in width.
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Figure 2.—OQutboard housing for engineering ASRG.

Beryllium fins are sized to provide additional radiative surface area for waste heat rejection. The fins
are bolted to four corners along the length of the housing, rather than being attached by brazing, in order
to mitigate accidental damage to the fins during fabrication and generator assembly and processing. The
effect of fin length on generator specific power is shown in figure 3. The fins, made from 0.060-in. thick
beryllium, are very lightweight and have a high view factor to space from both sides. As the fin length
increases, the ASC rejector temperature decreases, which results in higher generator power output and
higher generator mass. Figure 3 shows that the specific power is insensitive to fin length, so the length
selection will depend on other factors, such as the need to maintain adequate temperature margin through
various phases of a space flight mission, including ground operation and launch, and the desire for a
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Figure 3.—Radiator fin length trade-off.

Figure 4.—Electric heat source design.

nominal generator power output for a mission. For the EU ASRG build, the existing 2.6-in. length fins
from the SRG110 program will be used.

The electric heat source (EHS) at each end of the EU ASRG is designed to simulate the GPHS for its
geometry, thermal characteristics, mass, and dynamic capability so that performance and environmental
testing of an electrically heated generator can be conducted. This testing will validate the space flight
characteristics of the generator prior to fueling at the DOE facility. The EHS, shown in figure 4, is
constructed with two Boralectric (Advanced Ceramics Corporation) heaters mounted to molybdenum
ballasts and enclosed within a Poco graphite housing to simulate the fine weave pierced fabric (FWPF)
aeroshell of the GPHS. Each EHS has a thermal power capability of 300 W, but will be nominally
operated at 250 W..

The EHS is supported by the end enclosure and by the ASC. The heat source support assembly,
consisting of an Inconel stud, a FWPF pressure plate, a zirconia thermal insulator, and spring washers,
allows thermal expansion while providing an axial preload that prevents GPHS separation under dynamic
loading during launch.

During ground operation and testing, the instrumentation end enclosures are used in place of the flight
end enclosures. The instrumentation end enclosures are made from aluminum and contain connectors for
EHS power leads and for thermocouples, accelerometers and strain gauges used during testing. Viton
o-rings are used to seal the end enclosures against the housing, allowing the interior of the generator to be
filled with inert gas during ground operation.

Thermal insulation surrounding the GPHS module and the engine of the ASC consists of a monolithic
enclosure fabricated from commercially available Microtherm HT (Microtherm Inc.) insulation. The bulk
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insulation was selected during the SRG110 Phase A effort, rather than multilayer insulation (MLI) as
used in the GPHS-RTG, due to the need to operate in the Mars atmosphere for potential multi-mission
applications. The Microtherm HT was selected after extensive thermal property testing of coupons versus
other insulation materials (Min-K 1400 and Aspen aerogel). Testing was conducted in vacuum, argon and
CO, atmospheres. Microtherm HT was found to have the best combination of low thermal conductivity
and low density. Microtherm HT also showed good stability with lowest shrinkage and weight loss after
8,000-hr of temperature exposure in vacuum.

In the event of a failed ASC, the GPHS temperature will increase. Under this condition, the structural
integrity of the iridium cladding must be preserved for nuclear safety consideration. Thus, one of the key
criteria for thermal insulation selection is its ability to reject GPHS thermal power at a temperature below
the point that could cause grain growth in the iridium clad encapsulating the radioisotope fuel pellets.
Emergency heat dump tests with Microtherm HT, Min-K, and Microtherm HT/Aspen aerogel
combination were performed and all three insulations achieved heat rejection capability below the grain-
growth temperature limit by their physical shrinkage and increased thermal conductivity at above-
operating temperatures.

For the EU ASRG design, an alternate insulation material, aerogel made by JPL, is being investigated
to further enhance the specific power potential of the generator. Aerogel has been flown as an insulating
material on Sojourner and Mars Exploration Rovers as well as on Stardust for comet sample collection.
With a density of 200 kg/m’, as compared to 350 kg/m’ for Microtherm HT, significant mass saving can
be gained with aerogel. JPL is in the process of formulating the aerogel compositions to achieve a
comparable thermal property to that of Microtherm HT. Shrinkage testing at elevated temperature has
also been performed that demonstrated the emergency heat dump capability required for ASRG
implementation.

