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NUCLEAR FUEL CORE, NUCLEAR FUEL CARTRIDGE, AND METHODS OF
FUELING AND/OR DEFUELING A NUCLEAR REACTOR

Cross-Reference to Related Patent Applications
{0001} The present application clams the benefit of United States Provisional Patent
Application Serial No. 61/669428 filed July 9, 2012, the entirety of which is incorporated herein
by reference.
Field of the Invention
{0002} The present invention elates generally to nuclear reactors and methods and apparatus of
fueling and defueling the same, and more specifically to an optimized arrangement of fuel
assemblies in a nuclear reactor core andior a portable nuclear fuel cartridge.
Background of the Invention
{8003} A typical nuclear reactor core in a light water reactor comprises tightly packed "nuclear
fuel assemblies” (also referred to as nuclear fuel bundies} of square cross section. Each nuclear
fuel assembly is an assemblage of muliiple “nuclear fuel rods”™ which are sealed hollow
cylindrical metal wbes {(e.g. stainless steel or zirconium alloy) packed with enriched wantom
fuel pellets and integral burnable poisons arranged in an engmeered pattern fo facilitate as
uniform & bunning profile of the nuclear fuel assembly (in both the axmal and cross
sectional/transverse directions) as possible. Heretofore, in prioy systems, each of the nuclear fuel
assemblies are handled individaally and loadediunloaded from the stationary nuclear reactor
located inside the reactor vessel one at a time, which has proved to be a cumbersome and time
consuming process. Periodically, spent nuclear fuel assemblies are removed and unloaded on a
piecemeat basis from the nuclear reactor core, which are then placed m a spent fuel pool for
temporary storage. These spent nuclear fuel assemiblies are {ater moved from the spent fuel pool
to a fuel storage tacility using transport canisters (such as multi-purpose candsters) and/or casks,
New nuclear fuel assemblies are then inserted and loaded on & plecemeal basis into the nuclear
reactor core. As can be imagined, this process reguives lengthy ontt refueling cutages 1o complete
all of the necessary nuclear fuel assembly replacements.
{0004] The leakage of neutrons from the penphery of the fuel core is minimized by a so-called
"reflector,” which, as s name implies, serves to reflect the outgoing neutrons back towards the
core, The reflector girdles the core, minimizing its phvsical space with the peripheral fuel

assemblies. The square shaped foel assemblies however, are not conducive to making efficient
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use of all available space within the core circumscribed by the reflector leaving vnused regions
between the core and reflector.
[0005] In view of the above, an improved reactor core i desirable.  Additionally, improved

apparatus and methods for fueling and/or defueling nuclear reactors are also desirable.

SUMMARY OF THE INVENTION

[0006] In one aspect, an mmproved nuclear reactor core is provided that utilizes nuclear fuel
assemblies having two different transverse cross-sectional configurations.  The nuclear fuel
assemblies having two different transverse cross-sectional configurations are arranged 1w a
pattern that, compared to existing puclear reactor cores, takes advantage of peripheral corner
regions that are formed between the fuel core and the reflector cylinder (which 1s generally a
tubular structure that crrcumferentially surrounds the nuclear fuel core). In nuclear reactor cores
that utilize nuclear fuel assemblies having ounly one cross-sectional configuration, such peripheral
corner regions are left empty as thev are too small to accommiodate one of the nuclear fuel
assemblies. By creating the nuclear reactor with nuclear fuel assemblies having at least two
different transverse cross-sectional configurations, nuclear foel assemblies can be provided in
these peripheral corner spaces that were previously left empty, thereby providmg a nuclear
reactor core that makes optimum nse of the available nuclear reactor core space to increase the
service or cyele life of the nuclear fuel supply.

{0007} In one embodiment, the smproved nuclear reactor core wtilizes available nuclear reactor
core space by providing a phurality of second fuel assemblies in the heretofore empty peripheral
corner regions created by a plurality of first fuel assembles, wherein the first and second nuclear
fuel assemblies have different configurations. Because the second nuclear fuel assembhies will
typically have a smaller transverse cross-section than the first nuclear fuel assemblies in certain
embodiments {and thus include less foel rods), the first nuclear fuel assemblies may be referred

£e

to as “full nuclear fuel assemblies™ while the second nuclear fuel assemblies may be referred to
as “partial nuclear fuel assemblies” for conventence.  In certatn embodiments, these partial
nuclear fuel assemblies may not have control rods, althougl in other embodiments these partial
nuclear fuel asscmblics may mclude contrel rods.  In one exemplary cmbodiment, with the
partial noclear foel assemblies installed, the reselting nuclear fuel core (which may be referved to
as a fuel assembly arrav if desired} may approximate an Octagon In HENSVErse Cross-section

Accordingly, in some embodiments, the full nuclear fuel assemblies may have a rectangular
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transverse cross-sectional shape while the partial nuclear fuel assemblies may have a generally
triangular transverse cross-sectional shape.

0008} Calculations show that by adding the partial fuel assemblies, the cycle hife of the nuclear
fuel core mayv be increased by approximately four months in some embodiments.  An even
greater merease n the cyele life, as much as an addiional four months, may be realized by
coasting at a reduced operating power level, say approximately 90 % of normal power, in the last
few months of the cycle. This stretch power approach directly helps in noclear fuel otihization
{through hagher burn-up). Accordingly, the partial fuel assemblies advantageously support such
convenient power stretching strategies.

{0009 In one such embodiment, the invention can be a nuclear reactor core comprising: a
reflector cvlinder; a nuclear fuel core disposed within the reflector cylinder, the fuel assembly
array comprising: a plurality of first nuclear fuel assemblies, each of the plurality of first nuclear
fuel assemblies having a first transverse cross-sectional shape; and a plurality of second nuclear
fuel assemblies, cach of the plurality of second nuclear fuel assemblies having a second
transverse cross-sectional shape that is different than the first transverse cross-sectional shape.
{60018} In another such embodument, the invention can be a nuclear reactor core comprising: a
phurality of first nuclear fuel assemblies, each of the phuality of first muclear fuel assemblies
having a first transverse cross-sectional configuration, the plurality of first noclear fuel
assemblies arranged in 8 rectilinear pattern defining peripheral comer regions; a plurality of
second nuclear fuel assemblies, each of the plurality of second nuclear fuel assemnblies having a
second transverse cross-sectional configuration that is different than the first fransverse cross-
sectional configuration; and wherein the plurality of second nuclear fuel assemblies are disposed
within the corper regions, the phurality of first and second nuclear fuel assembhies collectively
forming a nuclear fuel core.

{60011} In a further such embodiment, the invention can be a nuclear fuel core compnising: a
plurality of first anclear fuel assemblies, each of the plurality of first nuclear fuel assemblies
having a first transverse cross-sectional conhguration; and a pluarality of second nuclear fuel
asserubhies, each of the plurality of second nuclear fuel assemblies having a second transverse
cross-sectional  confignration  that 15 different than the first transverse cross-sectional

configuration.
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[00012] In another aspect, a portable nuclear fuel cartridge is provided that allows a nuclear
reactor to be completely fueled andior detueled by loading andfor unloading a self-supporting
assemblage as a single wnit.  The portable nuclear fuel cartnidge includes a unitary support
structore and an integrated nuclear fuel core that is configured to be insentable into and
removable from a nuclear reactor vessel as a self-contained and self-supporting wmit, thereby
forming a complete and highly portable nuclear fuel core.  Accordingly, embodiments of the
present mvention include a portable nuclear fuel cartnidge which 1s self-supporting and free
standing outside of the nuclear reactor vessel wath all of the nuclear fuel assemblies completely
pre-installed.  The integrated nuclear fuel core may comprise all of the nuclear fuel assemblies
required 1o operate the nuclear reactor.

{00013} Without limitation, the portable nuclear fuel cartuidge mmy comprise a ynitary support
structure, such as an open skeletal framework, that supports the nuclear foel core theremn. The
unitary support structure may be comprised of top and bottont suppott structures, such as top and
bottom core plates, that are coupled together by connecting members, such as rods. The nuclear
fuel core is retained in the unitary support structure and sandwiched between the top and bottom
support structure, In one embodiment, a reflector such as a reflector evlinder may be included as
part of the portable nuclear fuel cartridge. In other embodiments, the reflector may be omitted as
the retlector may be included as part of the nuclear reactor vessel.

{000 14] The portable nuclear fuel cartridge may be preassembled outside of the nuclear reactor
vessel with all nuclear fuel assemblies imtact, and then mserted nto the nuclear reactor vessel
When the fuel supply 1s depleted, the entive portable nuclear fael cartnidge way be readily
removed from the nuclear reactor vessel and a new complete and preassembiled portable nuclear
fuel cartridge may be mserted in i3 place.  Advantageously, this negates the need to handle
mdividual nuclear fuel assemblies on-site in pecemeal fashion to sigmficantly reduce nuclear
unit downinme for refuehng. The portable nuclear fuel cartridge 15 constructed to be hifted,
transported, installed, and stored as self-supporting and free-standing. In essence, the portable
nuclear foel carttidge serves as a “cradle-to-grave™ structure from fueling a nuclear reactor to
long-term storage.

[00015] In one such embodiment, the mvention can be a portable nuclear fuel cartridge
comprising: a snnary support structure; a plarality of nuclear fuel agsemblies arranged to

collectively form a fuel core for a nuclear reactor, each of the plurality of nuclear fuel assemblies
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compiising a plurality of nuclear fuel rods; and the fuel core mtegrated into the unitary support
structure to collectively form a self-supporting assemblage than can be lifted as a single unit.
[00016] In another such embodiment, the invention can be a portable nuclear fuel cartridge
onfigured for placement in a reactor vessel, the fuel cariridge comprising: top and bottom core
plates at opposing ends of the vnitary nuclear fuel cartnidge, each of the top and bottom core
plates mclading a gridwork defining a plurality of open cells; a plurality of noclear fuel
assemblies disposed between the top and bottom core plates, each of the plurahty of nuclear fuel
assemblies mcluding a pluralty of fuel rods; a plurality of connecting members extending
between and mterconnecting the top and bottom core plates together to form a wutary support
structure; and the top and bottomy core plates, the plurality of connecting members, and the
plurality of naclear fuel assemblies collectively defining an assemblage that is self-supporting
outside of the reactor vessel and transporiable as a single unit.
[00017} In a further such embodiment, the fnvention can be a method of assembling a nuclear
fuel cartridge comprising: a) posttioning a pharality of fuel assemblies between top and bottom
core plates, each fuel assembly including a plarality of fuel rods and top and bottom flow nozzles
at opposing ends thereof; by coupling the top and bottom core plates together with a plorality of
connecting rods extending between the core plates; and ¢} drawing the fop and bottom core
plates together with the connecting rods, wherein the fuel assemblies are sandwiched between
the top and bottom core plates to form a self-supporting assensblage than can be lifted as a single

uitit,

{00018} In a further aspect, methods of fueling andfor defueling a nuclear reactor are provided
that take advantage of a nuclear fuel cartridge that comprises a unitary support structure and a
nuclear fuel core mtegrated into the unitary support structure such that the noclear fuel cartridge

can be handled as a smgle pnit.

