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ELECTRIC FISSION REACTOR FOR SPACE APPLICATIONS

STATEMENT OF FEDERAL RIGHTS

[0001] The United States government has rights in this invention pursuant to
Contract No. DE-AC52-06NA25396 between the United States Department of
Energy and Los Alamos National Security, LLC for the operation of Los

Alamos National Laboratory.

CROSS-REFERENCE TO RELATED APPLICATION

[0002] This application is a continuation of, and claims the benefit of, U.S.
Provisional Patent Application No. 61/816,048. filed on April 25, 2013. The
subject matter of this earlier filed application is hereby incorporated herein by

reference in its entirety.

FIELD
[0003] The present invention generally relates to power systems and, more

particularly, to a relatively small reactor for powering spacecratft.

BACKGROUND
[0004] Deep space science missions explore the underlying fabric of the

universe. Some of these missions provide data pertaining to giant gaseous
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planets, such as Jupiter and Saturn, as well as their moons. Some deep space
missions may also provide data pertaining to other solar system objects, such as
asteroids and comets. These missions may also be vital to understanding the
origin of the universe.

[0005] Historically, deep space missions have relied upon radioisotope power
systems to provide power because solar power is generally not practical with
conventional solar technology beyond Mars. The principal nuclear isotope that
powers these systems is Plutonium-238. However, there is currently a shortage
of Plutonium-238. To reduce reliance on Plutonium-238 and to enhance deep
space exploration capabilities, an improved small uranium-based reactor may

be beneficial.

SUMMARY

[0006] Certain embodiments of the present invention may provide solutions
to the problems and needs in the art that have not yet been fully identified,
appreciated, or solved by conventional reactor technologies. For example,
some embodiments of the present invention pertain to a power system utilizing
a uranium-based reactor for missions instead of radioisotope power systems.
The power system of some embodiments is safe, easy to manufacture, and may
be built using materials located within the United States. Furthermore, to
reduce the risk of loss of life or contamination, the power system of some

embodiments does not operate until the power system reaches space.
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[0007] In one embodiment, an apparatus is provided. The apparatus includes
a reactor that is configured to generate thermal energy using a reactor core. The
apparatus also includes a plurality of heat pipes configured to transfer the
thermal energy from the reactor core to a plurality of Stirling engines to
generate electricity for a spacecratft.

[0008] In another embodiment, an apparatus is provided. The apparatus
includes a plurality of engines to produce electricity for a spacecraft. The
apparatus also includes a plurality of heat pipes. Each of the plurality of heat
pipes is operably connected to a reactor core at one end and operably connected
to one of the plurality of engines at another end. The plurality of heat pipes are
configured to transfer thermal energy from the reactor core to the plurality of
engines.

[0009] In yet another embodiment, an apparatus is provided. The apparatus
include a plurality of heat pipes configured to transfer thermal energy from a
uranium enriched reactor to a plurality of Stirling engines. The uranium
enriched reactor includes a uranium core configured to generate thermal energy

when a rod is removed from the uranium enriched reactor.

BRIEF DESCRIPTION OF THE DRAWINGS
[0010] For a proper understanding of the invention, reference should be made
to the accompanying figures. These figures depict only some embodiments of

the invention and are not limiting of the scope of the invention. Regarding the
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figures:

[0011] FIG. 1A illustrates a power system, according to an embodiment of
the present invention.

[0012] FIG. 1B illustrates a cross-sectional view of a reactor of the power
system, according to an embodiment of the present invention.

[0013] FIG. 1C illustrates a cross-sectional view of the power system,
according to an embodiment of the present invention.

[0014] FIG. 1D illustrates a plurality of engines for the power system,
according to an embodiment of the present invention.

[0015] FIG. 2A illustrates a power system, according to an embodiment of
the present invention.

[0016] FIG. 2B illustrates a plurality of engines for the power system,
according to an embodiment of the present invention.

