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THERMAL MANAGEMENT OF MOLTEN FUEL NUCLEAR REACTORS

[0001] The present application 1s being filed on November 15, 2017, as a PCT
International application and claims the benefit of priority to U.S. Provisional Patent
Application No. 62/422 474, titled “THERMAL MANAGEMENT OF MOLTEN
FUEL NUCLEAR REACTORS?”, filed November 15, 2016, which application 1s

hereby incorporated by reference.

INTRODUCTION
[0002] The utilization of molten fuels 1n a nuclear reactor to produce power provides
significant advantages as compared to solid fuels. For instance, molten fuel reactors
generally provide higher power densities compared to solid fuel reactors, while at the
same time having reduced fuel costs due to the relatively high cost of solid fuel
fabrication.
[0003] Molten fluoride fuel salts suitable for use 1in nuclear reactors have been
developed using uranium tetrafluoride (UF4) mixed with other fluoride salts as well as
using fluoride salts of thoritum. Molten fluoride salt reactors have been operated at
average temperatures between 600 °C and 860 °C. Binary, ternary, and quaternary
chloride fuel salts of uranium, as well as other fissionable elements, have been
described 1in co-assigned U.S. Patent Application Serial No. 14/981,512, titled
MOLTEN NUCLEAR FUEL SALTS AND RELATED SYSTEMS AND METHODS,
which application 1s hereby incorporated herein by reference. In addition to chloride
fuel salts containing one or more of UCl4, UCIsF, UCls, UCI2F2, and UCIF3, the
application further discloses fuel salts with modified amounts of *’Cl, bromide fuel
salts such as UBr3 or UBr4, thorium chloride fuel salts, and methods and systems for
using the fuel salts in a molten fuel reactor. Average operating temperatures of

chloride salt reactors are anticipated between 300 °C and 800 °C, but could be even

higher, e.g., > 1000 °C.

BRIEF DESCRIPTION OF THE DRAWINGS
[0004] The following drawing figures, which form a part of this application, are

1llustrative of described technology and are not meant to limit the scope of the
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invention as claamed 1n any manner, which scope shall be based on the claims
appended hereto.

[000S] FIG. 1 illustrates, 1in a block diagram form, some of the basic components of a
molten fuel reactor.

[0006] FIGS. 2A and 2B illustrate a molten fuel reactor equipped with DRACS heat
exchangers.

[0007] FIGS. 2C and 2D illustrate a method of operating the same molten fuel reactor
shown 1n FIGS. 2A and 2B that reduces the corrosion of the impellers while
maintaining the impellers near the top of the reactor core.

[0008] FIG. 2E illustrates two embodiments of a fuel displacement device.

[0009] FIG. 2F 1illustrates another aspect of the technology 1n which fuel salt exiting
the heat exchangers 1s mixed by one or more passive mixing devices.

[0010] FIG. 2G illustrates yet another embodiment 1n which fuel salt exiting the heat
exchangers 1s mixed by a diffuser component.

[0011] FIGS. 3A and 3B illustrate different views and components of an alternative
embodiment of a molten fuel reactor with a horizontal coolant flow through the heat
exchangers.

[0012] FIG. 4 illustrates an embodiment of a method for operating a reactor in a
reverse flow mode.

[0013] FIGS. SA-5B illustrate different views and components of yet another
embodiment of a molten fuel reactor with a horizontal coolant flow through the heat
exchangers.

[0014] FIGS. 6A-6B 1llustrate different views and components of an alternative split
primary coolant flow embodiment of a molten fuel reactor with a horizontal coolant
flow through the heat exchangers.

[0015] FIGS. 7A-E 1illustrate an alternative embodiment of a cylindrical core barrel
diffuser.

DETAILED DESCRIPTION
[0016] This disclosure describes various configurations and components of a molten
fuel fast or thermal nuclear reactor. For the purposes of this application, embodiments

of a molten fuel fast reactor that use a chloride fuel will be described. However, 1t will



CA 03048619 2015-06-26

WO 2018/140117 PCT/US2017/061843

be understood that any type of fuel salt, now known or later developed, may be used
and that the technologies described herein may be equally applicable regardless of the
type of fuel used, such as, for example, salts having one or more of U, Pu, Th, or any
other actinide. 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.

[0017] FIG. 1 illustrates, 1in a block diagram form, some of the basic components of a
molten fuel reactor. In general, a molten fuel reactor 100 includes a reactor core 104
containing a fissionable fuel salt 106 that 1s liquid at the operating temperature.
Fissionable fuel salts include salts of any nuclide capable of undergoing fission when
exposed to low-energy thermal neutrons or high-energy neutrons. Furthermore, for the
purposes of this disclosure, fissionable material includes any fissile material, any fertile
material or combination of fissile and fertile materials. The fuel salt 106 may or may
not completely fill the core 104, and the embodiment shown 1s illustrated with an
optional headspace 102 above the level of the fuel salt 106 1n the core 104. The size of
the reactor core 104 may be selected based on the characteristics and type of the
particular fuel salt 106 being used 1n order to achieve and maintain the fuel 1n an
ongoing state of criticality, during which the heat generated by the ongoing production
of neutrons in the fuel causes the temperature of the molten fuel to rise when 1t 1s 1n the
reactor core. The performance of the reactor 100 1s improved by providing one or more
reflectors 108 around the core 104 to retlect neutrons back into the core. The molten
fuel salt 106 1s circulated between the reactor core 104 and one or more primary heat
exchangers 110 located outside of the core 104. The circulation may be performed
using one or more pumps 112.

[0018] The primary heat exchangers 110 transter heat from the molten fuel salt 106
to a primary coolant 114 that 1s circulated through a primary coolant loop 115. In an
embodiment the primary coolant may be another salt, such as NaCl-MgCla, or lead.
Other coolants are also possible including Na, NaK, supercritical CO2 and lead bismuth
eutectic. In an embodiment, a reflector 108 1s between each primary heat exchanger
110 and the reactor core 104 as shown in FIG. 1. For example, in an embodiment a

cylindrical reactor core 104, having a diameter of 2 meters (m) and a height of 3 m, 1s
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oriented vertically so that the flat ends of the cylinder are on the top and bottom
respectively. The entire reactor core 104 1s surrounded by reflectors 108 between
which are provided channels for the flow of fuel salt 106 into and out of the reactor
core 104. Eight primary heat exchangers 110 are distributed azimuthally around the
circumference of the reactor core and reflector assembly, each provided with pumps to
drive circulation of the fuel salt. In alternative embodiments, a different number of
primary heat exchangers 110 may be used. For example, embodiments having 2, 3, 4,
5,6, 12, and 16 primary heat exchangers are contemplated.