The externally mounted gas management valve (GMV) is used to maintain the interior of the
generator with inert gas (argon) above atmospheric pressure during ground operations, preventing
oxidation of graphite and refractory metal components in the EHS at elevated temperatures. During
launch, the barometrically operated pressure relief device (PRD), heritage of the GPHS-RTG design, will
be actuated to vent the inert gas to space. For Mars surface application, a vent tube connecting the
generator housing to the activated PRD (fig. 1) is sized to provide a reduced gas conductance from the
Mars atmosphere to the interior of the generator, such that mass loss of the GPHS graphite aeroshell due
to CO, gasification is insignificant, with no performance impact to ASRG for its 14-year mission life.

The ASCs are mounted to the bulkhead of the housing (fig. 2) via the attached cold-side adapter
flanges (CSAF) as part of the integrated ASC design, described in detail later in the paper. ASC waste
heat is conducted to the housing and rejected to the environment. With the high ASC alternator efficiency,
separate cooling of the alternator is no longer required, which eliminates the SRG110 thermal fins and
significantly eases the ASC integration during generator assembly.

ASC Design for Generator Integration

The ASC to be integrated into the EU ASRG is derived from Sunpower’s 88 W.design (fig. 5)
currently being developed under the NASA NRA project (Wong, et al., 2006). The NRA design makes
use of the high-temperature MarM-247 heater head material to allow for operation at 850 °C. At a
temperature ratio of 3.1, the efficiency is expected to approach 40 percent (Wood, et al., 2006a). For the
EU ASRG, Inconel 718 will be used as the heater head and displacer material replacing MarM-247 and
Udimet 720, respectively, which are required for 850 °C operation.

The ASC, shown in figure 5, was designed independent of a generator design, with the goals of
minimum mass and optimum performance while addressing the reliability of critical components for
long-life operation. Limited consideration was given under the NRA project to features required for
integration of the ASC into the generator. Thus the first EU ASRG program activities were to evaluate the
ASC design and performance characteristics, identify basic external functionality needs for interfaces to
the generator, and perform design trade studies for each of these design features. Four features have been
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identified as basic parts of ASC integration design: 1) heat collector to transfer thermal energy from the
GPHS to the hot-end heat exchanger (acceptor); 2) CSAF to remove waste heat from the cold-end heat
exchanger (rejector) to the generator housing and which also serves as the structural attachment for ASC;
3) integrated piston position sensor for synchronization and control of dual ASCs; and 4) specific
connectors for power and instrumentation interfaces.

The heat collector design uses nickel for its compatibility to Inconel 718 heater head, high operating
temperature capability, and good thermal properties. With the ASC being smaller in diameter by 0.5 in.
and ~40 percent less in heat exchanger surface area, higher heat flux from the GPHS to the acceptor is
expected. This causes a slightly higher GPHS operating temperature, but has the benefit of a lower heat
collector mass than that of the SRG110. The ASC is fairly insensitive to acceptor temperature gradient,
thus there is no impact to the EU ASRG specific power using the thermal insulation thickness configured
for SRG110 housing.

The heat removal feature at the cold end of ASC proved to be the most challenging interface design,
as it must accommodate both thermal and structural functions while achieving minimum mass. Changes
made to the ASC to incorporate this design feature must also consider reliability for long-life operation.
The NRA ASC rejector is an all-copper design, also serving as the pressure boundary as part of heater
head assembly. It has brazed interfaces with the Inconel 625 portion of the heater head on one end and the
Inconel 625 alternator transition assembly on the other end. To minimize the number of pressure vessel
joints and maximize the structural integration of the design, a one-piece Inconel 718 alternator transition
assembly that includes the thin-wall pressure boundary at the rejector section was devised (fig. 6). This
approach replaces two pressure vessel braze joints with two thermal joints, which is considered much
more reliable for long-life operation.
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To match the thermal expansion coefficient of the copper rejector, a copper-based CSAF was
selected. The ideal solution is to have the CSAF brazed to the rejector section for structural and thermal
integrity for long-life operation. However, to minimize the impact of the long-procurement cycle for
CSAF, brazing the CSAF to the heater head has been postponed to the next build. Instead, the CSAF will
be mechanically attached by interference fit to the ASC for the EU ASRG. Test articles to verify this
attachment concept are being fabricated and thermal testing is planned to ensure its performance
adequacy.

