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(57) Abstract: A spacer grid includes interlocked straps comprising metal sheets or plates welded together to define a spacer grid
having a top and bottom. The interlocked straps define a plurality of cells comprising vertical passages connecting the top and bot-
tom of the spacer grid. The cells include: upper dimples proximate to the top of the spacer grid and distal from the mid-plane of the
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distal from the mid-plane of the spacer grid.
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SPACER GRID

BACKGROUND

108064] The following relates to the nuclear power reactor arts, fuel assembly
construction arts, and related arts.

{00021 With reference to FIGURE 1, a3 nuclear reactor of the pressurized waler
reacior (PWR) variety includes a pressure vessel 10 containing primary coolant,
such as primary coclant water. The illustrative pressure vessel 10 is a cylindrical
pressure vessel (where “cylindrical” is intended o encompass deviations from a
mathematically perfect cylinder such as the illustrative non-uniform diameter of the
Hustrative cylindrical pressure vessel 10, the inclusion of vessel penetrations,
support siructures, or so forth). A nuclear reactor core 12 is disposed at or near the
bottom of the pressure vessel 18, (Note that in diagrammatic FIGURE 1 the pressure
vessel 10 is partially cut away as indicated by a dashed “opening” in order {0 reveal
the reactor core 12 disposed inside. Moreover, diagrammatic FIGURE 1 omits
mounting features such as a core basket that typically are provided (o securg the
reactor core 12 inside the pressure vessel 18). Although a PWR is shown in FIGURE
1 by way of llustrative example, it is to be understood that the spacer grids disclosed
herein are suitably used in nuclear reactors of various varieties, such as PWR,
bolling water reactor (BWR), and s0 forth.

{08031 The nuclear reactor core 12 typically comprises a plurality of fuel assemblies
arranged in a closely-packed array. The fuel assembly includes a bundle of vertically
oriented fuel rods each comprising a fissile material such as “°U. For example, each
fuel rod may contain enriched uranium dioxide (UO;) or mixed UQO,/gadolinium oxide
(UO:-Gd0s) pellets. interspersed amongst the fuel rods are guide tubes that provide
conduits Tor control rods, instrumentation, or so forth. The op of the fuel assembly is
terminated by an upper end fitling or nozzle and the bollom of the fuel assembly is
terminated by a lower end fitting or nozzle. The fuel assembly is held together by a
plurality of spacer grids including end grids disposed st the top and bottom of the fuel
assembly and one or {typically} more mid-grids disposed at spaced apari positions
between the top and bottom of the fuel assembly.
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[6084] Conventional spacer grids are formed by interlocking orthogonally oriented
metal straps made of sheet metal o define a two-dimensional grid of square or
rectangular spaces, also called grid “cells”, with each cell being delineated by four
siraps. Alternatively, a hexagonal arrangement can be empiloyed in which each cell
is generally hexagonal and is delineated by six straps. In one suitable approach
employing square cells for receiving fuel rods, the sirap porlions defining gach cell
have two dimples formed from the grid straps that form two adjacent walls of the cell.
One dimple in each pair is localed near the top of the grid strap and the other is
located near the bottom of the grid strap. The opposite walls of the cell each contain
a single spring which may be formed from the strap that makes that cell wall, or may
be an insert made of a different material that is mechanically trapped or restrained by
features formed from the strap that make up that cell wall. The springs are located at
or near the mid-plane of the spacer grid, and are sized such that an interference
condition exists when a fuel rod is inserted into the grid cell. This interference causes
the springs to deflect backwards towards the cell walls on which they are located,
preloading the fuel rod in two orthogonal directions against the opposing dimple pair
and clamping # in posilion. The axial offset between the plane of action of the
springs and the plane of action of the dimples creates restoring moments that cause
the local vertical orientation of the fuel rod at the spacer grids to remain relalively
fixed should lateral forces be applied {o the fuel rod between any two axially adjacent
spacer grids. In some approaches, each spring contacts s fuel rod at two locations
along the length of horizontal or vertical folds in the spring convolules. Sometimes
local flats, andfor secondary arches, are also provided to spread out any wear
should the fuel rod oscillate in service due (o flow-induced vibration. The straps in a
conventional spacer grid are typically oriented such that the springs in a given cell
are on the outboard walis of the cell and the dimples are on the inboard walls of the
cell. This arrangement has the advantage of providing a rigid foundation o resist any
inward-acting forces that may be applied to the outer row of fuel rods should the fuel
assembly confact a neighboring fuel assembly or other adjacent structure during
handling.
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BRIEF SUMMARY

(006051 In one aspect of the disclosure, a fuel assembly comprises a bundle of fuel
rods comprising fissile material, and a spacer grid securing the fuel rods of the
bundle together. The spacer grid has a {op and a botlom and includes a plurality of
cells comprising passages from the iop 1o the botlom of the spacer grid through
which fuel rods pass. The cells include: upper dimples disposed proximate o the top
of the spacer grid and distal from the mid-plane of the spacer grid; lower dimples
disposed proximate to the bottom of the spacer grid and distal from the mid-plane of
the spacer grid; upper cantilevered springs having caniilevered free ends located
above the mid-plang of the spacer grid; and lower cantilevered springs having
cantilevered free ends localed below the mid-plane of the spacer grid. The upper
cantilevered springs of each cell bias the fuel rod passing through the cell against
the upper dimples of the cell and the lower canlilevered springs of each cell bias the
fuel rod passing through the cell against the lower dimples of the cell.

