BRAYTON POWER CONVERSION SYSTEM TECHNOLOGY DEVELOPMENT
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Abstract.  Nuclear Electric Propulsion (NEP) enables outer solar system missions requiring propulsion far from the Sun, such as rendezvous with outer planets and primitive objects, and enhances other such missions by reducing trip time, increasing payload, and providing ample power for scientific payloads and high data-rate transmission.  NEP will become the technology standard for deep space science missions with a power rich spacecraft providing the mission flexibility to truly explore.  A key technology element enabling this class of mission is a fission-based nuclear power system.  Closed Brayton cycle (CBC) power conversion technology will enable and enhance nuclear electric propulsion and power for missions.  The CBC power conversion technology will integrate with all leading candidate fission reactor concepts.  The high efficiency of the cycle reduces the thermal power requirements from the reactor, keeping the reactor and shield mass to a minimum.  The Brayton technology benefits from economies of scale and can easily be optimized for applications from kWs to MWs, maximizing flexibility for future mission optimizations.  The rotating unit of the CBC engine rides on non-contacting gas bearings or magnetic bearings, so there are no contacting parts to wear providing reliable, long life operation.  The high-speed rotary alternator of the Brayton engine provides high frequency, high voltage power compatible with the anticipated requirements of the next generation high performance electric thrusters.  The CBC technology has a high technology readiness level, leveraging NASA’s investment in the cycle dating back to the 1960’s, resulting in over 50,000 hours of operation on CBC systems, including over 4300 hours of operation in vacuum. 





INTRODUCTION


Nuclear fission power for spacecraft will enable a revolutionary change in approach to Solar System exploration [1].  Nuclear Electric Propulsion (NEP) enables outer solar system missions requiring propulsion far from the Sun, such as rendezvous with planets and primitive objects, and enhances other such missions by reducing trip time, increasing payload, and providing ample power for scientific payloads.





Mission Enabling. NEP provides an unprecedented delta-V capability that can be applied throughout the farthest reaches of our solar system and beyond. This large delta-V and continuous high-power provide tremendous flexibility to reach new science vantage points and modify orbits during the observational phase of a mission allowing for complex spacecraft maneuvering. This includes outer planet tours, large asteroid explorers, and sample return (SR) missions.





Reduced Trip Time. For science missions to distant planets, NEP technology will lead to reduced travel times [2].  Key features affecting reduced trip times are power system mass (system alpha) and power level.  The fission nuclear power system provides the high power to electric thrusters reducing the trip time to a fraction of that required by conventional systems.





Increased Payload Mass. The NEP system can deliver significantly greater payload mass (up to 10 times) than the comparable chemical systems for outer-planetary missions [3].  Low power system alpha and high voltage (directly related to high Isp) are critical factors for realizing these improvements.





Power-rich Spacecraft. The available continuous power benefits both transit and mission science phases. In the mission science phase, the high power will allow expanded capabilities in payloads and sensors. Also, the high power enables extremely high megabit/sec data rates instead of current kilobit/sec data rates, dramatically improving science return.





The closed Brayton cycle is a leading candidate power conversion technology for the nuclear electric spacecraft.  The Brayton cycle technology is mature, integrates with multiple heat source options, provides high efficiency, is capable of providing high frequency and high voltage ac power for low power electronics/distribution mass, can be optimized for applications from kW’s to MW’s, and provides a growth path to higher performance with increasing temperature as materials development progresses in the future.








CLOSED BRAYTON CYCLE POWER CONVERSION 
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The major subsystems of the closed Brayton cycle power conversion system include the reactor interface, power conversion unit (PCU), heat rejection system (HRS), and power management and distribution (PMAD), Figure 1.  The system is a recuperated gas turbine engine.  The cycle is closed in that the same gas is continuously re-circulated.   The thermodynamic cycle includes compression (1-to-2), recuperation (waste heat addition to the high pressure flow, 2-to-3), heat addition (3-to-4), expansion (4-to-5), recuperation (waste heat extraction from the low-pressure flow, 5-to-6)), and heat rejection (6-to-1).  The working fluid is an inert gas mixture of He-Xe selected to give the best combination of aerodynamic and heat transfer performance.  The heart of the CBC system is the combined rotating unit (CRU).  The CRU consists of a radial turbine, alternator, and radial compressor all connected on a common shaft. The rotating shaft rides on noncontacting foil gas bearings inside the hermetically sealed containment boundary of the engine.  Elimination of rubbing contact in the bearings and seals ensures the long life and high reliability of the CRU.  No identifiable wear out modes exist in the CRU.  The life-limiting factor in CBC systems is creep, both in the turbine wheel and the gas containment boundary.  Typically, for systems operating at a turbine inlet temperature of 1150 K, the turbine rotor and gas containment boundary can be designed for a life in excess of 100,000 hours based on creep strength of current, conventional super alloys.   