[0017] FIG. 2C illustrates a reactor of the power system, according to an

embodiment of the present invention.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[0018] Some embodiments of the present invention pertain to a reactor power
system for spacecraft. The reactor power system may include a reactor core, a
core reflector, a rod to start the reactor, a plurality of heat pipes to transfer
thermal energy, radiation shielding to protect electronics, and a plurality of

Stirling engines to power (e.g., provide electricity for) the spacecratft.
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[0019] In some embodiments, the power source may be a cylinder of
enriched uranium. A beryllium reflector may surround the power source. A
single rod of boron carbide may turn the reactor on and off. The reactor may
self-regulate the fission reactions and eliminate the need for complicated
control systems. For example, the self-regulating feature of the reactor may
require no control after startup and adjust to changes in demand from a power
conversion system such as Stirling Engines. This feature may allow the reactor
power to adjust to the demand for power from the Stirling Engines.
Radioisotope power generators in conventional systems cannot adjust to such
changes in the power conversion system.

[0020] Embedded within the beryllium reflector are heat pipes. The heat
pipes are configured to transfer the thermal energy produced in the reactor core.
Heat pipes may be passive heat pipes that efficiently transfer the thermal energy.
In certain embodiments, the heat pipes are composed of corrosion-resistant,
super-alloy steel and a small amount of sodium, potassium, or another liquid
metal as would be appreciated by a person of ordinary skill in the art. Each of
the heat pipes is connected to one of the Stirling engines in some embodiments.
[0021] A radiation shield positioned between the reactor core and the Stirling
engines may be configured to protect the electronics of the Stirling engines and
the spacecraft, including guidance electronics and scientific instruments. The

Stirling engines may be configured to produce the electricity for the spacecraft.
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For example, in certain embodiments, the Stirling engines may produce at least
500 watts of power.

[0022] The reactor system of some embodiments provides many advantages
over conventional systems. For example, because the reactor of some
embodiments does not operate until the spacecraft is in space, accidents on the
ground during launch may have minimal effect. The reactor system of some
embodiments may be scaled up to more challenging applications, such as
surface power sources on Mars or spacecraft propulsion using electrically-
driven ion thrusters.

[0023] FIG. 1A illustrates a power system 100, according to an embodiment
of the present invention. Power system 100 includes a reactor 102. In this
embodiment, power system 100 may be constructed along a major axis of the
spacecraft allowing power system 100 to fit within a rocket shroud and survive
the g-forces of launch and deployment.

[0024] FIG. IB is a cross-sectional view of reactor 102 of power system 100,
according to an embodiment of the present invention. In FIG. 1B, reactor 102
surrounds a reactor core 104, e.g., an enriched uranium core. Reactor core 104
includes nuclear fuel to drive the spacecraft. It should be appreciated that
higher uranium loading may enable a smaller core, which has multiple
advantages. These advantages may include, but are not limited to, lower fuel
mass, a smaller and lower mass reflector and shield, shorter heat conduction

paths, and easier fabrication and transport.
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[0025] Reactor 102 may be composed of beryllium. This allows reactor 102
to act as a reflector, and provides reactor core 104 with sufficient reactivity to
cause reactor core 104 to generate energy, i.c., reflect neutrons towards reactor
core 104. Reactor 102 may include a boron carbide rod 108 to activate and
deactivate reactor 102, essentially powering reactor 102 on and off. Depending
on the configuration of the power system, boron carbide rod (also known as the
“on and off” rod) 108 may move up out of and down into, or thread into and out
of, a cylinder 106. In some embodiments, when boron carbide rod 108 moves
into cylinder 106, reactor 102 is turned on, and when boron carbide rod 108
moves out of cylinder 106, reactor 102 is turned off. In certain embodiments,
when a threaded cylinder is used, boron carbide rod (or threaded rod) 108 may
move into and out of reactor core 104 using a rotating drive (not shown). The
threaded rod allows boron carbide rod 108 to stay embedded within the core
cylinder during an extreme impact that strips the threads and removes the rod.
Having boron carbide rod 108 in place prevents reactor 102 from reaching a
critical state (i.e. turning on) during an accident. In other embodiments, a
smooth cylinder with a gap between boron carbide rod 108 and reactor core 104
may be utilized.