[0019] In the embodiment shown 1n FIG. 1, in normal (power generating) operation
the fuel salt 1s pumped from the reactor core 104, through the heat exchanger 110 and
cooled fuel salt 1s returned back to reactor core 104. Heated primary coolant 114 from
the primary heat exchangers 110 1s passed to a power generation system 120 for the
generation of some form of power, e.g., thermal, electrical or mechanical. The reactor
core 104, primary heat exchangers 110, pumps 112, molten fuel circulation piping
(1including other ancillary components that are not shown such as check valves, shutoff
valves, flanges, drain tanks, etc.) and any other components through which the molten
fuel circulates or contacts during operation can be referred to as the fuel loop 116.
Likewise, the primary coolant loop 115 includes those components through which
primary coolant circulates, including the primary heat exchangers 110, primary coolant
circulation piping (1including other ancillary components that are not shown such as
coolant pumps 113, check valves, shutoff valves, 1solation valves, flanges, drain tanks,
etc.).

[0020] Salt-facing elements of the heat exchanger 110 and the primary coolant loop
115 may be clad to protect against corrosion. Other protection options include
protective coatings, loose fitting liners or press-fit liners. In an embodiment, cladding
on the internal surface of the tubes 1s molybdenum that 1s co-extruded with the base
heat exchanger tube material. For other fuel salt contacting surfaces (exterior surfaces
of the tube sheets and exterior surface of the shell), the cladding material 1s
molybdenum alloy. Nickel and nickel alloys are other possible cladding materials.
Niobium, niobium alloys, and molybdenum-rhenium alloys may be used where welding
1s required. Components 1n contact with primary cooling salt may be clad with Alloy

200 or any other compatible metals, such as materials meeting the American Society of
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Mechanical Engineers’ pressure vessel code. The tube primary material may be 316
stainless steel or any other compatible metals. For example, in an embodiment alloy
617 1s the shell and tube sheet material.

[0021] The molten fuel reactor 100 further includes at least one containment vessel
118 that contains the fuel loop 116 to prevent a release of molten fuel salt 106 1n case
there 1s a leak from one of the fuel loop components. The containment vessel 118 1s
often made of two components: a lower, vessel portion 118v that takes the form of a
unitary, open-topped vessel with no penetrations of any kind; and a cap 118h referred
to as the vessel head that covers the top of the vessel portion118v. All points of access
to the reactor 100 are from the top through the vessel head 118h.

[0022] One possible situation faced by reactors 1s a loss of forced tflow event in
which, possibly due to a power failure or some other cause, the salt pumps cease to
function. In such an event, the reactor must still be cooled to prevent an unacceptable
temperature increase even after the protection system shuts down the fission chain
reaction because fission products 1n the fuel salt will produce decay heat. Reactors are
often provided with a direct reactor auxiliary cooling system (DRACS) specifically to
limit this temperature increase before there 1s damage to any of the components. A
DRACS 1s an auxiliary cooling system, which may or may not be completely
independent of the primary coolant loop, which 1s designed to provide auxiliary cooling
1n certain circumstances, such as to remove decay heat from the fuel salt during a loss
of forced flow event or other events.

[0023] In some cases, a DRACS relies on the natural circulation of the fuel salt
through the fuel loop 116. In many fuel salts, higher temperature molten salt 1s less
dense than lower temperature salt. For example, in one fuel salt (71 mol % UCls-17
mol % UCI3-12 mol % NaCl) for a 300 °C temperature rise (e.g., 627 °C to 927 °C), the
fuel salt density was calculated to fall by about 18 %, from 3680 to 3010 kg/m°. The
density differential created by the temperature difference between the higher
temperature salt in the core and the lower temperature salt elsewhere 1n the fuel loop
116 creates a circulation cell in the fuel loop. This circulation 1s referred to as natural

circulation.
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[0024] Broadly speaking, this disclosure describes multiple alterations and
component configurations that improve the performance of the reactor 100 described

with reference to FIG. 1.

DRACS DECAY HEAT HEAT EXCHANGER (DHHX)
[002S] FIGS. 2A and 2B 1llustrate a molten fuel reactor equipped with DRACS heat

exchangers dedicated to the removal of decay heat during a reactor shutdown event. A
reactor shutdown event may be a planned reactor shutdown, an unplanned loss of
forced flow 1n the fuel salt loop, or some other event that requires the uses of the
DRACS to remove heat from the reactor core. FIG. 2A 1s a plan view of a reactor 200
1llustrating the locations of various ducts and components penetrating and below the
reactor head 216. FIG. 2B 1s a sectional view of the reactor 200 taken along section
line A-A’ of FIG. 2A. Similar to that described with reference to FIG. 1, the reactor
200 1ncludes a reactor core in the form of a defined volume 204 filled with fuel salt.
The reactor core 204 1s defined by a cylindrical reflector 208, an upper reflector 206
and a lower reflector 202, with passages provided between the reflectors 208, 206, 202
to allow salt to circulate into and out of the reactor core 204.

[0026] In the embodiment shown, eight heat exchanger circuits, each including a
DRACS heat exchanger 222 and a primary heat exchanger (PHX) 210, are spaced
around the reactor core 204. Fuel salt transter ducts 244 are provided at the top and the
bottom of the reactor core 204 that provide a flow path between the core and each of
the eight heat exchanger circuits. The reactor core 204, reflectors 208, 206, 202, and
heat exchanger circuits are within an open-topped containment vessel 218 that 1s
capped with a vessel head 216. Forced tflow of the fuel salt 1s driven by eight impellers
212, each impeller 212 driven by a shaft 214 that penetrates the vessel head 216.
[0027] The DRACS heat exchangers 222 are referred to as Decay Heat Heat
Exchangers (DHHXSs) to differentiate them from the primary heat exchangers 210. In
the embodiment shown, the DHHXs 222 and PHXs 210 are shell and tube exchangers
1n which multiple tubes (referred to as the tubeset or tube bundle) pass through a shell
filled with coolant (this configuration 1s sometimes referred to as a shell-side
coolant/tube-side fuel configuration). Fuel salt flows through the tubeset and 1s cooled

by the coolant. In the embodiment shown, each DHHX 222 1s located vertically above
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an associated PHX 210. The shell of the DHHX 222 and the shell of the PHX 210 are
separated by a tube sheet 240 through which a continuous set of vertical tubes (a
tubeset) passes. In the embodiment shown, the fuel flows through the tubes of the
tubeset. Coolant 1s flowed through the shell around the tubes of the tubeset. Tube
sheets 240 are also provided at the inlet and outlet of the heat exchanger circuits.
[0028] In the embodiment shown in FIG. 2A, the DHHX coolant and the PHX
coolant are provided by independent coolant circuits. In the embodiment shown, the
primary coolant circuit delivers the primary coolant to the bottom of each of the PHX’s
shells via an 1nlet duct 228 and a return duct 230 removes the heated primary coolant
from the top of each PHX’s shell. DRACS coolant 1s delivered by a DRACs coolant
inlet duct 224 through the vessel head 216, into the DHHX shell and then removed,
again through the vessel head, by a DRACS coolant return duct 226.

[0029] Alternative embodiments are also possible. For example, the DHHXs and
PHXSs 1n a heat exchanger circuit may be different types of heat exchangers. For
example, 1n addition to shell and tube heat exchangers, plate (sometimes also called
plate-and-frame), plate and shell, printed circuit, and plate fin heat exchangers may be
suitable. Alternatively or additionally, the relative locations of the DHHXs and PHXs
to each other may be varied. For example, a DHHX may be located next to or below
1ts associated PHX. In yet another embodiment, not all of the salt passing through the
PHX may also pass through 1ts associated DHHX.

