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MOLTEN FUEL NUCLEAR REACTOR WITH NEUTRON
REFLECTING COOLANT

[0001] This application is being filed on May 2, 2017, as a PCT International
patent application, and claims the benefit of priority to U.S. Provisional Patent
Application No. 62/330,726, titled “IMPROVED MOLTEN FUEL REACTOR
CONFIGURATIONS?”, filed May 2, 2016.

Introduction

[0002] A particular classification of fast nuclear reactor, referred to as a “breed-
and-burn” fast reactor, includes a nuclear reactor capable of generating more fissile
nuclear fuel than it consumes. That is, the neutron economy is high enough to breed
more fissile nuclear fuel (e.g., plutonium-239) from fertile nuclear reactor fuel (e.g.,
uranium-238) than it burns in a fission reaction. In principle, a breed-and-burn reactor
may approach an energy extraction rate of 100% of the fertile materials. To initiate the
breeding process, a breed-and-burn reactor must first be fed with an amount of fissile
fuel, such as enriched uranium. Thereafter, breed-and-burn reactors may be able to
sustain energy production over a timespan of decades without requiring refueling and
without the attendant proliferation risks of conventional nuclear reactors.

[0003] One type of breed-and-burn reactor is a molten salt reactor (MSR).
Molten salt reactors are a class of fast spectrum nuclear fission reactors wherein the
fuel is a molten salt fluid containing mixed or dissolved nuclear fuel, such as uranium
or other fissionable elements. In an MSR system, the unmoderated, fast neutron
spectrum provided by fuel salts enables good breed performance using the uranium-
plutonium fuel cycle. In contrast to the fast spectrum neutrons that dominate breeding
of fissile fuel from fertile fuel, thermal neutrons dominate the fission reaction of fissile
fuel. A fission reaction resulting from a collision of a thermal neutron with a nuclide
can consume the fissile fuel in a fission reaction, releasing fast spectrum neutrons,
gamma rays, large amounts of heat energy and expelling fission products, such as
smaller nuclei elements. Consuming nuclear fuel is referred to as burnup or fuel

utilization. Higher burnup typically reduces the amount of nuclear waste remaining
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after the nuclear fission reaction terminates. The fast neutron spectrum also mitigates
fission product poisoning to provide exceptional performance without online
reprocessing and the attendant proliferation risks. The design and operating parameters
(e.g., compact design, low pressures, high temperatures, high power density) of a
breed-and-burn MSR, therefore, offer the potential for a cost-effective, globally-

scalable solution to zero carbon energy.

Molten Fuel Nuclear Reactor With Neutron Reflecting Coolant

[0004] During operation of an MSR system, molten fuel salt exchange can allow
some control over reactivity and breeding in the reactor core within desired operational
bounds by altering the composition of the circulating molten fuel salt. In some
implementations, the reactor core is wholly or partially enclosed in a neutron reflector
assembly containing a neutron reflector material. The disclosed dynamic neutron
reflector assembly allows additional dynamic and/or incremental control over reactivity
and breed rate by adjusting reflectivity characteristics of a neutron reflector assembly to
manage the neutron spectrum in the reactor core. Such control manages the reactivity
and the breed rate in the reactor core. The composition of materials in the dynamic
neutron reflector assembly may be altered by selectively inserting or removing neutron-
spectrum-influencing materials, such as neutron reflectors, moderators or absorbers, to
dynamically manage the dynamic neutron reflector assembly’s neutron-spectrum-
influencing characteristics (“reflectivity characteristics”). Alternatively, these
reflectivity characteristics may be adjusted by varying the temperature, density, or
volume of the material in the dynamic neutron reflector assembly. In some
implementations, the dynamic neutron reflector assembly may include a flowing
neutron reflector material that is in thermal contact with the fuel (e.g., molten fuel salt).
The flowing neutron reflector material may be in any appropriate form including,
without limitation, fluids like lead bismuth, slurry of suspended particulates, solids such
as a powder, and/or pebbles such as carbon pebbles. The dynamic neutron reflector
assembly may selectively circulate or flow through the assembly one or more neutron
absorbing materials, such that it is possible to selectively add or remove reflector

material therefrom. In other implementations, the flowing neutron reflector material can
2
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extract heat from the molten fuel salt in a heat exchanger via a primary or secondary

coolant circuit.

Brief Descriptions of the Drawings

[000S] FIG. 1 depicts a schematic view of an example neutron reflector assembly
on a molten fuel salt fast reactor system.

[0006] FIG. 2 depicts a plot of reflectivity against time in a fast spectrum molten
salt reactor of one or more example dynamic neutron reflector assemblies against other
neutron reflector assembly configurations.

[0007] FIG. 3 depicts a schematic view of an example segmented neutron
reflector assembly surrounding a molten nuclear fuel salt fast reactor.

[0008] FIG. 4 illustrates an example molten salt fuel nuclear reactor with a
neutron reflector assembly equipped with an overflow tank.

[0009] FIG. 5 depicts a top-down view schematic view of an example neutron
reflector assembly with a plurality of sleeves.

[0010] FIG. 6 depicts a top-down schematic view of an example neutron reflector
assembly with a plurality of sleeves including neutron moderating members.

[0011] FIG. 7 depicts a top-down schematic view of an example molten nuclear
fuel salt fast reactor core surrounded by a neutron reflector assembly in thermal
communication with heat exchangers.

[0012] FIG. 8 depicts a top-down schematic view of an example molten nuclear
fuel salt fast reactor core surrounded by a neutron reflector assembly in thermal
communication with heat exchangers including neutron moderating members.

[0013] FIG. 9 depicts a top-down schematic view of an example molten nuclear
fuel salt fast reactor core surrounded by a neutron reflector assembly in thermal
communication with heat exchangers including neutron absorbing members and
volumetric displacement members.

[0014] FIG. 10 depicts a side schematic view of an example molten nuclear fuel
salt fast reactor core surrounded by a neutron reflector assembly in thermal

communication with a molten nuclear fuel salt through a tube and shell heat exchanger.
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[0015] FIG. 11 depicts a top-down schematic view of an example molten nuclear
fuel salt fast reactor core surrounded by a neutron reflector assembly in thermal
communication with a molten nuclear fuel salt through a tube and shell heat exchanger.

[0016] FIG. 12 depicts a flow diagram of an example method of dynamic
spectrum shifting in a molten nuclear fuel salt fast reactor.

[0017] FIG. 13 depicts a flow diagram of another example method of dynamic
spectrum shifting in a molten nuclear fuel salt fast reactor.

[0018] FIG. 14 depicts a flow diagram of another example method of dynamic
spectrum shifting in a molten nuclear fuel salt fast reactor.

[0019] FIG. 15 depicts a flow diagram of another example method of dynamic
spectrum shifting in a molten nuclear fuel salt fast reactor.

[0020] FIG. 16 depicts a flow diagram of another example method of dynamic
spectrum shifting in a molten nuclear fuel salt fast reactor.

[0021] FIG. 17 depicts a top-down schematic view of an example neutron
reflector assembly with a plurality of sleeves and a static neutron reflector sub-
assembly.

[0022] FIG. 18 depicts a top-down schematic view of an example molten nuclear
fuel salt fast reactor core surrounded by a neutron reflector assembly including an inner
annular channel and an outer annular channel and further including volumetric
displacement members.

[0023] FIG. 19 depicts a top-down schematic view of an example molten nuclear
fuel salt fast reactor core surrounded by a neutron reflector assembly including an inner
annular channel and an outer annular channel.

[0024] FIG. 20 depicts a top-down schematic view of an example molten nuclear
fuel salt fast reactor core surrounded by a neutron reflector assembly including an inner
annular channel and an outer annular channel wherein the inner annular channel
contains a volume of molten fuel salt.

[0025] FIG. 21 is a top-down schematic view of an example molten nuclear fuel
salt fast reactor core surrounded by a neutron reflector assembly including an annular
channel containing tubes of varying radius values.

[0026] FIG. 22 illustrates a cross-section view of an embodiment of a reactor

2200 utilizing a circulating reflector material.
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[0027] FIG. 23 illustrates an embodiment of a reactor with a shell-side fuel/tube-
side primary coolant heat exchanger configuration using the same cross-section view of
half of the reactor as in FIG. 22.

[0028] FIG. 24 illustrates an embodiment of a liquid neutron-reflector cooled

reactor.

Detailed Descriptions

[0029] FIG. 1is a schematic view of an example molten salt reactor (MSR)
system 100 enabling an open breed-and-burn fuel cycle with fuel feed 102 and fuel
outlet 104. The fuel outlet 104 flows molten fuel salt 108 from a reactor vessel 107
through a primary coolant loop to an external heat exchanger (not shown), which
extracts heat (e.g., for use in a steam turbine) and cools the molten fuel salt 108 for
return to the reactor vessel 107 via the fuel feed 102. The molten fuel salt 108 flows
into the reactor vessel 107 through a molten fuel salt input 111 and flows out of the
reactor vessel 107 through a molten fuel salt output 113.

[0030] The reactor core section 106 is enclosed by the reactor vessel 107, which
may be formed from any material suitable for use in molten salt nuclear reactors. For
example, the bulk portion of the reactor core section 106 may be formed from one or
more molybdenum alloys, one or more zirconium alloys (e.g., Zircaloy), one or more
niobium alloys, one or more nickel alloys (e.g., Hastelloy N) or high temperature steel
and other similar materials. The internal surface 109 of the reactor core section 106
may be coated, plated or lined with one or more additional material in order to provide
resistance to corrosion and/or radiation damage.

[0031] Reactor core section 106 is designed to maintain a flow of a molten fuel
salt 108, wherein such flow is indicated by hollow tip thin arrows as in FIG. 1. In one
implementation, the reactor vessel 107 enclosing the reactor core section 106 may have
a circular cross-section when cut along a vertical or Z-axis (i.e., yielding a circular
cross-section in the XY plane), although other cross-sectional shapes are contemplated
including without limitation ellipsoidal cross-sections and polygonal cross-sections.

[0032] As part of the reactor startup operation, the MSR system 100 is loaded

with an enriched fuel charge of initial molten fuel, such as uranium-233, uranium-235,
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or plutonium-239. In one implementation, uranium-235 is used as a startup fuel in the
form of PuCls, UCls, UCl3, and/or UFs along with a carrier salt (e.g., NaCl, NaF, etc.).
In one example, the initial molten fuel mixture contains enriched uranium at 12.5w%,
although other compositions may be employed. The initial molten fuel circulates
through the reactor core section 106 of the MSR system 100, ignited by the criticality
or reactivity of thermal neutrons of the enriched uranium. During operation, the initial
molten fuel may be augmented by the breed-and-burn processes and by extraction and
supplementation of molten fuel salt in varying compositions and amounts, in one
approach, to managing the reactivity in the reactor core section 106.

[0033] A neutron reflector assembly 110 is disposed at or near the exterior of the
reactor core section 106, such that the neutron reflector assembly 110 surrounds at least
a portion of the nuclear fission region within the reactor core section 106. The neutron
reflector assembly 110 may be designed in a single contiguous piece or may be
composed of multiple segmented reflectors as explained in more detail below. The
neutron reflector assembly 110 may be formed from and/or include any material
suitable for neutron reflection, neutron moderation and/or neutron absorption, such as,
for example, one or more of zirconium, steel, iron, graphite, beryllium, tungsten
carbide, lead, lead-bismuth, etc.

[0034] Among other characteristics, the neutron reflector assembly 110 is
suitable for reflecting neutrons emanating from the reactor core section 106 back into
the molten fuel salt 108, according to dynamic incrementally adjustable reflectivity
characteristics. One type of a dynamic incrementally adjustable reflection characteristic
is neutron reflection, an elastic scattering of neutrons as they collide with reflector
nuclei. Colliding neutrons are scattered at substantially the same energy with which
they arrived but in a different direction. In this manner, a high percentage of fast
spectrum neutrons can be reflected back into the reactor core section 106 as fast
spectrum neutrons, where they can collide with fertile nuclear material to breed new
fissile nuclear material. Accordingly, neutron reflector material in the neutron reflector
assembly 110 can enhance the breed operation of a breed-and-burn fast reactor.

[0035] Additionally, or alternatively, another dynamically adjustable reflection
characteristic is neutron moderation, an inelastic scattering of neutrons as they collide
with moderator nuclei. Colliding neutrons are scattered at a lower energy than that with

6
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which they arrived (e.g., a fast spectrum neutron scatters as a thermal spectrum
neutron) and with a different direction. In this manner, a high percentage of fast
spectrum neutrons can be reflected back into the reactor core section 106 as thermal
neutrons, where they can collide with fissile nuclear material and result in a fission
reaction. Accordingly, neutron moderator material in the neutron reflector assembly
110 can enhance the burn-up operation of a breed-and-burn fast reactor.

[0036] Additionally or alternatively, another dynamically adjustable reflection
characteristic is neutron absorption, also known as neutron capture: a nuclear reaction
in which an atomic nucleus and one or more neutrons collide and merge to form a
heavier nucleus. Absorbed neutrons are not scattered but remain part of the merged
nuclei unless released at a later time, such as part of a beta particle. Neutron absorption
provides the reflectivity characteristic of zero or minimal reflection. In this manner, fast
and thermal neutrons emanating from the reactor core may be prevented from scattering
back into the reactor core section 106 to collide with fissile or fertile material.
Accordingly, neutron absorbing material in the neutron reflector assembly 110 can
diminish the breed operation and burn operation of a breed-and-burn fast reactor.

[0037] Dynamic control over neutron reflectivity characteristics of the neutron
reflection assembly 110 permits selection of a desired reactivity level in reactor core
section 106. For example, molten fuel salt 108 requires a minimum level of thermal
neutron contact to remain critical in reactor core section 106. The dynamic neutron
reflector assembly 110 may be adjusted to provide the reflectivity characteristics for
maintaining or contributing to the criticality in the molten fuel salt 108 within the
reactor core section 106. As another example, it may be desired to operate the MSR
system 100 at full power, which would motivate an increased thermalization of
neutrons in the reactor core section 106 to increase the fission rate. The reflectivity
characteristics of dynamic neutron reflector assembly 110 could be therefore increased
to provide more moderation until a desired reactivity level representing full power for
the reactor core section 106 has been reached.

