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ABSTRACT
The Brazilian Air Force, through its Institute for Advanced Studies (Instituto de Estudos Avançados,
IEAv/DCTA), and the Colorado School of Mines (CSM) are studying the feasibility of a space nuclear reactor
with a power of 1-5 kWe and fueled with Low-Enriched Uranium (LEU). This type of nuclear reactor would be
attractive to signatory countries of the Non-Proliferation Treaty (NPT) or commercial interests. A LEU-fueled
space reactor would avoid the security concerns inherent with Highly Enriched Uranium (HEU) fuel. As an
initial step, the HEU-fueled Kilowatt Reactor Using Stirling TechnologY (KRUSTY) designed by the Los
Alamos National Laboratory serves as a basis for a similar reactor fueled with LEU fuel. Using the
computational code MCNP6 to predict the reactor neutronics performance, the size of the resulting reactor
fueled with 19.75 wt% enriched uranium-10 wt% molybdenum alloy fuel is adjusted to match the excess
reactivity of KRUSTY. Then, zirconium hydride moderator is added to the core to reduce the size of the reactor.
This work presents the preliminary results of the computational modeling, with special emphasis on the
comparison between homogeneous and heterogeneous moderator systems, in terms of the core diameter
required to meet a specific multiplication factor (keff = 1.035). This comparison illustrates the impact of
moderator configuration on the size and performance of a LEU-fueled kilowatt-class space nuclear reactor.

1. INTRODUCTION
The Brazilian Air Force, through its Advanced Studies Institute (IEAv), has a research group
in nuclear energy, which studies nuclear reactors for space applications. In this context, the
Colorado School of Mines (CSM) is cooperating with IEAv to study the feasibility of a space
nuclear reactor with a power of 1-5 kWe, fueled with Low-Enriched Uranium (LEU). Space
nuclear systems convert the thermal energy released by radioactive decay or nuclear fission to
electricity to be used in other equipment. A nuclear fission heat source may be an attractive
alternative to Radioisotope Thermoelectric Generators (RTGs) due to the limited supply of
plutonium-238 (the most common RTG’s fuel) and the inherent security concerns related to
plutonium. A new LEU-fueled space reactor appears to be a realistic option for signatory
countries of the Non-Proliferation Treaty (NPT), which ratified the decision to not employ
Highly Enriched Uranium (HEU) in future nuclear systems. Some advantages of nuclear
energy systems in space include: compact size, long operating lifetimes, and operation
independent of the distance from the sun or of the orientation to the sun [1]. In this scenario,
kilopower systems are interesting because they can fill a gap in available electrical power

systems between 1 kWe to 10 kWe with operational times in excess of two decades. This work
presents a preliminary study of moderator configuration options for a LEU-fueled kilowattclass space nuclear reactor.

2. BACKGROUND
The LEU-fueled space nuclear reactor considered in this paper is based on the Kilowatt
Reactor Using Stirling TechnologY (KRUSTY) reactor designed by the Los Alamos National
Laboratory [2]. Figure 1 provides axial and radial cross section views of the KRUSTY reactor
geometry. The HEU-fueled KRUSTY reactor consists of six important subsystems - a solid
block of uranium-10 wt% molybdenum alloy (U-10Mo) fuel, a reflector, heat pipes, a shadow
shield, a safety rod system and a stirling engine power conversion system. The LEU-fuel
space nuclear reactor will consist of these same subsystems.
The reactor contains a solid U-10Mo core, cast as a single cylinder with a height-to-diameter
(H/D) ratio of 1.81. The U-10Mo alloy provides higher strength and more swelling resistance
than pure uranium [2]. Although not neutronically optimal, a cylinder with an H/D ratio >1 is
generally preferred because it reduces shield size, shortens heat conductions paths, and adds
more heat transfer area from the fuel to the cooling mechanism. A greater core H/D ratio also
provides more axial separation/shielding from the high-flux regions of the reactor. A high

