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ZrC is a candidate material for nuclear thermal 
propulsion core structures. There has been significant 
progress in controlling the sintering to produce dense, 
bulk structures with embedded channels via control of the 
Zr-C system kinetics and chemical thermodynamics. 
Preliminary hot hydrogen tests at 2500K illustrate 
promising performance of ZrC-based materials. 
Challenges in geometry and design remain when 
considering Pulsed Electric Current Sintering for near-
net shape fabrication. 
I. INTRODUCTION 

Nuclear thermal propulsion (NTP) systems use a 
nuclear reactor to heat hydrogen to temperatures  
>2000K. This provides a high thrust, high Isp solution to 
space travel, enabling faster transit times to Mars and 
beyond. These higher temperatures are incompatible with 
historical nuclear fuels, which requires new and advanced 
fuels to enable the deployment of NTP systems. 
This study focused on the development of an NTP reactor 
fuel that consisted of TRIstructural ISOtropic (TRISO) 
particles embedded within a dense ZrC matrix. These 
TRISO particles contain a fissionable core such as UO2 
surrounded by a buffer layer of porous carbon, an inner 
layer of pyrolytic carbon (IPyC), an impermeable SiC 
shell, and a final outer layer of pyrolytic carbon (OPyC). 
These layers serve as a fission product barrier and 
pressure vessel. These TRISO particles are then encased 
in a fully dense matrix of ZrC, which serves as a 
secondary fission product barrier. 
Since 2011, work has been performed in consolidating 
TRISO particles in a dense SiC matrix for terrestrial 
reactors. USNC-Tech has implemented this technology 
for space applications; first developing SiC-based NTP 
reactor fuel then enhancing that technology with the 
implementation of the ZrC matrix. This ZrC matrix is an 
ultra-high temperature material that can withstand 
temperatures >2700K, extending the maximum operating 
temperature of the NTP reactor fuel by over 20% and 
enabling 900s Isp. 
The challenge of producing this ZrC-based NTP fuel is in 
producing fully dense ZrC at conditions that 
accommodate the TRISO particles. This requires 
producing ZrC at temperatures and pressures much lower 
than standard production methods.1 This study focused on 
producing ZrC using a sintering method compatible with 
TRISO particles, characterizing those samples, and testing 

ZrC coupons in Compact Fuel Element Environmental 
Test (CFEET) facility located at NASA George C. 
Marshall Space Flight Center. 

The lessons from the final NF-1 test (1973) provide key 
insights as to the required microstructural design in 
developing carbide materials. To briefly review Lyon et 
al2, this was the last test of US-designed carbide fuel 
elements, which included composite-graphite elements 
coated with ZrC and NbC (which constituted the majority 
of the test cells). The difficulty in fabrication relative to 
the composite-graphite elements was highlighted. In both 
materials, coolant channel integrity appeared to be a 
priority. This is a significant challenge to the fabrication 
and microstructure that prefers thicker walls, which help 
to increase thermal gradients and corresponding stresses. 
When compared to the (U,Zr)C in graphite, solid-solution 
carbide observed less cracking due to FP gas, decrease in 
thermal conductivity and strength. An additional 
advantage was the projected lifetime of hours at 2800-
3100K derived from individual component tests. 
However, a key problem observed in the carbide elements 
was longitudinal cracking, particularly at temperatures of 
1500-1800K, which is below the onset of acceptable 
mechanical response of ZrC.3 

Understanding the pre-requisites to high density ZrC-
based materials is crucial, particularly with respect to the 
mechanisms of sintering that dominate the fabrication of 
these materials. Subsequent infrastructure for verification 
of fabrication, supporting characterization and component 
testing is essential. Such a strategy will provide a 
framework for iterative fabrication, characterization and 
testing that address the remaining challenges with ZrC-
based NTP systems. 

I.A. Kinetics of initial stage sintering 
Sintering of ZrC as a structural material for high 

temperature refractory environments was explored via 
densification experiments. ZrC powders (H.C. Starck, 
Grade B, AB134580, Lot 26011/18 and (US Res. Nano. 
Inc, US2168, (99+%, 80nm, Cubic)) were sintered to 
~1875°C at up to 30 minutes under Pulsed Electric 
Current sintering mode (LABOX-675 (NJS Co. Ltd, 
Japan)) under an applied pressure of 10-30 MPa. In these 
experiments, the length change of the ZrC green body 
articles were determined by recording the displacement 
changes during sintering. The identical sintering sequence 
was conducted on graphite tooling. The time steps were 
synchronized and a subtraction of the displacement values 
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at each time step was used to reveal the change in length 
of the ZrC green body article as a function of time or 
temperature. This experiment requires specific tooling 
that minimizes lateral expansion and maximizes axial 
expansion, as well as insulating against significant 
temperature variations. Once calibrated, the experiment 
provides usable data for the Constant Rate Heating (CRH) 
method published by Young et al, resulting in activation 
energies for shrinkage, and specifically for sintering 
provided a rate constant n is specified for a particular 
mechanism (viscous, volume or grain boundary 
diffusion).4 

 
Figure 1. Differential CRH plot for sintering of ZrC at 
different heating rates and two different particle sizes 
(d50 = 0.3 um and 0.08 um). The inset shows a schematic 
of the effect of surface diffusion on CRH plots. 

Figure 1 shows the differential plots for ZrC 
materials heated at different heating rates (50, 100 and 
150C per minute) as well as nano-size powders. All 
compacts were prepared at 150 MPa uniaxial pressing, 
ensuring significant contact between particles and limiting 
grain boundary sliding1 and other redistribution 
mechanisms. Since the y-axis represents a shrinkage rate 
as the heating rate is increased, the onset of shrinkage in 
the powder compact is delayed; this may be explained by 
the non-uniform temperature distribution in the powder 
compact. The use of nano-sized powder lead to an earlier 
onset of shrinkage than the micron-sized powder, 
explained by the higher potential as a result of the greater 
curvature in the nano-sized powder. The reader is directed 
to these references for the fundamentals of the 
experiment. However, the inset of Figure 1 explains that 
the CRH experiment should show one gradient assuming 
only one mechanism and all particles are mono-sized. As 
noted by Young et al4, changes in slope are associated 
with the radius of the particles in the specimen, a change 
in diffusion mechanisms or the distribution of competing 
mechanisms. Since surface diffusion builds the neck 

radius without bringing the particle centers closer, a 
reduced rate of shrinkage is observed. The result is less 
shrinkage at higher temperature. 

This type of calculation permits the derivation of 
activation energies and/or change in major mechanisms at 
the initial stage of sintering. As noted, non-linearity in 
sintering plots arise from size distributions and can 
reportedly be used to distinguish particle size 
distributions. Figure 1 shows that in the nano-size 
powder, the rate of shrinkage per temperature increment 
is rapidly reduced. This might be explained by rapid 
surface diffusion enhancing neck growth without 
shrinkage, or the establishment of inter-agglomerate 
networks no longer allowing conventional sintering mass 
transport. (Both theories are typical problems associated 
with nanosized powders for sintering.) The value of 
nQ/3R for the initial stage shrinkage gradients of -12.2 to 
-14.7 correspond to 610-735 kJ/mol if n = ½ for lattice 
(volume) diffusion. These values correspond to slightly 
higher than the bond enthalpy in ZrC noted as 5.812 eV 
(561 kJ/mol)3, which would be in general agreement with 
the values obtained here. Determining sintering kinetics 
may be crucial to fabrication of extruded core structures; 
typically, ZrC densifies via intergranular glide at low 
pressures (~25 MPa) and a dislocation mechanism at high 
pressures (~100 MPa)1, but such options may be 
problematic for extruded core structures. The applied 
experimental efforts reported here are useful tools in 
determining both the effect of relative particle sizes and 
the role of dopants in the Zr and C sublattices that may be 
needed to alter the processing conditions required for 
sintering on initial stage sintering. 

I.B. Chemical stability of ZrC during sintering 
As noted, the high bond enthalpy results in high 

temperatures required for consolidation of ZrC materials. 
However, focusing on the kinetics alone misrepresents the 
difficulty in fabrication of fully dense ZrC parts. A 
significant problem associated with densification of any 
ceramic is the contribution from surface or vapor 
diffusion, which deposits matter at the sink of the neck 
and thereby reduces the diffusion potential that is driven 
by defect populations in curvature. One of the problems in 
ZrC is the presence of oxygen, which preferentially forms 
ZrO2. The presence of ZrO2 is otherwise difficult to 
remove because its vapor pressure is relatively low with 
respect to even these sintering conditions. As a result, its 
presence stabilizes pore curvatures by reducing surface 
energy (~1.2-1.6 J/m2)5, and results in grain expansion 
due to the relative difficulty and insufficient energy to 
extend grain boundaries. However, the chemical stability 
can be determined by the Gibbs free energy (1): 
 

∆G = ∆H – T∆S  (1) 
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where the negative value of free energy corresponds to a 
favorable reaction. It is known that carbothermal 
reduction of ZrO2 in the presence of excess carbon can be 
written in the form of (2): 
 

ZrO2(s) + 3C(s) → ZrC(s) + 2CO(g) (2) 
 
And this reaction6 becomes favorable above ~1928K 
(1655°C). Therefore, excess carbon is a potential solution 
to eliminate residual ZrO2, provided at CO(g) can be 
removed from the pore network. 

It is often proposed that sintering additives may play a 
role in densification. Certainly, the inclusion of dopants at 
the 0.1-1 mol% level should contribute high defect 
populations relative to equilibrium thermal vacancy 
concentrations. 

 
Figure 2. Thermodynamic stability plot comparing the 
Gibbs formation free energy for oxides of Ti, W, Ta, Nb, 
Mo, and V at 2148K (1875°C). The results show that ZrC 
will be oxidized by all additives in solid oxide form, but 
some vapor phase oxides will not decompose ZrC. 
Methods of addition are typically based on powder which 
poses another challenge. The mixing always leads to the 
addition of oxygen via the native oxides always present in 
the added dopant (e.g. a nitride or carbide). This leads to a 
significant problem where the addition of dopants may 
not appear effective in practice. In applying equation (1) 
to formation of several transition metal oxide impurities, a 
sintering additive should not decompose ZrC via either 
the direct carbon reaction or via carbon monoxide. 
Figure 2 shows the results of the thermodynamic 
calculations6. The horizontal and vertical lines represent 
the equation (3): 

ZrC(s) + O2(g) → ZrO2(s,l) + 2C(s) (3) 
 

while each position represents the carburization reactions 
via carbon or carbon monoxide (CO). Effectively, Figure 
2 illustrates the challenges in sintering additives for ZrC; 
practically any oxygen species of these transition metals 
will oxidize ZrC into ZrO2. This is not an unexpected 
result due to the known oxygen affinity of Zr. Therefore, 
an added carbide or nitride will be stable and provide a 
composite structure, but it will also lead to an increase of 
the amount of ZrO2. At higher temperatures, formation of 
a carbide additive via CO will not oxidize ZrC, which 
does suggest possible compromises in a potential 
thermodynamic system. The above experimental analysis 
will prove useful in determination of suitable sintering 
additives for monolithic ZrC, as well as determining the 
thermal stability of ZrC composites. 

I.C. Monolithic ZrC in hot hydrogen environments 
Material corrosion tests from 2000-2500K were 

conducted at the Compact Fuel Element Environmental 
Test (CFEET) facility, at the NASA George C. Marshall 
Space Flight Center. Detailed experimental conditions are 
described elsewhere7, but it includes a flow rate of 0.5 
SLPM to maintain 1 atm H2 pressure, and a heating rate 
of 400°C/min for isotherms of typically 30 min, where 
mass and dimensions were obtained during the intervals. 

 
Fig. 3. Mass loss rate of monolithic and composite ZrC 
materials at 2500K. For comparison, sintered NbC 
(2000K)8 and ZrC (2000 and 2250K) are included.7 
 
Figure 3 shows that ZrC materials all experience a high 
mass loss in the first 30 min exposure test. However, 
given that sintered NbC8 also shows this mass loss, the 
change is attributed to the presence of identified 
impurities such as Fe observed at the grain boundary. The 
presence of these impurities is dissimilar between tests, as 
noted by a lower initial mass loss in ZrC at 2500K 
compared to higher initial mass loss in ZrC at 2250 and 
2000K. These results came from a similar powder 
feedstock, although not the same batch/lot. A composite 
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ZrC fabricated at UTK was also tested with similar mass 
losses, which represents a promising basis for addressing 
reported high strain / high cracking at specific stations of 
NF-1. Further testing is planned at representative 
hydrogen pressures expected in NTP composites. 
I.D. Design and architecture of fuel elements 
The legacy fuel elements were fabricated by powder 
processes; for example (U,Zr)C was formed via ZrC, 
UO2, ZrO2, and C.2 The excess carbon was specifically 
important for part release and as well as U and Zr 
carbothermal reduction (essence of Figure 2). A difficult 
design challenge is the stability and tolerance of channels; 
a major concern in materials fabricated by PECS/SPS. 
Figure 4 shows a photograph of fabricated parts with 
embedded channel structures. Minor issues such as 
channel roughness and debris are correctable in post-
fabrication. 
 

 
 
Figure 4. Fabrication challenges from embedding 
multiple channels in parts via PECS/SPS. The identified 
flaws appear to increase with frequency as additional 
channels (3, 7, 19, etc) are added. 
 
However, it is possible that debris originated during 
fabrication represents weakness in the channel due to 
reaction with the volatile mandrel materials. Barreling or 
tapering of the channels are observed. This is attributed to 
fundamental challenges in both sintering stress and 
controlling of current. These included as-yet not well 
understood feedback of current-temperature profiles 
during sintering, due to non-conductive mandrels, which 
will be published in a future manuscript. 
 
II. CONCLUSIONS 
The study of zirconium carbide (ZrC) sintering provides a 
basis for understanding not only monolithic, but also 
composite forms needed for more flexible materials 
properties highlighted by historical NTP testing. Both 
CRH experiments and chemical thermodynamics analysis 
confirm the problematic contributions from loss of 
shrinkage rate and zirconium oxide formation. 
Successfully fabricated composite and monolithic ZrC 

materials show not only promising hot hydrogen test 
results but also simple architectures able to satisfy NTP 
designs by PECS/SPS. 
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I. INTRODUCTION 
The Transient Reactor Test (TREAT) facility is an 

air-cooled, graphite-moderated and -reflected reactor 
fueled with dilute concentrations of uranium oxide.  The 
TREAT reactor provides nuclear-heated transient testing 
paired with well-designed experiment vehicles to enable a 
range of conditions to support tests and missions of 
various needs to characterize nuclear fuels, materials, and 
instrumentation.  TREAT experiment vehicles are 
generally self-contained and engineered with the 
capabilities to safety contain hazards, support the 
specimens and accompanying instrumentation, and 
deliver desired specimen boundary conditions throughout 
the test1.   

More recent historically utilized experiment test 
vehicles include the M-series culminating in M8CAL2 
and also the AN-CAL experiments3.  The M-series 
experiments typically comprised a sodium loop within 
coupled stainless-steel pipes representing the test fuel 
region and return leg for pumped coolant.  A dysprosium 
filter was utilized in the test region to reduce the thermal 
component of the neutron flux.  These test vehicles 
displaced a 4 in. by 8 in. (10.16 cm by 20.32 cm) region 
in the center of the reactor core, enclosed within a 
secondary containment vessel also made from stainless 
steel.  The AN-CAL experiment test vehicles consisted of 
a concentric pair of containment vessels with an outer 
diameter of 7.625 in. (~19.4 cm).  The outer vessel was 
stainless steel, and the inner vessel either aluminum or 
stainless steel.  Both of these testing envelopes extended 
the full height of the core, with the testing region 
specifically focused within the active fueled height of the 
core of approximately 48 in. (~1.22 m). 

The contemporary test vehicle employed in transient 
testing is called the Broad Use Specimen Transient 
Experiment Rig (BUSTER), which continues to provide 
ample versatility supporting testing missions within the 
same in-core footprint of the M-series experiments4.  The 
burden of the primary safety containment falls upon the 
stainless-steel pipe providing an approximately 6-cm-
inner-diameter testing environment.  A secondary 
stainless-steel containment vehicle fits within the core to 
host the primary containment within the confines of the 
reactor core.  While the secondary containment of 

BUSTER provides experimental facilities within the full 
height of other TREAT assemblies, the available vertical 
testing volume is slightly limited due to placement of a 
graphite block at the bottom of the secondary containment 
in an effort to reduce axial neutron leakage. 

Although the BUSTER test vehicle continues to 
support current transient testing needs in TREAT, there is 
a growing need to develop a larger vehicle to increase the 
volumetric testing capacity within TREAT.  Larger 
BUSTER-type vehicles can provide additional space for 
hosting test environment modules, instrumentation, 
integrated modular systems, and/or advanced test loops 
concepts.  Recent activities at Idaho National Laboratory 
(INL) have focused upon designing the new Big-
BUSTER test vehicle and refining said design for 
implementation in future TREAT transient test 
experiments. 

 
II. BIG-BUSTER DESIGN AND ANALYSIS 

There are numerous challenges associated with 
moving to a larger design: reduced fuel in the core center 
of TREAT, introduction of a greater mass of neutronically 
absorbing material that impacts total core excess 
reactivity and transient testing performance, and the 
introduction of larger neutron streaming paths that also 
impact core performance.  A key requirement is that Big-
BUSTER still allows for continued support of existing 
BUSTER-sized experiments while enabling a wider range 
of new experimental applications.  There is also a desire 
to follow the trajectory of previous test vehicle designs 
via a dual-containment system that can be tightly 
emplaced within the TREAT core.   

The current Big-BUSTER design was evaluated to 
provide only the secondary containment vessel for future 
experiments.  This choice was made to provide more 
flexibility in experiment design, such that the primary 
containment shall be designed to accommodate the 
commensurate needs of the selected experiment, because 
not all experiments in TREAT will incur testing 
environments requisite for containment of high-
temperature and high-pressure conditions. Such 
adaptability in design was desirable to enable the 
provision of testing conditions suitable of advanced 



 

2 

transient testing of microreactors, such as proposed for 
the Nuclear-heated Irradiations for Microreactor 
Benchmarks and Linked Experiments (NIMBLE)5.  
Microreactors are a burgeoning area of interest for 
advanced reactor deployment with great promise for 
nontraditional applications that includes miniaturization 
benefits simplifying siting, operations, transportation, and 
manufacturing.  Smaller-scale design accommodates 
innovation in the advanced manufacturing of components, 
applications of autonomous controls, and demonstration 
of heat removal technologies atypical to conventional 
full-sized power reactors.  Microreactors benefit from the 
decades of research invested in the development of space 
reactor technologies.  Furthermore, space reactors 
represent microreactor concepts uniquely designed to 
support space power needs. 

Tests hosted in TREAT would not be established to 
contain a complete microreactor, nor to provide extended 
operations supporting accumulated burnup or neutron 
damage.  Complete subassembly-type microreactor 
components can undergo transient testing to evaluate 
system-scale experiments with full representation of 
nuclear physics.  Furthermore, existing infrastructure at 
INL can support extended burnup tests at the Advanced 
Test Reactor (ATR) that can be pre- and post-processed at 
the Hot Fuel Examination Facility (HFEF).  Irradiated 
specimens can be assembled into NIMBLE tests within 
Big-BUSTER to provide insight into the irradiated 
performance of microreactor core materials and systems. 

The small size of space and microreactors makes it 
possible to fit not only a portion of the fuel, but also part 
of the heat removal and power conversion system into 
Big-BUSTER. This enables TREAT experiments for 
microreactors to test (in addition to the traditional fuel 
characterization) also their heat removal systems under 
prototypic as well as accidental conditions in prototypic 
irradiation environments. 

Big-BUSTER is designed to accommodate a 
configurable heat exchanger hood that can connect to the 
microreactor’s heat removal mechanism, e.g. heat pipes or 
circulating gas. This heat exchanger can evacuate heat 
during a test, to be able to reproduce prototypical 
temperature and power distributions in the test section. In 
addition, this heat exchanger can also be used to simulate 
loss of heat sink or loss of cooling situations. During such 
tests, power, and temperature re-distribution in the 
microreactor test section can be investigated using actual 
direct nuclear heating feedback. 

A comprehensive reactor physics analysis of Big-
BUSTER was recently completed to support a final 
design review in preparation for construction of several 
test vehicle units and supporting hardware components6.  
The evaluated Big-BUSTER design consists of a 
Zircaloy-2.5Nb pipe that is 87.941 in. (~2.2 m) in length 

with an outer diameter of 9.7 in. (~24.6 cm) and inner 
diameter of 8.75 in. (~22.2 cm).  The bottom of the tube 
has an 8 in.(~20.3 cm) long end cap, and the tube top has 
an 8 in. (~20.3 cm) long end fitting with flanged adapter 
to accept the test vehicle hood. The components are 
welded together to form a single hermetic testing 
environment.  The final Big-BUSTER design will more 
likely have an outer diameter of 9.5 in. (~24.1 cm) to 
provide some additional margin in transportation and 
handling; this slight modification is not expected to have 
a significant impact upon the computed results. 

Integration of Big-BUSTER into the TREAT core 
will require displacement of the central 3 × 3 assembly 
positions within the core matrix to allow a footprint of 12 
in. (30.48 cm) on each side.  Additional core interface 
hardware is required to yield desirable neutronic 
conditions and ensure a tight fit between the TREAT core 
assemblies and the Big-BUSTER testing environment.  
Unfueled filler assemblies are to be specifically 
manufactured to adapt the round test vehicle to 
completely fill the vacated square hole.  A similar concept 
was employed during the AN-CAL experiment series3.  
The filler assemblies consist of Zircaloy-4 cladding, axial 
graphite reflectors, and aluminum end fittings.  Steel bolts 
sandwich graphite or BeO moderator material in each 
filler assembly to match with the vertical position of the 
fueled active core region of TREAT.  The filler 
assemblies are also designed to ensure a vertical gap 
within this region of the core immediately to the north and 
south of the test vehicle to accommodate fast neutron 
hodoscope imaging capabilities.  Visualization of Big-
BUSTER within TREAT is shown in Figure 1. 

 
Fig. 1. Depiction of Big-BUSTER Test Vehicle 
Installation in TREAT. 
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It was concluded that the Big-BUSTER design is 
expected to exceed or meet the programmatic and safety 
requirements necessary to allow for its implementation in 
TREAT.  Those results are reported elsewhere6, but key 
findings relevant to this work are discussed herein. 
 
III. SUMMARY OF KEY RESULTS 

The worth of the Big-BUSTER test vehicle with BeO 
filler assemblies is -0.41 ± 0.01 and +1.25 ± 0.01 %Dk/k, 
respectively.  For the same components with the graphite-
moderated filler material, the worths are -0.34 ± 0.01 and 
+0.99 ± 0.01 %Dk/k, respectively.  There is clear value in 
provisioning the uniquely designed filler assemblies to 
provide a physical and neutronic coupling between the 
TREAT core and Big-BUSTER.  The significance of the 
small neutron worth of the empty Big-BUSTER test 
vehicle should be noted.  A similar double-canned 
calculation of concentric Zircalloy canisters only 
increased the magnitude of the worth by ~0.2 %Dk/k.  
These results can be compared against a similar design 
with stainless steel 304 double canisters that resulted in a 
further increase in negative worth of ~3.4 %Dk/k.  The 
current stainless steel 316 BUSTER test vehicle has a 
worth of only approximately -2.0 %Dk/k, pre-BUSTER 
designs for possible Inconel-718 testing environments 
were similarly around -3.6 %Dk/k.  For reference, the 
M8CAL experiments were worth about -3.4 %Dk/k, and 
AN-CAL experiments -4.0 %Dk/k for the double-steel 
canisters and -2.2 %Dk/k for the aluminum-in-steel 
containment pair.  Therefore, the worth of the current 
Big-BUSTER design is significantly less than prior 
experiments, allowing for the incorporation of various 
neutron absorbing materials in future experiment design. 

The evaluated core loading with Big-BUSTER was 
assessed to provide > 4.2 %Dk/k to enable transient 
testing.  Because fuel and dummy assemblies can be 
swapped around to adjust total core excess reactivity, the 
true limitation for available excess reactivity to support an 
experiment will be that the temperature of the fuel does 
not exceed 600 °C, so as to prevent oxidation of the fuel 
assembly Zircaloy-3 cladding.  The evaluated TREAT 
loading for the Big-BUSTER experiments had an 
estimated excess reactivity of +7.08 ± 0.01 %Dk/k.  
Further adjustment of the core loading to accommodate 
either a full- or half-slotted core in support of the 
hodoscope facilities would adjust the available excess 
reactivity by -0.92 ± 0.01 to +1.05 ± 0.01 %Dk/k, 
respectively.  A hodoscope slot completely filled with 
fuel assemblies is estimated to increase total core excess 
reactivity +2.80 ± 0.01 %Dk/k.  There is more than 
sufficient reactivity to support transient test of increased 
negative worth, as well as sufficient reactivity that can be 
removed to accommodate microreactor subassembly tests 

possibly introducing significant positive reactivity into the 
TREAT core. 

A requirement for the neutron flux environment 
within Big-BUSTER is that the peak total neutron flux in 
the empty test vehicle be > 7.8•1012 n/cm2•s•MW.  The 
evaluated neutron flux for the BeO and graphite filler 
assemblies is 8.41•1012 and 8.43•1012 n/cm2•s•MW, 
respectively.  These results are comparable to previous 
computational characterization of BUSTER that yielded 
7.79•1012 and 8.64•1012 n/cm2•s•MW for the full- and 
half-slotted cores, respectively4.  The 3-group neutron 
spectra at the peak position are as follows for the BeO 
moderated Big-BUSTER: 45.4 % thermal (< 0.625 eV), 
41.6 % epithermal, and 13.0 % fast (> 100 keV).  The 
neutron spectra are very similar for the graphite-
moderated test vehicle: 41.5 % thermal (< 0.625 eV), 
43.3 % epithermal, and 15.2 % fast (> 100 keV).  The 
current BUSTER test vehicle has the following spectra: 
30 % thermal (< 0.625 eV), 50 % epithermal, and 20 % 
fast (> 100 keV).  The steel in BUSTER suppresses the 
thermal component of the neutron flux.  The evaluated 
photon flux for the BeO and graphite filler assemblies is 
1.21•1012 and 1.26•1012 p/cm2•s•MW, respectively.  
These results are slightly less than previous computational 
characterization of BUSTER that yielded 2.88•1012 and 
3.20•1012 p/cm2•s•MW for the full- and half-slotted cores, 
respectively4. 

The current design uses Cerafiber® Wet Pack as 
thermal insulation. Preliminary thermal hydraulic 
considerations suggest that relatively high operating 
temperatures of up to 1250 K can be reached in 
experiments in Big-BUSTER, while the containments and 
TREAT fuel stays within their operational limits. 
However, to achieve such high temperatures, electrical 
heaters will have to be used to preheat the experiment 
prior to the test. Then nuclear heating can be used during 
the portions of interest of the transient experiment. 
Analysis shows that for this high temperature case, heat 
loss through Big-BUSTER is on the order of ~5 kW7. 
This is encouraging as to the potential to accommodate a 
wide array of microreactor designs. 

The computed values for Big-BUSTER are expected 
to change with the introduction of test components and, if 
necessary, a primary test vehicle.  Characterization, 
design, and safety calculations will be required on a per-
experiment basis to assess the versatility in experiment 
capabilities and their impact upon testing environment 
and reactor physics performance.  However, it is clear 
from the current design and safety requirements6 that Big-
BUSTER is suitable for providing a larger-volume 
transient testing environment to support future transient 
experiments.  The accommodation of a larger test vehicle 
within TREAT enables subassembly-sized experiments 
supporting system-scale experimentation for microreactor 
and space reactor designs. 
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IV. CONCLUSIONS 
Design calculations were performed to evaluate 

programmatic and safety requirements supporting the 
feasibility of incorporating a larger-volume test vehicle 
within the center of the TREAT core.  Larger transient 
testing capacity enables additional versatility in 
maintaining support of current testing missions while 
providing flexibility to design new system-scale 
experiments with full representation of nuclear physics.  
These types of experiments allow for transient tests in 
support of microreactor and space reactor design 
concepts.  The current design review of the proposed Big-
BUSTER test vehicle is just completing, with 
manufacture of containment vessels and supporting core 
interface hardware will commence.  It is currently 
planned to insert Big-BUSTER into the TREAT core by 
the summer of 2022.  
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A numerical model of a finned-tube heat exchanger is 

developed and optimized to determine the mass-

optimal heat exchanger geometry for waste heat 

rejection to the Martian atmosphere for a range of 

heat exchanger materials, configurations, and power 

loads. The optimizer uses a non-linear adaptive 

differential evolution optimization algorithm to find 

the optimal tube length, tube diameter, and fin pitch 

while a gradient descent method is used to find the 

optimal number of tube rows and columns. For a 100 

kW stainless steel heat exchanger suitable for use with 

a supercritical CO2 (sCO2) closed Brayton cycle 

direct-cooled reactor, the optimal heat exchanger 

mass is found to be 27.0 kg with a frontal area of 3.94 

m2.  This is 95% less mass and area than a comparable 

radiator and requires 638 W of fan power (or 0.6% of 

the output power) to operate. Optimal geometries are 

also found for heat rejection loads of 1 kW to 500 kW 

across a range of coolant and atmosphere 

temperatures, indicating wide applicability of this 

technology for Martian heat rejection applications 

such as cryofuel refrigeration, in-situ resource 

utilization (ISRU) plant cooling, or large-scale power 

generation.  

I. INTRODUCTION 

The development of a new compact and 

reliable power generation system will be required for 

future crewed Mars surface missions. Nuclear fission 

is an attractive power source for these missions, 

however waste heat rejection from the associated 

power block is a considerable challenge in space 

applications. Even the most efficient Brayton cycles 

only have thermal efficiencies approaching 40-50%; 

therefore, for a power system that is large enough to 

sustain a prolonged crewed mission, 10’s to 100’s of 

kWs of heat will need to be transferred to the 

environment to maintain steady operation1. Radiative 

heat rejection systems have a long flight heritage, 

however radiative heat transfer is relatively inefficient 

except at very high absolute temperature which leads 

to high heat rejection system mass and a relatively 

high mass-optimal cycle heat rejection temperature, 

reducing the cycle thermal efficiency. This effect is 

demonstrated by Sondelski2, who modelled a mass-

optimal Mars fission power cycle using a radiator for 

heat rejection and determined that the radiator 

accounted for the majority of the system mass. A Mars 

surface reactor may be able to avoid these issues by 

rejecting heat convectively to the atmosphere using a 

forced-convection heat exchanger. Convection offers 

much higher effective heat transfer coefficients than 

radiation and a weaker dependence on temperature 

allowing the power block to operate at lower heat 

rejection temperatures; this is particularly important 

for sCO2 cycles that need to operate near the vapor 

dome.  Convection heat transfer surfaces do not need 

to be exposed to the sky, allowing for a much more 

compact structure and eliminating the need for the 

complex deployment mechanisms required by a large 

radiator due to launch vehicle limitations. If a 

convective heat exchanger that transfers waste heat to 

the atmosphere without significant parasitic power 

loss and that is less massive than a similarly-

performing radiator can be built, such a system would 

provide substantial mass, cost, and complexity savings 

to a future Mars surface mission. Such a system would 

also be useful for a wide range of other Martian heat 

rejection applications such as cryofuel refrigeration, 

in-site resource utilization (ISRU) plant cooling, or 

rover and habitat thermal regulation.  

II. MODELING 

The thin Martian atmosphere is a challenging 

heat transfer medium. The average surface pressure 

and temperature of 600 Pa and 220 K (Ref 3), 

respectively, result in a low-density environment 

which drastically reduces the forced convection heat 

transfer coefficient, requiring a high volumetric flow 

rate through the heat exchanger causing a relatively 

large pressure loss. The pressure rise that can be 

achieved using conventional fan technology also 

decreases at low air density, which further increases 

the difficulty of atmospheric heat rejection in this 

environment. Therefore, to determine if these 

conditions are suitable for convective waste heat 
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rejection, a numerical model of a plane-finned 

crossflow heat exchanger is developed using the 

effectiveness-NTU method. This heat exchanger 

architecture was chosen because it offers both low 

pressure loss and high conductance. When supplied 

with the desired rate of heat rejection, 𝑄, sCO2 mass 

flow rate, �̇�ℎ, and inlet temperature, 𝑇ℎ,𝑖𝑛, ambient air 

temperature, 𝑇𝑐,𝑖𝑛, heat exchanger material and tube 

pitch to diameter ratio, 𝑃𝐷, and configuration, i.e. 

staggered or in-line, the model determines the 

minimum heat exchanger mass, the required fan 

power, and the geometry of the minimum-mass heat 

exchanger. All results presented in this work use a 

sCO2 pressure of 9 MPa and an atmospheric pressure 

of 600 Pa. Figure 1 illustrates the staggered-tube heat 

exchanger geometry.  

 

Fig. 1. Diagram of a finned-tube heat exchanger. 

II.A Heat Exchanger Model 

The heat exchanger model has five 

geometrical parameters that must be optimized. Three 

of these parameters, the tube length, 𝐿, tube diameter, 

𝐷, and fin pitch, 𝑝𝑓𝑖𝑛, are continuous while the number 

of tube rows, 𝑁𝑟𝑜𝑤𝑠, and the number of tube columns, 

𝑁𝑐𝑜𝑙𝑠, are both integers. The maximum tube length and 

overall heat exchanger height are set at 4 m based on 

typical launch vehicle fairing size, the number of tube 

columns is limited to 10 to match the range of the 

pressure drop correlation used in the model, the 

minimum tube diameter is 0.5 mm as this is 

approximately the smallest size tubing found in 

commercially-available heat exchangers. The 

minimum tube length is 0.1 m and the minimum 

number of tube rows is 10; these limits were necessary 

to prevent erroneous edge cases. The fins are modelled 

as 0.1 mm thick copper sheets.  

A flow diagram of the process to calculate the 

heat exchanger mass is shown in Figure 2. To 

determine the heat exchanger mass for a given 

geometry and thermal input parameters, first the 

thermal conductivity, density, and yield stress, 𝜎𝑌, of 

the tube material and the conductivity, density, and 

specific heat capacity of the sCO2 and atmosphere are 

determined at the average temperature on the high-

pressure and low-pressure side respectively from 

property tables. As the low-pressure outlet 

temperature is not initially known, atmospheric 

properties are initially found at the atmospheric inlet 

temperature. The tube wall thickness is then calculated 

according to Eq. (1): 

𝑡𝑤𝑎𝑙𝑙 =
𝐷𝑃ℎ𝑀𝑂𝑆

2(𝜎𝑌+𝑃ℎ)
.                   (1) 

Where 𝑀𝑂𝑆, the margin of safety, is 1.25. 

 

Fig. 2. Flow diagram of the continuous variable 

optimization. 

The sCO2 pressure drop is calculated using 

the Zigrang and Sylvester4 correlation for turbulent 

flow and the correlation given in Nellis and Klein5 for 

laminar flow in a smooth circular duct. The required 
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atmosphere velocity through the heat exchanger to 

produce the desired heat rejection rate is then 

determined using the effectiveness-NTU method as 

described in Nellis and Klein5. The heat exchanger 

conductance, 𝑈𝐴, depends on the tube heat transfer 

coefficient, found by using the correlation provided by 

the Engineering Sciences Data Unit6 for tube banks in 

low Reynolds number flows, and the fin heat transfer 

coefficient is given by the Shah and London7 

correlation for a rectangular duct. 

The heat exchanger will be balanced when the 

following equality is satisfied: 

𝑄 = 𝜖�̇�𝑚𝑖𝑛(𝑇ℎ,𝑖𝑛 − 𝑇𝑐,𝑖𝑛)                 (2) 

Where 𝑄 is the total heat transfer rate. 𝜖, the heat 

exchanger effectiveness is given in Table 8-1 of Nellis 

and Klein5 and is a function of 𝑈𝐴, and �̇�𝑚𝑖𝑛 is the 

minimum heat capacity rate of the heat exchanger. 

Both of these terms depend on the velocity so by 

finding the root of Eq. (2), the required atmosphere 

velocity can be determined. From this, the low-

pressure outlet temperature can be determined. This 

procedure is repeated while updating the atmosphere 

thermal properties at the new average temperature 

until convergence is reached. From the velocity, the 

pressure drop is calculated using the Euler number 

correlations given in the Heat Exchanger Design 

Handbook8 and the fan power is derived from the fan 

efficiency correlations described in Eppel et al.9 for 

low-speed axial fans. The mass of the fan is then 

calculated based on the heat exchanger frontal area and 

a specific motor power of 5.75 kg/kW based on 

commercially-available electric motors. A mass 

penalty is also applied to account for the additional 

reactor mass required to supply the fan power and is 

derived from the Sondelski2 Mars fission power cycle 

optimization model. A mass penalty based on the sCO2 

pressure loss is also derived from this model. Headers, 

modelled as tubes with a diameter equal to the total 

depth of the heat exchanger, are also included in the 

mass estimation. The total mass of the heat exchanger 

plus the associated mass penalties is then calculated to 

simplify the optimization to a single objective value. 

II.B Geometry Optimization 

The optimization is split into two processes. 

The inner process, shown in Figure 2, determines the 

values of the continuous geometrical parameters 𝐿, 𝐷, 

and 𝑝𝑓𝑖𝑛, that result in the minimum heat exchanger 

mass for a given set of input thermal parameters and 

given values for the discrete geometrical parameters 

𝑁𝑟𝑜𝑤𝑠 and 𝑁𝑐𝑜𝑙𝑠. An open-source non-linear 

optimization package, BlackBoxOptim10, is used. This 

optimizer uses an adaptive differential evolution 

approach which does not require that the function be 

differentiable. The mass model uses a number of 

correlations that are not smooth at Reynolds number 

regime boundaries and the effectiveness-NTU method 

implementation is nonlinear so this type of solver is 

required. The solver has been found to converge 

within 2500 iterations across the range of geometries 

and conditions investigated. Once the solver has 

determined the optimal mass for a given 𝑁𝑟𝑜𝑤𝑠 and 

𝑁𝑐𝑜𝑙𝑠, this value is passed to the outer process. 

A flow diagram of the outer process, which 

determines the optimum values for 𝑁𝑟𝑜𝑤𝑠  and 𝑁𝑐𝑜𝑙𝑠, is 

shown in Figure 3. The discrete solver to determine the 

optimal number of tube rows and tube columns uses 

the first order two-dimensional gradient descent 

method. When provided with a set of thermal 

parameters, tube material and configuration, the 

discrete solver guesses an initial pair of values for 

𝑁𝑟𝑜𝑤𝑠 and 𝑁𝑐𝑜𝑙𝑠 and calls the continuous solver to 

determine the minimum mass heat exchanger using 

these values and neighboring values. Next the step size 

to the next test point is calculated for both parameters 

from the local partial gradients of the optimal mass 

using first-order finite differencing 

 

Fig. 3. Flow diagram of the discrete parameter solver. 
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. Once the step size for each parameter is 

determined, the test point is updated by incrementing 

by the step sizes while checking to ensure that this 

does not place the test point outside the search area. 

This process is repeated until the step size for both 

parameters is 0, at which point the optimal geometry 

and mass are reported. The optimal mass is convex 

across the whole search area so the gradient descent 

method is able to consistently find the global 

minimum regardless of the initial guess values. 

 

III. RESULTS 

III.A Optimal Geometries 

Table 1 shows the optimal geometry and 

mass for steel staggered-tube heat exchangers of 

various sizes, with a pitch to diameter ratio of 2 and at 

an ambient temperature of 220 K and pressure of 600 

Pa and coolant pressure of 9 MPa. The 1 kW and 10 

kW low-temperature examples are relevant to 

applications such as cryofuel refrigeration, ISRU plant 

or rover cooling while the 100 kW and 500 kW high-

temperature examples are relevant to reactor cooling. 

For all sets of inlet conditions studied, the optimal fin 

pitch equaled the tube length; this corresponds to 

removing all fins and using bare tubes.  The increase 

in the heat transfer from the fins did not outweigh the 

associated mass and pressure drop increase at any fin 

density. This behavior is noticeably different than 

typical heat exchanger design in standard atmospheric 

conditions, stemming from the fins’ lower heat 

transfer coefficient in the low-conductivity flow and 

the optimization for mass instead of volume. To 

confirm this observation, the optimal 400 kW heat 

exchanger geometry in 100 kPa CO2 is determined 

while limiting the length and height to 0.4 m. The 

optimal geometry for this case is shown in the last 

column of Table 1; notice that the heat exchanger has 

a fin pitch of 0.245 mm corresponding to a typical 

finned-tube design. 

 

 

 

 

 

Table 1: Optimal stainless steel heat exchanger 

geometry examples. 

       Parameter                        Value 

Atmospheric 

Pressure [kPa] 
0.6 0.6 0.6 0.6 100 

Heat Load 

[kW] 
1 10 100 500 400 

Inlet Temp, 

[K] 
400 400 625 625 625 

Outlet Temp, 

[K] 
350 350 525 525 525 

Length, [mm] 102 479 1072 3977 400 

Tubes/row 358 470 736 627 25 

Tube Diam 

[mm] 
1.215 1.733 2.478 3.190 7.124 

Height, [mm] 870 1629 3648 4000 356 

Depth, [mm] 4.9 10.4 14.9 31.9 128.2 

Tube rows 2 3 3 5 9 

Fin Pitch, 

[mm] 
102 479 1072 3977 0.245 

Fan Power, 

[W] 
9.4 130.4 637.9 4695 4747 

Optimal Mass, 

[kg] 
0.493 5.258 27.0 226.5 100.8 

 

III.B Effect of Heat Rejection Rate on Optimal 

Heat Exchanger Geometry 

Figure 4 shows the dependence of the optimal 

mass on the rate of heat rejection from 1 kW to 180 

kW using 316 Stainless Steel, 6061-T6 Aluminum, 

Copper, Inconel 740H, and R56400 Titanium tubes. 

The materials result in similar optimal heat exchanger 

masses for the range of heat rejection rates studied, 

although Aluminum resulted in the lowest overall 

mass. Across this range of heat rejection rates, optimal 

heat exchanger mass increases nearly linearly with 

heat rejection rate, indicating that this method of heat 

rejection is very scalable and suitable for a wide range 

of applications. 

Figure 5 demonstrates how the geometry and 

low-pressure-side pressure drop of the optimal heat 

exchanger vary with heat rejection rate from 1 kW to 

1 MW for a stainless steel heat exchanger at an inlet 

temperature of 625 K. The heat exchanger height 

reaches its maximum limit between 100 and 200 kW, 

so once the frontal area of the heat exchanger can no 

longer be increased, the air velocity and number of 

tube columns must increase to raise the heat transfer 

rate, leading to a higher pressure rise and fan power.  
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Fig. 4. Optimal heat exchanger mass vs heat rejection 

rate for a staggered tube HX, PD=2. The coolant is 

sCO2 at an inlet temperature of 625 K and outlet 

temperature of 525 K.  

 

Fig. 2. Optimized geometry parameters vs heat 

rejection rate for a stainless steel heat exchanger. 

Above 600 kW, the fan motor mass accounts 

for the majority of the system mass. Pressure rises 

above 25 Pa may be difficult to obtain in the Martian 

environment so a heat rejection of higher than 500 kW 

may require multiple heat exchangers.  

3 different tube pitch to diameter ratio values 

were investigated for both staggered and in-line tube 

arrangements. These configurations were selected due 

to the existence of existing heat transfer and pressure 

loss correlations. Figure 6 shows the trend of optimal 

mass with rejected heat power for these 6 

configurations. In all cases, the staggered, PD=2 

arrangement provided the lowest mass. Even though 

the in-line arrangement provides lower pressure loss 

as a given Reynolds number, the decreased 

conductance requires a higher flow rate, negating the 

benefit of the more streamlined geometry. 

 

Fig. 7. Optimal heat exchanger mass vs rejected heat 

power for various tube configurations. Coolant inlet 

temperature is 625 K. 

III.C Effect of Coolant Inlet Temperature on 

Optimal Mass 

Figure 7 demonstrates the dependence of the 

optimal mass on the high-pressure inlet temperature. 

For low inlet temperatures, Aluminum heat 

exchangers have the smallest mass.  However, at 

higher temperatures its yield strength decreases and 

the tube walls become thicker, increasing the mass.  

 

Fig. 7. Optimal 100 kW heat exchanger mass vs high-

pressure inlet temperature. The high-pressure 

temperature change in the heat exchanger is 100 K for 

all cases. 

Above 625 K, Titanium becomes the lowest-

mass option. However it likely based on the Sondelski2 
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model results that heat rejection temperatures for a 

mass-optimal fission power system will be between 

400-500K to increase efficiency so Aluminum may be 

the preferred heat exchanger material for this 

application. 

III.D Effect of Ambient Temperature on Optimal 

Mass 

The low-pressure inlet temperature was 

varied from 220 K to 310 K, which corresponds to 

approximately the highest daytime temperatures 

observed near the Martian equator3, in order to 

ascertain the effect of local air temperature of heat 

exchanger performance. As shown in Figure 8, 

optimal mass increased approximately 19% over this 

range, but even at the highest temperatures the heat 

exchanger still drastically outperforms a radiator. 

 

 

Fig. 8. Optimized heat exchanger mass vs atmospheric 

temperature for a stainless steel 100 kW heat 

exchanger with a coolant inlet temperature of 625 K 

and a temperature drop of 100 K. 

IV. CONCLUSION 

Overall, the predicted heat exchanger 

performance across all conditions and applications 

compares extremely favorably in Martian conditions 

to current radiator-based heat rejection systems and 

suggests that this technology could be beneficial to 

any future Mars missions. Heat exchangers up to 500 

kW are compact enough to deploy to the Martian 

surface using current launch vehicles without 

requiring in-situ deployment mechanisms. In all cases 

under Mars conditions the optimal heat exchanger 

geometry contained no fins. At low coolant 

temperatures aluminum tubing led to the lowest 

optimal mass but at higher temperatures titanium and 

stainless steel produced lower masses.  