[0006] In some fuel assembly embodiments as sel forth in the immediately
preceding paragraph, the spacer grid comprises interlocked straps comprising metal
sheets or plates, and the outermaost siraps of the spacer grid do not include upper
cantilevered springs and do not include lower cantilevered springs. In some fuel
assembly embodiments as set forth in the immediately preceding paragraph, the
upper and lower dimples face inward toward the center of the spacer grid and the
upper and lower cantilevered springs face outward away from the center of the
spacer grid. In some fuel assembly embodiments as set forth in the immediately
preceding paragraph, the upper dimples extend to the {op of the spacer grid and the
lower dimpies extend to the botlom of the spacer grid.

1060771 In another aspect of the disclosure, a spacer grid includes interlocked straps
comprising metal sheets or plates welded together to define a spacer grid having a
top and bottom. The interlocked straps define a plurality of cells comprising vertical
passages connecting the lop and bottom of the spacer grid. The cells include: upper
dimples disposed proximate to the fop of the spacer grid and distal from the
mid-plane of the spacer grid; lower dimples disposed proximate {0 the bottom of the
spacer grid and distal from the mid-plane of the spacer grid; cantilevered upper
springs having fuel rod engagement surfaces disposed proximate to the top of the
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spacer grid and distal from the mid-plane of the spacer grid; and cantilevered lower
springs having fuel rod engagement surfaces disposed proximate to the botiom of
the spacer grid and distal from the mid-plane of the spacer grid.

108081 In some spacer grid embodiments as set forth in the immediately preceding
paragraph, the cantilevered upper springs have cantilever anchors proximate o the
mid-plane of the spacer grid and distal from the top of the spacer grid, and the
cantilevered lower springs have cantilever anchors proximate o the mid-plane of the
spacer grid and distal from the boltom of the spacer grid. In some spacer grid
embodiments as set forth in the immediately preceding paragraph, the cantilevered
upper springs have cantilever anchors located at or below the mid-plane of the
spacer grid, and the cantilevered lower springs have cantilever anchors located at or
above the mid-plane of the spacer grid. In some spacer grid embodiments as set
forth in the immediately preceding paragraph, the fuel rod engagement surfaces of
the cantilevered upper and lower springs comprise flat-topped domes. In some
apacer grid embodiments as set forth in the immediately preceding paragraph, the
outermost straps of the interlocked straps do not include cantilevered upper springs
and do not include cantilevered lower springs.

108681 In some spacer grid embodiments as set forth in the immediately preceding
paragraph, the set of dimples includes a set of upper dimples configured (o contact
fuel rods above the mid-plane of the spacer grid and a set of lower dimples
configured o contact fuel rods below the mid-plane of the spacer grid, and the set of
springs includes a set of upper springs configured to contact fuel rods above the
mid-plane of the spacer grid and a set of lower springs configured o contact fuel
rods below the mid-plane of the spacer grid.

106401 In ancther aspect of the disclosure, a spacer grid comprises: inferlocked
siraps of metal sheets or plates welded togsther to form a spacer grid having a lop
and botlom, the interlocked straps defining a plurality of cells comprising vertical
passages connecling the top and bottom of the spacer grid; and a fuel rods retention
system comprising a set of dimples protruding from walls of the celis and a set of
springs protruding from walls of the cells. The set of dimples does not include any
dimples configured {o contact fuel rods at the mid-plane of the spacer grid. The set of
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springs does not include any springs configured to contact fuel rods at the mid-plane
of the spacer grid.

BRIEF DESCRIPTION OF THE DRAWINGS

16011} The invention may take form in various components and arrangemenis of
components, and in various process operations and arrangements of process
operations. The drawings are only for purposes of illustrating preferred embodiments
and are not to be construed as limiting the invention.

[0012] FIGURE 1 diagrammatically shows a side sectional view of a pressurized
water reactor (PWR) according the prior art.

80131 FIGURE 2 diagrammatically shows an exploded view of a single fuel
assembly employing spacer grids as disclosed hersin.

[0014] FIGURE 3 diagrammatically shows a metal sheel or plate undergoing
fabrication o form a strap of a spacer grid, wherein cutaways delineating springs
have been formed in the metal sheel or plate.

[0045] FIGURE 4 diagrammatically shows a strap formed from the metal sheet or
plate of FIGURE 3.

100186] FIGURE 5 diagrammatically shows Section A-A indicated in FIGURE 4.
(00171 FIGURES 6 and 7 illustrate a first spacer grid embodiment. FIGURE 6
diagrammatically shows the arrangement of straps along one direction for the spacer
grid embodiment. FIGURE 7 shows a perspeclive view of the spacer grid
embodiment.

