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NASA has considered Nuclear Electric Propulsion
(NEP) for high AV missions since the late 1950s, but the
current technology readiness level of the requisite power-
train needs to be raised for such a mission. The powertrain
includes reactor, power conversion, power management,
electric propulsion, and thermal management components
that must be integrated to minimize system « (kg/kWe) and
to finalize a propulsion system architecture within the
2025-2027 timeframe requires advancing these component
technologies to technology readiness level (TRL) 5 and
Advancement Degree of Difficulty (AD?) 3 in an expedi-
tious manner with minimal risks. This paper will only
address the power conversion (heat to electric) components
of that system. Based on both internal and industry studies,
a primary conclusion of this work is that a single-spool
supercritical Xe-He radial flux Brayton heat engine com-
bined with a permanent magnet synchronous alternator
can potentially be developed with the least technical risk to
meet the technology readiness schedule and required NEP
system performance metrics.

l. Introduction

As part of the development of a technology maturation
plan for a potential NEP vehicle, critical technology
elements (CTE) have been identified for further develop-
ment (Refs. 1-6) as shown in Figure 1. The level of devel-
opment and the potential performance of these technologies
varies widely, and none have been tested to the power
levels required for a MWe-class NEP system in an appro-
priate operating environment, even if multiple power
conversion units are used to meet total power and system
reliability requirements.

Recently, the Mars Transportation Architecture Study
(MTAS) study (Ref. 2) recommended as a highest priority to
design, build, and test a 500 kW Brayton power conversion
unit (PCU) with either CO, or He-Xe working fluid
for 1000 h under both design and off-design transient condi-
tions. The recommendation from the National Academies
of Science Nuclear Electric Propulsion report (Ref. 4) is,
“NASA should rely on (1) extensive investments in
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Fig. 1. Critical technology elements of NEP vehicle (Ref. 4)

modeling and simulation (M&S), and (2) ground testing
(including modular subsystem tests at full-scale and power)”.
And the Space Technology Mission Directorate (STMD)
Space Nuclear Propulsion (SNP) program has the goal of
establishing a verified baseline NEP configuration within the
2025-2027 timeframe (Ref. 6).

The PCU includes the Brayton heat engine, recuperator,
reactor heat exchanger, radiator heat exchanger and an
embedded alternator that delivers three-phase high voltage
power using the heat produced from the microreactor system.
Therefore, a focus of the PCU technology maturation effort
is to develop and test a PCU that is compatible with both the
microreactor and the embedded alternator while also being
optimized for minimizing the overall NEP power and
propulsion system architecture system alpha (i.e., kg/lkWe).
This report builds upon the previous studies and explores the
detailed system impacts that the Brayton heat engine work-
ing fluid has on the overall risk and PCU architecture under a
variety of operating condition assumptions.



11. Space-Based Closed-Cycle Brayton Background

The advantages of dynamic Brayton power conversion
include high efficiency, long life, and scalability to high
power (Ref. 7). For these reasons, NEP dynamic power
conversion system development has occurred intermittently
over the past six decades. For example, the Brayton rotat-
ing unit (BRU) project (1968-1978) was aimed at a high-
efficiency power conversion system for isotope, reactor,
and solar receiver heat sources (Ref. 8). It was designed for
operation from 2.25-10.5 kWe depending on the charge
pressure of the working fluid and a He-Xe mixture with a
molecular weight (MW) of 83.8 g/mol. Four BRU units
shown in Figure 2 were fabricated by AiResearch and
tested at NASA. A Brayton heat exchanger unit was also
built that combined a 95% effective gas-to-gas recuperator
and a Dow-Corning 200 gas cooler.

The BRU system was designed for operation at a tur-
bine inlet temperature of 1,144 K, compressor inlet temper-
ature of 300 K, and maximum pressure of 310 kPa. The
rotating assembly consisted of a radial turbine, radial com-
pressor, and a liquid-cooled alternator on tilt-pad bearings
operating at 36,000 rpm. The project successfully demon-
strated manufacturing and assembly methods, material
compatibility, and high efficiency conversion (up to 32%).
The BRU mass shown in Figure 2 was 65 kg, and the
combined recuperator/heat exchanger was 200 kg.