The closed Brayton cycle is optimized to achieve maximum cycle efficiency, minimum system mass, minimum radiator area, or any compromise between the three parameters.  Cycle efficiency, system mass, and system volume can be tailored to a particular application to provide optimum performance.  The upper level performance for the system depends largely on cycle temperature limits based on available materials.
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Brayton Technology Maturity
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Figure 2. Brayton PCUs fabricated by Honeywell and vacuum tested at GRC.





The closed Brayton cycle technology for space applications is a muture technology with heritage dating back to the 1960s.  Starting in 1969, extensive testing of the CBC was conducted at NASA GRC, resulting in more than 50,000 hours of operation, including 38,057 hours on a single CRU and more than 4300 hours of operation in vacuum. The demonstrated efficiency of the Brayton PCU during BRU testing was 29% overall at an 1144 K turbine inlet temperature [4].  Figure 2 shows the 10.7 kWe BRU and 1.3 kWe mini-BRU power conversion units fabricated by Honeywell and tested at NASA Glenn Research Center.  The technology base for CBC engines has been further extended with improvements developed for aircraft applications in non-contacting foil bearings (during 1980s) and in electromagnetic bearings (during 1990s).





The compliant non-contacting gas foil journal and thrust bearings developed at Honeywell are now an industry standard, with more than 25,000 units in service in commercial and military aircraft and more than 340 million total operating hours.  Foil bearings eliminate the need for complex bearing gas supply equipment to assist during startup, thus offering clear advantages of simplicity and reduced mass over the tilting pad gas bearings used in the 1970s. They also provide demonstrated start/stop capability of more than 10,000 cycles and eliminate non-FOD (foreign object debris) related failures in continuous operation (a turboexpander with foil gas bearings operated for 10 years essentially continuously, being shut down only one week per year for plant maintenance).  The bearings are unaffected by operation in a zero-gravity environment, a capability that can be verified by testing the rotor with a vertical shaft orientation.





Permanent Magnet Alternators (PMAs) are proven through years of successful commercial/military aircraft operation and offer improvements in electrical efficiency (92% to 96%) and voltage output relative to the 1970s Rice-Lundell alternators.  Reliability is further improved through simpler electromagnetics by eliminating a field coil and associated excitation electronics.  PMAs (60,000 rpm at 25 kWe) have been successfully tested in vertical axis (zero-g simulated) environments.





These technology improvements were integrated into a 2-kWe class CBC PCU through a series of programs involving Honeywell, NASA GRC, and Boeing. This technology suite is now ready for the combined incremental steps to higher voltage and power rating required for the NEP spacecraft, while retaining the robust multiple start capability and extending the continuous operating life already demonstrated.
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Figure 3.  Brayton Integration with Candidate Fission  Reactor Concepts





Integration with Candidate Fission Reactor Concepts





The Brayton cycle system can be readily coupled to a variety of fission reactor concepts, as shown in Figure 3.  The candidate fission reactor concepts can be summarized in three distinct categories:


A liquid metal (LM) cooled fast reactor using a LM to gas heat exchanger (HX),


An LM heat-pipe (HP) cooled reactor using a heat-pipe to gas HX, and 


A gas-cooled reactor using direct coupling of the reactor and cycle working fluid.


In evaluating the interface with the reactor concepts, non-nuclear testing of the Brayton power conversion system can be done by using an electrical heat source to simulate each of the reactor interface types.





The Brayton power conversion design will be influenced by the reactor interface.  The power conversion requirements driven by this interface include the peak operating temperature, the thermal power to the working gas, and the pressure drop of the heat exchanger.  The demonstrated turbine inlet temperature of 1144 K provides a reasonably good match with state-of-the-art reactor outlet temperature using available materials.  The selection of the peak operating temperature must consider the containment and reactor materials tradeoffs at higher cycle temperature.  The higher temperature will provide higher efficiency and a smaller radiator but must be weighed against the technology risk.  At 1144 K peak cycle temperature, the Brayton cycle containment boundary can be constructed of superalloys. Above this temperature, refractory alloys must be used.  Considering the reactor materials, above about 1200 K reactor exit temperature, Nb-1Zr cannot be used for long-life NEP missions because of its thermal creep stress limitations.  Higher strength refractory alloys, required above 1200 K, will require verification testing and life characterization due to a limited materials database. This will add substantially to reactor development cost and schedule. Careful selection of cycle temperatures will yield compatible reactor and Brayton power conversion development schedules.