V. FUTURE WORK 

 Experimental validation of these results is 

planned for the near future. A vacuum chamber will be 

filled to typical Martian conditions and a heat 

exchanger of similar design to the optimal geometry 

described above will be operated inside it to measure 

the heat exchanger conductance, pressure drop, and 

fan efficiency. Additionally, this model will be 

integrated with the Sondelski2 model to determine how 

to use of a convective waste heat rejection system 

effects the overall cycle design of a Mars fission power 

system. 
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A computational fluid dynamic model of the Centrifugal 
Nuclear Thermal Rocket propulsion system is necessary 
prior to physical experimentation and development. In this 
paper, a simulation of a rotating centrifugal fuel element is 
discussed and evaluated. The model was developed and 
simulated using ANSYS Fluent and will help lay the 
foundation for future modeling of the system. This task was 
one of the first needed to kickstart progress towards the 
optimization of the Centrifugal Nuclear Thermal Rocket. 
 
I. INTRODUCTION 
 

The Centrifugal Nuclear Thermal Rocket (CNTR) is a 
high performance nuclear thermal propulsion (NTP) system 
designed to support advanced space exploration missions 
including a 420-day round-trip human Mars mission. NTP 
systems use the heat produced by nuclear fission to excite 
propellant which expands through a nozzle to create thrust. 
The first conceptual study of liquid-core high performance 
NTP was conducted by McCarthy and published in 
1954.1  He proposed that a single cylinder with molten 
fissionable material be used.1 Ten years after McCarthy’s 
publication, Nelson modified McCarthy’s conceptual design 
to include 19 cylinders of molten fissionable material.2 This 
new design had a predicted specific impulse (Isp) of 1200 s.2 
The CNTR is designed to provide a high Isp of up to 1800 s 
with hydrogen propellant and up to 1000 s with passively 
storable propellant such as CH4 or NH3. The CNTR is quite 
advantageous as it allows the use of molten fuels that can 
operate at much higher temperatures than solid fuels thereby 
generating a higher specific impulse. Additionally, the 
CNTR’s propellant flexibility expands its mission 
capabilities and could be essential in supporting crewed 
missions to Mars. 
 
II. BENEFITS OF THE CNTR 
 
 The CNTR offers many benefits and advantages when 
compared to other NTP and non-nuclear propulsion systems. 
To begin, as mentioned above, the CNTR will have an Isp 

upwards of 1800 s compared to first generation NTP systems 

which boasted Isp values of just 900 s; this difference in thrust 
capability enables a 14-month round-trip to Mars compared 
to the 24-month trip promised with traditional, first-
generation NTP systems.4 The CNTR also supports a variety 
of propellants which sets it apart from many other propulsion 
systems which lack propellant flexibility. Additionally, the 
CNTR is designed to operate such that the structural materials 
operate at temperatures under 1000 K to avoid any 
complications that could be associated with extreme 
temperatures. The CNTR also promises excellent heat 
transfer between the fuel and propellant as the propellant 
passes directly through the liquid fuel layer in each element. 
Finally, as each fuel element is independently rotated, 
experiments to test the system’s viability should be relatively 
straightforward. This will reduce the Advancement Degree of 
Difficulty (AD2) and accelerate the CNTR’s development. 
 
III. CNTR DESIGN 
 

The design of the CNTR features a liquid-core similar to 
that of the NTP system proposed by McCarthy over 60 years 
ago.1 The CNTR contains a matrix of rotating centrifugal fuel 
elements (CFEs) as well as moderator blocks and a radial 
reflector to stabilize the neutronics of the CNTR. Figure 1 
depicts a 19 CFE matrix but configurations with differing 
numbers of elements are also being considered.  

 

 
 
Fig. 1. Matrix configuration of 19 CFEs. 
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Each CFE features a molten uranium fuel source and a porous 
inner wall. The porous wall allows the propellant to flow 
radially inward through the uranium since the centrifugal 
forces created by the rotation of the centrifuge hold the 
uranium against the walls. 

The heat transferred to the propellant as it flows radially 
through the molten uranium layer causes the propellant to 
expand axially through the nozzle. However, the use of the 
propellant is three-fold; along with being excited to create 
thrust, the propellant is used to cool various components of 
the system and power the rotation of the centrifuge prior to 
its contact with the molten uranium. The propellant flow path 
through a CFE is depicted in Figure 2. 

 

 
 
Fig. 2. CNTR propellant flow path from inlet to nozzle. 
 
The propellant enters the system at the top inlet before 
flowing around, and thus cooling, various external 
components of the system such as the moderator blocks, 
radial reflectors, and core drums to an ideal temperature 
below 800 K. The propellant then enters the gas inlet 
manifold, permeates the moderator block below the 
centrifuges, and travels upward along the CFEs cooling the 
nozzles. Once it reaches the top of the centrifuges, it passes 
through the turbines which rotate the centrifuges before being 
redirected back down between the centrifuge outer wall and 
the porous silicon carbide inner wall. The propellant then 
passes through the porous wall into the molten uranium 
where it is heated to a target temperature of over 5000 K 
before entering the center cavity created by the centrifuge 
rotation. Finally, the propellant is expelled out of the nozzle 
to create thrust. 

 
 
III.A. CFE Design and Temperature Profile 
 

Each CFE within the CNTR is made up of 6 “layers”: the 
outer wall, the cooling passage, the porous SiC layer, the ZrC 
coating layer, the molten uranium, and the central cavity. 
These regions and their expected temperatures are depicted 
in Figure 3.  
 

 
 
Fig. 3. Cross section of CFE with labeled layers.  

It is within the molten uranium layer that the propellant is 
heated before entering the central cavity and being ejected out 
the nozzle to create thrust. By heating the propellant, it 
becomes excited and its velocity increases as explained by 
equation (1). This is essential as thrust is related to exit 
velocity by equation (2).  
 
                            			𝑉! =	𝑀!%𝛾𝑅𝑇!                             (1) 

                        	𝐹 = 	 �̇�𝑉! + (𝑝! −	𝑝")𝐴!                      (2) 

where 𝑉!, 𝑀!, 𝛾, 𝑅, 𝑇!,	𝐹, �̇�, 𝑝!, 𝑝", and 𝐴! are exit velocity, 
exit Mach, specific heat ratio, gas constant, exit temperature, 
thrust, mass flow rate, exit pressure, free stream pressure, and 
exit area, respectively.  

The layers adjacent to the cooling passage will be kept 
around 800 K while the molten uranium and propellant in the 
central cavity are predicted to reach temperatures upward of 
5500 K. This is thanks to the liquid core of the CFE which 
allows the total heat transferred to the propellant to be much 
greater than that of a solid core system. Although 5500 K is 
above the boiling point of uranium, the pressure in the system 
will exceed the vapor pressure of the molten uranium which 
will reduce vaporization and promote the condensation of the 
uranium. 

 
III.B. Uranium Entrainment in the CNTR 
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While the conditions within the CFEs should prevent 

molten uranium leakage and promote entrainment, uranium 
leakage is still a primary concern. To prevent leakage, each 
fuel element is contained within a rotating centrifuge hence 
the nomenclature, CFE. The CFE rotates at a constant angular 
velocity forming a molten uranium vortex. The nature of the 
vortex pushes the molten uranium against the walls of the 
centrifuge which provides the propellant with a central cavity 
that leads to the nozzle for expulsion. However, given the 
nature of the fluid dynamics of the gaseous propellant 
flowing radially inward through the liquid fuel layer, it is 
possible for some liquid uranium droplets or gaseous vapors 
to become entrained in the propellant flow. Along with the 
centrifugal rotation, the end of the CFE will be tapered to 
reduce uranium leakage as shown in Figure 4. The tapered 
region will be kept at a lower temperature to promote 
condensation of the uranium vapor. The condensed uranium 
will then be pushed back into the fuel layer by the centrifugal 
forces.  
 

 
 
Fig. 4. Condenser region of a CFE in the CNTR. 

Reducing entrainment to an acceptable level will be a 
challenge due to the complexity associated with the fluid 
dynamics of the propellant and liquid uranium as well as the 
limited knowledge of material properties at the system’s 
extremely high temperatures. However, the goal is to address 
these complexities by conducting several experiments to gain 
a better understanding of the complex propellant-uranium 
interface. 
 
IV. MODELING CFE ROTATION 

To begin the extensive process of designing the CNTR 
and its intricacies, one of the first tasks will be to accurately 
model the molten uranium surface profiles in a rotating CFE. 
As the angular velocity is increased, the centrifugal forces 
will increase as well. Since the CNTR will be utilized in both 
gravitational and non-gravitational environments, it is 
important to note that, in environments with gravity, the 
hydrostatic pressure combined with the centrifugal forces 

will yield a parabolic surface profile. In environments 
without gravity, on the other hand, there will be no 
hydrostatic pressures to account for so the surface profile will 
be uniform along the length of the centrifuge. However, as 
the CNTR is designed to generate thrust in a rocket, it can be 
assumed that the thrust generated will create a less 
substantial, artificial gravity; this artificial gravity will 
generate some hydrostatic pressure which will need to be 
accounted for. 

This first task will yield data on surface profiles and 
initiate the creation of a complete CFD model of the system. 
Using water as the operating liquid will simplify the model 
and allow for easier modification prior to application in a 
system that more accurately reflects the uranium-propellant 
system. If surface profiles can be accurately predicted using 
this model, it could be used to study and optimize entrainment 
in the system as well as the startup and shutdown processes 
in the future. 

To begin, the parabolic surface profile was predicted 
using the forced vortex equation, equation (3). 

 
                                  𝑧 −	𝑧# =	

$!%!

&'
                           (3) 

 
where z, z0, 𝜔, r, and g are the height of the fluid, the lowest 
point of the vortex, the angular velocity, the radius, and the 
gravitational acceleration, respectively. Figure 5 depicts an 
example case of the system with an angular velocity of 50 
rad/s, a radius of 10 cm, and a gravitational acceleration of 
9.81 m/s2. Using equation (3), the fluid vortex had a predicted 
height of 31.8 cm. Fisher used ANSYS Fluent to construct a 
CFD model using a coupled k-𝜔 Shear Stress Transport 
turbulence equation paired with a volume of fluids setup that 
accurately simulates a fluid vortex.5 After tweaking the 
model to obtain a solution more efficiently, it predicted the 
height of the fluid vortex to be 27.25 cm when rotated at 50 
rad/s, as shown in Figure 6. This model predicted the vortex 
height with a percent error of 14% which is adequate for the 
preliminary purposes of the model.  
 

 
 
Fig. 5. Diagram of Fisher’s fluid vortex model.5 
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Fig. 6. Result of fluid vortex simulation when run at 50 rad/s. 
 

After adjusting simulation settings, adapting the 
geometries, and optimizing the mesh, a model was developed 
for a CFE rotating at 500 rad/s, or about 32% of the expected 
angular velocity of 1580 rad/s. This model was also run in a 
gravitational environment with a gravitational acceleration of 
9.81 m/s2. Figure 7 shows the uniform fluid distribution along 
the height of the CFE forming a constant width central cavity 
for propellant expulsion.  

 

 
 

Fig. 7. Result of rotating CFE simulation when run at 500 
rad/s. 

This is due to the increasing centrifugal forces associated 
with the higher angular velocity. Although this model only 
represents 32% of the expected angular velocity, the 
parabolic surface profile is not expected to change much with 
the full 1580 rad/s as it has already reached uniformity.  
 
V. CONCLUSION 

Although this model has started to help prove the 
efficacy of the CNTR, there are still many design challenges 
that must be addressed; some of the most critical include 
examining the propellant-uranium interface behaviors, 
studying the effects that the unfamiliar extreme temperatures 
will have on the neutronics of the system, and mocking up a 
physical proof of concept. Future experiments will be 
conducted to help overcome these challenges and make the 
CNTR a realizable tool for advanced space exploration 
missions. As discussed throughout this paper, accurately 
modeling the rotating CFEs will be critical in the 
development of the CNTR as a whole. As more experiments 
are performed, a better understanding of the system will be 
achieved and even more accurate models can be generated. 
These efforts will accelerate the CNTR’s development and 
enable its use in future advanced space exploration missions.  
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USNC-Tech’s Pylon space reactor architecture 

enables a safe and scalable approach to implement nuclear 

power in space. Pylon leverages USNC’s proprietary 

nuclear fuel technology, FCM™, to achieve high 

performance at any power level, from 10’s of kilowatts to 

multi-megawatts. When coupled with a gas-cooled Brayton 

cycle and solid neutron moderators, no configuration 

changes are required from initial demonstration to full 

commercial application. 

 

I. INTRODUCTION 

Can the same reactor architecture that is used to 

demonstrate the viability of lunar fission surface power 

also be used to support the higher power levels of 

established human lunar outposts? We believe it must be. 

If not, the risk is high that insufficient technology heritage 

will be available to provide greater power in the future 

when it is demanded. 

In 2019, we published our first paper on the Pylon 

space reactor1. The design presented in that publication 

targeted a power level of 150 kWe and demonstrated the 

high-power capabilities of USNC’s FCM™ fuel 

technology. This power level was selected based on our 

analysis and market survey of the minimum amount of 

power needed to establish a sustainable human presence on 

the lunar surface. While near-term priorities focus on 

demonstration reactors at 1-10 kWe levels, these power 

levels will be inadequate to service any reasonable 

sustained human presence.  

Unfortunately, the uses of high-power space reactors 

differ markedly from those needed at an initial lunar 

outpost. High-power space reactors will need to energize 

rovers, process regolith for raw materials, power less 

austere human habitats, and provide a significant reserve 

power margin. Low-power space reactors will provide only 

life-support and science experimentation.  

Both the low power and high power concepts are 

heavily mass constrained. For example, higher power 

reactors deployed after some infrastructure is established 

can plausibly take advantage of lunar regolith for shielding. 

An early demonstration reactor would likely not. 

The current pathway to support and develop lunar 

fission surface power aims at selecting architectures 

optimized between 10 and 40 kWe to demonstrate the 

viability and practicality of building and launching a lunar 

power reactor. This optimization will tend to select 

technology architectures (such as fuel, moderator, and 

power conversion designs) that are not necessarily 

amenable to higher power levels.   

I.A. Power Needs for an Early Lunar Outpost and 

Research Station 

Initial or temporary lunar research outposts will not be 

particularly power intensive. Studies indicate that power 

needs for early-stage lunar outposts may be around 10 kWe 

up to 40 kWe depending on activities2,3. However, as these 

habitats become more established, power demand will 

increase significantly. The most power-intensive activities 

are those related to the demonstration of in-situ resource 

utilization (ISRU). Lunar ISRU is the use of locally 

available sources of water, oxygen, and other minerals, 

rather than obtaining these materials through shipment 

from Earth. ISRU’s power intensity is due to the processing 

required to separate these minerals from lunar regolith – a 

hint towards what could drive a commodity-driven market 

for power on the moon and space.  

While initial lunar outposts will sustain themselves 

through shipment of supplies from the earth, any sizable 

human research presence on the moon will require 

supplementation through ISRU. By analogy, the ISS has an 

average power capacity between 80 and 240 kWe (ref. 4) 

and receives regular supply shipments from earth, 

supporting fewer than 10 astronauts5. Notably, these 

astronauts are always within one hour of a gravity-assisted 

return to earth.  

I.B. Leveraging Early Lunar Opportunities into 

Commercial Space Nuclear Power 

Very recently, the US government, including NASA 

and DOE, have announced that they are interested in 

private entities proposing commercial solutions for 

powering a lunar outpost for the Artemis program6. As 

expected, the draft request for proposals (RFP) lays out the 

need for 10 kWe with a total system mass of less than 3500 

kg. Other system requirements for the desired system are 

less well-defined. This presents an excellent opportunity 

for companies with a commercial interest in space nuclear 

power to propose a scalable architecture. By fulfilling its 

role as a market catalyst, the government is giving 

companies pursuing scalable space nuclear architectures a 

chance to prove their technologies. Companies that do this 
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will have a leg up over companies that pursue non-scalable 

architectures. 

II. SELECTING A SCALABLE SPACE NUCLEAR 

ARCHITECTURE 

 Several different high uranium density fuel types can 

be coupled to many different high-temperature power 

cycles using several different heat transport methods. 

Choosing the different combinations can yield very 

different results.  

This section describes the high-level architecture 

choices selected to produce a reasonable mass and degree 

of technology confidence for demonstration levels, while 

enabling significant performance benefits at greater than 

150 kWe levels.  

II.A. Architecture Summary  

The Pylon architecture uses a SiC-matrix FCM™ fuel, 

ZrH moderator, a helium-xenon recuperated Brayton 

power conversion system. We believe that these 

technologies represent the best balance of near-term 

demonstration with improved scaling to higher power 

levels and are discussed in more detail below.  

II.B. Fuel  

USNC’s FCM™ (fully ceramic micro-encapsulated) 

fuel technology was a clear choice for Pylon. FCM™ is a 

particle-based fuel form where self-contained nuclear fuel 

particles such as TRISOs or BISOs are encapsulated in 

a fully ceramic matrix. There are multiple options for 

ceramic matrix material based on temperature limits, but 

for applications less than 2000 K, and especially with 

HALEU, SiC is the preferred matrix. An assembly 

schematic for the Pylon fuel element is shown below in 

Figure 1. 

 

 
Fig 1. Pylon fuel and moderator assembly. 

 

 In addition to already being implemented in the 

MMR™, USNC’s terrestrial nuclear power plant 

design, the high-temperature capability, and fuel loading 

flexibility make it ideal to be used in a scalable space 

reactor architecture. The low neutron absorption matrix 

also allows for a mass optimized system with HALEU (or 

even LEU for heavier, but higher power systems) 

compared to other high-temperature capable fuels, like 

W/Mo CerMets and TaC-containing CerCers.  

For low power implementations of Pylon, we can take 

advantage of high fuel loading fractions and low fission 

product inventories to produce a compact nuclear reactor 

core. For high power implementations, fuel loading can be 

decreased and take advantage of the higher thermal 

conductivity matrix and better management of fission 

product volatiles.   

The traceability to terrestrial system improves 

licensing and testing capability while leveraging 

commercial manufacturing facilities and irradiation 

campaigns. Ground testing is a critical concern 

for a complex spaceflight power system; ground safety 

and licensing benefits of mechanistic dose models 

associated with TRISO particles encapsulated in 

a dense SiC matrix may significantly decrease the cost of 

demonstration and testing facilities.   

II.C. Moderator  

There are significant debates and a wide range of 

options on moderator materials for FSP systems. USNC-

Tech believes that a Zirconium Hydride approach is both 

warranted and technologically feasible for fission surface 

power systems under the given constraints and 

performance objectives. ZrH improves the system 

performance relative to other moderators and unmoderated 

cores. We are encouraged by recent strides at ORNL on the 

formation and canning of ZrH in C26M2 alloy with 

thermally grown oxides7. Additionally, USNC-Tech is 

actively investing in efforts to improve the TRL and 

performance of these systems.  

II.D. Power Conversion and Heat Transport System  

The heat transfer method used in a space nuclear 

power system can significantly affect its capabilities and 

performance. Three systems are viable for surface 

power: liquid metal coolant, heat pipes, or gas coolant. At 

lower powers, heat pipes are an attractive option due to 

their fully passive operation and high specific power. 

When coupled to low power conversion systems like 

sterling generators, they significantly reduce the mass, 

complexity and operation of the power conversion system. 

They do come with a neutronic penalty, especially in 

thermal spectrum and low enrichment fuels.  

Liquid metal coolants, particularly when implemented 

within a liquid metal Rankine power conversion system, 

are good options for transporting and converting heat into 

electricity in space reactors. The constant temperature 

condensing portion of the Rankine cycle allows for a 

higher temperature radiative surface, which reduces the 

necessary size of the waste heat radiators. Additionally, 

power scaling is excellent and neutronic impact is minimal 

with liquid metal coolants. Unfortunately, temperature 

scaling is difficult to achieve without redevelopment, 
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requiring evolution from potassium to sodium, then lithium 

for the highest temperature applications. 

When coupled to a Brayton power conversion system, 

gas coolants allow for flexible power arrangements and 

reactor system geometries. Gas coolants also have a 

minimal neutronic impact on the reactor (though not 

negligible) and are easily scaled within the same 

architecture to higher power levels. One way use of gas 

coolant can affect core neutronics is the need for increased 

coolant flow area fractions. Compression losses are 

significant compared to liquids and too high pressure drops 

can reduce cycle efficiency significantly. Gas also reduces 

corrosion issues and is not sensitive to changes in power 

levels or temperatures.   

There are certainly challenges associated with Brayton 

power conversion, especially at lower power levels. While 

there are technology analogs to various terrestrial and 

aerospace applications, it cannot be denied that the TRL of 

Brayton electric systems in nuclear space applications is 

low. However, Brayton systems present the best balance of 

technology maturity and scalability. One of the major 

issues with Brayton cycles is operating with the small 

turbine and compressor wheel diameters for optimized 

systems at the sub 10 kWe level. Brayton technology has 

advanced significantly over demonstration systems like the 

NASA BRU8. Brayton can operate at different 

temperatures more easily than liquid metal Rankine or 

Sterling cycles, accommodating variable power operation 

and different use cases.   

III. CONCLUSIONS  

Fission Surface Power systems will be required to 

enable long-duration stable human presence on the lunar 

surface.  However, to do that will require overcoming the 

temptation to pursue only the simplest and most proven 

technologies.  Although the deployment costs are high, 

USNC-Tech believes that cultivating a slightly more 

aggressive technological vision will enable the actual use, 

rather than the mere demonstration, of fission surface 

technology on the lunar surface.   
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Moderator, fuel, and core geometry configuration 

options are reviewed for the preliminary design of a low 

enrichment uranium megawatt-class nuclear reactor 
intended to provide 2 MWe to a colony established on the 

surface of Mars. The initial calculations suggest that 

using a cylindrical fuel block and yttrium hydride as 

moderator could be beneficial to achieve desired 

neutronic performance and reduce the mass of the system. 

The cylindrical design using yttrium hydride, dimensioned 

from this analysis, has a total diameter of 90 cm and a 

total height of 126.4 cm for the core and the reflector. The 

total mass of the core with the reflector is 2,900 kg. The 

control drum worth, the shutdown margin, and the excess 

reactivity, calculated for cold clean conditions with 
MCNP6.2, are $15.0 ± $0.5, $9.94 ± $0.33, and $5.10 ± 

$0.15, respectively. 

 

I. INTRODUCTION 

The renewed and internationally shared interest in 

establishing human colonies on Mars and the Moon leads 

to the important question of how to power these 

installations. Nuclear reactors have been used since the 
Space Nuclear Auxiliary Power (SNAP) program to 

provide reliable sources of electricity for space 

applications; and, surface solutions like the Kilopower 

project appear promising.1,2 Most of these designs include 

High Enrichment Uranium (HEU, uranium containing > 

20% uranium-235) as fuel to take advantage of the high 

power density and reduced mass possible with HEU fuel. 

However, the recent Presidential Space Policy 

Directive 6, signed on December 16, 2020, mandates that 
any sponsoring agency which develops space nuclear 

power and propulsion systems demonstrate that they 

reviewed all Low Enrichment Uranium (LEU, uranium 

containing < 20% uranium-235) fuel options.3 In this 

context, the Colorado School of Mines is studying a 

Fission Surface Power system to provide electricity to an 

advanced Martian colony based on LEU fuel options, as 

part of the 2020-2021 reactor design class. 

The Megawatt Implementation of a NuclEar ReActor 

using Low enrichment uranium (MINERAL) will deliver 
2 MWe of steady state electric power with a minimum 

lifetime of 10 years. The reactor will use available 

technologies and materials to reduce the risks associated 

with the development phase. To decrease the amount of 

supplies sent from the Earth, MINERAL will, as much as 

possible, take advantage of available resources on Mars. 

With well-known technologies and in-situ resource 
utilization, the MINERAL concept aims at being safe, 

reliable, easily developed, and resilient once deployed in 

its final location. The main challenge of this concept is 

the mass optimization, as LEU fueled reactors are 

typically larger than their HEU fueled counterparts for the 

same power output. 

Adding moderating material to an LEU reactor is an 

effective technique to reduce the overall mass of the 

system. However, the integration of a moderator can be 
challenging due to the impact on the reactor lifetime and 

the thermal limits associated with the moderating 

materials.4 Zirconium hydride (ZrH) was studied as a 

moderator directly incorporated in a uranium zirconium 

hydride (U-ZrH) fuel in the SNAP program and is still 

used in TRIGA reactors today.5 Despite its good 

moderating quality, hydrogen density, and high thermal 

conductivity, U-ZrH fuel is constrained by its hydrogen 

dissociation temperature (~900K).5 Yttrium hydride (YH) 

is a potential high-temperature alternative currently under 

development with a limiting dissociation temperature of 

1173K.6,7 A higher temperature results in an improved 
efficiency for the power conversion unit; but, a tradeoff 

exists in terms of core efficiency due to the reduced 

moderating ratio of YH compared to ZrH. 

 

II. MINERAL REACTOR CONCEPT 

The MINERAL reactor produces energy from a 
direct Brayton cycle loop using pure carbon dioxide as the 

working fluid. The composition of the Martian 

atmosphere includes significant concentrations of CO2 

which can be processed directly on Mars to provide the 

reactor’s coolant. A potential advantage of using a coolant 

which is abundant in the atmosphere is the opportunity to 

compensate for small coolant losses during operation with 

a dedicated purification and makeup system.  

Figure 1 represents a conceptual view of a deployed 
MINERAL unit on the Martian surface. The reactor is 

partially buried in the Martian regolith to provide 

shielding for the ionizing radiation emitted by the core 

during operation. This configuration reduces the size and 

mass of the shield for the same dose requirements, 



 

compared to a reactor placed directly on the surface.8 The 

buried reactor could potentially be placed closer to the 

colony compared to the on-surface configuration and thus 

reduce the mass of power cables needed.9  

The excess heat from the power conversion system is 

removed by a secondary closed loop connected to the 

primary Brayton cycle loop through a heat exchanger.10 

The energy transfer between the secondary loop and the 

environment is accomplished by several radiator panels 

deployed above the power conversion unit.11 The size of 

the panels are dependent on the efficiency of the power 

conversion unit. Increasing the temperature operating 

range of the core will reduce the surface area needed to 

reject the excess heat and thus decrease the mass of the 

system. 

Figure 2 illustrates the layout of the core and shield 

of the reactor. The core consists of a fuel block traversed 

by coolant channels and surrounded by a cylindrical 

reflector. Control drums integrated with the reflector 

control the reactivity of the core. The coolant coming 

from the power conversion unit passes along the outside 

of core to the bottom of the reactor.10 Then, the coolant is 

heated through the core on the way back to the power 

conversion unit. 

The preliminary design of the radiation shield is 

based on a lithium hydride (LiH) structure with a layer of 

tungsten to provide attenuation of neutrons and gamma-

rays, respectively. This shield design is informed by the 

experience obtained from the SNAP program12; but, this 

project will explore other solutions, including utilization 

of in-situ resources like liquefied or solidified CO2. 

 

III. MODEL DESCRIPTION 

The preliminary design phase for the reactor 

consisted of reviewing possible core configurations and 

evaluating their performance based on the control drum 

worth, the excess reactivity, and the shutdown margin. 

The initial assessment is focused on four main core 

configurations obtained from two fuel options (U-ZrH 

and U-YH) and two geometric options for the fuel block 

(cylindrical and hexagonal options represented by shapes 
(1) and (2) in Figure 3, respectively). An iterative search 

process with the following variables determined the four 

main core configurations: the pitch, the coolant channel 

radius, the number of rings, the core height, the reflector 

radius, and the height of the axial reflectors. The search 

objective was to find an excess reactivity and a shutdown 

margin close to $5 and $10, respectively. 

The initial analysis considers cold clean conditions 

(room temperature, beginning of life, and no fission 

products in the core). MCNP6.2 performed the neutronic 
simulations using nuclear data from the ENDF/B-VII.1 

evaluation.13,14 The criticality calculations included 

20,000 particles per cycle with 50 inactive cycles and 950 

active cycles. The initial source distribution is contained 

in a cylinder surrounding the core with a Watt energy 

spectrum. The 2σ uncertainties are less than 0.04% in all 

cases. 

An in-house Python framework can generate MCNP 

core geometries from the main geometric variables. This 

neutronic framework is also coupled with a coolant 
channel model to quantify the overall performance of the 

reactor with respect to the material temperatures.10 

 
Fig. 3. Axial cross sections of the cylindrical (1) and 

hexagonal (2) configurations (not to scale). 

Fig. 1. Axial cross section of the MINERAL system 

(not to scale). 

Fig. 2. Axial cross section of the reactor core and shield 

(not to scale). 



 

Figure 4 presents a radial cross-section of the reactor 

core in the cylindrical configuration. The fuel block is 

composed of several fuel/coolant cells arranged in a 

hexagonal lattice defined by the distance between two cell 

centers (pitch). The fuel/coolant cells are arranged in 
rings around the first central cell. Each cell consists of a 

coolant channel filled with CO2 and clad with 0.2 cm of 

molybdenum – 14 wt% rhenium (Mo-14Re) alloy 

surrounded by a homogeneous mixture of fuel and 

moderator. The fuel block is also clad with Mo-14Re with 

a thickness of 0.2 cm. 

The first fuel option is a typical TRIGA type U-ZrH 

alloy with 45 wt% of low-enrichment uranium (19.75 

wt% of uranium-235). The second fuel option is a 

homogeneous mixture of low-enrichment uranium and 
yttrium hydride based on the same mass ratio (45 wt% of 

uranium). This choice is based on the similarity to the U-

ZrH option and the ability to model the fuel block as a 

homogeneous mixture. U-YH fuel has not been well 

documented at this time and the current development 

pathway for YH implies a heterogeneous moderator.6 

The reflector is composed of one radial part and two 

axial parts (superior and inferior). Each part is composed 

of beryllium oxide. The scattering library for beryllium 
oxide is used at the room temperature (be/o.10t). The 

current MCNP model omits penetrations through the 

reflector for the coolant channels and the mechanisms 

used to rotate the control drums. 

The control drums are located outside the core and 

inside the radial reflector. A specifically developed 

algorithm automatically adjusts the number of control 

drums to fill the available space in the reflector. The 

control drums are beryllium oxide with a boron carbide 

segment which acts as a neutron absorber. The thickness 
of the coating is 1 cm and the covered angle is 120°. The 

boron segment is 100% enriched in boron-10. Each 

control drum is contained in a 0.1 cm thick Mo-14Re 

cladding. 

 

 
Fig. 4. Radial cross-section of the cylindrical core. 

 

IV. RESULTS 

The control drum worth is calculated from the 

difference in reactivity between the most reactive and 
least reactive states (referred to as the open and closed 

states, respectively). In the open state, the boron coating is 

in the farthest position from the core. Inversely, the boron 

coating is directly facing the core in the closed state. The 

excess reactivity corresponds to the reactivity in the open 

configuration and the shutdown margin is the reactivity 

obtained in the closed state. To express reactivity in 

dollars, the effective delayed neutron fraction is 

calculated for the open state based on the prompt 

method.15 

Tables I and II present the neutronic results achieved 

after the iterative search with U-ZrH and U-YH 

configurations, respectively. While acceptable results are 

obtained for cylindrical configurations with both fuel 

options, the excess reactivity of the hexagonal reactors do 

not reach the objective of $5. For the hexagonal cores, the 

limiting factor might be the size of the reflector as the 

iterative search stopped at its maximal value. The 

algorithm which calculates control drum positions is 

constrained to produce a 12 control drums configuration 

for hexagonal cores. The maximal reflector size is 
reached when it is no longer possible to fit 12 control 

drums without intersection. 

Tables III and IV present the geometric parameters 

obtained for U-ZrH and U-YH configurations, 

respectively. Figure 5 illustrates the four configurations at 

the same scale. Configurations with U-ZrH appear to have 

a more compact fuel block compared to U-YH, which 

could be explained by the better moderating ratio of ZrH. 

Preliminary estimation of core mass shows that the 

hexagonal cores are lighter (2,200 kg for both fuel 
options) than cylindrical cores. However, the difference in 

neutronic performance makes them difficult to compare 

on the same basis. The cylindrical U-YH core weighs 

2,900 kg, while the U-ZrH version only weighs 2,500 kg.  

 

TABLE I. Neutronic results for U-ZrH. 

Core configuration  Cylindrical  Hexagonal  

Control drum worth ($) 14.7 ± 0.6 12.1 ± 0.4 

Shutdown margin ($) 9.2 ± 0.4 8.71 ± 0.32 
Excess reactivity ($) 5.51 ± 0.21 3.43 ± 0.11 

 

TABLE II. Neutronic results for U-YH. 

Core configuration  Cylindrical  Hexagonal  

Control drum worth ($) 15.0 ± 0.5 13.6 ± 0.5 

Shutdown margin ($) 9.94 ± 0.33 9.78 ± 0.35 

Excess reactivity ($) 5.10 ± 0.15 3.80 ± 0.12 

 

 



 

 TABLE III. Geometric results for U-ZrH. 

Core configuration Cylindrical  Hexagonal  

Pitch (cm) 3.52 3.52 

Coolant channel radius (cm) 0.83 0.81 

Number of rings 7 7 

Core height (cm) 90 90 

Reflector radius (cm) 40 36.8 
Axial reflector height (cm)  36 36 

 

TABLE IV. Geometric results for U-YH. 

Core configuration Cylindrical  Hexagonal  

Pitch (cm) 3.6 3.6 

Coolant channel radius (cm) 0.7 0.66 

Number of rings 7 7 

Core height (cm) 90 90 

Reflector radius (cm) 45 37.5 

Axial reflector height (cm)  36 36 
 

 

 

 

 

Fig. 5. Radial and axial representations of the selected 

configurations. 

 
 

V. SUMMARY AND CONCLUSIONS 

The preliminary design calculations for a megawatt-

class reactor to provide electricity to a future Martian 

colony determined four core configurations from a 
combination of U-ZrH or U-YH fuel options and 

cylindrical or hexagonal core shapes. The results obtained 

in this initial analysis suggest that the cylindrical option 

offers more possibilities to adjust the core parameters to 

obtain acceptable neutronic performance. The hexagonal 

configuration imposes more constraints to the design and 

makes it more difficult to optimize with the chosen 

geometric parameters. For cylindrical cores, the 

difference in size and mass between U-ZrH and U-YH 

options can be compensated by the gain in maximum 

temperature using YH, which will result in a lighter 

power conversion unit. 

The cylindrical U-YH version is therefore selected to 

be considered for the next optimization step of the design 

process. From the preliminary design calculations, the 

total diameter of the core with reflector is 90 cm and the 

total height is 126.4 cm. The total mass of the core with 
the reflector is 2,900kg. The control drum worth, the 

shutdown margin, and the excess reactivity, calculated for 

cold clean conditions with MCNP6.2, are $15.0 ± $0.5, 

$9.94 ± $0.33, and $5.10 ± $0.15, respectively. 

Future work will include a review of heterogenous 

fuel/moderator configurations using yttrium hydride in the 

cylindrical core configuration. Systematic optimization 

based on reactor total mass (including the shield and the 

radiator) for equivalent neutronic performance will also 

be performed. Lifetime and coefficients of reactivity will 
be estimated, and reactivity calculations at operating 

temperatures will be performed. 
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USNC-Tech was honored to participate in the NASA- 

funded Industry Lead Nuclear Thermal Propulsion (NTP) 

Fight Demonstrator study managed by AMA. This 

program surveyed the industry for input into how a near-

term NTP demonstration system could be designed and 

built. Under this project, USNC-Tech produced the 

R2DTO concept that leveraged USNC-Tech Technology 

to enable a near-term demonstration of NTP systems. This 

paper provides a high-level overview of R2DTO that 

highlights key technology choices and advantages.  

 

I. INTRODUCTION 

R2DTO (Ready to Demonstrate Technology in Orbit) 

is a near-term NTP concept designed to demonstrate the 

key required technology to enable human transit to mars. 

R2DTO is a beryllium-moderated NTP system utilizing 

ZrC-FCM™ derived fuel, also known as “CerCer” 

(ceramic matrix, ceramic fuel). This high-temperature 

coated particle fuel enables high-temperature nuclide 

retention with robust mechanical properties suitable for 

high-confidence ground-testing and extreme performance 

during flight missions. Fig. 1 presents a rendering of the 

R2DTO concept, and key design properties are presented 

in Table 1.  

 

 
 

Fig. 1. A rendering of USNC-Tech’s R2DTO concept  

TABLE I. Key R2DTO Design properties 

Property  Value  

Thrust Class  10,000 lbf 

Specific Impulse (s) ~900 s 

Reactor Mass ~2500 kg 

Fuel material UN/ZrC FCM™ derived 

Moderator material Be Metal 

Total HALEU mass (kg) ~120 kg 

 

R2DTO intends to allow sufficient safety and 

radionuclide retention to be capable of ground testing 

without sacrificing performance while being flight ready 

for space-flight demonstration, should this be a desired 

national priority. As envisioned, R2DTO operates at a 

subscale thrust compared to what would be required for a 

human Mars class NTP system. However, it shares 

identical or nearly identical systems as would be required 

for the flight system, including fuel operating conditions, 

control systems, and core structures. Furthermore, a 

subscale demonstration will develop and exercise supply 

chains, regulatory pathways, and program management 

processes necessary for a full-scale NTP system.  

 

II. KEY DESIGN FEATURES 

The following sections describe the key technical and 

performance features of the R2DTO concept.  

II.A. Passive Decay Heat Management 

Post-shutdown decay heat cooling is typically 

accommodated by using a reserve propellant to cool the 

reactor following shutdown. This design strategy 

compromises Isp to reduce weight in the reactor. USNC-

Tech modeling has consistently demonstrated that a high-

temperature capable reactor requiring less cooling can 

more than offset required mass gains in the reactor.  

R2DTO addresses decay heat through a number of 

unique design features, the most apparent of which are the 

small radiators affixed to the outside of R2DTO’s 

pressure vessel. Figure 2 shows a rendering of the 

R2DTO core where the radiators are prominent. Prior 

research has indicated that increasing the surface area and 

emissivity of the vessel can reduce period of active 

cooling during decay heat, coast period of operation by 

20%-50% compared to an uncoated, cylindrical vessel.1   
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Fig. 2. A rendering of USNC-Tech’s R2DTO concept 

showing the radiators.  

 

Secondly, the vessel has been designed utilizing 

high-performance, commercially available steel alloys to 

reduce the mass of cooling systems in the vessel and 

enable higher vessel temperatures during cooldown 

cycles. The design leverages recent research and 

development from hydrogen storage systems to avoid 

hydrogen embrittlement issues in service without 

necessitating novel alloys or auxiliary cooling systems. 

In addition to the vessel material and fins, higher 

decay heat temperatures also require a range of additional 

design features within the reactor to accommodate decay 

heat generation and transport without violating thermal 

limits in any structures. This does result in a noticeably 

more massive NTP subsystem. The mass savings are only 

realized system-wide as a reduction in stored additional 

hydrogen and cryogenic tank systems not typically 

accounted for as part of NTP design assessments.  

II.B. Round 37/61 Channel Fuel elements 

R2DTO employs round, 37-channel (or 61, in larger 

systems) fuel elements to minimize in-element peaking 

and maximize manufacturability. Figure 3 presents a 

drawing of a 37-channel version of the R2DTO fuel.  

Notable when compared to legacy solutions, 

manufacturing challenges with forming CerCer fuel have 

also been addressed by increasing minimum hole spacing 

in a cookie design.  

Smaller 37- and 61-channel fuel elements also 

reduced in-element peaking compared to larger diameter 

91-channel fuel elements. Larger fuel elements reduce the 

center neutron flux (due to non-fissile fuel absorption), 

thus increasing peaking in outer channels. Design space 

studies indicate that larger fuel elements with more 

coolant channels and larger diameter do enable lower 

mass cores, assuming a given Isp and other key parameters 

such fuel material, moderator, and thrust stay constant. 

However, in-element peaking concerns are not trivial. In-

element peaking is associated with increased pressure 

drop and local hot spots that limit the NTP system’s 

overall performance, likely canceling out this benefit. 

 

Round fuel elements also reduce peaking relative to 

hexagonal elements. Round fuel elements remove corners 

where neutron flux can “pinch” and cause localized 

peaks, as was seen with NERVA-derived hexagonal fuel 

elements. Round fuel elements are also more amenable to 

manufacturing through available processes. 

 

 

Fig. 3. 37-channel fuel element in the “cookie” geometry  

Finally, smaller fuel elements are easier to 

manufacture as reducing the number of channels reduces 

the pressures needed for the various extrusion and 

compaction processes needed to make a CerCer fuel 

element. Additionally, reducing the number of channels 

decreases the chances of a defect in a fuel element during 

manufacturing. 

II.C. Beryllium Metal Block Moderator 

The block moderator configuration employed by 

R2DTO surrounds the circumference of each fuel element 

with a moderator. In R2DTO, the block moderator is 

made of beryllium metal, though other options were 

evaluated. Beryllium was selected based on a system 

optimization for mass, performance, and technology 

readiness; optimization is included in other design basis 

documents. The moderator is effectively a set of 

monolithic discs with holes for fuel assemblies and 

control drums and machined features for alignment and 

flow routing. 

Block moderator configurations depart from NERVA 

clustered arrangements of hexagonal tie tube and fuel 

elements, however, the block moderator configuration 

still has a strong heritage for reactors. High power 

research reactors such as MARIA and BR2 (Figure 4) use 
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beryllium as a moderator in a block configuration.   The 

Aircraft Test Reactor (Figure 5) and nuclear ramjet Tory 

series reactors (Figure 6) used BeO in a block 

configuration. 

 

Fig. 4. The BR2 reactor with a Be moderator tubes2 

 

Fig. 5. Aircraft Reactor Experiment with a BeO prismatic 

block moderators3 

 

Fig. 6. Tory IIA reactor with monolithic BeO Block 

moderator4 

Finally, the Strategic Defense Initiative (SDI) 

Timberwind/SNTP NTP system concept and the Soviet 

RD-0410 NTP system (Figure 7) tests used hydride 

moderators in a disc block moderator configuration. 

However, the use of hydride moderator adds complexity 

not warranted in R2DTO. The complexities related to 

using hydride moderator are expanded upon in the 

following section. 

 

Fig. 7. ZrH block used for the RD-0410 moderator5 

 

III. PERFORMANCE IMPROVEMENT 

PATHWAYS 

The R2DTO concept is the product of multiple 

design factors aimed at reducing uncertainty and 

improving applicability and amenability to ground or 

flight testing. As performance objectives are resolved 

during the mission design process, the R2DTO provides 

the design framework to adapt to a range of mission 

specifications.  

One avenue to notably reduce the size and mass of 

the R2DTO concept is by the inclusion of ZrH pin in the 

Be metal block moderator. In this concept, cooling 

passages surrounding the ZrH pins cool the material with 

hydrogen parallel to cooling passages in the Be metal 

block moderator. Initial studies indicate that ZrH pins can 

reduce active core mass by more than 20%.  Figure 8 

shows a cross-section a modified R2DTO with this 

feature. Of course, it should be noted that the inclusion of 

ZrH pins necessitates the development, characterization 

of ZrH technologies and complicates the moderator’s 

design. It may introduce additional thermal challenges as 

ZrH is unlikely to handle the same temperatures as 

beryllium metal and can cause uneven power distribution 

in the fuel elements. A ZrH moderated NTP would also 

face the challenge of hydrogen density varying with 

temperature distribution, and in turn affecting power 

distribution. While none of these are trivial, USNC-Tech 

is actively developing and improving the technology 
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associated with the manufacturing and modeling of ZrH 

in NTP cores should this path prove desirable. 

 

 

Fig. 8. Cross section of a modification of the R2DTO 

concept with ZrH Pins added to the Be block moderator. 

Achieving higher operating temperatures may also be 

possible with the addition of part per thousand (ppt) 

hydrocarbons to the hydrogen propellant stream. Seeding 

compound mixtures of hydrocarbons into hydrogen 

propellant will significantly reduce the hydrogen 

corrosion in ZrC based NTP fuels like those used in 

R2DTO.5,6 Hydrogen corrosion occurs when carbon 

bonds to hydrogen in the propellant and forms a 

hydrocarbon. Seeding the propellent with hydrocarbons 

before it contacts the fuel will bring the carbon-leaching 

reaction to equilibrium and stop hydrogen corrosion in the 

fuel.  

Experiments conducted by the U.S. and the Soviet 

Union in the 1970s and 1980s found that hydrocarbon 

seeding was an effective method of slowing hydrogen 

corrosion.  

 

IV. CONCLUSION 

R2DTO is a near-term NTP concept that can 

demonstrate key aspects for human Mars class NTP 

systems in-space test or a ground test. Features 

highlighted that minimize risk and maximize performance 

include its ZrC FCM™ derived fuel, beryllium Block 

moderator, and small diameter fuel elements. 
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This paper explores the design characteristics of the 

heat rejection system for a Martian surface reactor sized 
to produce 2 MWe of electric power for at least ten years.  
The heat rejection analysis explores the effects of Martian 
weather on waste heat rejection and how control systems 
might be used to maintain the desired levels of power 
dissipation. The resulting adaptive radiator system 
maintains constant power dissipation by balancing 
radiative and convective heat transfer through variations 
in the rejection temperature and the radiator panel 
geometry. The worst-case hot environment (mid-day 
during the Martian summer with no wind) dictates the 
minimum system size, with 3744 m2 of radiator panel area 
necessary to reject 4.9 MWth of power through radiation 
and natural atmospheric convection. Preventing heat 
escape during the worst-case cold conditions with a fixed 
effective radiator area requires the implementation of 
variable rejection temperatures, radiative view factors, 
and convective angles-of-attack.  

 
I. INTRODUCTION 

       The 2020-2021 Colorado School of Mines Reactor 
Design class was tasked with developing a reactor power 
system for use on the Martian surface. The reactor will be 
fueled with Low Enrichment Uranium (LEU; uranium 
containing <19.75% uranium-235) and will provide 2 MWe 
of electric power for at least ten years of full power 
operation. The Megawatt Implementation of NuclEar 
ReActor using Low-enrichment uranium (MINERAL) 
concept has a real thermal to electric conversion efficiency 
of 29%; and, while excess thermal power will likely be in 
high demand for any Martian outpost, sufficient heat 
rejection systems must be in place to dissipate up to 4.9 
MWth of waste heat. Two other papers in these proceedings 
detail the neutronic1 and thermal-hydraulic2 performance 
of the MINERAL reactor, respectively. This paper 
describes the design of the reactor’s heat rejection system. 