Numerous reports describe the performance testing con-
ducted with the BRU system (Ref. 9). The BRU system was
also endurance tested accumulating more than 38,000 h of
operation without degradation of the moving parts (but with
some recuperator fatigue observed from localized testbed
stresses). In total, the four units compiled ~50,000 h of
operation, demonstrating long-life performance. Near the
end of the project, one of the units (BRU-F) was fitted with
gas foil bearings and was operated at power levels up to
15 kWe (Ref. 10). Subsequent closed cycle space Brayton
technology demonstration efforts were of lower power and
of shorter duration or only designed but never built or
operated as shown in Table I not withstanding a 22 kWe dual
capstone test that demonstrated a shared working fluid
arrangement for a potential gas cooled reactor design.

While these Brayton convertor demonstrations and de-
signs provided an important baseline, NEP requires space
Brayton engines that operate at least two orders of magni-
tude higher power, and the low TRLs of high-power
candidate technologies result in system analyses with large
uncertainties in the outputs. The relevance of NEP for
ambitious space missions depends on the development and
demonstration of a high-power system at the TRL levels
necessary for sound architectural analysis. The SNP is
pursuing a focused R&D program designed to advance
PCU TRL/AD? levels in a stepwise fashion from their
current approximate system level values of TRL 3/AD? 5 to
TRL 4/AD? 3 and then TRL 5/AD? 3. Advancement in this
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Fig. 2. BRU, Combined Recuperator/Radiator HX, and
Life Testing Assembly
TABLE I. Closed-Cycle Brayton Heritage
Year Project Power (kWe)
19722 BRU 10.5
19782 Mini-BRU 1.3
1993 SSF SDPM 36
1997 SD GTD 2
2005 JIMO 100
2005 JIMO ATU 50
20092 Dual Capstone 22
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Fig. 3. Brayton Power Conversion Unit

manner will enable a data-driven down-selection to a
specific technology solution. The R&D program focuses on
hardware development and testing backed by the M&S
efforts needed both to support power conversion system
integration with the spacecraft and for projections of the
required lifetime with as much validation as possible from
sub- to full-scale ground testing in the time available.

I11. Brayton Power Conversion Architecture Options

Space Brayton power converter units are a closed-cycle
version of a gas turbine engine or aircraft auxiliary power
unit (APU). Typically, an inert gas binary working fluid,
usually a mixture of He and Xe, is recirculated through a
compressor and turbine coupled to a rotary alternator as
shown in Figure 3.

Thermal input is achieved by either direct gas heating or
through an intermediate heat exchanger. The cycle working
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requiring at least superalloy materials (Ref. 11) or refractory
metals if temperatures higher than 1150 K are necessary due
to long-term material creep limitations. For the targeted total
NEP power level of 1-2 MWe, individual converter output
power levels of 200-800 kWe would be needed. Ideally, four
500 kW units would provide redundancy and enable the use
of gas bearings for no-contact long-life operation. A direct-
drive approach for powering thrusters from an AC conver-
sion system would require AC output at 400-650 V for Hall
thrusters or ~3000 V for ion thrusters, to be rectified for
thruster beam power. Or in the case of lower voltage DC
Magneto-Plasma-Dynamic (MPD) thrusters the power must
still be distributed at high voltage to minimize cable mass.
These high voltage and power requirements introduce new
integration requirements for coil insulation and thermal
management in the Brayton alternator.

Power conversion subsystem tests will also range from
fundamental materials, thermodynamics, and fluid dynamics
tests for heat exchangers, turbines, bearings, etc., to integrat-
ed, electrically heated power conversion subsystem tests. A
similar approach has been used for lower power Brayton
systems in the past. Vacuum or low-pressure operation with
a thermally relevant background environment will be re-
quired under both startup and cruise conditions.

I11.A. Heat Engine Configurations

The turbomachinery, bearings, seals, and alternator
configuration are highly dependent on the required power
level (Ref. 12) as shown in Figure 5. In our power range of
500 kWe per closed Brayton cycle, the turbomachinery is

Fig. 5. Brayton power conversion unit scaling

typically radial and single stage with a speed between 25,000
and 75,0000 rpm depending on the molecular weight/pressure
of the working fluid. The bearings are normally gas foil since
the combination of higher speed rotation and relatively low
mass rotor provide sufficient bearing stiffness with the
additional benefit of noncontact long-life operation (except
during startup). The seals are long-life operation (except
during startup). The seals are normally a noncontact advanced
labyrinth or other close clearance seal, and higher working
fluid pressures require more capable bearings and seals.