Figure 1: Axial and radial cross-sections of KRUSTY (adapted from [2]).
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H/D ratio also helps to meet criticality control and safety requirements. A control rod has
maximum neutronic worth when in the center of a long H/D ratio, and a control mechanism
aligned with the system/launch axis is generally easier to integrate. Criticality safety is also
simpler with a very high worth radial reflector (which is facilitated by a high H/D ratio). The
core can be highly subcritical during forming, handling, and transport operations, and is more
easily designed to remain subcritical in all potential launch accident scenarios [2].
A neutron reflector is necessary to maintain a small size system and provide sufficient
reactivity worth to meet the launch accident criticality safety requirements. Potential reflector
materials include beryllium, beryllium oxide and graphite. In space applications, beryllium
oxide is generally preferred as it is a denser, higher worth material per unit thickness than
pure beryllium or graphite [2].
Heat pipes transfer thermal energy through the evaporation and condensation of work fluid,
with the condensed fluid returned to the evaporator region via capillary action through a wick
[3]. Heat pipes can provide heat transfer coefficients orders of magnitude higher than
possible through conduction, with no moving parts. A heat pipe reactor eliminates the
components that would be needed for a pumped loop, simplifying system integration. The
simple reactor geometry in kilopower-class reactors allows the use of simple, straight
cylindrical heat pipes; however, there is considerable experience with bent and noncylindrical heat pipes [3]. Figure 1 shows the location of the eight heat pipes located at the
core periphery in the KRUSTY reactor. At the low thermal power of the KRUSTY reactor
(4kWt ), the heat pipes do not need to be within the fuel (as the thermal resistance in the fuel
is low) [2]. This reduces the size and mass of the core, as interior heat pipes would displace
fuel from the core and the heat pipe materials would be parasitic absorbers. The lack of
internal heat pipe voids also minimizes the potential impact of flooding during an accident,
thus simplifying launch safety. In the shield, the radiation streaming paths offered by ex-core
heat pipes will be less significant than for the paths resulting from in-core heat pipes.
The radiation shadow shield utilizes lithium hydride (LiH) clad in stainless steel as the
neutron shield material and depleted uranium (DU) as the gamma shield material. The LiH is
enriched in lithium-6 to reduce the gamma source from neutron capture in the stainless-steel
and DU. The reference shield utilizes three layers of LiH and DU, with each layer of LiH
being placed in a stainless-steel can [2]. The shield contains full penetrations for the heat
pipes, plus a gap for multi-foil insulation to prevent shield heating and parasitic power loss
[2].
Figure 1 also shows the location of the safety rod system, which consists of a 4.4 cm boron
carbide (B4 C) control rod that inserts into a hole along the axial core centerline. Prior to
launch, the safety rod is fully inserted into the reactor core and maintains the system in a
subcritical state during the spacecraft launch and in the event of any accident [2]. Once the
spacecraft has achieved a safe orbit, the safety rod is removed to bring the reactor to a
critical, power-producing, state.
Stirling engines use a reciprocating piston driven by thermal power to produce electric power
from a linear alternator [4]. Stirling engines scale well at low powers and can yield power
conversion efficiencies significantly greater than that possible with the thermoelectric
converters used in previous efforts [2,4]. The Advanced Stirling Radioisotope Generator
program is developing a stirling engine conversion system for space power applications [2].

INAC 2015, São Paulo, SP, Brazil.

3. MODEL DESCRIPTION
This work presents the preliminary results of a computational model of an LEU-fueled
alternative to KRUSTY, with special emphasis on the comparison between homogeneous and
heterogeneous moderator systems. The reactor cores are compared in terms of the minimum
core diameter required to meet a specific multiplication factor (keff = 1.035). In the
homogeneously moderated core, the core consists of a uniform and isotropic mixture of fuel
(U-10Mo) and moderator (ZrH1.5). In the heterogeneous core, spheres filled with U-10Mo are
distributed within the zirconium hydride (ZrH1.5) moderator. Figure 2 illustrates the simple
geometry model used in the present simulations, which considers only the core, the reflector
and the central control rod.
Table 1 presents the materials and densities used in each region in the model. The LEU
reactor is fueled with 19.75 wt% enriched uranium-10 wt% molybdenum alloy and the
zirconium hydride acts as a moderator in the system. Beryllium oxide serves as the reflector
material and a cylindrical boron carbide (B4C) control rod in center of the core provides
shutdown control (see Figure 2). The control rod is 52 cm long and 4.4 cm in diameter. All of
the computational simulations assume that the boron carbide is enriched to 100% of boron10. In all cases, the H/D ratio of the core is 1.81, the same as that in the KRUSTY reactor [2].