[0030] Likewise, the location of the coolant inlet and return ducts may be varied. For
example, the DRACs coolant inlet and return ducts 224, 226 and/or the PHX coolant
and return ducts 228, 230 may be located between the DHHX 222 and the cylindrical
reflector 208, or any other location relative to their associated heat exchangers, rather
than between the heat exchangers and the containment vessel 218 as shown.

[0031] The primary coolant and the DRACS coolant may be the same composition or
may be different. In an embodiment the primary and/or DRACS coolant may be
another salt, such as NaCIl-MgCl2, or lead. Other coolants are also possible including
Na, NaK, supercritical COz and lead bismuth eutectic.

[0032] During normal, power-generating operation, the DRACS may or may not be
cooling the fuel salt. In one embodiment, for example, the DHHXSs do not provide any

cooling during normal operation so that all of the heat removed from the fuel salt 1s

7



CA 03048619 2015-06-26

WO 2018/140117 PCT/US2017/061843

removed by the PHXs. In this embodiment, DRACS coolant in the DHHX 15 allowed
to heat up to the operating temperature. The heated DRACS coolant may be
periodically or continuously circulated, such as through the DHHX or the DRACS
coolant loop, to prevent fouling. In an alternative embodiment, the DRACS 1s
continuously operated and the heat removed by the DRACS coolant may or may not be

recovered for power generation or general heating.

FUEL MIXING DEVICES

[0033] FIG. 2F illustrates another aspect of the technology 1n which fuel salt exiting
the heat exchangers 1s mixed by one or more passive mixing devices. This may be
done using any kind of baffles, contours and/or other equipment that provides mixing
to the fuel salt to prevent hot and cold zones from developing within the fuel salt
transfer ducts 244. In the embodiment shown, a set of static mixing vanes 256 1s
1llustrated 1n the lower fuel salt transfer duct 244. The mixing vanes 256 are shaped to
enhance the mixing of the fuel salt as 1t flows around the vanes.

[0034] Another mixing device 1n the form an orifice plate 254 1s also illustrated. In
an embodiment, the orifice plate 254 1s a simple perforated plate provided with a
number of circular holes through which the fuel salt flows. The turbulence created by
the flow through the plate 254 enhances mixing and homogenizes the temperature of
the fuel salt. In another embodiment, the perforations 1n the orifice plate 254 may be
shaped, angled, or otherwise aligned to direct the flow 1n order to enhance the mixing
even more.

[003S] FIG. 2G 1llustrates another embodiment 1n which fuel salt exiting the heat
exchangers 1s mixed by a passive mixing device, in this case a vertical diffuser that
causes the cooled fuel salt to be delivered into the reactor core at different vertical
locations around the periphery of the reactor core. In this embodiment, the fuel salt
exiting the PHXs 210 1s routed 1nto a core barrel diffuser 260. The core barrel diffuser
260 1s defined by an exterior cylindrical wall 262 adjacent to or in contact with the side
reflector 208 and an interior cylindrical wall 264 that defines the periphery of the
reactor core 204. The exterior wall 262 and the interior wall 264 are separated by a
space which forms a cylindrical plenum 266 through which the cooled fuel salt passes

before entering the reactor core proper 204. In the embodiment shown, the exterior

3
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wall 262 and the interior wall 264 are connect at the top by a top wall 270. Cooled fuel
salt from the PHX 210 outlet flows into the core barrel diffuser 260. In the
embodiment shown the cooled fuel salt flows 1nto the bottom of the core barrel diffuser
260 through an opening in the exterior wall 262 provided for each PHX 210. The
interior wall 264 1s provided with perforations 268 at different locations to control the
flow of the cooled fuel salt into the reactor core 204. In the embodiment shown,
perforations are spaced vertically at different levels along the interior wall 264 from the
bottom to near the top of the core barrel 260 although a relatively larger number of
perforations are provided at the bottom of the reactor core 204.

[0036] This core barrel 260 design results 1n relatively cooler fuel salt being adjacent
to the side reflector 208, essentially forming a cooled fuel salt layer around the outside
of the reactor core. This allows greater flexibility in the choice of reflector materials
and reflector design. In fact, one or more perforations may be provided from the core
barrel 260 1nto the fuel salt inlet duct 244, thereby cooling the upper surface of the side
reflector 208 as well. FIGS. 7A-E, below, illustrate an alternative embodiment of a
cylindrical core barrel diffuser in greater detail.

[0037] In the cylindrical core barrel diffusers of FIG. 2G and FIGS. 7A-E, the
plenum 266 1s a continuous space around the reactor core 204 that collects all the
cooled fuel salt before 1t flows 1nto the reactor core 204. However, a cylindrical core
barrel diffuser 260 1s but one possible geometry of a diffuser that directs the tflow of
cooled fuel salt into the reactor core at different vertical levels around the exterior of
the core. In an alternative embodiment, an individual diffuser for each PHX 210 1s
provided that 1s simply a plenum roughly 1n the shape of a vertically oriented
rectangular prism or cylinder section that extends from the bottom of the reactor core
204 to the 1nlet duct of the PHX 210 or even the top of the reactor core 204. Provided
with perforations 268 vertically along the interior wall 264, the individual diffusers will
differ from the cylindrical core barrel diffuser 260 1n that the cooled fuel salt from each
PHX 210 1s not collected 1n and passed through a single plenum, but rather the
individual output streams of cooled fuel salt maintained separate until collected 1n the
reactor core 204.

[0038] FIGS. 7A-E illustrate an alternative embodiment of a cylindrical core barrel

diffuser 1n greater detail. FIG. 7A 1illustrates a perspective view of a core barrel diffuser
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700. In the embodiment shown, the core barrel diffuser 700 includes an exterior wall
702 and an interior wall 704 in which the interior wall 704 1s provided with
perforations 706. The exterior wall 702 1s 1llustrated as tapering inwardly near the top
of the diffuser 700 and the two walls 702, 704 are connected by a top wall 708.

[0039] FIG. 7B 1s a perspective cross-sectional view of the core barrel diffuser 700
showing more detail of the interior wall 704 and perforations 706. In the embodiment
shown, the perforations are provided in rows arranged around the interior wall 704 at
different levels within the diffuser 700. Relatively more perforations 706 are provided
near the bottom of the diffuser 700, as shown. The perforations provide access to a
space 712 between the interior wall 704 and the exterior wall 702 that acts as a plenum
712 for the transport of fuel salt from the bottom of the diffuser 700 1nto the reactor
core.

[0040] FIG. 7C 1s a plan view from the side of the diffuser and FIG. 7D 1s a cross-
sectional plan view, again showing more detail of the interior wall 704, rows of
perforations 706, the plenum 712 and the taper of the exterior wall 702. FIG. 7D also
1llustrates the flow path of cooled fuel salt entering the reactor core through the rows of
perforations 706. The molten fuel salt enters the plenum 712 from below under
pressure and flows through the perforations 706 into the reactor core.