{O0019] 1o one such embodiment, the nvention can be a method of fueling a nuclear reactor, the
method comprising: ) opening a nuclear reactor vessel; b) moving 8 nuclear fuel cartridge from
a position outside of the nuclear reactor vessel 0 a position within an interior cavity of the
nuclear reactor vessel, the nuclear fuel cartridge comprising a unitary support structore, and a
plurality of nuclear fuel assembhes arranged to collectively form a fuel core, the fuel core

mwowtted i the ynitary support structure; and ©) closing the suclear reactor vessel.

(w4
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{00020 In another such embodiment, the invention can be a method of defuslng a nuclear
reactor, the method comprising: a) opening a nuclear reactor vessel; b) removing a nuclear fuel
cartridge from an interior cavity of the ouclear reactor vessel, the nuclear fuel cartridge
comprising a unitary support structure, and a plorality of nuclear fuel assemblies arranged 1o
collectively form a fuel core, the fuel core mounted in the anttary support structare; and ¢
submerging the nuclear fuel cartridge within a spent fuel pool.

{60021} In vet another such embodiment, the invention can be a method of storing spent nuclear
fuel, the method comprising: 8) removing a nuclear fuel cartridge from an iIntevior cavity of the
nuclear reactor vessel, the nuclear fuel cartridge comprising a unitary support structore, and a
plarality of nuclear foel assemblies arranged to collectively formy a fuel core, the fuel core
mounted in the unitary support structare; b} positioning the nuclear fuel cartridge m a multe-

purpose canister; and ¢) positioning the multi-purpose canister in a cask.

00022} It is to be undersiood that the various aspects of the invention described above can be
combined i various manners, Moreover, further greas of applicability of the present invention
wiil become apparent from the detatled description provided hereinafter. It should be understood
that the detailed description and specific examples, while indicating the preferred embodiment of
the invention, are intended for purposes of Hlustration only and are not intended to limit the

scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS
j00023} The features of the exemplary embodiments will be described with reference to the
following drawings i which Iike elements are labeled similarly, and m which:
[00024] FIG. | is a perspective view of a nuclear fuel cartridge according to an embodiment of
the present invention,
[00025] FIG. 2 is an exploded view of the nuclear fuel cartridge of FIG. §;
[00026] FIG. 3 i3 a transverse cross-sectional view through the noclear fuel cartridge of FIG,
PG T
60027} FIG. 4 1s transverse cross-sectional view through a nuclear fuel core according to an
embodiment of the present invention, which happens 0 be incorporated inte the noclear foel

cartridge of F1G. 1;

¢
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[OO028] FIG. 5A is a perspective view of a first nuclear fuel assembly having a first transverse
cross-sectional configuration removed from the nuclear fuel core of FIG. 4, the first transverse
cross-sectional configuration comprising a rectangular transverse cross-sectional shape as
exemplified ;

[00029] FIG. 5B 1s a perspective view of a second nuclear fuel assembly having a second
transverse cross-sectional configuration removed from the nuclear fuel core of FIG. 4, the second
transverse cross-sectional configuration comprising a triangular transverse cross-sectional shape
as exemplified;

{00036} FIG. 6 15 a close-up view of the top portion of the first nuclear fuel assembly of FIG. 5B
taken at area V[;

{00031} FIG. 7 s a close-up view of the top and bottom portions of the first nuclear fuel
assembly of FIG. 5B, wherein the first nuclear tuel assembly 1¢ shown broken in length;

j00032] FI1G. § is 4 top view of the first nuclear fuel assembly of FIG. §B;

{80033] FI1G. 8 is a bottom view of the Hirst noclear fuel assembly of FIG. SB;

{O0034] FIG. 10 15 a perspective view of a unitary support structure of the nuclear fuel cartridge
of FIG. |, wherein the nuclear fuel core and reflector cyvlinder have been removed;

[80035] FI1G. 11 is a side view of the unitary support structure of FIG, 1

{00036] FIG. 12 is a top view of the unitary support structare of FIG, 10;

{00371 FIG. 13 1s a bottom view of the unitary suppott structure of FIG. 1),

[0038] FIG. 14 15 g perspective view of a bottom core plate of the unitary support structure of
FIG. 16

[R0039] FIG. 15 15 a close-up view of the top portion of one of the arcuate segments of the
reflector eyvlinder of the nuclear fuel cartridge of FIG. 1;

[00040] FIG. 16 is a side view of the nuclear fuel cartridge of FIG. 1 positioned within a nuclear
reactor vessel, in accordance with an embodiment of the present invention;

{00041} FIG. 17-24 schematically ltustrate a method of defueling a naclear reactor according to
an embodiment of the present tnvention, wherein the nuclear fuel cartridge of FIG. 1 has been
used to operate the nuclear reactor; and

{00042] FIG. 25-36 schematicallv ilustrate 2 method of defueling a nuclear reactor according to
an embodiment of the present invention, wherein the nuclear fuel cartridge of FIG. 1 has been

used to operate the nuclear reactor.
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{00431 All drawings are schematic and not necessarily to scale.  Parts given a reference
mumerical designation in one figure may be considered to be the same pants where they appear
other figures without a numerical designation for brevity unless specifically labeled with a

different part number and described herein

DETAILED DESCRIPTION

{00044] The featores and benefits of the present disclosure are illustrated and described heven by
reference to exemplary embodiments. This description of exeniplary embodiments 15 intended to
be read i comnection with the accompanying drawings, which are to be considered part of the
ertive written description. Accordingly, the present disclosure expressly should not be limvited to
such embodiments Hlustrating some possible non-limiting combination of features that may exist
alone or in other combinations of features; the scope of the clammed invention being defined by
the claims appended hereto.

[00045] In the description of embodiments disclosed herein, any reference 1o direction or
orieatation is merely intended for convenience of description and is not intended i any way 1o

ELtS

limit the scope of the present invention. Relative terms such as "lower," "upper,” “horizontal,”

“vertical,”, “above,” “below.” “up,” “down.” “top” and “bottom™ as well as derivative thereof

R 2

{fe.g., “horizontally,” “downwardly,” “wpwardly,” et} should be construed to refer to the
orientation as then described or as shown in the drawing undey discussion. These relative terms
are for convemence of description only and do not require that the apparatus be constrocted or
operated 1 a particular orentation.  Terms such as “attached,” “coupled” “affixed”

32 ORgY

“connected,” “mterconnected,” and the like refer to a relationship wherein structures are secured
or attached to one another either divectly or indivectly through intervening structures, as well as
both movable or rigid attachments or relationships, unless expressly described otherwise.

j[00046] For ease of discussion, the descriptions of the vanous aspects of the invention have been
broken down into three sections. It is, however, to be understood that in certamn embodiments,
the aspects of the mventions, ot portions thereof, can be combined as desired. For examiple, the
optimized fuel core concepts discussed in the first section below can be included in the portable
nuclear fuel cartridge concept discussed in the second section discussed below, and vice versa,
In other embodiments, however, the optimized fuel core concepts are not himited to the portable
nuclear fuel cartridge environment but can be incorporated into a nuclear reactor core having a

stationary support stracture for supporting the nuclear fuel assemblies in the optimized fuel core

8
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arrangement. Similarly, while the portable nuclear fuel cartridge is exemplified as utilizing the
optimized fuel core in certain embodiments, in other embodiments the portable nuclear fuel
cartridge can vtilize a nuclear fuel core with a more waditional pattern, such as a rectilinear
arrangement that utilizes only nuclear fuel assemblies having the same transverse cross-sectional

configuration.

Optimized Fuel Core Geametry & Reactor Core Including the Same

{00047} Referring first to FIG. 4, a nuclear fuel core 100 according to an embodiment of the
present mvention is Hlustrated. o certain emboduments, the nuclear fuel core 100 can be
mcorporated into & portable nuclear fuel cartridge 1000 {discussed i greater detail below),
which is then positioned within a nuclear reactor vessel 500, thereby forming a nuclear reactor
core 350 in comjunction with other reactor core infrastructure and stationary components. In
another embodiment, the nuclear fuel core 100 can be formed m the nuclear reactor vessel 500
by loading the nuclear fuel assemblies 110, 120 into a stationary support structure that is
designed to create the optimized fuel arrangement discussed below, thereby forming the nuclear
reactor core.

[80048] The nuclear fuel core 100 comprises a plurality of first nuclear fuel assemblies 110 and a
plurality of second naclear fuel assemblies 1200 Each of the pluraliy of first nuclear fuel
assemblies 110 comprises a first ransverse cross-sectional configuration. Each of the plurality
of second nuclear fuel assemblies 120 comprises a second transverse cross-sectiona
confipuration, wherein the first and second transverse cross-sectional configarations are different
from one another, In one embodiment, the first transverse cross-sectional configuration is
different than the second wansverse cross-sectional configaration due to the first and second
transverse cross-sectional configurations being different shapes.  In ancther embodiment, the
first transverse cross-sectional configuration s different than the second transverse cross
sectional configuration due to the first and second transverse cross-sectional configurations being
different sizes. In certain other embodiments, the first transverse cross-sectional configuration 1s
different than the second transverse cross sectional configuration due to the fust and second
transverse cross-sectional configurations being of different sizes and shapes.

{00049} In the exemplified embodiment, the first transverse cross-sectional configuration of the
first nuclear fuel assembhes 110 comprises a rectangular transverse cross-sectional shape while
the second transverse cross-sectional configoration of the second nuclear foel assemblies 120

9
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compiises a triangular transverse cross-sectional shape. In one embodiment, the rectangular
transverse cross-sectional shape of the first transverse cross-sectional configuration of the first
nuclear fuel assemblies 110 is square. The mvention, however, is not Himited to any specific
shape for either of the first andfor second transverse cross-sectional configurations unless
specified by the claims. In other ersbodiments, the first andfor second transverse cross-sectional
configurations can take on other polygonal, oval, andfor irregular shapes.

{00030} In another embodiment, both the first and second transverse cross-sectional shapes can
comprises a reclangular transverse cross-sectional shapes, wherem the rectangular transverse
cross-sectional shape of the second transverse cross-sectional configuration has a sufficiently
smaller area than that of the rectangular transverse cross-sectional shape of the first transverse
cross-sectional configuration such that the second plurality of nuclear fuel assemblies 120 can fit
within the peripheral corner regions 101 {(as explained in greater detail below).