        The MINERAL heat rejection system takes advantage 
of convective heat transfer to the Martian atmosphere, 
supplementing the typical radiative heat transfer that lunar 
and deep-space radiator systems rely on. Bi-modal heat 
dissipation increases the efficiency of heat rejection per 
unit area, reducing the overall mass of the system. The 
Martian weather introduces high levels of variability, 
primarily by way of intermittent wind speeds which can 

cause the system to be too effective at dissipating heat and 
requiring implementation of an active control system. 
Maximizing the control margin while maintaining a 
balance between radiative and convective heat transfer to 
minimize total mass was the primary design challenge for 
this portion of the MINERAL system. 

 
II. RADIATOR DESIGN 

The MINERAL reactor produces energy via a direct 
Brayton cycle using supercritical carbon dioxide (CO2) as 
the working fluid. The core thermal-hydraulics are limited 
by the uranium zirconium hydride (U-ZrH) homogeneous 
fuel and the potential disassociation of ZrH at higher 
temperatures, leading to a core outlet temperature of 762 
K. The coolant exits the turbine at 535 K and is returned to 
the compression cycle at 325 K, necessitating 4.9 MWth of 
heat removal.1,2  

MINERAL’s heat rejection system removes power 
from the reactor’s primary loop via a CO2-CO2 counterflow 
heat exchanger between the turbine and compressor. 
Rejection loop coolant flows out of the heat exchanger at 
temperature Thot, through the heat rejection radiators, 
across parallel banks of water heat pipes embedded in the 
radiator panel sections, and returning to the heat exchanger 
at temperature Tcold. Each panel section is three meters wide 
and four meters tall and is mounted on a motorized central 
axis such that the angle of the panel with respect to the 
Martian surface may be altered in response to changing 
atmospheric conditions.   

Figure 1 shows the buried reactor configuration with 
the radiator panels in the fully vertical (90°) position.  The  

Fig. 1. Buried reactor configuration with the radiator 
panels in the fully vertical position (not to scale). 
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panel material is assumed to have a sufficiently high 
thermal conductivity that the temperature gradient to the 
surface of the panel is negligible and the panel heat 
rejection temperature is the average of Thot and Tcold. The 
radiator panels utilize both radiation and atmospheric 
convection to dissipate heat from the reactor coolant loop.  
The angle of the panels controls the balance between 
radiative and convective heat transfer, allowing active 
control of the rate of heat rejection. 

 
II.A. RADIATIVE HEAT REJECTION 

The radiative heat transfer design approach is 
predicated on maximizing the view factors to the lowest 
temperature sinks and utilizing materials with a high 
emissivity and low absorptivity. On the Martian surface the 
regolith and the sky serve as the primary radiative sinks. 
The panels are assumed to be a constant temperature across 
the reactor emplacement, so no radiative heat transfer 
occurs between them. The Sun serves as a source of 
radiative heat transfer into the radiator.  Eq. 1 governs 
radiative heat transfer: 

               𝑄ௗ = 𝜎𝜀𝐴(𝑇௦
ସ − 𝑇௦

ସ ),   (1) 

where  is assumed to be 0.9 for the panels and Aeff is 
equivalent to A multiplied by the view factor vf.  Table I 
presents the approximations used to calculate the view 
factors to the regolith, the Sun, and the adjacent panel(s).  

The view factor of the panel to the sky is assumed to 
be the difference between the sum of the other components 
and unity. In the current six-panel configuration, the view 
factor to the adjacent panel represents a power transfer 
‘dead zone’ if the isothermal panel assumption is used. If 
the panels are rotated, their projection in the horizontal 
plane shrinks and greatly reduces the height-to-width ratio 
seen by adjacent panels, decreasing the ‘Panel to Adjacent 
Panel’ view factor and increasing the ‘Panel to Space’ and 
‘Panel to Regolith’ view factors.  

The difference between the space sink temperature and 
the regolith sink temperature is insignificant compared to 
their respective differences from the panel temperatures, so 
the variability in radiated heat due to panel angle can be 
attributed to changes in the view factor to adjacent panels. 
Figure 2 represents the total power radiated to the sinks in 
the hottest expected environment4, regolith at 293 K and 
293 K atmospheric temperature, as a function of the panel 
temperature with the panels in the parallel (0°) and 
perpendicular (90°) configurations and a total emitting area 
of 3744 m2. 

II.B. CONVECTIVE HEAT REJECTION 

Mars’ atmosphere, which is 95 wt% carbon dioxide, 
2.6% nitrogen, 1.9% argon, 0.16% oxygen, and 0.06% 
carbon monoxide, regulates the surface temperature to a 
moderate degree.4 The commonly cited average Martian 
surface air temperature is 210 K, although hot temperatures 
of 293 K at the lower latitudes and cold temperatures of 
146 K at the poles have been recorded, meaning that the 
atmospheric sink temperature can vary as much as 147 K 
depending on the time of year.5 For the model baseline, the 
atmospheric composition was assumed to be 100% carbon 
dioxide at 210 K at 0.7 kPa with the properties shown in 
Table II. 

 
TABLE II. Properties of CO2 at 210 K and  0.7 kPa. 

Property Value6 

Specific Heat, Cp   0.735   


∗
 

Kinematic Viscosity () 4.42x10-6    
మ

௦
 

Dynamic Viscosity () 10.88x10-6    𝑃𝑎 ∗ 𝑠 

Thermal Conductivity (k) 0.0095    
ௐ

∗
 

Prandtl Number (Pr) 3.420x10-4 

Radiative 
Component View Factor Approximation3 
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⎥
⎥
⎤
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Panel to 
Sun 𝒗𝒇 =  

𝝅𝑹𝒔𝒖𝒏
𝟐

𝟐𝝅𝑫𝒊𝒔𝒕𝒔𝒖𝒏
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Panel to 
Adjacent 
Panel 

Two Rectangles with a Common Edge  
and Included Angle of  (see Ref. 3) 

Fig. 2. Heat radiated by the heat rejection system in a 
293 K environment. 

TABLE I. Applicable view factor approximations. 
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The American Society of Heating, Refrigeration, and 
Air-conditioning   Engineers   (ASHRAE)   Vertical  Plate 
Natural Convection correlation provides the Nusselt 
number for still air at the radiator panel (Ref. 7):  

  𝑁𝑢 =  ቈ0.825 +
.ଷ଼ோభ/ల

(ଵା(
బ.రవమ

ುೝ
)వ/భల)ఴ/మళ



ଶ

      .          (2) 

Eq. 3 yields the corresponding heat transfer 
coefficient: 

                          ℎ௧ =  
ே௨∗


.                               (3) 

To accommodate the changes to hnat resulting from the 
inclination of the panel, an angle dependent first-degree 
approximation was derived from empirical data on 
orientation-dependent surface conductivity (Ref. 8):  

      ℎ௧ = ℎ௧ + [(ℎ௧ ∗ −0.00595) ∗ (𝛼 − 90)]. (4) 

ASHRAE’s Nusselt number correlation for forced 
convection over a flat plate7, valid for all Reynolds’ 
Numbers, provides the forced convection heat transfer 
coefficients: 

                 𝑁𝑢 = 0.037𝑅𝑒.଼𝑃𝑟ଵ/ଷ.   (5)  

The forced heat transfer coefficient gained from Eq. 3, 
hf, and the natural convection heat transfer coefficient hnat 
from Eq. 4 are combined using the empirical formula 
provided by Eq. 6 (Ref. 9): 

ℎ௧௧ = (ℎ
ଷ.ଶ + ℎ௧

ଷ.ଶ )ଵ/ଷ.ଶ,                    (6) 

where htot is the overall heat transfer coefficient. This 
avenue of determining the overall heat transfer coefficient 
is justified by a Richardson number of 0.14 at the highest-
wind condition, meaning that natural convection is never 
considered negligible.  The overall heat transfer coefficient 
allows the calculation of the total heat rejected by 
convection: 

                   𝑄௩ = ℎ௧௧𝐴(𝑇௦ − 𝑇ஶ).                 (7)  

Temperature variation in the low atmosphere and 
ground-level air on Mars can happen much more rapidly 
than changes to the regolith temperature. The low thermal 
inertia of the atmosphere can result in daily air-temperature 
swings of 100 K, meaning that the contribution from 
natural or forced convection can be vary wildly depending 
on the time of day. 

During a calm day where the forced convection 
component is zero, the contribution from natural 
convection to the overall heat transfer can be as little as 72 
kW in the vertical configuration, the configuration most 
conducive to two-sided natural convection.8 Conversely, in 
a dust storm with 100 m/s winds during a low temperature 
condition, the power dissipated by combined natural and 
forced convection can be 4395 kW. Figure 3 displays how 
the power dissipated by convection from 3744 m2 of 

radiator panels at 400 K and an angle of 90o changes as a 
function of wind speed. 

II.C. CONTROL STRATEGY 

The radiator must provide sufficient rejection in the 
worst ‘hot’ case, meaning no wind at mid-day during a 
Martian summer while also being able to limit heat escape 
during the worst ‘cold’ case, meaning a night-time dust 
storm during a Martian winter. The assumption of an 
imperfect counterflow heat exchanger necessitates a 
temperature drop of 10K between the primary outlet and 
the secondary inlet, so the radiator must reject 4.9 MWth of 
heat to provide a maintain the conditions illustrated in 
Figure 4. 

Altering the angle of the panels and changing the 
coolant ‘hot’ temperature through manipulation of the 
mass flow rate of the coolant provide two methods of 
controlling the rate of heat rejection from the panels. The 
total heat rejection coefficient, htot, is minimally impacted 
by the angle of the surface, presenting an opportunity for 
limited heat transfer control if a gimbal is incorporated at 
the panel joints. Equation 8 shows the relationship between 
mass flow rate and the coolant hot temperature: 

                      𝑇௧ =
ொ

̇
+ 𝑇ௗ,                 (8) 
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Fig. 4. Heat exchanger between the primary core loop 
and the heat rejection loop.  
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where Thot and Tcold are measured at the outlet and inlet, 
respectively, in Figure 4. 

      The radiator control model attempts to match output 
power to input power while maintaining a constant return 
temperature. Given a set of environmental conditions, the 
model guesses a panel temperature, calculates the power 
rejected by radiation and convection, and compares it to the 
input power. The control model then checks this power 
difference against an arbitrary resolution factor that 
differentiates between major and minor discrepancies. 

If the power discrepancy is large, the model 
increments or decrements the panel temperature guess, and 
recalculates the output power. If the power discrepancy is 
small, the model adjusts the panels’ angle with respect to 
the ground, inducing finer changes to both the radiative 
view factors and angle-of-attack for convective heat 
transfer. 

Figure 5 illustrates a simplified state diagram for the 
control system implemented in Python, representing the 
path to reach equilibrium between input power and output 
power.  Once the input and output power are equal, the 
model calculates the mass flow rate necessary to achieve 
Thot at the given input power.     

 
III. RESULTS 

The heat rejection system attempts to maintain a 
constant level of power dissipation in response to changing 
environmental conditions.  As an example, Figure 6 depicts 
how the control system would manage Thot as the wind 
speed varies at constant temperature. The scenario 
presented in Figure 6 is the worst-case ‘cold’ environment, 
nighttime with an atmospheric temperature and regolith 
temperature of 146 K5.  

       In Figure 6, the power rejected due to convection 
increases logarithmically as natural convection is quickly 
outpaced by forced convection. The control system 
responds by lowering the panel temperature, exponentially 
reducing the effectiveness of radiative heat transfer. By 

manipulating the radiator coolant temperature (Thot), and by 
extension, the panel temperature, the total power dissipated 
remains constant and the reactor core and power 
conversion system temperatures are unaffected. 

The overall efficiency of the rejection system is 
limited by the daytime ‘hot’ case with no wind at an 
environmental temperature of 293 K. In this case, the 
panels are at 0° (fully horizontal) and Thot is ~535 K, the 
maximum temperature attainable from the heat exchanger 
in the reactor power conversion loop. The panel surface 
area required to dissipate 4.9 MWth in this configuration is 
3744 m2, yielding a specific heat rejection of 1309 W/m2. 
From Figure 6, the worst-case nighttime ‘cold’ condition 
corresponds to an ambient temperature of 147 K with 100 
m/s wind speeds and zero solar insolation. In this scenario,  

convection dominates the heat transfer and Thot is forced 
down to 356 K. 

 
IV. SUMMARY AND CONCLUSIONS 

        Heat rejection on the Martian surface is contingent on 
the management of both radiative and convective heat 
transfer. This paper outlines the design considerations and 
modeling of a radiator system that is equally effective in a 
summer daytime 293 K environment as in a winter 
nighttime 146 K environment. 

        The MINERAL reactor’s heat rejection system has 
the opportunity to use the Martian atmosphere for bi-modal 
heat dissipation. Weather phenomena like wind and 
variable environmental temperatures necessitate the 
implementation of a controlled system that can remove 
constant power from the primary reactor loop. The design 
incorporates sufficient panel area to dissipate 4.9 MWth by 
radiation and natural convection in the worst case ‘hot’ 
environment, and has the control margin to limit heat 
escape in the worst case ‘cold’ environment by increasing 
adjacent panel view factors and reducing the effective 

Fig. 6. Management of the power dissipated by the 
control system at an environmental temperature of 146 
K. 

Fig. 5. Simplified control system state diagram.        
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panel temperature. Future work will include the 
exploration of alternative control methods such as variable 
efficiency heat exchangers and adaptive wind shielding. 

 
NOMENCLATURE 

A – surface area of the convecting surface 
Aeff – effective radiating surface area 
 - angle of rejection surface with respect to ground 
cp – specific heat capacity 
 - radiative emissivity 
k – thermal conductivity 
L – characteristic length of convecting surface 
�̇� – mass flow rate 
Nu – Nusselt number 
Pr – Prandtl number 
Qconv – power dissipated by convection 
Qrad – power dissipated by radiation 
Qin – waste heat from reactor system 
Ra – Rayleigh number 
Re – Reynolds number 
 - Stefan-Boltzmann constant 
Tcold – rejection system heat exchanger coolant inlet 
temperature 
Thot – rejection system heat exchanger coolant outlet 
temperature 
T∞ - temperature of the Martian air 
Ts – surface temperature of the panel 
Tsink – sink temperature for radiative heat transfer 
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As future National Aeronautics and Space 
Administration (NASA) missions aim for destinations 
farther out into the solar system, Space Nuclear 
Propulsion (SNP), and in particular Nuclear Thermal 
Propulsion (NTP), is the only feasible near-term 
technology able to provide specific impulses of 900 
seconds or greater and thrust in the range of tens of 
thousands of pounds. To maximize the success of the SNP 
program as a whole, a Fuel and Moderator Development 
Plan (FMDP) was created to mature mission critical 
technology, such as the reactor fuel form and moderator 
material. This paper details the conceptual testing 
reference design that provides the basis for the FMDP for 
future design and testing activities to meet NASA’s goals. 

 
I. INTRODUCTION 

The SNP FMDP activities are coordinated by NASA 
and the Department of Energy (DOE) and include the 
following requirements to develop a subscale nuclear 
engine that demonstrates the viability of the NTP 
propulsion system and is scalable to the Mars mission 
needs: 

1. Develop a High Assay-Low-Enrichment 
Uranium (HA-LEU) solid fuel form that can provide 
reactor exit temperatures greater than or equal to 2700 K. 

2. Develop a moderated reactor conceptual design 
which includes, but is not limited to, a moderator block 
concept. 

3. Develop a sub-scale, non-nuclear engine for 
early testing that leverages the benefits from conventional 
system development processes with the infusion of 
advances in nuclear fuel and reactor technology 
development. 

This paper incorporates the initial summary issued 
via technical note [1] and further summarizes the design 
assessments completed. The reactor subsystem (RSS) 
conceptual testing reference design activities support 
decisions regarding technology development and the 
integrated fuel assembly in the moderator block unit cell 
test at the Idaho National Laboratory (INL) Transient 
Reactor Test (TREAT) facility. While the scaled 
configuration tests with a fuel assembly/moderator 
assembly in hydrogen is further out in calendar year 

2022/2023, efforts made in advance assist with building 
toward the capstone tests. 
I.A. FMDP Ground Rules 

The proposed FMDP RSS testing reference design 
concept is based on the following ground rules: 

1. The reactor uses a HA-LEU Uranium Nitride 
(UN) fuel kernel embedded in zirconium carbide (ZrC), 
referred to as cercer fuel, or molybdenum/tungsten 
(Mo/W), referred to as cermet, matrix material in a 
moderator block arrangement.   

2. The gas (hydrogen) nozzle chamber temperature 
must be sufficient to reach an engine specific impulse (Isp) 
of 900 sec. This is analogous to an approximate fuel 
channel exit gas temperature of ~2700 K. 

3. The engine thrust is in the range of 12,500 to 
15,000 lbf. 

4. The dry RSS mass limit is ~3,800 kg. This does 
not include turbomachinery, nozzle or external shielding 
mass allocations. This mass limit does include the 
necessary internal shielding. 

5. The fuel elements are circular in shape with 
internal cooling channels. 

Fabrication of the cermet fuel form is expected to be 
performed via spark plasma sintering (SPS) furthering 
development of the processing parameters developed 
under Game Changing Development (GCD). A thin 
refractory metal coating is applied to the UN kernel to 
protect the kernel from exposure to the atmosphere during 
handling as well as to promote bonding with the matrix 
material during fabrication of the composite fuel form. 
BWX Technologies, Inc. (BWXT) has previously 
manufactured W-coated UN particles. These particles will 
be tested in the very near future as part of the SNP FMDP 
test plans. The leading fuel particle proposed for the SNP 
cercer fuel is a UN kernel with a ZrC protective coating. 
The primary purpose of the coating is to prevent or slow 
carbon interaction with the UN kernel during operation 
[2][3]. Investigating fuel performance will be a major 
focus of future FMDP design activities. 
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II. DESIGN DESCRIPTION 
The RSS conceptual testing reference design 

conforms to the typical NTP reactor arrangement, 
utilizing a neutron reflecting material surrounding the 
active core region using control drums lined with a 
neutron absorbing material and flow plenums for 
directing coolant flow through regions within the RSS. 
The FMDP conceptual testing reference design is 
available within the registered content on the NASA 
Technical Reports Server (NTRS) [4]. 

The active core region utilizes a moderator block 
design. Several historical reactor designs relied on slab 
moderator configurations. For example, the Experimental 
Beryllium Oxide Reactor (EBOR) utilized cylindrical 
assemblies inserted into blocks of beryllium oxide (BeO) 
[5]. The Heat Transfer Reactor Experiment (HTRE) 
design utilized solid moderator blocks of zirconium-
hydride (ZrH) in a similar arrangement [6]. The 
moderator block configuration allows for more efficient 
neutron moderation and reduced intra-element power 
gradients, allowing for a significant increase in exit gas 
temperature. 

The moderator material selection is a multi-faceted, 
inter-disciplinary trade-off between cost, 
manufacturability, mechanical integrity, reactor weight 
and active core volume. When all of these factors are 
considered, a ZrH moderator block is recommended. The 
ZrH moderator material allows for significantly reduced 
core diameter, which minimizes the reactor radial 
reflector and support structure masses. With the hydride 
moderator block design concepts, the better moderating 
properties relative to other solid moderators produce 
improvements in the U235 fission cross section and 
capture to fission ratio, and decrease in leakage [10]. 
These improvements offset any potential mass penalties 
due to a higher material density and parasitic loss to 
hydrogen absorption due to the optimized neutron 
economy. The choice of a ZrH moderator, therefore, also 
reduces the required amount of HA-LEU UN fuel, a 
valuable resource, resulting in improved sustainability. 

Two potential fuel forms are proposed for the testing 
reference design. The first fuel form is cermet, utilizing a 
Molybdenum (Mo) 30 weight percent (wt%) W alloy 
(Mo:30W) which has been previously utilized in NASA 
GCD program efforts and several academic research 
papers [7][8][9]. The second fuel form is a cercer fuel 
with a ZrC matrix. While each fuel type has advantages 
and disadvantages, both must follow a similar 
development progression to ultimately be integrated as 
part of the SNP engine. The moderator block architecture 
improves cost and risk management by decoupling RSS 
development from fuel and moderator development. 
While core loading patterns and coolant channel element 
geometries may vary between fuel forms, the outer 

diameter of the fuel element is constrained such that 
either fuel form can be used in the same RSS design. This 
is made possible by fitting the fuel element(s) into a 
cartridge-like fuel assembly, which is then placed within 
the moderator block region to assemble the reactor core. 
This allows for the design of the RSS to be adaptable to 
multiple fuel forms and mature independently of the fuel 
form.   

Cooling channels are directly integrated into the 
moderator block to ensure the temperature limits of ZrH 
are not violated during engine operation. The coolant in 
the moderator block enters at the bottom of the core and 
makes a single pass through the moderator block before 
recombining with the flow from the radial reflector. The 
active core region contains 61 fuel assemblies and each 
fuel assembly contains 91 internal coolant channels. The 
coolant enters the fuel channels from the top of the reactor 
and makes a single pass through the fuel assemblies 
before entering the rocket nozzle chamber.  
 
III. DESIGN ASSESSMENTS 

This section contains discussion on a selected sub-set 
of analyses performed on the conceptual testing reference 
design including neutronic, thermal hydraulic, and stress 
assessments. 
III.A. Neutronics  

BWXT’s internally developed machine learning 
based optimization tools were leveraged to provide a 
conceptual reactor design that met all of the required 
performance criteria, while in accordance with the FMDP 
ground rules. The continuous energy Monte-Carlo particle 
transport code MCNP6.2 was used to conduct all 
neutronic analysis.  

Energy deposition distribution by reactor component 
was considered for both core designs. The values include 
both neutron and photon direct energy deposition. The 
results demonstrate that the majority of the energy 
produced is directly deposited in the fuel element. One 
notable difference between the two designs is that the 
cercer design has 1.31% more energy directly deposited 
outside the fuel elements. 

Additional optimization was performed to flatten the 
radial power profile for both designs to achieve maximum 
thermal performance and minimize the pressure drop 
from orificing. 

The profiles were tailored by adjusting the fuel to 
matrix volume ratio in each fuel assembly, with an upper 
limit of 65 volume percent (vol%) of fuel particles. The 
fuel kernel uranium enrichment was kept constant at 
19.75 wt% 235U to minimize parasitic absorption in 238U. 
The cermet fueled core was able to obtain a smoother 
radial power profile, with a maximum radial peaking 
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factor of 1.02 and a minimum of 0.96. The cercer core 
also achieves a satisfactory radial power peaking, with a 
maximum of 1.03 and a minimum of 0.97. 

Values were determined at beginning of life (BOL) 
hot full power operational conditions, with the drums 
rotated 120 degrees from fully inserted. It should be noted 
that the cores are slightly super critical at a 120-degree 
drum rotation. This reserves some excess reactivity for 
future design trade-offs. The direct energy deposition 
distribution parameters do not change much over the 
expected reactor lifetime. The integral drum worth 
represents the total change in reactivity from rotating the 
drums from their completely inserted position to a 
completely removed position.  

The H:235U ratio for cercer was 306:1 and cermet 
41:1, which accounts for the hydrogen present in the 
moderator block and excludes any hydrogen present in the 
coolant channels.  

One of the major advantages of the moderator block 
design over discrete moderator elements is an improved 
neutron economy. Neutron economy ties to the material in 
which the neutrons are being absorbed and their 
proportional worth of the total available reactivity for a 
RSS. The 235U worth fraction of neutron economy must 
be above 1.00 for reactivity criticality and a viable core 
design. The moderator block configuration provides 
reactivity margin, which can be used to improve thermal 
hydraulic performance and reduce reactor mass. 
III.B. Thermal and Mechanical Assessment 

The thermal and mechanical analyses of the hot fuel 
assembly and surrounding moderator unit cell was a 
primary focus during the conceptual testing reference 
design phase due to the peak fuel-to-moderator coolant 
temperature differences, which could lead to thermally 
and mechanically conservative results for the entire 
reactor core. Required changes to the entire RSS could be 
inferred from the performance of this assembly.  

The assessment of the hot fuel assembly was 
performed using ANSYS Mechanical APDL finite 
element analysis (FEA) software [11] to evaluate a series 
of 2D planar models. Each planar model represented an 
11 mm length of the hot assembly with the geometry and 
mesh. The thermal load and boundary conditions for each 
model were determined using a combination of analytic 
methods that translated the FMDP ground rules (Section 
I.A.) and direct energy depositions into plant power 
balance data, which were then used in combination with 
axial and radial power profiles to calculate channel-and-
elevation-specific fluid temperatures and convection 
coefficients.  

The fuel and moderator assembly thermal analysis 
considered axial and radial power peaking factors. The 
effects of intra-element peaking were not included, but 

are recommended to be included in future work. 
Hydrogen gaps between fuel assembly components were 
included in the analysis. Although considered stagnant 
gaps, the effects of conduction, thermal radiation and 
changes to gap size were included in the thermal analysis. 
The effect of natural convection within these gaps was 
shown to be negligible and was therefore not included. 
The hot channel temperature profiles for the cermet and 
cercer designs were determined.  

Both the cercer and cermet peak fuel temperatures are 
under the design temperature target of 2850 K. The peak 
moderator temperature for the cermet concept is below 
the ZrH temperature limit. The peak moderator 
temperature for the cercer concept is also below the ZrH 
temperature limit. Heat transfer between the fuel 
assembly and moderator is considered in the calculation 
of thermal boundary conditions. Extrapolating from the 
hot assembly analysis, the estimated heat conducting to 
the moderator for the entire core is 5.64 MWt in the 
cermet design and 6.18 MWt in the cercer design. The 
combination of the greater fuel-assembly-to-moderator 
heat transfer and direct energy deposition in the 
moderator cause the higher peak temperatures in the 
cercer moderator.  

A comparative linear elastic steady state structural 
analysis of both the cermet and cercer concepts was 
completed. Planar stresses and displacements were 
calculated using the temperature profiles determined in 
the thermal analysis. The peak stresses in the insulator, 
outer wall and moderator are comparable for both fuel 
assembly concepts. The cermet concepts have higher 
stresses in the fuel cladding. The stresses in the insulator 
wall are high relative to the material strength. The stresses 
in the structural outer wall are reasonable in comparison 
to the material capabilities. Peak moderator stresses 
indicate the potential for mechanical failure in the 
moderator block; however better material properties are 
required for a more accurate evaluation. The peak stresses 
in the insulator, outer wall and moderator are comparable 
for all fuel assembly concepts. The largest differences are 
observed in the fuel meat and cladding where the cermet 
concepts have higher stresses in the fuel cladding. The 
CTE mismatch between the cladding and the fuel meat is 
a significant factor in these stresses.  
 
IV. SUMMARY AND CONCLUSIONS 

Two reactor design concepts were developed to 
support the FMDP: one utilizing a cermet fuel form and 
the other utilizing a cercer fuel form. Both designs adhere 
to the FMDP ground rules detailed in this paper and meet 
the performance requirements. A view of the reactor 
design is provided in Figure 1.  
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The supporting neutronic, thermal hydraulic and 
mechanical analysis demonstrates the viability of both 
designs and provides valuable insights to inform 
development and testing to progress technology 
maturation important for SNP NTP applications. The 
cercer fuel form needs approximately seven times less 
HA-LEU, reduced maximum fuel meat stress and is about 
400 kg lighter than the cermet fuel form. However, the 
cermet design leverages a previously manufactured fuel 
form with a beneficial epi-thermal neutron spectrum. 
Future work will focus on further study and refinement of 
the conceptual testing reference design summarized 
herein, in support of the FMDP development of the cercer 
and cermet fuel forms for integration in a complete SNP 
engine. 
 

 
Fig. 1. Reactor subsystem cross section 
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The sustainable energy supply is important to carry 

out the various mission in space environment. The 

development of the fission power system for space, 

independent on the distance and direction of sun, is 

necessary for the surface power and the deep space 

exploration. Heat pipes can simplify the reactor design 

and remove the pump, piping and others. The objectives 

of the Korean space heat pipe reactor development 

program are the code development for space heat pipe 

reactor and the experimental evaluation of the thermal 

performance of the alkali metal heat pipe, which is 

manufactured by Korean company. This paper 

summarizes the research progress for Korean space heat 

pipe reactor technologies. 

 

I. INTRODUCTION 

In the future, the human space mission during long 

period in moon or mars will require the sustainable large 

nuclear power independent on the circumstance including 

the distance and direction of sun. Space fission power 

system should have a simple and reliable design. Its mass 

should also be as small as possible. Since the reactor 

maintenance in space is almost impossible, the number of 

components should be minimized to reduce unexpected 

events.  

The advantages of heat pipe as the reactor cooling 

system include zero gravity operation, mechanical 

simplicity, relatively light weight and others. Therefore, 

the fission heat of heat pipe reactor can be transported 

from the core to the power conversion system without 

pumping power and gravity assistance. The fully passive 

heat removal without the moving part results in the simple 

design and maintenance. NASA and LANL has been 

developing a small fission power system called Kilo 

Power which uses sodium heat pipes and the stirling 

engines1. China2 is also performing the basic study for the 

space heat pipe reactor. 

Korean government makes comprehensive nuclear 

energy promotion plan every five years since 1997. This 

5th plan (2017~2021) required that Korean nuclear 

technology should be spread and linked to future strategic 

fields and non-electric applications. Space application 

was one of the future strategic fields. Therefore, Korea 

Atomic Energy Research Institute could start the 

development of key technologies for space reactor in 

April 2019. Its objectives are to develop the design 

technology for space heat pipe reactor and to 

experimentally improve the thermal performance of the 

bendable alkali metal heat pipe. This paper summarizes 

the progress of Korean space heat pipe reactor R&D.  

 

II. DEVELOPMENT OF REACTOR CONCEPT 

AND DESIGN TECHNOLOGY 

II.A. Core Concept  

In accordance with the U.S.-Republic of Korea 

Nuclear Cooperation Agreement, a study on the 

development of the concept of a space heat pipe reactor 

was conducted using a low-enriched uranium with an 

enrichment of less than 20wt%. The core concept of the 

space heat pipe reactor is designed to the following 

requirements, 

- Life time > 10years 

- Thermal power: 5kWth 

- U-235 enrichment < 20.0wt% 

- Mass < 1200kg, height < 5m, diameter < 2m 

- Shielding design to protect the reactor system 

II.A.1. Space heat pipe reactor core design 

 According to the design requirements, two core 

concepts were designed as shown in Figure 1, a fast and 

an epithermal reactor. 

 43.1 cm  53.0 cm  

Fuel Moderator Reflector Heat pipe

(a) Fast reactor (b) Epithermal reactor

 
Fig. 1. Conceptual core design of the (a) fast and (b) 

epithermal space heat pipe reactor 

 

The fast reactor design is a practical near-term 

solution by reducing material and engineering complexity, 

and is designed in a simple form consisting of U-Mo fuel 
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and BeO reflector. In the fast reactor, the annular fuel is 

divided into internal and external parts, and there is a void 

and a heat pipe between them. It is designed to improve 

heat transfer performance by contacting the heat pipe 

during thermal expansion of the fuel. 

The epithermal reactor is designed to increase the 

neutronics efficiency using a moderator and significantly 

reduce the mass compared to the fast reactor. U-metal 

nuclear fuel, ZrH moderator, and BeO reflector are used. 

The dpa values of reflector surface for 10 years are about 

0.04 of which is less than 0.1 dpa.  The neutron fluence 

values are also about 7.7ⅹ1019 nvt, far less than the 

maximum permissible dose of BeO reflector.  

In order to increase the contact area between the fuel 

and the moderator, the annular fuel was used and a 

moderator rod was inserted inside. This design achieved 

the criticality by using less fuel than the core using the 

cylindrical fuel, which further reduced the reactor mass. 

 

II.A.2. Reactor shielding design 

The radiation shielding design requirements for space 

reactors applied in this study were a fast neutron fluence 

(>100keV) of 1014n/cm2 and an absorbed dose of 10MRad 

or less at the stirling engine for one year1. The shielding 

design was performed assuming that the stirling engine 

was located 100cm away from the center of the core, and 

the shielding material was selected as LiH with 90wt% of 

Li-6, and the whole was surrounded by thin SS316. 

Figure 2 shows the mass comparison of fuel, moderator, 

reflector, and radiation shield of the core applying the 

shielding design requirements. The mass of the fast 

reactor is about 600 kg and the epithermal reactor is about 

260 kg. 

 

 
Fig. 2. Mass comparison of the fast/epithermal space heat 

pipe reactor 

 

II.B. Design Technology 

KAERI has been developing the reactor analysis 

codes to predict the core temperature and reactor 

performance capacities. First, the heat pipe simulation 

code named LUHPIS has programmed to simulate 

transient heat transport under the hot temperature 

condition with working fluid of sodium. The LUHPIS 

code can be used both stand-alone and dll with other CFD 

S/W like ANSYS CFX. Second, a core heat transport 

code HEPITOS has developed to analyze the core 

temperature distribution in the core during normal 

operation. Third, a space reactor system code SPAR-LM 

has been developing to analyze the system performance 

capacity from core to heat sink. 

The LUHPIS code may simulate the steady and 

transient condition heat pipe with one dimensional model. 

The code adopted various wick type to simulate various 

heat pipe type. Fig. 3 represents the simulation results of 

LUHPIS for LANL transient heat pipe test results3. 

 

Fig.3. LUHPIS results for LANL transient test. 

 

The HEPITOS code predict the steady heat transport 

in the core. The HEPITOS uses unit cell to generate mesh 

and can analyze two type of cores, monolith and groove.  

Fig. 4 shows the temperature distributions in the fuel and 

moderator region the 5 kWth epithermal reactor with 

700°C heat pipe temperature condition. 

 

 
Fig. 4.  HEPITOS mesh and calculated results. 

 

The SPAR-LM code investigates a reactor core, heat 

pipe, stirling converter, radiator panel. Fig. 5 represents 

the temperature profile from the panel to the reactor core 

under the lunar ambient temperature of -20℃ 

0.3m 

0.45m 



 

 

1 Lunar ambient 

2 Inner side of radiator panel contacting to heat pipe 

3,4,5 Condenser, adiabatic, and evaporator of the water heat pipe 

6,7 Cooler and heater of stirling engine 

8,9,10 Condenser, adiabatic, evaporator of the alkali metal heat pipe 

11,12 Inner side of moderator and center of fuel 

Fig. 5.  Temperature profile in the system 

 

III. DEVELOPMENT OF HEAT PIPE 

TECHNOLOGIY FOR SPACE REACTOR 

III.A. Design of Bendable Wick Structure  

Straight heat pipes are simple and cost effective but 

room is limited for the space purpose. Bendable heat 

pipes are good to maximize space utilization. Design and 

manufacturing of bendable heat pipes is a challenge for a 

heat pipe cooled reactor in space bases. The selection of 

wick material is a key for the manufacturing. Sintered 

metal powder and screen mesh are widely used for high 

temperature application. Sintered metal powder heat pipes 

showed crack when it was bended. Screen wick heat pipes 

showed reduction in vapor flow passage and capillary 

force4. 

Braided wire wick structure is possible option to 

manufacture bendable heat pipes. Braided wire wick is 

soft and strong. It has a good elasticity. Permeability of 

braided wire wick was an unknown parameter for design 

of heat pipe. Capillary rise rate experiments with simulant 

heat pipes were conducted to measure the permeability.  

Bendable heat pipes were designed with utilizing in-

house heat pipe design program. Braided wire wick was 

good in terms of pressure drop but it was poor in capillary 

force. We select sintered wick for the evaporator section 

and braided wire wick for adiabatic and condenser section. 

Figure 6 shows a simulant heat pipe which is 

bendable. Wick structure is well attached to the surface. 

The vapor flow passages are maintained in the bended 

part. 

 

Fig. 6. Simulant bendable heat pipe 

 

III.B. Thermal Performance Test  

The experimental apparatus is composed of a 

evaporator, a condenser, a water cooling system and 

adiabatic zone formed by Kaowool insulator as shown in 

the Fig. 7.  

The evaporator is a furnace type heater simulating 

reactor core thermal condition (Max. temperature to 

1425°C). A Kanthal heater molded with Ceramic 

Kaowool material can generate up to 6 kW thermal power. 

The heater is surrounded by thick Kaowool-insulator to 

minimize heat loss to the environment. Two variable AC 

autotransformers, the voltage controller slidacses are 

connected to the evaporator to control the power manually. 

The apparatus has the gas-cooled condenser because 

of the frozen startup failure and sonic limit5. It has a 

thermocouple port, an assembling flange and a high-

temperature (870°C) sealing adapter.  

Figure 7 also shows the layout of test section 

installed in both evaporator and condenser with the 

surface temperature measurement points. 25cm of HP is 

inserted into the evaporator and 20cm inserted condenser, 

and the other 55cm is opened at adiabatic region. K-type 

thermocouples are attached on the HP wall surface. 

 

 

 

Fig. 7. HP experimental apparatus  

 



 

Sodium Heat Pipe (HP) is 3/4” diameter and 1.0 m 

length of tube.  It has the screen wick with annular artery. 

The cross section view of the HP is represented in the 

Figure 8. Geometric data of the wick structure are listed 

in the Table I. The HP is filled with 50 grams of sodium 

that is the amount of emerging all the screen wicks 

installed in the HP internal.  

Table I. Characteristic of the test section (wick structure) 

Parameter Unit Value 

Wick Type - Screen wick 

Mesh  #400 

Screen thickness mm 0.063 

Artery type  Annulus 

Material  SUS316 

 

Spacer

Spring

Screen wick

Tube

 
Fig.8. Cross-sectional View of Test section 

 

The gas condenser is easily controlled the frozen state 

startup failure and can operate up to 3.0 kW power of the 

evaporator as shown in the Figure 9. The gas flow and 

thermal loss in the condenser removed 2.6 kW from the 

sodium heat pipe. The temperature gradient of the heat 

pipe surface in the condensing region resulted from the 

temperature difference between the inlet and outlet of the 

cooling gas flow. 

 

IV. CONCLUSIONS 

Heat pipe reactor is very suitable to fission power 

system for space application, because it has simple design, 

self-regulating reactivity feedback, and the passive safety.  

Korea Atomic Energy Research Institute has been 

developing the key technologies for space heat pipe 

reactor since April 2019. The core concept and the 

analysis codes is being developed for the space heat pipe 

reactor design. The wick structure was selected for the 

bendable heat pipe. The test facility was prepared for the 

thermal performance test facility of the alkali metal heat 

pipe at the high temperature condition.  

 

 
 

Fig. 9. Temperature history of sodium heat pipe with 

a nitrogen cooled condenser 
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This paper presents a preliminary computational 

framework for start-up sequence analysis and design of 
nuclear thermal propulsion (NTP) low enriched uranium 
(LEU). The computational framework provides a modular 
package for the integrated transient modeling of key engine 
components. Additionally, this paper introduces the 
control of core reactivity and chamber pressure in a 
modern LEU NTP system based on previous work that was 
investigated for the control of NERVA engines. 
I. INTRODUCTION 

Currently, extensive research is being conducted on 
high fidelity steady-state calculations to determine 
performance factors to analyze LEU NTP designs. The 
general approach is to decouple the engine components 
(e.g., pumps) from the reactor-core. Some uncertainties 
arise from adopting the decoupled approach, but overall it 
is a reasonable assumption. As the turbomachinery 
components operate under nearly constant conditions, the 
boundary conditions (e.g., inlet pressures and 
temperatures) to the core can be well established. Transient 
operations, however, such as engine startups, require 
modelling the entire integrated system. The Computational 
Reactor Engineering (CoRE) group in Georgia Institute of 
Technology is developing an integrated system framework 
that will enable to model fast startups and restarts. Our 
approach is to develop a modular system that will allow 
using varying level of fidelity (e.g., the core is model as a 
single channel vs. each channel is modeled separately). 
Here, we present only preliminary results that demonstrate 
the overall structure of the framework, and present initial 
results that follow the hydrogen propellant from the 
cryogenic tanks up to the nozzle. The overreaching goal is 
to develop an open-source package that compliments 
NPSS by increasing the flexibility of every key component 
through time dependent analysis and expanding the spatial 
analysis of the reactor core. 
I.A. Current System Frameworks 

NASA Glenn Research Center presents a Large 
NERVA Derived Engine created in the Numerical 
Propulsion System Simulation (NPSS) framework that 
uses design parameters from the Small Nuclear Rocket 
Engine (SNRE) (Ref. 1). This concept is capable of 
generating approximately 112.1 kN of thrust and delivering 
555 MW of thermal power. NPSS is capable of solving for 
the outlet temperature and pressure of each key component 

in the engine design based on fuel element and 
turbomachinery constraints. The program uses a lumped 
model methodology to solve the temperature and pressure 
parameters for significant engine components. The 
program also currently uses power deposition profiles from 
Monte Carlo N-Particle (MCNP5) to model the reactor 
core.  
I.B. Reference NERVA Startups 

The NERVA program presented unique operational 
requirements and challenges based on different phases of 
their startup procedure. Figure 1 shows the typical 
operational phases for a typical NERVA engine. The 
startup procedure is initiated with a conditioning phase in 
which turbopumps are chilled, the reactor is brought to 
critical, and the drums are used to raise reactor temperature 
to the next phase. Bootstrapping of the engine involves 
gradually increasing the chamber pressure with a control 
sequence of the turbine inlet, outlet, and bypass valve. The 
drums are used to correct for the change in chamber 
temperature during this sequence. Once the bootstrapping 
procedure is complete at a set chamber pressure, the engine 
is ready to be ramped up toward a nominal full thrust level 
(Ref. 2). 

 
Fig. 1. NERVA engine operational phases 
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A similar type of startup sequence is expected for a 
LEU NTP design along with similar constraints in which 
the engine must startup without being precluded by 135Xe 
at any time. This adds more challenges to the design of a 
startup sequence due to unfavorable reactivity penalties 
associated with LEU cores. Additionally, the current LEU 
NTP designs incorporate the use of moderator elements 
(ME) in conjunction with ceramic metallic (cermet) fuel 
elements (FE) to negate these reactivity penalties. An 
adequate startup analysis with the inclusion of MEs is 
currently not being undertaken. The neutronic and thermal-
hydraulic transient analysis of MEs could exploit new 
startup strategies or allow for a pathway for future NTP 
designs.  
II. INTEGRATED SYSTEM 

The reference startup profile shows the importance of 
controlling the chamber pressure and chamber temperature 
of the engine. The control sequence allows the user to input 
desired chamber temperature and pressure ramps in order 
to control the startup trajectory. In summary, the integrated 
system requires one input to control a single set of 
parameters: the turbine bypass valve (TBCV) controls the 
chamber pressure, and the control drums control the 
chamber temperature. The dynamic time dependent nature 
of this analysis requires a robust numerical scheme to solve 
numerous differential equations for each time iteration. 
The code leverages the use of the SciPy Odeint package 
that solves initial value problems for stiff or non-stiff first 
order differential equations using adaptive time meshing 
(Ref. 4). As shown in Figure 2, the code currently houses 
several modules that are able to be rapidly customized with 
future higher fidelity modules. An array of time dependent 
parameters of the NTP are housed in the State Class. Each 
separate component module stores steady state algebraic 
equations and transient differential equations specific to 
the component. SciPy Odeint calls the transient equations 
from the component modules in order to solve the 
equations at every time step in the solve.py script. The 
Solution class holds an array for the solutions of these 
equations and updates the solutions for each state 
parameter in the State Class. The Solution Class also 
incorporates plotting functions that is helpful for post-
processing of the results.  

 
Fig. 2. Modular design of transient package 

II.A. Reactor Framework 
SERPENT, a multi-purpose three-dimensional (3D) 

Monte Carlo particle transport code, was used to calculate 
reactivity coefficient correlations (Ref. 3). A simplified 
methodology was implemented where each region was 
perturbed separately from hot full power conditions in 
order to develop the following reactivity coefficients: fuel 
temperature, moderator temperature, fuel gas density, 
moderator supply gas density, moderator return gas density 
and control drum rotation. SERPENT was also used to 
calculate the delayed neutron fractions, decay constants, 
and the associated effective generation time for the reactor 
design. These kinetic parameters along with the feedback 
and control reactivities are used in the point kinetics 
equations. These equations handle the neutronic part of the 
lumped reactor core model, where the solutions of these 
equations provide the power and delayed neutron precursor 
concentration at every time step. The reactor is currently 
modeled as a lumped model, using the point kinetics 
equations and a time dependent heat transfer relationship 
between coolant and fuel. Future work involves axially 
discretizing the fuel and moderator element and 
incorporating local changes in temperature and density in 
each layer. 

The maximum fuel temperature limits compounded by 
the cooldown and heat up rates of cermet fuels add 
additional constraints to the startup. The most important 
aspect of this model is the precise control of nuclear 
kinetics and reactivity. The MIT/SNL Alternate Period-
Generated Minimum Time Control Law computed by Eq. 
1, was derived from the point kinetics equations to 
precisely generate any desired power profile with little or 
no power overshoot (Ref. 5). The control law provides a 
rate of change of reactivity required to produce an 
instantaneous reactor period. 

�̇�! = (𝛽 − 𝜌)𝜔"	 − 𝜆#$$𝜌	 −+𝛽%,𝜆% 	 − 𝜆#$$-	
&

%'(

	

−�̇�$ + Λ	[�̇�" +𝜔"(𝜔" + 𝜆#$$)]	

(1) 

where, standard nomenclature is used to represent decay 
constants, 𝜆, delayed neutron fraction, 𝛽, reactivity 𝜌,	and 
the dot operator represents the time derivative. The desired 
inverse period, 𝜔" , is calculated for a given power 
trajectory using Eq. 2. The user defines the final power 
level (𝑃$ ), initial power level (𝑃) ) and the time ramp 
(𝑡*+,-) required to reach this final power.  

𝜔" =
ln	(

𝑃$
𝑃)
)

𝑡*+,-
	

(2) 

A desired rate of change of the inverse period, shown 
in Eq. 3, is calculated by comparing the calculated desired 
inverse period to the measured inverse reactor period of the 
reactor at every time step. The measured inverse reactor 
period (𝜔.) is simply the rate of change of power divided 
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by the power at the time step. At the start of the problem, 
the measured inverse reactor period is zero, due to the 
reactor being in steady state and by definition having an 
infinite reactor period. The initiation of the transient causes 
the measured inverse period to be a non-zero number. The 
desired inverse period is set to zero once the power reaches 
the desired power level and is maintained at zero until the 
start of the next power transient.  