10018] FIGURES 8 and 9 illustrate a second spacer grid embodiment. FIGURE 8
diagrammatically shows the arrangement of straps along one direclion for the spacer
grid embodiment. FIGURE 9 shows a perspeclive view of the spacer grid
embaodiment.

(00191 FIGURES 10-12 illustrate a third spacer grid embodiment. FIGURE 10
shows a perspective view of the spacer grid embodiment. FIGURE 11 shows a plan
view of an interior strap of the spacer grid embodiment. FIGURE 12 shows a plan
view of an outermaost strap of the spacer grid embodiment.

(00201 FIGURES 13-15 illustrate an end-grid embodiment. FIGURE 13 shows a

perspective view of ong comer of the end-grid with the exireme comer cell removed
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to reveal interior components. FIGURE 14 shows a diagrammatic perspective view
of one of the horizontally oriented dimples. FIGURE 15 shows a diagrammatic side
view of a pair of upperfiower springs of the end-grid.

[0621] FIGURES 16-18 illustrate a mid-grid embodiment. FIGURE 16 shows a
perspective view of one comer of the mid-grid with the extreme comer cell removed
to reveal interior componeants. FIGURE 17 shows a diagrammatic perspective view
of one of the vertically oriented dimples disposed on the outermost straps of the
mid-grid. FIGURE 18 shows a diagrammatic side view of a pair of upperfiower
springs of the mid-grid.

(00221 FIGURES 19 and 20 show two allernative geometries for the upper and

lower cantilevered springs.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

100231 As slready set forth, in conventional spacer grids the axial offset belween
the plane of action of the springs {i.e., soft stops) and the plane of action of the
dimples {i.e., hard stops} creates restoring moments that advantageously cause the
local vertical orientation of the fuel rod at the spacer grids to remain relatlively fixed
should lateral forces be applied to the fuel rod between any two axially adjacent
spacer grids. However, it is recognized herein that this same offset of the plane of
action also induces a bending moment at each spacer grid that causes the fuel rod
{0 bow in the span between any two axially adjacent spacer grids. While this initial
bowing may be tolerable, it may be enhanced by irradiation-induced creep effecis
during service, potentially resulling in problematic partial or complete closure of the
adjacent coolant channels and conseguent localized heating.

106241 The conventional orientation of the springs and dimples with the springs in a
given cell being on the outboard walls and the dimples on the inboard walls
advaniageously faciiitates resistance to any inward-acting forces that may be applied
to the outer row of fuel rods. However, this arrangement places springs on the
outermost strap of the spacer grid, which significantly weakens the outermost straps.
This can adversely impact the strength of the overall spacer grid struciure. |t is
known to ai least partially compensate for this weakness by using a thicker outer
strap compared with the inner straps, and/or via by adding stiffening ribs and other
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mechanical features 1o the outermost strap. However, these approaches result in the
springs of the outermost strap having different {typically higher) spring rales as
compared with the springs of the interior straps, which enhances the fuel rod bowing
gffect for the outermost fuel rods of the fuel assembly, and can lead to excessive in-
service fuel rod bow in the outermost row of the fuel rod array.

[8025] The centralized location of the springs at or near the mid-plane of the spacer
grid is also recognized herein o cause problems. If the folds of the springs are
oriented vertically, then each spring will actually contact the fuel rod at only a single
point if there is any misalignment of the fuel rod due to manufaciuring tolerances.
This negates the intended benefit of spreading out the contact surface, and ¢an
result in high local bearing stresses that potentially lead to rapid local wear if the fuel
rod vibrates in service. Vertically oriented folds also present a problem during rod
loading as they can result in excessive scratching of the cladding andfor hang-up of
the fuel rod and grid damage. A coining operation is typically applied on the leading
and trailing edges of the spring contacts to ameliorate these problems but it has
fimited benefit.

(08261 On the other hand, If the folds are horizontally oriented, the upstream and
downstream spring surfaces iypically provide adegquate lead-in, so cladding
scratching and rod hang-up are less of a concern. Howsver, this orientation provides
more local flow blockage, which is less desirable from a thermal-hydraulic point of
view.

{00271 Disclosed herein is a dual cantilever spring arrangement that moves the
contact surfaces between the spring and the fuel rod away from the mid-plane of the
apace grid, and hence toward proximate dimples localed near the top and bottom,
raspectively, of the grid strap. The dual cantilever configuration combined with the
resulting near-alignment of the respeclive planas of action of the springs (i.e., soft
stops) and the opposing dimples {i.e., hard stops) substantially reduces the induced
fuel rod bow. The cantilevered springs can also be constructed with low stiffness
{(i.e., low spring rate). Some disclosed embodiments also place the springs on the
inboard walis of the cells {with the springs facing outward}, with the dimples located
on the cutboard walls {and facing inward). This orientation eliminates the spring



WO 2013/165488 PCT/US2013/022666

cutouts on the outermost strap which substantially strengthens the spacer grid during
lateral impacis.