{00051} The plurality of first nuclear fuel assemiblies 110 are arranged to form a central region of
the nuclear fuel core 100 while the second nuclear fuel assemblies 120 are arranged about the
periphery of the central region formed by the first nuclear fuel assemblies 110, In the
exemplified embodiment, the plurality of fust nuclear fuel asserabhies 110 are arvanged in a
rectilinear pattern to form a central region having a modified cruciform shape defining peripheral
corner regions 112, In one embodiment, such as the one illustrated, the modified cruciform
pattern formed by the first nuclear fuel assemblies 120 comprises fowr synumetric quadrants, each
of the four guadrants comprising two peripheral comer regions 112, OF course, i other
embodiments, the first nuclear Tael assemblies 110 can be arranged in other pattemns, rectilinear
or non-rectilinear, that also form peripheral corner regions 112,

[00052] The plurality of second nuclear fuel assemblies 120 are disposed within the comer
regions 112, thereby forming a nuclear fuel core 100 that is densely packed with fuel assemblies
110, 120 that maximizes the avatlable space m the nuclear reactor core {which in some
embodiments may be defined as the space circumacribed by the reflector cylinder 140),
Moreover, while in the exemplified embodiment, the nuclear fuel core 100 comprises nuclear
fuel assemblies 110, 120 having two different transverse cross-sectional configurations, in other
embodiments the naclear fuel core 100 may comprise nuclear fuel assemblies having more than
two different transverse cross-sectional configurations, such as three or four to further maxinuze

the available space in the nuclear reactor core.

18
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[00033] Due to the arrangement of the second nuclear fugl assemblies 120 in the comer regions
112 formed by the pattern of the first nuclear fuel assembhes 110, the nuclear fuel core 100 has a
polygonal transverse cross-sectional shape. In one non-luniting embodiment, when the first and
second nuclear fuel assemblies 110, 120 are arranged in the iHustrated pattern, the nuclear fuel
core 100 has an octagonal transverse cross-sectional shape. Of course, other transverse eross-
sectional shapes can be achieved for the nuclear fuel core 100 utilizing the above concepts, the
exact shape of which will be dictated by the selected transverse cross-sectional shapes of the first
and second nuclear fuel assemblies 110, 120 and their arvangement within the pattern.

j00054] In one example, without himttation, the nuclear tuel core 100 may be comprised of
thirty-seven full first nuclear fuel assemblies 110 and eight second nuclear fuel assemblies 120,
Due in part to is small transverse cross-section compared to Jarge nuclear reactor cores, a
compact nuclear fuel core 100 with thirty~-seven first nuclear fuel assemblies 110 enriched to 5%
Ui-235 computes to bave a cycle hife of approximately 42 months {in contrast t¢ only 18 to 24
months for the large reactor cores used in modern operating reactors).

{O00SS] In one embodiment, each of the thirtyv-seven first nuclear fuel assemblies 110 in this
nuclear fuel core 100 include their own individual control rod assembly that i operated
autonomously 1o raise andior lower control rods 130 {best shown in FIG. 7} to control reactivity
during the nuclear reactor's operation.  Each of the plurality of second nuclear fuel assemblies
120 15 free of a control rod assembly in one embodiment. However, in other embodiments, each
of the plurality of second nuclear fuel assemblies 120 can include 8 control rod assembly similar

to that described above for the first noclear fouel assemblies 100,

[80056] Each of the first and second nuclear fuel assemblies 110, 120 comprise a plurality of
nuclear fuel vods 111, Because the first nuclear fuel assemblies 110 are larger in transverse
cross-sectional size than the second puclear fuel assemblies 120, each of the plurality of first
nuclear fuel assemblies 110 comyprises X nuclear fuel rods while each of the plurality of second
nuclear fuel assemblies 120 comprises Y nuclear fuel rods, wherein Y is less than X Thus,
conceptually, the first nuclear fuel assemblies 110 may be referred to as “full nuclear fuel
assemblies” while the second nuclear fuel assemblies 120 may be referred to as “partial nuclear
fuel assembhies” for conventence.  In one embodiment, a ratio of Y:X 1s in a range of 1:11.5 to

130 In amore specific embodiment, Y is about one-half X,

11
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[00037] Referring now to FIGS. 4 and 16 concurrently, it is mentioned above that when the
nuclear fuel core 100 1s properly positioned in (or formed within} an intenior cavity 5135 of the
nuclear reactor vessel 300, a nuclear reactor core 350 is conceptually formed. In certain
embodiments, in addition to the nuclear fuel core 100, the nuclear reactor core 550 may
comprises a reflector cylinder. While in the embodiment dlustrated in FIG. 16 the reflector
cyhinder is integrated as part of the nuclear fuel cartridge 1000 (see element 140 in FIG. 2),
other embodiments, the reflector evlinder may be mounted within the nuclear reactor vessel 340
11 a stationary manner.

{O00S8] Irrespective of whether the reflector cvlinder ts part of a portable nuclear foel cartridge
or permanently mounted within the nnclear reactor vessel 500, the reflector cylinder may be a
hollow tubular structure which extends vertically and defines a substantally circular interior
compartment {in transverse cross-section) in which the nuclear fuel core 100 1s disposed. The
reflector cyvlinder minimizes leakage of neutrons from the periphery of the nuclear fuel core 100
by reflecting the outgoing neutrons back towards the nuclear fuel core 100, The reflector
cylinder circumfereatially surrounds the nuclear fuel core 100, In one embodiment, the reflector
cylinder may be comprised of individual arcoately-shaped reflecior wall segments, as desenibed
in greater detail below for the portable nuclear fuel cartnidge 1000, In other embodiments, the
reflector cylinder is singular hollow tube stracture.

{00059 In certain embodiments, the reflector cylinder has a circular trangverse cross-sectional
shape while the first nuclear fuel assemblies 110 have g rectangular transverse cross-sectional
shape and are arvapged m a rectilinear pattern. As a result, a spaces exists between the penphery
of the pattern of first nuclear fuel assemblies 110 and the inner surface of the reflector cvlinder
that 1s too small {or of a shape) such that one of the first nuclear fuel assembly cannot be
accommuadated. However, due to having a different transverse configuration than that of the first
nuclear fuel assemblies 110, the second nuclear fuel assemblies 110 can be accommuodated
within the spaces formed between the periphery of the patterny of fust nuclear fuel assemblies
110 and the inner surface of the reflector cylinder. In one embodiment, the shape and size of the
transverse cross-sectional shape of the second nuclear fuel assemblies 120 i3 selected so that the
spaces between the periphery of the pattern of first nuclear fuel assemblies 110 and the wmner

surface of the reflector cylinder are substantially filled and completely ovcupied. As a result, the
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muclear fuel core 100 allows additional nuclear fuel rods 111 to be packed inte the nuclear fuel
core 100 while not taking up additional space within the nuclear reactor vessel 300,

00060} Additonal structural details of certain embodiments of the first and second fuel
assemblies 110, 120 will be described below with respect to the portable nuclear fuel cartridge
1000

Portahle Nuclear Fuel Cartridee

j00061] Referring now to FIGS. 1-3 concurrently, a portable nuclear fuel cartridge 1000
according to an embodiment of the present invention is dlustrated. The portable nuclear fuel
cartridge 1000 1s a unitary, self~supporting construction that, in certain embodiments, can be
free-standing when position on a horizontal surface.  As discussed in greater detail below, the
portable nuclear fuel carttidge 1000 comprises a wmtary support structure 200 (shown in
isolation in FIG. 10) and an mtegrated nuclear fuel core, which 1s exemplified as the nuclear fuel
core 100 discussed above. While the nuclear fuel core 100 15 particularly suned for use m the
portable nuclear fuel cartidge 1000, 1t should be soted that the portable nuclear fuel cartridge
1000 can nclude a wide variety of nuclear fuel core arrangements and, in certain embodiments,
is not limited to the arrangement particulars of the noclear fuel core 100 described above., For
example, in one such embodiment, the portable nuclear fizel cartridge 1000 can utilize a nuclear
fuel core that mclodes only one type of nuclear fuel assembly, such as only the first fuel
assemblies 1000 (or other types of fuel assemblies, such as hexagonal)

00062} The portable nuclear fuel cartridge 1000, which includes an integrated nuclear fuel core
100 can be hifted and transported as a self-contained and self~supported structural wmt. This
allows for rapid fueling {which as used herein includes refueling) and defueling of the nuclear
reactor vessel 500, Conceptually, the ponable nuclear fuel cartridge 1000 may simply be
plugged into or unplugged from a reactor vessel somewhat analogous to a self-contained power
source like a typical battery. Due in part to the unitary construction of the portable nuclear fuel
cartridge 1000 (with complete nuclear fuel core contained therein), the entire refueling outage
duration for a nuclear reactor can be reduced to 5 davs compared to a 30-day outage duration of
modern reactors.  Combmed with a 48-month operating cvele, a nuclear reactor wiihzing the
portable nuclear fuel cartridge 1000 computes to have an installed availability factor of 99.6 %%

{1455 days out of 1460 days), which bas been unattamnable heretolore in modern day reactors.
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[00063] As exemplified, the portable nuclear fuel cartridge 1000 generally comprises the unitary
support structure 200 (shown o solation tn FIG. 10), the nuclear fuel core 100 and a reflector
cylinder 140, In cert embodiments, the reflector cylinder 140 may be omitted and incorporated
into the nuclear react vessel 300 as described above. The nuclear fuel core 100 is mounted
within the waitary support structare 200 {described n greater detail below) such that a self-
supporting assemblage is collectively formed than can be lifled as a single unit.

{00064} Referning now to FIGS. 1-3 and 10-14 concurrently, the unitary support structure 200 15
itlustrated according to one embodiment of the present mvention. The unitary support structure
200 1s safficiently strong to enable handling of the portable noclear fuel cartridge 1000 within a
margin of safety required by ANSI 14.6(1993). While a specific structural embodiment of the
unitary support structure 200 will be described below, it 1s to be understood that the unitary
support structure 200 can take on wide variety of structural embodiments and configurations,
tacluding skeletal frameworks and enclosure-like housings.