[0038] In contrast, as MSR system 100 is a breed-and-burn reactor, it may be
desired to dynamically control breed rate at various points over the lifecycle of the
reactor. For example, early in the reactor’s lifecycle, a high breed rate may be desired
to increase the availability of fissile material in reactor core section 106. The

7
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reflectivity characteristics of dynamic neutron reflector 110 may therefore be adjusted
to provide increased reflection of fast neutrons into reactor core section 106 to breed
more fertile material into fissile fuel. As more fast neutrons are reflected into reactor
core section 106 over time, the fast neutrons may breed fertile material into fissile
material until a desired concentration of fissile material has been reached. Later in the
reactor’s lifecycle, it may be desirable to increase burnup to provide increased power
through increased burnup. The reflectivity characteristics of dynamic neutron reflector
assembly 110 may therefore be adjusted to increase moderation of fast neutrons into
thermal neutrons to maintain the desired burn rate.

[0039] In this way, the core reactivity and the ratio of breeding to burning may be
accurately controlled over time by adjusting the reflectivity characteristics of dynamic
neutron reflector assembly 110. For example, an operator of the MSR system 100 may
wish to maintain a high and consistent burn profile over time. In some
implementations, a desired burn profile is a burn profile that remains near maximum
burn rate of the MSR system 100 over an extended period of time, such as over a period
of years or decades. Reflectivity characteristics of dynamic neutron reflector assembly
110 may be chosen at various intervals over the extended period of time to obtain such
a burn profile. As in the example above, early in the life cycle of the MSR system 100,
reflectivity characteristics may be chosen to reflect more fast neutrons into reactor core
section 106 to breed fertile material into fissile material until a desired concentration of
fissile material has been reached. Reflectivity characteristics may be again adjusted for
increased thermalization appropriate to the concentration of fissile material. Over time,
as the fissile material is burned, reflectivity characteristics of dynamic neutron reflector
assembly 110 may again be adjusted to introduce more breeding through fast neutron
reflection, by reducing moderation and/or increasing fast neutron reflection. These
adjustments may continue such that the burn profile of MSR system 100 remains high,
and fertile material is bred into fissile material at a rate sufficient to supply the MSR
system 100 with fuel over the extended period.

[0040] FIG. 2 is a plot 200 of reactivity against time of a fast spectrum MSR with
one or more dynamic reflector assemblies against two other assembly configurations
with static neutron influencing characteristics. A plot line 202 shows reactivity over

time for a fast spectrum MSR reactor with static lead neutron reflector assembly
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surrounding a reactor core, wherein the lead neutron reflector assembly tends to
elastically scatter fast neutrons into the reactor core. After a time To, when the reactor is
started with an initial fuel charge, breeding of fertile fuel may occur rapidly due to
reflection of fast neutrons into the reactor core. After T, reactivity on the plot line 202
gradually increases over time as the breeding increases the amount of available fissile
material to burn, reaching a maximum at a time near Ts4. Breeding may slow over time
with increasing burnup as fertile fuel previously present in the reactor core is converted
to fissile material or fissioned due to increased competition for neutrons with products
of fission. The plot line 202 does not show a constant reactivity level over time
because, near the beginning of the period, there are not sufficient fast neutrons in the
fuel region to breed enough fissile material to support a high burn rate. Over time, the
larger number of fast neutrons breeds fertile material into fissile material, and reactivity
increases but remains below the maximum burn rate of which the reactor is capable.
Near the end of the period, around time Ts, reactivity reaches a local maximum and
begins to decline as the supply of fertile material begins to decline.

[0041] A plot line 204 shows reactivity over time for a fast MSR with a static
graphite moderator configuration, wherein the moderating neutron reflector assembly
tends to provision the reactor core with thermalized neutrons. On the plot line 204,
reactivity begins around time To at a relatively higher level than plot line 202 due in
part to thermalization caused by the graphite moderator increasing the probability of
fission. Plot line 204 may drop significantly near time To due to thermal spectrum
multiplication adjacent to the graphite reflector. Reactivity may then gradually reduce
over time in a generally linear manner as the thermal neutrons burn fissile fuel in the
reactor core. The plot line 204 is similar to plot line 202 in the respect that neither plot
line reaches or maintains a maximized burn rate achievable within the reactor core. The
plot line 204 does not reach the reactor’s maximum burn rate because there are not
enough fast neutrons to maintain a breeding rate high enough to support the burn rate as
time progresses though the period To-Ts. In the plot lines 202 and 204, the burn rate is
not optimized over the time period To-Ts. Instead, each plot has a period of relatively
higher burn rate and a period of relatively lower burn rate over the course of the graph.

[0042] The plot lines 202 and 204 are shown in contrast to plot line 206. The plot

line 206 illustrates reactivity over time for a fast MSR system with a dynamic neutron
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reflector assembly, starting with a high moderator configuration and changing to a high
reflector configuration, thereafter being dynamically controlled to achieve desired
reactivity conditions within the reactor core. Reactivity over time on the plot line 206
starts relatively high after an initial fuel charge is loaded around time To, and remains
high due to the dynamically controllable nature of the reflection and thermalization of
neutrons. Around time To, the composition of material in the neutron reflection
assembly is adjusted for a moderation rate that correlates with the concentration of
fissile material available in the fuel region at that time. As the burn up progresses, the
composition of material in the neutron reflection assembly is adjusted to increase fast
neutron reflection and decrease moderation to continue supplying the fuel region with
newly bred fissile material while, at the same time, maintaining an appropriate amount
of thermalization to match the current conditions in the fuel region. The adjustments
may be performed continuously or as a batch process, and continue over time towards
Ts. An effect of these dynamic neutron reflector assembly adjustments is to maintain a
relatively stable and high reactivity rate over the entire period To-Ts that is not feasible
with static moderators and neutron reflectors, such as those represented by the plot lines
202 and 204, respectively. Nevertheless, the same dynamic neutron reflector assembly
may be used to control reactivity in other ways (e.g., to reduce reactivity, etc.).

[0043] It should also be noted that inclusion of a neutron absorber within the
neutron reflector assembly can also impact the reactivity within the reactor core.
Dynamic adjustments among neutron reflector, moderator, and absorber materials
within the neutron reflector assembly can provide richer control options than static
neutron reflector assemblies alone.

[0044] FIG. 3 is a schematic view of a segmented dynamic neutron reflector
assembly 300 surrounding an MSR core 301. The MSR core 301 is equipped with a
fuel feed 308 and a fuel outlet 310. The fuel outlet 310 flows molten fuel salt from a
reactor vessel 303 through a primary coolant loop to an external heat exchanger (not
shown), which extracts heat (e.g., for use in a steam turbine) and cools the molten fuel
salt for return to the reactor vessel 303 via the fuel feed 308. The molten fuel salt flows
into the reactor vessel 303 through a molten fuel salt input 312 and flows out of the

reactor vessel 303 through a molten fuel salt output 314.
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[0045] Segmented dynamic neutron reflector 300 may partially or substantially
surround the MSR core 301. For example, there may be gaps between the
segments 302, 304, 306 or the segments 302, 304, 306 may encircle the MSR core
contiguously. Although three segments of the dynamic reflector assembly 300 are
shown in FIG. 3, it should be understood that the dynamic reflector assembly may
comprise any number of segments. The segments of the dynamic reflector assembly
300 may surround the core by completely or partially encircling the core radially.
Segments of the dynamic reflector assembly 300 may be optionally positioned above
and/or below the reactor core in combination with, or instead of, radial reflector
segments.

[0046] It should be understood that in some cases it may not be possible for the
segmented dynamic neutron reflector to completely surround the reactor core in an
uninterrupted or completely contiguous manner. For example, it may be appropriate to
dispose various structures and instruments around the fast MSR core 301 with
supporting elements such as input/output piping, power supply conduits, data conduits,
and/or other instrumentation, controls, and supporting hardware. These structures and
instruments may require direct or indirect access to the reactor core such that the
segments of the dynamic reflector assembly 300 may need to be shaped or positioned to
accommodate access. Accordingly, in some implementations, it may be appropriate to
permit gaps between the segments or arrangements wherein portions of the area
surrounding the reactor core are not covered by segments of the dynamic reflector
assembly 300.

[0047] Some or each segment 302, 304, 306 of the dynamic reflector assembly
300 may contain one or more channels (not shown in FIG. 3) for conducting a flowing
reflector material. As used in this application, the term channels refers not only to a
tubular enclosed passage, but to any volume suitable for flowing a reflector material. A
flowing reflector material may include materials that may not necessarily be fluids, but
materials that can circulate or flow through the assembly, such that it is possible to
selectively add or remove reflector material therefrom. Examples of suitable neutron
reflector materials include fluids, slurry of suspended particulates, and/or solids such as
a powder, and/or pebbles, such as carbon pebbles, etc. The segments 302, 304, 306 may

contain one or more first channels for conducting a flowing reflector material in a first

11



WO 2017/192607 PCT/US2017/030666

direction, such as, for example, down along the periphery of the respective segments,
and one or more second channels for conducting a flowing reflector material in a
second direction, such as, for example, back up to the top of dynamic neutron reflector
assembly 300. The channels of the various reflector segments may be fluidically
coupled such that the flowing neutron reflector material flows between the segments. In
another implementation, the reflector segments may be fluidically separate from one
another such that flowing reflector material flows into and out of only a single segment.

[0048] In an implementation, one or more of the fluid channels in the reflector
segments may be in thermal communication with a heat exchanger and/or the molten
fuel salt, acting as a coolant. The flowing reflector material may thus exchange heat
with the molten fuel salt, and transfer the heat via the heat exchangers to a secondary
coolant circuit to supply heat from the reactor to a turbine or other electricity generating
equipment. As the flowing reflector material exchanges heat with the reactor core
through a primary and/or a secondary coolant circuit, the flowing reflector material
temperature may fluctuate. As the flowing reflector material’s temperature fluctuates,
its density may vary. For example, in an implementation, the flowing reflector material
is molten lead-bismuth, and the molten lead-bismuth will experience a higher density at
lower temperatures. As the temperature of the molten lead-bismuth lowers and its
density rises, the number of molecules per unit volume of the lead-bismuth will
increase. As the number of molecules per unit volume increases (i.e., higher density),
the likelihood of reflecting a fast spectrum neutron emanating from the reactor core
increases, thus increasing the effective reflectivity of the flowing reflector material
without changing the volume of the material. In another implementation, the density of
the flowing reflector material may be adjusted by introducing a non-reflective material
(such as non-reflective material particulates, fluids gas bubbles, etc.) into the flowing
reflector material. In yet another implementation, the density of the flowing reflector
material may be adjusted by adjusting environmental characteristics to vaporize the
flowing reflector material into a low density vapor phase. In this way, the material
composition of the dynamic neutron reflector assemblies, and thus its reflectivity, may
be altered.

[0049] FIG. 4 illustrates an MSR system 400 with a dynamic flowing neutron
reflector assembly 406 equipped with a spillover reservoir 408. A molten fuel salt 402
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flows in an upward direction as it is heated by the fission reaction in the internal central
reactor core section and flows downward as it cools around the internal periphery of the
reactor vessel 401. In FIG. 4, hollow tip arrows indicate the flow of molten fuel salt
through MSR system 400. The constituent components of the molten fuel may be well-
mixed by the fast fuel circulation flow (e.g., one full circulation loop per second). In
one implementation, one or more heat exchangers 404 are positioned at the internal
periphery of the reactor vessel 401 to extract heat from the molten fuel flow, further
cooling the downward flow, although heat exchangers may additionally or alternatively
be positioned outside the reactor vessel 401.

[0050] MSR system 400 includes dynamic neutron reflector assemblies 406.
Operating temperatures of MSR system 400 may be high enough to liquefy a variety of
suitable neutron reflector materials. For example, lead and lead-bismuth melt at
approximately 327 °C and 200 °C, respectively, temperatures within the operating
range of the reactor. In an implementation, dynamic neutron reflector assemblies 406
are configured to contain a flowing and/or circulating fluid-phase of the selected
neutron reflector materials (e.g., lead, lead-bismuth, etc.). In FIG. 4, solid tip arrows
indicate the flow of neutron reflector material. Dynamic neutron reflector assemblies
406 may be formed from any suitable temperature and radiation resistant material, such
as from one or more refractory alloys, including without limitation one or more nickel
alloys, molybdenum alloys (e.g., a TZM alloy), tungsten alloys, tantalum alloys,
niobium alloys, rhenium alloys, silicon carbide, or one or more other carbides. In an
implementation, dynamic neutron reflector assemblies 406 are positioned on, and
distributed across, the external surface of the reactor core section. In implementations,
the dynamic neutron reflector assemblies 406 may be segmented, as explained above
with reference to FIG. 3. In an implementation, dynamic neutron reflector assemblies
406 are arranged radially across the external surface of the reactor core section.
Dynamic neutron reflector assemblies 406 may be arranged to form a contiguous
volume of neutron reflector material around the reactor core section. Any geometrical
arrangement and number of dynamic neutron reflector assemblies 406 is suitable for the
technology described herein. For example, dynamic neutron reflector assemblies 406
may be arranged in a stacked ring configuration, with each module filled with a flow of

neutron reflector material to form a cylindrical neutron reflecting volume around the
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reactor core section. Dynamic neutron reflector assemblies 406 may also be arranged
above and below the reactor core section.