106281 With reference to FIGURE 2, a representative fuel assembly 14 is
diagrammatically shown with partial breakaway and the front top comer of the
perspeclive view cul away 1o reveal internal components. The fuel assembly 14 is
suitably employed as an element of the nuciear reactor core 12 disposed in the
pressure vessel 10 of FIGURE 1. The fuel assembly 14 includes an array of
vertically oriented fuel rods 20 each comprising a fissile material such as “°U. For
gxample, each fuel rod may contain enriched uranium dioxide (U0} or mixed
UQy/gadolinium oxide {(UQ,-Gdx0s) peliets. Interspersed amongst the fuel rods 20
are guide tubes 22 that provide conduits for control rods, instrumentation, or so forth.
The top of the fuel assembly 14 is terminated by an upper end fitting or nozzle 24
and the bottom of the fuel assembly 14 is terminated by a lower end fitting or nozzle
26,

160291 The fuel assembly 14 is held together by a plurality of spacer grids including
end grids 30 disposed atf the iop and bottom of the fuel assembly 14 and one or
{typicaliy) more mid-grids 32 disposed at spaced apart positions between the lop and
bottom of the fuel assembly 14. {(Said another way, each end spacer grid 30 is closer
o an end of the bundle of fuel rods 20 than the mid-grid 32). Hustrative FIGURE 2
shows only two mid-grids 32, but typically additional mid-grids are present which are
omitted in the cutaway illustration. The number of mid-grids, and the spacing of the
end grids and mid grids along the height of the fuel assembly, is determined based
on the total length of the bundle of fuel rods, the total number of fuel rods in the
bundle, the slructural characteristics of the fuel rods, applicable reguialory
reguirements, and so forth.

08301 With reference to FIGURES 3-7, an illusitralive spacer grid is
diagrammatically shown. FIGURE 3 shows a metal sheet or plate 40 with cutaways
42 for defining the springs. The metal sheel or plate 40 may, for example, be formed
by suitable metal working techniques such as rolling. The metal may be a
nickel-chromium alloy {e.g., Inconel}, or a zirconium alloy {e.g., Zircaloy), or so forth.
inconel is stronger than Jircaloy; however, Zircaloy has a smaller neultron absorption
cross-section as compared with Inconel. Thus, in some embodiments the end grids
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30 are made of inconel while the mid-grids 32 are made of Zircaloy. The cutaways
42 comprise removed portions of the metal sheet or plate, and may be formed by
mechanical cutling, laser cutling, or so forth. The cutaways 42 define “templates” for
the springs. FIGURES 4 and § show plan and side sectional views, respectively, of
an interior strap 44 with: upper dimples 5§; lower dimples 52; upper springs 68; and
lower springs 62. These dimples 50, 52 and springs 60, 62 are formed by suitable
deformation of the sheet or plate metal using & press or other sheet metal forming
apparatus. FIGURES 6 and 7 show side sectional and top views, respectively, of the
spacer grid comprising interlocked straps 480. As seen in the {op view of FIGURE 7,
straps are arranged in two orthogonal directions o form a two-dimensional grid of
cells 70 through which fuel rods (representied by single illustrative juel rod 20
diagrammalically shown in FIGURE 7} pass and are retained by the dimples 50, 52
and springs 68, 62. (Note that in the top view of FIGURE 7, only the upper dimples
50, represented by filled spherical caps, and upper springs 84, representad by open
apherical caps, are visible). The straps are interlocked using mating slots {not
shown} that are formed into the straps at the same time the cutaways 42 are formed.
Typically, an assembly jig {(not shown} is used to temporarily hold the straps during
assembly of the interlocked structure, and the mating slols are welded to produce
the final stand-alone rigid spacer grid structure.

[8631] With particular reference (o FIGURE 6, the resulting spacer grid has a top at
which are disposed the upper features 850, 88, and a botiom at which are disposed
the lower features 82, 62. A mid-plane 66 of the spacer grid is localed midway
between the top and botiom of the spacer grid. With particular reference to FIGURE
5, the springs 80, 62 are formed as cantilevered springs. That is, each upper spring
&0 is anchored 1o the spacer grid at or above the mid-plane 66 of the spacer grid and
has a cantilevered free end that extends “upward” toward the top of the spacer grid,
while each lower spring 62 is anchored o the spacer grid al or below the mid-plane
86 of the spacer grid and has a cantilevered free end that extends “downward®
toward the bottom of the spacer grid. With reference to FIGURE 5, this results in an
upper “grip plang” containing the upper features 50, 60, and a lower “grip plang”
containing the lower features 52, §2. {The upper grip plane is not mathematically
exact because the array of upper dimples 50 is not precisely coplanar with the array
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of upper springs 80, and similarly for the lower grip plane). The springs 88, 62 do not
contact the fuel rods 20 at the mid-plane 66 of the spacer grid; rather, the upper
springs 80 contact the fuel rods ahove the mid-plane 68 and proximate to the upper
dimples 58; and similarly the lower springs 62 contact the fuel rods below the mid-
plane 66 and proximate to the lower dimples 82.