Figure 2: Geometry of the LEU-fueled reactor considered in this work.
Table 1: Materials for a fuel, moderator and reflector.
Region
Fuel block

Material
U-10Mo

Density (g/cm3 )
16.82

Control rod

B4C

2.40

Moderator

ZrH1.5

5.60

Reflector

BeO

3.01
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The MCNP6 computational code [5] calculated the multiplication factor (keff) for each case in
this study based on 10000 source histories per cycle with 30 cycles skipped before beginning
tally accumulation and 400 active cycles. The simulations incorporated the ENDF/B-VII.1
(.80c) and ENDF/B-VII.0 (.20t) nuclear data. All of the model cases considered a reactor
temperature of 293 K. The uncertainties associated with the multiplication factor results are
less than 0.0005 in all cases.
4. RESULTS
Using MCNP6 to predict the reactor neutronics performance, the size of the resulting reactor
fueled with un-moderated 19.75 wt% enriched uranium-10 wt% molybdenum alloy fuel is
adjusted to match the cold-clean multiplication factor of KRUSTY (1.035) [2]. Then,
zirconium hydride moderator is added to the core to reduce the size of the reactor while
maintaining the same cold-clean multiplication factor.
This work considered moderator fractions within the core of 0, 30, 60 and 80 wt%. The
heterogeneous core material was modeled as square lattice of spherical fuel particles with
diameters varying from 0.2 to 2.0 cm, in 0.2 cm steps, bounded by the edge of the core. The
spacing and size of the fuel particles determine the moderator/ fuel ratio. Partial fuel particles
were allowed at the core boundaries. The distances between the spheres varied to yield the
required wt% moderator in each case.
4.1. Un-moderated Reactor
As the first step in the LEU reactor study, the reflector thickness was adjusted to maximize
the reflector’s performance. The initial core diameter (11 cm) from KRUSTY, with a central
control rod gap of 4.4 cm OD, was considered as a bare, un-moderated core.
Then, the reflector thickness was increased in 1 cm steps to produce Figure 3. Simply adding
reflector thickness is not sufficient to reach a keff of 1.035 with an LEU-fueled reactor core;
and, increasing the reflector thickness to more than 30 cm does not result in substantial
increases in the multiplication factor. Considering a constant reflector thickness of 30 cm,
increasing the core diameter with a constant H/D ratio equal to 1.81 (the H/D ratio of
KRUSTY [2]) determines the required reactor size. Based on Figure 4, a 17.9 cm diameter
LEU core, 32.7 cm in height, with a reflector thickness of 30 cm, provides a beginning of life
multiplication factor of 1.035.
Changing from 93 wt% enriched HEU to 19.75 wt% enriched LEU fuel resulted in a
significant increase in the size of the reactor core (from 20 cm high, 11 cm OD to 32.7 cm
high, 17.9 cm OD), with a concurrent increase in total mass, from 98.0 kg to 1,441.3 kg
(more than a ten-fold increase), as shown in Table 2. The main source of the mass increase is
from the reflector, which is much larger in the LEU case.
4.2. Moderated Reactor
Adding a moderator to the reactor core can reduce the size of an LEU-fueled space reactor
system [6]. In moderated reactors, which are the main type of reactor used for commercial
power production, the neutron energy (E) is reduced from the MeV region (0.1 MeV < E ≤ 15
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Figure 3: Multiplication factor as a function of reflector thickness for an unmoderated LEU reactor core with the same dimensions as KRUSTY.