Another integration advantage of the Brayton power conversion system is the high efficiency.  The high power conversion efficiency reduces the thermal power requirement from the reactor allowing for a small and compact reactor.  For example, a 100 kWe system will require approximately 500 kWt fission reactor (this is compared to the 2.4 MWt reactor required for SP-100).  This provides a significant reduction in the reactor and shield mass.  In addition, the lower power reactor will reduce reactor development time.  Considering safety, the smaller reactor may not require safety rods for water immersion subcriticality, a major advantage in that the reactor vessel will not require external penetrations.  The lower power will reduce the thermal load on the shield, simplifying the shield design.  And considering testing, a lower power reactor will simplify facility requirements for ground testing.





High Voltage, High Frequency Power Generation





Closed Brayton cycle engines in the 10-100 kW power class operate at speeds in the 40,000 to 60,000 rpm range.  The high-speed rotary alternator of the Brayton CRU therefore produces high frequency ac power.  This provides for the lowest possible power electronics mass since the power electronics mass is inversely proportional to frequency.  In addition, the power electronics will benefit significantly from the Brayton alternator’s ability to generate power at high voltage.  The high voltage capability will minimize the need for step-up transformers and significantly reduce cabling mass.  





Brayton Power Conversion Unit Scalability





The Brayton cycle engine benefits from economies of scale.  As the power conversion unit module size increases, the mass of the system per unit of power produced is reduced.   Figure 4 provides an illustrative view of the Brayton engine scalability.  Brayton cycle analyses were run to determine near optimum operating parameters for the 25, 50, and 75 kWe module sizes.  As the engine size increases, the optimum peak cycle pressure increases while the shaft speed decreases based on tip velocity limits.  In addition, the compressor and turbine have slightly higher efficiency with increasing size as the tip clearance losses become a smaller fraction of the core flow.  As a result, the CRU benefits significantly at larger sizes.  The mass for a 75 kWe CRU is not even twice that of the 25 kWe CRU.    The scalability advantage also applies to the heat exchangers in the system.  The higher cycle efficiency and higher cycle pressure at larger module sizes reduces the mass of the heat exchangers in the cycle.  The mass of the recuperator for the 75 kWe system is only about twice the mass of the recuperator for the 25 kWe engine.  This scalability advantage will also benefit the heat source and heat rejection heat exchangers.  The net result is a significant improvement in alpha (kg/kWe) for the power conversion unit.  The relative alpha of the power conversion unit reduces from 5.0 kg/kWe at 25 kWe down to 3.0 kg/kW at 75 kWe module size.  The economies of scale characteristic of the Brayton cycle technology is an important feature when considering the range of capability that may be required for the NEP spacecraft.
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Technology for the Future





The current Brayton cycle technology provides a fission reactor power system with good performance for the NEP spacecraft.  However, the application of more advanced materials can significantly enhance the performance of the system, reducing both system mass and radiator area.  For example, as materials are developed to allow higher reactor outlet temperatures, the system efficiency will be increased, lowering both mass and radiator area at a constant compressor inlet temperature.  In addition, advances in materials for alternators and foil bearings, as well as alternative cooling methods, will allow increases in compressor inlet temperature resulting in further decreases in radiator area and system mass.  Figure 5 illustrates the performance benefits that can be achieved based on the thermodynamics of the Brayton cycle while increasing the operating temperature. As the turbine and compressor inlet temperatures are increased, the cycle efficiency is improved and, more significantly, the required radiator area is reduced.  In moving from 1144 K to 1300 K in turbine inlet temperature and 350 K to 425 K in compressor inlet temperature, the radiator area is reduced by about 65% while the cycle efficiency improved from about 23% to 26%.  This provides a promising growth path for Brayton technology in the future as material advancements are made to allow higher reactor outlet, turbine inlet, and compressor inlet temperatures.











CONCLUSIONS





The closed Brayton cycle is a leading candidate power conversion technology for the fission nuclear power system of future NEP spacecraft.  The Brayton cycle is a mature technology with test data supporting its capability.  The Brayton cycle integrates well with leading candidate fission reactor concepts and provides high efficiency power conversion limiting the thermal requirements of the heat source.  The high speed rotary alternator of the Brayton engine provides high frequency, high voltage power, that minimizes the mass of the primary power distribution for the NEP vehicle.  The performance of the Brayton engine benefits with increasing size and is applicable to systems with requirements from kWs to MWs.  Although the Brayton technology is mature at the 1150 K turbine inlet temperature, the technology has significant growth potential for the future as new materials are developed that will allow increasing the turbine inlet temperature to 1300 K and beyond.  The Brayton cycle provides an excellent power conversion technology base for the NEP spacecraft power system based on these technical and schedule benefits.
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