{00065] The unitary support strocture 200 generally comprises a bottom support structure 230
{exemplified as a bottom core plate), a top support structure 232 {exemplified as a top core
plate}, and a plurality of longitudinal members 234, 236 (exemplified as connecling rods) that
interconnect the top and botiom support structures 232, 230, It 13 1o be understood that while the
top and bottom structares are referred 1o as top and bottom core plates herein, w is to be
understood that these terms are used broadly to encompass any structure that can provide the
requisite structural integrity for hamdhing the lead while sllowmmg adequate fluid flow through the
mtegrated nuclear fuel core 100,

j00066] The nuclear fuel core 100 15 sandwiched between the top and bottom core plates 232,
230 so as to be incapable of being removed from the anttary support structare 200 without
disassembling the unitary support structure 200, As can be seen each of the top and bottom core
plates 232, 230 comprise a lattice structure {or gridwork) 201 that defines a plorality of open
cells 215, Thus, each of the top and bottom core plates 232, 230 comprises a plarality of open
celis 215,

{00067 The bottom and top core plates 130, 132 are each a honeycomb lattice structure, which
has minimum cross sectional area and weight, byt maximum fexural strength. This provides
maximum open area for fluid flow in the vertical/axial direction. The resistance to flow can be

customized by adding additional hydraulic resistance under each nuclear fuel assembly 110, 120
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of the nuclear fuel core 100 to promote the desired distribution of water up~flow along and
through each fuel assembly 110, 120 m the nuclear fuel core 100, As described in greater detatd
below, each of the plurality of open cells 215 of the top and bottom core plates 232, 230 fhudly
communicate with at least one of the nuclear fuel assemblies 110, 120 of the anclear fuel core
100 to form a fluid How paih through the nuclear fuel assemblies 110, 120

00068] While the bottom core plate 130 1s depicted in FIG. 14, it is to be understood that the top
core plate 132 may bave a similar construction. Thus, the description below 1s appheable to both
the bottom and top core plates 232, 230. The lattice/gridwork 201 is formed created by an arcay
of mtersecting grid plates 255 that are supported within an annular rim 256, The plorality of

prid plates 255, The open cells 215 define

-

open cells 215 are created by the array of intersecting
passageways which are cach configured and dimensioned to conform to the configuration of a
respective one of the first or second nuclear fuel assemblies 110, 120 that are ahigned therewith.
When mstalled in the nuclear reactor during operation, this forms a primary reactor coolant flow
paths through the portable nuclear fuel cartridge 1000 {In conjunction with the top and bottom
nozzies 152, 1534 of the fuel assemblies). Accordingly, the open cells 215 may each have a
polveonal configuration in top plan view in one embodiment which comaides with an assoctated
nuclear fuel assembly 110, 120, Thus, in one embodunent, the open cells 215 mtended for the
first nuclear fuel assemblies 110 may be square in configuration while the open cells 215
mitended for the second nuclear fuel assemblies 120 may be mangular in configuration. These
open cells 215 are arranged in pattern that corresponds to the pattern formed by the first and
second nuclear foel assemblies 110, 120 of the nuclear fuel core 100, In one arrangement, the
triangular shaped open cells 215 are located near the periphery of the top and bottom core plates
232, 230, In the exemphified embodiment, the open cells 115 collectively form a pattern having
an octagonal shape in top plan view that matches the nuclear fuel core 100,

{60069} Turning back 1o the structure of the unitary support structure 200, the plurality of
longitudinal members 134, 136 interconnect the top and bottom core plates 232, 230 at a fixed
distance from one another, In the exemphtied ewbodioent, the longtiudingl menmbers comprise
a plurality of connecting rods 234, 236 extending axially between the fop and bottom core plates
232, 230, As exemphified, the plarality of connecting rods comprise a plurality of peripheral
connecting rods 234 located outboard of the nuclear fuel core 100 and a plurality of central

connecting rods 236 located inboard of the nuclear fuel core 100.
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{00070] The plurality of penipheral connecting vods 234 are circumferentially arranged around 2
periphery of the self-supporting assemblage formed by the combination of the unitary support
stracture 200 and the nuclear fuel core 100, In the exemplified embodunent, the phlurality of
peripheral connecting rods 234 are cueumferennally arranged around the periphery in a
substantially equi-spaced arrangement.  The penipheral connecting rods 234 extend through
mounting holes 251 formed through and around the periphery of the top and bottom core plates
232, 230 (in the annular ram 256).  As discussed below, the holes 251 are concentrically
alignable with through-passageways 144 of the reflector eylinder 140 so that the penipheral
connecting rods 234 can be used 1o coupled the reflector ovhinder 140 1o the unnary support
structure 200,

{60071} The plurality of central connecting rods 236 are located adjacent a central axis A-A of
the self-sapporting assemblage tormed by the combination of the wantary support structore 200
and the nuclear fuel core 100, The central connecting rods 236 pass through the space created
by modifving the corners of the centrally located open cells 215 of both of the top and bottom
core plates 232, 230, The first nuclear fuel assembly 110 positioned mounted m the central cells
215 of the top and bottom core plates 232, 230 1 modified to include notches in s corners to
accommaodate the phwality of central connecting rods 236, The central cell 215 includes comer
brackets 233 formed in each of the four corners at the intersections of the grid plates 155, The
brackets 253 include holes configured to pass the central connecting rods 234 therethrough. The
centrally connecting rods 134 help ameliorate the bending stress in the bottonmy core plate 230,
which carries the dead weight of the nuclear foel core 100 during hfting and handhng of the
portable nuclear fuel cartnidge 1000 for various operations. In some embodiments, however, the
central connecting rods 136 may be omitted.

[00072] In one embodiment, the top and bottom core plates 232, 230 niay be coupled together
using the connecting rods 134, 136 with suitable wmounting hardware 260, The mounting
hardware 260 may incinde washers and hex nuts configured to engage threaded ends of the
connecting rods 234, 236, Other swutable mouanting hardware or means to couple the bottom and
top core plates 230 232 may be used, such as welding. In one embodiment. the top and bottom
core plates 232, 230 are removably coupled together to alfow the nuclear fuel cantndge 100 1o be

removed.
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[00073] In one embodunent, the unitary support structure 200 may further include an integral
hiting rmg 270 to factlitate lifting and handling of the portable nuclear fuel cartridge 1000, such

.

as by a crane and/or with appropriate rigging. In on embodiment, the lifting ring 270 is fastened
or otherwise fixed to the top core plate 232, Any suitable means of connection could be used. In
one possible emsbodiment, the peripheral connecting rods 234 that join the top and bottom core
plates 232, 230 rogether using mounting hardware 260 may be used to attach the liftmg ring 270
to the top core plate 232, Other swiable attachments methods may be ased in addition to or
instead of using the peripheral connecting rods 234, such as welding, fasteners, or the like. The
foregoing are only some possible, non-hmiting examples.

{00074] Referring now to FIGS. 1-3 and 15, the portable nuclear fuel cartridge 1000 may also
mchade, in certain embodiments, a reflector cylinder 140 coupled 1o the unitary support structure.
The reflector evlinder 140 mav be a hollow twbular walled structare which extends vertically and
defines a substantially circular interior compartment {(in transverse cross-section} for enclosing
the nuclear fuel core 100,

[O0075] In one embodiment, the reflector cvlinder 140 may be comprised of individual
arcuately-shaped reflector wall segments 141 which are ctroumferentially joined together by
longitudinally-extending flanged jomis 146 formed by vertical flanges 148 formed on each
lateral side 149 of a segment. In one embodiment, the flanged joints 146 formed between
adjoining reflector wall segments 141 may be mierlocking lap joints 1n design baving a step-
shaped joint configuration as shown so that a portion of cach segment lateral side 149 overlaps
the {ateral end of the adjacent reflector segment to ehinunate any straight pathways through the
reflector cyvlinder 140 for neutrons to escape. Vanous other suitable configurations are possible.
As noted herein, the reflector cyvhinder 140 reflects the neutrons escaping from the nuclear fuel
core 100 back inwards towards the nuclear fuel core 100, The reflector wall segments 141 of
reflector cylinder 140 may be made of any suitable metalhic material operable having neutron
reflecting properties.

{00076} The reflector cvhinder 140 can be coupled to the wnitary support structure 200 1w a
variety of manners, such as fastening, welding, or mterference fil.  In on smbodiment, the
reflector ovimder 140 is coupled to the unitary support structure 200 using the peripheral
connecting rods 234 that also join the bottom and top plates 230, 232, In this embodiment, the

peripheral connecting rods 234 pass through longitudinallv-extending passagewavs 144 formed
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m each reflector wall segiment 141, In the exemplified embodinent, the longitudinally-extending
passageways 144 are located on flanges that protrude inward from the reflector wall segment
141,

{00077} As mentionaed above, the peripheral connecting rods 234 also extend through the
mounting holes 251 formed thn‘mgh and around the periphery of the top and bottom core plates
232, 230 in the annunlar rom 256, The holes 251 are axially alignable with through passagewavs
144 of the reflector wall segments 141 to pass the connecting rods 234 therethrough. The
flanged jomis 146 between adjoining reflector wall segments 141 1 some embodiments may be
held together by the foregoing assembly of the bottom and top core plates 230, 232 and the
peripheral connecting rods 234 without any direct mechanical coupling between the flanges 148
of the reflecting segments.

[00078] When coupled to the wnitary sopport structure 200, the reflector cylinder 140
circumscribes the nuclear fuel core 100, In some embodiments, the reflector cylinder 140 may
be omitied from the portable nuclear fuel cartridge 1000.

[O0079] Referring now to FIGS. 5A and 6-9 concurrently, a single one of the first fusl
assemblies 110 is iHustrated. Each fivst fuel asserably 110 includes a plurality of fuel rods 111,
longitudinally spaced guid sheets 113 {that include a phuality of openings through which the
plarality of fuel rods 111 extend), a plurality of control rods 150, a top nozzle 152, and a bottom
nozzle 154, The top and bottom nozzles 152, 154 are disposed at opposing top and bottom ends
157, 158 of the first nuclear fuel assembly 110, In one embodiment, the top and bottom nozzles
182, 154 are open structures defining a central flow opening and may be formed by adjonming
peripheral plates having a polygonal configuration in top plan view, and in some embodiments a
rectilinear configuration.

[00080] In one embodiment, the top and bottom flow nozzles 152, 154 are configured and
dimensioned to engage the top and bottom core plates 130, 132 respectively of the portable
nuclear fuel cartridge 1000 so that the first nuclear fuel assemblies 110 cannot be completely
passed through the open cells 215 of the top and bottom core plates 232, 230, Thought of
another way, each of the phurality of fuel assemblies 114, 120 are sized and/or shaped s0 as to be
mcapable of being removed from the unitary support structure 200 through the open cells 215 of

the top and bottom core plates 232, 230 with which it is in fluid commanication. This allows the
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first nuclear fuel assemblies 110 to be removably locked into the top and bottom core plates 232,
230 when the portable nuclear fuel cartridge 1000 is being assembled.

00081 Accordmgly, in one embodiment, each of the nuclear fuel assemblies 110, 120
comprises a top portion {which in the exemplified embodiment comprises the top nozzle 152)
that at least partially nests withm one of the plurality of open cells 215 of the top core plate 232
and a bottom portion {which in the exemplified embodiment comprises the bottom nozzle 154)
that at {east partially nests within one of the phuality of open cells 2135 of the bottom core plate
230. In emboduments where the top and bottom nozzles 132, 154 may be omutted other cap or
sleeve structures could be used in their stead.