[0051] The composition of the dynamic neutron reflector assemblies 406 may be
adjusted to change reflectivity characteristics, such as, for example, by adjusting the
volume of the flowing reflector material in reflectors 406. One way of adjusting the
volume of the flowing reflector material in reflectors 406 is to pump the material into
or out of dynamic reflectors 406 into spillover reservoir 408 via piping assembly 410
and pump 414. To decrease the volume of the flowing neutron reflector material, and
thus to decrease the reflectivity characteristics of reflectors 406, a portion of the
flowing neutron reflector material may be pumped or displaced into spillover reservoir
408 via piping assembly 410. A valve 412 and pump 414 may cooperate to regulate the
flow of the flowing neutron reflector material through piping assembly 410. To
increase the volume of the flowing neutron reflector material, valve 412 and pump 414
may cooperate to flow the flowing neutron reflector material out of overflow tank 408
and back into reflectors 406 via piping assembly 410. In another implementation, the
reflectivity of dynamic neutron reflector assemblies 406 may be adjusted by regulating
the temperature, and thus the density, of the flowing neutron reflector material.
Changes in the density of the flowing neutron reflector material alter its neutron
reflective characteristics as denser materials have a higher mass per unit volume.
Denser materials will contain more molecules per unit volume, and are therefore more
likely to reflect neutrons because any neutron travelling through the denser material
will be more likely to strike a molecule of the flowing neutron reflector material and
thus be reflected. Pump 414 and valve 412 may cooperate to increase or decrease the
flow rate of the flowing neutron reflector material into or out of dynamic neutron
reflectors 406 to regulate the temperature of the reflecting flowing neutron reflector
material. In other implementations, spillover reservoir 408 may be replaced with other
configurations, such as a closed circuit loop.

[0052] The MSR system 400 may include a flowing neutron reflector material
cleaning assembly 416. The flowing neutron reflector material cleaning assembly 416
is in fluid communication with the piping assembly 410, and may be located on either
side of valve 412 and pump 414. The flowing neutron reflector material cleaning

assembly 416 may filter and/or control the chemistry of the neutron reflector material.
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For example, the flowing neutron reflector cleaning assembly 416 may remove oxygen,
nitrites, and other impurities from the neutron reflector material. In an implementation,
a zircon nitrite coating in the neutron reflector cleaning assembly 416 is configured to
control the chemistry of the flowing neutron reflector material. In another
implementation, the flowing neutron reflector cleaning assembly 416 may perform a
“slagging” technique wherein the flowing neutron reflector cleaning assembly 416
captures oxygen as an oxide material. If the oxide material is molten, it may phase
separate and the flowing neutron reflector cleaning assembly 416 may remove the
oxide material from the neutron reflector material by, for example, scraping the oxide
material. In another implementation, the flowing neutron reflector cleaning assembly
416 1s configured for a hydrogen treatment of the neutron reflector material to remove
oxygen contained therein.

[0053] The composition of dynamic neutron reflectors 406 may also be adjusted
by introducing a flowing moderator material. The flowing moderator material may be
held in a reserve tank (not shown) and introduced into dynamic neutron reflectors 406
via piping assembly 410 and pump 414 in fluid communication with the fluid
moderator reserve tank. The flowing moderator material may circulate in dynamic
reflectors 406, and may be removed by pump 414 into the reserve tank via piping
assembly 410. In an implementation, water or heavy water may be used as a flowing
moderating liquid in dynamic neutron reflectors 406. In another implementation,
beryllium may be used as a flowing moderating material in dynamic neutron reflectors
406. In yet another implementation, LiF-BeF2 may be used a flowing moderating
material in dynamic neutron reflectors 406 and/or in the fuel salt itself. The pump 414
may pump the flowing moderator liquid and/or the flowing neutron reflector material
into and out of the dynamic reflectors 406 continuously and/or in a batch process.

[0054] As previously described, neutron absorbing material can also be
incorporated into dynamic neutron reflector assemblies 406, individually or in
combination with various compositions and/or configurations of neutron reflector
materials and neutron moderator materials.

[0055] FIG. 5 is a top-down schematic view of a dynamic neutron reflector
assembly 500 with a plurality of refractory clad sleeves 502 to conduct a flowing
neutron reflector material therethrough. In an implementation, flowing neutron reflector
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assembly 500 substantially surrounds a nuclear fuel region 504 from which fast
spectrum neutrons 506 emanate. In FIG. 5, example paths of fast spectrum neutrons
506 are indicated by lines terminating in double arrows, such as lines 508. The example
fast spectrum neutrons 506 are inelastically scattered (or reflected) from the flowing
reflector material and back into the nuclear fuel region 504. The reflector configuration
of FIG. 5 may be used to incrementally shift neutron spectrum in nuclear fuel region
504 by selectively filling each of the channels 502 with a volume of neutron reflector
material.

[0056] In FIG. 5, the neutron reflector material flows upward through a
refractory clad channel 502 toward the viewer. In an implementation, neutron reflector
material may circulate in channels 502 (e.g., cells, sleeves, conduits, etc.) with input
and output ports above the nuclear fuel region 504 such that no fixtures or ports are
needed beneath the reactor. In other implementations, the neutron reflector material
may flow in only one direction, either in an upward or downward direction, through the
channels 502 with one port above the nuclear fuel region 504 and another port below
fuel region 504. In yet other implementations, the neutron reflector material may
comprise a semi-stagnant or creeping flow through the channels 502. In yet other
implementations, the neutron reflector material may flow through radial input and
output ports.

[0057] The dynamic neutron reflector assembly 500 is in thermal communication
with heat exchanger 510 disposed on the opposite side from fuel region 504. The heat
exchanger 510 may contain one or more types of liquid coolant circulating
therethrough. As neutron reflector 500 exchanges heat with the heat exchanger 510, the
heat exchanger 510 may transport the heat away from the dynamic neutron reflector
assembly 500 as part of a secondary coolant circuit. The secondary coolant circuit may
supply heat to electricity generation equipment, such as, for example, a steam-driven
turbine. In an implementation, molten fuel salt may flow upward through the nuclear
fuel region 504 and downward through the heat exchanger 510, thus exchanging heat as
part of a primary coolant circuit. In other words, the heat exchangers may exchange
heat with both the molten fuel salt and exchange heat with the flowing neutron reflector
in the channels 502. The flow rate of neutron reflector material may be adjusted to vary

contact time with the heat exchangers to vary the temperature of reflector material
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flowing in the channels 502. As the temperature of reflector material varies, its density
changes accordingly. Changes in the density of the reflector material alter its neutron
reflective characteristics as denser materials have a higher mass per unit volume and
are therefore more likely to reflect neutrons. The channels 502 may be formed in
geometric shapes including without limitation square, rectangular, round, circular,
polygonal, etc.

[0058] FIG. 6is a top-down schematic view of a dynamic neutron reflector
assembly 600 with a plurality of sleeves 602 conducting a flowing neutron reflector
material and a plurality of sleeves 604 including neutron moderating members 606
selectively inserted into sleeves 602, 604 in any desired configuration with respect to
which and how many sleeves 602 may receive a neutron moderating member 606.
Dynamic neutron reflector assembly 600 substantially surrounds a fuel region 608 from
which fast spectrum neutrons 610 emanate. In FIG. 6, lines terminating in double
arrows such as lines 612 indicate fast spectrum neutrons. Upon insertion, neutron
moderating members 606 displace a volume of flowing neutron reflector material, thus
altering the neutron reflectivity characteristics of dynamic neutron reflection assembly
600. Since dynamic neutron reflector assembly 600 contains neutron reflecting and
neutron moderating materials, some of the fast spectrum neutrons are reflected back
into fuel region 608, and other fast spectrum neutrons 610 strike neutron moderating
members 606 and are converted into thermal neutrons.

[0059] In FIG. 6, example paths of thermal neutrons are indicated by lines
terminating in single arrows, such as line 614. Example paths of fast spectrum neutrons
are indicated by lines terminating in double arrows. As dynamic reflector assembly 600
converts fast spectrum neutrons into thermal neutrons, the thermal neutrons may be
reflected back into fuel region 608 by the flowing neutron reflector material in the
channels 602, 604, or reflected by another neutron reflector disposed behind dynamic
reflector 600 (not shown). By displacing some of the volume of flowing neutron
reflector material, the overall reflectivity characteristics of reflector 600 are changed,
thus reducing the breed rate in fuel region 608 due to a reduced reflection of fast
spectrum neutrons compared to a configuration without neutron moderating volumetric
displacement members 606. The displacement member configuration shown in FIG. 6

also increases the burn rate in fuel region 608 due to an increase in thermal spectrum
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neutrons compared to a configuration without displacement members. By selectively
inserting neutron moderating volumetric displacement members 606 into reflector 600,
the breed and burn rates, as well as the neutron spectrum, in fuel region 608 may be
dynamically adjusted. The volumetric displacement members 606 may be formed in
geometric shapes including without limitation square, round, rectangular, circular,
polygonal, etc.

[0060] In an embodiment, the overall reflectivity characteristics of the reflector
600 are changed by draining one or more of the channels 602, 604 of the flowing
neutron reflector material, thus leaving empty space in one or more of the channels 602,
604. Active cooling can be provided to the reflector 600 can provide active cooling by
providing thermal communication with the fuel salt and/or with a secondary coolant.

[0061] In FIG. 6, the neutron reflector material flowing in channels 602 flows
upward toward the viewer. In an implementation, neutron reflector material flowing in
channels 602 may circulate in channels 602 with input and output ports above fuel
region 608 such that no fixtures or ports are needed beneath the reactor. In other
implementations, neutron reflector material flowing in channels 602 may flow in only
one direction, either in an upward or downward direction, through channels 602 with
one port above fuel region 608 and another port below fuel region 608. In yet other
implementations, the neutron reflector material may comprise a semi-stagnant or
creeping flow through channels 602. In yet other implementations, the neutron reflector
material may flow through radial input and output ports.

[0062] Heat exchanger 614 may be in thermal communication with dynamic
reflection assembly 600 for exchanging heat from fuel region 608. In an
implementation, the heat exchanger 614 is disposed adjacent on the opposite side of
dynamic reflector assembly 600 from fuel region 608. As the neutron reflector material
flows through the sleeves of dynamic reflector assembly 600, it may transfer heat
emanating from fuel region 608 to the heat exchanger 614 to form a secondary coolant
circuit. The secondary coolant circuit may include one or more secondary coolant loops
formed from piping. The secondary coolant circuit may include any secondary coolant
system arrangement known in the art to be suitable for implementation in a molten fuel
salt reactor. The secondary coolant system may circulate a secondary coolant through
one or more pipes and/or fluid transfer assemblies of the one or more secondary coolant
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looks in order to transfer heat generated by the reactor core and received by the heat
exchanger 614 to downstream thermally driven electrical generation devices and
systems. The secondary coolant system may include multiple parallel secondary
coolant loops (e.g., 2-5 parallel loops), each carrying a selected portion of the
secondary coolant through the secondary coolant circuit. The secondary coolant may
include, but is not limited to, liquid sodium.

[0063] In an implementation, the heat exchanger 614 is protected by one or more
materials effective as a poison or neutron absorber to capture neutrons emanating from
the fuel region 608 before the neutrons interact with, and cause radiation damage to, the
heat exchanger 614. In an implementation, the heat exchanger 614 includes the one or
more materials effective as a poison or neutron absorber. In another implementation,
the one or more materials effective as a poison or neutron absorber are included in the
dynamic reflector assembly 600.

[0064] FIG. 7 is a top-down schematic view of a molten nuclear fuel salt fast
reactor core with fuel region 702 surrounded by a neutron reflector assembly 700.
Neutron reflector assembly 700 contains a neutron reflector material 704 flowing
through channels 712. In FIG. 7, neutron reflector material 704 flows upward toward
the viewer. In an implementation, neutron reflector material 704 may circulate in
channels 712 with input and output ports above fuel region 702 such that no fixtures or
ports are needed beneath the reactor. In other implementations, neutron reflector
material 704 may flow in only one direction, either in an upward or downward
direction, through channels 712 with one port above fuel region 702 and another port
below fuel region 702. In yet other implementations, neutron reflector material 704
may comprise a semi-stagnant or creeping flow through channels 712. In yet other
implementations, neutron reflector material 704 may flow through radial input and
output ports disposed between heat exchangers 706.

[0065] Flowing dynamic neutron reflector material 704 is in thermal
communication with heat exchangers 706. Heat exchangers 706 may contain one or
more types of liquid coolant circulating therethrough. As neutron reflector material 704
exchanges heat with heat exchangers 706, heat exchangers 706 may transport the heat
away from neutron reflector assembly 700 as part of a secondary coolant circuit. The
secondary coolant circuit may supply heat to electricity generation equipment, such as,
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for example, a steam-driven turbine. In an implementation, molten fuel salt may flow
upward through fuel region 702 and downward through heat exchangers 706, thus
exchanging heat as part of a primary coolant circuit. In other words, heat exchangers
706 may exchange heat with both the molten fuel salt and exchange heat with the
flowing neutron reflector material 704. The flow rate of neutron reflector material 704
may be adjusted to vary contact time with heat exchangers 706 to vary the temperature
of the neutron reflector material 704. As the temperature of the neutron reflector
material 704 varies, its density changes accordingly. Changes in the density of neutron
reflector material 704 alter its neutron reflective characteristics as denser materials have
a higher mass per unit volume and are therefore more likely to reflect neutrons.

[0066] FIG. 7 shows example fast neutrons 710 emanating from a fuel region
702. Fast neutrons are indicated by lines terminating in double arrows. Example fast
neutrons 710 may originate in fuel region 702 and be reflected by a neutron reflector
material 704 and travel back into fuel region 702. Example fast neutrons 710 reflected
back into fuel region 702 may increase the fissile material in fuel region 702 upon
contact with fertile materials. Similarly, FIG. 7 shows example thermal neutrons 714.
Example thermal neutrons 714 are indicated by lines terminating in single arrows.
Example thermal neutrons 714 may be reflected by neutron reflector material 704 and
travel back into fuel region 702. Example thermal neutrons reflected into fuel region
702 may increase the reactivity in fuel region 702 upon contact with fissile material
located therein.