For synchronization and feedback control of the ASCs, a piston position sensor trade was performed.
Criteria for the trade included impact on ASC and generator integration, reliability, temperature
sensitivity, signal gain, and rotational tolerance. The fast linear displacement transducer (FLDT) was
selected over other existing sensor types, Hall Effect sensor, and Linear Variable Differential Transformer
(LVDT). The FLDT is also a heritage approach in that Sunpower has been using this sensor in other
engine and cryocooler applications. An internally mounted FLDT was selected for EU ASRG over the
externally mounted approach due to its 360° rotation capability, decreased sensitivity to temperature,
improved signal gain, and shortest generator length.

The existing ASC design uses two single pin glass-sealed hermetic feedthroughs that are welded to
the transition assembly. The desire to provide redundant feedthrough terminals to improve fault tolerance
and overall reliability is constrained by the need to make a significant modification to the ASC design that
will not fit within the build schedule of EU ASRG. As a result, the existing glass-sealed feedthroughs are
retained for EU ASRG, however, the post lug is replaced with solder lug to further enhance reliability.

Similar to SRG110 integration, the dual opposed ASCs will be mechanically attached at the alternator
housings via an interconnect tube (see fig. 1). Analytical modeling of the generator in launch dynamic
environments has indicated that structurally tying the housings together stabilized the ASC responses to
higher frequency modes and also reduced the response of the GPHS modules. Dynamic testing of the
SRG110 generator (Lewandowski, 2006) at NASA GRC has validated these analytical predictions. For
EU ASRG, the ASC pressure vessel will be made from Inconel 718 to take advantage of its superior
strength. The external design features going from the stand-alone ASC as shown in figure 5(b) to one that
can be integrated into the EU ASRG is depicted in figure 7.

The controller is designed to be externally mounted to the generator. This approach eases generator
integration and also facilitates its location to other parts of spacecraft for meeting specific mission needs.
The primary functions of the controller are to provide AC/DC electrical power rectification for two
independent ASC alternators, maximize power delivered to the spacecraft, and regulate the hot-end
temperature by regulating the piston amplitude of the ASC within its safe operating ranges. The controller
must also synchronize the two ASCs by matching their operating frequencies and phasing of piston
movements to minimize the dynamic vibration imposed onto the spacecraft. In addition, the controller
interfaces with the spacecraft, providing telemetry on the health status of the ASRG and receiving
commands to alter the ASC operating conditions, such as setting the ASC hot-end temperature to
optimize mission power.

Flange for
Interconnect Tube

[ e

IS

Cold-Side /I Feedthrough

Adapter Flange

Heat Collector

Figure 7.—EU ASRG ASC integration features.
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The controller uses active power factor correction to cancel out the alternator inductance in
converting AC power to DC. The controller is designed to be single-fault tolerant, having an N+1
configuration with one controller card for each ASC and a third card on hot standby as illustrated in
figure 8. Redundancy is also provided for telemetry and house keeping, with A and B sides typical of
spacecraft design. The controller is designed and packaged in a manner that allows for its optional
configuration as a fully redundant component or as a single-string component, depending on specific
mission requirements.

The ASRG controller operates autonomously, requiring no intervention from the spacecraft during
nominal modes. It is capable of protecting the ASRG from short-circuit fault conditions or output open-
circuit conditions by dissipating all power produced by the ASCs to shunt resistors internally mounted on
the generator housing. This facilitates ground operations after fueling, including during storage,
transportation, and spacecraft integration at launch site.