I11.A.1. Compressor/Turbine Inlet Temperature Impact

The optimal Brayton compressor and turbine inlet
temperature are highly dependent on the working fluid as
well since both the radiator size and system alpha can be
significantly impacted. For example, as shown in Figure 6,
it is potentially possible to achieve a radiator area below
2500 m? (to fit within SLS payload fairing) using either a
refractory 1400 K He-Xe or a superalloy 1200 K CO;
working fluid Brayton (consistent with the MTAS study
(Ref. 2)). As shown in Figure 7 the system alpha is reduced
25% when increasing the turbine inlet temperature by
200 K, but this increases creep and corrosion risk for both
the He-Xe and CO, working fluid options.

In addition, these inlet temperatures are further limited
by the maximum alternator and turbine temperatures.
Typical temperature limits associated with the alternator
and turbine are shown in Table II.
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TABLE Il. Component Temperature Limits

Component Location Limit (K)
Hysol Coil Potting 503
Polyamide Coil Insulation 513
Magnet Rotor Shaft 523
Turbine-CO2 Rotor Shaft 9232
Turbine-He/Xe Rotor Shaft 1150°
Turbine-He/Xe Rotor Shaft 1350°¢

2 Corrosion Limit (Ref. 15)
b Superalloy Creepage Limit
¢ Refractory Creepage Limit
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Fig. 8. Alternator and turbomachinery speed constraints

This introduces a compressor inlet temperature limit of
~500 K unless a separate cooling system is employed for
the coil. However, utilizing a separate alternator cooling
system results in a larger magnetic air gap in megawatt
scale alternators, a separate radiator system, and increases
overall system complexity. The turbine inlet temperature
limit is between 973 and 1400 K depending on the working
fluid and turbine materials used unless special coatings or
blade cooling is employed. But these turbine protective
features also increase system complexity and therefore risk.

111.B. Embedded Alternator Configurations

Current NASA space high power systems distribute
less than 250 kW of power. For instance, the International
Space Station produces ~240 kW and the Gateway/ Power
and Propulsion Element (PPE) is planned to produce
around 60 KW of electrical power. Both systems operate at
the 120-160 VDC level. Future NEP vehicles anticipate
needing power greater than 1 MW, which means the
alternator system will need to operate at higher voltages to
avoid the large IR line losses associated with the distribu-
tion cabling. Increasing the distribution voltage decreases
the current through the line and ultimately I?R line losses.
The challenge with increasing the distribution voltage is
that there is currently no-readily available and flight-
certified high-voltage alternator equipment, for either AC
or DC, and therefore significant leveraging of megawatt
scale electric aircraft investment and industry support is
expected.

At power levels below ~1 MW, Brayton cycle tech-
nology generally becomes less efficient due to tip clearance
and higher rotational speed windage losses. In addition, the
required alternator rotational speed decreases (Ref. 16) as
the power level is increased as shown in Figure 8. At the
500 kW-1 MW power conversion unit levels required for
NEP, the typical rotational speed can be reasonably
matched if properly integrated with a MW-scale alternator
(20-30 krpm) if the proper working fluid and operating
conditions are selected. This is important because we can’t
use a lubricated gearbox or dual spool in the space envi-
ronment. High-voltage megawatt alternators have unique
thermal, windage, rotor dynamic, and stress limitations
when used in the space environment.

The limited availability of highly reliable, radiation
hardened electronic components may further limit the
voltage and current options for the alternator system, so
minimizing the stresses on the power management and
distribution components shown in Figure 4 is important and
can be further facilitated by the alternator architecture and
working fluid employed. For example, directly producing
high voltage in the alternator simplifies the PMAD system
but requires careful attention to the dielectric and thermal
conductivity properties of the working fluid around the
high voltage coils. Additionally, as was observed in the
Jupiter Icy Moon Orbiter (JIMO) program, radiation



hardening to protect electronics against radiation damage
from both the NEP system and from the space environment
will be required (including alternator controller compo-
nents).