[6032] This dual cantilever configuration combined with the resulting
near-alignment of the respective planes of action of the upper springs 806 and
apposing dimples 50 in the upper grip plane and the resulting near-alignment of the
respective planes of action of the lower springs 62 and opposing dimples 52 in the
lower grip plane substantially reduces the induced fuel rod bow. The cantilevered
springs 68, 62 can also be consiructed with low stifiness (i.e., low spring rate), with
the stiffness being controlied by the dimensions, e.g. width and length, of the
cantilever {defined by the detailed shape of the cutaways 42} and the thickness and
glasticity of the metal sheet or plate. Since there are fwo springs 60, 62, each can
have lower stiffness as compared with an arrangement employing a single (higher
stiffness) spring.

[6033] With particular reference to FIGURES 6 and 7, in addition to the interior
straps 44, there are two types of “special” straps: four outer straps 440 forming the
outer boundaries of the spacer grid; and two mid-straps 44y that intersect at the
center of the spacer grid. In the illustrative example of FIGURES € and 7, the outer
straps 44q differ from the interior straps 44 in that they do not include springs 88, 62.
As a consequence, the cutaways 42 (see FIGURE 3) are notf formed into the metal
sheets or plates from which the outer straps 444 are fabricated, and so less metal is
removed. This enhances the strength of the outer siraps 44o, which in turn enhances
the strength of the overall spacer grid structure. In keeping with this configuration for
the outer straps 445, and as seen in FIGURES © and 7, the dimples 50, 52 are all
arranged on outboard walls of the cells 70, that is, with the dimples facing “inward”,
while the opposing springs 88, §2 are all arranged on inboard walls of the cells 70,
that is, with the springs facing “outward”. This design paradigm ideally would place
springs on both opposing sides of the mid-strap. However, as seen in FIGURES 3-5
the springs 80, 62 are formed by making the culaways 42 and then deforming the
remaining metal into the cell 70 upon which i is {0 act. There is only one upper arm
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and one lower arm, and s0 both springs 68, 62 cannot be formed on opposite sides
of the same sheet or plate (that is, one cannot form four such springs in total). In the
Hlustrative mid-straps 44y this is addressed by deforming the upper and lower
springs 60, 62 in opposile directions, so that the upper spring 60 acts on one cell
{.g9., the cell o the left of the mid-strap 44y in the example of FIGURE 6) while the
lower spring 62 acts on the other cell {g.g., the cell to the right of the mid-strap 44y in
the example of FIGURE &)

(08341 The mid-strap 44y of FIGURES 6 and 7 provides only one point of support
{either an upper spring 68 or a lower spring 62, but not both). However, the fuel rod
remains supported at seven points {four dimples and three springs). The four center
cells would have only six points of support; however, in some embodiments these
cells are replaced by a central guide tube 72 (shown in phantom in FIGURE 7). More
generally, it is o be appreciated that typically some of the cells 78, or groups of cells
70, are replaced by guide tubes which are not shown in FIGURE 7. Such guide
tubes may be used for various purposes, such as providing conduiis for control rods,
conduits for instrumentation, or s¢ forth. The strap portions surrounding a guide tube
aptionally do not include springs or dimples, and omitting these elements around the
guide tubes enhances the overall strength of the spacer grid. In some embodiments
strap portions surrocunding a guide tube {that is, a guide tube "cell”) include saddle
features (not shown) that position the guide tube accurately without generating
substantial clamping force. Integral tabs on the {op and botltom edges of the interior
grid siraps 44 in these special cells are optionally used {0 permanently attach the
spacer grid o the conirol rod guide tube during fuel assembly manufacturing. This
direct mechanical connection can be made using pulse arc welding, electrical
resistance weliding, or so forth.

[0835] With reference o FIGURES 8 and 8, in an alternalive approach two all-
spring (no dimple) interior straps 44y, arranged in a back-lo-back configuration can
be used instead of the slternating-spring mid-strap 44w. This arrangament provides
full eight-point {i.e., four dimples and four springs) contact for the cells bordered by
the mid-straps 44y (85 compared with only seven-point or aven six-point support in
the embodiment of FIGURES © and 7). The back-to-back mid-siraps 44y, is also
expected to provide some enhancement of the strength of the spacer grid. The
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back-to-back mid-straps 44y may have their backs in direct contact, or may be
slightly spaced apart {(as shown in FIGURES 8 and 9).

106361 Another option for the mid-strap, which could replace either the mid-strap
444 of FIGURES 6 and 7 or the back-te-back mid-siraps 44u; of FIGURES 8 and 9
is a mid-strap with double dimples {not shown}. Both sets of dimples could be formed
from a single mid-strap sheet or plate, and would have the same contours as the
axisting interior strap dimples. This approach avoids the unique strap fabrication die
and flow diversion issues of the double mid-strap 444, of FIGURES 8 and 8, and the
partial support issue of the mid-strap 44y of FIGURES ¢ and 7. However, this
approach would entail reversing the positioning of the springs and dimples — that is,
the springs would be on the outboard walls of the cells (with the springs facing
inward) and the dimples would be on the inboard walls {and facing outward). This
would place springs on the cutermaost straps, which is expected o weaken the
spacer grid, decrease s impact strength, and make the grid more susceptible to
hang-up and tearing during fuel handling.