𝜔"̇ =
𝜔"	 − 𝜔.
𝑡*+,-

	 (3) 

The law takes into account the reactivity due to control 
drums, feedback, and the population of the delayed neutron 
precursors at every time step in order to develop an 
adequate rate of change of control reactivity to keep the 
reactor at the required inverse period to reach the desired 
final power or temperature level. The rate of change of 
reactivity is used as the actuator signal for the drum speed 
for the purpose of rotating the drums at the associated 
speed. If this calculated drum speed is larger than the user 
defined maximum drum speed, then the latter is used 
instead. The control laws can be modified to take in 
temperature signals and temperature trajectories which will 
be useful to model the reference chamber temperature ramp 
profile as shown above (Ref. 6). 

Several sensitivity studies regarding the number of 
time steps required to reach the specified power trajectory 
was conducted using in-house built differential equation 
solvers. The control law exhibited significant power 
overshoot if fewer time steps were used and produced fast 
drum speed if many time steps were used. The reactor 
framework leverages the adaptive time meshing scheme of 
the SciPy Odeint package, which dynamically adjusts the 
number of time steps used to solve all differential equations 
that describe the model. The adaptive time meshing 
allowed for tighter control of the change of reactivity and 
thus minimum power overshoot without using power 
tolerance bands. 
 
II.B. Component Framework 

The model currently consists of piping, tees, valves, 
turbopump, turbine, regenerative nozzle and control 
drums; where all the components are treated as lumped 
volumes Constant parameters of each component are 
defined by the user in an input file, making all components 
customizable. The hydrogen fluid properties are taken from 
a data set provided by NASA’s Lewis Research Center 
(Ref. 7). Each component is connected to one another and 
the hydrogen properties at the outlet of each component 
serve as the boundary conditions to inlet of the next 
component. The current system framework seeks to build 
a transient model of the SNRE, using the NPSS Large 
NERVA derived engine. At each time iteration, the 
enthalpy and pressure of the hydrogen fluid is updated. The 
pressure drop across each component uses a predictor-

corrector approach where the inlet and outlet hydrogen 
properties of the components are both used to calculate an 
accurate pressure drop based on friction and acceleration 
losses.  

 The framework uses the momentum integral 
methodology to conserve the fluid momentum across a 
component. This quasi-steady state assumption assumes 
that the SciPy Odeint solver’s time step is small enough to 
assume that the flow rate is constant at any time step (Ref. 
8). The mass flow rate of the system is updated at every 
time step and is based on the choked nozzle flow rate 
equation which takes the chamber temperature and 
pressure as inputs. 

User-defined pump curve characteristics and pump 
curve data is required to capture pump performance. The 
shaft speed of the turbopump assembly (TPA) is found 
from the solution of a time dependent differential equation 
that balances the torque imbalance of the pump and turbine 
sharing the same shaft. The transient program solves for 
the pressure rise across the pump based on a dynamic TPA 
shaft speed. A similar control logic is required to regulate 
the chamber pressure ramps of the system. The choked 
nozzle flow assumption allows for the chamber pressure to 
be nearly proportional to the system mass flow rate for a 
constant chamber temperature. Relating the dynamic 
manipulation of the TBCV based on user-defined chamber 
pressure ramps under the choked flow assumption is 
currently under investigation.  
III. DEMONSTRATION OF POWER RAMP   

The MIT/SNL Alternate Period-Generated Minimum 
Time Control Law using SERPENT generated physics 
parameters for a LEU NTP core is demonstrated. Figure 3 
shows the change of reactor of power from an initial power 
level of 100 MW to a final power level of 500 MW using a 
time ramp of 6 seconds. Figure 4 shows the population of 
6 delayed neutron precursor groups. 

 
Fig. 3. Power ramp to 500 MW in 6 second 
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Fig. 4. Change in control and feedback reactivity  

 
Fig. 5. Change in delayed neutron precursors  
These figures demonstrate that the control law 

achieves a final reactor power of 500 MW with no power 
overshoot in 6 seconds. The control law reactivity is able 
to keep an infinite reactor period and stabilize at 500 MW 
by correcting for the increase in delayed neutron precursor 
levels by inserting negative reactivity into the core. 
Currently the code incorporates hydrogen gas density and 
fuel temperature perturbations into total feedback 
reactivity. 
IV. CONCLUSIONS 

This current framework has shown the ability to 
simulate a transient startup of an LEU NTP system through 
the precise control of control reactivity with minimal 
power overshoot. The framework enables a modular design 
that allows for vast customization of components in the 
rocket. This current preliminary stage had the primary 
motivation of developing a foundation to control the 
neutronics of an LEU core at a point kinetics level. Future 
work will involve the control of chamber pressure by 

varying the pressure rise across the turbopump through the 
turning of the TBCV position. User-defined chamber 
temperature ramps and chamber pressure ramps will allow 
for integrated startup analysis for later LEU design 
concepts.  
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NOMENCLATURE 

𝜌!	̇   Rate of change of control reactivity 

𝜌$	̇   Rate of change of feedback reactivity 

𝜌  Total reactivity 

𝛽  Total fraction of delayed neutrons 

𝛽%  Fraction of delayed neutrons of group ‘i’ 
𝐶%  Delayed neutron group ‘i’ 

𝜆%  Precursor decay constant of group ‘i’ 

𝜆#$$  = ∑0!	"2!
∑0!	2!

, Effective decay constant 

𝜔"  Desired inverse reactor period 

𝜔.  Measured inverse reactor period 

Λ  Effective generation time 
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Under the Mars Transportation Assessment Study, 
NASA and DOE are performing analyses and generating 
concepts for crewed Nuclear Electric Propulsion (NEP) 
missions to Mars. This paper presents the results of trade 
studies and concept development for the nuclear electric 
power system, consisting of the fission reactor, radiation 
shielding, power conversion, heat rejection and power 
management & distribution (PMAD). The nuclear power 
team completed trade studies to evaluate different reactor 
and power conversion technologies and developed 
preliminary concepts for the crew shielding, waste heat 
radiators, and PMAD. The initial results suggest that a 
modified terrestrial microreactor combined with 
supercritical CO2 Brayton conversion could be used to 
perform the crew and cargo missions with satisfactory 
performance and modest risk. 

 
I. MARS NEP MISSION CONCEPT 

Mission studies conducted by the Glenn Research 
Center (GRC) COMPASS Team identified the need for a 
1.9 MWe power system to perform a 2-year round-trip 
crewed mission to Mars using a hybrid NEP/chemical 
propulsion architecture, as shown in Figure 1. The 
COMPASS studies evaluated multiple crewed mission 
opportunities spanning 2035 to 2042 that utilize a Low 
Earth Orbit (LEO) aggregation orbit, un-crewed LEO-to-
Near Rectilinear Halo Orbit (NRHO) spiral where the 
NEP vehicle rendezvouses with the deep-space crew 
habitat, and 760-day opposition-type round-trip mission 
that includes a 30-day Mars stay. Additional mission 
analysis indicated that a duplicate NEP stage, using the 
same 1.9 MWe nuclear power system and EP thrusters but 
without the chemical propulsion, could perform pre-crew 
cargo missions delivering payloads of about 200t to Mars 
after a LEO spiral and 535-day one-way Mars trip. 

 
Fig. 1. Hybrid NEP/Chem Vehicle Concept 

II. POWER SYSTEM CONCEPT 
The reactor cooling method and power conversion 

choice is a major influence on system design and 
reliability. Figure 2 presents examples of the design space 
for reactor heat transfer and power conversion in nuclear 
fission systems. The three major primary heat transfer 
methods for space reactors are heat pipes, pumped liquid 
metal, and pumped gas. Heat pipes work on a passive 
two-phase evaporation/condensation cycle that requires 
no external power, while liquid metal or gas cooling 
requires drive pumps or compressors to circulate the fluid. 
The benefit of active cooling over passive heat pipes is 
flexibility in design and higher thermal throughput. 
Typical liquid metals used in pumped cooling loops are 
lithium, sodium, potassium, or a mixture of sodium and 
potassium (NaK). Gas-cooled systems have the option of 
directly coupling to a Brayton converter, simplifying the 
reactor heat transport. However, this leads to a single 
shared gas circuit for the reactor and power conversion, 
which impacts the system fault tolerance. 

 
Fig. 2. Potential Reactor-Power Conversion Options 

Among the power conversion options are Stirling, 
Brayton, and Rankine thermodynamic cycles, as well as 
thermoelectric and thermionic devices. Each option 
presents different characteristics on conversion efficiency 
and power throughput, and therefore on the system mass. 
On the low end of the efficiency scale, thermoelectric 
conversion has a long history of use in radioisotope power 
systems. However, the lower efficiency is a challenge for 
high power fission systems due to the larger reactor, 
radiation shield, and waste heat radiator. The Stirling 
cycle has high efficiency but does not scale well to higher 
power. HeXe Brayton systems fair better at higher power 
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but the lower heat rejection temperature results in a larger 
radiator. A supercritical CO2 (or perhaps other 
supercritical working fluid) Brayton system may perform 
better than the HeXe system but that technology has been 
mainly focused on terrestrial applications. A potassium 
Rankine cycle has the potential for high efficiency and 
heat rejection temperature, but the two-phase system 
design is a challenge and the maturity is low. 

Rejecting the power conversion waste heat represents 
a major design challenge. The vacuum of space requires 
radiative heat rejection, which is dependent on large, 
bulky radiators. In fact, the limiting design factor for the 
reactor power system in this study was the stowed 
radiator volume that could be accommodated in a single 
launch vehicle. Preliminary radiator stowage concepts 
have indicated a maximum radiator area of approximately 
2500 m2 for the 8.4 m Space Launch System (SLS) 
fairing. The 2500 m2 radiator limit proved to be the 
primary design constraint in determining the maximum 
NEP power output. 

Figure 3 shows a parametric analysis of radiator area 
and system mass across a range of relevant power levels 
for three different reactor-Brayton combinations. System 
mass includes the reactor, shield, power conversion, heat 
rejection and PMAD. Given the 2500 m2 SLS radiator 
limit, the 1200 K HeXe case (A) permits 1.6 MWe 
maximum power output, the 1200 K SCO2 case (B) 
permits 1.9 MWe, and the 1500 K HeXe case (C) permits 
2.9 MWe. The 1200 K SCO2 case was selected as the 
study reference, supplying 1.9 MWe with a total system 
mass under 25 MT. While the 1500 K case may appear 
attractive from a performance standpoint, it introduces 
considerable development risk relative to the other two 
cases. The 1500 K reactor would require a new fuel form 
and refractory alloy cladding/structural material beyond 
what was demonstrated during the SP-100 Program. It 
would also require new higher-temperature materials for 
the Brayton converters and radiators beyond the current 
experience base for those technologies. 

 
Fig. 3. Parametric System Analysis 

II.A. Reactor and Shield Subsystems 
The reactor concept in the parametric analysis above 

assumed a fast-neutron spectrum core with pin-type 
refractory-clad fuel using Highly Enriched Uranium 
(HEU). The DOE’s Oak Ridge National Laboratory 
(ORNL) was added to the team to evaluate different 
reactor design options and fuel enrichment levels. They 
evaluated two reactor concepts: a) a fast-spectrum SP-100 
derived system using UN pin fuel with pumped Li 
primary heat transport, and b) a derivative of the 
Transformational Challenge Reactor (TCR) using UN 
particle fuel in a solid SiC element with interspersed YH 
moderator. The TCR derivative could use either direct 
Brayton gas cooling or the primary Li loop, although the 
Li option was the preferred configuration for this study 
based on overall system reliability. Both the SP-100 and 
TCR reactor approaches were evaluated with HEU (93% 
enrichment) and High-Assay Low Enriched Uranium 
(HA-LEU, 19.75% enrichment). 

The ORNL reactor study assumed a thermal power of 
10 MWt, coolant outlet temperature of 1200 K, and 
operational life of two years at full power. The results 
showed the SP-100 HEU option to be the lightest mass 
reactor at approximately 2400 kg including fuel, vessel, 
reflector, instrumentation & control, and Li primary loop. 
The LEU version of the fast-spectrum SP-100 reactor was 
found to be prohibitively heavy. The HEU TCR option 
with YH moderator had a similar reactor mass as the fast-
spectrum HEU SP-100, but the larger reactor diameter 
resulted a 70% increase in shield mass. The mass of the 
LEU TCR reactor with YH moderator was about twice 
the HEU version at 4800 kg and required the heaviest 
shield because of the large reactor diameter. However, the 
total 3500 kg mass increase (including the shield) for the 
LEU TCR option relative to the HEU SP-100 option did 
not significantly impact the mission design. The LEU 
TCR reactor shown in Figure 4 was selected as the 
reference approach for the mission study, with the HEU 
SP-100 as the study alternative. The 10 MWt thermal 
power rating provides approximately 40% thermal power 
margin at 1.9 MWe. 

 
Fig. 4. TCR-Derivative Reactor Concept for NEP 
A key challenge for the reactor is to shield the mixed 

neutron and gamma radiation field. The amount of 
radiation is directly correlated to the thermal power and 
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operating duration of the reactor, which adds an 
additional motivation for high power conversion 
efficiency. The need for shielding is driven by both 
electronic and materials tolerance as well as human dose 
limits for crewed missions. Low-atomic-number materials 
like hydrogen, beryllium, lithium, and boron provide 
efficient shielding for the neutron flux, while high-
atomic-number materials like tungsten or depleted 
uranium effectively shield the gamma flux. 

For this study, ORNL compared several design 
variants for their effectiveness in attenuating radiation at 
three key locations: a) the Brayton units, b) the PMAD 
electronics, and c) the crew habitat. The starting point was 
a conical LiH/W shield with a 26 deg half angle that 
limited radiation to 25 krad and 1011 n/cm2 at 50 m from 
the reactor (at the PMAD electronics) after two years of 
reactor operation. Further analysis revealed that this 
shield design was not sufficient for the crew habitat. 
Figure 5 presents the four shield configurations evaluated 
by ORNL. The LiH/W starting point assumed a constant 
shield thickness for the entire 26 deg half angle. The two 
compound shields assumed a thicker central section, or 
“plug” for increased protection of the vehicle centerline 
elements and crew habitat (within a 3 deg half angle). 
One of the compound shields assumed a combination of 
Be/B4C/LiH/W, while the other assumed only LiH/W. 
The fourth shield option used LiH/W and retained the 
central plug but included cutouts in the perimeter to form 
a cruciform with four 26 deg extensions corresponding 
with the location of the radiator wings. 

 
Fig. 5. Shield Options Evaluated 

The desire to limit radiation at the crew habitat to 50 
rem/yr became the driving requirement for shield mass. 
The ORNL analysis incorporated the benefits provided by 
the in-line Brayton engines, reactor boom, PMAD 
equipment, Xe propellant and tanks in attenuating crew 
radiation. The mass comparison among the four 
configurations revealed that the full-thickness LiH/W 
shield was the heaviest at 13800 kg, followed by the 
hybrid compound at 4800 kg, the LiH/W compound at 
3500 kg and the LiH/W compound cruciform at 2800 kg. 
The compound cruciform was selected as the design 
reference, and the corresponding radiation flux maps are 
presented in Figure 6. This shield results in a total 
absorbed gamma dose at the Brayton converters and 
PMAD electronics after two years of operation of 100 
Mrad and 25 krad, respectively. The effective human dose 
at the forward external face of the crew habitat is 3 
mrem/hr, corresponding to 100 rem in two years. The 
total mass of the reference HA-LEU reactor and crew-

rated radiation shield is about 7600 kg.  The equivalent 
HEU-version is about 4100 kg. 

 
Fig. 6. Radiation Map for Compound Cruciform Shield 

II.B. Power Conversion Subsystem 
The power conversion trades comparing HeXe and 

Supercritical CO2 Brayton favored the SCO2 option. The 
SCO2 option yielded a ~20% increase in power output for 
the same total radiator area. The reference 1.9 MWe 
power system concept assumes four SCO2 Brayton 
converters each producing 25% of the total power, shown 
in Figure 7 coupled to the Li-cooled reactor through four 
liquid-to-gas heat exchangers. The use of a primary loop 
with separate HXs permits the system to produce partial 
power should one or more Brayton units fail. Each 
Brayton unit includes a turboalternator-compressor, 
recuperator, and gas cooler. The development of a ~500 
kWe-class Brayton unit represents a significant scale-up 
from the experience base for HeXe Brayton technology, 
represented by the 10 kWe Brayton Rotating Unit (BRU), 
the 2 kWe mini-BRU, the 36 kWe converter for the Space 
Station Freedom Solar Dynamic Power Module, and the 
100 kWe converter for the Prometheus/Jupiter Icy Moons 
Orbiter mission. Legacy HeXe Brayton technology, with 
superalloy hot-side materials that permit turbine inlet 
temperatures up to 1150 K, has undergone considerable 
NASA testing to demonstrate performance in relevant 
environments and for extended operating times (e.g., 
~50,000 hours of BRU testing). 

 
Fig. 7. NEP Reactor-Brayton Configuration 

Conversely, SCO2 Brayton development has focused 
on MWe-class power levels but has been mostly limited 
to terrestrial applications with systems that are not 
designed for space use. If SCO2 Brayton is pursued for 
Mars NEP, the emphasis will be on adapting high power 
terrestrial technology and demonstrating performance in 
relevant environments. If HeXe Brayton is pursued, the 
emphasis will be on scaling the legacy technology to 
higher power levels. The four 500-kWe SCO2 Brayton 
converters in the reference concept have a total mass of 
about 2100 kg. 
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II.C. Heat Rejection Subsystem 
The heat rejection subsystem (HRS) assumes each 

Brayton converter has a dedicated pumped-NaK cooling 
loop and a one-fourth segment radiator assembly. The 
NEP radiators would operate at temperatures between 375 
and 550 K and reject about 4 MWt. This temperature 
regime was studied extensively during the Prometheus 
and Fission Surface Power projects. Technology 
development was completed on high temperature Ti/H2O 
heat pipes (both life testing and microgravity research), 
polymer-matrix composite (PMC) radiator panels (both 
sub-scale and full-scale thermal-vacuum tests), and 
pumped NaK fluid loops (at temperatures up to 875 K). 
Leveraging those developments, the NEP radiators use 
PMC panels with embedded Ti/H2O heat pipes. The 2500 
m2 total NEP radiator surface is comprised of four 
radiator segments each having 17 individual radiator 
panels (~4 m x 5 m) that are coupled to the NaK coolant 
manifold, as shown in Figure 8 (for comparison, the total 
radiator area for the International Space Station is about 
1200 m2). The total mass of the NEP HRS concept is 
about 9500 kg with 68 radiator panels at ~100 kg each. 

 
Fig. 8. NEP Radiator Configuration 

II.D. PMAD Subsystem 
The NEP PMAD electrical schematic is shown in 

Figure 9. The four Brayton units produce high frequency 
(~2.5 kHz) 3-phase power at 960 Vac that is transmitted 
through cables to the PMAD electronics located 50 m 
away. The power system produces sufficient electric 
output to power the EP thrusters, spacecraft bus, and 
system parasitic loads. Each Brayton has a dedicated 
PMAD channel with a high voltage AC bus that feeds the 
650 Vdc Hall thruster direct drive units (DDU) and 120 
Vdc spacecraft bus using the appropriate voltage 
conversion stages. Brayton rotor speed control is 
accomplished via a pulse-width modulated DC parasitic 
load radiator (PLR) that maintains a constant load on the 
alternator. The PLR is sized to reject the entire 500 kWe 
Brayton output (at 550 deg C) allowing the Brayton units 
to operate at full power even if there are no external loads. 
The four PLRs (~30 m2 each) are located on the perimeter 
of the truss sections that comprise the reactor boom. The 
spacecraft receives power from the Brayton units, but also 

supplies power for startup and control via batteries and 
solar arrays. Startup power is delivered to a start inverter 
that allows the Brayton units to be electrically motored. 
The spacecraft also feeds power to the PMAD 
controller/processor that manages system operations and 
distributes DC power to the auxiliary loads (pumps, drive 
motors, etc.). Each of the four PMAD channels includes a 
cold plate and dedicated thermal radiator (~20 m2 each) 
that rejects 15 kWt (~3%) at 100 deg C. The total PMAD 
mass for the four channels including cabling, electronics, 
and thermal management is about 5800 kg. 

 
Fig. 9. NEP PMAD Schematic 

III. CONCLUSIONS 
Trade studies and analyses were performed to 

produce a nuclear electric power system conceptual 
design suitable for 1.9 MWe crewed Mars NEP missions. 
The reference concept uses a modified Li-cooled 
terrestrial microreactor with HA-LEU fuel, LiH/W crew-
rated radiation shield, SCO2 Brayton power conversion, 
pumped-NaK heat rejection with composite heat pipe 
radiators, and 960 Vac PMAD. Key design drivers were 
the maximum radiator size that could be accommodated 
in the SLS fairing, the high-voltage EP electrical interface 
and the crew radiation dose. The reference concept has a 
total system mass of about 25000 kg (~13 kg/kWe). The 
use of HEU for the reactor could reduce the system mass 
by 3500 kg (14%).  
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Space reactors fueled with Low Enrichment Uranium 

will most likely require moderators to reduce the size and 

mass of the reactor. This paper considers combinations of 

beryllium, yttrium hydride, and zirconium hydride as 

moderators for a 250 kWe fission power reactor. A dual 

moderated system can include a more thermally favorable 

material with less effective moderating capabilities near 

the fuel and a less thermally favorable, but more effective 

moderator away from the fuel.  This arrangement reduces 

the impact of the less desirable qualities of both materials. 

The zirconium hydride cases resulted in the highest infinite 

multiplication factors (above 1.30 in each case). Zirconium 

hydride is only viable up to 900 K. Yttrium hydride has an 

upper operating limit of 1173 K. As a sole moderator, 

yttrium hydride produced an infinite multiplication factor 

of 1.24715; but, adding beryllium around the coolant 

channels increased the infinite multiplication factor to 

1.24853. This result, along with beryllium’s superior 

thermal conductivity, indicates that a mixed moderator 

configuration may be more ideal for a high temperature 

reactor. 

 

I. INTRODUCTION 

The desire to establish a permanent lunar presence by 

2024 requires a stable orbital transit system from the Earth 

to the Moon in order to replenish supplies and to transport 

materials for a lunar base. A cargo transport vehicle using 

Nuclear Electric Propulsion is one possible solution to this 

need. Such a vehicle could efficiently transfer cargo and 

supplies between the Earth and Lunar orbits. The 2019 – 

2020 Nuclear Reactor Design course at the Colorado 

School of Mines considered the design of a reactor to 

provide 10 years of 250 kWe steady state electric power for 

such a spacecraft. The reactor is fueled using low 

enrichment uranium fuel elements that do not exceed 

19.75% uranium-235 by weight. The difficulty of 

obtaining highly enriched uranium, as well as the 

proliferation risks associated with the material make the 

development of a low enrichment uranium system 

desirable. Section 3 B of Space Policy Directive 6, issued 

on December 23, 2020, directly states that highly enriched 

uranium may only be used in space nuclear applications 

when no other alternative is viable.1 

This paper considers the combined use of two different 

moderating materials to reduce the average neutron energy 

in the core to increase the effective fission cross-section of 

fuel in the reactor. Previous high temperature reactor 

designs like the HTRE-3 have considered heterogeneous 

moderators in the form of core moderators and reflectors.2 

This paper looks at the benefits of heterogeneous 

moderators within the core. The inclusion of a more 

thermally favorable material that may be less effective as a 

moderator with a more effective moderator that may not be 

as thermally stable can give the benefits of both materials 

in the reactor core without having to rely on one material 

that has deficits in either thermal stability or moderation 

ability. In this scheme, a primary moderator surrounds the 

fuel pins in the reactor and a secondary moderator 

surrounds the coolant channels. While this paper only 

considers macroscopically heterogeneous moderators, 

other researchers are considering two-phase composite 

moderators.3 This paper considers beryllium, yttrium 

hydride, and zirconium hydride as possible moderating 

materials. Beryllium has been widely considered as an 

excellent reflector due to its scattering cross section, as 

well as having a reaction where it can absorb a neutron and 

subsequently emit two neutrons4. Recent developments in 

the fabrication of yttrium hydride show that it is possible 

to fabricate crack-free yttrium hydride with a homogenous 

hydrogen distribution for use in a reactor.5 The maximum 

operating temperatures of beryllium, yttrium hydride, and 

zirconium hydride are 1560 K6, 1173 K7, and 900 K7, 

respectively, which make these materials useful as 

moderators in high temperature reactors. This paper 

considers the possible combinations of beryllium, yttrium 

hydride, and zirconium hydride to determine the most 

effective moderator configuration, based on the thermal 

hydraulic design limits of the reactor. 

II. REACTOR DESIGN 

The reactor core, shown in Figure 1 with the 

corresponding material details in Table I, consists of a 

hexagonal lattice of fuel pins and coolant channels. The 

uranium mononitride fuel elements contain uranium 

enriched to 19.75% uranium-235 by weight and are 

surrounded by the primary moderator. The coolant 

channels are surrounded by the secondary moderator. Each 

fuel pin is adjacent to three coolant channels, and each 

coolant channel is surrounded by six fuel pins. The reactor 

power system uses a Brayton cycle power conversion 

system with helium-xenon gas composition (made up of 78 

wt% He and 22 wt% Xe) as the coolant and working fluid. 

Twelve control drums positioned at the edge of the core 

control the reactor power by rotating a neutron poison 



section in or out. The drums span the height of the core and 

are made up of beryllium and a 120° section of boron 

carbide enriched to 95% boron-10 by weight. For this 

project, the reactor had to be relatively small so that the 

control systems could reside outside of the reactor and 

adequately control the reactor’s operating conditions 

without internal moving parts. Determining the k∞ of the 

reactor core gave insight for the patterns in keff
 of the 

reactor with regards to the core’s inner geometry and 

materials.  

III. OPTIMIZATION MODEL 

The Monte Carlo N-Particle (MCNP) version 6.210 

based optimization simulations determined the optimal 

system geometry and moderator with respect to the 

system’s neutronics. The MCNP simulations estimated the 

infinite multiplication factor (k∞) of the reactor based on a 

unit cell, shown in Figure 2. The unit cell consists of a 

coolant channel surrounded by fuel elements with 

reflective boundary conditions (dashed outline) on all sides 

except the top and bottom (in and out of the page). In all of 

the simulations, the coolant channel outer radius and 

element height stayed constant (1.1 cm and 36 cm, 

respectively). The moderator around the fuel (the primary 

moderator) could differ from the moderator around the 

coolant channels (the secondary moderator). 

The optimization simulations considered 

combinations of metallic beryllium, yttrium hydride (YH2), 

and zirconium hydride (ZrH2) in each moderator position. 

Zirconium hydride and yttrium hydride used a 1:2 metal-to 

-hydrogen ratio to have comparable atomic ratios for the 

metal hydrides, as the thermal scattering libraries for 

yttrium hydride only apply to that atomic ratio. The 

optimizations ran in a grid format where a python script 

wrote an input file with an initial pitch; ran simulations 

with a fixed set of radii (in increments of 0.05 cm); 

increased the pitch by 0.05 cm; ran simulations with the 

same set of radii; and then repeated the process for the next 

desired pitch value. The specific pitch and radii values for 

each combination varied in order to have the peak value 

close to the center of the resulting plot. The peak values 

provided reactivity information to determine the potential 

under- and over-moderated configurations of the reactor 

for thermal feedback considerations. 

Each simulation used the ENDF/B-VIII.0 continuous 

neutron energy libraries evaluated at 293.6 K.4 The 

simulations also used the ENDF/B-VIII.0 re-released 

S(α,β) thermal scattering data evaluated at 294 K for 

beryllium metal, zirconium hydride, yttrium hydride, and 

iron-56.11 The KCODE simulations ran 25 inactive cycles 

and 200 active cycles running 5×104 source neutrons per 

cycle. 

IV. RESULTS AND DISCUSSION 

The neutronic analysis of the reactor core looked at 

different moderator combinations to determine the most 

effective configuration for this reactor. This analysis also 

required a look at some of the thermophysical properties of 

  

Fig. 1. Axial view of the reactor core. 
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Figure 2. Unit cell used in the optimization simulations. 
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TABLE I. Material densities of reactor components. 

Section Material Density (g/cm3) 

Fuel UN 14.32[8] 

Reflector Be 1.85[6] 

Absorber B4C 2.38[9] 

Coolant Cladding SS-316 8.00[9] 

 



the moderator to determine which materials are more 

suitable for high temperature operating conditions. The 

thermophysical considerations lead to a more 

comprehensive look at the more notable moderator 

configurations for a more complete neutronic analysis. 

IV.A. General Results 

Table II shows the peak infinite multiplication factor 

(k∞) values with the corresponding fuel radii and pitch for 

each moderator combination. This paper uses the notation 

o  “Primary Moderator –  econdary Moderator” to identi y 

the different combinations of primary and secondary 

moderator.  ll o  the simulations had a 3σ variance o  less 

than 0.00084.  

The pure beryllium moderated system did not have 

radius and pitch values that corresponded to a global 

maximum. The k∞ values for the pure beryllium system 

continuously increased with increasing radii and pitch. The 

values shown in the table are the maximum values 

considered since there does not appear to be a global 

maximum and the all-beryllium configuration with a 

maximum predicted k∞ of 1.16182 is not superior to the 

beryllium-yttrium hydride and beryllium-zirconium 

hydride configurations with calculated k∞ values of 

1.22902 and 1.28960, respectively. 

The yttrium hydride-primary systems show more 

promise than the beryllium-primary configurations. The 

mixed yttrium hydride-primary systems produced k∞ 

values of 1.24853 and 1.29401 which are both higher than 

the pure yttrium hydride system that produced a peak k∞ 

value of 1.24715. The mixed yttrium hydride-primary 

systems did have the downside of requiring larger radii and 

pitch values for their peak k∞. The more notable 

dimensional increase was in the pitch values which 

increased from 3.90 cm for the pure yttrium hydride 

configuration to 4.45 cm and 4.95 cm for the mixed 

systems containing zirconium hydride and beryllium, 

respectively. The macroscopic thermal neutron absorption 

cross sections for beryllium, yttrium hydride, and 

zirconium hydride are 0.00245 cm-1, 0.0947 cm-1, 0.0613 

cm-1, respectively4,6,7, which provides an explanation for 

why the pure yttrium hydride configuration was less 

effective than the mixed yttrium hydride-primary 

configurations. 

The zirconium hydride-primary scenarios provided a 

higher k∞ than the other configurations, showing that 

zirconium hydride is a more effective moderator than 

beryllium or yttrium hydride. The results in the table are 

consistent with zirconium hydride’s higher theoretical 

hydrogen density (7.3 atoms/b-cm compared to 5.8 

atoms/b-cm for yttrium hydride), zirconium hydride’s 

lower absorption cross section, and the better moderating 

capabilities of hydrogen compared to beryllium.12 

IV.B. Thermophysical Considerations 

The choice for which moderators to use is not only 

governed by the neutronics properties. The thermophysical 

properties of the moderators must also be considered to 

fully decide which materials are better suited for high 

temperature reactors. Zirconium hydride starts to 

dissociate at around 900 K7 which is less ideal; but, with a 

lower power reactor, the thermal hydraulic conditions 

become less of an issue. Lower power reactors can provide 

an opportunity for the use of an yttrium hydride-zirconium 

hydride configuration or any of the zirconium hydride 

primary systems.  

As temperatures in a reactor increase, less effective but 

more thermally stable moderators are more desirable. The 

inclusion of one moderator that is more thermally favorable 

and another that is less thermally favorable but more 

effective as a moderator can result in a more optimal 

reactor. The yttrium hydride-beryllium mixed moderator 

system has the moderating capabilities of yttrium hydride 

and the benefit of the thermophysical properties of 

 eryllium.  ue to  eryllium’s melting point and thermal 

conductivity (1560 K6 and 103 W/m-K13) surpassing 

yttrium hydride’s hydrogen disassociation temperature and 

thermal conductivity (1173 K7 and 45 W/m-K14), the 

yttrium hydride-beryllium scenario is the more favorable 

configuration. 

IV.C. Optimal Configurations 

Figures 3, 4, and 5 display the results of the 

optimization simulations for the beryllium-yttrium 

hydride, pure yttrium hydride, and the yttrium hydride-

beryllium configurations, respectively. The dashed line 

represents the maximum k∞ value for each pitch with an 

“o” marking the location of the peak value in the plot. The 

gray shaded area represents the section of the plot where 

the radius of the fuel would be greater than the pitch, which 

is not geometrically feasible. In Figures 3, 4, and 5, the 

under-moderated region is above and to the left of the 

dashed line since that region is where there is less than the 

ideal moderator content. In each case, increasing the fuel 

TABLE II. k∞ values for optimized unit cells with 

different moderators. 

Scenario 

(Primary – 

Secondary) Peak k∞ 

Fuel 

Radius 

(cm) Pitch (cm) 

Be – Be 1.16182  10.45 21.1 

Be – YH2 1.22902  2.60 5.40 

Be – ZrH2 1.28960 2.60 5.45 

YH2 – Be 1.24853  1.75 4.95 

YH2 – YH2  1.24715  1.55 3.90 

YH2 – ZrH2 1.29401  1.95 4.45 

ZrH2 – Be 1.33949  1.20  3.90  

ZrH2 – YH2 1.30466  1.00 3.05 

ZrH2 – ZrH2 1.34434  1.15 3.35  

 

 



radius decreased the primary moderator content and 

decreasing the pitch decreased total moderator content. It 

is important for a reactor to be under-moderated to have a 

negative thermal feedback coefficient. As the temperature 

increases, the moderator density decreases reducing the 

overall moderator and decreasing the reactivity of the 

reactor. An over-moderated system results in a positive 

thermal feedback coefficient where the decreased 

moderator content (from an increase in temperature) 

increases the effectiveness of the moderator. This increased 

effectiveness increases the reactivity of the reactor, 

increasing the power, and increasing the temperature 

leading to a potentially out-of-control reactor.  

Figure 3 shows the simulation set with beryllium as 

the primary moderator and yttrium hydride as the 

secondary moderator. In this configuration, there appears 

to be no under-moderated region. This was the case in all 

three scenarios with beryllium surrounding the fuel. The 

simulations with a homogeneous beryllium moderator 

produced a k∞ that increased as the reactor elements got 

larger. As a result, there appears to be no system with 

beryllium surrounding the fuel that would have a negative 

thermal feedback coefficient. 

Figures 4 and 5 show the other two configurations of 

main interest. Each configuration has yttrium hydride 

surrounding the fuel with either yttrium hydride or 

beryllium surrounding the coolant channels. Both 

scenarios, as well as the scenarios with zirconium hydride 

surrounding the fuel, have under- and over-moderated 

regions. Figure 5 shows a larger under-moderated region 

than Figure 4. The inclusion of a larger under-moderated 

region is favorable in order to have a larger range of values 

for the thermal hydraulic considerations where it may be 

more ideal to have more fuel for a smaller power density 

leading to a lower moderator temperature. 

V. SUMMARY AND CONCLUSIONS  

A moderated low enrichment uranium fueled reactor 

could feasibly power a cargo spacecraft using nuclear 

electric propulsion in order to efficiently transfer cargo and 

supplies between the Earth and Lunar orbits for a lunar 

base. This paper considered the use of a reactor core 

containing two different moderators. The neutronic 

analysis analyzed combinations of moderators to determine 

the most effective moderator combination for such a 

spacecraft when also considering the thermophysical 

properties of the moderators. 

A combination of different moderators around the fuel 

and coolant channels can lead to more desirable operating 

conditions than possible with a single moderator. 

Zirconium hydride around the fuel yields the highest k∞ 

values (all of which are greater than 1.3), with pure 

zirconium hydride being the optimal configuration at a k∞ 

of 1.34434; however, the hydrogen dissociation 

temperature of zirconium hydride will limit the reactor 

 
Fig. 3. Optimization results for the beryllium-yttrium 

hydride configuration. 

 

 

 
Fig. 5. Optimization results for the yttrium hydride-

beryllium configuration. 

 

               
Fig. 4. Optimization results for the pure yttrium hydride 

configuration. 

 



operation temperature to less than 900 K. Beryllium and 

yttrium hydride are better suited for reactor operations 

above 900 K and can provide favorable neutronic 

conditions. Configurations with beryllium around the fuel 

did not produce useful results since they provided no 

under-moderated geometries and would be expected to 

have a positive temperature feedback coefficient. The 

configurations with yttrium hydride around the fuel 

resulted in useful under-moderated geometries. Adding 

beryllium around the coolant channels with yttrium 

hydride around the fuel produced the highest k∞ (1.24853), 

compared to a pure yttrium hydride moderated system 

which only reached a k∞ of 1.24715.  

The thermophysical properties of the moderators 

suggested the use of beryllium and yttrium hydride in the 

system in order to tolerate operating temperatures greater 

than the 900 K limit imposed by zirconium hydride. 

Yttrium hydride’s neutronic per ormance makes it more 

favorable than beryllium when considering the moderating 

material around the fuel, since no beryllium – primary 

system produced an under-moderated geometry. 

Beryllium’s thermal conductivity o  103 W/m-K is more 

 avora le than yttrium hydride’s thermal conductivity o  

45 W/m-K. Beryllium’s thermal per ormance and the 

performance of the yttrium hydride-beryllium mixed 

moderator configuration indicate that the inclusion of 

beryllium in the reactor is desirable for high temperature 

operating conditions.  
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For nuclear thermal propulsion systems, the 

concentration of xenon in the core produced during 
operations reduces the reactivity in the system and can 
prevent the reactor from restarting for subsequent burns if 
not enough time has elapsed to allow for the xenon to 
decay. Since the amount of xenon produced is dependent 
on power and time of operation in this application, 
different burn durations require different lengths of 
minimum wait-time. By analyzing the maximum xenon 
negative reactivity insertion after different burn durations, 
an immediate restart threshold was developed for 
immediate reactor restarts for extraneous situations not 
included in mission plans. An NTP burn less than the 
immediate restart threshold (42.19 min in this case) can 
afford an immediate second cycle without dropping its keff 
below 1 after the second burn. For any burn duration 
longer than the immediate restart threshold, the same 
required wait-time between burns will produce sustainable 
cycles. 
I. INTRODUCTION 

Nuclear thermal propulsion (NTP) rockets are a 
proven technology that provide an attractive alternative to 
conventional chemical rockets for space travel due to their 
high specific impulse, high thrust, its lower initial mass in 
Low Earth Orbit (LEO), and higher tolerance to payload 
mass growth (Ref. 1). In fact, NTP rockets have been 
identified as the preferred flight method for Mars Transit 
Vehicles (MTV) (Ref. 2). NTP systems achieve propulsion 
by passing a propellant (hydrogen) through a nuclear 
reactor core where it absorbs heat from fissioning 235U 
atoms and is then expanded through a nozzle to produce 
thrust. Although different designs exist for NTP cores, 
USNC-Tech is exploring a thermal spectrum core with 
High Assay Low Enriched Uranium (HALEU). Even 
though low-enriched fuel presents higher technology 
readiness levels and lower nuclear proliferation concerns, 
it can cause the reactor core to be more susceptible to 
negative reactivity effects from fission products produced 
during operations. The presence of some fission products 
in the core, specifically 135Xe, can prevent the core from 
reaching criticality depending on concentration levels.  

Typical NTP Mars missions, like the NASA Design 
Reference Architecture 5.0, involve burning the NTP core 
for durations of 60 minutes or less with multiple days or 
months between each burn (Ref. 1,2,3,4). Operating a 

reactor within this regime typically avoids running into any 
negative reactivity effects from 135Xe buildup. However, 
this paper presents the concept of the immediate xenon 
restart threshold for second burns to help mission designers 
plan for emergency events or difficult rendezvous and 
docking maneuvers. If the core is burned for a duration 
below the threshold, it can afford an immediate restart for 
a burn of a similar duration while maintaining a keff end-of-
cycle greater than or equal to critical for the second cycle. 
Any initial burn durations longer than the threshold, 
however, must have a minimum wait-time before ensuring 
that a second burn will not experience negative feedback 
from xenon. 
I.A. Theory: Xenon Reactivity Feedback 

During fission reactions in a reactor core, 235U atoms 
reach an excited state when absorbing neutrons and 
subsequently decay by fission into two lighter isotopes, or 
fission products, as well as neutrons, gammas, and other 
types of radiation. It is then that these neutrons born from 
fission induce other fission reactions in the fuel to maintain 
a chain reaction and keep the reactor operational. Each new 
fission in the system not only produces more neutrons, but 
they also produce more fission products. These fission 
products stay within the core and interact with neutrons 
until they are transmutated or decayed. The fission product 
of greatest importance for reactor operations on the order 
of NTP burn durations is 135Xe. Eq. (1) below shows the 
typical production and destruction rates of 135Xe in a 
reactor where 𝑁"#(𝑟, 𝑡) is the atom density of 135Xe in the 
core, Σ+(𝑟, 𝐸, 𝑡)  is the fission cross-section of 235U, 
𝜑(𝑟, 𝐸, 𝑡) is the neutron flux in the core, 𝑁.(�⃗�, 𝑡) is the 
atom density of 135I, 𝜆. and 𝜆"# are the decay constants of 
135I and 135Xe, 𝑦"#(𝐸) is the yield for 135Xe from fission, 
and 𝜎"#2 (𝑟, 𝐸, 𝑡) is the absorption cross-section for 135Xe 
(Ref. 5). 
𝑑𝑁"#(𝑟, 𝑡)

𝑑𝑡 = Σ+(𝑟, 𝐸, 𝑡)𝜑(𝑟, 𝐸, 𝑡)𝑦"#(𝐸) + 𝜆.𝑁.(𝑟, 𝑡) − 

𝜆"#𝑁"#(𝑟, 𝑡) − 𝑁"#(�⃗�, 𝑡)𝜎"#2 (𝑟, 𝐸, 𝑡)𝜑(𝑟, 𝐸, 𝑡) (1) 
As can be seen above, 135Xe is created from fission and 

the decay of 135I (another fission product) and is destroyed 
through neutron absorption and decay. As a reactor core 
operates and fissions keep occurring, the concentration of 
xenon keeps building up until an equilibrium concentration 
is reached. It’s not until the reactor is shutdown that the 
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production 135I and 135Xe halt that the concentration of 
135Xe begins to fall. It is important to keep track of xenon 
concentrations for reactor operations because of its 
enormous absorption cross-section of 2.7 ∗ 10= barns for 
thermal neutrons, causing a negative reactivity feedback 
(Ref. 5). Eq. 1 above only serves as a description of how 
xenon is created or destroyed within a reactor. The effects 
of xenon in this paper were calculated by measuring the 
effective multiplication factor throughout different burn 
simulations using the Monte-Carlo based code, Serpent 
(Ref. 6). 
II. Analysis Setup 

The analysis for the xenon restart threshold was 
completed on an NTP core designed by USNC-Tech for a 
NASA flight demonstration study (Ref. 7). One of the 
goals for the flight demonstration study was to develop an 
NTP core which could have multiple restarts of 5, 20, and 
60-minute burns. The NTP core was designed with 19.75% 
enriched uranium in the form of USNC’s patented Fully 
Ceramic Microencapsulated (FCM™) fuel. The core also 
utilized a solid beryllium moderator and control drums 
within the radial reflector region. The NTP core operates at 
a 180 MWth power level. 
III. Initial Lifetime Calculations 

An initial burnup analysis for the core at full power 
nominal operating conditions was completed to analyze the 
core’s criticality for a 2-hour long burn. The core was 
simulated at 8 different time steps, 15 min apart starting at 
0 hours and finishing at 2 hours. The overall change in 
reactivity throughout the core is represented in units of 
percent mille (pcm) of reactivity and can be seen in Figure 
1. The core produced a beginning-of-life keff of 1.03158 
and underwent a total 655 pcm change in reactivity 
throughout the 2-hour life cycle. 

 
Fig. 1. Total reactivity change for a 2-hour burn. 
As is evident, the core’s criticality decreases as it 

burns. To analyze the impact of xenon on the loss of 
reactivity compared to other fission products, an NTP core 
was modeled during another 2-hour burn while setting the 
xenon concentration to zero at each step. By eliminating 
xenon from the core, the reactivity effects from other 

fission products and fuel depletion can be observed. As is 
seen in Figure 2, it was found that during the 2-hour burn 
without xenon present, the keff of the core stayed the same, 
within error, throughout the core lifetime. Therefore, the 
change in reactivity within the NTP core during operation 
can be approximated to be due entirely to the buildup of 
xenon concentrations. Reactivity changes due to other 
fission products, like samarium, are negligible during the 
2-hour maximum burn of the reactor. 

 
Fig. 2. The keff during a 2-hour burn with zero xenon. 

IV. Immediate Restart Threshold 
Once an NTP core completes a burn cycle, depending 

on the concentration levels of xenon at shutdown, the 
removal of control systems might not overcome the xenon 
reactivity effects. Therefore, a certain period of time must 
elapse for the xenon concentration to decrease through 
decay. For this analysis, the restart capabilities for three 
different burn scenarios of 5, 20, and 60 minutes at full 
power for a flight demonstration were studied. The core 
was simulated for each burn length at full power for the 
duration of operations, followed by two days of the NTP 
core at zero power, representing a reactor shutdown. This 
type of analysis demonstrates xenon’s effect on the core’s 
reactivity as its concentration builds up after shutdown and 
then decays. Figure 3 shows the keff after 5, 20, and 60-
minute burns. For all three types of burn lengths, the xenon 
concentration in the core had a significant effect on the keff 
soon after the reactor is shut down. Also, as was expected, 
the negative xenon worth in the core increased with burn 
duration since equilibrium concentrations are not reached 
at these short burn durations. 

As can be seen from Figure 3, the keff manages to stay 
above 1 after each of the three burn durations. This means 
that the impacts of the negative xenon reactivity effects are 
not large enough to prevent a restart of the core at any 
moment after shutdown of the first cycle. However, an 
immediate restart is not always appropriate. For example, 
the maximum xenon worth that the reactor experiences 
after a 60-min burn is around -2000 pcm. The reactor could 
theoretically restart for another 60-min cycle at any 
moment after its first shutdown, but a second cycle will add 
an additional -2000 pcm of total reactivity. If enough xenon 
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is still present in the core, a second cycle will cause the 
reactor to drop well below critical after that cycle and 
prevent a third reactor startup until after all the xenon has 
decayed. For this reason, a reactor must wait to restart once 
its xenon concentration is low enough that a second cycle 
will not cause the reactor to drop below critical after a new 
cycle from the new xenon buildup. Waiting this necessary 
period of time assures that the reactor will always have 
enough reactivity at full power to facilitate operations in a 
neutronic and thermohydraulic sense for multiple cycles in 
certain emergency or rendezvous and docking situations.  