Performance

The ASC operating efficiency and electrical power output are a function of its hot- and cold-side
temperatures. The hot-side temperature is limited to 650 °C by the creep properties of Inconel 718 for
17-year operation (14-year mission life plus 3 years of fueled storage). The cold-side temperature is
governed by the external environment to which the waste heat of the ASC is rejected by radiation via the
generator housing and fins. Increasing the fin length can reduce the cold-side temperature and increase
electrical power output, but at the expense of higher fin mass. For EU ASRG, it has been shown (fig. 3)
that the generator specific power (W /kg), the criterion for component optimization and size selection, is
insensitive to fin length. Thus the EU ASRG design is based on a hot and cold-side temperature of 640
and 60 °C, respectively, at beginning of mission (BOM), under no-Sun conditions. A margin of 10 °C is
taken on the hot-side temperature to account for temperature sensor and control electronics accuracies to
ensure that 650 °C will not be exceeded.

The Microtherm HT insulation combined with the heat source support currently configured in EU
ASRG is predicted to provide a 90 percent thermal efficiency, assuming a GPHS fuel inventory of 250 W,
at BOM. The current EU ASC design is estimated to produce 75 W, electrical output at the 640 °C/60 °C
operating temperatures. The ASC output power is limited somewhat by the generator requirement to
operate over a wide temperature range throughout all mission phases, including launch ascent where the
temperatures are the highest. Material substitutions for the running/seal surfaces of the ASC for better
matching of thermal expansion coefficients over this wide temperature range can be made beyond EU
ASRG build for further efficiency improvement. With the controller efficiency predicted at 93 percent or
higher, the EU ASRG will deliver 140 W, DC output power at BOM.

NASA/TM—2007-214806 8



The EU ASRG mass summary at this stage of the development is shown in table 1, with beryllium
end enclosures and without the connectors and harnesses used in the instrumentation end enclosures used
for the electrically heated generator. Forty-two percent of the total 20.84 kg are from components that are
either already built for EU ASRG, such as the outboard housing, fins, heat source supports, PRD and
GMYV, or are measured from fabricated components of identical design, such as the GPHS modules and
some parts of ASC. The majority of the remaining 58 percent of the generator mass were calculated from
design drawings.

TABLE 1.—EU ASRG MASS SUMMARY

Component Mass
(kg)
Housing, end enclosures, and fins 5.49
GHPS modules 3.20
ASC 2.61
Heat source supports 0.47
Thermal insulation 2.87
Heat collector, CSAF, and Interconnect tube 1.96
PRD, GMV, Shunt, Connectors, and Harnesses 1.35
Controller 2.36
Hardware and misc. 0.53
Total 20.84

With a 140 W, power output and a generator mass of 20.84 kg, the EU ASRG as currently being
designed and built will achieve a specific power of 6.7 W./kg, as compared to 3.4 W./kg for SRG110
design and 5.1 W¢/kg for GPHS-RTG. While the value of 6.7 W./kg for the EU ASRG is a substantial
improvement in specific power, it reflects the value for the EU program phase. Flight system design for
ASRG will further increase this value, as discussed in the next section. The ASRG team is progressing
toward meeting the objective of the redirected DOE program in hardware demonstration of an EU that
will improve the generator specific power for future radioisotope power system (RPS)-enabled space
missions.

ASRG Flight Unit Specific Power

The achievement of a 6.7 W ./kg EU ASRG specific power is constrained by the current
programmatic need to use existing hardware. Consequently the overall design approach of the EU ASRG
does not take advantage of the smaller size and higher temperature capability afforded by the NASA NRA
ASC development. Higher specific power and reliable RPS with reduced radioisotope fuel use is always
desirable. Mass savings in the power system will allow more science payload and enhance the mission. It
is expected that the specific power of a flight generator based on the EU ASRG can further be improved
to >7 W/kg by optimizing the existing generator housing and end enclosure designs.