Figure 4. Multiplication factor as a function of core diameter for the un-moderated
LEU reactor with a H/D ratio of 1.81 and a reflector thickness of 30 cm.
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Table 2: Homogeneous reactor masses for a multiplication factor of 1.035 for HEU and
LEU cores.
Region
Core
Reflector
Control rod
Total mass (kg)

Component
U235
U238
Mo
BeO
B4C

Uranium enrichment
93 wt% [2]
19.75 wt%
22.3
23.9
1.7
97.1
2.7
13.4
70.5
1,305.0
0.8
1.9
98.0
1,441.3

MeV) to the thermal region (E < 1 eV) by successive elastic collisions with light nuclei,
possibly preceded by inelastic scattering in uranium [7]. Reducing the energy of the neutrons
to a region where the cross sections are more favorable can decrease the amount of uranium
needed to reach criticality [7]. At a nominal neutron energy of 0.0253 eV, the ratio of the
cross section for fission in uranium-235 (583 barns) to capture in uranium-238 (2.68 barns) is
greater than 200, providing the possibility of a sustainable chain reaction. Zirconium-hydride
is a well-proven moderator. The SNAP-10A space nuclear reactor, flown by the United
States of America in 1965, contained fully enriched uranium-235 and a zirconium hydride
moderator [8]. The LEU reactor models in the present study use a lower fraction of hydrogen
(ZrH1.5) than reported for SNAP-10A (ZrH1.68 – ZrH1.83) [8]. The present work considers both
homogeneous and heterogeneous moderation schemes. In the homogeneously moderated
core, the fuel and moderator are uniformly mixed, forming a single, homogeneous material.
In the heterogeneously moderated core, the fuel consists of spheres of 19.75 wt% enriched U10Mo alloy distributed within the uniform ZrH1.5 moderator.
4.2.1. Homogeneously moderated core
Figure 5 presents the multiplication factor for the homogeneous core as a function of the core
diameter and the weight fraction of the moderator (0, 30, 60 and 80 wt% moderator). In all
cases, the geometry and materials are the same as the un-moderated LEU reactor in Section
4.1 (H/D=1.81 and 30 cm reflector thickness). As shown in Figure 5, the curves which
represent 60 and 80 wt% moderator reach the multiplication factor desired (1.035) with
smaller core diameters (15.74 cm and 15.60 cm, respectively) than the 0 and 30 wt%
moderator curves (17.96 cm and 17.52 cm core diameter respectively). Thus, increasing the
percentage of moderator in a homogeneous core generally decreases the core size required to
reach a desired multiplication factor, considering the multiplication factor range between 0.95
and 1.10, the main range of interest of this study. Above a multiplication factor of 1.10, the
un-moderated systems have a core size smaller than moderated systems with 30 wt%
moderator.
Table 3 presents the mass calculations for reactors with a multiplication factors of 1.035
containing 0 wt%, 30 wt%, 60 wt% and 80 wt% moderator. Adding moderator can
significantly reduce the mass of the LEU reactor by 230.3 kg (15.98 %) considering the unmoderated and 80 wt% moderated reactors.
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Figure 5: Multiplication factor of the homogeneous core as a function of core
diameter and moderator fraction.
Table 3: Homogeneous reactor masses for a multiplication factor of 1.035 as a function
of moderator fraction.

Region

Component
235
U
238
U
Core
Mo
ZrH1.5
Reflector
BeO
Control rod
B4C
Total mass (kg)

0 wt%
23.9
97.1
13.4
0
1,305.0
1.9
1,441.3

Moderator fraction
30 wt%
60 wt%
9.6
2.8
39.0
11.5
5.4
1.6
23.1
24.0
1,280.4
1,183.6
1.9
1.9
1,359.4
1,225.4