[0067] FIG. 8 is a top-down schematic view of a molten nuclear fuel salt fast
reactor core with a fuel region 802 surrounded by a neutron reflector assembly 800 with
a neutron reflector material 804 in thermal communication with heat exchangers 806.
In FIG. 8, neutron reflector material 804 flows upward toward the viewer. In an
implementation, neutron reflector material 804 may circulate in channels 808 with
input and output ports above fuel region 802 such that no fixtures or ports are needed
beneath the reactor. In other implementations, neutron reflector material 804 may flow
in only one direction, either in an upward or downward direction, through channels 808
with one port above fuel region 802 and another port below fuel region 802. In yet
other implementations, neutron reflector material 804 may comprise a semi-stagnant or

creeping flow through channels 808. In yet other implementations, neutron reflector
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material 804 may flow through radial input and output ports disposed between heat
exchangers 800.

[0068] Flowing neutron reflector material 804 is in thermal communication with
heat exchangers 806. Heat exchangers 806 may contain one or more types of liquid
coolant circulating therethrough. As flowing neutron reflector material 804 exchanges
heat with heat exchangers 806, heat exchangers 806 may transport the heat away from
the neutron reflector assembly 800 as part of a secondary coolant circuit. The secondary
coolant circuit may supply heat to electricity generation equipment, such as, for
example, a steam-driven turbine. In an implementation, molten fuel salt may flow
upward through fuel region 802 and downward through heat exchangers 806, thus
exchanging heat as part of a primary coolant circuit. In other words, heat exchangers
806 may exchange heat with both the molten fuel salt and exchange heat with the
flowing neutron reflector material 804. The flow rate of neutron reflector material 804
may be adjusted to vary contact time with heat exchangers 806 to vary the temperature
of neutron reflector material 804.

[0069] The reflector assembly 800 includes neutron moderating volumetric
displacement members 812 inserted into fluid channels 808. Upon insertion of
moderating members 812, the volume of the reflecting liquid 804 in the channel is
reduced. With reduced volume, the remaining neutron reflector material 804 in the
channel has an altered neutron reflectivity characteristic, and is therefore less likely to
reflect neutrons than before the moderating member 812 was inserted. The presence of
moderating member 812 in the area surrounding fuel region 802 makes thermalization
of neutrons more likely, such as, for example, thermalized neutron 810. Increased
thermalization will tend to increase burnup of fissile material in the fuel region 802.

[0070] The moderating volumetric displacement members 812 may be inserted
into channels 808 singly or in any plurality of members. Moderating volumetric
displacement members 812 may take on a cylindrical shape, a square or rectangular
prism shape, a triangular prism shape, a polygonal prism shape and the like. In another
implementation, moderating volumetric displacement members 812 may include a set
of members (not shown). Selection of the geometric shape and number of moderating
volumetric displacement members 812 per channel 808 will determine the ratio of
moderating material to reflector material in channels 808. Selectively inserting
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moderating volumetric displacement members 812 permits adjustment of breed rate and
reactivity in fuel region 802 and allows maintenance of a desired burnup level. In an
implementation, a burnup rate is maintained within a desired upper and lower bound by
selectively inserting and removing at least a subset of moderating volumetric
displacement members 812.

[0071] FIG. 9is a top-down schematic view of a molten nuclear fuel salt fast
reactor core with a fuel region 902 surrounded by a neutron reflector assembly 900 with
a flowing neutron reflector material 904 through channels 908. In FIG. 9, neutron
reflector material 904 flows upward toward the viewer. In an implementation, neutron
reflector material 904 may circulate in channels 908 with input and output ports above
fuel region 902 such that no fixtures or ports are needed beneath the reactor. In other
implementations, liquid neutron reflector 904 may flow in only one direction, either in
an upward or downward direction, through channels 908 with one port above the fuel
region 902 and another port below the fuel region 902. In yet other implementations,
liquid neutron reflector 904 may comprise a semi-stagnant or creeping flow through
channels 908. In yet other implementations, liquid neutron reflector 904 may flow
through radial input and output ports disposed between heat exchangers 914.

[0072] Flowing neutron reflector material 904 is in thermal communication with
heat exchangers 914. Heat exchangers 914 may contain one or more types of liquid
coolant circulating therethrough. As flowing neutron reflector material 904 exchanges
heat with heat exchangers 914, heat exchangers 914 may transport the heat away from
neutron reflector assembly 900 as part of a secondary coolant circuit. The secondary
coolant circuit may supply heat to electricity generation equipment, such as, for
example, a steam-driven turbine. In an implementation, molten fuel salt may flow
upward through fuel region 902 and downward through heat exchangers 914, thus
exchanging heat as part of a primary coolant circuit. In other words, heat exchangers
914 may exchange heat with both the molten fuel salt and exchange heat with the
flowing neutron reflector material 904. The flow rate of neutron reflector material 904
may be adjusted to vary contact time with heat exchangers 914 to vary the temperature
of neutron reflector material 904. As the temperature of neutron reflector material 904

varies, its density changes accordingly. Changes in the density of neutron reflector
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material 904 alter its neutron reflective characteristics as denser liquids have a higher
mass per unit volume and are therefore more likely to reflect neutrons.

[0073] Reflector assembly 900 includes selectively inserted neutron absorbing
members 906 and selectively inserted volumetric displacement members 910. Neutron
absorbing members 906 and volumetric displacement members 910 may be of any
geometric shape compatible with the shape of channels 908. Neutron absorbing
members 906 and volumetric displacement members 910 displace a volume of flowing
neutron reflector material 904 in the channel 908 into which they are inserted, thus
lowering the neutron reflectivity of that channel. Selectively inserting neutron
absorbing members 906 and volumetric displacement members 910 adjusts the neutron
reflectivity in the nuclear reactor core by altering the composition of the material in the
neutron reflection assembly. Several scenarios are possible for fast neutrons travelling
into volumetric displacement members 910, such as example fast neutron 910. Fast
neutron 912 may pass through the member 910 (not shown in FIG. 9), fast neutron 912
may be reflected by the remaining flowing neutron reflector material 904 in the
channel, or fast neutron 912 may be reflected by another surface (not shown). Example
fast neutron 912 is less likely to reflect back into fuel region 902 when a volumetric
displacement member 910 is inserted than when the channel is full of the flowing
neutron reflector material 904.

[0074] Inserting neutron absorption member 906 is another way of adjusting
neutron reflectivity in the nuclear reactor core by altering the composition of the
material in the neutron reflection assembly. When neutron absorption member 906 is
inserted into a channel 908, example fast neutron 912 may strike and be absorbed by
the absorption member 906. Other scenarios are also possible. Example fast neutrons
may be reflected by flowing neutron reflector material 904 that was not displaced by
absorption member 906, or it may exit the core region where it may be reflected or
absorbed by other material (not shown). In another implementation, neutron absorption
members 906 may be inserted into a channel 908 while flowing neutron reflector
material 904 is removed from the channel.

[0075] It should be understood that volumetric displacement members 910 and
neutron absorption members 906 may be selectively inserted into channels 908 in any
desired configuration and in any combination with other members not shown in FIG. 9,
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such as neutron moderating members. Any number of volumetric displacement
members 910 and neutron absorption members 906 may be inserted into a single
channel, alone or in combination with other insertable members. Volumetric
displacement members 910 and neutron absorption members 906 may be inserted into
only some of the channels 908, or only into channels on a portion of dynamic reflector
900. It may be desirable to focus the location of breeding or burning in fuel region 902
by choosing an insertion configuration that concentrates the desired neutron activity in
a desired location. For example, an increased breed may be induced in the upper half of
fuel region 902 by selectively removing members inserted in the upper half of reflector
assembly 900 to allow the neutron reflector material 904 to fill channels 908 on the
upper half of the reflector assembly 900. In another example, an increased burn may be
induced in the lower half of fuel region 902 by selectively inserting neutron moderating
members into the channels 908 on the lower half of reflector assembly 900. In yet
another example, reactivity in a portion of fuel region 902 may be reduced by
selectively inserting neutron absorbing members 906 into the channels 908 located on
the desired side of reflector assembly 900.

[0076] In the implementation of FIG. 9, flowing neutron reflector material 904 in
the channels 908 are in thermal communication with heat exchangers 914. Varying the
flow rate of flowing neutron reflector material 904 in channels 908 may alter the
flowing reflecting liquid’s temperature, and thus its density and thus its neutron
reflection characteristics. Altering the density of the flowing neutron reflector material
904 is another way of adjusting the neutron reflectivity in the nuclear reactor core by
altering the composition of the material in the neutron reflection assembly. By way of
the heat exchangers 914, flowing neutron reflector material 904 in the channels 908 is a
secondary coolant for the fuel region 902 because it may operate to exchange heat with
the molten fuel salt in the fuel region 902 to the outside of the reactor core via the heat
exchangers 914.

[0077] FIG. 10 is a side schematic view of a molten nuclear fuel salt fast reactor
core surrounded by a dynamic neutron reflector assembly 1000 with a neutron reflector
material 1002 in thermal communication with a molten nuclear fuel salt 1004 in a tube
and shell heat exchanger. Flowing reflecting liquid 1002 flows through inlets 1006 and

into outer channels 1008. Outer channels 1008 provide a neutron reflecting layer from
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which fast neutrons emanating from fuel region 1004 may be reflected back into the
fuel region 1004. After leaving outer channels 1012, flowing reflecting liquid 1002
flows through lower channels 1012. Lower channels 1012 provide a neutron reflecting
layer from which fast neutrons emanating from fuel salt 1004 may be reflected back
into the fuel salt 1004. After leaving lower channels 1012, flowing neutron reflector
material 1002 flows upwards through tubes 1014.

[0078] Tubes 1014 are in thermal communication with molten fuel salt 1004
flowing downward in channels 1016 surrounding tubes 1014 in a shell-and-tube
configuration, and therefore function as a secondary coolant for the reactor core. Tubes
1014 may be configured as any number of tubes of any diameter and cross-sectional
geometry. Configuration of tubes 1014 may be chosen for a desired surface area contact
with flowing molten fuel salt 1004 in the region 1016 for a desired thermal exchange
between the flowing neutron reflector material 1002 and the molten fuel salt 1004.
After leaving tubes 1014, flowing neutron reflector material 1002 enters upper channel
1020. Upper channel 1020 provides a reflecting layer from which neutrons emanating
from fuel region 1004 may be reflected back into fuel region 1004. Heat exchangers
(not shown) may be in thermal communication with flowing neutron reflector material
1002. In an implementation, heat exchangers may be disposed outside channel 1008. In
another implementation, heat exchangers may be disposed above flowing neutron
reflector material inlet 1006 or outlet 1022. By way of the heat exchangers, flowing
neutron reflector material 1002 is a secondary coolant for fuel region 1004 because it
may operate to exchange heat with the molten fuel salt to the outside of the reactor
core.

[0079] Neutron reflectivity in the nuclear reactor core may be adjusted by
altering the composition of the reflecting liquid in channels 1008, 1012, 1020. For
example, the volume of flowing neutron reflector material 1002 may be adjusted by
pumping an amount of the flowing neutron reflector material 1002 into or out of
overflow tank 1010, thus increasing or decreasing the reflectivity, respectively. In
another example, the density of flowing neutron reflector material 1002 through
channels 1008, 1012, 1020 may be adjusted. A higher density of flowing neutron
reflector material 1002 may lead to an increased neutron reflectivity while a lower

density of flowing neutron reflector material 1002 may lead to a decreased neutron
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reflectivity. The density of flowing neutron reflector material 1002 may be adjusted by
varying temperature. Temperature of flowing neutron reflector material 1002 may be
adjusted by varying flow rate, and thus thermal contact time with the molten fuel salt
1004. Alternatively, or additionally, the direction of flow of the flowing neutron
reflector material 1002 may be reversed. As such, the flowing neutron reflector material
1002 may flow in a downward direction through tubes 1014 and up through channels
1008 into overflow tank 1010. The direction of flow of the molten nuclear fuel salt
1004 may also be reversed. As such, the molten nuclear fuel salt 1004 may flow in a
downward direction in the center of the fission region and flow in an upward direction
around tubes 1014.

[0080] FIG. 11 is a top-down schematic view of a molten nuclear fuel salt fast
reactor core with fuel region 1102 surrounded by a neutron reflector assembly 1100
with a neutron reflector material 1104 flowing through channels 1110, and flowing
through tubes 1108 in channels 1112, tubes 1108 being in thermal communication with
a molten nuclear fuel salt flowing through fuel region 1102 and through channels 1112
in a tube and shell style heat exchanger. From the viewpoint of FIG. 11, the molten fuel
salt flows upward through fuel region 1102 and downward through channels 1112. The
flowing reflecting liquid flows downward through channels 1110 and upward through
tubes 1108. In this implementation, the flowing reflecting liquid 1104 is also a
secondary coolant for the fuel in fuel region 1102. Tubes 1108 may take a variety of
configurations, including without limitation any number of tubes in each channel 1112
or tubes of any geometric shape. Selection of the number of tubes 1108 per channel
1112 and the shape of tubes 1108 will determine the surface area in contact with molten
fuel salt flowing upward in channel 1112, and alter the amount of heat exchanged
between flowing reflecting liquid 1104 and molten fuel salt 1102. Although pairs of
tubes 1108 per channel 1112 are shown in FIG. 11, a variety of configurations are
possible. For example, tubes 1108 may take a meandering path through channels 1112
to increase surface area thermally exposed to the molten fuel salt. In another
implementation, channels 1112 may contain a series of baffles around which the molten
fuel salt must flow in an indirect pattern between the inlet and outlet ports. The indirect

flow pattern increases the thermal contact between the molten fuel salt and the tubes,
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and increases the angle between the tubes and the molten fuel salt flow to increase
thermal communication.

[0081] In an embodiment, example fast neutrons 1114 emanating from fuel
region 1102 may be reflected by flowing reflecting liquid 1104 contained in tubes 1008
or be reflected by flowing reflecting liquid 1104 contained in channels 1110, and back
into fuel region 1102. Fast neutrons such as example fast neutron 1116 emanating from
molten fuel salt flowing in channels 1112 may also be reflected by flowing reflector
material 1104 in tubes 1108 or in channels 1110, and back into fuel region 1102.