[0041] FIG. 7E 1s a detail view from the cross-sectional plan view of FIG. 7D of the
base of the diffuser 700 showing the plenum 712 and rows of perforations 706 at the
base of the interior wall 704

[0042] In the embodiment shown, the perforations are simple horizontally-aligned
cylindrical holes 1n the interior wall 704. In an alternative embodiment, the
perforations may be diagonally aligned, for example at a 45 degree angle (up or down),
to direct the flow of the fuel salt entering the reactor core up or down depending on the
desired flow pattern. In yet another embodiment, the perforations may be frustoconical
1n shape causing them to act as simple nozzles to passively control the velocity of the
flow 1nto the reactor core. In yet another embodiment, a nozzle having a more complex
flow path may be installed in each perforation. The perforations or nozzles may all be
1dentically sized and/or oriented or may be differently sized and/or oriented to achieve

more complex salt circulation patterns within the reactor core during operation.
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[0043] In the embodiment shown, the exterior wall 702 1s provided with an inward
taper achieved by two conical sections before the exterior wall 702 and the interior wall
704 meet the top wall 710. The exterior wall 1s 1llustrated as roughly of uniform
thickness so that the taper 1s then also provided to the plenum 712. The tapered shape
of the plenum 712 1s used to control the flow profile of the cooled fuel salt through the
plenum 712. In an alternative embodiment, the taper could be achieved using more or
less conical sections or one or more ogive curves. In yet another embodiment, the
exterior wall 704 1s not uniform 1n thickness, however a tapering plenum 712 1s still
provided. For example, the exterior surface of the exterior wall 704 may not be
provided with a taper, but the thickness of the wall 702 increases near the top of the
reactor core to maintain a tapered profile of the plenum 712 as described above.
[0044] In the diffuser embodiment shown, the diffuser 700 1s cylindrical 1n
configuration. Other configurations are possible including any regular or irregular

prism such as an octagonal prism, hexagonal prism, rectangular prism, or cube shape.

FUEL DISPLACEMENT DEVICES

[0045] Control of the level of fuel salt within the reactor can be helpful in the
efficient operation of a molten fuel salt reactor. As mentioned above with reference
with FIG. 1, the fuel salt 106 1n a reactor may or may not completely fill the core, and
the embodiment shown 1s illustrated with an optional headspace 102 above the level of
the fuel salt 106 1n the core 104. In an embodiment, a reactor may be provided with
one or more fuel displacement devices to control the fuel salt level during operation. A
fuel displacement device 1s a component that can be used to change the total volume of
the fuel loop 116 by either moving the component into or out of the fuel loop 116 or by
changing the size of a component that 1s already 1n the fuel loop.

[0046] FIG. 2E illustrates two examples of a fuel displacement device. One example
of a simple fuel displacement device 1s a displacing rod 250, which could be made of
reflecting or absorbing maternal, that extends through the vessel head 216 1nto the
reactor core 204, thereby displacing fuel in the core. FIG. 2E illustrates such a rod 250
that can be moved between a first position 1n which the rod 1s flush with the top
reflector 206 and a second position, 1llustrated by the dashed lines in which the rod 250

has penetrated into the reactor core 204. Such a displacement rod need not penetrate the
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reactor head 216 as shown, but rather could be built into the top retlector 206. The
displacement rod 250 could be as large as needed. Indeed, in an embodiment the entire
top retlector 206 may be moveable to act as the displacement device. The second
example shown uses the shaft 214 as the displacement device. In this embodiment, the
position of the impeller 212 could be raised or lowered, thereby changing the amount of
volume 1n the fuel loop taken up the shaft 214. A displacement device could be located
anywhere within the reactor. For example, the rod 250 could come out of the lower
reflector 202 or the cylindrical reflector 208. In addition, the displacement rod 250
need not go 1nto the reactor core 204, but could displace fuel from any location 1n the
fuel loop.

[0047] In an alternative embodiment, a displacement device could take the form of a
component that 1s already within the reactor 200 but that could change its shape or
otherwise be controlled so that the volume of the fuel loop 1s altered. For example, a
metal bellows containing primary or DRACS coolant could be provided in the fuel loop
such as above or below the heat exchanger circuits. The size of the bellows could be
controlled by 1njecting or removing the coolant. In yet another embodiment, the
bellows could be filled with an inert gas and the size controlled by injecting or
removing the gas.

[0048] Displacement of the fuel could be used for reactivity control, thus allowing
the reactivity to be adjusted through movements of a displacement device. This could
be achieved through the changing of the shape of the reactor core volume. Further
reactivity control could be provided by including moderating material in the
displacement device. In an embodiment a displacement device 1s also a control rod
made, at least in part, of moderating material. For example, such a device could be a
moderating material such as boron (e.g., B4C), silver, indium or cadmium contained
with a protective sleeve or cladding, as described above, to prevent contact of the
moderating material with the fuel salt.

[0049] Another example of fuel displacement devices are displacing vanes 252 as
shown 1n FIG. 2A. In this embodiment, one or more vanes 252 are provided 1n the fuel
loop, such as 1n the reactor core 204 as shown. The vanes 252 may be made of
reflecting or absorbing material and may have a cladding or sleeve for protection from

contact with the salt. The vanes may extend through the vessel head 216 into the
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reactor core 204. The vanes 252 may be moveable so that they can be raised or
lowered thereby displacing fuel in the core. In an embodiment, vanes can be
completely removed from the core 204. One aspect of the displacing vanes 252
different from simple rods 250 1s that the vanes 252 also serve to stabilize and direct

the flow of salt through the reactor core 204.

REVERSED FUEL FLOW

[0050] In molten fuel reactors, pump impellers are one component that has to operate
1n a particularly hostile environment. In order to take advantage of the natural
circulation force, fuel salt reactors remove hot fuel salt from the top of the reactor core,
transter heat from the salt, and then return the cooled salt to the bottom of the reactor
core. In a reactor design 1n which pump impellers are driven by a shaft that enters
through the top of the vessel head, 1t 1s desirable to locate the impellers near the top of
the reactor. However, fuel salt 1s often very corrosive and the corrosivity often
increases with fuel salt temperature. The top placement of the impellers, then, exposes
the impellers to the highest temperature fuel salt in the fuel loop 116 which occurs at
the point of exit of the fuel salt from the reactor core, thus increasing the corrosion to
the impellers.

[0051] FIGS. 2C and 2D 1llustrate a method of operating the same molten fuel reactor
shown 1n FIGS. 2A and 2B that reduces the corrosion of the impellers 212 while
maintaining the impellers near the top of the reactor core 204. In the embodiment
shown, the corrosion reduction 1s achieved by reversing the flow of salt 1n the fuel loop
during normal, power-generating operation (the flow 1s reversed relative to the flow of
salt due to natural circulation). That 1s, by reversing the flow of fuel salt during
normal, power-generating operation so that cooled salt enters the top of the reactor core
204 and hot salt exits the bottom of the reactor core 204, the top-mounted impellers 212
are exposed to the coolest temperature salt in the fuel loop at the outlet of the heat
exchangers 210, 222. The lower temperature operating environment decreases the cost
of materials needed for the impellers while maintaining the top-mounted location and
may also improve the pumping efficiency.