 

 

 
Fig. 3. The keff for two days after a 5 (top), 20 (middle), 

and 60-min (bottom) burn. 
To calculate the NTP wait-times, the maximum xenon 

worth for each separate burn duration was subtracted from 
their keff’s, simulating the total reactivity effect from an 
immediate second cycle. The time it takes for this new, 
reduced keff to reach criticality due to xenon decay is the 

total wait-time needed for a second reactor startup. Waiting 
until the new keff reaches criticality ensures the keff of the 
system does not drop below 1 after the end of second cycle. 
In Figure 4, it is seen that a second startup after a 5 or 20-
minute burn does not require a wait-time, while a 60-
minute burn requires a wait-time of 32.24 hours after 
shutdown.  

 

 

 
Fig. 4. The minimum keff of the system when maximum 
xenon worth is reached after a second core start-up after 
waiting a certain restart time for a 5 (top), 20 (middle), 

and 60-min (bottom) burn. 
Since the minimum keff reached after a second cycle 

for the 5 and 20-min burns never drops below 1, the reactor 
will still have favorable reactivity conditions after a second 
cycle, so it can afford to restart immediately after shutdown 
of the first cycle. After comparing the difference in restart 
times between the burn durations, an immediate restart 
threshold can be defined, as seen in Figure 5. Any burn 
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durations producing a xenon worth above the threshold line 
in the figure can afford a successful restart at any time after 
first shutdown. In other words, any reactor burn time of 
42.19 min or less does not require a waiting periods before 
its second reactor startup. For burn durations to the right of 
the intersection, a certain amount of wait-time must pass 
before a core restart at full power. 

 
Fig. 5. The maximum xenon worth reached after a single 

burn duration. 
It is important to note that an immediate restart for 

those burn times which can afford it are only for a second 
cycle, and to ensure criticality does not drop below 1 after 
said cycle. If the reactor underwent a third, immediate 20-
minute burn cycle, for example, the xenon concentration 
after three consecutive 20-minute cycles will resemble the 
concentration after a continuous 60-minute burn. In which 
case, a wait time like that of a 60-minute burn is required 
before a fourth startup. Further analysis is needed for 
determining the negative xenon effects after multiple 
subsequent cycles for burn durations under the immediate 
restart-time threshold. However, for any burn duration 
longer than the immediate restart threshold, the same 
required minimum wait-time between burns can produce 
sustainable cycles. In this context, sustainable cycles are 
those which produce similar start and end keff’s while 
waiting the same amount of time between each cycle. As 
was mentioned, however, typical Mars missions do not 
require multiple subsequent NTP core burns immediately 
after each other or after the minimum wait times. The 
immediate restart threshold displayed in Figure 5 presents 
mission planners with burn duration options for possible 
emergency situations without jeopardizing the core’s 
reactivity levels after those maneuvers. 
III. CONCLUSIONS 

Typical Mars mission plans include burns at specific 
durations and intervals that are not necessarily affected by 
the negative reactivity effects of fission products from a 
previous reactor burn. In the case of emergency situations 
or difficult rendezvous and docking maneuvers, it may be 
required for an NTP core to experience multiple 
subsequent burns within a short period of time. This paper 
presented the idea of an immediate restart threshold to 

inform mission designers in such scenarios. If the core is 
burned for a duration below the threshold, it can afford an 
immediate restart for a burn of a similar duration while 
maintaining a keff end-of-cycle greater than or equal to 
critical for the second cycle. Any initial burn durations 
longer than the threshold, however, must have a minimum 
wait-time before ensuring that a second burn will not 
experience negative feedback from xenon. For the NTP 
core analyzed in this work, as designed by USNC-Tech for 
a NASA flight demonstration program at a power of 180 
MWth, the immediate restart threshold is at a burn duration 
of 42.19 min. 
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Nuclear Thermal Propulsion (NTP) produces heat by 
nuclear fission allowing any fluid to function as a 
propellant if it does not degrade the reactor materials. 
Liquid hydrogen is commonly considered due to its low 
molecular weight yielding a high specific impulse (Isp) of 
up to 900 seconds. However, its density is 7% that of water 
and increases the dry mass of the vehicle to store it. There 
are two alternative propellants, water, and ammonia, that 
are abundant resources in the Solar System, and both are 
much denser than liquid hydrogen and do not require post 
processing, such as electrolysis, to be used directly. 

At the temperatures found inside the NTP reactor, 
water will oxidize most materials. Recent work on silicon 
carbide coatings of water reactors has shown that during 
reactor accidents, this coating will protect the fuel up to 
100-200 hours at temperatures up to 2273 K. Therefore, if 
a silicon carbide coating is used, then it will allow the 
engine to operate between 100 to 200 hours, much longer 
than there is uranium in a low-enriched uranium reactor 
to support engine operation. Ammonia, on the other hand, 
is not expected to cause any significant reactor 
degradation due to its slow kinetics. 

NTP expander cycle engine models of 25,000 lbf thrust 
class were constructed in Simulink which yielded a Isp of 
336 seconds for water and 388 seconds for ammonia. 
Although this Isp is lower than the most efficient chemical 
engines, since pure water and ammonia are used directly 
and are stored as such, a propellant tank volume decrease 
of up to 75% for water and 69% for ammonia are possible. 
This will decrease the number of launches, given that the 
tanks are not fully fueled at time of launch and Lunar 
resources are used to fill the tanks completely. 

 
I. WATER 

Water will be an abundant resource in space once the 
mining of it on the Moon becomes established. Water 
contains oxygen and hydrogen which can both be used as 
rocket propellant. Water can also be easily stored in space 
with no boil off and kept in liquid form.1 However, 
chemical rocket engines cannot directly use water as the 
propellant without it undergoing splitting such as 
thermolysis (splitting by high temperature) or electrolysis 
(splitting by electricity). The splitting of any molecule 
requires delivering energy in the form of either electricity 
or heat equivalent to the Gibbs free energy of the molecule. 
However, Nuclear thermal Propulsion (NTP) can use any 

fluid as the propellant provided that chemical reactions 
between the propellant and the reactor do not occur or are 
negligible to the integrity of the engine. 

A Cornell University study has shown that rapid 
electrolysis (splitting water at the same rate as required by 
the propulsion system which is in kg/s) could be achieved 
via pulsing where a capacitor stores enough energy to 
generate a large pulse of electricity to split water equivalent 
to that of the required (pulsed) flow rate. The Cornell study 
mentions that rapid electrolysis is much slower than the 
combustion process and the specific impulse (Isp) in 
chemical engines suffers from this if pulsing is not used. 
However, it was assumed that all the electrical power 
delivered to the system would come from solar arrays and 
the attempt to lower the mass of these arrays played a factor 
in the engine performance. The Cornell study also 
conducted a performance analysis where water would be 
split during coasting periods and the oxygen and hydrogen 
would be stored in separate tanks to allow for more control 
over the combustion process.2 

It is well known that the process of electrolysis 
becomes highly efficient at high temperatures in terms of 
the electrical energy supplied and the electrical energy (that 
splits the water molecule) equivalent to water’s Gibbs free 
energy3. Furthermore, the Gibbs free energy decreases as 
temperatures rise4. The current study will focus on Aerojet 
Rocketdyne’s (AR) nuclear thermal propulsion (NTP) 
engine5 as a baseline and will modify it to use water as the 
propellant. The goal will be to develop a Steam Nuclear 
Thermal Propulsion (SNTP) engine model in Simulink like 
that of the UAH NTP Simulink model6 and analyze both 
steady state and transient vehicle performance. The 
baseline mission architectures will be AR’s conjunction7 
and opposition8 class crewed Mars missions. Furthermore, 
performance comparisons will be made for vehicles using 
the following propulsion propellants: baseline pure 
hydrogen5, seeded hydrogen9, steam, water (with slow 
electrolysis), oxygen augmented NTP, and chemical 
propulsion2. 

To generate comparable thrust to the baseline Aerojet 
Rocketdyne (AR) Low Enriched Uranium (LEU) NTP 
engine of 25,000 lbf, the mass flow rate of water would 
need to be between 26 and 35 kg/s depending on the Isp. 
This translates to around 175-200 MWe required to 
completely split the water which could be achievable with 
turbomachinery if the pump pressurized the water in the 
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GPa range and the turbine pressure ratio resulted in a 
turbine output pressure of around 10 MPa or 100 atm. The 
mass of such a pump or a series of pumps would be at least 
that of the engine based on historical relations5,10. Partial 
splitting that is also useable is an option with a required 
pump output pressure of at least 150 MPa or roughly 1500 
atm which could produce electrical power levels in the 
vicinity of 40 MWe for which electrical generators 
currently exist11. However, despite being able to produce 
this amount of electrical power, the size of the electrolyzer 
would be that of a large plant for a single engine with 
current technology. This is because state of the art 
electrolysis plants can only produce 0.04 kg/s of hydrogen 
from water12 whereas a usable electrolyzer for a NTP 
engine would have to produce at least ten times that 
amount. All of this results in that although 
thermodynamically possible, current electrolyzer 
technologies would have to be scaled down thousands of 
times to be useable for NTP engine applications. 

If electrolysis is not used, then the reactor would need 
to make up the lost Isp with temperature gain. To produce 
a Isp of 420 seconds without electrolysis, the required 
reactor outlet temperature would have to be 3500 K, just 
under the melting point of tungsten and above melting 
points of current nuclear fuels13. Furthermore, all metals 
except beryllium react with water14 by oxidization at 
temperatures above 800-1200 K15-17. Therefore, even 
liquid fuel elements would be at risk due to the oxidization 
of the structure supporting the fissioning liquid core. 
Furthermore, if a bare fuel were used, specifically the 
commonly considered uranium dioxide UO2, even though 
it is still oxidized, oxidation will still be an issue since 
oxygen tends to diffuse into uranium dioxide and form 
U3O8 which will degrade the fuel element at very high 
temperatures18. Therefore, a coating or cladding material is 
essential for a steam NTP engine. An excellent candidate 
is silicon carbide SiC which has shown to be resistant to 
oxidization and can protect the fuel underneath for 100-200 
hours at a surface temperature of 2473 K19-22, therefore, a 
Isp above 400 seconds will not be possible with existing 
materials. 

Due to the purpose of using water as a propellant and 
its high density, a Isp of at least 300 seconds should be 
acceptable23. To produce this Isp, the exit temperature of 
the reactor would have to be 2000 K which should be 
within the capabilities of the SiC cladding. In comparison 
with AR’s LEU NTP baseline engine, the reactor exit 
temperature was 2650 K and a maximum surface 
temperature was 2750 K5. Based on this, it is reasonable to 
expect that the maximum possible exit temperature of the 
steam should be around 2350 K which will produce a Isp 
of 336 seconds. 

The advantage of using water for a Mars mission was 
shown by using the Tsiolkovsky’s ideal rocket equation. 
The AR’s conjunction class mission7 vehicle parameters 

used in the analysis included the ΔV schedule, vehicle 
mass, propellant mass, and propellant volume along with 
the respective storage densities of liquid hydrogen and 
water. It was found that for water to achieve the same ΔV 
performance while assuming a 300 second Isp, the required 
volume would be 26% that of liquid hydrogen. This is, in 
fact, less than the volume of a single inline stage tank of 
AR’s conjunction class vehicle architecture7. Other studies 
have shown the same level of advantages, especially when 
considering using distilled water obtained from In-SITU 
resources. Although many studies have looked at 1st order 
performance of a steam NTP engine and even performed 
mass analysis, no study currently exists which shows a 
detailed power balance and considers duct and line 
pressure losses with variable fluid properties.1,2,24-26 There 
is also no work currently available for an expander cycle 
which involves using all the stored water without it being 
dumped after the turbine. An analysis such as this will help 
further understand how a steam NTP engine will operate 
and identify areas where current research and technology 
are lacking. 

A preliminary expander cycle analysis on a steam NTP 
Engine was conducted with the goal of producing 25,000 
lbf of thrust (baseline5) at a specific impulse of over 300 
seconds. The schematic of the proposed engine is shown in 
Figure 1. The required mass flow rate of water resulted in 
34 kg/s. This is almost three times the mass flow rate of 
pure hydrogen which is about 12.8 kg/s5. The selected 
reactor exit (chamber) temperature was 2350 K which 
produced 329.1 sec Isp and required a total reactor power 
of 312.9 MWt. To prevent boiling and work with 
supercritical water, the pump output pressure was set to be 
300 atm (to handle pressure losses) and the temperature of 
the water reservoir was assumed to be 300 K. These values 
correspond to State 1 in Figure 1. 

To facilitate water’s transition into the supercritical 
phase, the regenerative cooling lines of the nozzle and 
control drums along with the moderator element cooling 
lines will not split the flow as they do in the baseline5. 
Instead, the flow will cascade from the regenerative 
cooling to the moderator cooling. By assuming that the 
same fraction of heat will be taken from each of these lines 
as in the baseline5,6, the resulting outlet temperature from 
the cascaded lines was found to be 510 K with a pressure 
of 274 atm (pressure losses were assumed). These values 
correspond to State 2 in Figure 1. 

However, water is still a liquid at this pressure and 
temperature, therefore, a U-loop through 35% of the fuel 
elements is necessary to bring the water to a supercritical 
state to use in the turbine. The resulting temperature 
coming out of the U-loop of fuel elements is 750 K at a 
pressure of 232 atm. This temperature has not shown 
significant water interactions and is not expected to cause 
oxidization. These values correspond to State 3 in Figure 
1. 
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Fig. 1. NTP Engine Schematic 

 
The supercritical water enters a turbine circuit with a 

bypass valve. The turbine pressure ratio and efficiency 
were arbitrarily assumed to be 2 and 0.5 respectively for 
conservative estimations. These values yield that 45% of 
the total flow will be bypassed. As a rule of thumb, about 
10% should remain as bypassed to retain control of the 
turbine throttling resulting in 35% of the flow being 
available to produce other work27. The turbine circuit 
output temperature and pressure corresponding to State 4 
in Figure 1 are 657 K and 116 atm respectively. 

After passing through the turbine, the flow passes 
through a final shut off valve and the pressure is reduced 
by 10% to provide a pressure margin27. Afterwards, it 
enters the other 65% of the fuel elements and gets heated 
up to 2350 K with an outlet pressure of 83.4 atm. These 
values correspond to State 5 in Figure 1. 

Finally, the flow enters the nozzle and expands. The 
diameter of the throat is 0.091 m with an area ratio of 400. 
Increasing the area ratio to 1000 will increase Isp by 7 
seconds, however, this difference may be marginal given 
the additional mass needed. 

Referring to State 3, these values are rough, although 
the water would flow through double the length of the fuel 
elements, it will flow through 17.5% of the total fuel 
elements at a time. Due to the skewed sinusoidal power 
curve of a nuclear thermal reactor in a rocket engine, the 
flow is expected to cool down somewhat as it goes through 
the upper portion of the second set of fuel elements. The 
flow schedule would likely result in water going in and out 
of the outer fuel elements to provide energy to the turbines 
while the inner elements will provide the final addition of 
heat as shown in Figure 2. 

 
Fig. 2. Reactor Fuel Element Flow Schedule 

 

II. AMMONIA 
The Soviet Union looked at an Ammonia/Alcohol 

propellant for their NTP engine system ЯРД [YaRD] for 
the 3rd stage of the N-1 Lunar rocket but this engine never 
left the drawing board. This propellant was primarily 
chosen due to their inability to store liquid hydrogen at the 
time (1965). However, detailed engine schematics or 
power balance diagrams are not available for this engine. 
It is unclear if dissociation of ammonia via thermolysis was 
considered either.28 

To analyze an ammonia engine, the same approach for 
water will be taken: pressurizing ammonia beyond its 
critical pressure (112 atm), heating it to beyond its critical 
temperature (405 K) to get a supercritical fluid, expand it 
through a set of turbines to drive the pump and get 
ammonia vapor coming out of the turbines, run this fluid 
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through the reactor for final heating, and then expand it 
through the nozzle29,30. A key performance measure is the 
amount of dissociation by thermolysis, species present, and 
how the species concentration with respect to temperature 
curves change as the pressure is increased. Furthermore, 
metals such as tungsten can serve as catalysts for hydrogen 
production by absorbing the nitrogen in ammonia. This 
will result in nitride layers which penetrate more with 
increasing pressure.31 It is critical for the coating to not 
serve as a catalyst and not react with either nitrogen or 
hydrogen at high pressures and temperatures. A study was 
done that examined solar thermal propulsion and 
concluded that due to ammonia’s extremely slow kinetics, 
the propellant will be substantially undissociated at 
temperatures below 2500 K. Furthermore, any degree of 
dissociation has shown to increase the specific impulse, 
albeit by tens of seconds.32 Therefore, it is both reasonable 
and conservative to assume that no significant dissociation 
occurs inside the engine even at the baseline chamber 
temperature of 2650 K. Due to the slow kinetics of 
ammonia, it is also assumed that the baseline tungsten 
coating will be sufficient to withstand corrosion even with 
trace amounts of free nitrogen. It was found that nitrogen 
is reactive but only above the considered temperatures33. 
III. MISSION ANALYSIS 

A code was constructed to analyze the required travel 
time to and from Mars using the conjunction class mission 
architecture as the baseline7 with the mission starting in 
2033. Table 1 summarizes the 1st order results of using 
hydrogen, water, seeded hydrogen (max seed), H2/LOX 
augmentation34, and ammonia (no thermal dissociation). 
The propellant volume and vehicle dry mass were kept 
constant in all cases, and it was assumed that the launch 
vehicle can lift the larger masses to the same orbit. When 
looking at all these cases together, water provides the 
highest ΔV and the shortest travel times followed by 
H2/LOX and ammonia. This confirms the fact that water is 
a viable solution given its superb performance in terms of 
ΔV and accessibility across the Solar System. 

 
TABLE I. 1st Order Mission Analysis of Propellant 

Performance 

Propellant  Total DV 
(m/s) 

E to M Time 
(days)  

M to E Time 
(days) 

H2  4222 179 178 
H2+Ar  4790 163 161 
H2O 6753 135 133 
H2+LOX 6466 138 136 
NH3 6393 139 137 

 
The same analysis was performed but the ΔV was kept 

constant and the propellant volume was varied along with 
the dry mass of the inline tanks. Table 2 shows the 
summary of the previously considered propellants. Here, 

both pure hydrogen and seeded hydrogen perform 
relatively similarly without any savings to the number of 
inline tanks. However, water, H2/LOX, and ammonia 
reduce the number of inline tanks to one. Furthermore, 
water outperforms both H2/LOX and ammonia in terms of 
decreasing the propellant volume. The vehicle that uses 
water resulted in being the heaviest of all with an 89.1563% 
mass gain as opposed to H2/LOX with 11.2625% and 
ammonia with 55.6312% mass gains. Although ammonia 
is present on the Moon and other bodies in the Solar 
System, it is still not as abundant as water and does not 
have the dual functionality as a consumable for both the 
engine and the life support system35,36. This will require 
additional efforts and facilities to mine ammonia 
specifically. Coupling this with ammonia’s worse 
performance, the use of ammonia in an NTP engine is not 
justified. 

 
TABLE II. 1st Order Mission Analysis of Propellant 

Volume 

Propellant  Initial 
Mass 
(mton) 

Mass 
Increase 
(%)  

Propellant 
Volume 
(m3) 

Volume 
Decrease 
(%) 

H2  217.27 0.000 1292 0.0000 
H2+Ar  275.68 26.8836 1131 12.4613 
H2O 410.98 89.1563 318.61 75.3398 
H2+LOX 241.74 11.2625 375.73 70.9187 
NH3 338.14 55.6312 401.35 68.9358 
 
II. CONCLUSIONS 

A preliminary engine model was constructed to 
analyze NTP engine performance using water or ammonia 
since both resources are available on the Moon. A brief 
overview of the reactor materials was also performed and 
determined that no changes are required for ammonia, but 
the channel coating had to be changed to SiC and the 
reactor exit temperature lowered to 2250 K. The mission 
analysis showed that there could be significant vehicle 
volume savings from using these propellants directly 
without any conversion via electrolysis or thermolysis. 
Future work will analyze specific mission architectures in 
more detail and a detailed engine model will be 
constructed. 
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Space reactors have the potential to play a key role 

in future NASA exploration activities due to their 

capability to enable sustainable power and advanced 

propulsion systems. To enable assessment of the space 

reactor design space, the nuclear space system analysis 

and modelling (NSSAM) software was developed by 

Analytical Mechanics Associates. NSSAM leverages a 

scalable and extensible software architecture which 

automates reactor analysis to perform coupled engine-

reactor and reactor physics-thermal hydraulics 

calculations. This allows space reactor systems to be 

evaluated by a wider number of users with a consistent 

analysis approach to compare designs. NSSAM has been 

developed with multiple use cases to tailor the analysis to 

the level of detail desired by the user and computing 

resources. This summary overviews the NSSAM 

architecture and development approach, current 

capabilities (including design variants and use cases) and 

analysis approach for reactor and system component 

models. 
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Nuclear reactors have the potential to provide high 

energy density to enable sustainable surface power and 

advanced propulsion methods needed for human 

exploration activities at the moon and mars. Current 

mission planning is surveying different reactor types for 

space power and propulsion application. Of these reactor 

types, the use of a moderator within the reactor can 

enable reduced enrichment, reduce overall fuel loadings, 

and minimize the critical size of the reactor compared to 

unmoderated reference systems. This proceeding 

summarizes some moderator materials identified for 

space reactor applications: zirconium hydride, yttrium 

hydride, beryllium, and beryllium oxide, and the unique 

design considerations inherent to surface power and 

nuclear thermal propulsion reactor designs. It was found 

that there are four key considerations during the 

moderator selection and design process: nuclear 

properties, thermophysical & mechanical properties, 

manufacture & readiness, and environmental 

compatibility. Surface power reactors can benefit from 

moderators which minimize overall system mass and are 

capable of surviving high temperature irradiation 

environments for years with little degradation. Nuclear 

thermal propulsion reactors can benefit from moderators 

which are capable of retaining structural integrity under 

multiple burns while being exposed to a wide temperature 

range (40 < T < 500+ K). Moderator materials which 

exhibit good stability under irradiation and high 

temperature operation, minimize fuel pitch, and are high 

readiness are desirable for near term implementation. 
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The addition of thoria to urania was investigated as 

means to increase the fuel melting temperature of a Low-

Enriched Uranium (LEU) Nuclear Thermal Propulsion 

(NTP) reactor core. Space Capable Cryogenic Thermal 

Engine (SCCTE) model1, 6 was reproduced and tested to 

investigate the use of thorium dioxide (ThO2)-uranium 

dioxide (UO2)-tungsten (W) cermet to achieve higher fuel 

melting point, operating temperature, and specific impulse 

(Isp) for human Mars missions. A critical NTP model with 

additional fuel thermal margin was achieved with 

adjustments in the axial fuel composition and the tie tube 

geometry to minimize the fuel enrichment penalty.  

I. BACKGROUND 

I.A. SCCTE Model 

Developed by the NASA Marshall Space Flight Center 

(MSFC) and the Center or Space Nuclear Research 

(CSNR), the SCCTE concept is a LEU NTP design that 

uses W-UO2 cermet as fuel and zirconium hydride (ZrH1.8) 

as moderator. 6 The reactor design and features produced 

by CSNR are presented in Figure 1. The specific design 

was chosen in this study for the following reasons: 

- LEU fuel Design 

- High thermal conductivity of tungsten 

- Axial and radial enrichment zoning for a lower 

radial peaking factor 

- Nominal Isp of 894.2 s (Ref 6) 

High thermal conductivity of tungsten and enrichment 

zoning contribute to a flatter temperature profile, allowing 

higher operation temperatures and a nominal specific 

impulse of 894.2 s. 

I.B. Use of Thorium 

Given the goals of human Mars missions, NTP models 

with greater than 900 Isp are of specific interest. High 

specific thrust is achieved by greater reactor operating 

temperatures: a feature that is limited by material thermal 

properties. Thus, materials with better thermal properties 

help achieve shorter travel times for an NTP model. 

The addition of thoria to the fuel offers benefits in this 

regard. Table V presents some properties of interest for 

UO2 and ThO2. Figure 2 describes the melting point of 

UO2-ThO2 mixture at different UO2 mole fractions. Thoria 

has a higher melting point, higher thermal conductivity, 

and lower density than urania. Thus, a thoria-urania 

mixture raises the fuel solidus point and thermal 

conductivity while reducing the overall density of the fuel. 

These changes help designs reach flatter radial temperature 

profiles, higher operating temperatures, and lighter rocket 

mass.  

Furthermore, the addition of thoria improves the 

chemical stability of the fuel, 2 limits vaporization of fuel 

at very high temperatures, 2 and improves irradiation 

performances of the fuel. 4 All these factors contribute to a 

more robust NTP design. 

On the other hand, the lower fissile inventory will 

reduce the core reactivity and further challenge the ability 

to maintain critically with LEU fuel. Consequently, the 

decreased reactivity will have to be compensated by adding 

additional fissile or moderator material.  

 
Fig. 1. SCCTE Reactor design and description6 

 

TABLE I. Comparison of density, melting point, and 

thermal conductivity between UO2 and ThO2 is shown. 

Property UO2 ThO2 

Density (300K) 

 

10.96 g/cm3 10.00 g/cm3 

Melting Point2 

 

3120 ± 30 K 3640 ± 30 K 

Thermal 

Conductivity4 

(500~2000K) 

8~2.5 W/m·K 14~3 W/m·K 
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II. Methodology 

Serpent5, a monte-carlo particle transport code was 

used to reproduce the SCCTE based on Ref. 1. Heat 

deposition in fuel cells was tallied to determine the axial 

heat generation rate. A simplified equivalent annulus 

model of a fuel element with a 1-D coolant flow channel 

was used to calculate the axial coolant and fuel temperature 

profiles.  

The same analysis was performed with a varied reactor 

design. Axial U-235 enrichment, fuel thoria fraction and 

tie-tube geometry were adjusted, as shown in Table IV, to 

maintain criticality while achieving a higher fuel melting 

point. Table II describes the reactor and fuel model 

specifications. 

 

Fig. 2. ThO2-UO2 mixture solidus and liquidus line4 
 

TABLE II. SCCTE Fuel and Model details1 

Metrics Value 

Reactor Power (MW) 765.6 

Fuel Geometry Hexagonal fuel 

with cylindrical 

coolant channel 

Number of Fuel elements 151 

Number of Tie tube elements 150 

Coolant channels per fuel cell 61 

Fuel Composition W-UO2-ThO2 

Oxide volume fraction (vol%) 60.0 

ThO2 in Oxide (mol%) 6 ~ 40 

W-184 enrichment (at %) 98 

Fuel enrichment (wt.%) 12.989 ~ 19.549 

Percent Theoretical Density (%) 98% 

 

III. Results 

Reactor Criticality 

The lower portion (near the coolant exit) of each fuel 

cell was replaced with higher thorium fraction ThO2-UO2-

W cermets. The bottom 38.8 cm in the core fuel zone was 

adjusted. Only the lower portion of the fuel was considered 

for increased ThO2 fraction to limit the negative reactivity 

worth of thorium while achieving higher thermal margins 

(fuel and coolant temperatures are well under the material 

melting point near the coolant entrance). Table III 

compares the change in core reactivity as a function of 

thoria fraction in fuel oxide. The six mol percent case is 

provided for the replicated reference core with the lowest 

melting point of 3141.1 K. 

As demonstrated in Table III, the addition of thoria to 

cermet fuel results in a noticeable increase in fuel melting 

point with each 10 mol% addition resulting in a 50 K 

increase in the range of interest. This study focuses on 50 

mol% thoria-urania tungsten cermet, which yields a nearly 

critical reactor with about a 200 K increase in fuel melting 

point. 

TABLE III. Fuel melting point for various ThO2 fraction 

in fuel oxide and the resulting multiplication factor for the 

adjusted SCCTE core 

ThO2 fraction in 

oxide (mol%) 

Multiplication 

factor (keff) 

Fuel melting 

point (K) 

6.00 1.00537 ± 0.00038 3142.1 

20.0 0.99987 ± 0.00033 3210.0 

30.0 0.99690 ± 0.00036 3260.0 

40.0 0.99419 ± 0.00027 3310.0 

50.0 0.99184 ± 0.00032 3360.0 

 

To compensate for the loss of reactivity, the following 

options were considered: increasing axial U-235 

enrichment, and increasing the moderator thickness within 

tie-tubes. Table IV shows the reference presented by Patel 

et al.6 and the tested axial and radial enrichment pattern. 

Table V shows the change in reactivity given the new 

enrichment pattern. 

TABLE IV. Enrichment Pattern for SCCTE6 

Reference enrichment pattern with row-wise axial 

enrichment and column-wise radial enrichment. 

Radial Inner    Outer 

Axial      

Inlet 0.1975 0.187625 0.1975 0.187625 0.1975 

 0.1975 0.187625 0.1975 0.187625 0.1975 

 0.1975 0.187625 0.1975 0.187625 0.1975 

 0.1975 0.187625 0.1975 0.187625 0.1975 

 0.1975 0.187625 0.1975 0.187625 0.1975 

 0.158 0.1501 0.158 0.1501 0.158 

 0.13825 0.131338 0.13825 0.131338 0.13825 

 0.13825 0.131338 0.13825 0.131338 0.13825 

Outlet 0.13825 0.131338 0.13825 0.131338 0.13825 
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Adjusted enrichment pattern with constant axial 

enrichment and column-wise radial enrichment. 

 Inner    Outer 

Axially 

const. 
0.1975 0.187625 0.1975 0.187625 0.1975 

 

TABLE V. Core multiplication factor for reference and 

adjusted fuel enrichment pattern with modified axial 

ThO2 fraction in fuel 

ThO2 fraction in 

oxide (mol%) 

Reference keff Adjusted keff 

40.0 0.99419 ± 0.00027 0.99813 ± 0.00031 

50.0 0.99184 ± 0.00032 0.99472 ± 0.00031 

50.0 w/ Tie tube 

adjustment 

- 1.00223 ± 0.00031 

 

The increase in axial fuel enrichment resulted in 

limited multiplication factor improvement due to the 

following contributions demonstrated in Figure 3: 

- The axial neutron reflector is located above the 

coolant inlet zone leading to reduced fission rate 

near the coolant exit. 

- The increase in fuel thorium concentration near 

the coolant exit increases neutron absorption rate 

near the core bottom. 

  
Fig. 3. Average flux in the adjusted fuel with 50 mol% 

ThO2 in fuel oxide for 3 axial segments: coolant inlet, 

axial-center, and coolant outlet. 

 

Adjustment of the tie-tube dimensions yielded a more 

significant impact on the core reactivity. Figure 4 depicts 

the tie-tube design and Table VI describes the replicated, 

and adjusted tie-tube dimensions. The thickness of the 

insulating zirconium carbide (ZrC) layer and the coolant 

cross-sectional area were kept constant to limit the 

resulting temperature changes in the tie tube elements. The 

overall thickness of the graphite body has been reduced to 

increase the amount of ZrH1.8 moderator. 

 

The adjustments in tie tube dimensions lead to a 

multiplication factor of 1.00223 ± 0.00031, with a total 

moderator mass increase of 8.94 kg. The increase in 

moderator mass is compensated by the reduction in fuel 

mass that was introduced by the higher thoria fraction in 

the fuel. Thus, adjusting the axial fuel composition and tie 

tube geometry results in a critical reactor with temperature 

margins of approximately 200 K, a fuel mass decrease of 

6.1 kg, and a moderator mass increase of 8.94 kg. 

Fuel Temperature Margin 

With the updated SCCTE model, temperature, and fuel 

margin to melting point were calculated and compared to 

the replicated original model. First, a comparison was 

performed assuming the same coolant inlet temperature of 

291K1. An equivalent annuli model of a single coolant 

channel was considered for both the reference and the 

adjusted models. Both simulations were normalized to the 

same operation power of 765.6 MW. Convective and 

radiative heat transfer between the fuel and the coolant 

were considered. Figure 5 shows the comparison between 

the two models. 

The high number of coolant channels within a fuel cell 

along with turbulent coolant flow resulted in a marginal 

difference in the fuel and coolant temperature. The 

adjusted model has a higher average fuel temperature due 

to the increased moderator mass in the reactor core.  

 
Fig.  4. Tie-tube components and material 

 

TABLE VI. Tie-tube dimensions 

Original → Adjusted  

Fuel Pin Component Inner Radius 

(cm) 

Outer Radius 

(cm) 

Coolant Supply Channel - 0.3305 
Inner Tie tube 0.3305  0.4135 
Moderator  0.4135 1.1205→1.1431 
Coolant Return Channel 1.1205→1.1431 1.2680→1.2880 
Outer Tie tube 1.2680→1.2880 1.3095→1.3295 
Insulator 1.3095→1.3295 1.4950→1.5150 
Tie tube body  3.10 (flat-to-flat) 

 

The higher fuel temperature margin of the ThO2-UO2-

W cermet allows the reactor to operate at a higher 

temperature by adjusting the inlet hydrogen temperature. 

Coolant Supply Channel 

Inner Tie tube (zircaloy) 

Moderator (ZrH1.8) 

Coolant Return Channel 

Outer Tie tube (zircaloy) 

Insulator (ZrC) 

Tie tube body (graphite) 
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The adjusted core was able to achieve an overall operating 

temperature increase of 150 K while keeping the fuel 

temperature margin constant at the outlet as shown in 

Figure 6. Axially-varied introduction of ThO2 in the fuel 

should potentially achieve a greater temperature increase 

and is left as future work. 

 

 
Fig.  5. Comparison of Fuel, coolant, and fuel temperature 

margin between replicated and adjusted SCCTE model 

 

 
Fig.  6. Comparison of Fuel, coolant, and fuel temperature 

margin between replicated and adjusted SCCTE model 

with different inlet temperature for the adjusted model. 

 

IV. CONCLUSION and FUTURE WORK 

Adjustments to the SCCTE NTP concept were made 

to investigate the possibility of greater than 3,000 K fuel 

and coolant temperatures. Partial axial adjustment of fuel 

composition with 50 mol%-in-oxide-ThO2-UO2-W cermet 

over the original 6 mol%-in-oxide cermet was investigated. 

With relevant adjustments to the tie tube design, the 

adjusted fuel yields a critical NTP core with a possible 150 

K increase in operation temperature while keeping the fuel 

thermal margin near the coolant exit.  

To verify and further test the adjusted SCCTE model, 

a non-comprehensive list of future works is presented 

below.  

- An in-depth feasibility study of the adjusted 

SCCTE model 

- Investigate a finer axial adjustment of fuel 

composition to reduce the loss in reactivity from 

thorium addition 

- Model neighboring tie tubes to verify that the 

adjustments to tie tube geometry does not result in 

a significant loss in tie tube structural strength or 

in exceeding the tie tube melting point 

- Investigate fuel and moderator temperature 

profile in finer meshes to consider radial and axial 

temperature distribution of fuel and moderator 

elements 
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Nuclear thermal rocket propulsion offers an 

alternative to traditional liquid rockets, yielding similar 

amounts of thrust combined with two to three times the 

efficiency. The Hyperion-I project was designed to model 

solid core nuclear thermal propulsion using induction 

heating methods to simulate and experimentally validate 

this model. Here, a coupled electromagnetic and 

computational fluid dynamic model was created for a  

7-channeled test article using ANSYS Maxwell and ANSYS 

Fluent and was subjected to experimental conditions. 

Nitrogen gas was flowed through each channel at a  

0.25 g/s mass flow rate with an inlet temperature of  

288.16 K. The total ohmic loss in the test article from 

induction heating was 24.72 W, of which 1.87 W was lost 

to the environment due to convection. The average outlet 

gas temperature was 307±1 K, yielding a temperature 

increase of 19±1 K across the article. Future hardware 

testing will experimentally validate these temperature 

measurements and will include testing of a full-scale core. 

 

GLOSSARY OF TERMS 

𝑇  temperature 

𝑃  pressure 

𝑇0  inlet temperature 

𝑇𝑜𝑢𝑡  outlet temperature 

Δ𝑇  change in temperature 

Δ𝑃  change in pressure 

 

I. HYPERION-I CAMPAIGN INTRODUCTION 

The University of Southern California’s Advanced 

Spacecraft Propulsion and Energy (ASPEN) Laboratory’s 

Hyperion-I project is a three-phase campaign designed to 

model Nuclear Thermal Rocket Engines (NTRE’s) through 

experimentally validated simulations. Phase I aimed to 

refine the proposed experimental setup and simulation 

methodology, and was completed in Spring 2020.1 Phase 

II, which is currently underway, aims to demonstrate the 

effectiveness of modeling a multi-channeled NTRE engine 

geometry. Each phase increases the model’s fidelity 

through increasing the complexity of the engine’s reactor 

subsystem, and the final phase, Phase III, aims to model a 

full scale NTRE core. 

Liquid bi-propellant rocket engines are an essential 

element in most modern space vehicle architectures. These 

propulsion systems, however, are limited to maximum 

specific impulses of approximately 450 seconds, 

necessitating large fuel tanks and, in turn, limiting vehicle 

and mission design due to additional fuel weight. Electric 

propulsion provides much higher specific impulse, on the 

order of 1000’s of seconds, but is limited by thrust several 

orders of magnitude lower than that of liquid propulsion, 

leading to much longer mission durations due to the need 

for prolonged acceleration. NTRE’s benefit from thrust on 

par with liquid bi-propellant rockets while providing 

specific impulses of more than 800 seconds, two to three 

times that of conventional bi-propellant systems.2 

The Hyperion-I engine system utilizes nitrogen gas as 

its working fluid and consists of three main subsystems: the 

feed system, the reactor core test article, and the thrust 

chamber. The feed system regulates the flow of nitrogen 

from commercial gas cylinders to the reactor subsystem, 

allowing for adjustable reactor model inlet pressures to 

meet test and safety standards. The feed system also 

contains instrument ports to allow the acquisition of 

pressure and temperature data at key points, such as the 

reactor inlet and outlet. The reactor core model consists of 

a multi-channeled steel fuel element inserted into the feed 

system.  

 
Fig. 1. Proposed Hyperion-I Phase III engine core test 

article. 

In lieu of using fissile materials, the reactor model is 

heated by an induction heater to provide a safer testing 

environment, a method which has been implemented in 

NASA’s Nuclear Thermal Rocket Element Environmental 

Simulator (NTREES) to simulate the volumetric heating 

effects of a fission-based propulsion system.3 Three test 

articles will be tested over the span of the Hyperion-I 

campaign. For Phase I, a single length of stainless-steel 

tubing was used, which greatly simplified testing and 

modeling due to its simple geometry. Maraging steel test 

articles additively manufactured by USC’s Center for 

Advanced Manufacturing4 will be used as the reactor test 

articles in Phases II and III, possessing 7 channels for Phase 
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II and 61 channels for Phase III. A model of the proposed 

Phase III test article is given in Figure 1. The reactor 

subsystem works by volumetrically heating the propellant 

as it flows axially through the reactor channels. As the 

propellant flows from inlet to outlet, it will heat up and 

accelerate, be directed into a thrust chamber consisting of 

an exhaust plenum and exit nozzle, and then expanded 

outward to generate thrust. 

 

I.A. Phase I Results 

Phase I of the Hyperion-I campaign confirmed the 

validity of the proposed experimental setup and heating 

method, and the feasibility of experimentally validating a 

Multiphysics NTRE fuel element model in ANSYS.1 

Along with verifying the experimental setup functioned 

properly, Phase I also served to refine the feed system setup 

and data-acquisition capabilities for future physical tests. 

For modeling simplicity, a single section of 3/16”  

(4.76 mm) outer diameter stainless-steel tubing was used 

for the reactor subsystem in place of a more sophisticated 

reactor test article. Exit data was successfully captured, 

which indicated that when the test article was inductively 

heated, the outlet temperature of the working fluid 

(nitrogen) was equal at steady state to the outlet 

temperature predicted by the ANSYS model. This was the 

primary area of interest, as this quantity could be readily 

validated through direct measurement. This indicated the 

model was valid, and the test was ruled a success. 

However, due to design issues during the first day of testing 

and the unintentional heating of a thermocouple fitting at 

the test article inlet, experimental temperature difference 

Δ𝑇 and pressure difference Δ𝑃 between the inlet and outlet 

faces were not properly resolved. Thermocouple noise also 

drastically skewed data gathered during the test’s heating 

phase due to RF interference between the thermocouple 

operation-amplifiers and the induction heater. These issues 

were addressed in follow up tests through the redesign of 

the induction heater coil, the inclusion of a dedicated NI 

USB - 9213 thermocouple reader, and additional RF 

shielding to enable more reliable temperature readings. 

 

I.B. Phase II Purpose and Goals 

Hyperion-I Phase II seeks to increase the reactor 

model’s sophistication by simulation and experimental 

validation of an additively manufactured test article. The 

test article was a 250 mm long hexagonal cylinder with 7 

teardrop shaped channels, each with a hydraulic diameter 

of 2.3 mm. The model’s geometry was chosen as it is 

similar to the design of many hexagonal nuclear fuel 

elements2, with the exception of channel geometry. The 

channel shape was chosen as the test article was additively 

manufactured, and the teardrop shape allowed the article to 

be printed horizontally. The Phase II test article was 

produced at USC’s Center for Advanced Manufacturing 

from DMLS MS1 maraging steel and was post-machined 

at the USC on-campus machine shop. End caps that attach 

the test article to the feed system have also been 

manufactured by the USC Undergraduate Fabrication Lab. 

The primary objective of Phase II is to ensure the 

effectiveness of modeling multi-channeled test articles by 

simulation and validating this model experimentally. 

Validating the simulation will allow for scaling the test 

article to the proposed full core model with 61 teardrop 

channels. This will be done by verifying that Phase II 

ANSYS simulations produce physical results, and by 

validating the model’s accuracy by comparing outlet 

temperature and Δ𝑇 between the test article inlet and outlet 

faces predicted by ANSYS with those observed 

experimentally in upcoming tests. Physical experiments 

will also resolve the pressure drop across the multi-

channeled article, which is of interest as a pressure-based 

solver is used in the ANSYS model. This paper presents 

the results from Phase II ANSYS simulations of the  

7-channel test article. 

 

II. ANSYS MODELING METHODOLOGY 

The inductive heating of the test article was simulated 

using the Maxwell 3D electromagnetic module in ANSYS. 

The electromagnetic simulation consisted of the 7-channel 

test article situated within a model of the induction heater 

coil to be used for physical tests. The test article geometry 

was created in Siemens NX and imported into the ANSYS 

Workbench and Maxwell, while the copper induction coil 

geometry was created natively in Maxwell. The model 

setup is shown in Figure 2. A 300 Amp alternating current 

was applied to the coil with a frequency of 70 kHz as 

determined by a prior test of the heater used in physical 

testing. A base mesh was applied to the coil and the test 

article, with additional skin-depth based meshing on the 

test article to increase the simulation fidelity of eddy 

currents and heating behaviors.  A bounding region of air 

was defined around the induction coil and test article. The 

system was then solved for magnetic field vectors in the 

coil and the ohmic losses in the test article. 

 
Fig. 2. ANSYS Maxwell model setup showing the test 

article and induction coil. 
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The results of the electromagnetic simulation were 

then used to simulate the heating of the test article and 

subsequently of the working fluid in the ANSYS Fluent 

computational fluid dynamics (CFD) module. First, the 

ohmic loss contour from the Maxwell simulation was 

imported as a volumetric heat source onto the test article 

geometry in Fluent. Gaseous nitrogen was then assigned to 

fill the volume of each of the test article’s channels. 

Internally developed NTRE sizing scripts were used to 

determine a target mass flow rate of 0.25 g/s per channel 

and predicted flow velocities for the model, and test article 

inlet and outlet pressures were estimated by numerical 

solutions to the Darcy-Weisbach equation. These values 

were then prescribed in the model as boundary conditions 

for the working fluid. A convective heat loss boundary 

condition was applied to the outside of the test article to 

simulate natural convection with ambient air around the 

article, and the convection coefficient used was determined 

by approximating the test article as a horizontal cylinder. 

A pressure-based solver was utilized and default Fluent 

CFD settings were used aside from these mentioned. The 

system was then solved for the temperature profiles of the 

working fluid and of the test article itself, and the heat loss 

due to convection with the environment was also recorded.  

 

III. RESULTS & DISCUSSION 

Induction heating produces eddy currents in the test 

article which in turn generate ohmic losses, heating the 

article. The total ohmic loss over the entire test article was 

24.72 W. The region of greatest ohmic loss was located 

directly beneath the coil itself, and the regions of least 

ohmic loss are situated at the inlet and outlet of the article. 

Since heating is proportional to ohmic loss, heating was 

expected to be greatest near the center of the test article and 

least at the inlet and outlet. The steady-state temperature 

profile of the test article is shown in Figure 3. Observed 

temperature was greatest near the article’s center and 

decreased outwards towards the article’s inlet and outlet, 

indicating successful coupling between the imported 

Maxwell ohmic loss contour and the Fluent simulation. 

 

 
Fig. 3. Temperature profile of the test article surface. 

As mentioned in the model setup, a convection 

condition was assigned to the test article’s outer body to 

simulate natural convection with air. Heat loss to the 

environment due to convection was 1.87 W. Additionally, 

the total power output of the Fluent model was 24.69 W. 

This was within 0.1% of the 24.72 W ohmic loss imported 

from Maxwell, confirming that energy was conserved in 

the model. 

Figure 4 displays the full temperature profile of gas in 

the test article channels. As gas flows through the channels, 

the test article volumetrically heats the gas, and so 

temperature was expected to gradually increase as gas 

flowed from inlet to outlet. The simulation results yielded 

a smoothly increasing temperature gradient as gas flows 

through the article, confirming this prediction.  

 
Fig. 4. Temperature profile of gas flowing through the 

test article channels. 

 

Figure 5 displays the average and maximum gas 

temperatures over the length of the article. The inlet is 

defined as the location 𝑥 = 0, while the outlet is defined as 

location 𝑥 = 𝐿. Both average and maximum temperatures 

gradually increase along the article and peak around 

𝑥 𝐿 = 0.75⁄ , gradually decreasing afterwards. This heating 

profile correlates with the test article temperature, as in 

both cases temperature decreases slightly near the outlet 

after the coil ends. 