[0082] FIG. 12 depicts a flow diagram of example operations 1200 of dynamic
spectrum shifting in a molten nuclear fuel salt fast reactor. A sustaining operation 1202
sustains a nuclear fission reaction in a nuclear reactor core surrounded by a dynamic
neutron reflector assembly. The neutron reflector assembly may have at least one
neutron reflector material. A neutron reflection assembly may surround a nuclear
reactor core by being disposed radially around, above, and/or below the reactor core.
The neutron reflection assembly may be formed in one contiguous piece, formed into
discrete pieces distributed around the reactor core, disposed around the core in discrete
pieces with gaps in between, and/or segmented into regular or irregular sections. The
reflection assembly may contain one or more channels for conducting a flowing
reflector material. The reflection assembly may contain one or more levels of channels,
such that a flowing reflector material flows in one direction in one level, and flows in
another direction in one or more other levels. For example, the reflection assembly may
contain an outer channel with flowing reflector material flowing downward, and
another inner channel with flowing reflector material flowing upward to avoid any inlet
or outlet plumbing underneath the reactor core.

[0083] The reflection assembly may further be in thermal communication with
one or more heat exchangers, and therefore function as a secondary coolant for the
reactor core. In one implementation, heat exchangers are thermally coupled to channels
for conducting the flowing reflector material. Another implementation may utilize a
tube-and-shell heat exchanger wherein a first channel conducts a flowing reflector
material in a first direction, and one or more additional channels conduct the flowing
reflector material in a second direction through one or more tubes surrounded by
flowing molten fuel salt.
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[0084] An adjusting operation 1204 adjusts fast neutron flux and thermal neutron
flux within the nuclear reactor core during the sustained nuclear fission reaction by
altering reflectivity characteristics of reflector material in the neutron reflector
assembly. Altering reflectivity characteristics of reflector material in the neutron
reflector assembly may include: any one or more of modifying the volume of reflector
material in the reflector assembly, modifying the density of reflector material in the
reflector assembly, modifying the composition of reflector material in the reflector
assembly, inserting and/or removing neutron moderating members into the reflector
assembly, inserting and/or removing neutron absorbing members into the reflector
assembly, and/or inserting and/or removing volumetric displacement members into the
reflector assembly.

[0085] FIG. 13 depicts a flow diagram of other example operations 1300 of
dynamic spectrum shifting in a molten nuclear fuel salt fast reactor. A sustaining
operation 1302 sustains a nuclear fission reaction in a nuclear reactor core surrounded
by a neutron reflector assembly. The neutron reflector assembly may have at least one
neutron reflector material. A neutron reflection assembly may surround a nuclear
reactor core by being disposed radially around, above, and/or below the reactor core.
The neutron reflection assembly may be formed in one contiguous piece, formed into
discrete pieces distributed around the reactor core, disposed around the core in discrete
pieces with gaps in between, and/or segmented into regular or irregular sections. The
reflection assembly may contain one or more channels for conducting a flowing
reflector material. The reflection assembly may contain one or more levels of channels,
such that a flowing reflector material flows in one direction in one level, and flows in
another direction in one or more other levels. For example, the reflection assembly may
contain an outer channel with flowing reflector material flowing downward, and
another inner channel with flowing reflector material flowing upward to avoid any inlet
or outlet plumbing underneath the reactor core.

[0086] The reflection assembly may further be in thermal communication with
one or more heat exchangers, and therefore function as a secondary coolant for the
reactor core. In one implementation, heat exchangers are thermally coupled to channels
for conducting the flowing reflector material. Another implementation may utilize a
tube-and-shell heat exchanger wherein a first channel conducts a flowing reflector
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material in a first direction, and one or more additional channels conduct the flowing
reflector material in a second direction through one or more tubes surrounded by
flowing molten fuel salt.

[0087] An adjusting operation 1304 adjusts fast neutron flux and thermal neutron
flux within the reactor core during the sustained nuclear fission reaction by modifying
the volume of reflector material in the neutron reflector assembly. In an
implementation, volume of a flowing reflector material may be altered by a pump and
valve fluidically coupled to a spillover reservoir. A volume of flowing reflector
material may be pumped through the valve and into the spillover reservoir to reduce
volume of reflector material in the reflection assembly, and thus reduce the flux of fast
and/or thermal neutrons scattered into the reactor core. Conversely, a volume of
flowing material may be pumped though the valve out of the spillover reservoir to
increase volume in the reflector assembly, and thus increase reflectivity of neutrons
into the reactor core.

[0088] In another implementation, altering the composition of material in the
neutron reflector assembly may include selectively inserting or removing a volumetric
displacement member into one or more channels conducting a flowing reflector
material. In implementations, a volumetric displacement member may be a neutron
moderating member, a neutron absorbing member, or a volumetric displacement
member that does not influence neutron flux (e.g., a hollow member or a member
formed of non-neutron influencing materials). Insertion of a volumetric displacement
member into a channel conducting flowing reflector material surrounding a reactor core
reduces the volume of the reflector material in a channel, and thus alters the reflectivity
characteristics of the reflector assembly by reducing the scattering of neutrons because
fewer neutrons are likely to be scattered due to a reduced volume of reflector material.
Removing a volumetric displacement member from a channel conducting a flowing
reflector material surrounding a nuclear reactor core may increase the volume of the
flowing reflector material, and thus alters the reflectivity characteristics of the reflector
assembly by increasing the scattering of neutrons because flowing reflector material
may return to the reflector assembly into the space vacated by the withdrawn

volumetric displacement member, thus increasing the likelihood that neutrons
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emanating from a reactor core will be scattered due to increased volume of reflector
material.

[0089] FIG. 14 depicts a flow diagram of other example operations 1400 of
dynamic spectrum shifting in a molten nuclear fuel salt fast reactor. A sustaining
operation 1402 sustains a nuclear fission reaction in a nuclear reactor core surrounded
by a neutron reflector assembly. The neutron reflector assembly may have at least one
neutron reflector material. A neutron reflection assembly may surround a nuclear
reactor core by being disposed radially around, above, and/or below the reactor core.
The neutron reflection assembly may be formed in one contiguous piece, formed into
discrete pieces distributed around the reactor core, disposed around the core in discrete
pieces with gaps in between, and/or segmented into regular or irregular sections. The
reflection assembly may contain one or more channels for conducting a flowing
reflector material. The reflection assembly may contain one or more levels of channels,
such that a flowing reflector material flows in one direction in one level, and flows in
another direction in one or more other levels. For example, the reflection assembly may
contain an outer channel with flowing reflector material flowing downward, and
another inner channel with flowing reflector material flowing upward to avoid any inlet
or outlet plumbing underneath the reactor core.

[0090] The reflection assembly may further be in thermal communication with
one or more heat exchangers, and therefore function as a secondary coolant for the
reactor core. In one implementation, heat exchangers are thermally coupled to channels
for conducting the flowing reflector material. Another implementation may utilize a
tube-and-shell heat exchanger wherein a first channel conducts a flowing reflector
material in a first direction, and one or more additional channels conduct the flowing
reflector material in a second direction through one or more tubes surrounded by
flowing molten fuel salt.

[0091] An adjusting operation 1404 adjusts fast neutron flux and thermal neutron
flux within the reactor core during the sustained nuclear fission reaction by modifying
the density of reflector material in the neutron reflector assembly. Density of reflector
material in the neutron reflector assembly may be modified by altering the temperature
of a flowing neutron reflector material in the reflector assembly. At higher
temperatures, a flowing neutron reflector material tends to have lower density, and, at
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lower temperatures, a flowing neutron reflector material tends to have higher density.
Changes in density will alter the alter the reflectivity characteristics of the reflector
assembly because fast and thermal neutrons emanating from the reactor core will be
more or less likely to be scattered by the reflector material depending on the likelihood
of a collision with the nuclei of the reflector material in the reflector assembly. One
way of altering the temperature of a flowing neutron reflector material is to alter its
flow rate, and thus the thermal contact time the flowing reflector material has with a
molten fuel salt. A higher flow rate may reduce contact time with a hot fuel salt, thus
lowering the flowing reflector material’s temperature and increasing the flowing
reflector material’s density. A lower flow rate may leave the flowing reflector material
in thermal contact with the hot fuel salt for a relatively longer period of time, thus
increasing its temperature and lowering the flowing reflector material’s density.

[0092] In another embodiment, a tube and shell heat exchanger may be employed
to exchange heat between the flowing reflector material and the molten fuel salt. The
tube and shell heat exchanger may be configured with baffles to route the molten fuel
salt in a meandering path around tubes carrying the flowing reflector material. Movable
baffles may increase or decrease the thermal contact time between the flowing reflector
material and the molten fuel salt. As described above, a change in thermal contact time
between the flowing reflector material and the molten fuel salt may tend to alter the
temperature, and thus density, of the flowing reflector material.

[0093] FIG. 15 depicts a flow diagram of other example operations 1500 of
dynamic spectrum shifting in a molten nuclear fuel salt fast reactor. A sustaining
operation 1502 sustains a nuclear fission reaction in a nuclear reactor core surrounded
by a dynamic neutron reflector assembly. The neutron reflector assembly may have at
least one neutron reflector material. A neutron reflection assembly may surround a
nuclear reactor core by being disposed radially around, above, and/or below the reactor
core. The neutron reflection assembly may be formed in one contiguous piece, formed
into discrete pieces distributed around the reactor core, disposed around the core in
discrete pieces with gaps in between, and/or segmented into regular or irregular
sections. The reflection assembly may contain one or more channels for conducting a
flowing reflector material. The reflection assembly may contain one or more levels of

channels, such that a flowing reflector material flows in one direction in one level, and
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flows in another direction in one or more other levels. For example, the reflection
assembly may contain an outer channel with flowing reflector material flowing
downward, and another inner channel with flowing reflector material flowing upward
to avoid any inlet or outlet plumbing underneath the reactor core.

[0094] The reflection assembly may further be in thermal communication with
one or more heat exchangers, and therefore function as a secondary coolant for the
reactor core. In one implementation, heat exchangers are thermally coupled to channels
for conducting the flowing reflector material. Another implementation may utilize a
tube-and-shell heat exchanger wherein a first channel conducts a flowing reflector
material in a first direction, and one or more additional channels conduct the flowing
reflector material in a second direction through one or more tubes surrounded by
flowing molten fuel salt.

[009S] An adjusting operation 1504 adjusts fast neutron flux and thermal neutron
flux within the reactor core during the sustained nuclear fission reaction by inserting a
neutron moderating member into the neutron reflector assembly. Insertion of a neutron
moderating member may introduce nuclei into the reflector assembly that may tend to
cause elastic collisions with fast neutrons. The presence of these nuclei may scatter
thermal neutrons back into the nuclear reactor core, thus increasing burnup. Adjusting
operation 1504 may also have an effect on the neutron reflectivity characteristics of the
neutron reflection assembly because the neutron moderating member will displace a
volume of flowing neutron reflector material from the neutron reflector assembly. The
decrease in volume of flowing neutron reflector material will tend to decrease the
amount of elastic collisions with neutrons emanating from the nuclear reactor core, thus
reducing the likelihood of scattering fast neutrons emanating from the nuclear reactor
core back into the reactor core to breed fertile material into fissile material.

[0096] FIG. 16 depicts a flow diagram of other example operations 1600 of
dynamic spectrum shifting in a molten nuclear fuel salt fast reactor. A sustaining
operation 1602 sustains a nuclear fission reaction in a nuclear reactor core surrounded
by a dynamic neutron reflector assembly. The neutron reflector assembly may have at
least one neutron reflector material. A neutron reflection assembly may surround a
nuclear reactor core by being disposed radially around, above, and/or below the reactor
core. The neutron reflection assembly may be formed in one contiguous piece, formed
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into discrete pieces distributed around the reactor core, disposed around the core in
discrete pieces with gaps in between, and/or segmented into regular or irregular
sections. The reflection assembly may contain one or more channels for conducting a
flowing reflector material. The reflection assembly may contain one or more levels of
channels, such that a flowing reflector material flows in one direction in one level, and
flows in another direction in one or more other levels. For example, the reflection
assembly may contain an outer channel with flowing reflector material flowing
downward, and another inner channel with flowing reflector material flowing upward
to avoid any inlet or outlet plumbing underneath the reactor core.

[0097] The reflection assembly may further be in thermal communication with
one or more heat exchangers, and therefore function as a secondary coolant for the
reactor core. In one implementation, heat exchangers are thermally coupled to channels
for conducting the flowing reflector material. Another implementation may utilize a
tube-and-shell heat exchanger wherein a first channel conducts a flowing reflector
material in a first direction, and one or more additional channels conduct the flowing
reflector material in a second direction through one or more tubes surrounded by
flowing molten fuel salt.

[0098] An adjusting operation 1604 adjusts fast neutron flux and thermal neutron
flux within the reactor core during the sustained nuclear fission reaction by removing a
neutron moderating member out of the neutron reflector assembly. Removal of a
neutron moderating member will reduce available nuclei in the reflector assembly that
may tend to cause elastic collisions with fast neutrons. The reduced presence of these
nuclei will scatter fewer thermal neutrons back into the nuclear reactor core, thus
decreasing burnup. Adjusting operation 1504 may also have an effect on the neutron
reflectivity characteristics of the neutron reflection assembly because the removed
neutron moderating member may have displaced a volume of flowing neutron reflector
material when it had been inserted in the neutron reflector assembly. An increase in
volume of flowing neutron reflector material may tend to increase the amount of elastic
collisions with neutrons emanating from the nuclear reactor core, thus increasing the
likelihood of scattering fast neutrons emanating from the nuclear reactor core back into

the reactor core to breed fertile material into fissile material.
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[0099] FIG. 17 depicts a top-down schematic view of an example neutron
reflector assembly 1700. Neutron reflector assembly 1700 includes two sub-assemblies,
a primary static neutron reflector sub-assembly 1712 and a secondary dynamic neutron
reflector sub-assembly 1716. In FIG. 17, example paths of fast spectrum neutrons 1706,
1714 are indicated by lines terminating in double arrows, such as lines 1708 indicate
example fast spectrum neutrons. In an implementation, flowing neutron reflector
assembly 1700 substantially surrounds a nuclear fuel region 1704 from which fast
spectrum neutrons 1706, 1714 emanate.