[60082] Furthermore in order to enswre that the nuclear fuel assemblies 110, 120 cannot be
completely passed through the open cells 215 of the top and bottom core plates 232, 230, the top
portion of each of the nuclear fuel assemblies 110, 120 comprises a top shoulder element
{exemplified as stepped portion 180} that abuts a bottom surface of the top core plate 232,
Similarly, the bottom portion of each of the nuclear fuel assemblies 110, 120 comprises a bottom
shoulder element (also exemplified as stepped portion 180) that abuts a top surface of the bottom
core plate 230, In other embodiments, the top andfor bottom shoulder elements can take the
form of a protuberance, pin, flange, or any other structure capable of mechanically mierfering
with the lattice structure/gridwork 201 in a manner that prevents the noclear fuel assembhes 110,
120 from being slid completely through the open cells 215, In still another embodiment, top
and/or bottom shoulder elements can be formed by a sloped section/wall of the nuclear fuel
assemblies 10, 120,

j00083] The top nozzie 152 and the bottom nozzle 154 each include the stepped portion 180
which, as mentioned above, 15 configured to engage the gnid plates 255 defining the open cells
215 of the top and bottom core plates 232, 230, thereby preventing the fuel assemblies 110, 120
from passing completely through the open cells 215 m which they nest. In the exemplified
embodiment, the stepped portion 180 is formed in the peripheral lateral sides 181 of gach flow
nozzle 152, 154, The stepped portion 180 may extend partially or completely around the
perimeter of the sides 181 of the top and bottom nozzles 132, 134 and be intermittent or
continuous in configuration. The stepped portion 180 of top and bottom nozzles 152, 154
defines an outer nsertion end portion 182 configured to exiend at least partially into the open

cells 115 of the bottom and top core plates 230, 232 and an inner ead portion 183 configored 1o
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have a larger cross sectional width than the open cells 215 so as to remain outside of the open
cells 215 when the msertion end portion 182 of the top and bottom nozzles 152, 154 are mserted
into the open cells 215

00084} As opposed 1o prior reactor core arrangements wherein the core plates are permanently
affixed inside the reactor vessel and the fuel assemblies must be individually mserted one at a
time through openings in the fixed plates, the foregoing present arrangement and configuration
of the bottom and top core plates 230, 232 and fop and bottom flow nozeles 152, 1534
advantageously pernut the fuel assemblies 110, 120 to be compressed between the top and
bottom core plates 232, 230 to form a self-supporting and free standing structure.

[0008S] In some embodiments, the top and bottom nozzles 152, 1534 mayv further have a
transverse cross-sectional shape which complements the cross-sectional shape of the first fuel
assembly 110, In one embodiment, the top and bottom nozzles 152, 154 may have a square
shape ia top plan view, The top and bottom nozzles 152, 154 provide flow outlets and inlets for
the nuclear fuel core 100, allowing the reactor primary coolant to How through the core 100 from
end to end and pick up heat from the fuel vods 111.

[60086] As shown in FHG. 5B, the second suclear fuel assemblies 120 may be similar in
construction to the first fuel assemblies 110 described above, having fuel rods 111, top and
bottom nozzles 152, 154, control rods 150, and grid sheets 113, The exception being that the
components have a three-sided configuration instead of a four-sided configuration.

{80087} Having described the structyre of the portable nuclear fuel cartridge 1000, an exemplary
method for assembling the portable nuclear fuel cartridge 1000 will now be briefly described.
The assembly process may begin by first generally positioning the fuel assemblies 110, 120
between top and bottom core plates 232, 230, The flow nozzles 252, 254 of the fuel assemblies
P10, 120 are axially aligned with a respective open cell 215 in the top and bottom core plates
232, 230. Next, the process inclades partially inserting the insertion end portion 182 of the top
flow nozzle 152 of each of the fuel assemblies 110, 120 into an open cell 215 formed in the top
core plate 232, Tlus is done v one embodiment from the onderside of the top core plate 232,
The top nozzle 152 i3 now partially nserted mto the open cell 2135 and the shoglder portion 130
of the top nozzle 152 enpages the top plate, more specifically the grid plates 1535, The same
process is repeated for the boitom nozzles 154 of the fuel assemblies 110, 120 in which the

shoulder portions 180 of the bottom nozzles 154 are engaged with the bottom core plate 230 m a
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stmlar manner.  This process may be conducted m any order or sequence, so that m some
mstances the bottom flow nozzles 154 may first be inserted into the bottom core plate 230 before
the top flow nozzles 152 are inserted into the top core plate 232, Either approach is acceptable.
[00088] The assembly process continues by coupling the top and bottom core plates 232, 230
together using the plurality of connecting rods 234 and 236 (where used) extending between the
core plates 230,232 as described above. The threaded ends of the connecting rods 234, 236 are
mserted through the holes 251 and the central mounting brackets 253 1n the top and bottom core
plates 232, 230, The mounting hardware 260 15 installed on each connecting rod 234, 236, The
nuts of the mounting hardware 260 are tightened, which in turn resols in drawing the top and
bottom core plates 232, 230 together with the connecting rods. The fuel assemblies 110, 120 are
compressed between the top and bottom core plates 230, 232 to complete the portable nuclear
fuel cartridge 1000 assembly process.

j00089] The assembled portable nuclear fuel cartridpe 1000 defines a compact and versatile
nuclear fuel core ontt that may be installed m a reactor vessel 500 of any switable configuration
and n any appropriate orientation. FIG.16 shows the portable nuclear fuel cartridge 1000 in one
of many possible installations in a reactor vessel 500, The portable nuclear fuel cartridge 1000 s
shown positioned inside a nuclear reactor vessel 500 which s located in a nuclear reactcor
containment enclosure 305 including a wet well. The reactor vessel 300 includes a pnimary
coolant inlet/outlet nozzle 510 and a removable nuclear reactor vessel head 520 which provides
ACCESS to an interior cavity 515 of the nuclear reactor vessel 300 configured for recetving and
sapporting the portable nuclear fuel cartridge 1000, as shown. In one embodiment, the portable
nuclear tuel cariridge 1000 may be positioned in a riser pipe 525 disposed inside the reactor
vessel S00; however, other suitable mounting arrangements may be used.  In one embodunent,
the fuel cartridge 1000 may be oriented vertically and primary coolant in the reactor vessel may
flow upwards through the fuel cartnidge 1000 and reactor core fuel assemblies 110, 120 entenng
the bottom core plate 230 and leaving the top core plate 232, The primary coolant is heated as it
Hows through the fuel asserbly core 100 in passing by the fuel rods 111 1 @ manner well known
m the art. The prumary coolant 1 the reacior vessel 300 enters the bottom core plate 230 and a
bottom nozzle 254 of the fuel assemblies 110, 120, flows i parallel along the fuel rods 111, and
exits the top nozzle 252 and top core plate 232, 1t will be appreciated that in some ambodiments,

the partial fuel assemblies 120 may optionally be omitted.
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Methods of Fueling o Nuclear Regetor

j00090] Referring now to FIG. 16, a2 method of fueling a nuclear reactor 500 according to the
present invention will be described.  Whie the wmventive method is described below m
comjunction with the portable nuclear fuel cartridge 1000 described above, it is to be understood
tat the method 13 not so limited in al embodiments and different stroctural embodiments of a
portable nuclear foel cartridge can be utilized.

{00091} The method may include: opening a reactor vessel 500 defining an interior cavity 515,
loading the fuel cartridge 1000 into the cavity $15; and closing the reactor vessel 300, Because
the fuel cartridge 1000 comprises an integrated fuel core 100, there is no need to manipulate and
handle individual fuel assemblies 110 or 126 on site when mnitially fueling the reactor vessel 500,
The entwre fuel cartridge 1000 1s merely lifted and transported to the reactor vessel S00 and then
inserted or plugged into the reactor vessel 300 after removing the nuclear reactor vessel head 520
from the anclear reactor vessel body. The top head closure 220 is then re-closed. If a spent fuel
cartridge 1000 is 1 place in the reactor, this spent unit would fivst be removed from the reactor
vessel 500 to make room for the new fuel cartnidge 1000, Advantageously, the fuel cartridge
1000 with all of the fuel assemblies 110, 120 installed mayv be assembled outside of the reactor
vessel 300 and contamment enclosure, either elsewhere on site or off site.  Since the fully
assembled and complete fuel cartridge 1000 15 ready to go, the duration of a refueling outage
may be greatly reduced thereby saving labor, time, and financial resources.

00092} Another method of fuehng a nuclear reactor will now be described, in which the method
comprises: ay opeming a nuclear reactor vessel; b) moving a noclear foel cartridge from a position
outside of the nuclear reactor vessel to a position within an interior cavity of the nuclear reactor
vessel, the nuclear foel cartridge comprising a unitary support structure, and a plurality of
nuclear fuel assemblies arranged to collectively form a fuel core, the fuel core mountad ia the
unitary support structare; and ¢} closing the nuclear reactor vessel.  The nuclear fuel cartridge is
moved as a single unit,

[00093] The step of opening the nuclear reactor vessel may include setiing a water level in a
reactor containment enclosare to alloww access {o head bolts that secure a nuclear reactor vessel
head 10 a anclear reactor vessel body, removing the head bolts, and rassing the water level and
removing the nuclear reactor vessel head from the nuclear reactor vessel body {o provide an

opening into the interior cavity of the nuclear reactor vessel.
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[00094] The step of opening the nuclear reactor vessel may comprise removing a nuclear reactor
vessel head from a nuclear reactor vessel body 1o provide an opening into the wmterior cavity of
the nuclear reactor vessel. The step of moving the nuclear fuel cartridge may comprise lowering
the nuclear fuel cariridge into the nuclear reactor vessel body. The step of closing the nuclear
reactor vessel may comprise securng the nuclear reactor vessel head to the nuclear reactor vessel
body 1o enclose the opening into the interior cavity.

{00095} In certam embodunents, the step of moving the nuclear fuel cartridge may further
comprise coupling a crane to the untary support structure of the nuclear fuel carindge, lifting the
nuclear fuel cartridge with the crane, lowering the nuclear fuel cartridge into the nuclear reactor
vessel body with the crane, and uncoupling the crane from the unitary support structure of the
nuclear fuel cartridge. Coupling the crane to the umtary support structire way compnse
coupling the crane to a lifting ring of the untary support structure,

{00096] The fuel core of the nuclear fuel cartridge may comprise all nuclear fuel assemblies used
to operate the nuclear reactor for a cycle hife, which may be greater than 24 months in certam
embodiments. During the moving step, the unitary support structure s sufficiently strong to
enable handling of the nuclear fuel cartridge within g margin of safety required by ANSI
14.6(1993).