The main results of interest from the CFD model were 

the face-averaged outlet gas temperature of the test article 

and the gas temperature difference across the article, Δ𝑇. 

The input gas temperature 𝑇0 was 288.16 K, and the model 

converged on a face averaged outlet gas temperature 𝑇𝑜𝑢𝑡 
of 307±1 K, yielding a Δ𝑇 of 19±1 K. 

The outlet gas temperature and Δ𝑇 are significant as 

they can both be measured experimentally by 

thermocouples positioned immediately upstream and 

downstream of the test article in the test stand setup. 

Because of this, the effectiveness of the ANSYS model can 

be directly validated by Phase II hardware testing. 
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Fig. 5. Average and maximum gas temperatures as a 

function of distance from inlet 𝑥 and total article length 

𝐿. 

 

All of the above results show that the Multiphysics 

ANSYS model developed was successful in producing 

physical results, and more importantly, an outlet gas 

temperature and Δ𝑇 that are measurable by standard 

thermocouples. This will allow Phase II hardware testing 

to fully verify the accuracy of the simulation and the 

effectiveness of modeling a multi-channeled reactor 

model. 

However, the predicted 𝑇𝑜𝑢𝑡 and Δ𝑇 create challenges 

for Phase III full-scale core testing. These temperatures are 

expected to decrease as the size of the test article and 

number of channels increase, and so the induction heater 

currently used may not be powerful enough to produce a 

measurable Δ𝑇. Moreover, a much higher Δ𝑇 is needed to 

produce significant thrust. This issue will be corrected in 

subsequent testing by utilizing a different induction heater 

with an increased coil current and tighter coil loops to 

provide more power to the test article. 

 

IV. CONCLUSION 

The simulation of Hyperion-1 Phase II was successful 

and demonstrated that the current ANSYS modeling 

techniques effectively simulate the steady state induction 

heating of a multi-channel test article. These simulations 

also yielded an outlet gas temperature and Δ𝑇 across the 

test article that are significant and large enough to be 

experimentally validated. If Phase II hardware testing is 

successful in validating these results, the simulation 

process outlined in this paper will be used for simulation of 

the full-scale reactor core model of Phase III with 61 

teardrop shaped channels. 

 

IV.A. Continuation of Phase II 

Preparation for Phase II hardware testing is currently 

underway. As discussed, hardware testing of Hyperion-1 

Phase I affirmed the campaign’s modeling technique and 

led to refinements in feed system design that will be 

implemented in Phase II. 

Hardware testing will provide experimental results for 

gas outlet temperature and temperature difference which 

will be compared to the simulation results above. 

Additionally, a differential pressure transducer will be used 

to resolve the pressure drop across the test in order to 

prepare for Phase III testing of the full core reactor model. 

Lastly, a new induction heater will be obtained as discussed 

to provide the power increase needed to experimentally test 

the full core model. 
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A Modelica-based dynamic system model of a nuclear 

thermal rocket engine has been created as part of a multi-

agency effort to develop space nuclear propulsion 

technology. There is a need to provide the model to other 

team members in the fields of engine-vehicle integration 

and instrumentation and control in a form that is usable by 

computer codes suited for those purposes.  To fulfill this 

need, the most recent version of the dynamic system model 

was augmented to support model export using the 

functional mock-up interface. This work describes the 

necessary changes to the model to update to the latest 

engine configuration and describes the model export 

process. The exported model has been shown to 

satisfactorily reproduce the baseline results and to run 

faster than real time. 

 

I. INTRODUCTION 

The US National Aeronautics and Space 

Administration (NASA) has been investigating space 

nuclear propulsion (SNP) technology for several decades 

using variable levels of funding. However, the last few 

years have seen a more focused effort and consistent 

funding for developing nuclear thermal propulsion (NTP) 

for ground testing or in-space demonstration. Given the 

confluence of space and nuclear technologies, there is a 

need for input and participation from several agencies or 

companies inside and outside the US Government. 

Researchers at Oak Ridge National Laboratory (ORNL) 

have been part of past SNP efforts and are participating in 

several aspects of the current program. 

Due to the participation of several entities with various 

types of expertise, useful and accessible information and 

models must be disseminated to various project members. 

One such dynamic model of the nuclear thermal rocket 

(NTR) engine has been under development at ORNL since 

2017. This Modelica-based model has many potential 

capabilities to support development of engine 

instrumentation and controls (I&C), engine-vehicle 

integration (EVI), human-machine interface (HMI), and 

other multiphysics modeling and simulation (M&S) needs. 

However, a demonstration run of the model outside of the 

Modelica integrated development environment (IDE) has 

not been conducted, so its utility has been limited. 

Through recent efforts in model reorganization and 

improvements in the working fluid library, it is now 

possible to export the dynamic model to a functional 

mockup unit (FMU) using the functional mockup interface 

(FMI). When the model is exported to an FMU, it can act 

somewhat like a black-box in that it performs calculations 

according to the compiled model inside of the box that are 

driven by external forcing functions from the host 

environment. The host environment can be many things: 

Python, Matlab/Simulink, or SysML, among others. By 

using an FMU, the same model that was developed in the 

Modelica IDE can be used and tested in other environments 

tailored to specific analyses (e.g., I&C, EVI). 

The work described here implemented changes to 

update the model to the most recent engine configuration 

and to support the export of the model for external users.  

II. DYNAMIC MODEL 

The dynamic model was been updated based on 

previous work1,2 to better support parameterization and to 

reflect the most recent engine configuration. Also, the 

interface to the fluid property database was slightly 

updated to improve model export compatibility. 

The basic layout of the model is shown in Figure 1. 

The engine is based on an expander power cycle with 

turbine bypass and hydrogen as the working fluid and 

propellant. The thermal spectrum reactor is fueled with 

high-assay low enriched uranium (HALEU). The hydrogen 

is stored in tanks and pumped into the engine, where the 

flow is divided into two paths to (1) the regenerative nozzle 

and control drums and (2) the moderator. The two paths 

merge before they reach the turbine(s) and turbine bypass. 

The bypass valve is modulated to control the flow through 

the turbine(s). The flows merge before entering the core, 

where the hydrogen is heated to 2,700 K, expanding 

through the nozzle to achieve 900 seconds of specific 

impulse. 

The nuclear kinetics model uses the point kinetics 

assumption with reactivity feedback from several sources: 

moderator solid temperature, fuel solid temperature, 

hydrogen density in moderator channels, hydrogen density 

in fuel channels, and control drums. The feedback 

coefficients and control drum worth as a function of 

position are determined using separate neutronics 

calculations. 

Only the moderator and fuel components make use of 

1D discretized fluid volumes. Other fluid volumes are 0D. 

Pressure losses are accounted for using frictional losses in 

the discretized components, whereas flow resistors and 
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valves account for losses elsewhere. All pressure losses 

scale with the flow rate according to the type of pressure 

loss component specified. 

Solid fuel and moderator materials are accounted for 

in the discretized components. A 1D discretized mass is 

included in the regenerative nozzle. These solid masses are 

important for a dynamic model because they add a delayed 

feedback mechanism which affects controllability. 

 
 

Fig. 1. Basic flow arrangement for NTR model. Blue lines 

indicate fluid connections, and red lines represent heat 

transfer connections. 

 

Convective heat transfer occurs in the fuel and 

moderator channels. The power deposited into the solid 

regions of the fuel and moderator components is 

determined through separate neutronics calculations and is 

scaled by the fraction of total power. A small amount of 

power is deposited directly into the fluid regions of the fuel 

and moderator. 

Heat transfer between the fuel and moderator solids 

through a thermal insulator is assumed to be 2% of full 

power. This heat source to the moderator is needed to drive 

the turbopump. 

The model includes basic proportional-integral (PI) 

controls that use chamber temperature to control the 

control drum position and pressure to control the turbine 

bypass control valve position. 

II.A. Codes 

The majority of the dynamic NTR model was built 

using components from the ORNL-developed 

TRANSFORM library3 with select components from the 

Modelica Standard Library (MSL). The model was 

developed in the Dymola v2021 IDE. The FMPy python 

library4 was used to run the FMU. All simulations were run 

on a x86-64 Windows desktop machine. Software quality 

assurance for TRANSFORM is addressed through 

regression tests, version control, validation using exact 

solutions, and verification by modeling of experiments. 

II.B. Model Updates 

The NASA NTR engine design is constantly evolving 

to support current developments in other design 

disciplines. While design specific details are withheld for 

business proprietary and export control reasons, general 

updates and modeling strategy are described below. 

II.B.1. Turbomachinery 

The first update is the modeling of the 

turbomachinery. An additional turbopump was added to 

the model. The turbopump is a critical part of the system 

model and is composed of three components: a turbine, a 

shaft, and a pump. 

The MSL includes basic turbine, shaft, and pump 

components, but TRANSFORM models are used for the 

turbine and pump to provide more detail. The shaft model 

is from the MSL. 

The liquid hydrogen (LH2) stored in the tanks will 

likely be near the saturation point. As cryofluid 

management strategies for Mars and other years-long 

duration missions are still evolving, the engine must be 

able to accept LH2 at a variety of suboptimal conditions. 

Therefore, a lower speed boost pump has been included 

between the tank assembly and the main pump to reduce 

cavitation risk in the faster spinning main pump. The model 

is set up to accept LH2 pressure and temperature as a 

function of time. The continuous homologous pump curves 

are based on a NASA study of modeling the RL10 rocket 

engine.6 

II.B.2 Fluid Property Database Updates 

The MSL includes only two two-phase working fluids; 

however, it establishes a framework called  

PartialTwoPhaseMedium for creating custom 

working fluids. This framework has been exploited to 

interface with the CoolProp fluid property database6 using 

an open-source Modelica library called ExternalMedia 

(EM). Even though the EM library is located in a public 

repository7, it has not been significantly updated since 

2015 and only includes 32-bit fluid property binaries using 

a compiler from 2012. This limitation prevents use of the 

dynamic NTR FMU in environments requiring 64-bit 

models. The latest EM commit is also limited to an 

outdated version of CoolProp v4.2.5.  

While some public forks of the EM project have 

attempted to bring EM up to date with the latest version of 

CoolProp and are now using 64-bit fluid property binaries, 

the authors took on the task of formalizing this process 

using the latest compilers.8 For this project, however, 

CoolProp v4.2.5 was still used, albeit with 64-bit libraries. 

Some features of the hydrogen properties were removed 

between CoolProp v4.2.5 and v6.x, so future work will 
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focus on updating CoolProp to include better hydrogen 

properties or to move away from the EM approach 

altogether. 

II. MODIFICATIONS FOR FMU EXPORT 

A few changes are required to optimize the model 

developed for use in the IDE so that it is most useful as an 

FMU; otherwise, the actual export process is quite simple. 

II.A. Model Changes 

To best accommodate using the model as an FMU, 

three features are required: external connectors, default 

values, and parameterization, as discussed below. 

II.A.1. External Connectors 

An FMU is most useful when it can be connected as 

part of a larger system in another code. External connectors 

are used to send information from the driver code to the 

FMU. Under the current FMI 2.0 specification, external 

connectors are restricted to primitive datatypes: Boolean, 

integer, real, and string. To exchange thermal-hydraulic 

information on the system boundaries, boundary 

conditions must be established that can receive time-

dependent values as one of these four datatypes. In general, 

real connectors are used for this model for tank pressure 

and temperature, valve position, and control drum position. 

A Boolean connector is provided to deactivate the built-in 

PI controllers and to switch to external control. Integer and 

string connectors are not used in the current model version. 

II.A.2. Default Values 

When exported as an FMU, the model can be run 

standalone or as part of a larger system using external 

connectors. For debugging purposes, default values are 

useful so the model can be run standalone. Default values 

have been added to all external connectors for this work. 

II.A.3 Parameterization 

Model parameterization is the establishment of clearly 

defined static values that the simulation can use for model 

setup and initialization. Modelica distinguishes between 

time-dependent inputs and time-independent parameters. 

Using parameters for an FMU allows a single model 

to be used for multiple iterations of a reactor core or engine 

design cycle. Example parameters include initial 

conditions, power shapes or distribution factors, heat 

transfer modification factors, and valve or flow resistor 

settings. 

Acceptable parameters for an FMU are limited to 

those that do not affect the compilation, even if they are a 

model parameter in the IDE. Examples of this limitation 

include discretization of components. The number of nodes 

is fixed at the time of FMU compilation and cannot be 

changed. Distributed parameters like the power shape can 

be changed if the same number of points are used. 

Even with these limitations, many parameters can be 

changed. Those considered the most likely to be changed 

or impactful to the behavior of the model are grouped 

together to make it easier for an FMU user to access. Other 

parameter obfuscation settings are available during FMU 

export which may be useful for an application in which a 

black-box approach is desired. For this work, exposing all 

parameters and variables is acceptable.  

II.B. Fluid Property Library Changes 

To support FMU export, a change to EM library 

compilation is required. The compilation scripts have been 

set up to simplify the change. As described in the ORNL 

fork of the EM compilation script comments, the user can 

simply change the library from a dynamic to a static linked 

library by making a single letter change to the compilation 

script. The dynamic library is used for simulation in 

Dymola, and the static library is used when exporting the 

model to FMU. The compiled dynamic library is included 

with the v4.2.5 tag, so the user must recompile the EM 

library as static linked before exporting an FMU. 

II.C. Model Export 

Once the changes described above have been made, 

the process to export the model using Dymola is simple. 

Through the graphical user interface (GUI), the user 

navigates to Simulation > Translate > FMU. The relevant 

model options used in this work were “Co-simulation using 

Dymola solvers,” version 2.0, and 64-bit binaries. The 

Dymola solver used is Sdirk34hw with a solution tolerance 

of 10-4. Since a stiff solver is required to resolve the 

kinetics behavior, it is not clear if the current model can be 

immediately used in a real-time simulation environment. 

This aspect of dynamic NTR FMU use will be investigated 

further. 

III. MODEL COMPARISONS 

It is useful to compare the results of the FMU to the 

results from running in the IDE. An example transient is 

used for this comparison and is presented in Table I. 

TABLE I. Chamber conditions for example transient 

Time [s] Pressure [%] Temperature [%] 

0 50 50 

100 50 50 

300 20 20 

500 20 20 

560 100 100 

710 100 100 

830 20 20 

1,000 20 20 

 

The transient establishes a steady-state condition at 

20% chamber pressure and temperature by 500 seconds. 

Then, both values are ramped up to 100% over 60 seconds 

and held for 150 seconds. The engine is then brought back 
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down to the 20% condition over 120 seconds. The 

simulation concludes at 1,000 seconds. The use of 50% 

values at time equals zero helps to initialize since full-

power design conditions are used as model defaults. The 

ramp-up starts at a lower power condition since this is what 

is expected to occur in a mission, although the details of 

the holding position before thrust-up has not been 

determined. 

 
Fig. 2. Comparisons of temperature histories using FMU 

and Dymola. 

 
Fig. 3. Comparisons of pressure histories using FMU and 

Dymola. 

 

Plots of the chamber pressure and temperature as 

functions of time for the Dymola-based simulation and the 

FMU simulation using FMPy are shown in Figs. 2 and 3. 

The trends overlap so closely that they are 

indistinguishable in the top graph. The percent difference 

is also shown as less than 0.5%. This provides confidence 

that the simulation performed in the IDE will be the same 

as the FMU in all meaningful characteristics. The 

simulation runs faster in the IDE at 182 vs 414 seconds. 

Although slower, the FMU still runs faster than real time. 

Improvement in FMU execution time is a subject of future 

work. 

IV. CONCLUSIONS 

A dynamic model of an NTR engine was updated to 

include the most recent system design features and to 

support model export with FMI for use outside the source 

code IDE. A comparison of the model results from the IDE 

and the FMU shows that there is very little difference in the 

results when the model is run outside the IDE. This feature 

should allow for improvements in the development of the 

engine I&C and EVI by increasing access to dynamic 

model results. 
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ABSTRACT 

This paper examines how safety considerations may 
affect the design of nuclear reactor powered propulsion 
systems, be it either nuclear thermal propulsion (NTP) 
reactor or nuclear electric propulsion (NEP). From this 
assessment, it is clear that safety considerations derive 
from the full range of development and deployment stages 
beginning with ground testing and extending to space 
operation. Each stage can impose design requirements 
that will affect the overall propulsion system design. It is 
also recognized that different government organizations 
may have safety authority for the different deployment 
stages. For example, the Department of Energy (DOE) 
would have authority during ground testing at one of its 
national labs, whereas the Department of Transportation 
(DOT) has the authority to approve the launch of a 
vehicle containing a nuclear system. At present, there is 
not a cohesive set of safety design requirements for space 
reactors such as exists for terrestrial reactors. Due to the 
strategic importance and cost of these systems, 
articulating and consolidating a consistent set of 
guidelines and requirements is a necessary step for U.S. 
space nuclear propulsion development. The paper 
attempts to address each stage of propulsion reactor 
deployment and suggest design approaches that can 
practically be implemented to achieve an acceptable 
standard of safety. 

I. SPACE SAFETY CONSIDERATIONS 
As the U.S. enters into a new era of nuclear reactor 

powered propulsion development, it is necessary to 
identify and consolidate the safety requirements that must 
be addressed in the design process. This task is more 
complex than for terrestrial reactors because the 
deployment stages involve substantially differing 
environments and risks but also may have different 
regulating/authorizing organizations. The relevant 
deployment stages include: 

• Ground testing 
• Transportation to launch site 
• Storage 
• Launch / re-entry 
• Space operation 

The authority to approve the launch of a nuclear 
system rests with the President of the U.S. per NSPM-20, 

this launch authority has been delegated to the DOT [1]. 
The Department of Energy (DOE), National Aeronautical 
and Space Administration (NASA) and Department of 
Defense (DoD) may also have safety authority during 
certain stages, but as a practical matter, all involved 
organizations will collaborate with the DOE to establish 
safety requirements for the design, testing and operation 
of space nuclear propulsion reactor.  

Some initial work toward this goal has been done. 
For example, the DOE has provided general guidance on 
space nuclear reactor safety design requirements in Ref. 2, 
and NASA has provided some guidance in Ref. 3. 
However, it is left to the designer of a nuclear propulsion 
system to translate this multi-agency guidance into 
practical systems and features that protect persons that 
could be exposed to some degree of risk from the nuclear 
propulsion system. This paper discusses a “designer’s 
approach” to consolidating the space nuclear safety 
requirements from the ground testing, launch and space 
operation stages and translating them into practical 
systems and features.  
I.A. Ground Testing Safety Design Requirements 

It is difficult to conceive of deploying a NTP reactor 
or NEP reactor without some degree of ground testing of 
the full-scale, full-fidelity reactor. This would be 
especially true for manned space flights. During the 
ROVER/NERVA program, nine critical NTP experiments 
were carried out, some of which released radioactive 
fission products and fuel debris to the environment [4]. 
Even though these tests were carried out at a remote 
location (National Test Site in Nevada), such tests would 
never be allowed today. Ground testing will have to be 
carried out in a specially designed facility that can prevent 
release of radioactive debris and fission products to the 
environment in the event of fuel or any other failure.  

Ground testing would most likely be done at a DOE 
laboratory such as the Idaho National Laboratory (INL) 
which has the necessary nuclear reactor test expertise or 
at a NASA laboratory such as the Stennis Center in 
Mississippi, which has the H2 flow facilities and 
expertise. In either case, the reactor, in conjunction with 
the test facility, would have to meet safety requirements 
normally imposed upon terrestrial reactors. For the case 
of the INL site, these requirements are imposed and 
enforced by the DOE as required per 10 CFR 80 Subpart 
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B and 10 CFR 85 for facility safety. The reactor safety 
design criteria are set forth in DOE Order 5480.30, which 
identifies the Nuclear Regulatory Commission (NRC) 
Regulatory Guide 1.70 as a guide for the preparation of 
safety analysis reports. Because of these requirements, the 
combination of the reactor design and the test facility 
must meet many of the safety design requirements 
imposed upon terrestrial reactors.  

The most important of these relates to containment of 
fission products. Although one can argue that fission 
product containment is not necessarily protect the crew of 
a spacecraft, containment is required to meet radiation 
exposure limits for the test facility staff and the public. 
The dose limitations of 10CFR20 and 10CFR100 and 
their implementation through regulatory guidelines would 
apply to the test facility. As a practical matter, this will 
necessitate that the reactor fuel elements incorporate one 
or more barriers to limit fission product release to the 
facility for both normal operation and anticipated 
transients. Any residual release from the reactor would 
have to be contained by the test facility. 

Fission product retention is easier for an NTP reactor 
because of its short operating life (e.g. a few hours), even 
though the temperatures are much higher than for an NEP 
reactor. Fission product release is restricted by diffusion 
through the fuel itself and by a coating or cladding 
element that encapsulates the fuel. In many cases the 
cladding element also serves to prevent migration of the 
fuel itself. Thus, a safety requirement imposed by ground 
testing of an NTP reactor is that it incorporate an effective 
fuel cladding to prevent fission product release. The 
reactor system design should also incorporate the means 
to protect against cladding failure. 

In the case of NEP reactors, the temperatures are 
lower, but the operating time is much longer (e.g. a few 
years). Thus the test period will be longer. This requires a 
more robust fission product containment design, which 
might be provided by a combination of fuel cladding and 
the reactor vessel. The test facility would constitute a 
third barrier comparable to a containment or confinement 
structure in a terrestrial reactor. Thus, a safety 
requirement imposed by ground testing is that the NEP 
reactor incorporate fuel encapsulation and a sealed 
vessel/primary system and that the reactor system be 
designed to protect the two fission product barriers 
against failure. 

A second requirement affecting the propulsion 
reactor safety design is the need for safe shutdown 
reactivity insertion. As in the case of all U.S. terrestrial 
reactors, the test reactor must have two independent 
means of safely shutting down the reactor in response to 
an unanticipated event that would threaten the integrity of 
a fission product barrier. For most propulsion reactors, the 
main shutdown system would be rapid rotation of the 

control drums to the shutdown position. This likely would 
be accomplished by a spring-loaded mechanism with 
sufficient control drum redundancy to allow for a stuck 
drum.  In fact, a practical design might allow for two 
stuck drums since a prudent operating requirement would 
which would allow for reactor startup with an initial stuck 
drum.  

Ground testing of the propulsion reactor would also 
require an additional, independent shutdown system such 
as one or more control rods that could be injected into the 
core to render it subcritical i9n the event of failure of the 
control drums. This can be a challenge for a reactor with 
strict space and weight limits.  Fortunately, there are 
several approaches that can be implemented to meet this 
requirement. For example, it may be possible to show that 
termination of H2 flow in NTP reactors provides sufficient 
reactivity reduction to render the core subcritical, 
provided decay heat removal can still be safely 
accomplished. For NEP reactors, it will be necessary to 
have a separate reactivity insertion mechanism. For some 
reactor types, it may be possible to show that a strong 
negative temperature coefficient would safely reduce the 
power to near decay heat levels. 

I.B Launch and Re-entry Safety Design Requirements 
At the launch of a space propulsion reactor, it would 

not likely have operated and, therefore, would not contain 
fission products and nor generate decay heat. The 
principal safety requirements relate to preventing reactor 
criticality in the event of a launch failure causing reactor 
re-entry and preventing fuel dispersion such as in the case 
of the 1978 accidental re-entry of a Russian COSMOS 
954 rocket carrying a TOPAZ II reactor fueled by high-
enriched uranium (HEU). The spacecraft fell in northern 
Canada and HEU was dispersed over an area of 100,000 
km2 [5]. 

Criticality upon re-entry is postulated to occur by at 
least two scenarios. One is if the reactor should fall into a 
water body such that moderating water fills and surrounds 
the reactor. The reactor must remain subcritical in such an 
event. The drums must be locked in the shutdown position 
to prevent rotation upon impact. However, because most 
NTP reactor designs are under-moderated, this may not be 
sufficient to prevent criticality if submerged in water, so 
that a separate mechanism must be incorporated into the 
design to provide the needed negative reactivity. The 
challenge to implementing this requirement is that the 
additional mechanism must be eliminated when the 
reactor is safely in space to allow the reactor to start. This 
can be accomplished passively for some reactors with a 
hard neutron spectrum through rapidly depleting burnable 
poisons. For well-thermalized reactors, it would be 
necessary to incorporate a physical device into the core 
during launch and remotely remove it prior to startup in 
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space. Either method is a challenge that must be 
addressed in the design/development phase. 

A second scenario for postulating reactor criticality is 
through compaction upon impact upon the earth surface. 
The design of the reactor in conjunction with the launch 
vehicle cargo faring must prevent compaction criticality. 
A closely related requirement is prevention of reactor 
breakup from heat and impact resulting in the spread of 
nuclear fuel material as in the case of the COSMOS 954 
re-entry event. 

One approach to meeting this requirement, is to 
incorporate a removable aeroshell for the launch 
operation. An aeroshell is a rigid heat-shielded shell that 
helps decelerate and protect a spacecraft vehicle from 
pressure, heat, and possible debris created 
by drag during atmospheric entry. The deceleration also 
helps reduce the impact shock. Its main components 
consist of a heat shield and a back shell. An example is 
shown in Fig. 1 [6]. Once the reactor is safety in orbit, the 
aeroshell would be removed and discarded. 

 
Fig. 1. NASA aeroshell for Mars 2020 Space Exploration 
Program 

Additionalsafety requirements apply to the case of an 
uncontrolled re-entry of a nuclear powered spacecraft that 
crashes into the public domain. NSPM-20 provides clear 
guidance regarding dose limits to a member of the public 
resulting from the crash. These limits are expressed in 
probabilistic terms in Table 1 and are very similar to 
requirements for terrestrial reactors [7]. For example, if a 
postulated accident is capable of exposing a member of 
the public to a dose of between 5 and 25 rem, then the 
spacecraft and reactor must be designed such that the 
calculatedprobability of such an event is no less than 1 in 
10,000 for a single launch. 

Table 1. Probabilistic Dose Limits for Accidental 
Crash of an Operating Space Reactor into the Public 
Domain 

 Dose per Event, rem 
0.025 – 5.0 5.0 – 25 > 25 

Probability Limit 10-2 10-4 10-5 

I.C Space Operation Safety Design Requirements  
The role of safety during manned space flight is not 

only to protect the spacecraft crew from radiation from 
the reactor but to move the crew quickly through the 
space mission and return them safely back to earth orbit. 
It is somewhat ironic that nuclear energy is, in fact, 
employed to reduce radiation exposure to the crew by 
reducing the mission time.  The sources of this radiation 
are solar flares, galactic cosmic radiation and trapped 
ionized particles in the earth’s magnetic field. The rate of 
exposure varies primarily with the solar cycle, but an 
average dose for an astronaut that spends six months in 
the International Space Station is 16 rem. The average 
dose for a 3-year Mars mission is 120 rem. For this 
reason, NASA has established an annual radiation dose 
limit for low earth orbit of 50 rem/year. This compares 
with 10 CFR 20 limits for terrestrial radiation workers of 
5 rem per year and a total career dose limit of 25 rem. 
NASA’s total career dose limit is based on the risk of an 
average of 3% loss of total lifespan, This results in the 
values given in Table 2 [7]. 

Table 2. NASA Career Radiation Dose Limits for 
Astronauts in Rem 

Age 25 yrs 35 yrs 45 yrs 55 yrs 
Female 100 175 250 300 
Male 150 250 325 400 

This leads to the question of what dose limit should 
be used for design of radiation shielding between the 
reactor and crew. The key difference between radiation 
from the reactor and from space is that the reactor 
designer has control over the dose from the reactor by 
design of the shielding. Thus, the principal of “As Low 
As Reasonably Achievable” (ALARA) applies. A 
reasonable limit would be the same value as applied to 
terrestrial radiation workers, i.e., 5 rem/year.   

The other aspect of nuclear propulsion safety for 
space operation relates to prevention of transients that 
could disable the propulsion system to the point that it can 
no longer support the mission. This effectively is a 
conjunction of system reliability and safety. There is no 
practical ability to effect repairs other than control system 
corrections. The approach to this aspect of reactor safety 
is a combination of adequate system diagnostics and 
redundancy of critical subsystems and components. 

Accurate information on system status and health 
requires a well-thought out approach to system 
diagnostics. Key parameters include core power 
distribution, H2 flow distributions, component 
temperatures, vibration levels and mechanical strains in 
key structures. It would be unreasonable to expect the 
crew to continuously process all the information from the 
diagnostics, so the control system must be able to monitor 
key variables, process the information and take remedial 
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action or recommend remedial actions to the crew. This 
information must also be transmitted to earth, but it must 
be recognized that there could be a considerable time 
interval for transmission, perhaps up to an hour for a Mars 
mission. A significant effort must be expended in the 
design of the control and instrumentation system with 
incorporation of learning algorithms implemented during 
testing and parametric simulation of transient events. 

All terrestrial reactors incorporate a safety system 
which shuts the reactor down if a condition arises that can 
cause a release of radioactivity. This may not be the 
highest priority for a space reactor. Rather, safety 
shutdown should be implemented primarily to terminate 
events that could cause irreparable damage to a 
propulsion engine such that it is rendered unable to 
accomplish a mission abort and return to earth. 

The safety shutdown system is important area of 
redundancy for all reactors. For a space reactor, this 
applies to the control drums. An essential design approach 
would be to assure that reactor control and shutdown 
could be accomplished with at least one drum rendered 
inoperable, either in a full-out or full-in position. Ability 
to start the reactor with one stuck drum is just as 
important as the ability to shut it down. If the reactor is 
started with a stuck drum, then it may be necessary to 
require that it can be shut down with an additional stuck 
drum. 

Ability to remove decay heat from a shutdown 
reactor is especially important for NTP systems where the 
reactor only operates for a short time during the mission 
but generates decay heat that lasts for a much longer 
period of time. When the reactor is shutdown, reactor heat 
is difficult the remove without flow of propellant. This 
would add an undesirable mass burden to the spacecraft 
and would require an energy source to flow 
propellant/coolant. The best practice approach is to 
construct the reactor design to be able to reject decay heat 
directly to space by radiation from the reactor vessel 
walls. This necessitates choosing materials with ability to 
withstand temperatures and have sufficient surface areas 
to support adequate radiative heat transport to space.  

II. CONCLUSIONS 
Although by no means complete, this discussion 

recognizes that propulsion system safety design 
considerations span the range of deployment stages from 
ground testing to space operation. It also recognizes that 
different government organizations may have safety 
authority for the different stages. At this pioneering time 
in nuclear propulsion development, it is left to the 
designer to create a single propulsion system design that 
meets meet the safety requirements for all deployment 
stages. At this time, well-thought out, consistent and 
comprehensive set of guidelines and/or regulations does 

not exist and would greatly assist the designer in this 
endeavor. In addition, to facilitate robust reactor safety 
design it would be helpful if the relevant government 
agencies establish formal working relationships to assure 
consistency in regulations. As an example, the 
Memorandum of Understanding for space nuclear 
cooperation between DOE and NASA [8] is a good start. 
It is suggested that this would be an important area for 
investment of space development funds. 
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Decay heat solutions are essential for maximizing the 
performance of NTP systems, reducing the amount of 
required cooldown hydrogen, and guaranteeing system 
safety. USNC-Tech’s solution to NTP decay heat removal 
and utilization is high-temperature moderator elements 
with a moderator capable of operation at 1,000K. USNC-
Tech is currently designing, building, and testing 
prototypic high-temperature tie tubes. These high-
temperature moderator elements reduce the required 
cooldown hydrogen by over 50% and enable the co-power 
generation and RCS/OMS capabilities, enhancing the 
versatility of NTP for future space mission.  

 
I. INTRODUCTION 

Nuclear thermal propulsion systems (NTP) have 
historically used significant amounts of hydrogen to cool 
down the residual heat, known as decay heat, of an NTP 
system after operation. Decay heat solutions are essential 
for maximizing the performance of NTP systems and 
guaranteeing system safety. USNC-Tech has been 
performing an in-depth look into understanding and 
solving NTP decay heat by utilizing dual-mode power co-
generation and a high-Isp reactor-powered Reaction 
Control System (RCS)/Orbital Maneuvering System 
(OMS). USNC-Tech’s solution to NTP decay heat removal 
and utilization is a high-temperature tie tube with a 
moderator capable of operation at 1,000K. USNC-Tech is 
currently designing, building, and testing prototypic high-
temperature NTP moderators. These high-temperature 
moderators enable the co-power generation and RCS/OMS 
capabilities and enhance the versatility of NTP for a human 
Mars mission and other missions beyond low Earth orbit.1 

Previous state of the art estimations state that up to 5% 
of the hydrogen used during a NTP burn is needed for cool 
down.2 With advanced optimization and high-temperature 
tie tubes, USNC-Tech has shown that both the amount of 
cooldown hydrogen and the cooldown time can be reduced 
by more than a factor of two. 

Increasing the temperature capabilities of an NTP 
system’s hydride moderator is central to addressing decay 
heat. Hydride moderators are the lowest temperature 
component inside the NTP core and drive the temperature 
at which hydrogen removes decay heat from the core. 
During the decay heat removal phases of operation, 
providing hydrogen overpressure may not be possible or 
overly difficult so the temperature limit of hydride 

moderators is greatly reduced from full power operation. 
Furthermore, many co-power generation configurations for 
NTP systems make it impossible to provide hydrogen 
overpressure during power generation  

Figure 1 shows the relationship between the maximum 
temperature capabilities of a tie tube and minimum 
hydrogen needed to cool the core.  

 

 
Fig. 1.  Normalized Hydrogen Needed to Remove Decay 
Heat vs. Temperature Capability of Moderator 
 
II. PROGRESS ON HIGH TEMPERATURE 
MODERATOR DEVELOPMENT 
II.A. Moderator Development 
II.A.1 ZrH Manufacturing 

USNC-Tech is using two parallel approaches to 
manufacturing solid ZrH moderator elements. The direct 
hydride route uses a hydrogen furnace system to hydride 
solid Zr pellets. The other route involves hydriding a large 
amount of Zr feedstock, powderizing the resulting ZrH, 
and then compacting that into pellets. Those pellets are 
then canned to increase the temperature capability of the 
moderator. Both routes have advantages and 
disadvantages, and this project aims to understand which 
route will produce the best ZrH moderator elements to 
incorporate into tie tubes in NTP systems. 

To perform the direct hydriding of Zr pellets, USNC-
Tech has teamed up with PNNL to use their Sievert’s 
Pressure System. The process of direct hydriding using 
PNNL’s Sievert’s Pressure System uses a hydrogen 
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absorption/desorption test to hydride the Zr. This involves 
using a volumetric method to determine the pressure 
difference between sample chamber and a calibrated 
volume, monitoring pressure, temperature, and time to 
observe the hydrogen absorption, desorption, and the rate. 
This process is very slow, taking over a week to hydride a 
50mm long by 10mm diameter Zr rod to an H/Zr ratio of 
1.8. The first scoping test produced a ZrH sample with 1.98 
wt% H. This process results in a brittle, spongelike sample, 
as shown in Figure 2. The first sample broke in half, so 
research continues to determine the correct parameters for 
producing intact ZrH rods, such as changing the H loading, 
lowering the loading rate, and lowering the maximum 
pressure. 

 
Fig. 2. ZrH as Manufactured Through Direct Hydride 
Method 

 
The alternative approach to producing ZrH moderator 

elements is to produce ZrH powder and then compress the 
powder into pellets. A Zr sponge feedstock with low Hf 
content was selected and hydrided in a hydride furnace. 
The sponge was then milled and sieved to produce a fine 
ZrH powder. The powder was then compressed using a die 
and a cold uniaxial press to form solid ZrH pellets, as 
shown in Figure 3. The ZrH pellets were then analyzed. 
The density was ~70-80% and the H/Zr ratio was 1.65 – 
1.79. Further research will be conducted to increase both 
the density and H/Zr ratio for the pressed ZrH powder 
route. 

 
Fig. 3 Pressed Powder ZrH Pellets 

 
It is also important to consider the type of Zr feedstock 

that is used for ZrH, because certain impurities are strong 

neutron absorbers. For the powder compaction route, 
USNC-Tech selected a high-purity Zr powder with 
<0.005% Hf. For the direct hydriding route, USNC-Tech 
selected a high-purity Zr with less than 2% Hf content and 
zircaloy-4, a nuclear-grade Zr alloy with 0.01% Hf. USNC-
Tech will evaluate both pure Zr and zircaloy-4 for its use 
as ZrH moderator elements in high-temperature tie tubes. 
II.A.1 Canning ZrH Moderator 

To extend the life and increase the maximum 
operating temperature of the ZrH moderator in the NTP 
system, USNC-Tech is evaluating canning the ZrH in a 
hydrogen-resistant material. USNC-Tech is currently 
evaluating candidate materials and has down-selected to 
alumina and quartz. Both alumina and quartz have very low 
hydrogen permeability and have high melting points, 
making them excellent candidates for canning materials.  

Exposing the ZrH moderators to high temperatures 
prior to the initiation of the hot hydrogen test runs the risk 
of degrading the hydrogen content within the ZrH. USNC-
Tech is currently investigating methods for sealing the cans 
while keeping the ZrH temperature low. 
 
II.B. Moderator Structural Component Selection 

Historical tie tubes in high assay low-enriched 
uranium (HALEU) NTP systems were made of zircalloy, 
which has an optimistic maximum operating temperature 
of 700K and hydrogen embrittlement issues. To mitigate 
these issues and maximize the operation of the NTP 
system, USNC-Tech has investigated alternative tie tube 
materials, taking into account hydrogen compatibility, 
high-temperature performance, neutron transparency, 
density, availability, and manufacturability. After an 
extensive analysis, USNC-Tech down-selected to SiC-SiC 
composite and TZM, a molybdenum-based alloy. USNC-
Tech is currently procuring these materials to be 
incorporated into the prototype high-temperature 
moderator element hot hydrogen experiments. 
 
II.C. Hot Hydrogen Test Loop Development 

USNC-Tech has teamed up with Pennsylvania State 
University (Penn State) to develop a hot hydrogen test loop 
experiment to test the prototype high-temperature 
moderator elements. 

Penn State has developed the hot hydrogen test facility 
consisting of a hot hydrogen test loop used for testing the 
prototypical moderator elements and high temperature tie 
tubes in a pressurized, hot hydrogen environment.3 
Prototypical high-temperature moderator elements with 
canned ZrH will be tested up in pressurized, flowing, 
1,000K hydrogen to simulate the NTP system operating 
conditions. Figure 4 shows a schematic of the test loop 
design. This loop can heat up hydrogen to >1,000K and 
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recirculate hydrogen at pressures up to 3,000 psi and with 
flow velocities up to 110 scfm. The loop pipe material is 
made of stainless steel 316 (SS316). SS316 has a melting 
onset temperature of 1648K, much higher than the 1,000K 
test temperature.  The nickel-chrome -based heaters 
operate via radiant heat and will be wrapped in alumina 
fiber-based insulation in order to sustain high temperature 
heating during operation. 

 
Fig. 4. Hot Hydrogen Test Loop Schematic 

 
Inside the test section will be the high-temperature 

moderator element experiment test article, shown in Figure 
5, which holds the prototypical moderator element with the 
canned moderator element and allows pressurized, hot 
hydrogen to flow through the moderator element. 

 
Fig. 5 High-temperature Moderator Element Experiment 
Test Article 
 
III. PROGRESS ON HIGH FIDELITY MODELING 

NTP systems require NTP-specific decay heat 
correlations for accurate predictions. USNC-Tech research 
has indicated that traditional decay heat correlations 
underpredict decay heat production. As a part of USNC-
Tech’s work in modeling and mitigating decay heat, 
USNC-Tech has developed methods of producing NTP-
specific decay heat correlations. 
 
For this work, a reference core was produced for modeling 

decay generation. This refence core uses the USNC-Tech 
“Cookie” fuel element with UN coated particles in a ZrC 
matrix to form a fully ceramic microencapsulated 
(FCM™)-derived fuel form. This fuel has internal circular 
channels for cooling. The fuel is placed in a 
structural/moderating Be metal matrix. Pins of ZrH1.6 

moderator are placed throughout the core to further 
increase moderator and reduce core sizes. Figure 6 shows 
this core. 

 
Fig. 6. Reference Core 
 
III.B. Decay Heat Estimation 

USNC-Tech has devised a method to calculate decay 
heat using MCNP to calculate reactor specific 1-group 
cross-sections and a 238-group flux to generate 
activation/decay libraries for use in ORIGEN. ORIGEN is 
then run in a mode to calculate heat produced during an 
NTP operational cycle.  

ORIGEN is a package in Oakridge National 
Laboratories SCALE software code package that calculates 
fission production, decay chains, neutron sources, high-
energy photon sources, alpha sources, and beta sources 
within a material.4 This data is used to determine the decay 
heating given a neutron spectrum, power profile, external-
to-fuel fission-induced heating, and fuel composition. 

USNC-Tech also developed a separate methodology 
for calculating the expected decay heat using the Serpent 
code.5 Specific details are found in (Denig and Eades, 
2020).6 First, an estimate of effective energy per fission is 
calculated by running a Serpent calculation with coupled 
burnup at a low power level. The total amount of heat 
absorbed in the reactor is calculated over time allowing for 
an estimate of the fission Q value taking into account 
neutron and photon leakage. This effective Q value curve 
is used with the power cycle schedule to calculate the 
expected number of fissions during operation. The number 

Hydrogen FlowFuel Assembly
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of fissions predicted are used to calculate a Q-value to input 
to Serpent such that during a Serpent burnup calculation, 
the expected number of fissions will be recovered. A 
second Serpent burnup calculation is performed using the 
actual power cycle and many steps after the reactor is 
shutdown to calculate the heat generated from decay 
products after shutdown. 

The main conclusions from the two studies using two 
different decay heat solvers are that they produced similar 
results and that the standard Todreas decay heat correlation 
underpredicts decay heat.7 These conclusions are shown in 
Figure 7, in which various results are plotted that predicted 
decay heat after shutdown.  

 
Fig. 7. Todreas Correlation Comparing Serpent and 
ORIGEN Decay Heat Calculations with Time Plotted on 
(a) a Linear X-Axis and (b) a Log X-Axis 

 
Todreas underpredicts decay heat, because it assumes 

a larger energy release from fission than that assumed by 
the Monte-Carlo-informed methods performed by USNC-
Tech. By assuming a larger energy release, less fissions are 
predicted to maintain desired core power. The prediction 
of less fissions results in reduced decay heat because, there 
are less fission products to produce decay heat. 

The comparison between the two Monte-Carlo-
informed methods is not in exact agreement; however, the 
trends are similar, and the total decay heat predicted agrees 
within 5%. USNC-Tech continues to investigate the reason 
for the differences.  

There is not a clear best method for predicting decay 
heat between the two Monte-Carlo-informed methods. The 
Serpent method allows for use of a single code, while the 
ORIGEN method allows for speed. The current preference 
of USNC-Tech is the Serpent method, because it has better 

integration into our analysis framework. This is subject to 
change as the difference between the two Monte-Carlo 
informed methods is further investigated.  

 
IV. CONCLUSIONS 

USNC-Tech’s solution to NTP decay heat removal 
and utilization is a high-temperature moderator with a 
moderator capable of operation at 1,000K. USNC-Tech is 
currently designing, building, and testing prototypic high-
temperature moderator elements. These high-temperature 
moderator elements reduce the required cooldown 
hydrogen by more than a factor of two and enable the co-
power generation and RCS/OMS capabilities, enhancing 
the versatility of NTP for future space missions. 
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MITR is a 6 MWth facility on Massachusetts Institute 

of Technology campus. With peak neutron fluxes of up to 
6x1013 n/cm2-s (thermal) and 1.2x1014 n/cm2-s (fast), 
MITR provides a unique irradiation capability to support 
space nuclear technology deployment. Recent experience 
with handling fissionable materials (up to 100 grams of 
U235 equivalent) and hydrogen gas along with operating 
at high temperatures (up to 1600oC) readily enables 
supporting of current nuclear space missions. Such 
unique irradiation capability with wide operating 
envelope provides an ideal platform for emerging fuel 
technology down selection. Particularly, with advent of 
advanced manufacturing and progress in material 
science, the design space for potential high performing 
materials for space application has considerably widened 
and requires support from a prototypic irradiation test 
bed. In the near future, over cubic meter of irradiation 
space will be available to perform testing on full size 
components such as fuel blocks, I&C kits, control drums 
for direct prototypic demonstration. This summary 
outlines the specific capabilities and recent progress with 
respect to supporting fission technologies for propulsion 
and surface power in space. 