[00100] Primary static neutron reflector sub-assembly 1712 may contain a neutron
reflector material. The neutron reflector material contained in primary static neutron
reflector sub-assembly 1712 may be a solid, liquid, or fluid neutron reflector material,
or a combination thereof. The primary static neutron reflector sub-assembly 1712 may
substantially surround a fuel region 1704. In another implementation, primary static
neutron reflector sub-assembly 1712 may partially surround the fuel region 1704 in a
continuous, segmented, and/or modular manner. The example fast spectrum neutrons
1714 emanating from nuclear fuel region 1704 are inelastically scattered (or reflected)
from the primary static neutron sub-assembly 1716 and back into the nuclear fuel
region 1704, thus increasing a breed rate of fertile fuel in the fuel region 1704. Other
example fast spectrum neutrons, such as example neutrons 1706 may pass through
primary static neutron reflector sub-assembly 1712, and be inelastically scattered (or
reflected) from secondary dynamic neutron reflector sub-assembly 1716, as explained
in more detail below.

[00101] The primary static neutron reflector sub-assembly 1712 may be disposed
adjacent to, and/or in thermal contact with, the nuclear fuel region 1704. Due to the
positioning of primary static neutron sub-assembly 1712 with respect to the nuclear fuel
region 1704, the primary static neutron reflector sub-assembly 1712 may experience
high levels of exposure to forces that may cause damage or wear. For example, the
primary static neutron reflector sub-assembly may be exposed to high levels of heat and
various types of radiation emanating from the nuclear fuel region 1704, including
without limitation, alpha particles, beta particles, and/or gamma rays. Prolonged
exposure to heat and/or radiation may cause the primary static neutron reflector sub-

assembly 1712 to suffer excessive structural degrading over a period of time. The
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primary static neutron reflector sub-assembly 1712 may therefore be removable from
flowing neutron reflector assembly 1700. In other words, the primary static neutron
reflector sub-assembly may, or modular parts thereof, may be slidably fitted to a
housing (not shown) to permit selective replacement of the sub-assembly, which may
be carried out according to a periodic maintenance schedule or based on periodic
inspection of the primary static neutron reflector sub-assembly 1712,

[00102] FIG. 17 also illustrates a secondary dynamic neutron reflector sub-
assembly 1716. Secondary dynamic neutron reflector sub-assembly 1716 may be used
to incrementally shift neutron spectrum in nuclear fuel region 1704 by selectively
filling each of the channels 1702 with a volume of neutron reflector material.
Secondary dynamic neutron reflector assembly 1716 may include a plurality of
refractory-clad sleeves 1702 to conduct a flowing neutron reflector material
therethrough. In FIG. 17, the neutron reflector material flows upward through a
refractory clad channel 1702 toward the viewer. In an implementation, neutron reflector
material may circulate in channels 1702 (e.g., cells, sleeves, conduits, etc.) with input
and output ports above the nuclear fuel region 1704 such that no fixtures or ports are
needed beneath the reactor. In other implementations, the neutron reflector material
may flow in only one direction, either in an upward or downward direction, through the
channels 1702 with one port above the nuclear fuel region 1704 and another port below
fuel region 1704. In yet other implementations, the neutron reflector material may
comprise a semi-stagnant or creeping flow through the channels 1702. In yet other
implementations, the neutron reflector material may flow through radial input and
output ports.

[00103] The secondary dynamic neutron reflector sub-assembly 1716 is in thermal
communication with heat exchanger 1710 disposed on the opposite side from fuel
region 1704. It is to be appreciated that the dynamic neutron reflector assembly and/or
the heat exchanger could be inside, or disposed among the static reflector sub-
assembly. The heat exchanger 1710 may contain one or more types of liquid coolant
circulating therethrough. As secondary dynamic neutron reflector sub-assembly 1716
exchanges heat with the heat exchanger 1710, the heat exchanger 1710 may transport
the heat away from the secondary dynamic neutron reflector sub-assembly 1716 as part

of a secondary coolant circuit. The secondary coolant circuit may supply heat to
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electricity generation equipment, such as, for example, a steam-driven turbine. In an
implementation, molten fuel salt may flow upward through the nuclear fuel region 1704
and downward through the heat exchanger 1710, thus exchanging heat as part of a
primary coolant circuit. In other words, the heat exchangers may exchange heat with
both the molten fuel salt and exchange heat with the flowing neutron reflector in the
channels 1702. The flow rate of neutron reflector material may be adjusted to vary
contact time with the heat exchangers to vary the temperature of reflector material
flowing in the channels 1702. As the temperature of reflector material varies, its density
changes accordingly. Changes in the density of the reflector material alter its neutron
reflective characteristics as denser materials have a higher mass per unit volume and
are therefore more likely to reflect neutrons.

[00104] FIG. 18 is a top-down schematic view of a molten nuclear fuel salt fast
reactor core with a fuel region 1802 surrounded by a neutron reflector assembly 1800.
The neutron reflector assembly includes an inner annular channel 1808 and outer
annular channel 1810 surrounding fuel region 1802. The inner and outer annular
channels 1808, 1810 may contain neutron reflector materials 1804 and 1806,
respectively. The neutron reflector materials 1804, 1806 may be the same or differ from
one another in terms of their respective neutron-reflecting properties or other properties
that may affect performance of the neutron reflector assembly (viscosity, density,
specific heat value, etc.). Neutron reflector materials 1804, 1806 may tend to reflect
example fast neutrons 1812 back into fuel region 1802.

[0010S] Neutron reflector materials 1804, 1806 may be selectively added,
removed, and/or replaced in channels 1808, 1810 to dynamically alter the neutron
reflecting characteristics of the neutron reflector assembly 1800 over time. In one
implementation, one or both of the neutron reflector materials 1804, 1806 may be
completely removed from their respective channels 1808, 1810 to alter the neutron
reflecting characteristics of the neutron reflector assembly 1800. In another
implementation, the neutron reflector materials 1804, 1806 may be the same material.
In yet another implementation, the neutron reflector materials 1804, 1806 may be
selectively added, removed, and/or replaced to provide lower neutron reflection near
the beginning of the life of the reactor when there is greater breeding of fertile fuel, and

selectively added, removed, and/or replaced to provide greater neutron reflection as the
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reactor ages and burnup begins to dominates in the fuel region 1802. In another
implementation, neutron reflector materials 1804, 1806 may mix inside one or both of
channels 1808, 1810. In yet another implementation, one or both of neutron reflector
materials 1804, 1806 may be added over time to channels 1808, 1810 to alter the ratio
between the two materials and thus the neutron reflectivity of the assembly. If more
than two neutron reflector materials 1804, 1806 are mixed inside channels 1808, 1810,
a separator component (not shown) may operate to separate the materials if desired and
may operate in any suitable manner to separate the two or more neutron reflector
materials including one or more suitable chemical, mechanical, magnetic, electrical,
time-bases processes based on the chemical and physical properties of the two or more
neutron reflector materials. In another embodiment, mixed neutron reflector materials
1804, 1806 may be separated via a flush operation. Alternatively, the neutron reflector
materials 1804, 1806 may be held in separate reservoirs (not shown) to selectively
source the flows into one or both of channels 1808, 1810.

[00106] In an implementation, neutron reflector materials 1804, 1806 may
circulate in channels 1808, 1810 with input and output ports above fuel region 1802
such that no fixtures or ports are needed beneath the reactor. In other implementations,
neutron reflector materials 1804, 1806 may flow in only one direction, either in an
upward or downward direction, through channels 1808, 1810 with one port above fuel
region 1802 and another port below fuel region 1802. In yet other implementations,
neutron reflector materials 1804, 1806 may comprise a semi-stagnant or creeping flow
through channels 1808, 1810. In yet other implementations, neutron reflector materials
1804, 1806 may flow through radial input and output ports.

[00107] In another implementation, the channels 1808, 1810 may be selectively
filled with materials that are not neutron reflectors. In one example, the channels 1808,
1810 may be filled with neutron moderating materials, neutron absorbing materials, or
neutronically translucent materials. In another implementation, one or both of the
channels 1808, 1810 may include selectively insertable volumetric displacement
members 1814. Volumetric displacement members 1814 may contain neutron
moderating materials, neutron absorbing materials, or neutronically translucent
materials. Upon insertion of volumetric displacement members 1814, the volume of the

reflecting liquid 1804, 1806 in the channel into which the volumetric displacement
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member has been inserted is reduced. With reduced volume, the remaining neutron
reflector material 1804, 1806 in the channel has an altered neutron reflectivity
characteristic, and is therefore less likely to reflect neutrons than before the volumetric
displacement member 1814 was inserted.

[00108] FIG. 19 is a top-down schematic view of a molten nuclear fuel salt fast
reactor core with a fuel region 1902 surrounded by a neutron reflector assembly 1900.
The neutron reflector assembly includes an inner annular channel 1908 and outer
annular channel 1910 surrounding fuel region 1902. The inner and outer annular
channels 1908, 1910 may contain a neutron reflector material 1904. In an
implementation, neutron reflector material 1904 may circulate in channels 1908, 1910
with input and output ports above fuel region 1902 such that no fixtures or ports are
needed beneath the reactor. In other implementations, neutron reflector material 1904
may flow in only one direction, either in an upward or downward direction, through
channels 1908, 1910 with one port above fuel region 1902 and another port below fuel
region 1902. In yet other implementations, neutron reflector material 1904 may
comprise a semi-stagnant or creeping flow through channels 1908, 1910. In yet other
implementations, neutron reflector material 1904 may flow through radial input and
output ports.

[00109] In one implementation, neutron reflector material 1904 may flow through
channels 1908, 1910 at time periods near the beginning of the life of the reactor with
fuel region 1902. As the reactor breeds fertile fuel over time, the effectiveness of the
neutron reflector assembly 1900 may decrease because the inventory of bred nuclear
fuel may exceed the amount needed to fuel the reactor. It may be desirable to therefore
replace a portion of the neutron reflector material in part of the neutron reflector
assembly as shown in Fig. 20 to alter the shape of the neutron reflector assembly 1900
over time.

[00110] Fig. 20 is a top-down schematic view of a molten nuclear fuel salt fast
reactor core with a fuel region 2002 surrounded by a neutron reflector assembly 2000.
In Fig. 20 the neutron reflector material contents of inner annular channels 2008 are
selectively replaced with additional fuel salt from fuel region 2002. As a result, the
reactor will experience less neutron “leak.” Example fast neutrons 2012 may continue
to experience reflection against neutron reflection material 2006 in channel 2010. It is
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therefore possible to start a fission reaction in the reactor core with a smaller volume of
fuel salt near the beginning of the life of the reactor because more fissile fuel materials
may be bred as the reactor operates. The additional bred fuel may replace a volume of
neutron reflector material in the channels 2008. This may lower the upfront cost of
operating the reactor and enhance the breeding of the reactor later in life when breeding
is more challenging due at least in part to built-up fission products. Neutron reflector
materials 2006 may tend to reflect example fast neutrons 2012 back into the fuel salt,
whether the example fast neutrons 2012 emanate from fuel region 2002 or from inner
annular channels 2008.

[00111] FIG. 21 is a top-down schematic view of a molten nuclear fuel salt fast
reactor core with a fuel region 2102 surrounded by a neutron reflector assembly 2100.
The neutron reflector assembly includes a plurality of annular channels 2104
surrounding the fuel region 2102. The annular channels 2104 may contain a plurality of
tubes 2108 containing a flowing neutron reflector material 2106 in neutronic
communication with the fuel region 2102. In an implementation, the plurality of tubes
2108 are cylindrical tubes. The flowing neutron reflector material 2106 may be
circulated in the tubes 2108 with input and output ports above fuel region 2102 such
that no fixtures or ports are needed beneath the reactor. In other implementations,
neutron reflector material 2106 may flow in only one direction, either in an upward or
downward direction, through the tubes 2108 with one port above fuel region 2102 and
another port below fuel region 2102. In yet other implementations, neutron reflector
material 2106 may comprise a semi-stagnant or creeping flow through tubes 2108. The
tubes 2108 are arranged such that the radius of all tubes 2108 is not equal. As such, a
plurality of tubes 2108 with varying radius values may be disposed in a channel 2104,
In an implementation, tubes 2108 of varying radius may flow neutron reflector material
in a volume that occupies a cross-sectional area of 80% of the cross-sectional area of
the channels 2104. Numerals have not been assigned to every tube to improve
readability due to the large number of tubes 2108 depicted in FIG. 21. This disclosure
should be understood as indicating that each tube shown in channels 2104 is a tube
2108 containing neutron reflector material 2106, even those that are not so numbered

therein.
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[00112] As discussed above, in some embodiments reflectors or portions of
reflectors may be completely solid at operating temperatures, e.g., between 300-350 °C
and 800 °C, or could be a liquid reflector material encased in an enclosed container in
which the container walls are solid at operating temperature. Examples of solid
reflector materials include uranium, uranium-tungsten, carbides of uranium or uranium-
tungsten, and magnesium oxide. Examples of reflector materials that could be used as
a liquid coolant include lead, lead alloys, PbBi eutectic, PbO, iron-uranium alloys
including iron-uranium eutectic, graphite, tungsten carbide, densalloy, titanium carbide,
depleted uranium alloys, tantalum tungsten, and tungsten alloys. In yet another
embodiment fuel salt may be used as reflector material. In an embodiment, liquid
coolant includes materials that are liquid at the reactor operating temperature and that
have a density greater than 10 grams/cm?®. In an alternative embodiment, liquid coolant
includes materials that are liquid at the reactor operating temperature and that exhibit
an elastic cross section of 0.1 barns or greater for 0.001 MeV neutrons.