[0052] FIG. 4 illustrates the reverse fuel flow method as a flow chart. In the

embodiment of the method 400 shown, the method starts with providing molten salt
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nuclear reactor having a reactor core as described above in operation 402. Reverse
flow circulation starts with a cooled fuel salt injection operation 404. In this operation
404, low temperature nuclear fuel 1s delivered into an upper region of the reactor core,
thereby displacing some high temperature nuclear fuel from the reactor core downward
and out of the reactor core into a heat exchanger circuit. A heated fuel salt removal and
cooling operation 406 1s then performed. In this operation 406, the displaced high
temperature fuel 1s removed from the reactor and flowed upward through the heat
exchanger circuit, thereby transferring heat from the high temperature nuclear fuel to a
coolant and converting the displaced high temperature nuclear fuel into the low
temperature nuclear fuel.

[0053] This reverse fuel salt flow technique 1n a molten fuel salt reactor, where the
natural circulation direction and the operational fuel salt circulation direction are
opposite, may be used with any molten fuel salt reactor core geometry and 1s not
limited to use with reactors having DRACS heat exchangers. In an alternative
embodiment, one-way vales may be provided in the fuel salt loop to change the
circulation path of the fuel depending on whether the reactor 1s under forced flow or
natural circulation. For example, 1n an embodiment, one-way valves may be installed
1n some or all the ducts connecting the reactor core to the heat exchangers so that
during natural circulation all fuel salt flow 1s directed through only some of the heat
exchanger legs (or only some of the tubes within the heat exchangers) while during
normal operation all eight of the heat exchanger legs and all of the tubes 1n the heat
exchanger tubesets.

[0054] Note that natural circulation during loss of forced flow events 1s now opposite
that of the flow during normal operation. In the event of loss of forced flow, this means
that there will be some period of time before the salt flow can reverse directions and the

steady state natural circulation flow 1s achieved.

HORIZONTAL COOLANT FLOW PRIMARY HEAT EXCHANGER

[005S] FIGS. 3A-3B 1llustrate different views and components of an alternative
embodiment of a molten fuel reactor with a horizontal coolant flow through the heat

exchangers. FIG. 3A 1s a plan view of a reactor 300 illustrating the locations of various
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ducts and components penetrating and below the reactor head 316. FIG. 3B 1sa
sectional view of the reactor 300 taken along section line B-B’ of FIG. 3A.

[0056] In the embodiment shown, similar to those described with reference to FIGS.

1 and 2A-2D, the reactor 300 includes a reactor core 304 filled with fuel salt. The
reactor core 304 1s defined by a cylindrical reflector 308, an upper reflector 306 and a
lower reflector 302. In the embodiment shown, four heat exchanger circuits, each
including a DRACS heat exchanger 322 and a PHX 310, are spaced around the reactor
core 304. Fuel salt transfer ducts 344 are provided at the top and the bottom of the
reactor core 304 that provide a flow path between the core and each of the four heat
exchanger circuits. The reactor core 304, reflectors, and heat exchanger circuits are
within an open-topped containment vessel 318 that 1s capped with a vessel head 316.
Forced flow of the fuel salt 1s driven by four impellers 312, each impeller 312 driven by
a shaft 314 that penetrates the vessel head 316.

[00S7] During a loss of forced flow event the reactor 300 forms a natural circulation
cell with fuel salt flowing upward through the reactor core 304 and downward through
the heat exchanger circuits. The reactor 300 may be operated with reversed flow
during normal operation as described above with reference to FIGS. 2C and 2D. In this
reversed flow embodiment, the impellers 312 are designed to cause the fuel to be
flowed from the top of the heat exchanger circuit into the upper region/top of the
reactor core 304.

[0058] The reactor 300 differs, at least in part, from the reactors described above in
1ts routing of primary coolant through at least the PHX 310. In the embodiment shown,
both the DRACS heat exchangers 322 and the PHXs 310 are shell and tube heat
exchangers that include a shell containing multiple tubes (again, referred to collectively
as the tubeset or tube bundle) and capped at either end by a tube sheet 342. In addition,
as 1llustrated the two heat exchangers 310, 322 1n each heat exchanger circuit share a
shell and the tubes of the tubeset, the DRACS coolant being separated from the primary
coolant by an intermediate tube sheet within the shared shell. The primary coolant
through each PHX 310 1s delivered to the side of PHX 310 and flowed horizontally past
the tubes rather than being forced to follow some circuitous path between different
vertical levels within the PHX 310. This 1s achieved by delivering the coolant into

each PHX 310 through one sidewall and removing the coolant from the opposite
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sidewall, thus creating a horizontal flow of coolant through the tubeset between the two
opposite sidewalls. Alternatively, a plate heat exchanger design (not shown) could be
utilized.

[0059] In the embodiment shown, the inlet duct 328 and coolant return duct 330 for
each PHX are located on opposite sides of each PHX 310. Thus, cold coolant flows
through the 1nlet duct 328 to a chamber that includes a perforated sidewall 340 (best
seen in FIG. 3B) 1in the shell of the PHX 310. The coolant flows through the perforated
sidewall 340 into the PHX 310 and horizontally past the tubes in the tubeset, thus
cooling the fuel salt flowing vertically through the tubeset. The heated coolant flows
horizontally to the opposite side of the PHX 310, exits the PHX 310 through the
perforated sidewall 340 and exits the reactor 300 via the return duct 330.

[0060] In the embodiment shown, each inlet duct 328 1s located counter-clockwise
(as shown 1n FIG. 3A) relative to 1ts associated PHX 310. In an alternative
embodiment (not shown), inlet ducts 328 for adjacent PHXs 310 may be co-located and
share a wall or may be a single duct that serves two different PHXs. The return ducts
330 may be stmilarly co-located between different sets of adjacent PHXs 310. In this
configuration, the walls between co-located ducts need not be insulated as they are
routing coolant of the same temperature to different heat exchangers. In an alternative
embodiment, the wall between co-located ducts may be eliminated altogether.

[0061] The DRACS DHHX 322 may or may not also be designed to utilize
horizontal flowing coolant. In the embodiment shown, the DRACS coolant 1s delivered
to the top of one corner of the DHHX by a DRACS coolant inlet pipe 324 and removed
from the top of an opposing corner by a DRACS coolant return pipe 326. To ensure
horizontal flow through the DHHX, the DRACS coolant may be delivered to and
removed from opposing chambers within the DHHX shell. The chambers maybe
provided with perforated sidewalls (not shown) so that they act as a manifold and
deliver and remove coolant horizontally from the region of the shell that contains the
tubeset, similar to how the coolant 1s delivered into the PHXs 310.