 
I. INTRODUCTION 

Massachusetts Institute of Technology (MIT) has a 
long history in conducting materials and fuel irradiation 
experiments using its 6 MWth MIT Research Reactor 
(MITR). MITR has a wide range of irradiation facilities 
that offer neutron fluxes up to 6x1013 n/cm2-s (thermal) 
and 1.2x1014 n/cm2-s (fast). The MITR is a valuable test 
bed for research and development (R&D) related to 
current and next generation of nuclear technologies. The 
irradiation environment in the MITR core has very good 
access for installation and instrumentation and wide 
flexibility in operating protocols. The MITR reactor 
cycles are typically 60-65 days each. During a cycle the 
reactor operates continuously except for occasional 
scheduled outages for sample exchanges. There are 
several ports available for sample retrieval as desired 
while the reactor is operating.1  

The renewed interest in deployment of micro-reactor 
and nuclear propulsion in the U.S., motivates overview of 
MITR relevant capability for such missions. The existing 
infrastructure and recent experience with irradiation and 

monitoring of fissile fuel at high temperature provides a 
critical foundation to accelerate nuclear technology 
development in space. Particularly, recent activity on 
achieving >1000oC in-core, irradiation of advanced 
moderator materials and particle fuels, and in-core 
hydrogen (tritium) handling for molten salt irradiations,2 
forms a credible basis to support the current direction of 
nuclear thermal propulsion (NTP) technologies that are 
under development. The test samples are not only 
exposed to the intense radiation field but also can be 
adapted to the environment or objectives of interest. For 
instance, existing experience includes inducing stress on 
samples, to study irradiation-assisted stress corrosion 
cracking mechanisms. Irradiation response of high 
temperature irradiation-resistant reactor instrumentations 
such as thermocouples, optical fibers, self-powered 
detectors, ultrasonic sensors, etc., have also been recently 
explored. The equipment for macro-photography, optical 
digital microscopy, SEM/EDS, thermal diffusivity 
measurement, optical profilometry and digital image 
correlation are accessible for post irradiation examination 
(PIE). A variety of radiation detection equipment is also 
available, including liquid scintillation counting and 
HPGe detectors for beta and gamma spectroscopy.1 

For nuclear fission applications, timely qualification 
of advanced fuels and in-core materials to enable meeting 
the mission’s performance metrics is critical. A fuel and 
nuclear materials qualification campaign typically 
involves three steps: fabrication (2-3 years), irradiation 
testing (depending on application) and PIE to support 
code and model development that takes 2-3 years. A 
typical process involves 4 phases of the stated steps, 
starting with an initial fuel concept (Phase 1), down 
selection to promising variants (Phase 2), performing 
prototypical testing (Phase 3) and the final qualification 
phase (Phase 4). Luckily, in general, the NTP applications 
require relative low irradiation fluence, which can 
accelerate the irradiation time using high flux facilities 
such as MITR and shorten the PIE due to low 
radioactivity. Nevertheless, the fuel fabrication, 
characterization and modeling can still take ~20 years to 
reach qualification. With the growing need to meet 
shorter timeline and attain higher performances, the 
ability to rapidly test emerging materials at the prototypic 
scales (Phase 3) can significantly accelerate such time 
lines.   
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As such, we overview how MITR can support 
acceleration of R&D and serve as an irradiation test bed 
for space nuclear technology.  The ability to perform 
irradiation on non-core components at full scale will also 
be discussed. We also present our recent progress in 
supporting nuclear space technologies with MITR. For 
generic nuclear technology applications and capability, 
readers are referred to the MITR user guide document.1  
 
II. CAPABILITY FOR SPACE NUCLEAR 
II.A. Rapid Turn Around Pneumatic Tube Facility 

MTIR provides the ability to expose any material 
(including fissile material) in a “rabbit” pneumatic tube 
system under environment of choosing including 
hydrogen gas at low temperatures. The facility is not 
instrumented and cooled by air. The ports can 
accommodate up to 1.375’’ diameter and 6.25’’ 
irradiation space at the noted MITR peak fast and thermal 
fluence. The maximum sample mass can be 50 g and the 
time of irradiation can vary from few minutes to days.  

Nuclear space technology, particularly for NTP, 
requires novel materials to continue to push the specific 
impulse (ISP) and thus propellant temperature beyond 
~2600 K (based on NERVA-type engine designs with 
hydrogen as the propellant). At temperatures greater than 
2600 K, refractory metals and ceramics that are difficult 
to morph in the optimal geometry are of high interest. In 
particular, the optimal geometry would involve 
incorporating ideal fission fuel material within a high 
temperature material matrix.  With advent of advanced 
fabrication techniques, incorporation of such material to 
improve the NTP performance is more readily accessible.3 
However, advanced fabrication techniques can have 
profound impact on the material microstructure and its 
response to neutron and ionizing radiation. The pneumatic 
tube can provide a rapid and low cost test bed to perform 
such studies. Currently, testing of various spherical fuel 
particles that utilize novel fabrication methods are under 
way. The testing involves sealing few fuel particles in a 
capsule with desired fill gas. Then after irradiation, the 
capsule can be punctured and the off-gas can be analyzed 
for presence of Xe or Krypton fission products followed 
by macroscopic evaluation. The satisfactory results will 
then motivates testing in “3GV” facility discussed in 
section II.B. 

The recent efforts to limit the fuel enrichment of a 
NTP core to less than ~20% U235 or High Assay Low 
Enriched Uranium (HALEU), motivates the exploration 
of thermal spectrum reactors  that allow for lighter cores 
vs. fast spectrum reactors with HALEU. The conventional 
moderator of choice, Zirconium-hydride (ZrHx) has 
limited temperature envelope. At high temperatures the 
outward diffusion of hydrogen can result in loss of local 
moderation and pressurization of its holding structure. As 

such, revisiting old high temperature moderators such as 
Yittrium-hydride4 or novel high temperature moderators 
such as encapsulating ZrHx

5 are of interest.  Given the 
enormous number of possibilities in fabrication, 
stoichiometry and encapsulation material for only these 
two examples, initial rapid low cost testing with the 
pneumatic tube facility is desired to perform a logical 
down selection.  

II.B. Prototypic Temperature and Environment in 
3GV facility 

The “3GV” vertical facility is located in MITR 
graphite reflector. The irradiation testing can be 
performed within a 2.5” ID and 18” in-core zone at 
1.2x1013 n/cm2-s thermal flux. The fast flux is markedly 
smaller (~1011 n/cm2-s) in this region of the MITR. 
However, the appreciable thermal flux can be used to 
boost the fast flux to ~.5x1013 n/cm2-s with use of 
HALEU at under the 100 grams equivalent U235 
allowable limit.  The region is cooled with water cooling 
jackets that can be adjusted to meet a desired heat load.  
Samples and capsules can be inserted and retrieved while 
the MITR is operating at full power. 

Since 3GV is outside of the core, it allows for more 
flexibility in the design space. The actual NTP operation 
time is also very small (~1 hour) with multiple startups 
that are limited to ~100 seconds based on the speed of 
rotation for control drums. As such, in addition to meeting 
the fluence target despite the lower power density in 3GV, 
we can also emulate the startup and shutdown of the NTP 
by a moving a cylindrical cadmium shield in the cooling 
jacked (~50 oC). This is feasible since 3GV is well outside 
of the core and Cd impact on core reactivity is minimal. 
We can also impose large temperature gradients governed 
by thermal fission to induce prototypic stresses in the 
sample by partially covering the experiments with a 
cadmium shield. We can also control temperature 
gradients by flowing gases of different conductivity 
and/or control the local fission rate with fluid 
boiling/condensation. These are all methods that are 
currently under investigation to support the NTP mission.   

As mentioned, the fuel power density in 3GV will be 
substantially lower than an actual NTP application. We 
have recently performed MCNP calculations to 
understand the bounds of possible operating range. The 
results indicate that the fuel power densities of up to 400 
W/cc can be accomplished. While this is low compared to 
NTP (~10,000 W/cc), it can meet the total energy 
deposition in 25x the NTPoperational time length (e.g. 25 
hours). As for temperature, there are no theoretical upper 
limits for attainable temperature as long as the outer water 
jacket maintains its temperature under ~60oC. The lower 
power density can reach prototypic temperatures by use of 
thermal insulators, such as gas gaps. Fig. 1 shows the 
preliminary design and thermal performance of such 
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facility with a cermet fuel sample specimen incased in a 
graphite block followed by layers of thermal shielding to 
reach maximum temperature of 2400 K with 400 K of 
temperature gradient across the cermet sample.  The 
hydrogen flow path to the sample and detailed design of a 
similar facility for 3GV is current under investigation. 

 

 
Fig. 1. The preliminary design and thermal calculation of 
a 3GV test section to meet NTP performance targets.  

The combination of temperature, environment and 
reactivity/power control, makes 3GV an ideal test bed for 
new nuclear space fuel concepts. If deployed to its 
potential, the facility can reduce the mentioned ~20 years 
fuel qualification timeline by 6-12 years and allow for 
much wider evaluation of concepts to achieve a more 
optimum performance. 

I.C. M3 Facility 
The M3 facility is currently being prepared to host a 

modular molten salt loop to support molten salt reactor 
(MSR) R&D and demonstration as supported by the 
recent DOE NEUP integrated research project led by 
MIT.6 The loop is planned to be constructed in a modular 
fashion, such that it can be installed and removed flexibly 
to allow the space to be utilized for other experiments. 
The space as depicted in Fig. 2 in purple, is large enough 
to accommodate full scale NTP components such as 
control drums, I&C kits and fuel blocks.  The space 
allows for specialized instrumentation to generate as 
much supporting data as desired.  

Similar to 3GV, the thermal neutron beam can be 
used to generate the desired fast neutron level. Fig. 2 is 
based on a molten-salt-cooled, solid fuel in graphite block 
core that shares similarities to NERVA-type NTP designs. 
Since the M3 facility is far away from the reactor, more 
substantial hydrogen flow is possible in addition to 
accommodating several fuel blocks or at least third of a 
typical NTP core. The fission reaction is driven by the 
fuel loading but the system is limited to a keff of less than 
0.9. 
 

 
Fig. 2.  Neutronic model of a subcritical Transportable Fluoride-
salt-cooled HTR (TFHR) core element.7 

 

II.D. In-Core Irradiation for High Fluence 
The peak flux in-core (without sample fuel) is 

approximately 3.6x1013 n/cm2-s thermal, and 1.2x1014 
n/cm2-s E>0.1 MeV. Thus, power density of 1,000 W/cc 
is achievable for fuel that can passively reject heat to the 
reactor coolant. While the power density is less than NTP 
targets, only handful of other facilities in the US can 
provide such flux levels and allow fissile fuel irradiation. 
Relative to the other ports in MITR, this region of the 
core is ideal to reach higher fluence, in particular to 
support surface power reactors.  

The test with the highest temperature (1600oC) at 
MITR took place in-core in the high temperature 
irradiation facility (HTIF) in 2006.8 The schematic of this 
facility is shown in Fig. 3. The primary heating 
mechanism for the facility was the neutron and gamma 
absorption of molybdenum. The temperature was further 
enhanced by leveraging a gas gap where its composition 
can change. The primary motivation behind design of the 
facility was for TRISO fuel testing. which is of great 
relevance for current space nuclear technology.  

Several tests were performed and the temperature 
was measured by thermal-couples. For instance, 1400 oC 
was achieved both at 4 MWth with 100% Helium gas gap 
and at 3 MWth with 80% Helium-20% Neon gas gap. 
Currently, the MITR is licensed to 6 MWth and thus 
using 100% Neon gas, temperature of ~2400 oC is 
achievable in this existing facility. The temperatures can 
be raised to 3000 oC by including fissile fuel material in 
the capsule to boost the neutron and gamma flux and 
increase heating from the fission reaction. The gas gap 
also allows the online change of sample temperature 
without introducing radiation poisons that can be 
restrictive for an in-core testing location.  

The long test section allows for loading multiple 
samples axially. Across the length of the test section, due 
to neutron leakage, substantial temperature gradient 
exists. For instance, measured temperature for one set of 
tests were 1350oC in the middle, and 950 and 1050oC 30 
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cm above and below the center, respectively. For such in-
core facility, the test must last the length of the MITR fuel 
cycle (60-65 days) unless deemed mission critical. 

 

 
Fig. 3. The HTIF schematic including gas gap resistance.8 

 
TABLE I. Summary of available capability with respect 

to nuclear fuel testing (exp.: experienced; Passive: 
requires double encapsulation and passive heat rejection; 
cost of relative neutron cost; Power densities are in W/cc) 

Facility Size Temperature 
(K) 

Power 
Density 

Relative 
n Cost 

Pneumatic 1.3’’x6’’ <500 K 800 1X 
3GV 2.5’’x18’’ No Limit 

exp. 925 K 
400 10-

100X 
In-Core 1.8’’x24’’ Passive exp. 

1870 K 
1,000 100X 

M3 4’x4’x4’ No Limit 
exp. None 

TBD TBD 

 
IV. CONCLUSIONS 

The acceleration of high performing materials R&D 
is critical for advancement of space nuclear technology. 
MITR is currently performing irradiation service and 
designing facilities that can meet the target performance 
metrics for NTP and nuclear surface power applications. 

This includes the ability to meet very high temperatures, 
lifetime fluence and perform transient startup/shutdown 
testing for nuclear fissile fuel. Table I summarizes such 
capabilities. More complete information and up-to-date 
timeline of recent tests are listed in Ref. 9. As outlined, 
depending on objective, sample size, power density, 
fluence and cost target, there are multiple facilities that 
can be leveraged. MITR is part of the National Science 
User Facility (NSUF) and part of MIT as an educational 
non-profit institution. Limited seed fund irradiations are 
also available to the interested community.  
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       ABSTRACT 
 

Since the early 1950s, the key to deep space travel has 

hinged upon the use of high-temperature nuclear thermal 

or electric propulsion engines (NTP/NEP). Many design 

variants have been created by different government 

agencies, research laboratories, and technical 

universities, initiated by the Rover/NERVA (RN) program 

from the United States during the 1950s and 60s. Current 

and future NTP research designs require adequate 

moderation due to new restrictions on highly enriched 

uranium (HEU), posing several additional design 

challenges for potential mission operation. Both 

moderation and the use of high-assay low enriched 

uranium (19.75% w/o U-235) significantly increase core 

size and intraelemental power peaking which directly 

affects safety and performance metrics. To optimize key 

engine performance metrics, such as output specific 

impulse (Isp), thrust, and thrust to weight ratio, the core 

loading pattern should prioritize the minimization of the 

radial power peaking to increase the average element 

outlet coolant temperature. To perform this analysis, an 

iterative simulated annealing algorithm is used to couple 

material cross-section results from a Monte Carlo (MC) 

model with a computationally efficient nodal diffusion 

solver. This sequence can run thousands of different core 

configurations in the same amount of time required to run 

a single high-fidelity MC simulation. 

I. CODES AND METHODS 

I.A. Neutronics Software 

Due to the complexity in geometry of a fuel element 

and moderator tie-tube NTP core design, code packages 

that can model hexagonal pin lattices had to be 

prioritized. For this optimization, SERPENT2 will serve 

as the main MC neutron transport code, and DYN3D will 

be utilized for all nodal diffusion benchmarking. 

SERPENT is an innovative and powerful tool for 

NTP core optimization due to the simplicity of the input 

decks and use of large depletion libraries for full-mission 

analysis. Produced at the VTT Technical Research Centre 

of Finland2, it operates as a three-dimensional, continuous 

energy MC simulation system that utilizes conventional 

particle tracking in tandem with Woodcock delta-tracking 

methods. The software reads cross-sectional data from its 

ACE library which is based on various JEFF and ENDF 

library inputs. In addition, the code can produce 

multigroup cross-sections and assembly discontinuity 

factors (ADFs), which increases its applicability to nodal 

diffusion codes and this optimization study. 

DYN3D is an industry-accepted nodal diffusion 

simulation system developed at the Helmholtz-Zentrum 

Dresden-Rossendorf Research Center. While it is 

traditionally used for light water reactor (LWR) square 

lattice designs, it can also be tailored to input hexagonal 

geometries as well. This solver can obtain neutronic and 

thermal hydraulic output data in computationally efficient 

amounts of time using MC-generated group-wise cross-

sectional data. As a comparison, a sample test case in MC 

that takes several hours to run on multiple processors 

could run in seconds using a diffusion solver like 

DYN3D. However, this efficiency in terms of simulation 

time translates to increased output deviation when 

compared to high-fidelity, low statistical error MC results. 

I.B. Cross-Section Generation 

 Nodal diffusion solvers operate by creating a 

system-specific geometry and inserting known cross-

sectional data into a corresponding node. For example, an 

LWR fuel assembly can be represented by a single node 

with a homogenized cross-section profile. In an NTP 

reactor system, the fuel assemblies are represented by 

hexagonal fuel and moderator elements with a 

surrounding axial reflector annulus which must be 

appropriately modeled. For simplicity, the control drums 

and other structural materials are removed since they will 

not have sharp impacts on the trends in radial power 

peaking. 

To provide a consistent comparison between all core 

configurations, two-dimensional (2D) cross-sections are 

generated in an infinite lattice geometry. As seen in 

Figure 1, cross-sections for the fuel are modeled by a 

single element with periodic boundary conditions, and by 

a supercell lattice for the moderator element. The fuel 

elements modeled include a uranium nitride kernel within 

a molybdenum-tungsten (MoW) ceramic metallic 

(CERMET) matrix for the top of the core and a tungsten 

CERMET matrix for the hotter end. The fuel cross-

sections are modeled in two regions based on the split 

height of the core. The split height of a CERMET NTP 
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core refers to the ratio of length of the pure tungsten 

matrix section to the total length of the core1. In addition, 

infinite and leakage corrected cross-sections are generated 

to determine if the high leakage of NTP cores affects the 

simulated results. 

 

Fig. 1. Infinite supercell lattice with central moderator tie-

tube surrounded by six identical fuel elements 

I.C. Assembly Discontinuity Factors 

A simple introduction into the relatively complex 

phenomenon of ADFs requires some knowledge of the 

flux distribution in the simulated core. Continuous energy 

codes like MCNP and SERPENT simulate flux profiles 

and surface flux values across material interfaces for the 

specific geometry. Basic reactor physics states that the 

heterogeneous flux must remain constant on both sides of 

a nodal mesh or at a material interface, but a discontinuity 

can arise when an averaged homogenous flux distribution 

is found4. In essence, ADFs measure the ratio between the 

heterogenous and the homogeneous flux for each energy 

group (Eq. 1), and a sample visual representation of the 

effect of homogenization at material interface is seen in 

the figure (Fig. 2). This ratio is assumed to be unity in 

nodal diffusion solvers; however, this unrealistic 

assumption has significant negative effects on the output 

power profiles, criticality eigenvalue, and thermal 

hydraulic outputs, if applicable. 

Fig. 2. Sample heterogeneous flux distribution at node 

interface with corresponding homogenized flux profile 

and discontinuity3 

 

Earlier sensitivities to this project have been 

performed to test the impact of ADFs on the compatibility 

between DYN3D and SERPENT, and it is shown that it 

tends to decrease the accuracy of the results due to the 

extreme heterogeneity of the core. It is expected that 

higher fidelity results would be obtained if the nodal 

solver used radially dependent cross-sections instead of 

those defined from an infinite lattice model, but this level 

of detail would essentially nullify the computational 

efficiency. If cross-sections need to be generated for each 

radial design, then reactor designers should simply use the 

MC models for appropriate optimization. This study is 

focused on output trends, so the use of ADFs will not be 

necessary. 

I.D. Simulated Annealing Algorithm 

Minimization of the radial power peaking promotes 

elevated rocket performance with the same mass flow rate 

and exit gas temperature without higher concern for 

material integrity. Finding an optimum core configuration 

for any specific input parameter is difficult based on the 

variability of results to small changes in geometry, and 

small radial location changes for the fuel elements can 

have stark impacts on the radial power peaking. 

Subsequently, thousands of core configurations must be 

tested to find an optimum arrangement, thus the need for 

an optimization algorithm.   

Simulated annealing (SA) is a probabilistic iterative 

scheme used to find the global maximum or minimum of 

a selected parent function. Most optimization techniques 

get trapped in local extrema instead of finding the global 

extrema, so SA is known for accepting worse cases on a 

probabilistic basis to escape these local points. Figure 3 

shows an expected trend for a simulated annealing model 

with local extrema escape and location of a “true” global 

minimum. 

 

Fig. 3. Variation in the output objective function to 

demonstrate the effectiveness of a SA optimization model 

The in-house SA code relies on the efficient 

simulation time of DYN3D and a unique convergence 

function fitted for power peaking. The framework of the 

iterative script involves: 

1. Initial configuration defined by the user (Fig. 4) 

 
 

(1) 
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2. Input generator script creates case specific 

DYN3D input deck 

3. Simulates the radial power peaking in DYN3D 

4. Switches a random fuel element to a random 

moderator element location (and vice-versa) 

5. Simulates the new core in DYN3D 

 

Fig. 4. Initial reference core configuration with fuel 

elements (dark blue), moderator tie-tubes (gold), and 

annular beryllium oxide reflector (blue) 

An alternate form of this sequence replaces step 3 with a 

probabilistic methodology that varies a single random 

element to manipulate the moderator to fuel element (ME 

to FE) ratio. Boundary conditions are set for the upper 

limit for this case to inhibit impractical core designs. 

If the radial power peaking of the new core is lower 

than the reference, the new geometry is accepted as the 

reference case for the next iteration. If the power peaking 

is higher, the code uses the SA probability, as seen in the 

equation below, to determine if the “worse” case can be 

accepted.  

 
 

(2) 

In this equation, ka is the SA iteration number which 

increases by 1 for each accepted “worse” case, T0 is the 

annealing temperature which is defined by the user, PP0 is 

the reference radial power peaking, and PP1 is the updated 

configuration’s radial power peaking. This probability is 

compared with a randomly generated number between 0 

and 1. If the random value is less than the annealing 

probability, then the less ideal case is accepted for the 

next iteration. For large iteration numbers, the exponential 

function gives smaller output probabilities, thus further 

reducing the likelihood of accepting the problematic 

cases.  

II. RESULTS AND ANALYSIS 

II.A. Two-Dimensional Sensitivities 

Before a three-dimensional (3D) model can be used 

in the simulated annealing algorithm, a 2D model must 

show proper agreement between SERPENT and DYN3D 

power peaking results. The reference two-dimensional 

core (Fig. 4) is modeled in both neutronics solvers, and 

the output radial power peaking trends are displayed 

below. 

 

Fig. 5. 2D radial power peaking benchmark of DYN3D 

Minor deviations are expected at the active core periphery 

since the annular reflector geometry cannot be mapped 

correctly using hexagonal nodes, but the deviation in the 

outer node is sizable. Since the higher-fidelity MC results 

display a minimum value at this location, it can be 

assumed the DYN3D model provides conservative results 

based on the heterogeneity at the core periphery and the 

lack of ADFs in the nodal diffusion system modeling.  

With initial validation of the nodal diffusion model 

and the inputted cross-sections, an initial look at the SA 

algorithm tested the flexibility of the code with varying 

annealing temperatures. As mentioned in the previous 

section, larger annealing temperatures would yield a 

higher probability of accepting a “worse” radial core 

configuration. These sensitivities outputted an optimal 

annealing temperature of 2, and the results from 5000 

iterations at this temperature are seen in the figure below. 

 

Fig. 6. Radial power peaking simulated annealing model 

with an annealing temperature of 2 for 5000 simulations 

As expected, the max power peaking trends toward a 

global minimum with decreasing variation as the number 

of simulated cores increases. Since this model maintains a 

constant ME to FE ratio, it is shown that extreme 

flattening of the radial power profile is achievable by 
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simply rearranging the same volume of materials in the 

active core. To show the direct effect on the specific 

impulse, an NTP system code4 simulated the average 

nozzle exit temperature based on the ME to FE ratio and 

the power peaking. The table below compares the Isp for 

the global minimum case (Fig. 7) with the initial reference 

case (Fig. 4) 

TABLE I. Radial Power Peaking Effects on Isp 

 Reference Core Optimized Core 

Max. Radial 

Power Peaking 
1.3322 1.0605 

Specific 

Impulse (Isp) 
755.29 848.09 

 

 

Fig. 7. SA-optimized core configuration with constant 

ME to FE ratio 

II.B. Three-Dimensional Sensitivities 

To perform axial and radial sensitivities on the NTP 

core, the capabilities of the DYN3D input generator were 

extended to include axial cross-sections. These cross-

sections would vary with Doppler broadening with an 

extensive multigroup binning structure, but the use of two 

groups minimizes the effects of the axial temperature 

gradient. As discussed in Section I.B, the split height is 

also properly modeled by inputting varying fuel cross-

sections into the axial nodes. 

The framework of the SA algorithm remains the 

same, but sensitivities on the ME to FE ratio provide 

insight into varying core loading configurations 

previously unseen in the 2D model. For this sensitivity, 

7500 different core configurations were simulated to 

provide trends between the two parameters. As seen in 

Figures 8 and 9, the max radial power peaking reaches 

higher magnitudes when compared with the 2D model 

due to added heterogeneity of the core. The SA results 

also show that the radial power peaking trends toward a 

global minimum as the ME to FE ratio increases. This 

trend is less ideal for NTP engines due to limited thrust 

and Isp extensibility. Additional coupling with the 

system’s code can provide Isp trends for varying core 

configurations. Future analysis can use the same models 

with a lower maximum threshold for the ME to FE ratio 

to find a more ideal configuration.  

 

Fig. 8. 3D radial power peaking simulated annealing 

model with varying ME to FE ratio for 8000 simulations 

 

Fig. 9. ME to FE ratio simulated annealing trends for 

8000 simulations 

III. CONCLUSIONS 

As seen in the results, strong optimization of key 

output rocket parameters can occur without changing the 

material volumes of a reference core. Flattening of the 

radial power peaking yields a higher average hydrogen 

temperature at the nozzle entrance which will boost 

specific impulse and thrust. A key takeaway from this 

study is the viability of nodal diffusion solvers like 

DYN3D to the optimization of an NTP core. In addition, 

simulated annealing algorithms were previously unproven 

in this research field, so this study proved that thousands 

of cores can be compared in a computationally efficient 

manner. Future studies can extend the SA framework to 

include radial enrichment zoning, control drums, and 

other core components to enhance its fidelity. 
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This work discusses the single channel analysis of 

hexagonal and cylindrical reactor configurations for use 

in a 2 MWe Martian reactor targeting a 10-year operating 

lifetime with currently available materials and low 

enrichment uranium fuel. Each configuration uses a Mo-

Re alloy cladding in combination with a closed CO2 

Brayton cycle. Fuels consist of uranium metal-hydrides 

employing either zirconium or yttrium as the metal for the 

hydride moderator. System efficiencies are estimated near 

22% and 25% for the UZrH and UYH configurations, 

respectively. Average core mass fluxes are near 6700 

kg/m2s (46 kg/s) and 4000 kg/m2s (20 kg/s) for the UZrH 

and UYH configurations, respectively. Peaking factors for 

the central fuel elements require flow rates to be increased 

by as much as a factor of two when compared with the 

average fuel element. The flow rates in the central channels 

result in significant pressure drops in the zirconium 

hydride moderated cores, primarily due to the temperature 

limit set to limit potential hydrogen migration out of the hot 

regions in the moderator. 

 

I. INTRODUCTION 

Establishment of extraterrestrial bases has captured 

the focus of scientists, engineers, and others for many 

decades. The eventual development of these bases into 

small colonies creates a greater demand for power. Fission 

power systems offer the capability for reliable, extended 

operation with a wide range of potential missions for 

kilowatt and megawatt class power systems. This work 

discusses the thermal hydraulic analysis of a megawatt 

class (2 MWe), gas-cooled Martian reactor using currently 

available materials and fueled with Low Enrichment 

Uranium (LEU, uranium containing less than 20% 

uranium-235). 

Analysis of fluid flow and cooling mechanisms in the 

reactor core channels is a critical component of nuclear 

reactor design. For gas-cooled reactors, these problems fall 

in the realm of single-phase, nonlinear heat transfer 

problems. An analytical model based on the Homogeneous 

Equilibrium Model2 explores the single-phase heat transfer 

in the coolant channels and fuel elements of the MINERAL 

reactor. Companion papers analyzing the neutronics and 

heat rejection can be found in these proceedings1,2.  

 

II. REACTOR COOLING SYSTEM 

The reactor cooling system employs a supercritical 

CO2 Brayton cycle in the primary heat removal loop, with 

a combination of convective and radiative panels located 

above the core and power conversion system to manage 

heat rejection. The primary flow loop in the core brings 

cold coolant down around the outside of the core and then 

sends it up through the channels and to the power 

conversion system. Figure 1 shows this flow path. Within 

the core, the coolant flows through the inner portion of 

annular channels which penetrate the solid fuel matrix. The 

channel geometry differs slightly between the thermal 

hydraulic and neutronic analyses. Specifically, the 

neutronics model considers the coolant channel in a 

hexagonal lattice1; however, the thermal hydraulic 

modeling employs a cylindrical annulus with an equivalent 

radius that preserves the cross-sectional fuel area. Figure 3 

presents this channel and its equivalent cell. After leaving 

the core, the coolant flows into the power conversion 

system, through the heat rejection system, and then back to 

the core. The heat rejection system manages excess heat 

with several convective and radiative panels2. Figures 1 

and 2 show these systems and a companion paper describes 

their operation in detail2.  

Fig. 1. Coolant flow path through the core (not to scale). 
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Fig. 2. Overview of the heat rejection system that sits on 

above core (not to scale). 

 

 

Fig. 3. Coolant channel unit cell (left) and the equivalent 

cell (right) used for the single channel analysis (not to 

scale). 

 

III. HEAT TRANSFER MODEL 

The single-phase model heat transfer model, derived 

from the Homogeneous Equilibrium Model3, relies on 

coupled differential equations describing the development 

of pressure and enthalpy throughout the channel. 

Throughout the development of the model, liquid-gas 

mixture properties remain for general development of the 

equations despite the absence of liquid in the single-phase 

system. The CoolProp library4 provides the equations of 

state for carbon dioxide in the MINERAL reactor. 

 

III.A Mass Balance 

The model begins with the mass balance where the 

system is assumed to operate at steady state. This, in 

combination with assuming the net mass transfer between 

the channels is zero, gives a definition for the mass flux in 

the channel, 𝐺, 

 𝐺 = ρ𝑣 = constant in �̂�. (1) 

 

III.B Momentum Balance 

The general form of the momentum balance is also 

modified to apply to the problem. In these systems, the only 

applied body force is gravity in �̂�. Using the expression for 

the single-phase flow viscous stress tensor, exploiting the 

dependence of the specific volume on pressure, and then 

rearranging to find the pressure change in �̂� , the 

momentum balance gives an incomplete expression for the 

pressure drop (the quality is unknown):  

             −
𝑑𝑃

𝑑𝑧
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−
𝜉𝑤
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2
+ 𝐺2𝑣𝑓𝑔
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𝜕𝑣𝑔

𝜕𝑃
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𝜕𝑣𝑓

𝜕𝑃
)

. (2) 

The derivative of the quality remains in the expression, 

despite being the system being single-phase, so that the 

momentum and energy balances can be related in the next 

portion of the solution. Additionally, Eq. (2) allows for 

evaluation of the specific volume and its derivative from 

state tables. 

 

III.C Energy Balance 

Assuming that body force and frictional heating 

effects are insignificant, and that there is no heat generation 

in the coolant, the steady state form of the energy balance 

is: 

             
𝑑(𝜌𝑚ℎ𝑚𝑣)

𝑑𝑧
= 𝐺

𝑑ℎ𝑚

𝑑𝑧
=

𝑞′′(𝑧)𝜉𝐻

𝐴𝑓𝑙𝑜𝑤

 . (3) 

Exploiting the dependence of the mixture enthalpy on 

pressure, as seen with specific volume in the momentum 

balance, allows the equilibrium flow quality to be found. 

With some manipulation, an expression for the pressure 

drop can also be derived: 

             −
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With the pressure drop fully defined, identifying 

suitable correlations for the heat transfer between the 

coolant and channel wall is the last remaining task.   

 

IV. HEAT TRANSFER CORRELATIONS 

The flow conditions in the coolant channels involve 

both fully developed and turbulent flow throughout the 

entire channel. These conditions permit use of the Dittus-

Boelter correlation for convective heat transfer3. This 

correlation relies on thermophysical properties of the 

coolant, which are extracted from the state equations in 

CoolProp4. 

The friction factor is the second flow parameter 

requiring a correlation. This parameter takes on different 

expressions for laminar and turbulent flow; though, the 

flow is predominantly turbulent, so both the Dittus-Boelter 

and turbulent friction factor correlations suffice for this 

system. For turbulent flow, the friction factor takes on the 

form outlined by McKeon et al.5 where 𝑓 is a solution of  



             
1

𝑓1/2
= 1.930 ⋅ log (𝑅𝑒 ⋅ 𝑓

1
2) − 0.537. (5) 

 

V. TEMPERATURE DISTRIBUTION IN THE FUEL 

In the case of low thermal conductivity or large heat 

flux, the fuel materials can undergo large temperature 

gradients which may significantly affect the 

thermophysical properties of the fuel. These effects, when 

significant, cause nonlinearities in the governing equations 

and the problem cannot be accurately solved with constant 

material properties. Consequently, evaluation of the 

problem with a nonlinear heat transfer model allows for a 

more accurate determination of the fuel temperatures.  

In the nonlinear model, only the thermal conductivity 

is taken to be temperature dependent, while the heat 

generation is given to be independent of the temperature by 

assuming that the reactor operates in a steady state. 

Additionally, axial and azimuthal heat transfer are 

neglected. Applying the nonlinear model demonstrated that 

the centerline fuel temperature increased by less than 4 K 

compared to the linear model for all cores.  The differences  

between linear and nonlinear solutions were smaller 

elsewhere in the fuel. Consequently, all further analyses 

employs the linear model. 

In the linear model, the heat diffusion equation is 

broken into regions for the fuel matrix and cladding. 

Continuity of temperature and heat flow are applied as 

boundary conditions between the interfaces. The 

temperature gradient is set to zero at the outer fuel 

boundary and the convective heat transfer condition is used 

at the cladding-coolant interface with the bulk coolant 

temperature completing the equations as a known value 

from the heat flow out of the wall at the previous position 

in the coolant channel. These conditions provide the 

following solutions for the temperature profiles in the fuel: 

             𝑇𝑓𝑢𝑒𝑙(𝑟, 𝑧) =
−𝑞′′′(𝑧)𝑟2

4𝑘𝑓𝑢𝑒𝑙

+ 𝑐0 ln(𝑟) + 𝑐1, (6) 

              𝑇𝑐𝑙𝑎𝑑(𝑟, 𝑧) = 𝑐2 ln(𝑟) + 𝑐3. (7) 

The linear system produces a closed-form, analytical 

solution assuming that the bulk fluid temperature is known. 

These solutions arise from the assumptions that there is no 

heat generation in the moderator or fluid and that the power 

generation profile of the fuel maintains a sinusoidal profile 

that approximates the axial power generation profile of the 

core. It should also be noted that, with no data available for 

the thermal conductivity of the UYH fuel, the correlation 

for UZrH fuel was used but evaluated at a higher average 

temperature. This rough estimation represents the lowest 

conductivity scenario being since YH is more conductive 

than ZrH in this temperature range6. In addition, alternative 

fuels considered for a heterogeneous fuel-moderator matrix 

in this design have higher thermal conductivities than the 

UZrH in this design7. For the linear model, the thermal 

conductivities were taken as the mean value from the 

nonlinear solution.  

 

VI. RESULTS 

Four different core configurations, consisting of UZrH 

and UYH fuels in two different geometries, were run. 

Geometric details of each can be found in Table I. Detailed 

descriptions of each core can be found in a companion 

paper in these proceedings1 Each core configuration was 

optimized to meet the neutronic requirements; then, an 

iterative procedure coupling the heat rejection system and 

primary coolant loop (core, turbine, heat rejection, and 

compressor) converged the core inlet temperature and mass 

flow rate based on a maximum allowable material 

temperature. In all cases, the fuel-moderator matrix set the 

lowest temperature limit in attempting to prevent hydrogen 

diffusion. A summary of relevant parameters for each 

configuration can be found in Table I. Figures 4 and 5 show 

results for the UYH fuel matrix with a cylindrical core 

perimeter.   

The channel temperature distributions demonstrate 

that the high heat flux caused the fuel-moderator 

temperature to peak just before the end of the channel. 

When attempting to maximize the system efficiency, the 

maximum allowable temperature for ZrH and YH 

constrain the mass flow rate and inlet temperatures for each 

configuration. Absolute temperature limits are set by the 

migration of hydrogen out of ZrHx and YHx near 900 K and 

1173 K, respectively6,8; however, to avoid premature 

migration of the moderating hydrogen, the maximum 

design temperature of the moderator may not to exceed 

66% of these values, providing design limits of 594 K 

(UZrH) and 774 K (UYH).  

 UZrH UYH 

Pitch [cm]  3.52 3.6 

Channel Radius [cm]  0.83* / 0.81** 0.70* / 0.66** 

Clad. Thickness [cm] 0.2 0.2 

Core Height [cm] 90 90 

Number of Rings  7 7 

Fuel Thermal 

Conductivity9 

[W/mK] 

18.57 19.35 

Cladding Thermal 

Conductivity10 

[W/mK] 

37.0 37.0 

* Cylindrical Core   
** Hexagonal Core   

TABLE I. Geometric and thermophysical parameters for 

the four reactor configurations. 



The radial peaking factor is estimated from a Bessel 

function approximation of the radial flux profile, giving a 

peaking factor of 1.64 and forcing a large mass percentage 

of coolant through the central channel to maintain the fuel 

and moderator temperatures near the center below the 

specified temperature limits. In theory, the distribution of 

coolant to inner and outer pins could be controlled by 

orifices at the entrances to the core in the coolant flow path; 

however, the coolant channel diameter could be altered to 

flatten the neutronic peaking profile and increase the 

surface area between the coolant and cladding. The mass 

flux required to compensate for the peaking factor in the 

cylindrical UYH core was 8096 kg/m2s, or 2.017 times 

larger than the average channel mass flux. Similar results 

were obtained for the three other cores.  

The moderator temperature limits severely increased 

the mass flow rates required in the peak channels. Pursuit 

of the original 594 K moderator temperature limit was not 

practical. This limit required a channel mass flow rate 

exceeding 1.02 kg/s, which dropped the pressure below the 

limits outlined by CoolProp. Permitting a temperature 

increase in the central fuel cells of up to 650 K reduced the 

flow rate drops 0.76 kg/s. Further extending the moderator 

limit to 700 K decreased the required flow rate to 0.45 kg/s. 

However, increasing the moderator temperature limits will 

increase the chance of significant hydrogen transport and 

loss over the lifetime of the reactor.  A better understanding 

of long-term hydrogen diffusion in hydride moderators will 

be necessary to increase the allowable operating 

temperature in moderated space nuclear reactors. 

The separation of the fuel temperature from the trend 

of the coolant temperature could be mitigated by increasing 

the flow rate; however, this might put strain on the 

efficiency by requiring significant power to pump the 

coolant. As of now, there is no gap to allow thermal 

expansion of the cladding and fuel. Inclusion of a gap will 

increase the peak fuel temperature and will impose further 

design challenges for the moderator by creating a large 

separation of cladding and fuel-moderator temperatures. 

The fuel temperature distribution can be found in Figure 5. 

An understanding of the pressure drop through the core is 

not as critical for a gas reactor as it is with a light water 

reactor, though it serves as a relevant point for verifying 

code functionality. The pressure drop across the average 

coolant channel in the current reactor is about 0.142 MPa. 

A detailed summary of other relevant core results can be 

found in Table II. 

 

VI.A. Coolant Loss Analysis 

One consideration for the selection of the coolant for this 

reactor system is the atmospheric environment on Mars. 

With a carbon dioxide composition of about 95.7% (Ref. 

11), the Martian atmosphere shows potential for acting as 

a coolant source in the event of an accident. While the raw 

atmosphere would require minor purification, the 

atmosphere could serve as an emergency coolant if 

 UZrH UYH 

 Cylindrical Hexagonal Cylindrical Hexagonal 

Mass Flow Rate (Core) 46.22 kg/s 46.77 kg/s 19.62 kg/s 19.87 kg/s 

Mass Flux (Core) 6726 kg/m2s 7146 kg/m2s 4014 kg/m2s 4572 kg/m2s 

Mass Flux Peaking Factor *2.074  *2.129  2.017  2.097  

         

Coolant Pressure (Inlet) 7.09 MPa 7.09 MPa 7.09 MPa 7.09 MPa 

Coolant Pressure (Outlet) 6.89 MPa 6.86 MPa 6.95 MPa 6.81 MPa 

         

Coolant Temperature (Inlet) 359 K 359 K 359 K 359 K 

Coolant Temperature (Outlet) 571 K 570 K 750 K 746 K 

         

Fuel Temperature Max. 594 K 594 K 774 K 774 K 

Cladding Temperature Max. 579 K 577 K 758 K 755 K 

Efficiency 21.6 % 21.6 % 25.2 % 25.2 % 
* Requires increasing the moderator temperature limit to 650 K. 

TABLE II. Core parameters for each core type.  

Fig. 4. Temperature distribution for the fuel matrix, 

cladding, and coolant in an average fuel element in the 

cylindrical UYH core configuration.  

 



necessary. Alternatively, the option to re-pressurize the 

primary loop to full or partial pressure could be an option 

in the event of a small primary loop leak. The lowest 

channel inlet pressure evaluated is 2.03 MPa. At this 

pressure, most of the thermal hydraulic results were nearly 

identical to that of the full pressure system, except for the 

mass flow rate, which increased from 19.62 to 21.42 kg/s, 

and the pressure drop, which increased from 0.141 to 0.549 

MPa. At an inlet pressure of 3.55 MPa, the mass flow rate 

increased to 20.967 kg/s and the pressure drop increased to 

2.98 atm.  

 

VI.B. Alternate Configurations 

Results for the three other configurations are shown in 

Table II. Table II does not include temperature profiles due 

to their similarity to the cylindrical UYH core. The primary 

difference between the UZrH and UYH configurations is 

the temperature limits required by the zirconium hydride 

moderator, which severely lowers the allowable maximum 

fuel temperature. The development of these configurations 

does not account for a thermal expansion gap between the 

fuel-moderator and cladding, though this will be 

considered in future. Additionally, other coolants, such as 

a He-Xe mixture, may also be evaluated.  

 

VII. SUMMARY AND CONCLUSIONS 

The thermal hydraulics of four megawatt-class 

reactors, designed for a 10-year operation lifetime with 

LEU fuel, are analyzed via single channel analyses. The 

reactors employ cylindrical and hexagonal geometries as 

well as both zirconium and yttrium hydride moderators 

integrated in a uranium fuel matrix. Each core also makes 

use of a Mo-Re cladding and a closed CO2 Brayton cycle. 

Uranium yttrium hydride fuels demonstrate better 

potential performance compared to zirconium hydride 

containing fuels based on their ability to operate at higher 

temperatures without hydrogen migration away from the 

hot regions in the fuel. This elevated operation temperature 

permits a higher efficiency and thus longer operation 

lifetime and reduced system mass. The UYH fuel reactor 

configurations possess mass flow rates near 19 kg/s, 

proportional to other comparable gas cooled reactors; 

however, the lower temperature limits of UZrH fuel 

increase the required flow rate to nearly twice that of the 

UYH fueled reactors. In addition, both fuel types have 

central fuel channels that require mass flow rates nearly 

twice that of the average channels. This issue might be 

mitigated by increasing the inner coolant channel 

diameters. This may decrease the power generation near 

the core center and decrease the neutronic peaking factor.   

The use of a supercritical CO2 Brayton cycle allows 

for the potential using the Martian atmosphere as a coolant 

in emergency scenarios. Further evaluation of the impact 

of a thermal expansion gap between the cladding and fuel 

matrix is needed. If the gap increases the fuel matrix 

temperature too much, the development of a heterogeneous 

fuel-moderator system may be required. Additionally, the 

potential use other coolants such as He-Xe mixtures should 

be evaluated.  

 

NOMENCLATURE 

𝐺 – Mass flux of the coolant 

𝜌 – Coolant mass density 

𝑣 – Coolant mean velocity 

�̂� – Vertical direction aligned with the pin length 

�̂� – Radial direction normal to �̂� 

𝜉𝑤 – Wetted perimeter of the channel 

𝜉𝐻 – Heated perimeter of the channel 

𝐴𝑓𝑙𝑜𝑤  – Flow area of the channel 

𝑓 – Friction factor 

𝑣𝑚 – Specific volume of the mixed phase coolant 

𝑣𝑓 – Specific volume of the condensed-phase coolant 

𝑣𝑔 – Specific volume of the gas-phase coolant 

𝑣𝑓𝑔 = 𝑣𝑔 − 𝑣𝑓  

𝜒 – Flow quality 

𝑔 – Gravitational constant of Mars 

𝑃 – Coolant pressure 

ℎ𝑚 – Enthalpy of the mixed phase coolant 

ℎ𝑓 – Enthalpy of the condensed phase coolant 

ℎ𝑔 – Enthalpy of the gas-phase coolant 

ℎ𝑓𝑔 = ℎ𝑔 − ℎ𝑓  

𝑞′′ - Surface heat flux through the cladding-coolant 

interface 

𝑞′′′ - Volumetric heat generation rate in fuel 

Re – Reynold’s number 

𝑘𝑖 – Thermal conductivity of material 𝑖 
 

 

Fig. 5.  Temperature profile of the average equivalent fuel 

cell at the middle of the core in the cylindrical UYH 

configuration. 

Cladding Fuel-Moderator 
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During the CSNR 2020 summer program a Nuclear 

Thermal Propulsion reactor based on NERVA (Nuclear 

Engines for Rocket Vehicle Applications) designs was 

investigated. Use of HALEU (High Assay Low Enriched 

Uranium) fuel in a zirconium carbide matrix mitigates the 

NERVA issue of fuel vaporization. A larger number of 

flow tubes than used in NERVA designs are composed of 

refractory metal alloys to improve heat transfer. The 

reactor was characterised in both Serpent and MCNP in 

the interest of dividing labour and playing to each code's 

strengths. 

I. INTRODUCTION 

Project Rover was set up in 1955 by the U.S. Air 

Force, and transferred to the newly created National 

Aeronautics and Space Administration in 1958, with the 

aim of constructing a nuclear thermal rocket engine for 

spacecraft propulsion[1]. The project designed and built 

more than half a dozen reactors, even destruction-testing 

one in the KIWI-TNT test. Research has since continued, 

with work at present being in support of NASA’s 

intention to return to the moon and travel on to Mars. 

II. DESIGN APPROACH 

Our reactor was designed for a thermal power of 

500MW, and maximum thrust of 25klbf (111kN). Each 

fuel element (3/4" (19mm) across the hexagonal flats) 

was to contain equally spaced flow tubes each 1mm in 

diameter, numbering 127 in all. The original NERVA 

reactors employed 19 flow tubes per element between 

imperial equivalents of 2.4 and 2.8 mm in diameter 

respectively, leading to a higher heat flux across the tube 

walls. The vast majority of reactor dimensions were taken 

from the NERVA type engines, with the exception being 

the reactor radius, which was reduced assuming a 

constant power density to around 70% of its original 

value. Each element was clad in 30 μm of refractory metal 

or carbide, whilst the flow tubes were 50μm in wall 

thickness (vapour deposition territory). In the inner part of 

the core, tungsten enriched in W-184 was used for the 

flow tubes to improve neutron transparency and resist the 

high temperatures. The flow tubes in the cooler outer core 

were composed of a creep-resistant nanostructured 0.7% 

lanthana-molybdenum[2]. Zirconium carbide is anticipated 

to be used in the tungsten alloys for high temperature 

hydrogen creep resistance via grain growth inhibition, but 

was not included in the model due to minimal neutronic 

effect compared with the ZrC fuel matrix. Beryllium axial 

and radial reflectors 4.5" (11.4cm) in thickness were used, 

with the former mounted atop the core. The 12 control 

drums were 5cm in diameter with 1cm thick 120 degree 

boron aluminide shims. The whole assembly was radially 

surrounded with a 1cm thick aluminium shell. Slightly 

different directions were investigated using these 

materials and basic geometry with MCNP and Serpent. 