[00113] As discussed above, examples of liquid nuclear fuels include salts
containing one or more of PuCls, UCls, UCIsF, UCls, UCI2F2, UCIF3, bromide fuel salts
such as UBr3 or UBr34, and thorium chloride (e.g., ThCls) fuel salts. Furthermore, a fuel
salt may include one or more non-fissile salts such as, but not limited to, NaCl, MgCla,
CaCl,, BaCl,, KCl, SrCly, VCIs, CrCls, TiCls, ZrCls, ThCls, AcCl3, NpCls, AmClI3,
LaCls, CeCls, PrCls and/or NdCls. Note that the minimum and maximum operational
temperatures of fuel within a reactor may vary depending on the fuel salt used in order
to maintain the salt within the liquid phase throughout the reactor. Minimum
temperatures may be as low as 300-350 °C and maximum temperatures may be as high
as 1400 °C or higher. Similarly, except were explicitly discussed otherwise, heat
exchangers will be generally presented in this disclosure in terms of simple, single pass,
shell-and-tube heat exchangers having a set of tubes and with tube sheets at either end.
However, it will be understood that, in general, any design of heat exchanger may be
used, although some designs may be more suitable than others. For example, in
addition to shell and tube heat exchangers, plate, plate and shell, printed circuit, and
plate fin heat exchangers may be suitable.

[00114] FIG. 22 illustrates a cross-section view of an embodiment of a reactor
2200 utilizing a circulating reflector material. The illustration shows the half of the
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reactor 2200 from the center to the left edge of the containment vessel 2218. The
reactor 2200 includes a reactor core 2204 defined by an upper reflector 2208A, a lower
reflector 2208B and an inner reflector 2208C. In the embodiment shown, the lower
reflector 2208B also extends laterally and up the sides of the containment vessel 2218
for added protection to the vessel head 2238. The primary heat exchanger 2210
configured to have shell-side coolant flow (illustrated by dotted lines 2214), the coolant
entering through a coolant inlet channel 2230 and heated coolant exiting from coolant
outlet channel 2236. In the embodiment shown, fuel flows (illustrated by dashed lines
2206) from the reactor core 2204, via an upper channel through the inner reflector
2208C, and into the heat exchanger 2210 through the inlet tube sheet 2232. After
passing through the tube set, the now-cooled fuel exits the lower tube sheet 2231 and
flows back into the reactor core 2204 via a lower channel through the inner reflector
2208C. Flow of the fuel is driven by a pump assembly 2212 that includes an impeller
in the fuel circuit (in this embodiment illustrated below the lower tube sheet 2231)
connected by a shaft to a motor (in this embodiment located above the upper reflector
2208A).

[00115] In FIG. 22, the reflectors 2208A, 2208B, 2208C are in fluid
communication allowing liquid reflector material to be circulated around the reactor
core 2204. Flow of the reflector material is illustrated in FIG. 22 by the large, gray
arrows 2234. In the embodiment shown, reflector material flows through an inlet in the
vessel head 2238 into reactor 2200 along the interior surface of the containment vessel
2218 and then along the bottom of the containment vessel 2218 before rising and
making a U-turn to flow adjacent to the bottom of the reactor core 2204. The reflector
material then flows up through the inner reflector 2208C then into the upper reflector
2208A from which it can be removed via an outlet in the vessel head 2238 or
recirculated to the interior surface of the containment vessel 2218.

[00116] The circulating reflector material in FIG. 22 may be used to assist in the
cooling of the reactor core 2204. In this configuration, the heated reflector material
may be removed from the containment vessel 2218 and passed through a heat
exchanger (not shown) external to the reactor 2200. In an embodiment, the same
primary coolant loop that removes heat directly from the fuel via heat exchanger 2210

may also be used to remove heat from the reflector material. In an alternative
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embodiment, a separate and independent cooling system may be used to remove the
heat from the reflector material which may use the same type of coolant as the primary
coolant or a different type of coolant. In yet another embodiment, the reflector material
cooling may be incorporated into an auxiliary cooling system that provides emergency
cooling to the reflector material in the event of a loss of flow in the primary cooling
loop.

[00117] In the embodiment shown, when the reflector material is part of a cooling
loop, a benefit of the configuration illustrated in FIG. 22 is that the containment vessel
is both actively cooled and protected from excessive neutron flux. Because cooled
reflective material is first flowed along the interior surfaces of the containment vessel
2218 prior to flowing to locations near the reactor core 2204, the initial temperature of
the cooled reflective material can be used control the temperature of the containment
vessel 2218.

[00118] In yet another embodiment, a cooling jacket (not shown) can be provided
on the exterior surface of the containment vessel 2218, which serves to remove heat
from the circulating reflective material on the interior surface of the containment vessel
2218. This may be done in addition to or instead of an exterior reflective material
cooling circuit.

[00119] As described above, the overall reflectivity of the reflector configuration
of FIG. 22 may be controlled by controlling the flow rate of reflective material through
the reflectors as well as by inserting or removing rods or other components containing
moderating materials or materials of different reflectivity from that of the circulating
reflective material.

[00120] FIG. 23 illustrates an embodiment of a reactor with a shell-side fuel/tube-
side primary coolant heat exchanger configuration using the same cross-section view of
half of the reactor as in FIG. 22. The reactor core 2304 is surrounded by an upper
reflector 2308A, a lower reflector 2308B, and an inner reflector 2308C that separates
the reactor core from the primary heat exchanger 2310. The channels are provided
through the reflectors 2308A, 2308B, 2308C allowing the circulation of fuel salt
(illustrated by a dashed line 2306) from the reactor core 2304 through the inner
reflector 2308C, into the shell of the primary heat exchanger 2310. The fuel flows
through the shell around the tube set, thus transferring heat to the primary coolant.
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Cooled fuel then exits the shell and passes through the inner reflector 2308C back into
the bottom of the reactor core 2304. Baffles 2312 are provided in the shell to force the
fuel salt to follow a circuitous path around the tubes of the heat exchanger for more
efficient heat transfer.

[00121] Coolant flows through the tube-side of the heat exchanger 2310, but
before entering the bottom of the heat exchanger first flows through an inlet in the
vessel head 2338, down the length of a coolant inlet channel 2330 adjacent to a portion
of the lower reflector 2308B. The primary coolant enters the tubes of the heat
exchanger 2310 by flowing through the lower tube sheet 2331, which is illustrated as
being level with the bottom of the reactor core. The lower tube sheet 2331 may be at or
below the level of the lower reflector 2308B depending on the embodiment. The
coolant exits the tubes of the heat exchanger at the upper tube sheet 2332, which is
located in FIG. 23 some distance above the reactor core 2304 and containment vessel
2318. The flow of the coolant is also illustrated by a dashed line 2314.

[00122] FIG. 23 illustrates a region 2334 within the shell of the heat exchanger
that is above the level of salt in the reactor core 2304. This region may either be solid,
except for the penetrating tubes, or may be a headspace filled with inert gas.

[00123] One or more pumps (not shown) may be provided to assist in the fuel salt
circulation, the primary coolant circulation or both. For example, an impeller may be
provided in one or both of the heated fuel salt inlet channel at the top of the reactor core
2304 or (as discussed in greater detail below) the cooled fuel outlet channels at the
bottom of the reactor core 2304. Likewise, an impeller may be provided in the coolant
inlet channel 2330 to assist in control of the primary coolant flow.

[00124] In FIG. 23, the reflectors 2308A, 2308B, 2308C are in fluid
communication allowing liquid reflector material to be circulated around the reactor
core 2304. Flow of the reflector material is illustrated in FIG. 23 by the large, gray
arrows 2334. In the embodiment shown, reflector material flows into reactor 2300
through an inlet in the vessel head 2338 and then along the interior surface of the side
of the containment vessel 2318 in a reflector channel. The reflector channel then
follows the bottom of the containment vessel 2318 before making a U-turn and rising to
flow adjacent to the bottom of the reactor core 2304. The reflector material then flows
up through the inner reflector 2308C and into the upper reflector 2308 A from which it
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can be removed at a central location via an outlet in the vessel head 2338, as shown, or
recirculated to the interior surface of the containment vessel 2318.

[00125] As discussed with reference to FIG. 22, the circulating reflector material
in FIG. 23 may be used to assist in the cooling of the reactor core 2304. In this
configuration, the heated reflector material may be removed from the containment
vessel 2318 and passed through a heat exchanger (not shown) external to the reactor
2300. When the reflector material is part of a cooling loop, a benefit of the
configuration illustrated in FIG. 23 is that the containment vessel is both actively
cooled and protected from excessive neutron flux. Because cooled reflective material
is first flowed along the interior surfaces of the containment vessel 2318 prior to
flowing to locations near the reactor core 2304, the initial temperature of the cooled
reflective material can be used control the temperature of the containment vessel 2318.

[00126] As described above, the overall reflectivity of the reflector configuration
of FIG. 23 may be controlled by controlling the flow rate of reflective material through
the reflectors as well as by inserting or removing rods or other components containing
moderating materials or materials of different reflectivity from that of the circulating
reflective material.

[00127] As discussed above, yet another approach to cooling the reactor is to
utilize a liquid reflector as the primary coolant. In this design, the primary coolant
performs both the function of the reflectors and the primary cooling functions. In an
embodiment, a reflector material will be liquid at the minimum operational fuel salt
temperature (for example, between 300 °C and 800 °C) and have a density greater than
10 grams/cm’. In an alternative embodiment, a reflector material may be a material
having a low neutron absorption cross section and a high scattering cross section and
that may undergo (n,2n) reactions.

[00128] FIG. 24 illustrates such an embodiment of a reflector cooled reactor. In
the embodiment, half of the reactor 2400 is illustrated in cross-section as in FIGS. 22
and 23. The reactor core 2404 is surrounded by an upper reflector 2408A, a lower
reflector 2408B. Molten reflector material, such as lead, flowing through the coolant
inlet channel as illustrated by gray arrow 2414 acts as the inner reflector 2408C as well

as the primary coolant.
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[00129] Any type of system may be used to circulate the reflector material. In the
embodiment in FIG. 24, for example, a pump 2413 as described with reference to FIG.
22 is provided in the cooled material inlet channel. Such a pump 2413 may be located
so that the impeller is at any convenient location in the neutron-reflecting coolant loop
to assist or drive the circulation of the liquid neutron-reflecting coolant.

[00130] In the embodiment shown, the fuel is shell-side and the reflector material
which is also the coolant is tube-side. The shell and tubes are made of some structural
material that is solid at the operating temperatures. The circulation of fuel salt
(illustrated by a dashed line 2406) from the reactor core 2404 into and through the shell
side of the primary heat exchanger 2410 and back into the bottom of the reactor core
2404. Baffles 2412 are provided in the shell to force the fuel salt to follow a circuitous
path around the tubes of the heat exchanger.

[00131] Reflector/coolant flows through the tube-side of the heat exchanger 2410,
but before entering the bottom of the heat exchanger first flows down the length of a
coolant inlet channel adjacent to the sides and bottom of the containment vessel 2418.
In an embodiment, a solid layer of reflector material may form on the inner surface of
the containment vessel, especially if the exterior of containment vessel 2418 is cooled.
This is acceptable as long as it does not interfere with the flow of the reflector/coolant.
The reflector/coolant then enters the tubes of the heat exchanger by flowing through the
lower tube sheet 2431, which is illustrated as being level with the bottom of the reactor
core 2404. The reflector/coolant exits the tubes of the heat exchanger at the upper tube
sheet 2432, which is located in FIG. 24 some distance above the reactor core 2404 and
containment vessel 2418.

[00132] FIG. 24 illustrates a region 2434 within the shell of the heat exchanger
that is above the level of fuel salt in the reactor core 2404. This region may be filled,
except for the penetrating tubes, with any reflecting or moderating material, for
example filled with a different or the same reflector material as the reflector/coolant.

[00133] In FIG. 24, the upper reflector 2408A and lower reflector 2408B are
illustrated as distinct from the circulating reflector/coolant material. In an alternative
embodiment, the upper reflector 2408A, lower reflector 2408B, and inner reflector
2408C may all be in fluid communication as shown in FIGS. 22 and 23. For example,

reflector material may be routed into reactor 2400 along the interior surface of the side
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of the containment vessel 2418, as shown, but then routed along the bottom of the
containment vessel 2418 before rising and making a U-turn to flow adjacent to the
bottom of the reactor core 2404, as shown in FIG. 23. The reflector material may also
be routed into the upper reflector 2308A from which it can be removed at a central
location, also as shown in FIG. 23.

[00134] A pump (not shown), or at least the impeller of a pump, may be provided
to assist in fuel salt circulation or reflector/coolant circulation. For example, an
impeller may be provided in one or both of the heated fuel salt inlet to the primary heat
exchanger at the top of the reactor core 2404 or (as discussed in greater detail below)
the cooled fuel outlet of the shell of the primary heat exchanger at the bottom of the
reactor core 2404.

[00135] In yet another embodiment, reflective coolant may be flowed through
upper and lower axial reflectors to advect away any heat generated in these reflectors in
a circulation loop that is separate from the primary cooling loop.

[00136] In yet another embodiment of a reflector design, a ‘breed and bum
blanket’ may be provided surrounding the main core. In this embodiment, a reflector
‘blanket’ containing uranium could be provided, either as the only reflector or as a
second reflector located inside (between the core and the primary reflector) or outside
of the primary reflector. The uranium in the reflector could be either liquid or solid,
and could be uranium metal, a uranium oxide, a uranium salt or any other uranium
compound. The uranium in the reflector will reflect neutrons but will also breed
plutonium over time, thus becoming a source of fuel.

[00137] Notwithstanding the appended claims, the disclosure is also defined by

the following clauses:

1. A molten fuel nuclear reactor comprising:

a containment vessel and vessel head;

a reactor core enclosed within the containment vessel and vessel head, the
reactor core having an upper region and a lower region;

a heat exchanger enclosed within the containment vessel and vessel head, the
heat exchanger configured to transfer heat from a liquid fuel in the reactor core to a
liquid neutron-reflecting coolant.
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2. The molten fuel nuclear reactor of clause 1, wherein the neutron-
reflecting coolant is selected from lead, lead alloys, lead-bismuth eutectic, lead oxide,
iron uranium alloys, iron-uranium eutectic, graphite, tungsten carbide, densalloy,

titanium carbide, depleted uranium alloys, tantalum tungsten, and tungsten alloys.

3. The molten fuel nuclear reactor of clause 1, wherein the neutron-
reflecting coolant exhibits an elastic cross section of 0.1 barns or greater for 0.001 MeV

neutrons.