[0062] As discussed above, various baftles, contours and other equipment for evenly
delivering coolant flow 1into and out of the heat exchangers may be provided, such as in

the ducts 328, 330, the sidewalls and/or within the heat exchanger shells.
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[0063] FIGS. SA-5B illustrate different views and components of yet another
embodiment of a molten fuel reactor with a horizontal coolant flow through the heat
exchangers. FIG. 5A 1s a plan view of a reactor 500 illustrating the locations of various
ducts and components penetrating and below the reactor head 516. FIG. 5SBi1s a
sectional view of the reactor 500 taken along section line B-B’ of FIG. SA.

[0064] In the embodiment shown, similar to those described with reference to FIGS.
1 and 2A-2D, the reactor 500 includes a reactor core 504 filled with fuel salt. The
reactor core 504 1s defined by a cylindrical reflector 508, an upper reflector 506 and a
lower reflector 502. In the embodiment shown, four heat exchanger circuits, each
including a DRACS heat exchanger 522 and a PHX 510, are spaced around the reactor
core 504. Fuel salt transfer ducts 544 are provided at the top and the bottom of the
reactor core 504 that provide a flow path between the core and each of the four heat
exchanger circuits. The reactor core 504, reflectors, and heat exchanger circuits are
within an open-topped containment vessel 518 that 1s capped with a vessel head 516.
Forced tflow of the fuel salt 1s driven by four impellers 512, each impeller 512 driven by
a shaft 514 that penetrates the vessel head 516.

[0065] The reactor 500 differs, at least in part, from the reactors described above in
1ts split routing of primary coolant through at least the PHX 510. In the embodiment
shown, both the DRACS heat exchangers 522 and the PHXs 510 are shell and tube heat
exchangers that include a shell containing multiple tubes (again, referred to collectively
as the tubeset or tube bundle) and capped at either end by a tube sheet 542. As in FIG.
3B, the DRACS heat exchanger and the PHX 510 share a shell and the tubes of the
tubeset, the DRACS coolant being separated from the primary coolant by an
intermediate tube sheet 542 within the shared shell.

[0066] The split primary coolant flow embodiment 500 differs that shown in FIG. 3B
1n the flow path and ducts for the primary coolant through each PHX 510. In the split
flow embodiment the PHX 510 1s separated by a tube sheet 542 into two zones. The
primary coolant flows through a first, lower zone as shown and 1s then routed by an
intermediate duct 532 to the upper zone and out of the reactor 500. Again, the primary
coolant 1s flowed horizontally past the tubes rather than being forced to follow some
circuitous path between different vertical levels within the PHX 510. This 1s achieved

by delivering the coolant into each PHX 510 through one sidewall and removing the
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coolant from the opposite sidewall, thus creating a horizontal flow of coolant through
the tubeset between the two opposite sidewalls. In the embodiment shown, the coolant
makes two passes through the PHX 510 so that the coldest coolant passes by the tubes
containing the coolest fuel salt. In order to achieve the same cooling as that of FIGS.
3A-3B assuming a PHX of the same size, the mass velocity of the primary coolant must
be increased by a factor of two. In an embodiment, the flows of primary coolant and
molten fuel salt are selected so that the total heat removed equals the total fuel salt
power released. In the embodiment of FIGS. SA-5B, the path length of the primary
coolant through the shell 1s doubled relative to that of FIGS. 3A-3B. Therefore, due to
these two effects, the primary coolant pressure drop between 1nlet and outlet will rise.
[0067] One aspect of the embodiment of FIGS. SA-5B 1s a more even fuel salt
temperature profile of fuel salt exiting the PHX 510. The fuel salt temperature 1ssuing
between the upper and lower halves of the PHX 510 has a maldistribution, since the
primary coolant entering the upper half from the right 1s cooler than that leaving on the
left. The fuel salt temperature in the tubes on the left 1s therefore higher. The lower
half of the PHX 510, however, has the cooler primary coolant entering on the left side,
which will cool the warmer fuel salt entering via the tubes on the left side. This
configuration reduces or removes the maldistribution from the fuel salt 1ssuing from the
bottom half of the PHX 510 relative to the embodiment shown 1n FIGS. 3A-3B.

[0068] In the embodiment shown, the inlet duct 528 and coolant return duct 530 for
each PHX are located on the same side of their associated PHX 510. Thus, cold
coolant flows through the inlet duct 528 to a chamber that includes a perforated
sidewall 540 1n the shell of the PHX 510. The coolant flows through the perforated
sidewall 540 into the PHX 510 and horizontally past the tubes 1n the tubeset, thus
cooling the fuel salt flowing vertically through the tubeset. The heated coolant flows
horizontally to the opposite side of the PHX 510, exits the PHX 510 through the
perforated sidewall 540 and exits the reactor 500 via the return duct 530. In an
alternative embodiment (not shown), inlet ducts 528 for adjacent PHXs 510 may be co-
located and share a wall or may be a single duct that serves two adjacent PHXs.

[0069] The DRACS DHHX 522 may or may not also be designed to utilize
horizontal flowing coolant. In the embodiment shown, the DRACS coolant 1s delivered

to the top of one corner of the DHHX by a DRACS coolant inlet pipe 524 and removed

18



CA 03048619 2015-06-26

WO 2018/140117 PCT/US2017/061843

from the top of an opposing corner by a DRACS coolant return pipe 526. To ensure
horizontal flow through the DHHX, the DRACS coolant may be delivered to and
removed from opposing chambers within the DHHX shell. The chambers maybe
provided with perforated sidewalls (not shown) so that they act as a manifold and
deliver and remove coolant horizontally from the region of the shell that contains the
tubeset, similar to how the coolant 1s delivered into the PHXs 510.

[0070] FIGS. 6A-6B illustrate different views and components of an alternative split
primary coolant flow embodiment of a molten fuel reactor with a horizontal coolant
flow through the heat exchangers. FIG. 6A 1s a plan view of a reactor 600 illustrating
the locations of various ducts and components penetrating and below the reactor head
616. FIG. 6B 1s a sectional view of the reactor 600 taken along section line B-B’ of
FIG. 6A.

[0071] In the embodiment shown, similar to those described with reference to FIGS.
3A-3B and 5A-5B, the reactor 600 includes a reactor core 604 filled with fuel salt. The
reactor core 604 1s defined by a cylindrical reflector 608, an upper reflector 606, and a
lower reflector 602. In the embodiment shown, four heat exchanger circuits, each
including a DRACS heat exchanger 622 and a PHX 610, are spaced around the reactor
core 604. Fuel salt transfer ducts 644 are provided at the top and the bottom of the
reactor core 604 that provide a flow path between the core and each of the four heat
exchanger circuits. The reactor core 604, reflectors, and heat exchanger circuits are
within an open-topped containment vessel 618 that 1s capped with a vessel head 616.
Forced flow of the fuel salt 1s driven by four impellers 612, each impeller 612 driven by
a shaft 614 that penetrates the vessel head 616.