No decision has been made by NASA or DOE with respect to the design changes that will be
incorporated for flight generator development beyond the EU ASRG effort. However, for potential
missions that have been postulated with RPS-based electric propulsion (Fiehler and Oleson, 2004), a
combination of higher power output and lower generator mass will be needed to further increase the
specific power. The use of MarM-247 as the heater head material, instead of Inconel 718, will be the first
step towards achieving higher power output. Sunpower has demonstrated 38 percent conversion
efficiency operating at 850 °C hot-end and 90 °C cold-end temperatures (temperature ratio of 3.1) (Wood,
2006b). The higher rejection temperature allows for less radiator surface area, which translates to lower
mass for the generator housing and radiator fin combination. Trade-offs will need to be performed to
optimize the desired heat rejection temperature for maximum W./kg.

NASA/TM—2007-214806 9



A more efficient thermal insulation packaging design will be required in order to maximize the
available thermal energy from the GPHS for power conversion, if the ASC is to operate at 850 °C
temperature. With the bulk insulation design, such as the Microtherm HT or aerogel, the insulation must
be increased from the current thickness of 1.5 in. This not only adds insulation mass but also increases the
housing mass required to contain the larger insulation envelope. Again, trade-offs will have to be made to
optimize the design selection of hot-end temperature, thermal loss and mass.

As seen in table 1, the generator housing, end enclosure, and fins account for over 25 percent of the
EU ASRG mass, even with beryllium as the material. The existing housing design is oversized for the
much smaller ASC envelope. At the hot ends of the generator, the housing dimensions are governed by
GPHS and thermal insulation thickness. The housing surrounding the alternator portion of the ASC can
be reduced to allow for a shorter conduction path for the ASC waste heat to the housing for a higher
radiation temperature. A cylindrical rather than square cross-section housing could also lower the mass by
reducing the axial and lateral ribs required for internal inert gas pressure containment.

With the MLI as thermal insulation that is capable of maintaining a 90 percent or higher thermal
efficiency at 850 °C operating temperature, a generator power output of 160 W, can be expected,
assuming a cold-end temperature of 90 °C rather than the 60 °C for the EU ASRG. With a smaller square
cross-section or cylindrical housing geometry, the mass saving in the housing and the thermal insulation
is estimated to be at least 3.0 kg, while keeping the remaining components of the generator the same as in
EU ASRG. These changes translate to a specific power increase from 6.7 W /kg for EU ASRG to nearly
9.0 W./kg for a potential flight unit generator. With this high specific power, coupled with a 4-fold
reduction in PuO, fuel consumption, the ASRG will fulfill the need for a multitude of future NASA
missions.

References

Cockfield, R.D. and Chan, T.S., “Stirling Radioisotope Generator for Mars Surface and Deep Space
Missions,” in proceedings of the 37th Intersociety Energy Conversion Engineering Conference
(IECEC), American Institute of Aeronautics and Astronautics, Washington, D.C., 2002, Paper no.
20188.

Fiehler, D. and Oleson, S., “Radioisotope Electric Propulsion Missions Utilizing a Common Spacecraft
Design,” NASA/TM—2004-213357, NASA Glenn Research Center, Cleveland, OH, 2004.

Lewandowski, E., Callahan, J., Suarez, V, and Goodnight, T., “SRG110 Stirling Generator Dynamic
Simulator Vibration Test Results and Analysis Correlation,” in the proceedings of the 4th
International Energy Conversion Engineering Conference and Exhibit (IECEC), American Institute
of Aeronautics and Astronautics, San Diego, CA, 2006, Paper no. 4063.

Misra, A.J., “Overview of NASA Program on Development of Radioisotope Power Systems with High
Specific Power,” in proceedings of the 4¢h International Energy Conversion Engineering Conference
and Exhibit (IECEC), American Institute of Aeronautics and Astronautics, San Diego, CA, 2006,
Paper no. 4187.