(00377 With reference to FIGURES 10412, an illustrative embodiment is shown
which includes struclures on the outermost straps 44¢ that enhance structural
sirength of the spacer grid. Toward this end, the interior grid straps 44 include
gusseis 80 at their outboard ends that interface with lead-in tabs 82 disposed on the
outer siraps 44g. These features 80, 82 stabilize the ends of the interior grid straps
44 during any lateral impact on the fuel assembly such as may ccour during seismic
events or shipment. These features 88, 82 also help support the outer strap lead-in
during fuel handling when one fuel assembly is riding up or down along its neighbors
in the core. As with the embodiments of FIGURES 3-9, in the interior straps 44 the
strap portions surrounding each cell contain the dimple features 58, 82 at the top and
boltom edges, respectively, sandwiched around the pair of vertically-oriented
cantilever spring fealures 60, 62.

[0038] Wiih reference to FIGURES 13-18, some features optionally included on the
dimples 53, 52 and springs 68, 62 are illustrated. FIGURE 13 shows a corner of an
end-grid 30 with the exireme comer cell cul away 1o reveal inierior strap portions
defining that removed corner cell. FIGURE 14 shows a perspective view of one of
the dimples 80, 52, which is horizontally oriented. FIGURE 15 shows an edge profile
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of the springs 80, 82 of the end-grid 38. Similarly, FIGURE 16 shows a comer of a
mid-grid 32 with the extreme corner cell cul away o reveal interior strap portions
defining that removed comer cell. FIGURE 17 shows a perspective view of a dimple
502y of the outermost strap, which in this case is vertically oriented. FIGURE 18
shows an edge profile of the springs 80, 62 of the mid-grid 32.

(00381 With particular reference to FIGURES 13-15, the dimples 58, 52 are
horizontally-oriented {see especially FIGURE 14). The cantilever spring features 80,
82, have a large elastic deflection range due to the cantilevering arrangement. The
springs 60, 62 are formed with their main surfaces inclined relative to the remainder
of the vertical cell wall 84 (diagrammatically shown by a vertical dashed line in
FIGURE 15} so as to creaie a substantial interference with the fuel rod. When the
fuel rod is inserted into the spacer grid during manufacturing, these dual spring
features 80, 62 are elastically deflected back towards the vertical cell wall 84,
creating a clamping force that pins the fuel rod against the opposing dimple pair 86,
52. This same clamping action is simultaneously actuated at 80° around the cladding
by the spring and dimple features in the perpendicular cell walls.

108401 Because the rod contact surfaces on the springs 60, 82 are at the top and
bottorn ends of the respective upper and lower springs 68, 62, the four spring
features in the cell bear on the fusl rod cladding in horizontal planes that are nearly
coplanar with the opposing dimple features 88, 52. This mechanical arrangement
generates the maximum restoring moment on the fuel rod for a given spring
clamping force (because the moment arfm is maximized in the cantilevered
arrangement} while minimizing the local bending moment (due to the cooperating
dimple/spring arrangemenis being co-planar) that can induce rod bow between grids.
10041] Integral lead-in surfaces are provided at the fop and boltom edges of the
dimples 50, 52 and springs €0, 62 to facilitate fuel rod insertion both during
manufacturing in the factory and during fuel reconstitution in the field. The lead-in
surfaces on the dimples 54, 52 are formed by coining the top and botlom edges of
the formed dimples 58, 52 at an angle. in the end-grid 30 of FIGURES 13 and 15,
the lead-in swrfaces on the springs 60, 82 comprise three-dimensional flat-topped
domes 88. The dome provides a low likelihood of fuel rod hang-up during insertion,
and the flat op of the dome spreads oul cladding wear.
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[6042] In the embodiment of FIGURES 13-18, the end grids 38 (FIGURES 13-15)
are suitably made of Inconel while the mid-grids 32 (FIGURES 16-18) are suitably
made of Zircaloy. Inconel is a more ductile material than Zircaloy, but Zircaloy is
preferable for the mid-grids 32 due to its smaller neutron absorption cross-section as
compared with inconel. The Inconel end grids 38 shown in FIGURES 13-15 employ
the flat-topped domes 98 as the lead-inffuel rod engagement surfaces for the springs
60, 82. On the other hand, vield in forming these flat-lopped domes 80 in the more
brittle Zircaloy material is expected to be low, as the ZJircaloy sheet or plale tends {o
tear or develop an orange-peel defect when formed in three dimensions.