80 wt%
1.2
4.7
0.7
26.3
1,176.2
1.9
1,211.0

4.2.1.1. Lifetime estimates for the homogeneously moderated cases
When comparing different LEU-fueled space reactor concepts, a comparison of expected
reactor lifetime could be more important than comparing initial multiplication factors. At the
same multiplication factor, a moderated reactor will contain less fissile material, and may
thus have a dramatically shorter expected lifetime.
Assuming that the average amount of energy released by fission is 200 MeV, 3.1x1010 fissions
per second is equal to 1 W, and approximately 6 grams of fissile material uranium-235 will be
consumed per year to produce 15 kWt [9]. Adjusting the models by replacing 6 grams of
uranium-235 per year with 2.4 grams of molybdenum-95 and 3.6 grams of lanthanum-139
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per year (representing the light and heavy fission products, respectively) provides an estimate
of multiplication factor as a function of reactor operating time. All lifetime evaluation cases
considered a reactor temperature of 293 K during MCNP6 computational code simulations.
An end-of-life multiplication factor of 1.0245 accounts for the loss of reactivity resulting
from the change in temperature between shutdown and normal operation. This multiplication
factor is based on the difference between the hot and cold keff estimated for KRUSTY [2].
This value will be verified for the LEU kilowatt-class reactor in a future design paper.
As expected, the greater the amount of fissile material inside the core, the greater the lifetime
estimate. Figure 6 presents the lifetime estimate results obtained during computational
simulations considering 0, 30, 60 and 80 wt% of moderator, which are, respectively, more
than 100, 76, 34, and 14 years. These expected lifetimes are directly proportional to the
amount of fissile material initially in the core in each case.
4.2.2. Heterogeneously moderated core
A key question in the development of an LEU-fueled space nuclear reactor is the effect of
core heterogeneity on the reactor’s multiplication factor. Figures 7, 8, and 9 examine the
influence of the size of the fuel spheres on the multiplication factor as a function of core
diameter. In each figure, the sphere diameter and spacing are adjusted as explained in Section
3 to maintain a constant moderator ratio. Thus, the differences between the curves in each
figure are due solely to the geometric arrangement of the fuel and moderator. The trends for
the larger fuel particles in Figures 8 and 9 are not smooth. This is caused by the partial fuel
particles in these models and the difficulty of setting a precise moderator fuel ratio with
particles bigger than 1.4 cm of diameter.

Figure 6: Multiplication factor as a function of operating time and moderator
fraction for the homogeneous LEU-fueled reactor operating at 15 kWt.
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Figure 7: Multiplication factor for the heterogeneous core with 30 wt% moderator as
a function of core and fuel sphere diameter.

Figure 8: Multiplication factor for the heterogeneous core with 60 wt% moderator as
a function of core and fuel sphere diameter.
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Figure 9: Multiplication factor for the heterogeneous core with 80 wt% moderator as
a function of core and fuel sphere diameter.
Table 4 presents the diameters and masses of the smallest homogeneously and
heterogeneously moderated cores with a multiplication factor of 1.035. In all cases, a
heterogeneously moderated core can result in a smaller reactor than is possible with a
homogeneously moderated core. A heterogeneous reactor with 60 wt% moderator and fuel
spheres with a diameter of 1 cm is the minimum mass core from the options considered in
this analysis.
It can be seen that as the moderator ratio increases, the size of the fuel sphere needed achieve
the smallest possible core with a multiplication factor of 1.035 decreases. However, there is a
point where the decrease in the fuel sphere diameter doesn’t yield better results with highly
moderated systems. This can be most clearly seen in Figure 8, where the trend lines cross
near the middle of the graph. This behavior can also be seen in Figures 7 and 9 for small core
diameters.
Table 5 details the difference in masses between an un-moderated fast spectrum reactor with
0 wt% moderator and the minimum mass moderated reactors. The 60 wt% moderator core
reduces the system mass by about 266.5 kg, or 18.49 % compared to the un-moderated
reactor. In terms of total mass core, the fuel sphere diameter and the weight percentage of the
moderator are indirectly proportional in their impact on core diameter. Decreasing the fuel
sphere diameter and an increasing the moderator fraction leads to a minimum core diameter.
4.2.2.1. Lifetime estimates for the heterogeneously moderated reactor cases
Using the method described in Section 4.2.1.1, Figure 10 shows the life time estimates for the
heterogeneously moderated LEU-fueled reactors operating at 15 kWt The lifetime estimate
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Table 4: Comparison between the minimum mass heterogeneously and homogeneously
moderated reactors with a multiplication factor of 1.035.
Minimum mass
homogeneous core
Moderator
Ratio
(wt%)
30
60
80