[0026] In some embodiments, as boron carbide rod 108 is slowly withdrawn,
reactor core 104 may start fission on its own. Fission may not occur until boron
carbide rod 108 is pulled far enough so that reactor 102 reaches a critical state.

It should be noted that when fission starts to occur, boron carbide rod 108 may
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be partially located within reactor core 104. Also, fission may start by a stray
neutron. As boron carbide rod 108 continues to be pulled out of reactor core
104, reactor core 104 heats up. The heating process reduces the reactivity in
reactor core 104 (e.g., as reactor core 104 expands, more neutrons leak out and
don't fission). After boron carbide rod 108 is completely pulled out of reactor
core 104, a balance (or equilibrium) is reached between the neutrons that are
produced and the neutrons that have leaked out. This equilibrium will continue
until the system is disturbed.

[0027] The rotating drive (not shown), i.e., the motor that drives rod 108,
may be placed on either side of reactor core 104. However, due to concerns of
radiation doses to the rotating drive, the rotating drive is generally placed on the
far side of a radiation shield 112. Because embodiments described herein may
use a lower power concept, the rotating drive may also be placed below reactor
core 104.

[0028] It should be appreciated that in order to “start” reactor 102, rod 108
may be withdrawn in small increments by the rotating drive until initial
supercriticality is achieved. The reactor power may increase exponentially until
reactor 102 starts to heat up, at which point natural reactivity feedback will
begin to reduce the level of supercriticality. In the absence of rod 108 or power
conversion system action, reactor 102 may oscillate slowly to a stable, critical
point at low power. This process may be expedited by movements of rod 108

to mitigate overshoot and undershoot using the appropriate instruments and
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controls. The process of withdrawing rod 108 may continue until the desired
operating temperature is achieved. At some point during the rod removal
process, heat pipes 110 may reach a sufficiently high temperature to cause the
thermal energy to be transferred from reactor core 104 to Stirling engines 116.
See FIG. 1C.

[0029] Once power system 100 reaches a steady state, the power from reactor
102 may passively generate heat that powers Stirling engines 116. Reactor 102
may include a liner (not shown) to prevent material interactions. Reactor 102
may also self-regulate the fission reactions and eliminate the need for
complicated control systems. For example, if power demand increases, reactor
102 may be configured to decrease in temperature adding additional reactivity
to cause reactor power to increase, matching the demand for more power. If the
power demand decreases, however, reactor 102 is configured to increase in
temperature lowering reactor power to accommodate for the lower demand of
power. Stated differently, reactor 102 is configured to increase or decrease
reactivity depending on the power demand.

[0030] Also, instead of using complex coolant loops within reactor 102, heat
pipes 110 are used for cooling purposes in some embodiments. For example,
heat pipes 110 may be embedded within reactor 102 and act as passive heat
removal devices that efficiently transfer thermal energy. See, for example, FIG.
1C. In some embodiments, heat pipes 110 may be placed near reactor core 104,

increasing the temperature of heat pipes 110 and improving the efficiency of
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Stirling engines 116. It should be appreciated that depending on the structural
requirements, heat pipes 110 may be placed within reactor core 104 or between
an outer wall of reactor 102 and outside of reactor core 104. In certain
embodiments, heat pipes 110 may be composed of stainless steel with sodium
or another liquid metal as the working fluid.

[0031] As shown in FIG. 1C, heat pipes 110 may extend from reactor 102
into Stirling engines 116. Heat pipes 110 pass through radiation shield 112.
Radiation shield 112 may absorb gamma rays and neutrons emitted from
reactor 102 to prevent damage to the sensitive electronics in Stirling engine 116.
In certain embodiments, a plurality of radiation shields 112 may be used. In
such embodiments, a circular piece of metal 114 may clamp each of radiation
shields 112 together. See FIG. 1D.