In operation, the embedded alternator is motored from
an energy source other than the reactor to start the turbine
spinning. Once sufficient heat is transported from the
reactor, the Brayton cycle becomes self-sustaining or
“Boot-Strapped”. The Brayton alternator load is designed
to maintain a constant torque load usually with three-phases
or potentially using multiple phase and rotor dynamic
compatible alternators on the same shaft to maintain
electric thruster isolation.

In addition, the alternator topology will likely be either
a permanent magnet synchronous topology or a switched
reluctance topology depending on the required compressor
inlet temperature and rad-hardened power electronics
availability. High power is required (>500 kW) and at
relatively high rotational speeds (>30 krpm with He-Xe or
>50 krpm with CO2) which requires careful thermal man-
agement and structural considerations. The permanent
magnet topology has a more limited operating temperature
but simpler power electronics and control system than the
switched reluctance topology. The very high speeds associ-
ated with CO, at megawatt scale favors the use of He-Xe,
but CO, has better dielectric and thermal properties for
high voltage alternator coil protection.

[11.B.1. Permanent Magnet Alternator Option

The permanent magnet topology is typically the best
choice if the compressor inlet temperature is below 500 K
as highlighted in Table II. Permanent magnet remanence,
epoxy and insulation lifetime, and thermal conductance all
decrease with temperature. High specific power permanent
magnet alternators, as shown in Figure 9, create high inter-
nal heat flux that must be dissipated from the coils.

111.B.2. Switched Reluctance Alternator

The switched reluctance alternator shown in Figure 10
is an alternative alternator topology made possible by
recent power electronics development. It replaces the
rotating magnet with an iron alloy for a much simpler and
robust system that can operate at higher temperatures and
speeds. It does not require epoxy and ceramic coil insula-
tion can be used due to the simpler coil geometry. This
option is attractive with the CO, and SO, working fluid
options because it can support higher rotational speeds and
operating temperatures, but it requires more complex high
voltage rad-hardened power electronics that may take
several years to develop and both fluids are potentially
corrosive.

Higher voltage transmission could result in lower mass
power distribution due to the reduced current requirements.
For state-of-the-art silicon components used in the alterna-
tor controller drive, the low (350 K) operating temperature
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for these electronics implies large area requirements for
heat rejection and do not currently support 1 kV operation
in space due to the combined effects of radiation and
Paschen voltage limits shown in Figure 11.

High voltage (~1 kV) is required to maintain reasona-
ble powertrain mass and Joule heating losses (i.e., system
alpha below 20 kg/kWe), but the Xe working fluid is a
conductor, and CO; clearly has better dielectric properties
than He and Xe. As shown in Figure 12 the pressure around
the high voltage coils and controller is likely to be persis-
tent for some time due to trapped gases and outgassing
despite being in the vacuum of space This suggests high
voltage partial discharge will be a risk associated with a
high voltage Brayton alternator. So interestingly, it appears
the use of supercritical Xe-He as the Brayton working fluid
with supercritical CO; as the alternator coolant fluid might
be an attractive solution.
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11.C. Working Fluid Selection

As discussed in the previous Brayton engine and alter-
nator sections of this report, the working fluid not only
determines the optimal PCU component architecture and
associated development risk posture, but also the entire
NEP vehicle system alpha as shown in Figure 13 (Ref. 20).

Note that these results are similar to the MTAS study
conclusions (Ref. 2) in that the supercritical CO, optimizes
at a lower system alpha at 1200 K compared to low pres-
sure He-Xe. But in those studies, the He-Xe working fluid
was assumed to be low pressure and to have a higher
proportion of He in the binary mixture. A more recent
study by Creare (Ref. 19) increased both the pressure and
Xe proportion in the binary working fluid. The results
shown in Figure 14 compared three working fluids and
complements the work shown in Figure 13.

Note that if the optimized Xe-He Brayton system is used
the ideal compressor inlet temperature is 500 K and can use
the permanent magnet alternator. But the optimization points
for the CO, and SO, compressor inlet temperature is at
600 K and would potentially require using the switched
reluctance alternator to support the higher rotational speeds
and temperatures. In addition, both electromagnetic interfer-
ence and radiation tolerance are required (Ref. 17). Since the
switched reluctance alternator topology more heavily relies
on advanced power electronics, this favors the use of Xe-He
mixture working fluid at 500 K inlet temperature that is
compatible with a permanent magnet synchronous alternator.