Core diameter
(cm)
17.5
15.7
15.6

Mass
(kg)
1,359.4
1,225.4
1,211.0

Minimum mass heterogeneous core
Fuel
diameter
Core diameter
(cm)
(cm)
Mass (kg)
15.9
1.8
1,250.9
14.9
1.0
1,174.8
15.3
0.2
1,193.2

Table 5: Minimum heterogeneously moderated reactor masses for a multiplication
factor of 1.035 as a function of moderator fraction.
Region

Component
U235
U238
Core
Mo
ZrH1.5
Total core mass (kg)
Reflector
BeO
Control rod
B4C
Total mass (kg)

0 wt%
23.9
97.1
13.4
0
134.4
1,305.0
1.9
1,441.3

Moderator fraction
30 wt%
60 wt%
7.1
2.4
28.7
9.7
4.0
1.3
17.0
20.1
56.8
33.5
1,192.2
1,139.4
1.9
1.9
1,250.9
1,174.8

80 wt%
1.1
4.5
0.6
24.7
30.9
1,160.4
1.9
1,193.2

for the minimum mass heterogeneously moderated reactors containing 0, 30, 60 and 80 wt%
of moderator are more than 100, 57, 28, and 14 years, respectively. The lifetime is directly
proportional to the amount of fissile material in the core in each case. Comparing the
expected lifetime results for the homogeneous and heterogeneous models, (Figures 6 and 10
respectively) the heterogeneously moderated cores have shorter lifetimes than the
homogeneously moderated cores with the same moderator/ fuel ratio. However, the
heterogeneously moderated cores result in lower mass as than the homogeneously moderated
cores. This is not surprising, as 6 grams per year represents a higher percentage of fissile
mass consumed from the fuel in the heterogeneously moderated cases.
5. SUMMARY AND CONCLUSIONS
The low-enriched uranium fueled space nuclear reactor in this paper is based on the Kilowatt
Reactor Using Stirling TechnologY (KRUSTY) reactor designed by the Los Alamos National
Laboratory, with special emphasis on the comparison between homogeneous and
heterogeneous moderator systems. The reactor cores are compared in terms of the minimum
core diameter required to meet a specific multiplication factor (keff = 1.035). MCNP6
calculations were performed for homogeneously and heterogeneously moderated cases, for
core diameters from 11 cm to 30 cm. The multiplication factor was calculated as a function of
moderator weight percentage and core diameter. For the homogeneously moderated cases,
increasing the percentage of moderator in the core decreased the core diameter required to
reach the desired cold-clean multiplication factor (1.035). In the heterogeneously moderated
INAC 2015, São Paulo, SP, Brazil.

Figure 10: Multiplication factor as a function of operating time and moderator
fraction for the minimum mass heterogeneously moderated LEU-fueled reactors
operating at 15 kWt.
cases, adjusting both the fuel (U-10Mo) sphere diameter and the weight percentage of the
moderator (ZrH1.5 ) is required to determine minimum core diameter. Decreasing the fuel
sphere diameter while an increasing the moderator ratio leads to a minimum core diameter
with a moderator ratio of 60 wt% and a fuel sphere diameter of 1 cm. The minimum mass
homogeneously moderated reactors containing 0, 30, 60 and 80 wt% moderator have
estimated lifetimes of, respectively, more than 100, 76, 34, and 14 years. The lifetime estimate
for the minimum mass heterogeneously moderated reactors containing 0, 30, 60 and 80 wt%
of moderator are more than 100, 57, 28, and 14 years, respectively. The lifetime is directly
proportional to the initial amount of fissile material in the core in each case.
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