[0032] Radiation shield 112 may utilize lithium hydride, canned in stainless
steel, as the neutron shield material and depleted uranium as the gamma shield
material. The lithium hydride may be enriched in the isotope °Li to reduce the
gamma source from neutrons captured in the stainless steel and depleted
uranium. Radiation shield 112 may also utilize three layers of lithium hydride
and depleted uranium in some embodiments, with each layer of lithium hydride
placed in a stainless steel can. Radiation shield 112 may contain full
penetrations for heat pipes 110, plus a gap for multi-foil insulation to reduce or

prevent heating of radiation shield 112 and parasitic power loss. Stated

10
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differently, radiation shield 112 may protect components of the spacecraft,
including Stirling engines 116 and onboard electronics (not shown).

[0033] Radiators 122 may radiate excess or rejected heat into space. As
shown in FIG. 1D, radiators 122 are connected to cold sides 120 of Stirling
engines 116 while heat pipes 110 are connected to hot sides 118 of Stirling
engines 116. Stirling engines 116 in this embodiment may be free piston
engines. Thermal energy received from hot sides 118 of Stirling engines 116 is
used to generate electricity for the spacecraft in some embodiments. Excess
thermal energy can be absorbed by radiators 122 through cold sides 120 of
Stirling engines 116. In essence, the wasted thermal energy is rejected to
radiators 122.

[0034] FIG. 2A illustrates a power system 200, according to an embodiment
of the present invention. Power system 200 includes similar components to
power system 100 of FIG. 1A. Similar to FIG. 1D, radiators 222 are connected
to cold sides 224 of Stirling engines 216 while heat pipes 110 are connected to
hot sides 226 of Stirling engines 216. However, in FIG. 2A, unlike the heat
pipes shown in FIGS. 1A-C, heat pipes 210 of power system 200 are located
near or outside of radiation shield 212. See, for example, FIGS. 2A and 2B. As
thermal energy is transferred from reactor core 204 to Stirling engines 216, heat
pipes 210 may experience stress and thermal expansion. To account for these
issues, heat pipes 210 are placed outside of radiation shield 212 in this

embodiment.

11
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[0035] Also, in this embodiment, heat pipes 210 are placed near reactor core
204. See, for example, FIGS. 2A and 2C. In FIG. 2C, for example, reactor
core 204 includes a plurality of grooves 228, allowing the heat pipes (not shown)
to be placed close to reactor core 204. By placing the heat pipes closer to
reactor core 204, the transfer of thermal energy to Stirling engines 216 is
improved, thereby increasing the potential power that can be produced.

[0036] Also, in this embodiment, to secure heat pipes near reactor core 204, a
plurality of rings 232 can be used. In other embodiments, other types of
securing mechanisms, such as clamps, can be used to secure the heat pipes near
reactor core 204. Other securing techniques may also be used. For example,
the heat pipes may be welded to secure the heat pipes near reactor core 204.
[0037] Unlike Stirling engines 116 shown in FIG. 1D, Stirling engines 216
are located at or near the center of radiation shields 212. See FIGS. 2A and 2B.
In this embodiment, by placing Stirling engines 216 in a vertical direction (see
FIGS. 2A and 2B) instead of a horizontal direction (see FIG. 1D), sufficient
space can be created to house Sterling engines 216 at or near the center of
radiation shields 212. To securely mount Stirling engines 216 in pairs, Stirling
engines 216 are grouped near the center of shield block 230. By mounting
Stirling engines 216 in pairs, any potential vibration effects can be offset.

[0038] Certain embodiments of the present invention pertain to a power
system including a nuclear reactor. The power system may generate at least

500 watts of electricity for approximately 30 years in some embodiments. To

12



WO 2014/204543 PCT/US2014/031874

generate this electricity, the power system may utilize heat pipes to passively
extract and transfer thermal energy from uranium, which serves as fuel for the
nuclear reactor. The extracted thermal energy may be used to power Stirling
engines. This allows the Stirling engines to power probes and other spacecraft
for deep space exploration, such as exploring the outer planets of the solar
system, i.e., Mars and beyond.