Wong, W.A., Anderson, D.J., Tuttle, K., and Tew, R.C., “Status of NASA’s Advanced Radioisotope
Power Conversion Technology Research and Development,” in proceedings of Space Technology and
Applications International Forum (STAIF 2006), edited by M.S. El-Genk, American Institute of
Physics 813, Melville, New York, 2006, pp. 340-347.

Wood, J.G., et al., “Advanced Stirling Convertor Update,” in proceedings of Space Technology and
Applications International Forum (STAIF 2006), edited by M.S. El-Genk, American Institute of
Physics 813, Melville, New York, 2006a, pp. 640—652.

Wood, J.G., et al., “Advanced Stirling Convertor Phase Il Achievements and Planned Phase III Efforts,”
in proceedings of the 4th International Energy Conversion Engineering Conference and Exhibit
(IECEC), American Institute of Aeronautics and Astronautics, San Diego, CA, 2006b, Paper no.
4108.

NASA/TM—2007-214806 10



Form Approved
REPORT DOCUMENTATION PAGE OMB No. 0704-0188

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this
burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302.
Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid OMB
control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
14-05-2007 Technical Memorandum

4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
Development of Advanced Stirling Radioisotope Generator for Space

Exploration

5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
Chan, Jack; Wood, J., Gary; Schreiber, Jeffrey, G.

5e. TASK NUMBER

5f. WORK UNIT NUMBER
WBS 138494.04.01.01

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
National Aeronautics and Space Administration REPORT NUMBER
John H. Glenn Research Center at Lewis Field E-15939

Cleveland, Ohio 44135-3191

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORS
National Aeronautics and Space Administration ACRONYM(S)
Washington, DC 20546-0001 NASA

11. SPONSORING/MONITORING
REPORT NUMBER
NASA/TM-2007-214806

12. DISTRIBUTION/AVAILABILITY STATEMENT

Unclassified-Unlimited

Subject Category: 20

Available electronically at http://gltrs.grc.nasa.gov

This publication is available from the NASA Center for AeroSpace Information, 301-621-0390

13. SUPPLEMENTARY NOTES

14. ABSTRACT

Under the joint sponsorship of the Department of Energy and NASA, a radioisotope power system utilizing Stirling power conversion technology is being
developed for potential future space missions. The higher conversion efficiency of the Stirling cycle compared with that of Radioisotope Thermoelectric
Generators (RTGs) used in previous missions (Viking, Pioneer, Voyager, Galileo, Ulysses, Cassini, and New Horizons) offers the advantage of a four-fold
reduction in PuO, fuel, thereby saving cost and reducing radiation exposure to support personnel. With the advancement of state-of-the-art Stirling

technology development under the NASA Research Announcement (NRA) project, the Stirling Radioisotope Generator program has evolved to incorporate
the advanced Stirling convertor (ASC), provided by Sunpower, into an engineering unit. Due to the reduced envelope and lighter mass of the ASC
compared to the previous Stirling convertor, the specific power of the flight generator is projected to increase from 3.5 to 7 W /kg, along with a 25 percent

reduction in generator length. Modifications are being made to the ASC design to incorporate features for thermal, mechanical, and electrical integration
with the engineering unit. These include the heat collector for hot end interface, cold-side flange for waste heat removal and structural attachment, and
piston position sensor for ASC control and power factor correction. A single-fault tolerant, active power factor correction controller is used to synchronize
the Stirling convertors, condition the electrical power from AC to DC, and to control the ASCs to maintain operation within temperature and piston stroke
limits. Development activities at Sunpower and NASA Glenn Research Center (GRC) are also being conducted on the ASC to demonstrate the capability
for long life, high reliability, and flight qualification needed for use in future missions.

15. SUBJECT TERMS
Stirling; Engine; Convertor; Radioisotope power; Generator; Controller

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 18. NUMBER 19a. NAME OF RESPONSIBLE PERSON
ABSTRACT OF Jeffrey G. Schreiber

a. REPORT b. ABSTRACT c. THIS PAGES 19b. TELEPHONE NUMBER (include area code)

U U lPJAGE 16 216-433-6144

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. Z39-18










<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