[0072] During a loss of forced flow event the reactor 600 forms a natural circulation
cell with fuel salt flowing upward through the reactor core 604 and downward through
the heat exchanger circuits. The reactor 600 may be operated with reversed flow
during normal operation as described above with reference to FIGS. 2C and 2D. In this
reversed flow embodiment, the impellers 612 are designed to cause the fuel to be
flowed from the top of the heat exchanger circuit into the upper region/top of the
reactor core 604.

[0073] The reactor 600 differs, at least in part, from the reactors described above 1n
1ts routing of primary coolant through at least the PHX 610. In the embodiment shown,
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both the DRACS heat exchangers 622 and the PHXs 610 are shell and tube heat
exchangers that include a shell containing multiple tubes (again, referred to collectively
as the tubeset or tube bundle) and capped at either end by a tube sheet 642. In addition,
as 1llustrated the two heat exchangers in each heat exchanger circuit share the shell and
the tubes of the tubeset, the DRACS coolant being separated from the primary coolant
by an intermediate tube sheet within the shared shell. The primary coolant through each
PHX 610 1s delivered to the side of PHX 610 and flowed horizontally past the tubes
rather than being forced to follow some circuitous path between different vertical levels
within the PHX 610. This 1s achieved by delivering the coolant into each PHX 610
through one sidewall and removing the coolant from the opposite sidewall, thus
creating a horizontal flow of coolant through the tubeset between the two opposite
sidewalls. Alternatively, a plate heat exchanger design (not shown) could be utilized.
[0074] In the embodiment shown, the inlet duct 628 and coolant return duct 630 for
each PHX are located on opposite sides of each PHX 610. Thus, cold coolant flows
through the 1nlet duct 628 to a chamber that includes a perforated sidewall 640 (best
seen 1n FIG. 6B) 1n the shell of the PHX 610. The coolant flows through the perforated
sidewall 640 into the PHX 610 and horizontally past the tubes 1n the tubeset, thus
cooling the fuel salt flowing vertically through the tubeset. The heated coolant flows
horizontally to the opposite side of the PHX 610, exits the PHX 610 through the
perforated sidewall 640 and exits the reactor 600 via the return duct 630.

[0075] In the embodiment shown, each inlet duct 628 1s located counter-clockwise
(as shown 1n FIG. 6A) relative to 1ts associated PHX 610. In an alternative
embodiment (not shown), inlet ducts 628 for adjacent PHXs 610 may be co-located and
share a wall or may be a single duct that serves two different PHXs. The return ducts
630 may be similarly co-located between different sets of adjacent PHXs 610. In this
configuration, the walls between co-located ducts need not be insulated as they are
routing coolant of the same temperature to different heat exchangers. In an alternative
embodiment, the wall between co-located ducts may be eliminated altogether.

[0076] The DRACS DHHX 622 may or may not also be designed to utilize
horizontal flowing coolant. In the embodiment shown, the DRACS coolant 1s delivered
to the top of one corner of the DHHX by a DRACS coolant inlet pipe 624 and removed
from the top of an opposing corner by a DRACS coolant return pipe 626. To ensure
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horizontal flow through the DHHX, the DRACS coolant may be delivered to and
removed from opposing chambers within the DHHX shell. The chambers maybe
provided with perforated sidewalls (not shown) so that they act as a manifold and
deliver and remove coolant horizontally from the region of the shell that contains the
tubeset, similar to how the coolant 1s delivered into the PHXs 610.

[0077] One aspect of the embodiment of FIGS. 6 A-6B 1s a more even fuel salt
temperature profile of fuel salt exiting the PHX 610. Unlike the embodiment shown 1n
FIGS. 5A-5B, however, this 1s achieved without doubling the path length of primary
coolant flow, but rather by splitting the primary coolant flow in half. Again, the fuel
salt temperature 1ssuing between the upper and lower halves of the PHX 610 has a
maldistribution, since the primary coolant entering the upper half from the right 1s
cooler than that leaving on the left. The fuel salt temperature 1n the tubes on the left 1s
therefore higher. The lower half of the PHX 610, however, has the cooler primary
coolant entering on the left side, which will cool the warmer fuel salt entering via the
tubes on the left side. This configuration reduces or removes the maldistribution from
the fuel salt 1ssuing from the bottom half of the PHX 610 relative to the embodiment
shown 1n FIGS. 3A-3B.

[0078] Notwithstanding the appended claims, the disclosure 1s also defined by the

following clauses:

1. A molten fuel nuclear reactor comprising:

at least one reflector surrounding a reactor core, the reactor core for containing
nuclear fuel and having an upper region and a lower region;

a heat exchanger circuit separated from the reactor core by a reflector, the heat
exchanger circuit having a first connection to the upper region and a second connection
to the lower region and the heat exchanger circuit including:

a DRACS heat exchanger configured to remove heat from the nuclear
fuel and transter the heat to a DRACS coolant;

a primary heat exchanger that 1s a shell and tube heat exchanger in
which a shell-side primary coolant removes heat from vertical tubes containing

nuclear fuel;
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the DRACS heat exchanger located above and fluidicly connected to the
primary heat exchanger and the DRACS heat exchanger fluidicly connected to
the upper region of the reactor core via the first connection;

the vertical tubes of the primary heat exchanger fluidicly connected to
the lower region of the reactor core via the second connection; and
an impeller configured to drive circulation of the nuclear fuel 1n a direction

opposite of that driven by natural circulation of the nuclear fuel.

2. The molten fuel nuclear reactor of clause 1 further comprising:
a primary coolant system that directs the flow of the primary coolant

horizontally past the vertical tubes containing nuclear fuel.

3. The molten fuel nuclear reactor of clause 1 or 2, wherein the DRACS
coolant 1s provided by a DRACS coolant system that 1s independent of a primary

coolant system.

4. The molten fuel nuclear reactor of clause 1 or any clause which depends
from clause 1, wherein the primary coolant flows through an inlet duct to a chamber

that includes a first perforated sidewall in the shell of the primary heat exchanger.

5. The molten fuel nuclear reactor of clause 1 or any clause which depends
from clause 1, wherein the coolant flows through the first perforated sidewall into the
shell, horizontally past the tubes, thus cooling the nuclear fuel flowing vertically

through the tubes.

6. The molten fuel nuclear reactor of clause 1 or any clause which depends
from clause 1, wherein heated coolant exits the primary heat exchanger through a

second perforated sidewall opposite the first perforated sidewall and exits the reactor

via a return duct.

7. The molten fuel nuclear reactor of clause 1 or any clause which depends

from clause 1, wherein the DRACS heat exchanger 1s a shell and tube heat exchanger
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and the tubes of the DRACS heat exchanger are fluidicly connected to the tubes of the

primary heat exchanger.

8. The molten fuel nuclear reactor of clause 1 or any clause which depends
from clause 1, wherein 1n absence of flow driven by the impeller, natural circulation
drives the flow of nuclear fuel through the reactor core and at least the DRACS heat
exchanger, the natural circulation created by a temperature difference between high
temperature fuel 1n the reactor core and the lower temperature fuel exiting the heat

exchanger circuit.