[0039] One having ordinary skill in the art will readily understand that the
invention as discussed above may be practiced with steps in a different order,
and/or with hardware elements in configurations which are different than those
which are disclosed. Therefore, although the invention has been described
based upon these preferred embodiments, it would be apparent to those of skill
in the art that certain modifications, variations, and alternative constructions

would be apparent, while remaining within the spirit and scope of the invention.

13
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CLAIMS:

1. An apparatus, comprising:

a reactor configured to generate thermal energy using a reactor core; and

a plurality of heat pipes configured to transfer thermal energy from the
reactor core to a plurality of Stirling engines to generate electricity for a

spacecratft.

2. The apparatus of claim 1, wherein the reactor core comprises

uranium as a fuel source.

3. The apparatus of claim 1, further comprising:

a plurality of radiation shields positioned between the plurality of
Stirling engines and the reactor core, wherein

the plurality of radiation shields are configured to absorb gamma rays
and neutrons emitted from the reactor to mitigate against damage to electronics
of the spacecraft, the plurality of Stirling engines, and electronics of the

plurality of Stirling engines.

4. The apparatus of claim 1, wherein the plurality of heat pipes pass

through a plurality of radiation shields.

14
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5. The apparatus of claim 4, wherein the plurality of heat pipes are

embedded within the plurality of radiation shields.

6. The apparatus of claim 4, wherein the plurality of heat pipes are
positioned outside of the plurality of radiation shields to accommodate thermal

expansion.

7. The apparatus of claim 1, wherein the plurality of heat pipes are
connected to a hot side of the plurality of Stirling engines such that the thermal

energy from the reactor core can be delivered to the plurality of Stirling engines.

8. The apparatus of claim 1, further comprising:
a plurality of radiators connected to a cold side of the plurality of Stirling

engines to absorb excess thermal energy received from the reactor core.

9. The apparatus of claim 1, wherein the reactor comprises a rod

configured to activate the reactor core when the rod is removed from the reactor

core and deactivate the reactor core when the rod is inserted into the reactor

core.

10.  An apparatus, comprising:

15
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a plurality of engines configured to produce electricity for a spacecraft;
and

a plurality of heat pipes, each of the plurality of heat pipes connected to a
reactor core at one end and connected to one of the plurality of engines at
another end, wherein

the plurality of heat pipes is configured to transfer thermal energy from

the reactor core to the plurality of engines.

11.  The apparatus of claim 10, wherein the reactor core comprises

uranium as a fuel source.

12.  The apparatus of claim 10, wherein the plurality of heat pipes

pass through a plurality of radiation shields.

13.  The apparatus of claim 12, wherein the plurality of heat pipes are

embedded within the plurality of radiation shields.

14.  The apparatus of claim 12, wherein the plurality of heat pipes are

positioned outside of the plurality of radiation shields.

16
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15.  The apparatus of claim 10, wherein the plurality of heat pipes are
connected to a hot side of the plurality of engines such that the thermal energy

from the reactor core can be delivered to the plurality of engines.

16.  The apparatus of claim 10, further comprising:

a plurality of radiation shields positioned between the plurality of
Stirling engines and the reactor core, wherein

the plurality of radiation shields are configured to absorb gamma rays
and neutrons emitted from the reactor to prevent damage to electronics of the
apparatus, the plurality of Stirling engines, and electronics of the plurality of

Stirling engines.

17.  The apparatus of claim 10, further comprising:
a plurality of radiators connected to a cold side of the plurality of Stirling

engines to absorb excess thermal energy from the reactor core.

18.  The apparatus of claim 10, wherein the reactor comprises a rod
configured to activate the reactor core when the rod is removed from the reactor
core and deactivate the reactor core when the rod is inserted into the reactor

core.

19.  An apparatus, comprising:

17
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a plurality of heat pipes configured to transfer thermal energy from a
uranium enriched reactor to a plurality of Stirling engines, wherein

the uranium enriched reactor comprises a uranium core configured to
generate thermal energy when a rod is removed from the uranium enriched

reactor.

20. The apparatus of claim 19, wherein the plurality of heat pipes

pass through, and are partially located outside of, a plurality of radiation shields.

18
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