(00431 Accordingly, in the Zircaloy mid-grids 32 of FIGURES 16-18, the lsad-inffuel
rod engagement surfaces for the springs 60, 62 are constructed as shaliow
two-dimensional hooks 82 (see especially FIGURES 16 and 18). These hooks 82
are suitably formed by bending the free ends of the springs 68, 62 so as o include a
fiat rod engagement portion and a distal “bent-back” portion that facilitates lead-in. In
the case of either the flat-topped domes 80 or the hooks 82, these lead-in features
work in conjunction with a bullet-shaped bottorm end plug shape of the fuel rod o
reduce the likelihood of hang-up during rod insertion.

60447 In the embodimenis of FIGURES 13-18, the outermost straps 444 of the
spacer grids 30, 32 again contain only dimples, but not springs. This configuration
reduces the amount of material that is cut away in forming the cutermost straps 44p.
Grid impact behavior is heavily influenced by the strength of the outermaost straps,
and strong outermost straps that are structurally stable are advantageous for
achieving high lateral impact strength. The lead-in features 80, 82 described with
reference to FIGURES 10-12 are incorporated in maodified form into the
embodiments of FIGURES 13-18. In these latler embodiments the gussels 80 are
omitted on the interior straps 44, and the lead-in tabs 82 disposed on the outermost
siraps 44¢q engage the comers of the interior siraps 44. In all of the embodiments of
FIGURES 10-18, these engagements serve a stiffening function. They increase the
effective moment of inertia of the outer sirap 44¢ while also helping to stabilize the
ands of the interior straps 44,

(008451 In the mid-grids 32 of FIGURES 16-18, the dimples on the outermost siraps
44o are modified to further enhance the strength of these outermost straps 44q.
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Specifically, the horizontally oriented dimples 50, 52 (see, e.g. FIGURES 13 and 15)
are replaced by vertically oriented dimples 502y in the outermost straps 44q of the
mid-grid 32 of FIGURES 16-18 {see especially FIGURES 16 and 17). The vertically
oriented dimples 802y are less favorable from the point of view of pressure drop.
However, they eliminate four lines of weakness along the length of the outermost
strap 440 that are present in the case of the horizontally-oriented dimpies 58, 82
The use of the vertically oriented dimples 502y in the case of the mid-grids 32 is an
accommodation to the lower strength of the Zircaloy construction material. The
end-grids 30 (FIGURES 13-15) are constructed of stronger Inconel material, and
accordingly the outermost straps 44o of the end-grids 30 use the horizontally
oriented dimples 50, 52 in the illusirative embodiment of FIGURES 13-15.

100486] The spacer grids of FIGURES 10-18 can employ any suitable arrangement
for the mid-strap, such as the ilustrative “alternating spring” mid-strap 44y of
FIGURES 6 and 7, or the back-to-back mid-straps 44y of FIGURES 8 and €. in the
latier case, the back-te-back mid-siraps 44y, occupy additional lalerai space, and
accordingly the spring lead-in features may need o be made shaliower for these
mid-straps 44y in order to leave sufficient room for insertion of the fuel rods inio the
proximate celis.

[008471 In the disclosed embodiments, once the fuel rod is instalied the major
portion of the length of the cantilevered springs 88, 62 is oriented essentially
vertically {e.g., paraliel with the vertical wall 84 in FIGURES 15 and 18), thereby
presenting a limited frontal area to the coolant flow. The horizontal orientation of the
dimples 58, 52 likewise presents a limited frontal area o the flow. The illustrative
apacer grids also do not include flow mixing vanes on the interior grid straps 44.
Accordingly, the pressure drop across the spacer grid is limited. Spacer grids with
reduced praessure drop, such as those disclosed herein, are of particular value in the
context of nuclear reactors that employ natural circulation or assisted or forced
circulation with a relatively low flow rate, such as small modular reactor {(SMR)
designs which are typically designed to produce 300 megawatts or less of electrical
pOWer.

{00481 The dual cantilever springs 60, 82 rotate so as to bring the conlact surface
{e.g., the flat-topped dome 88 or hook 82 in two Hlustrative embodimenis) into an
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approximately ine contact with the fuel rod cladding. The illustrative contact surfaces
84, 92 each provide a iong "flat” to maximize the contact length and spread out any
cladding wear that might oceur at this interface. In the case of the flat-topped dome
90, this flat is the flat top of the dome, while in the case of the hook 92 a portion of
the hook structure is made flal. Likewise, the dimples 58, 52 are suitably fabricated
with & iong flat region between the coined lead-ins to provide a line contact with the
fuel rod cladding to maximize the contact length and spread out any cladding wear
that might occur at that interface. The contour of all of the contact surfaces is s0
formed as o rapidiy increase the wear area as metal 8 removed, so as o
compensate for any alignment imperfections that might exist at the cladding-to-grid
interfaces. When combined with the two “exira” coniact surfaces that the dual
cantilever spring arrangement provides, the disclosed spacer grids have a large
metal volume removed-to-depth of penetration ratio, thus providing good contact with
the fuel rods without unduly compromising overall strength of the spacer grid.