9. The molten fuel nuclear reactor of clause 1 or any clause which depends
from clause 1, wherein the reactor core 1s configured to use nuclear fuel in the form of

a salt of chloride, bromide, and/or fluoride.

10. The molten fuel nuclear reactor of clause 9, wherein the nuclear fuel

contains one or more of uranium, plutonium, or thorium.

11. The molten fuel nuclear reactor of clause 1 or any clause which depends
from clause 1, wherein the DRACS heat exchanger and the primary heat exchanger are

contained within a single shell.

12. The molten fuel nuclear reactor of clause 1 or any clause which depends
from clause 1, wherein the impeller may be raised or lowered, thereby changing a level

of the nuclear fuel in the reactor.

13. The molten fuel nuclear reactor of clause 1 or any clause which depends
from clause 1, wherein the molten fuel nuclear reactor further includes a fuel

displacement device that controls the level of nuclear fuel in the reactor.

14. The molten fuel nuclear reactor of clause 1 or any clause which depends
from clause 1, wherein the shell of the primary heat exchanger 1s separated into a first

section and second section and wherein primary coolant flow through the first section
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1S 1n a horizontal direction opposite of the primary coolant flow through the second

section.

15. The molten fuel nuclear reactor of clause 14, wherein the primary coolant

flow exiting the first section 1s routed to flow through the second section.

16. The molten fuel nuclear reactor of clause 14, wherein the first section 1s

above the second section.

17. A method for removing heat from a molten fuel nuclear reactor having a
reactor core containing high temperature nuclear fuel, the method comprising:

delivering low temperature nuclear fuel into an upper region of the reactor core,
thereby displacing some high temperature nuclear fuel from the reactor core downward
and out of the reactor core into a heat exchanger circuit;

routing high temperature fuel upwardly through the heat exchanger circuit,
thereby transferring heat from the high temperature nuclear fuel to a coolant and

converting the displaced high temperature nuclear fuel into the low temperature nuclear

fuel .

18. The method of clause 17, wherein delivering the low temperature nuclear
fuel 1nto the reactor core includes passing the low temperature nuclear fuel from a

DRACS heat exchanger into the upper region of the reactor core.

19. The method of clause 17 or 18, wherein delivering the low temperature
nuclear fuel includes operating at least one impeller to drive flow of the nuclear fuel
through the heat exchanger circuit in a direction opposite that of the natural circulation
of fuel created by a temperature difference between high temperature fuel 1n the reactor
core and the lower temperature fuel exiting the heat exchanger circuit in the absence of

the operation of the impeller.
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20. The method of clause 17 or any clause which depends from clause 17,
neutronically shielding the heat exchanger circuit including a primary heat exchanger

and a DRACS heat exchanger from neutrons generated 1n the reactor core.

21. The method of clause 17 or any clause which depends from clause 17,
flowing coolant horizontally past tubes in the primary heat exchanger from a first side

of the primary heat exchanger to a second side opposite the first side.

22. An apparatus for delivering cooled fuel salt into a reactor core comprising:

a wall surrounding the reactor core and separating the reactor core from a
plenum, the wall provided with a plurality of perforations penetrating the wall and
permitting flow of nuclear fuel salt between the reactor core and the plenum; and

a plenum 1nlet for receiving cooled nuclear fuel salt into the plenum.

23. The apparatus of clause 22, wherein the plurality of perforations are

arranged 1nto at least two horizontal rows of perforations.

24. The apparatus of clause 22 or 23, wherein at least one of the perforations in
the plurality of perforations 1s a cylindrical hole through the wall having a central axis

that 1s not parallel with the horizontal plane.

25. The apparatus of clause 22 or any clause which depends from clause 22,
wherein at least one of the perforations i1n the plurality of perforations 1s a

frustoconically shaped hole through the wall.

26. The apparatus of clause 23 or any clause which depends from clause 22,
wherein at least one of the perforations in the plurality of perforations i1s a
frustoconically shaped hole through the wall having a central axis that 1s not parallel

with the horizontal plane.

[0079] Notwithstanding that the numerical ranges and parameters setting forth the

broad scope of the technology are approximations, the numerical values set forth in the
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specific examples are reported as precisely as possible. Any numerical values,
however, inherently contain certain errors necessarily resulting from the standard
deviation found 1n their respective testing measurements.

[0080] 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 1n the art will recognize that the methods and systems within this specification
may be implemented 1n many manners and as such are 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 1nto one
single embodiment and alternate embodiments having fewer than or more than all of
the features herein described are possible.

[0081] 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. For example, manifolds may be used in
place of perforated sidewalls or chambers to more precisely control the flow of coolant
1into and out heat exchanger shells. Numerous other changes may be made which will

readily suggest themselves to those skilled 1in the art and which are encompassed 1n the

spirit of the disclosure.
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CLAIMS

What 1s claimed 1s:

1. A molten fuel nuclear reactor comprising:

at least one reflector surrounding a reactor core, the reactor core for
containing nuclear fuel and having an upper region and a lower region;

a heat exchanger circuit separated from the reactor core by a reflector, the
heat exchanger circuit having a first connection to the upper region and a second
connection to the lower region and the heat exchanger circuit including:

a DRACS heat exchanger configured to remove heat from the
nuclear fuel and transfer the heat to a DRACS coolant;

a primary heat exchanger that 1s a shell and tube heat exchanger in
which a shell-side primary coolant removes heat from vertical tubes
containing nuclear fuel;

the DRACS heat exchanger located above and fluidicly connected to
the primary heat exchanger and the DRACS heat exchanger fluidicly
connected to the upper region of the reactor core via the first connection;

the vertical tubes of the primary heat exchanger fluidicly connected
to the lower region of the reactor core via the second connection;
an impeller configured to drive circulation of the nuclear fuel 1n a direction

opposite of that driven by natural circulation of the nuclear fuel.

2. The molten fuel nuclear reactor of claim 1 further comprising:
a primary coolant system that directs the flow of the primary coolant

horizontally past the vertical tubes containing nuclear fuel.

3. The molten fuel nuclear reactor of claim 1, wherein the DRACS coolant 1s

provided by a DRACS coolant system that 1s independent of a primary coolant system.

4. The molten fuel nuclear reactor of claim 1, wherein the primary coolant
flows through an 1nlet duct to a chamber that includes a first perforated sidewall 1n the

shell of the primary heat exchanger.
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5. The molten fuel nuclear reactor of claim 1, wherein the coolant flows
through the first perforated sidewall into the shell, horizontally past the tubes, thus

cooling the nuclear fuel flowing vertically through the tubes.

6. The molten fuel nuclear reactor of claim 1, wherein heated coolant exits
the primary heat exchanger through a second perforated sidewall opposite the first

perforated sidewall and exits the reactor via a return duct.

7. The molten fuel nuclear reactor of claim 1, wherein the DRACS heat
exchanger 1s a shell and tube heat exchanger and the tubes of the DRACS heat

exchanger are fluidicly connected to the tubes of the primary heat exchanger.

8. The molten fuel nuclear reactor of claim 1, wherein 1n absence of flow
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