Methods of Detueline g Nuclear Regctor

00097} Referring now to FIGS. 17 to 36, a method of defueling a nuclear reactor S00 according
1o the present invention will be described. While the inventive method s described below in
conjunction with the portable muctear fuel cartridge 1000 described above, it is to be understood
tat the method is not so hmited in al embodiments and different structural embodiments of a
portable maclear fuel cartridge can be utilized.

[00098] In one embodument, the method of defhelivg a nuclear veactor comprises: a) opening a
nuclear reactor vessel: by removing a nuclear fuel cartridge from an interior cavity of the nuclear
reactor vessel, the nuclear fuel cartridge comprising a unitary support structure, and a plurality of
nuclear fuel asserblies arranged to collectively form a fuel core, the fuel core mounted in the
unitary support structure; and o) spbmerging the nuclear fuel cartridge within a spent fuel pool.
00099) With reference to FIG.17, in certain embodiments the step of opening the nuclear reactor
vessel SO0 may mclode setting a water level 700 in a reactor containment enclosure 305 to allow

access to head bolts 501 that secure a nuclear reactor vessel head 520 to 8 nuclear reactor vessel
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body $30. Removing the head bolts 301, An open transfer cask 800, which includes an open
multi-purpose canister 900 therem, may alse be submerged n the spent noclear fuel pool 710 at
this time.

000100} With reference now to FIG.18, the water level 700 is then raised. With reference now
to F1G. 19, and the nuclear veactor vessel head 320 is removed from the nuclear reactor vessel
body 530 to provide an opening 533 into the interior cavity 315 of the nuclear reactor vessel 500
[006101] Wih reference now o FIG. 20, the control rod drive internals 575 are removed from
the nuclear reactor vessel 500 and placed in the spent fel pool 710, A crane (or other lifting
mechanism) 15 then conpled to the unitary support structure 200 of the nuclear fuel cartridge
00O (FIG. 21), which s located within the nuclear reactor vessel 500 as deseribed above. In
one embodiment, the crane 1s coupled to the lifting ring 270 of the onttary support structure 200
The nuclear fuel cartridge 1000 s then hfted out of the interior cavity 515 of the nuclear reactor
vessel 500 with the crane. It should apparent from the above that the nuclear fuel cartridge 100
is removed from the nuclear reactor vessel 500 as a single umit.

[000102] With reference now to FIGS. 22A-B concurrently, the nuclear fuel cartridge 1000 35
then lowered info the spent nuclear fuel pool 710 and lowered into the cavity 905 of the open
nutlfi-purpose canister 900, As mentioned above, the open multi-purpose camster 900 may be
positioned within an open transfor cask 800 at this tme. 97 The nuclear fuel cartridge 1000 is
lowered/submerged mto the spent fuel pool 710 as a single unit.

(000103} With reference now to FIG. 23, once the nuclear fuel carinidge 15 within the muolt-
purpose canister 900, the malti-purpose canister 900 15 closed by positioning a canister lid 910 m
place. With reference now to FIG. 24, the open cask 800 and closed cantster 900 are then hifted
from the spent fuel pool 710. The closed mudti-purpose canister 900 s then prepared for dry
storage. In one embodiment, this preparation includes draining bulk water from the closed mult-
purpose canister 900, flowing a non-reactive gas through the closed multi-purpose canister 500
to achieve a level of dryness within the multi-purpose canister 900suitable for dry storage,
backfilling the closed multi-purpose canister 900 with a non-reactive gas, and sealing the closed
canister. As a result of the above, the wnitary support structure 200 of the nuclear fuel cartridge
1000 serves as a fuel basket within the multi-purpose canister 800, The omlti-purpose canister
900, along with iis load of the nuclear fuel cartridge 1000 is now ready for further transport and

storage t a ventilated storage cask.
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[000104] With reference now to FIG. 25, the ventilated storage cask 1100 is prepared for
receiving the loaded multi-parpose camster 900, Imually, the flue extensions 1101 of the
ventilated storage cask 1100 are removed to access the lid lifting features. With reference to
FIG. 26, the lid 1102 of the ventilated storage cask 1100 is then removed.

{000 105] With reference now to FIG. 27, a mating device 1200 33 pat i position and coupled to
the body 1105 of the ventilated storage cask 1100, With reference now to FIG. 28, a cask
transporter 1300 then delivers the transter cask 800 {which is loaded with canister 900, which 1
turn 15 loaded with the nuclear fuel cartridge 1000) to position above and m alignment with the
mating device 1200, With reference now to FIG. 28, the transfer cask 800 is then mated with the
mating device 1200,

[600106] With reference 1o FIG. 30, the nigging 1303 is attached to the loaded canister 900 and

the canmster 900 13 raised shghtly, The bottom Lid 845 of the transfer cask 800 15 removed and the
mating device 1200 is opened. With reference 1o FIG. 31, the camster is then lowered mto the
ventilated storage cask 1100, With reference to FIG. 32, the nigging i3 then disconnected. With
reference to FIG, 33, the tansfer cask 800 is reconnected to the cask transporter 1300 and the
mating device 1200 is closed. The transfer cask 800 and mating device 1200 are then removed
and the iid 1102 and vents 1101 of the ventilated storage cask 100 are replaced.

000107} While the foregoing description and drawings represent exemplary embodiments of
the present invention, it will be understood that various additions, modifications and substitutions
may be made therem without depariing from the spirit and scope and range of equivalents of the
accompanying claims.  In particular, t will be clear to those skilled n the art that the present
tnvention may be embodied in other forms, structures, arrangements, proportions, sizes, and with
other elements, matertals, and components, without departing from the spinit or essential
characteristics thereof. In addition, numerous vanations in the methods/processes. One skilled
m the art will further appreciate that the invention may be used with many modifications of
structire, arrangement, proportions, sizes, materials, and components and otherwise, used m the
practice of the invention, which are particularly adapted to specific environments and operative
requirements withoot departing from the prnciples of the present myvention.  The presently
disclosed embodiments are therefore 1o be considered mn all respects as illustrative and not
restrictive, the scope of the mvention being defined by the appended claims and equivalents

thereof, and not limited to the forsgoing description or embodiments.  Rather, the appended
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claims should be construed broadly, to include other variants and embodiments of the invention,
which may be made by those skilled in the ant withouot departing from the scope and range of

equivalents of the invention.
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CLAIMS
What 1s clamed 1
1. A nuclear reactor core comprising:

a plarality of first nuclear fuel assemblies, gach of the plurality of first nuclear fuel
assemblies having a first transverse cross-sectional configuration, the plurality of first nuclear
fuel assemblies arranged in a rectilinear pattern defining peripheral corner regions;

a plurality of second nuclear fuel assemblies, each of the plurality of second nuclear fuel
assemblies having a second transverse cross-sectional configuration that is different than the first
transverse cross-sectional configuration; and

wherein the plurality of second nuclear fuel assemblies are disposed within the comer
regions, the plarabity of first and second nuclear fuel assemblies collectively forming a nuclear

fuel core.

2. The nuclear reactor core according to clatm 1 further comprising a reflector covlinder

circumferentially surrounding the tirst and second fuel assemblies.

3. The nuclear reactor core according to any one of clamms 1 1o 2 wherein each of the plorality of

fust nuclear fuel assemblies has a rectangular transverse cross-sectional shape.

4. The nuclear reactor core according to anv one of claims 1 © 3 wherein each of the plurality of

second nuclear fuel assemblies has a tnangular transverse cross-sectional shape.

3. The nuclear reactor core according to any one of claims 1 to 4 wherein the nuclear fuel core

has a polygonal transverse cross-sectional shape.

&. The nuclear reactor core to claim § wherein the polygonal shape is an octagon.

| 2]
o}



WO 2014/011632 PCT/US2013/049722

7. The nuclear reactor core according to any one of claims 1 1o 6 wherein the rectilinear pattern
formed by the plurality of first moclear foel assemblies 15 a modified cruciform pattern
comprising four svaunetric quadrants, each of the fowr quadrants comprising two peripheral

COTNET regions,

& The nuclear reactor core according to any one of clatms 1 to 7 wherein the first transverse
cross-sectional confipuration comprises a first shape and the second transverse cross-sectional

configuration comprises a second shape, the first shape being different than the second shape.

9. The nuclear reactor core according to any one of claims 1 to 8 further comprising:
a unitary support structure;
the nuclear fuel core mounted within the unttary support structure; and

wherein the anitary support strocture and the nuclear fuel core collectively form a nuclear

fuel cartridge than can be removed from a reactor vessel as a single unit,

10, The nuclear reactor core according 1o claim 9 wherein the unitary sapport structure
comprises a boltomi core plate, a top core plate, and one or more longiudinal members
mtercomnecting the top and bottom core plates together, the waclear fuel core sandwiched

between the top and botiom core plates.

11, The anclear reactor core gecording o claimy 10 further comprising:
each of the top and bottom core plates comprising a plorality of open cells;
cach of the first and second muclear fuel assemblies comprising:

a top portton that at least partially nests withm one of the plurabity of open cells of

the top core plate; and
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a bottom portion that at least partially nests within one of the plurality of open

cells of the bottom core plate.

12, The nuclear reactor core according to claim 11 wherein each of the plurality of open cells of
both the top and bottom core plates has a shape which conforms to either the first transverse
cross-sectional configuration of the plurality of first nuclear fuel assemblies or the second

transverse cross-sectional configuration of the plurality of second nuclear fuel assemblies.

13, The nuclear reactor core according to any one of claims 11 to 12 wherein each of the first
and second nuclear fuel assemblies comprises a top nozzle and a bottom nozzle, and wherein for
each of the first and second nuclear fuel assemblies: the top nozzle at least partially nests within
one of the phaality of open cells of the top core plate; and the bottom nozzle at least partially

nests within one of the plurality of open cells of the bottom core plate.

14, The nuclear reactor core according to anv one of claims 11 to 13 wherein for each of the first
and second nuclear fuel assemblies: the top portion comprises a top shoulder element that abuts a
bottom surface of the top core plate; and the bottom portion comprises a bottom shoukder

element that abuts a top surface of the bottom core plate.

15, The suclear regctor core according to any one of claims 10 to 14 wherein the one or more
longituedinal members comprise a plusality of connecting rods extending axially between the top

and bottom core plates.

16. The nuclear reactor core according to claim 15 wherein the plurality of connecting rods

comprise a plurality of peripheral connecting rods located cutboard of the nuclear fuel core.

28
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17, The nuclear reactor core according to any ong of clauns 13 to 16 wherein the plurality of
connecting rods comprise a plurality of central connecting rods located inboard of the nuclear

fuel core,

18, The nuclear reactor core according to claim 17 wherein the plurality of central connecting
rods arve disposed 1 notched comers of a modified one of the plurality of first nuclear fuel

assemblies.