4. The molten fuel nuclear reactor of clause 1, wherein the neutron-
reflecting coolant is liquid and has a density greater than 10 grams/cm? at the reactor

operating temperature.

5. The molten fuel nuclear reactor of clause 1, wherein the heat exchanger

is a shell and tube heat exchanger.

6. The molten fuel nuclear reactor of clause 5, wherein the liquid fuel is
passed through the shell of the heat exchanger and the liquid neutron-reflecting coolant

is passed through the tubes of the heat exchanger.

7. The molten fuel nuclear reactor of clause 5, wherein the liquid fuel is
passed through the tubes of the heat exchanger and the liquid neutron-reflecting coolant

is passed through the shell of the heat exchanger.

8. The molten fuel nuclear reactor of any of clauses 1-7, wherein the heat
exchanger is fluidly connected to the upper region of the reactor core by an upper
channel and fluidly connected to the lower region of the reactor core by a lower
channel, the reactor core, heat exchanger and upper and lower channels forming a fuel

loop.
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9. The molten fuel nuclear reactor of any of clauses 1-8, further
comprising:

a liquid reflector coolant inlet in the vessel head fluidly connected to the heat
exchanger that receives cooled liquid neutron-reflecting coolant; and

a liquid reflector coolant outlet in the vessel head fluidly connected to the heat

exchanger that discharges heated liquid neutron-reflecting coolant.

10. The molten fuel nuclear reactor of any of clauses 1-9, further
comprising:

an inlet coolant transport channel interior to and in contact with a first portion of
the containment vessel between the liquid reflector coolant inlet in the vessel head and
the heat exchanger, wherein the inlet coolant transport channel receives cooled liquid
neutron-reflecting coolant from the liquid reflector coolant inlet, thereby cooling the

first portion of the containment vessel.

11. The molten fuel nuclear reactor of clause 10, wherein the first portion of

the containment vessel includes at least some of a side wall of the containment vessel.

12.  The molten fuel nuclear reactor of clause 10, wherein the first portion of
the containment vessel includes at least some of a bottom wall of the containment

vessel.

13.  The molten fuel nuclear reactor of clause 10, wherein the first portion of
the containment vessel includes at least some of a side wall and some of a bottom wall

of the containment vessel.

14. The molten fuel nuclear reactor of any of clauses 1-13, wherein the fuel
salt includes one or more of the following fissile salts: UFs, UF4, UF3, ThCls, UBrs3,
UBr4, PuCls, UCls, UCl3, UCI5F, or UCI2Fo.

15. The molten fuel nuclear reactor of any of clauses 1-14, wherein the fuel

salt includes one or more of the following non-fissile salts: NaCl, MgClz, CaCly,
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BaCl,, KCI, SrCla, VCl3, CrCls, TiCls, ZrCls, ThCls, AcCls;, NpCls, AmCl3;, LaCls,
CeCls, PrCls or NdCls.

16. A molten fuel nuclear reactor comprising:

a containment vessel and vessel head;

a reactor core enclosed within the containment vessel and vessel head, the
reactor core having an upper region and a lower region;

a first heat exchanger enclosed within the containment vessel and vessel head,
the heat exchanger configured to transfer heat from a liquid fuel in the reactor core to a
primary coolant;

a neutron reflector containing at least some neutron-reflecting liquid; and

a circulation system that circulates the at least some neutron-reflecting coolant

in the neutron reflector.

17. The molten fuel nuclear reactor of clause 16, wherein the neutron-
reflecting liquid is selected from lead, lead alloys, lead-bismuth eutectic, lead oxide,
iron uranium alloys, iron-uranium eutectic, graphite, tungsten carbide, densalloy,

titanium carbide, depleted uranium alloys, tantalum tungsten, and tungsten alloys.

18. The molten fuel nuclear reactor of clauses 16-17, wherein the neutron-
reflecting liquid exhibits an elastic cross section of 0.1 barns or greater for 0.001 MeV

neutrons.

19. The molten fuel nuclear reactor of clauses 16-18, wherein the neutron-
reflecting liquid is liquid and has a density greater than 10 grams/cm’ at the reactor

operating temperature.
20. The molten fuel nuclear reactor of clauses 16-19, further comprising:

a second heat exchanger that removes heat from heated neutron-reflecting liquid

and discharges cooled neutron-reflecting liquid.
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21. The molten fuel nuclear reactor of clauses 20, wherein the second heat

exchanger is outside of the reactor vessel.

22.  The molten fuel nuclear reactor of any of clauses 16-21, further
comprising:

a liquid reflector coolant inlet in the vessel head fluidly connected to the heat
exchanger that receives cooled liquid neutron-reflecting liquid; and

a liquid reflector coolant outlet in the vessel head fluidly connected to the heat

exchanger that discharges heated liquid neutron-reflecting liquid.

23.  The molten fuel nuclear reactor of any of clauses 16-22, further
comprising:

an inlet reflector transport channel interior to and in contact with a first portion
of the containment vessel between the liquid reflector coolant inlet and the liquid
reflector coolant outlet, wherein the inlet coolant transport channel receives cooled
liquid neutron-reflecting liquid from the liquid reflector coolant inlet, thereby cooling

the first portion of the containment vessel.

24, The molten fuel nuclear reactor of clause 23, wherein the first portion of

the containment vessel includes at least some of a side wall of the containment vessel.

25.  The molten fuel nuclear reactor of clause 23, wherein the first portion of
the containment vessel includes at least some of a bottom wall of the containment

vessel.

26.  The molten fuel nuclear reactor of clause 23, wherein the first portion of
the containment vessel includes at least some of a side wall and some of a bottom wall

of the containment vessel.

27. The molten fuel nuclear reactor of any of clauses 16-26, wherein the fuel
salt includes one or more of the following fissile salts: UFs, UF4, UF3, ThCls, UBrs3,
UBr4, PuCls, UCls, UCl3, UCI5F, or UCI2Fo.
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28. The molten fuel nuclear reactor any of clauses 16-27, wherein the fuel
salt includes one or more of the following non-fissile salts: NaCl, MgClz, CaCly,
BaCl,, KCI, SrCla, VCIl3, CrCls, TiCls, ZrCls, ThCls, AcCls, NpCls, AmCl3;, LaCls,
CeCls, PrCls or NdCls.

[00138] It will be clear that the systems and methods described herein are well
adapted to attain the ends and advantages mentioned as well as those inherent therein.
Those skilled in the art will recognize that the methods and systems within this
specification may be implemented in many manners and as such is not to be limited by
the foregoing exemplified embodiments and examples. In this regard, any number of
the features of the different embodiments described herein may be combined into one
single embodiment and alternate embodiments having fewer than or more than all of
the features herein described are possible.

[00139] While various embodiments have been described for purposes of this
disclosure, various changes and modifications may be made which are well within the
scope contemplated by the present disclosure. Numerous other changes may be made
which will readily suggest themselves to those skilled in the art and which are

encompassed in the spirit of the disclosure.
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CLAIMS

What is claimed is:

1. A molten fuel nuclear reactor comprising:

a containment vessel and vessel head;

a reactor core enclosed within the containment vessel and vessel head, the
reactor core having an upper region and a lower region;

a heat exchanger enclosed within the containment vessel and vessel head, the
heat exchanger configured to transfer heat from a liquid fuel in the reactor core to a

liquid neutron-reflecting coolant.

2. The molten fuel nuclear reactor of claim 1, wherein the neutron-
reflecting coolant is selected from lead, lead alloys, lead-bismuth eutectic, lead oxide,
iron uranium alloys, iron-uranium eutectic, graphite, tungsten carbide, densalloy,

titanium carbide, depleted uranium alloys, tantalum tungsten, and tungsten alloys.

3. The molten fuel nuclear reactor of claim 1, wherein the neutron-
reflecting coolant exhibits an elastic cross section of 0.1 barns or greater for 0.001 MeV

neutrons.

4. The molten fuel nuclear reactor of claim 1, wherein the neutron-
reflecting coolant is liquid and has a density greater than 10 grams/cm? at the reactor

operating temperature.

5. The molten fuel nuclear reactor of claim 1, wherein the heat exchanger

is a shell and tube heat exchanger.
6. The molten fuel nuclear reactor of claim 5, wherein the liquid fuel is

passed through the shell of the heat exchanger and the liquid neutron-reflecting coolant

is passed through the tubes of the heat exchanger.
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7. The molten fuel nuclear reactor of claim 5, wherein the liquid fuel is
passed through the tubes of the heat exchanger and the liquid neutron-reflecting coolant

is passed through the shell of the heat exchanger.

8. The molten fuel nuclear reactor of any of claims 1-7, wherein the heat
exchanger is fluidly connected to the upper region of the reactor core by an upper
channel and fluidly connected to the lower region of the reactor core by a lower
channel, the reactor core, heat exchanger and upper and lower channels forming a fuel

loop.

9. The molten fuel nuclear reactor of any of claims 1-7, further comprising:

a liquid reflector coolant inlet in the vessel head fluidly connected to the heat
exchanger that receives cooled liquid neutron-reflecting coolant; and

a liquid reflector coolant outlet in the vessel head fluidly connected to the heat

exchanger that discharges heated liquid neutron-reflecting coolant.

10. The molten fuel nuclear reactor of any of claims 1-7, further comprising:
an inlet coolant transport channel interior to and in contact with a first portion of
the containment vessel between the liquid reflector coolant inlet in the vessel head and
the heat exchanger, wherein the inlet coolant transport channel receives cooled liquid
neutron-reflecting coolant from the liquid reflector coolant inlet, thereby cooling the

first portion of the containment vessel.

11. The molten fuel nuclear reactor of claim 10, wherein the first portion of

the containment vessel includes at least some of a side wall of the containment vessel.
12. The molten fuel nuclear reactor of claim 10, wherein the first portion of

the containment vessel includes at least some of a bottom wall of the containment

vessel.
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13. The molten fuel nuclear reactor of claim 10, wherein the first portion of
the containment vessel includes at least some of a side wall and some of a bottom wall

of the containment vessel.

14. The molten fuel nuclear reactor of any of claims 1-7, wherein the fuel
salt includes one or more of the following fissile salts: UFs, UF4, UF3, ThCls, UBrs3,
UBr4, PuCls, UCls, UCl3, UCI5F, or UCI2Fo.

15. The molten fuel nuclear reactor of any of claims 1-7, wherein the fuel
salt includes one or more of the following non-fissile salts: NaCl, MgClz, CaCly,
BaCl,, KCI, SrCla, VCIl3, CrCls, TiCls, ZrCls, ThCls, AcCls, NpCls, AmCl3;, LaCls,
CeCls, PrCls or NdCls.

16. A molten fuel nuclear reactor comprising:

a containment vessel and vessel head;

a reactor core enclosed within the containment vessel and vessel head, the
reactor core having an upper region and a lower region;

a first heat exchanger enclosed within the containment vessel and vessel head,
the heat exchanger configured to transfer heat from a liquid fuel in the reactor core to a
primary coolant;

a neutron reflector containing at least some neutron-reflecting liquid; and

a circulation system that circulates the at least some neutron-reflecting coolant

in the neutron reflector.

17. The molten fuel nuclear reactor of claim 16, wherein the neutron-
reflecting liquid is selected from lead, lead alloys, lead-bismuth eutectic, lead oxide,
iron uranium alloys, iron-uranium eutectic, graphite, tungsten carbide, densalloy,

titanium carbide, depleted uranium alloys, tantalum tungsten, and tungsten alloys.

18. The molten fuel nuclear reactor of claim 16, wherein the neutron-
reflecting liquid exhibits an elastic cross section of 0.1 barns or greater for 0.001 MeV

neutrons.
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19. The molten fuel nuclear reactor of claim 16, wherein the neutron-
reflecting liquid is liquid and has a density greater than 10 grams/cm® at the reactor

operating temperature.

20. The molten fuel nuclear reactor of claim 16, further comprising:
a second heat exchanger that removes heat from heated neutron-reflecting liquid

and discharges cooled neutron-reflecting liquid.

21. The molten fuel nuclear reactor of claim 20, wherein the second heat

exchanger is outside of the reactor vessel.

22.  The molten fuel nuclear reactor of any of claims 16-21, further
comprising:

a liquid reflector coolant inlet in the vessel head fluidly connected to the heat
exchanger that receives cooled liquid neutron-reflecting liquid; and

a liquid reflector coolant outlet in the vessel head fluidly connected to the heat

exchanger that discharges heated liquid neutron-reflecting liquid.

23.  The molten fuel nuclear reactor of any of claims 16-21, further
comprising:

an inlet reflector transport channel interior to and in contact with a first portion
of the containment vessel between the liquid reflector coolant inlet and the liquid
reflector coolant outlet, wherein the inlet coolant transport channel receives cooled
liquid neutron-reflecting liquid from the liquid reflector coolant inlet, thereby cooling

the first portion of the containment vessel.

24, The molten fuel nuclear reactor of claim 23, wherein the first portion of

the containment vessel includes at least some of a side wall of the containment vessel.

55



WO 2017/192607 PCT/US2017/030666

25.  The molten fuel nuclear reactor of claim 23, wherein the first portion of
the containment vessel includes at least some of a bottom wall of the containment

vessel.

26. The molten fuel nuclear reactor of claim 23, wherein the first portion of
the containment vessel includes at least some of a side wall and some of a bottom wall

of the containment vessel.

27. The molten fuel nuclear reactor of any of claims 16-21, wherein the fuel
salt includes one or more of the following fissile salts: UFs, UF4, UF3, ThCls, UBrs3,
UBr4, PuCls, UCls, UCl3, UCI5F, or UCI2Fo.

28. The molten fuel nuclear reactor any of claims 16-21, wherein the fuel
salt includes one or more of the following non-fissile salts: NaCl, MgClz, CaCly,
BaCl,, KCI, SrCla, VCIl3, CrCls, TiCls, ZrCls, ThCls, AcCls, NpCls, AmCl3;, LaCls,
CeCls, PrCls or NdCls.
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