II.A. Serpent 

Following the above specification, a model reactor 

was built in Serpent[3] as shown in figure 1. Simulations 

were run using 100 cycles of 30,000 histories per cycle, 

with 25 cycles being discarded. 

 

Fig. 1. Radial cross-section of Serpent reactor geometry 

II.A.1. Characterisation 

For the Serpent model, elements with 19 coolant 

tubes and a 70:30 ratio of uranium carbide to zirconium 

carbide in the inner core and UC to graphite in the outer 

core was found to be critical. A variety of parameters 

were investigated for the model. The first was the 

variation of keff as a function of drum angle, for which 

the control drums were rotated by 20 degrees at a time. 

The point of criticality was deliberately set at 120 degrees 

by varying materials to arrive at the described 

configuration. 
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Secondly, creating layers within the core as shown in 

Figure 2 and setting up energy deposition detectors 

allowed quantitative power profiles to be generated. 

 

Fig. 2. Serpent core zones with key 

 Various axial and radial concentration profiles were 

investigated as shown in figure 3 in an attempt to damp 

out harmonics found to exist with constant fuel 

concentration and arrive at an axial power profile, which 

was found to be approximately: 

𝑃

𝑃𝑚𝑎𝑥

= √[𝑐𝑜𝑠 (
0.95𝑧

𝑧𝑚𝑎𝑥

−
1

2
)] 𝑒

√2
𝑧

𝑧𝑚𝑎𝑥 

 

where P is power and z is height within the core. 

 

Fig. 3. Axial power profiles- the large uncertainty and 

visible “spike” are due to an unknown processing error 

A qualitative flux / fission plot generated natively by 

the code is shown in figure 4, with the former in blue and 

the latter in orange, with increasing values denoted by 

increasing  pixel brightness. 

 

Fig. 4. Serpent flux / fission plot 

Thirdly the decay heat generated by the reactor was 

investigated, with a total burn time of 5 hours in 30 

minute steps and also a Mars mission profile, assumed to 

be 30, 20, 20 and 30 minute burns with 90, 120 and 90 

day wait times in between. In the former case, initial 

decay power was seen to increase very slightly with burn 

time in a nonlinear fashion, whilst for the latter, heat was 

found to fit the correlation: 

𝑃

𝑃𝑑
=

∑(𝜏)

55.5𝜏
(𝑡−1 4⁄ − (𝑡 + 𝜏)−1 4⁄ ) 

 

where t is time since the burn and is τ burn time, in days. 

 

Fig. 5. Power for complete Mars round trip from LEO 

The method for decay heat simulations was to pass 

the burned fuel material files from Serpent through 

ORIGEN[4]. Though theoretical decay heat correlations do 

exist for NTRs (Nuclear Thermal Rockets)[5], their results 

are much higher (closer to the 90 day curve plotted in 

figure 5). The original NERVA reports and the 

aforementioned published correlations suggest that the 
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initial decay power for their tests was extremely high (on 

the order of 1/5 of P0[6]) - however many of the curves in 

question are explicitly the product of simulations, and 

measurements are difficult to interpret, indicating that 

further research into this area is required. 

II.A.2. MCNP check 

Geometries diverged between the Serpent and MCNP 

models over the course of the project as labour was 

divided, but for the purpose of validation the former was 

modified to match the latter at the halfway stage. The 

biggest change was the geometry of the central moderator 

element and increasing the number of flow tubes from 19 

to 127 to match the MCNP geometry, as shown in figure 

6. Enriched W-4Re was used for 50μm thick flow tube 

walls and element clad, whilst the cooling structures were 

changed to zircaloy, and the majority of the moderator to 

zirconium hydride. Finally, the radial reflector was 

thickened by 1cm. 3x106 histories produced keff values 

(1.01504+/- 0.00032; 0.94829 +/- 0.00034) which 

matched MCNP’s (1.01587 +/- 0.00071; 0.94820 +/- 

0.00072) to the third decimal place ( 0.83‰). 

Fig. 6. Original (left) and MCNP-replica core elements 

II.B. Monte Carlo N-Particle 

II.B.1. Realistic Core Edge 

The main issue with the geometry as developed in 

Serpent and the early matching MCNP model was having 

the outer edges of the core cut off at the graphite 

moderator interface. To fix this, the full fuel bundle as 

shown in figure 7 was initially taken as the primary 

building block of the reactor. The fuel bundle geometry 

was based off the Kiwi-type fuel from Project Rover that 

run the length of the active core. Six fueled elements, 

containing 127 1mm diameter coolant channels, surround 

a central support element containing moderator and 

coolant channels. The coolant passages and fueled 

element perimeter were clad with tungsten enriched in 

184-W or molybdenum-lanthana alloy depending on 

reactor heat region. The full bundle is shown in figure 7. 

Of particular note is the central element of this 

bundle, which has been adapted from the geometry of the 

center element in Gates et al[7]. A central hydrogen flow 

channel is clad with a thin layer of Zircaloy-4. The middle 

region (tan) is a zirconium hydride moderator. Gates et al. 

asserts that hydrogen flowing in the support element 

should nominally be 600 K, and with the material limit 

for zirconium hydride being about 1000 K, there is a 

safety factor built in. Outside of the ZrH2, there is another 

hydrogen flow channel clad on the outer edge with 

Zircaloy-4 again. The outermost ring is then zirconium 

carbide, and the remainder of the hexagon is graphite. 

 

Fig. 7. A full single fuel bundle 

Utilizing just the full bundle as the building block of 

the core left a good deal of empty space near the core 

edges that could be filled with more fuel and moderator 

elements as seen in the left hand image of figure 8. 

Therefore the “full-bundle” core was used as a template to 

rebuild using a hexagonal lattice. After copying the 

design with the lattice, extra elements were added around 

the edge to utilize space more effectively and increase 

fuel density. The right hand image in figure 8 shows the 

same area of the reactor after improvements to close 

packing with a pure lattice. This work was important 

because packing as much fuel as possible is necessary to 

maintain the positive reactivity needed for a Mars 

mission. 

 
Fig. 8. Core edge geometry with full bundle (left) and 

single element (right) arrays 

II.B.2. Reactor Heat Regions 

Both Serpent and MCNP model used two fuel heat 

regions, with a more realistic interface in the latter. The 

expected maximum operating temperature is 

approximately 2500 to 3000 K in the high power area 

near the center of the core. This heat decreases as the 

power profile decreases, so the edges of the core will be 

somewhat cooler. The MCNP model was designed with 

two distinct heating regions: the center at 2500 K and the 

outer core at 1200 K. This can be easily seen in figure 9. 
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Using these two heat regions provided a more 

realistic look at the multiplication factors of the reactor in 

operation compared with a homogeneous temperature 

reactor. Further, two separate regions allowed the use of 

different clad materials as described in §II. In both 

regions, the coolant channel and element clad layers are 

50 µm thick. The central support element temperatures 

match the bulk temperatures of their regions. 

 

Fig. 9. Full MCNP core with distinct heat regions. 

II.B.3. Control Drum Worth and K Eigenvalue Behavior 

For the final MCNP geometry, a series of simulations 

were performed to determine the multiplication factor for 

various control drum positions- this had been done in 

Serpent but found to be inaccurate. In figure 10, the x axis 

corresponds to the angle from drums fully in (0 degrees) 

to the drum centerline, with 180 degrees corresponding to 

drums fully out. The smooth sinusoidal shape of the line 

matches the expected behavior given by the solid angle of 

neutron poison seen by the reactor as the drum rotates. In 

MCNP, kcode simulations were run with 20000 histories 

per cycle with 30 cycles discarded and 500 cycles tallied. 

 

Fig. 10. Plot of the value for k as drums rotate inwards 

III. CONCLUSIONS 

MCNP and Serpent make good complimentary codes 

for neutronics investigations beyond just division of 

labour, as there are some tasks (for example flux/fission 

plots) which are possible only in Serpent, and others (for 

example rotational symmetry) which are so only in 

MCNP. Realistic geometry produced in MCNP can be 

"ported" to other neutronics codes for further exploration 

of transient effects. Future work involves refining the 

geometry by allowing temperature region gradients, more 

realistic coolant channel temperatures, and geometry for 

the rest of the supporting structure (including fuel vessel 

and rocket nozzle), as well as defining criticality lifetime 

and coefficients of reactivity. The reactor design itself, 

with improvements to those of NERVA as described, was 

found to be eminently feasible with both codes, but the 

use of larger numbers of flow tubes imposed a neutronic 

penalty sufficient to require MLIS (Molecular Laser 

Isotope Separation) enrichment in order for criticality to 

be achieved at operating temperature. 
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This paper discusses the concept of a Minimally 
Intrusive Power generation System (MIPS) for use with a 
Nuclear Thermal Propulsion (NTP) engine for a crewed 
Mars Transfer Vehicle (MTV). In order to keep the fuel 
elements in the nuclear reactor above their ductile-to-
brittle transition temperature (DBTT), the reactor will not 
be turned off after each burn, but instead will idle in a 
low power mode. The goal of the MIPS is to remove 
enough of the idle heat so that the reactor core will not be 
damaged, and convert this thermal energy into an 
adequate amount of electricity to power the vehicle, 
without compromising the reactor design. Three 
alternatives will be considered; thermoelectric 
generators, a closed-loop Brayton cycle, and a Stirling 
cycle. This paper describes the candidate systems and the 
design requirements of the MIPS, then goes on to outline 
how the systems were modeled and what attributes will be 
considered when deciding which system is best for this 
intended use. 
 
I. INTRODUCTION 

In 2015, the Nuclear Thermal Propulsion Project 
was established as part of NASA’s Space Technology 
Mission Directorate with the intention to “determine the 
feasibility and affordability of a low-enriched uranium-
based Nuclear Thermal Propulsion (NTP) engine with 
solid cost and schedule confidence” [1]. NTP offers very 
high energy density and specific impulse roughly double 
that of the highest performing traditional chemical 
propulsion systems. NTP may offer the only viable option 
for human exploration missions to Mars and beyond, 
where solar arrays can no longer provide sufficient energy 
and chemical propulsion would require prohibitively high 
mass of propellant and/or long mission durations.  
 Although the NTP project was not established 
until 2015, NASA’s interest in NTP dates back to the 
1960s with the Nuclear Engine for Rocket Vehicle 
Applications (NERVA). Testing on NERVA engines was 
conducted through the 1960s and early 1970s until the 
program was terminated due to shifting focuses and 
budget cuts. During the NERVA tests, thrust levels up to 
75,000 pounds were observed along with specific impulse 
of nearly 900 seconds [2]. In the context of a human 

exploration mission to Mars, NTP also provides the 
ability to abort the mission and return to Earth at any time 
within three months of Earth departure and also includes 
the ability to return immediately upon arrival at Mars, or 
anywhere in the mission profile, whereas other propulsion 
architectures do not allow for this [3].  
 In most exploration mission scenarios, multiple 
burns of the propulsion system are needed at different 
points in the trajectory, primarily to exit or enter orbits of 
planets or moons.  After the nuclear reactor is used to 
provide thrust for the first burn, it cannot be completely 
shut down or else the fuel elements will cool past their 
ductile-to-brittle transition temperature (DBTT) [1]. Past 
this temperature, the fuel elements will experience 
embrittlement issues[1]. This issue is unique to the 
tungsten cermet fuel elements, as carbide-based cores do 
not experience this [4]. This is due to the difference in the 
coefficient of thermal expansion [5].  

Following a burn, instead of shutting the reactor 
completely down, the power output will be reduced to idle 
in which the reactor will continue to generate sufficient 
heat to keep the fuel elements above the DBTT of 373 K. 
When in its idle mode, the reactor is estimated to generate 
10 MWt [6]. While the fuel elements located nearest the 
exterior of the reactor can effectively radiate this heat, the 
fuel elements located more interior must have heat 
actively removed by a non-propulsive hydrogen coolant 
loop in order to prevent damage to the reactor. Bimodal 
Nuclear Thermal Propulsion attempts to convert all of this 
idle mode heat into electricity for the vehicle. The 
ESCORT bimodal design gained much attention in 2005 
for its proposed capability to provide 50 kWe of power 
and its potential for substantial mass savings, but it was 
ultimately cancelled because it required intrusive changes 
to the reactor design [1]. This paper proposes the concept 
of a Minimally-Intrusive Power generation System 
(MIPS) which can remove some of the heat generated by 
the reactor in idle mode and convert it to usable power to 
the vehicle without any changes to the reactor core and 
minimal changes to the engine.  

If feasible, a MIPS will be able to convert the 
idle heat into usable electricity to power the vehicle and 
the hydrogen cooling system. The specific application 
mission for this MIPS study is for a crewed Mars 
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Transport Vehicle (MTV) for a round-trip mission to 
Mars.  

 
II. DESIGN REQUIREMENTS 
 For this study, it is assumed that the MTV 
requires between 25 kWe, twice that of the Orion 
Spacecraft [7] and 100 kWe, approximately that of the 
International Space Station [8]. In order to achieve 
enough electricity to power the vehicle, the nuclear 
reactor idle heat must be converted through a power 
conversion cycle. There are several alternative 
technologies for this power conversion. Candidate 
technologies include: 

• Thermoelectric generators (TEGs) 
• Closed-loop Brayton cycle, and  
• Stirling cycle 
The first candidate for power conversion is 

thermoelectric generators. Thermoelectric generators 
convert heat energy directly into electrical energy without 
any moving parts such as turbines. Thermoelectric 
generators work by exploiting a temperature gradient 
between two sides of a generator to produce a voltage 
potential. Thermoelectric generators with a radioisotope 
as a heat source were used on Voyager 1, Voyager 2, 
Cassini, and New Horizons spacecraft [9]. Therefore, 
thermoelectric generators have already been proven to be 
reliable in a deep-space environment.  

Candidates two and three consist of two dynamic 
power conversion systems: a closed-loop Brayton cycle 
and a Stirling cycle. The cooling system for the Near 
Infrared Camera and Multi-Object Spectrometer 
(NICMOS) on the Hubble Space Telescope used a closed-
loop Brayton cycle to power the cryocoolers from 2002 to 
2008. This technology was chosen because of its long-life 
operation and minimal vibration effects [10].  

Glenn Research Center successfully demonstrated the 
power capabilities of a Stirling converter with their 
Technology Demonstration Converters (TDCs) which 
generated about 100 watts of electrical power each, while 
weighing just over 18 kg [11],[12]. TDC #13 holds the 
record for longest-running heat engine as of 2018 and it 
still shows no sign of wear [12]. Initially, this study 
included a Rankine cycle as an alternative, but it was 
eliminated because Rankine conversion cycles have never 
been used in a space environment. Therefore, the trade 
space for this study was confined to systems which have 
previously been used in space applications, or thoroughly 
researched for space applications.  

Mass is always a consideration in spacecraft and 
space transportation vehicle design.  In order to make a 
MIPS worthwhile, the mass of the system needs to be 
minimized. Specifically, it needs to be less massive than 
the solar arrays that the spacecraft would be forced to 
carry otherwise. The MIPS only needs to generate enough 
power for the vehicle, any more power would be wasted. 
Therefore, instead of being efficiency driven, like for 

most terrestrial systems, this study will be mass driven. In 
other words, as long as the candidate systems are capable 
of generating the target power level, initially, the mass of 
each system will be the primary consideration when 
deciding the best system for a round-trip mission to Mars. 
Future studies will include reliability and cost analysis. 
 Once the nuclear reactor is turned off, it will 
continue to generate decay heat due to the continued 
reactive decay of the fission products. Post-operational 
heat is a function of the power level at which the reactor 
operated before shutdown and the length of time in which 
it operated at this power level. As stated before, this heat 
must be removed in order to prevent damage to the 
reactor [1]. The baseline approach for decay heat removal 
is the blowdown procedure which requires up to 4,000 kg 
of additional hydrogen to be pulsed through each core 
after each burn [1] until the reactor reaches idle 
conditions. The heat generated in the idle state differs 
from the decay heat of the cooldown transients. The decay 
heat occurs due to the continued radioactive decay of 
fission product in the core after the control drums have 
been rotated to make the fission process subcritical. The 
reactor in cooldown mode will continue to generate 
thermal power at a decaying rate until it reaches idle 
conditions [13]. In idle mode, the reactor power is 
maintained to generate enough heat to stay above the 
DBTT of 373 Kelvin [14] until the power is increased for 
a subsequent burn. The MIPS will not only remove this 
idle heat without the use of additional propellant, but it 
will also generate power to the vehicle while the engine is 
at an idle state. For a nominal four-burn mission profile, 
there will be three idle periods in which the rector is not 
needed for propulsion. The first idle period will last 159 
days between burns 1 and 2, the second will last 622 days 
between burns 2 and 3, and the final will last 159 days 
between burns 3 and 4 [1].This totals to 940 days in 
which the reactor will be operating at idle conditions. The 
mission profile is shown below in Figure 1.  
 

 

Fig. 1. Mars NTP Mission Bat Chart [1] 
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III. MODELING AND ANALYSIS 
The mathematical modeling for this study was 

performed using MATLAB. As stated previously, the 
MTV is assumed to require between 25 kWe and 100 
kWe. For the sake of simplicity, the input heat from the 
reactor at idle will be treated as a constant 10 MWt.  

The first power conversion system to be modeled 
was the TEGs and then the subsequent dynamic power 
conversion cycles. The power output for the 
thermoelectric generators depends greatly on the material 
properties. The material for this study was selected as 
Silicon-germanium (SiGe), which was the material used 
for the radioisotope thermoelectric generators (RTGs) on 
the Voyager 1, Voyager 2, Cassini, and New Horizons 
[9]. The use of this material also allows for the Thompson 
effect to be neglected, which simplifies the equation for 
power output [15]. The mathematical model is shown 
below in Eq. 1.  
 

𝑃 = 	𝜂�̇�!"           (Eq. 1) 
 

The power output of the closed-loop Brayton 
cycle, shown in Figure 2, is limited to the maximum 
temperature in which the turbine blades can withstand and 
by the working fluid properties. Nitrogen was chosen as 
the working fluid because in the study included in 
Reference 15, it was proven to produce the highest 
efficiencies for a Brayton cycle for space applications 
[16],[17]. The mathematical model for the Brayton cycle 
is shown below in Eqs. 2 and 3 where ℎ is the specific 
enthalpy at each state and �̇� is the mass flow rate of the 
working fluid. 

 

 
Fig. 2 Closed-loop Brayton Cycle [18] 

 
                 �̇�#$#%& = �̇�[(ℎ' − ℎ() − (ℎ) − ℎ*)]      (Eq. 2) 
 

        𝑃 = 𝐺�̇�#$#%&                        (Eq. 3) 
 

 
As for the Stirling cycle, a beta configuration 

was chosen for this study with helium as the working 

fluid because of its high gas constant [19]. The equations 
for the Stirling cycle are shown below along with a 
Pressure vs Volume diagram in Figure 4 and a 
Temperature vs Entropy diagram in Figure 5.  

 
  

 
Fig. 3. Stirling Cycle Beta Configuration [19] 

 

 
Fig. 4. Stirling Cycle Pressure vs Volume [18] 

 

 
Fig. 5. Stirling Cycle Temperature vs Entropy [18] 

 
 The equations for calculating the power output 
by the Stirling cycle are shown below in Eqs 4 through 8. 
First, the ideal compression ratio is calculated using Eq. 4.  
 

         𝐶𝑅 =	 +!
+"

             (Eq. 4) 
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Here, TH is the hot temperature of the working fluid and 
TC is the cold temperature of the working fluid. The mass 
of the working fluid in the system is found by Eq. 5. 
 
            𝑚 = ,#$

#%(+!.+")0#%+" 12(34)
           (Eq. 5) 

 
Here, cv is the specific heat capacity of the working fluid 
and Qin is the heat input coming from the reactor. The 
next step is to calculate the efficiency, 𝜂, of the Stirling 
engine using Eq. 6.  
 

        𝜂 = 5#%+" 12(34)
5#%(+!.+")05#%+" 12(34)

             (Eq. 6) 
 
The work out, �̇�678, is calculated using Eq. 7, below. 
 

      �̇�678 = 𝜂𝑄!"                        (Eq. 7) 
 
Finally, the generator efficiency is taken into account in 
Eq. 8. 
 

        𝑃 = 𝐺�̇�678            (Eq. 8) 
 
For all of these models, the results of most 

interest are power output and mass of the power 
conversion system. The thermoelectric generator model 
for this study was based on the General-Purpose Heat 
Source Radioisotope Thermoelectric Generator (GHPS-
RTG). Except the module for this study has no plutonium 
capsule or heat shield, since we are only interested in the 
thermoelectric generator parts. Instead of a plutonium 
radioisotope, like in the GPHS-RTG, the MIPS will use 
the heat from the nuclear reactor at idle as its heat source. 
Since the whole GPHS-RTG weighs 123.238 pounds, and 
the mass of the plutonium capsule and the heat shield is 
56.747 pounds, the mass of the TEG equipment alone can 
be taken to be 66.491 pounds. Therefore, the mass of the 
TEG modules for this study were decidedly 66.491 
pounds each. Next, calculations were performed to 
determine how many TEG modules were needed to reach 
the given power level, and for however many modules 
were required, what that equated to in mass. 

For the dynamic power conversion cycles, Creo 
Parametric was used to model the components of the 
power conversion cycles to estimate the mass of these 
proposed systems. The 25 kWe Brayton engine was 
modeled using the dimensions and material specifications 
found in the NASA Document for the Solar Dynamic 
Power System for Space Station Freedom [20]. The Creo 
model of the 25 kWe engine turboalternator components 
was then scaled up by scaling factors that came from 
calculations and iterations to get the mass of the engine’s 
turboalternator components to match that of the scaling 
curve given by historical data for each of the remaining 
power increments. The scaling curve for the Brayton 

engine turboalternator components is shown below in 
Figure 6. Figure 6 shows that the mass of the 
turboalternator components scale logarithmically. This is 
because of the fact that the specific power of the 
turboalternator components scale with logarithmic decay 
[21].  

 

 
Fig. 6. Brayton Mass Scalability [21] 
 
The mass of the Stirling engine was determined 

by first modeling the engine dimensions and material 
specifications shown in NASA’s SPDE/SPRE Final 
Summary Report [20], a conference paper on NASA 
Lewis Stirling SPRE testing [22], and a contractor report 
for the SPDE [23]. The 25 kWe engine was then scaled up 
by scaling factors to get the mass of the engine to reach 
the mass given by the scaling curve shown in Figure 7.  
 

 
Fig. 7. Stirling Mass Scalability [24] 

 
 The necessary surface area of the solar arrays 
was found using Eqs (9) through (14) where 𝑅59:; is the 
average distance from the sun to Mars in km x 106, 𝐼< is 
the inherent losses of the solar array, 𝜃 is the sun incident 
angle, and 𝐿< is the life degradation of the solar arrays. 
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𝑃= = 301	 ×	𝐻*                            (Eq. 9) 
 

𝐻* = ; *(>.@
4&'()

<
)
                           (Eq. 10) 

 
𝑃ABC = 𝑃=𝐼<𝑐𝑜𝑠𝜃                       (Eq. 11) 
 

𝐿< = ;1 − 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑦𝑒𝑎𝑟I <
%!D&	!"	$&9:;

          (Eq. 12) 
 

𝐴 = F
F*+,

           (Eq. 13) 
 

 
IV. RESULTS 
 Assuming the TEGS for this study will have the 
same efficiency as that of the GPHS-RTG used on the 
Cassini and New Horizons missions, at 6.3%, the power 
outputs can be achieved with 195 TEG modules for the 25 
kWe power level, 389 modules for the 50 kWe power 
level, 583 modules for the 75 kWe power level, and 774 
modules for the 100 kWe power level 
 For the Brayton cycle, the turbine inlet 
temperature, T1, is limited by the moderator’s melting 
temperature. Assuming the moderators are made of LiH 
[25], the turbine inlet temperature should be about 500 K. 
Furthermore, a common Brayton cycle pressure ratio of 
13 was assumed, since the normal range is between 11 
and 20 [18]. The radiator sink temperature, T3, was 
assumed to be 278 K [26]. The specific enthalpies at each 
state were determined using CoolProp and then the power 
generated by the system was calculated using Eq. 2 and 3.  
 Many assumptions had to be made to calculate 
the power output of the Stirling cycle. The temperatures 
of the working fluid and the size of the Stirling engine 
mirrored those from a study performed in 2016 at Glenn 
Research Center [27]. The hot temperature of the working 
fluid, TH, was assumed to be 500 K, as it was with the 
Brayton cycle, and the cold temperature of the working 
fluid, TC, was assumed to be 323 K [27]. Additionally, the 
length the piston travels was taken as 6 mm.  This length 
was the same as the length the piston traveled in the study 
mentioned above. The generator efficiency was 
considered to be 30%, the same as it was for the Brayton 
cycle calculations. The heat coming from the reactor was 
assumed to be 10 MWt.    
 For the solar arrays, it was assumed that the solar 
arrays would be flex-fold out with a mass area density of 
1.9 kg/m2 and that the solar arrays would be multi-
junction with a power output coefficient of 301 W/m2. 
The value for 𝑅59:; was taken to be 228.0 km x 106. 
Furthermore, it was assumed that the solar arrays would 
have a degradation of about 0.5% per year and that the 
sun’s incident angle would be at worst-case-scenario 45° 
[28].  

The mass of the radiators used to radiate out any 
heat not taken in by the MIPS was calculated using heat 
transfer equations with the following assumptions: the 
material of the radiator is a carbon-carbon composite and 
the temperature of the radiator is 323 K. For this study, 
these radiators were referred to as “Idle Mode Radiators,” 
or IMRs.  
 The following plot shows the mass of the MIPS 
alternatives plus the mass of the IMRs compared to the 
mass of the solar arrays plus the IMRs.  
 

 
Fig. 6. Mass of Power Generation 
Systems with IMRs 

 
 It can be seen that all three MIPS alternatives 
result in a lower mass than the solar arrays. The TEG 
MIPS configuration is the least massive, followed by the 
Stirling engine, and then the Brayton engine.  
 
V. CONCLUSIONS  
 NTP is a viable option for missions to Mars and 
beyond, but in its idle state, excess heat is an immediate 
issue for the reactor.  The bimodal nuclear thermal 
propulsion concept has previously been favored for its 
ability to take all of this idle heat and convert it to usable 
power for the vehicle, but it would require substantial 
changes to the reactor design [1]. Conceptually, a MIPS 
could tap into the thermal energy from the non-propulsive 
hydrogen coolant loop and convert this thermal energy 
into an adequate amount of electricity to power the 
vehicle, without compromising the reactor design. Since 
all three of the MIPS alternatives result in mass savings 
compared to solar arrays and their associated IMRs, 
further consideration of the MIPS as the primary power 
source for the MTV is merited.  
 
 
VI. FUTURE WORK 
 It is likely that the idle temperature of the reactor 
will change, therefore sensitivity analysis will be 
conducted on the effects of this parameter and of other 
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selected parameters. Furthermore, reliability of the 
systems and cost analysis will be considered in addition to 
the systems power output capabilities and masses in order 
to better influence a well-rounded suggestion of which 
system would be best for use in the MTV.  
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This paper surveys the existing literature on high-

temperature solid moderators and provides derived 

nuclear and physical property data for beryllium, 

beryllium oxide, graphite, lithium hydride, yttrium hydride, 

and zirconium hydride.  While zirconium hydride has been 

used as a moderator in previous space nuclear reactors, 

the higher disassociation temperature of yttrium hydride, 

combined with its higher thermal conductivity, make 

yttrium hydride a strong candidate for use in future Low 

Enrichment Uranium (LEU)-fueled space nuclear 

reactors. 

 

I. INTRODUCTION 

Space Directive 6, issued by the White House on 

December 16, 2020, encouraged the development of 

nuclear fission power sources to support future space 

exploration efforts.1  The directive specifically referenced 

the development of a 40 kWe fission power source to 

enable long-term habitation of the Moon and a future 

mission to Mars.  The directive also specified that future 

space nuclear reactors will be fueled with Low Enrichment 

Uranium (LEU, uranium containing less than 20% 

uranium-235), unless the specific mission could not be 

accomplished without the use of Highly Enriched Uranium 

(HEU, uranium containing more than 20% uranium-235).  

Previous work demonstrated that kilowatt-class space 

nuclear reactors fueled with LEU are conceptually 

possible; however, several significant engineering 

challenges remain.2   Specifically, in order to achieve a 

reactor size and mass comparable to that of an HEU-fueled 

kilowatt-class reactor, it will likely be necessary to 

incorporate a moderator into the reactor core.2  The 

inclusion of a moderator decreases the average neutron 

energy in the core, which increases the effective fission 

cross-section of the uranium-235 in the core.  This, in turn, 

can compensate for the lower uranium-235 atom density 

inherent to LEU-based reactor fuels. 

Moderator technologies for terrestrial reactors are 

well-understood, with water as the most common 

moderator in terrestrial power reactors.  However, the need 

for higher conversion efficiencies, and, thus higher-

operating temperatures, makes water infeasible as a 

moderator in a space nuclear reactor.  Several high-

temperature solid moderators have received significant 

historical attention3; and, several newer candidates have 

become available in the past several years.4,5,6,7  This paper 

provides an introductory survey of the properties of several 

high-temperature solid moderators with a focus on space 

nuclear power and propulsion applications. 

II. POTENTIAL MODERATORS 

Historically, the list of potential high-temperature 

solid moderators included beryllium, beryllium oxide, 

graphite, lithium hydride, and zirconium hydride.  More 

recently, yttrium hydride has become economically 

available.8 Additionally, recent sponsored research has 

considered the development of encapsulated moderator 

materials, where hydride-based moderators are 

encapsulated in an aluminum oxide or magnesium oxide 

matrix.4  This section considers the properties of historic 

and newly available high-temperature solid moderators to 

identify those most relevant to space nuclear power and 

propulsion applications. 

II.A. Historic Moderators 

Historically, high-temperature moderator research 

focused on beryllium, beryllium oxide, graphite and metal 

hydrides such as lithium and zirconium hydride.3 These 

historic moderators were chosen, in essence, for their 

ability to effectively thermalize neutrons without 

parasitically absorbing a large fraction of the resulting 

thermal neutrons.9  Minimizing the number of collisions 

required to thermalize a fast neutron was an important 

additional requirement. Thus, historic moderators were 

selected for their high neutron scattering cross section, low 

neutron absorption cross section, and an abundance of 

atoms with a low atomic number. 

However, none of these moderators are perfect 

candidates for use in the high-temperature environment of 

a space nuclear reactor.  Lithium and zirconium hydride 

experience hydrogen disassociation at elevated 

temperatures (993 K and 900 K, respectively), which will 

significantly decrease the moderating ability of these 

materials and leads to concerns regarding hydrogen 

diffusion and transport in hydride-moderated space nuclear 

reactors.10 Both beryllium and beryllium oxide moderators 

would require the handling of beryllium during fabrication 

and assembly. Exposure to beryllium can be toxic to 

humans, making the production and handling of these 

moderators challenging.11 Finally, graphite may undergo 



significant dimensional changes under neutron irradiation, 

which may contribute to a shortened lifetime in reactor 

environments.12 Recently, these drawbacks have led to a 

search for newer, potentially more effective, moderator 

materials that pose fewer concerns when considered for use 

in a space nuclear reactor. 

II.B. Recent Developments 

Recent research on new high temperature moderator 

materials has yielded several promising candidates.  

Suggestions for newer high-temperature moderators 

include two-phase composite moderators4, micro-

encapsulated moderators5, radiogenic lead13, and beryllium 

carbides.6 Two-phase composite moderators4 and micro-

encapsulated moderators5 function similarly.  Both rely on 

a primary moderator material, generally a historic 

moderator  such as zirconium hydride or beryllium, while 

employing a second material, usually a ceramic, to extend 

the operating temperature of the primary moderating phase. 

The main difference between these two advanced 

moderator concepts lies in the amount of secondary phase. 

In the two-phase composite moderators, the secondary 

ceramic phase comprises most of the composite 

moderator’s mass4, while a micro-encapsulated moderator 

relies on a secondary ceramic phase that is only a few 

atomic layers thick.⁵ In both cases, the secondary phase 

serves to stabilize the primary moderator. For example, the 

ceramic layer used in the micro-encapsulated moderators 

is intended to serve as a diffusion barrier when applied to 

metal hydrides, allowing the micro-encapsulated 

moderator to be used at temperatures above the traditional 

dissociation temperatures of the metal hydrides. 

Other options include radiogenic lead13, alternate 

beryllium compounds such as beryllium carbide6, and 

ternary zirconium-yttrium hydrides.7 Radiogenic lead is 

promising as the dominant constituent, lead-208, exhibits a 

respectable scattering cross section and diminutive 

absorption cross section. A recent study evaluated four 

potential moderators (beryllium carbide, beryllium oxide, 

silicon carbide, and magnesium oxide) for use in a fluoride 

salt-cooled high temperature reactor by comparing them to 

graphite.6 This study found that both beryllium carbide and 

beryllium oxide can operate at temperatures above 1300 K 

while maintaining a keff >1 for longer time periods than 

graphite at a burn-up of 160.6 MWd/kgU.6 Based on this 

study, beryllium carbide may be an effective moderator 

material with a melting temperature of approximately 2400 

K.6  Another recent study evaluated a technique for 

producing bulk, crack free zirconium-yttrium hydrides, 

with an additional benefit of showing that the addition of 

yttrium to the zirconium hydride system can inhibit the 

delta to epsilon phase transition, preventing a prime 

mechanism of crack production.7 

Yttrium hydride historically posed several issues that 

prevented it from becoming a widely used moderating 

material. Primarily, pure yttrium was historically too 

expensive to be implemented economically14 and it was 

difficult to fabricate bulk yttrium hydride without 

considerable cracking.15 Recently, however, the price of 

pure yttrium has decreased considerably8; and, 

technological improvements have led to the advent of a 

programmable hydriding system that produces bulk, crack 

free yttrium hydride.16 These two developments make 

yttrium hydride a viable moderator material, especially 

considering that it exhibits a considerably greater thermal 

stability than other metal hydrides.16 

II.C. Moderators Included In This Survey 

This survey considers the five historic moderators 

discussed in Section II.A, as well as yttrium hydride. These 

materials are commercially available and could be readily 

incorporated into a near-term space nuclear reactor. In 

contrast, while other new moderating materials have been 

proposed, there is currently not enough information on 

their respective physical and nuclear properties to consider 

them in the near-term. Table I presents the limiting 

temperatures and densities of the moderators considered in 

this survey. 

III. NUCLEAR PROPERTIES 

The nuclear properties of any material selected for use 

in a nuclear reactor core need to be thoroughly considered.  

Since moderators serve to decrease the energy of neutrons 

produced by fission in the core, the slowing down 

decrement and the moderating ratio are the main nuclear 

properties of interest for this analysis of high-temperature 

moderators. 

This survey defines the neutron energy ranges as 

follows: thermal neutrons range from 0 – 0.0253 eV; 

epithermal neutrons range from 0.0253 eV – 100 keV; and, 

fast neutrons range from 100 keV – 4 MeV.  The Monte 

Carlo N-Particle, Version 6.2 neutron transport code 

(MCNP6.2)26 provided energy-averaged cross sections in 

the defined ranges based on the ENDF/B-VIII.0 neutron 

cross section libraries27, as well as cross-sections averaged 

TABLE I. Physical Properties of Selected Materials 

 
Limiting 

Temperature (K) 

Density 

(g cm-3) 

Beryllium 1558[17] § 1.86[22] 

Beryllium Oxide 2843[18] § 2.8[18] 

Graphite 4073-5073[19] § 1.6[19] 

Lithium Hydride 993[20]⸸ 0.8[23] 

Yttrium Hydride 1173[21]⸸ 4.2[24] 

Zirconium Hydride 900[21]⸸ 5.7[25] 

§ Indicates Melting 
⸸Indicates Hydrogen Desorption 

 



over the watt fission spectrum.  The cross-section 

calculations used a mono-directional beam of neutrons 

with energies uniformly sampled from the defined energy 

ranges.  The neutrons pass through two F1 tallies with the 

elastic scattering and absorption cross section multiplier 

cards for the individual elements in the moderators. 

III.A. Slowing Down Decrement 

Neutron moderation occurs as a result of energy loss 

from a neutron scattering event with a nucleus.  Effective 

moderators for thermal systems must be able to efficiently 

remove large amounts of energy from fission neutrons and 

slow the neutrons down to an ideal energy range without 

the neutrons being removed by resonance absorption by 

uranium-238.  The logarithmic energy decrement (ξ) can 

be used to determine the moderation effectiveness of a 

particular nucleus with an atomic weight given by A: 

The logarithmic energy decrement is only applicable 

to individual nuclei.  When considering heterogeneous 

materials, the average logarithmic energy decrement must 

be considered.  The average logarithmic energy decrement 

weights the logarithmic energy decrement of each isotope 

in the mixture by the macroscopic scattering cross section 

(Σs) of that isotope to determine a weighted average value 

for the energy decrement of the material as a whole: 

 Table II displays the calculated average logarithmic 

energy decrement of the potential moderators in the 

thermal, epithermal, fast, and Watt fission energy ranges, 

as well as a historical value based on tabulated cross 

sections.28, 29 In this table, the highest energy decrement 

comes from the materials containing hydrogen.  This is the 

expected outcome given that the energy transfer between a 

neutron and a proton can be nearly 100%. As the atomic 

weight of the materials increases, the average energy loss 

from a collision between a neutron and the nuclei 

decreases.  This is most evident with the beryllium and 

carbon-based moderators, where the higher atomic mass 

results in a decreased energy loss per collision.  The 

average energy decrement of the single component 

moderators does not change significantly with incident 

neutron energy, as the cross section portion of the 

calculation cancels out. 

III.B. Moderating Ratio 

The slowing down decrement of materials is geared 

towards the scattering of neutrons in a material. In order to 

fully consider a material’s effectiveness as a moderator, 

neutron absorption must also be considered.  The 

moderating ratio provides a way to compare the scattering 

potential and the energy decrement of each scattering event 

to the absorption potential of the material to more 

accurately measure a material’s effectiveness as a 

moderator. 

The moderating ratio can be computed by 

incorporating the total macroscopic scattering cross section 

(Σs) and the total macroscopic absorption of the material 

(Σa) of the material in the following manner: 

Table III lists the calculated moderating ratios for each 

of the moderators considered in this paper. A higher 

moderating ratio is considered better, since it indicates that 

the moderating potential is greater than the possibility of 

absorption. The values provided in the table are consistent 

with expectations given that a decrease in neutron energy 

generally indicates an increase in cross section. 

Beryllium has a neutron absorption threshold reaction 

in the fast region (> 1.758 MeV) where it absorbs a neutron 

and emits two neutrons.27 This reaction constitutes 72.6% 

of beryllium’s fast neutron absorptions which indicates that 

the drop in the fast and Watt fission spectrum moderating 

ratios is not detrimental to the neutron life cycle properties 

of the beryllium-based moderators. 

𝜉 = 1 +
(𝐴 − 1)2

2 𝐴
∗ 𝑙𝑛 (

𝐴 − 1

𝐴 + 1
) . (1) 

ξ̅ =
𝑆𝑢𝑚(ξ𝑖 ∗ Σ𝑠𝑖)

𝑆𝑢𝑚(Σ𝑠𝑖)
. (2) 

Table II. Average logarithmic energy decrement of the moderators selected in this survey. 

 Thermal Epithermal  Fast Watt Fission Historical 

Beryllium  0.21 0.21 0.21 0.21 0.21 

Beryllium Oxide 0.18 0.17 0.16 0.16 0.14 

Graphite* 0.16 0.16 0.16 0.16 0.16 

Lithium-7 Hydride 0.98 0.96 0.76 0.78 0.99 

Yttrium Hydride‡ 0.93 0.81 0.64 0.63 0.96 

Zirconium Hydride‡  0.94 0.77 0.62 0.62 0.99 

* Assuming crystalline graphite 
‡ Zirconium hydride and yttrium hydride assume a 1:2 atom ratio (ZrH2 and YH2) 

 

𝑀𝑅 =  
ξ̅ ∗ Σ𝑠

Σ𝑎

 . (3) 



Table III indicates that the least absorbent moderators 

are graphite and the beryllium-based moderators with some 

consideration for lithium hydride, given that fission 

neutrons are generally fast neutrons.  Given hydrogen’s 

potential for moderation, the moderating ratio is not a 

definitive method for analyzing moderators; but, it does 

give insight for how a moderating material can be used.  As 

a result of neutron absorption, an ideal amount of a hydride 

moderator would be less than the ideal amount of a non-

hydrogen-based moderator; and, given the average 

logarithmic energy decrement, the hydride moderators 

would generally provide a higher effective multiplication 

factor using similar amounts of material. 

IV. PHYSICAL PROPERTIES 

Figures 1-3 present recommended values for the 

thermal conductivity, the specific heat, and the thermal 

expansion coefficient as a function of the temperature of 

the selected moderator materials.  A full catalogue of the 

phase changes these materials experience, and their 

triggers, will be included in a future journal publication.  

To determine these recommended values, it was necessary 

to gather a database of reported property values.  Following 

this, each reported data set was fitted with a fourth order 

polynomial, which was then used to generate an equal 

number of points for all of the data sets, within the scope 

of the data.  These equally spaced data sets were then fitted 

with a fourth order polynomial as single data set, with this 

regression serving as the recommended value for that 

particular property and material.  A full set of citations for 

each historic data set will be included with the upcoming 

journal publication.  

It is worth noting that many of the selected moderator 

materials are generally isotropic with regards to their 

thermophysical properties, with several notable 

exceptions. The thermophysical properties of graphite are 

usually anisotropic.  In this survey, the graphite properties 

are given for the planes parallel to the extrusion axis.  In 

this specific case, the properties in the planes perpendicular 

to the extrusion axis are quite small in comparison to the 

parallel planes.  One significant example of anisotropy 

takes place in the thermal expansion of zirconium 

hydride.²⁹ The epsilon phase, face-centered tetragonal in 

structure, of zirconium displays significant thermal 

expansion anisotropy; however, the delta phase of 

zirconium hydride displays isotropic thermal expansion.²⁹  

In this survey, the delta phase, oftentimes the face-centered 

cubic phase by convention, of the materials is considered, 

as the hydrogen content is closest to the stoichiometric 

composition for lithium and yttrium hydride .  

Furthermore, the delta phase of zirconium hydride is. By 

far, the most isotropic phase exhibited.30  

Figure 1 indicates that lithium hydride has a 

significantly higher specific heat (4118 J/kg-K at 300 K) 

than the other moderators in this survey, while yttrium 

hydride and zirconium hydride have the lowest (384 J/kg-

K and 339 J/kg-K at 300 K, respectively).  A higher 

specific heat may contribute to increasing the thermal mass 

of the reactor, which can become important in considering 

the reactor’s transient behavior.   

Figure 2 shows that beryllium, beryllium oxide, and 

graphite have significantly higher thermal conductivities 

(189 W/m-K, 265 W/m-K and 191 W/m-K at 300 K, 

respectively) than the other moderators, while the thermal 

conductivity of lithium hydride and zirconium hydride are 

significantly lower (11 W/m-K and 17 W/m-K at 300 K, 

respectively).  Thermal conductivity directly impacts the 

peak fuel and moderator temperatures in a reactor, and 

yttrium hydride’s increased thermal conductivity 

compared to zirconium hydride (76 W/m-K compared to 

17 W/m-K at 300 K, respectively) may be another 

advantage to its use in space nuclear reactors.   

The thermal expansion of materials must be accounted 

for in the design of any reactor system, and the thermal 

expansion of moderating materials can have a strong 

impact on a reactor’s thermal feedback coefficients.  The 

significantly high thermal expansion coefficient of lithium 

hydride (37 x 10-6 /K at 300 K) may increase the magnitude 

of the moderator thermal feedback coefficient of a reactor 

containing significant amounts of lithium hydride.  The 

linear thermal expansion coefficients of beryllium, 

TABLE III. Moderating ratios of the moderators selected in the survey.  

 Thermal Epithermal Fast Watt Fission Historical 

Beryllium  8.21 × 101 1.11 × 105 2.93 × 100 3.72 × 100 1.38 × 102 

Beryllium Oxide 1.07 × 102 4.19 × 104 4.62 × 100 3.83 × 100 4.24 × 102 

Graphite* 1.21 × 102 5.43 × 104 8.39 × 103 3.83 × 102 2.59 × 102 

Lithium-7 Hydride 6.80 × 101 4.83 × 104 9.12 × 104 8.65 × 104 1.16 × 100  

Yttrium Hydride‡ 2.63 × 101 1.30 × 103 1.45 × 103 1.44 × 103 8.44 × 101 

Zirconium Hydride‡  5.99 × 101 9.98 × 102 7.94 × 102 8.10 × 102 2.44 × 102 

* Assuming crystalline graphite  
‡ Zirconium hydride and yttrium hydride assume a 1:2 atom ratio (ZrH2 and YH2) 

 



beryllium oxide, yttrium hydride, and zirconium hydride at 

300 K are between 5-31% (11, 4.0, 6.2, and 2.0 x 10-6 /K, 

respectively) of lithium hydride, with graphite having a 

linear thermal expansion coefficient that is 63% (24 x 10-6 

/K at 300 K) that of lithium hydride.    

V. SUMMARY AND CONCLUSIONS 

The renewed interest in space nuclear power as well as 

the push towards Low Enrichment Uranium (LEU, 

uranium containing less than 20% uranium-235)-fueled 

space reactor systems, suggests a future need for advanced 

high-temperature moderators to reduce to the system and 

mass of future space nuclear reactors.  This paper surveys 

the existing literature on high-temperature solid 

moderators and provides derived nuclear and physical 

property data for beryllium, beryllium oxide, graphite, 

lithium hydride, yttrium hydride, and zirconium hydride.   

While zirconium hydride has several properties that make 

it very attractive as a moderator, hydrogen disassociation 

will begin to occur at 900 K, which will constrain the 

operating temperature of space nuclear reactors moderated 

by this material.  While the moderating ratio of yttrium 

hydride is lower than that of zirconium hydride, its higher 

disassociation temperature (1173 K), combined with its 

higher thermal conductivity, make yttrium hydride a strong 

candidate for consideration as a moderator in future LEU-

fueled space nuclear reactors. 
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Fig. 2. Thermal conductivity as a function of temperature 
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