19, The nuclear reactor core according to any one of claims 9 to IR wherein the reflector

cylinder is coupled to the unitary support structure and forms part of the nuclear fuel cartnidge.

20. The nuclear reactor core according to anv one of claims 9 to 19 wherein the nuclear fuel

cartridge iy self-supporting and free-standing.

21. The nuclear reactor core according to claim 2 wherein the reflector cvlinder comprises a

plurality of arcuately shaped wall segments coupled together by lap joints.

22, The nuclear reactor core according to any one of claims 1 to 21 wherein each of the plurality
of first nuclear fuel assemblies comprises a conirol rod assembly configured to control reactivity

during operation of the nuclear reactor core.

23, The nuclear regctor corg according to any one of claims 1 1o 22 wherem gach of the plorality

of second nuclear fuel assemblies are free of a control rod assembly.

24, The nuclear reactor core according o any one of claims 1 to 23 wherein each of the first and

second nuclear fuel assemblies comprise a plurality of nuclear fuel rods.

(5]
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25, The nuclear reactor cove according to clainy 24 wheremn each of the plurality of first nuclear
fuel assemblies comprises X nuclear foel rods and each of the plurality of second nuclear fuel

assemblies comprises Y nuclear fuel rods, wherein Y is less than X

26. The nuclear reactor core according to clam 25 wheremn Y ix about one-half X.

27. A nuclear reactor core comprising:
a reflector ovlinder;
a noclear fuel core disposed within the reflector cylinder, the nuclear fuel core
COMPTISING:
a plurality of first nuclear fuel assemblies, each of the plurabity of first

nuclear fuel assemblies having a first transverse cross-sectional shape; and

a plarality of second nuclear fuel assemblies, esch of the phurality of
second nuclear fuel assemblies baving a second transverse cross~-sectional shape

that is different than the first transverse cross-sectional shape.

28, The nuclear regctor core gccording 1o claim 27 wherein the plurality of first nuclear fuel
assernblies arranged 1o form a central region of the nuclear fuel core that conprises peripheral
corner regions; and wherein the plurality of second nnclear fuel assembhies are disposed in the

peripheral corper regions.

29, The nuclear reactor core gecordmg to any one of clamng 27 to 28 wherein each of the
plurality of first nuclear fuel assemblies comprizes a control rod assembly configored to control

reactivity during operation of the nuclear reactor core.

30. The nuoclear reactor core according to any one of claims 27 to 29 wherein each of the

plurality of second nuclear fuel assemblies are free of a control rod assembiyv.

(9]
ot



WO 2014/011632 PCT/US2013/049722

31. The nuclear reactor core gecording to any one of clatms 27 to 30 wherein each of the first

and second nuclear fuel assemblies comprise a phirahity of nuclear fuel rods.

32, The nuclear reactor core according to clamm 31 wherein each of the plurality of first nuclear
fuel assemblies comprises X nuclear fuel rods and each of the plurality of second nuclear fuel

asseniblies comprises Y nuclear fuel rods, wherein Y is less than X.

33, The nuclear reactor core according to clainy 25 wherein a ratio of Y/ X is in a range of 1:1.5

to 1:3,

34. The nuclear reactor core accarding to any one of clanns 27 10 33 wherein the first transverse

cross-sectional shape is rectangular and the second transverse cross-sectional shape is triangular.

35, A portable nuclear fuel cartridge compnising:

a unitary support structure;

a plurality of nuclear fuel assemblies arranged to collectively form g fuel core for a
nuclear reactor, each of the plurality of nuclear fuel assemblies comprising a plurabity of nuclear

fuel rods; and

%

the fuel core integrated into the unitary support structure to collectively form a self

supporting assemblage than can be bifted as a single wnit.

36, The portable nuclear fuel cartridge according to clamm 35 wheremn the unitary support
structure comprises: a bottom core plate, a top core plate, and one or more fongitudinal members
interconnecting the top and bottom core plates fogether, the fuel core sandwiched between the

top and bottom core plates.
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37. The portable nuclear fuel carttidge according to claim 36 wherein the top and bottom core

plates comprise a lattice structure,

38. The portable nuclear fuel cartridge according to any one of claims 36 to 37 wherein each of
the top and bottom core plates comprises a plurality of open cells, each of the plurality of open
cells of the top and bottom core plates fluidly communicating with at least one of the plurality of

nuclear fuel assemblies to form a fluid flow path therethrough.

39, The portable nuclear fuel cartnidge according to claim 38 wherein each of the plorality of
fuel assemblies is sized and/or shaped so as to be incapable of being removed from the self-
supporting assemblage through the open cells of the top and bottom core plates with which it is

m fluid communication.

40, The portable nuclear fuel cartridge according to any one of claims 38 © 39 wherein each of
the nuclear fuel assemblies comprises: a top portion that at least partially nests within one of the
phurality of open cells of the top core plate; and a bottom portion that at least partially nests

within one of the plurality of open cells of the bottom core plate.

41. The portable nuclear fuel cartridge according to claim 40 wherein each of the first and
second nuclear fuel assemblies comprises a top nozzle snd a bottom nozzde, and whergin for gach
of the first and second nuclear fuel assemblies: the top nozzle at least partially nests within one
of the plurality of open cells of the top core plate; and the bottom nozzle at least parbally nests

within one of the plurality of open cells of the bottom core plate.

42, The portable nuclear fuel cariridge according to any one of clasms 40 to 41 wherein for sach
of the first and second naclear foel assembhes: the top portion comprises & top shoulder element
that abuts a bottom surface of the top core plate; and the bottom portien comprises a boftom

shoulder element that abuts a top surface of the hottom vore plate.

(9]
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43 The portable nuclear fuel canridge according to any one of claims 36 1o 42 wherein the one
or more fongitadinal members interconnect the top and bottom cove plates at a fixed distance

from one another.

44. The ponable nuclear fuel cartridge according to any one of claims 36 to 43 wheremn the one
or more longitudinal members comprise a plurality of connecting rods extending axtally between

the top and bottom core plates.

45, The portable nuclear fuel cartridge according to clann 44 wherein the plorality of connecting

rods comprise g plurality of peripheral connecting rods located cutboard of the nuclear fuel core.

46. The portable nuclear fuel cartridge according to claim 45 wherein the plurality of peripheral
conpecting rods are cicumferentially arranged around a periphery of the self-supporting

assemblage.

47, The portable nuclear fisel cariridge according to any one of claims 44 to 46 wherein the
plurality of connecting rods comyprise a plurality of central connecting rods located inboard of the

nuclear fuel core.

48. The portable nuclear fuel cartridge according to any one of claims 47 wherein the a plurality

of central connecting rods are located adjacent a central axis of the self~supporting assemblage

49. The portable nuclear fuel cartiidge according to any one of claims 43 wherein a central open
cell of each of the bottom and top core plates mcludes mounnning brackets configured to recetve

the central connecting rods.

(9]
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S0, The portable nuclear fuel cartridge according to claim 49 wherein the plurality of central
connecting rods are disposed in notched corners of a modified one of the plarality of muclear fuel

assemblies.

31. The portable nuclear fuel cartridge according to any one of claims 35 o 50 forther
comprising a reflector oylinder coupled to the wnitary support structure and circumscribing the

nuclear fuel core.

52, The portable nuclear fuel cartridge according to claim 51 wherem the reflector cyvhinder

comprises a plurality of arcuately shaped wall segments conpled together by lap joints.

33, The portable nnclear fuel cartridge according to anv one of claims 35 to 52 wherein the

nuclear fuel cariridge is free-standing.

54. The portable nuclear fuel cartridge accordmg to any one of claims 35 to 53 wherem the
unitary support structare is sufficiently strong to enable handling of the portable nuclear fuel

cartridge within a margm of safety required by ANSE 14.6{1993).

535, The portable muclear fuel cartridge according to any one of claims 35 to 534 wherein at least
some of the plurality of nuclear fuel assembhies comprise a control rod assembly configured to

control reactivity during operation of the nuclear reactor vore.

56. The portable nuclear fuel cariridge according to any one of claims 35 to 35 wherein the
plurality of muclear fuel assemblies comprises: a plurality of first nuclear firel assemblies, each of
the plurality of first nuclear fuel assemblies having a first wransverse cross-sectional shape; and a
plarality of second nuclear fuel assemblies, each of the plurality of second nuclear fuel
assemblies having a second transverse cross-sectional shape that is different than the first

transverse cross-sectional shape.

(9]
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57, The poriable nuclear fuel cartridge according to claim 56 wherem the plurality of first
nuclear fuel assemblies are arranged to form a ceniral region of the nuclear fuel core that
comprises peripheral corner regions; and wherein the plurality of second nuclear fuel assemblies

are disposed in the peripheral corner regions.

58. The portable nuclear fuel cartiidge according to claim 35 further comprising:
the unitary support strucfure comprising:
a bottom core plate;
a top core plate; and

one or more longitudinal mewmbers mterconnecting the top and bottom
core plates together, the fuel core sandwiched between the top and bottom core

plates.

a reflector eylinder coapled to at least one of the top or bottom core plates by the one or

more longitudinal members.

39, The portable nuclear fuel cartnidge according to claim 58, wherein the reflector oyhinder is
comaprised of a plaality of arcuately shaped wall segments coupled together by lap joints

R

between the plurality of arcuately shaped wall segments.

60, The portable nuclear fuel cartridge according to any vne of claims 35 to 39 wherein the

wtary support structure further comprises a lifting ring.

61, A portable nuclear fuel canttidge configured for placement in g veactor vessel, the fuel
cartridge comprising:
top and bottom core plates at opposing ends of the unitary nuclear fuel cartridge, each of

the top and bottom core plates including a gridwork defining a plurahity of open cellg;

(5]
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a plurality of nuclear fuel assemblies disposed between the top and bettom core plates,

each of the plurality of nuclear fuel assembhies including a plurality of fuel rods; and

a phurality of conpecting members extending between and interconnecting the top and

bottom core plates together to form a unitary support stracture;

the top and bottom core plates, the plurality of connecting members, and the plurality of
nuclear fuel assemblies collectively defining an assemblage that 15 self-supporting outside of the

reactor vessel and transportable as a single unit.

62, The portable nuclear fuel cantridge according to claim 61 wherein the plorality of nuclear
fuel assemblies are sandwiched between the top and bottom core plates via the connecting

members.

63. The portable nuclear fuel cartridge according to any ooe of clamns 61 to 62 wherein the
pluratity of nuclear fuel assemblies and the plurality of open cells of both the top and bottom
core plates are mutaally conhigured in transverse cross section 50 that the plurality of noclear fuel

assemblies are not completely insertable through the open cells of the top or bottom core plates.