The thermodynamic properties of the working fluids
are critical to the proper functioning of the turbomachinery
and recuperator. For example, as shown in Figure 15,
supercritical CO, has extremely nonlinear properties near
the critical point. This feature significantly reduces the
compressor work when it can operate near this point, but it
also adds risk to the flow stability of the compressor if the
temperature changes slightly as shown in Figure 16. If the
compressor stalls or surges, an abrupt power change or
shutdown of the PCU can result.
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Fig. 15. Nonlinear CO fluid properties (Ref. 13)



— SCO; (Brayton cycle)
40 - —— Air (Brayton cycle)

Change in density, %
o

-50 L ! | L L L 1 1
-0 -8 6 4 -2 0 2 4 6 8 10

Change in temperature, °C

Fig. 16. Compressor flow instability (Refs. 21-22)

100

T T TTTT]

_
o

T T TTTTT]

Pressure, atm

—_

T T TTTT0m

01 I I I |
0 50 100 150 200 250 300 350 400

Temperature, K
Fig. 17. Phase Diagram of Xe with Freezing point

One additional concern with the Xe-He Brayton fluid is
the potential of a heavy noble gas such as Xe freezing during
system shutdown if the sink temperature goes below 160 K
as shown in Figure 17. If Xe is substituted with Ar or Kr, this
could be mitigated as the system shutdown temperature
would then become 83.75 and 115.75 K, respectively.

A pure He working fluid could be used if necessary to
avoid freezing concerns. However, it would require a two-
stage axial turbomachinery system (Ref. 23) due to the
lower molecular weight instead of the simpler single-stage
radial turbomachinery that was used in BRU shown in
Figure 3. For this reason, transient start-up testing in a cold
soaked thermal-vacuum environment with expected space-
craft solar insolation angles is critical to establishing startup
reliability and working fluid compatibility.

As shown in Figure 18, the 500 kWe supercritical Xe-
He Brayton power conversion unit is only ~2 ft in length
and 6 in. in diameter making it comparable in size to the
supercritical CO2 working fluid alternative option.

Fig. 18. Microreactor with 500 kW, Brayton Relative Size

In addition, prior space He-Xe Brayton engine and
cryocooler testing has demonstrated 38,000-h and over
5-year operation respectively with no degradation of the
moving parts (Refs. 8 and 24).

VII. Conclusions

Selecting the optimal inlet temperatures, working-
fluid, and pressure for the Brayton engine and embedded
alternator are key design challenges that must be addressed
early in this technology maturation effort. For supercritical
CO. and supercritical SO, the ideal compressor inlet
temperature is estimated to be 600 K, and for supercritical
Xe-He it is estimated to be 500 K under the assumptions
used in this study. Overall, our findings indicate supercriti-
cal SO, can provide the lowest specific mass, supercritical
Xe-He is only slightly higher (3% greater than SO;), and
CO-, has the highest specific mass (11% greater than SO>).
Although SO; has the lowest specific mass, it is also the
least mature option for use in a closed-loop Brayton con-
verter. Corrosion and long-term fluid stability are potential
challenges that would need to be studied, like investiga-
tions presently underway for supercritical CO,. These
factors may ultimately require more exotic materials for
SO, and/or limit the turbine inlet temperature below values
achievable with Xe-He. Conversely, Xe-He is an inert gas
mixture that is not susceptible to corrosion or fluid degra-
dation, and it has already demonstrated long-term operation
in closed-loop Brayton converters developed for space-
flight.

Although system o, with Xe-He is slightly greater than
it is with SO, and under certain assumptions, COg, it is
recommended that near term efforts focus on a Xe-He inert
working fluid to limit both the development effort and to
avoid uncertainties that may create future limitations. This
includes determining optimal Xe-He binary mixture
proportion, pressure, temperature, and number of turbine
stages for the best technical and risk posture. However, it is
acknowledged that there are no current closed Brayton Xe-
He industrial efforts aside from the small studies supported
by NASA and this will require additional government
investment to develop itto TRL 5.
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