&4, The portable nuclear fuel cartridge according to any one of claims 61 to 63 wherein each of
the pharality of nuclear fuels assemblies comprises top and bottom flow nozzles disposed at
opposig ends thereof, the fop and bottom flow nozzles each including a stepped portion
configured to engage the grnidwork of the top and bottom core plates to prevent the nuclear fuel

assembly from passing completely through the open cells of the fop and bottom core plates.

65, The portable nuclear fuel carttidge according to claim 64 wherein each of the top and bottom
flow nozzles comprises an outer insertion end configured to extend at least partially into the open
cells of the top and bottom core plates respectively and an inner end configured 1o remamm outside

of the open cells of the top and bottom core plates respectively.

Lt
e}



WO 2014/011632 PCT/US2013/049722

66, The portable nuclear fuel cartndge according to any one of claims 61 to 63 further
comprisiig & reflector cvlinder circwmferentially swrroundmg the first and second fuel

assemblies.

67. The portable nuclear fuel cartnidge according to claim 66 wherein the connecting members

extend through longitadinal passageways in the reflector cylinder.

68. The portable nuclear fuel cartridge accordmg to any one of claims 66 o 67 wherem the
reflector cvlinder comprises a plurality of arcuately shaped wall segments coupled together by

lap joints.

69, A method of fueling a nuclear reactor, the method comprising:
aj opening a nuclear reactor vessel;

b) moving a nuclear tuel cartridge from a position ountside of the nuclear reactor vessel to
a position within an interior cavity of the nuclear veactor vessel, the nuclear fuel cartridge
cOmprising a unitary support structure, and a plurality of nuclear fuel assemblies arranged to

collectively form a fuel core, the fuel core mounted in the unitary support structure; and

¢} closing the nuclear reactor vessel.

70, The method according 1o claim 69 wherein step a} further comprises removing a nuclear
reactor vessel head from a nuclear reactor vessel body to provide an openmg into the interior
cavity of the nuclear reactor vessel; and wherein step b} farther comprises lowenng the nuclear
fuel cartridge into the nuclear reactor vessel body; and wherein step ¢} further comprises
securing the nuclear reactor vessel head to the nuclear reactor vessel body to enclose the opening

mio the mterior cavily.

71. The method according to claim 70 wherein step b) further comprises:

Lt
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b~ 1} coupling a crane to the unttary support structure of the nuclear fuel cartridye;
b-2} lifting the nuclear fuel cartridge with the crane;

b-3} lowering the naclear fuel cariridge inte the nuclear reactor vessel body with the

crane: and

b-4} uncoupling the crane from the unitary support stractuge of the nuclear fuel cartridge.

72. The method according to claim 71 wherein step b-2) further comprises coupling the crane 1o

a hfting ring of the unitary support siructure.

73. The method according to any one of claims 69 1o 72 wherein the fuel core of the nuclear fuel

cartridge comprises all nuclear fuel assemblies used to operate the nuclear reactor for a oycle hife.

74. The method according to claim 73 wherein the cycle life is greater than 24 months.

75, The method according to any one of claimas 69 1o 74 wherein during step b), the noclear fuel

cartridge 13 moved as a simgle unit.

76. The method according to any one of claims 69 1o 75 wherein the ynitary support structure is
sufficiently strong to enable handling of the nuclear fuel cartridge within a margin of safety

required by ANSI 14.6(1993).

77, The method according to clatn 69 wherein step a) farther comprises:

a-1) setting & water level I a reactor containment enclosure to allow access to head bolts

that secure a nuclear reactor vessel head to a nuclear reactor vessel body;

a-2) removing the head bolts; and
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a-3} raising the water level and removing the nuclear reactor vesse! head from the nuclear

reactor vessel body to provide an opening mto the interior cavity of the nuclear reactor vessel.

78. The method according to any one of clarms 69 to 77 wherein each of the plurality of nuclear

fuel assemblies comprises a plurality of nuclear fuel rods.

79. The method according to claim 78 wherein the anitary support structure comprises: a bottom
core plate, a top core plate, and one or more longitudinal members interconnecting the top and

bottom core plates together, the fuel core sandwiched between the top and bottom core plates.

80. The method according to claim 79 wherein the top and bettom core plates comprise a lattice

siructure.

§1. The method according to any one of claims 79 to 84 wherem each of the top and bottom
core plates comprises a plurality of open cells, gach of the plurality of open cells of the top and
bottow core plates fhadly communicating with at least one of the plarality of nuclear fuel

assemblies to form a fuid flow path therethrough.

§2. The method according to claim 81 wherein each of the plurahty of fuel assemblies is sized
andfor shaped so as to be mcapable of being removed from the unttary support structare through

the open cells of the top and bottom core plates with which it is i fluid communication.

83. The method according to any one of claims 69 to 82 further comprising a reflector oylinder

coupled to the unitary support structure and circumscribing the auclear fuel core.

40
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&4, The method according fo any one of claims 69 to &3 wherein the fuel core is integrated into
the onitary support structure to collectively form a self-supporting assemblage that is moved as a

single unit during step b).

85, A method of defueling a nuclear reactor, the method comprising:
aj opening a nuclear reactor vessel;

b) removing a nuclear fuel cartridge from an interior cavity of the nuclear reactor vessel,
the nuclear fuel cartridge comprising a unitary support structure, and a plurality of nuclear fuel
assemblies arranged to collectively torm a fuel core, the fuel core mounted in the unitary support

structure; and

¢ submerging the nuclear fuel cartridge within a spent fuel pool.

§6. The method according to claim 83 wherein step ¢) further comprises:
¢-1} posthioming an open canister in the spent foel pool; and

o-2} towering the nuclear fuel cartiidge to a cavity of the open camister.

87, The miethod according to claum 80 wheretn the open canister 15 posttioned within an open

cask.

88. The method according to claim 87 further comprising:
d) closing the canister with a canister hid;
e Hfting the open cask and closed canister from the spent fuel pool; and

{) preparing the closed canister for dry storage.

89. The method according to claim 88 wherein step ) Ruther comprises:
-1} draining bulk water from the closed canister;
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£2) flowing a non-reactive gas through the closed canister to achigve a level of

dryness within the canster suitable for dry storage;
£-3) backfilling the closed camister with a non-reactive gas; and

f-4) sealing the closed canister.

90, The method according to any one of clatms 86 0 89 wherein the umitary support structure

serves as a fuel basket within the canister.

91. The method according fo any one of claims 86 to 90 wharein the canister is @ multi-purpose

Canister,

92, The method according to any one of ¢claims 85 to 91 wherein step b} further comprises:
b- 1} coupling a crane o the unitary support structure of the nuclear fuel carttidge; and

b-2} lifting the nuclear fuel cartuidge out of the imterior cavity of the nuclear reactor

vessel with the crane,

93, The method according to claim 92 wherein step b-1) further comprises coupling the crane to

a hifting ring of the unitary support structure,

94, The method according to any one of claims &5 10 93 wherein the fuel core of the noclear fael

cartridge comprises all nuclear fuel assemblies used to operate the nuclear reactor for a cyele lite,

95, The method according o claim 94 wherein the cycle life 15 greater than 24 months.

96, The method according 1o any one of claims 83 to 95 wherem during step b), the nuclear fuel

cartridge is removed as a single unit.



WO 2014/011632 PCT/US2013/049722

97. The method according to any one of claims 85 10 96 wherein during step ¢}, the nuclear fuel

cartridge s submerged as a single vnit.

98. The method according to any one of claims &5 to 97 wherein the unitary support structure is
sufficiently strong to enable handling of the nuclear fuel cartnidge within a margin of safety

required by ANSI 14.6{1993).

99. The methad according to any one of claims 85 to 98 wheremn each of the plurality of nuclear

fuel assemblies compnises a plurality of nuclear fuel rods.

100. A method of storing spent nuclear fuel, the method comprising:

a) removing a nuclear fuel cartridge from an mterior cavity of the muclear reactor vessel,
the noclear tuel cartridge comprising a wnitary support structore, and a plorality of nuclear fuel
assemblies arranged to collectively form a fuel core, the fuel core mounted in the unitary support

sirncture;
b) posittomng the nuclear fuel cartridge n a multi-purpose camister; and
¢} positioning the multi-purpose camster i a cask.

101, The method according to clain 100 wherein the cask is & ventilated storage cask.

102, The method according to any one of claims 100 to 13 wherein the unitary support

structure serves as a fuel basker within the nuulti-purpose canister.

103, A method of assembhing a nuclear fuel cartridge comprising:
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a} positioning a plurality of fuel assemblies between top and bottom core plates, each fuel
assemibly including a plarality of fuel rods and top and bottom How nozzles at opposing ends

thereof

b} coupling the top and bottom core plates together with a plurality of connecting rods

exiending between the core plates; and

¢} drawing the top and bottom core plates together with the connecting rods, wherem the
fuel assemblies are sandwiched between the top and bottom core plates to form a self-supporting

assemblage than can be ifted as a single umit.

104. The method according to claum 103 wherein step a) further comprises

a-1) partially inserting a first portion of the top flow nozzle of each of the plurality of fuel
assemblies mto an open cell of the top core plate, wherein a second portion of the top flow

nazzle engages the top plate; and

a-2) partially mserting a fiest portion of the bottom flow nozzle of cach of the plurality of
fuel assemblies into an open cell of the bottom core plate, wherein a second portion of the

bottom flow nozzle engages the bottom plate.

pat

105, The method according to claim 104 wherein the top and bottom flow nozzles fuel
assemblies are configured so that the top and bottom flow nozzles cannot be conpletely passed

through an open cell of the top or bottew core plate,

106. The method according to any one of claims 104 o 105 wherein the top and bottom flow
nozzles of the fuel assemblies cach mclude a stepped portion configured to engage the top and

bottom core plates.

H7. A nuclear fuel core comprising:
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a phaality of first nuclear fuel assemblies, each of the plurality of first nuclear fuel

assemblies having a first transverse cross-sectional configuration; and

a plurahity of second noclear fuel assemblies, each of the plurahity of second naclear foel
assemblies having a second transverse cross-sectional configuration that is different than the first

transverse cross-sectional configuration.

I8, The nuclear fuel core according to claim 107 wherein the plurality of first nuclear fuel
assemblies are arranged to form g central portion of the nuclear tuel core and the plurality of

second nuclear fuel assemblies are arranged about the periphery of the central portion.

109, The nuclear fuel core according to claim 108 wherein the plurslity of first nuclear fuel
assemblies are arranged in a rectilinear pattorn formung peripheral corner regions, and wherein

the plurality of second nuclear fuel assemblies are positioned in the penipheral corner regions.

110, The nuclear fuel core according to any one of claims 107 to 110 wherein first transverse
cross-sectional configuration comprises a rectangular shape and the second transverse cross-

sectional configuration comprises a triangular shape.
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