(00491 With reference to FIGURES 19 and 20, the dual cantilever design can
employ different configurations. FIGURE 19 shows an embodiment in which the
caniilevers are elongaled fo be side-by-side. Thus, upper springs 88" have their
anchors below the mid-plane &8 of the spacer grid and their cantilevered
engagement surface above the mid-plang 886; while, lower springs 82° have their
anchors above the mid-plane &6 of the spacer grid and their cantilevered
engagement surface below the mid-plane 88. The orientation of the two springs 60,
§62' in any given cell alternates such that the root or anchor of the upper spring 697 is
positionad at the same elevation as the thin hook {or flat-topped dome, or other
engagement surface) on the adjacent lower spring §2°. This allows the dual springs
60, 62° to be nested into less space on the strap 44, FIGURE 20 shows an
embaodiment in which upper and lower springs 887, 827 are oriented horizontally. The
orientation of the two springs 607, 82" in any given cell aliemates such that the root
or anchor of the upper spring 60" is positioned vertically above the hook (or
flal-topped dome or other engagement surface) of the lower spring €27, again
anabling nesting into a smaller space on the sirap 44, The vertical stacking of the
springs 687, 62 is reversed from cell o cell to balance the twisting momenis applied
to the interior grid straps.
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[6050] The illustrative spacer grids have square or rectanguiar symmetlry in a plane
transverse to the fuel rods. However, various disclosed aspects are readily
incorporated into spacer grids of other geomelries, such as hexagonal spacer grids
having hexagonal symmetry in a plane transverse o the fuel rods.

[6051] The preferred embodiments have been illustrated and described.
Obviously, modifications and alterations will occur 1o others upon reading and
understanding the preceding detailed description. it is intended that the invention be
construed as including all such modifications and allerations insofar as they come

within the scope of the appended claims or the equivalents thereof.
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CLAIMS
We claim:

1. A fuel assembly comprising:
a bundle of fuel rods comprising fissile material; and
a spacer grid securing the fuel rods of the bundle together, the spacer grid
having a top and a bottom and including a plurality of celis comprising passages
from the {op o the bottom of the spacer grid through which fuel rods pass, the cells
including:
upper dimples disposed proximate o the top of the spacer grid
and distal from the mid-plane of the spacer grid,
lower dimples disposed proximate o the bottom of the spacer
grid and distal from the mid-plane of the spacer grid,
upper cantilevered springs having cantilevered free ends located
above the mid-plane of the spacer grid, and
lower cantilevered springs having cantilevered free ends located
below the mid-plane of the spacer grid,
wherein the upper cantilevered springs of each cell bias the fuel rod passing through
the cell against the upper dimples of the cell and the lower cantilevered springs of
gach cell bias the fuel rod passing through the cell against the lower dimples of the

cell.

2. The fuel assembly of claim 1, wherein the spacer grid is a mid-grid and the
fuel assembly further comprises:
end spacer grids further securing the fuel rods of the bundle together, each
end spacer grid being closer o an end of the bundie of fuel rods than the mid-grid,
gach end spacer grid having a top and a bottom and including a plurality of open
cells through which fuel rods pass from the top o the botltom, the celis including:
upper dimples disposed proximate © the top of the end spacer
grid and distal from the mid-plane of the end spacer grid,
lower dimples disposed proximate {o the boltom of the end
spacer grid and distal from the mid-plane of the end spacer grid,
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upper cantilevered springs having canlilevered free ends located
above the mid-plane of the spacer grid, and

lower cantileverad springs having cantilevered free ends located
below the mid-plane of the spacer grid.

3. The fuel agsembly of claim 2, wherein:
the cantilevered free ends of the upper and lower cantilevered
springs comprise flat-topped domes, and
the cantilevered free ends of the upper and lower cantilevered

springs of the mid-grid comprise hooks.

4, The fuel assembly of claim 3, wherein:
end spacer grids comprise interlocked nickel-chromium alloy
straps; and
the mid-grid comprises interlocked zirconium alioy straps.

5. The fuel assembly of claim 1, wherein the upper dimples exiend to the top of

the spacer grid and the lower dimples extend to the bottom of the spacer grid.

B. The fuel assembly of claim 5, wherein the upper cantilevered springs do not
include any portion of the mid-plane of the spacer grid, and the lower cantilevered
springs do not include any portion of the mid-plane of the spacer grid.

7. The fuel assembly of claim 1, wherein the spacer grid comprises interiocked
straps comprising metal sheets or plates, and the cutermost straps of the spacer grid
do not include upper cantilevered springs and do not include lower cantilevered

SprinNgs.

8. The fuel assembly of claim 1, wherein the upper and lower dimples face
inward toward the center of the spacer grid and the upper and lower cantilevered

springs face outward away from the center of the spacer grid.
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9. The fuel assembly of claim 1, wherein the cantilevered free ends of the upper
and lower cantilevered springs are arranged as pairs and the upper and lower
dimples are arranged as pairs to collectively define a fuel rod biasing system that is
symmetric aboul the mid-plane of the spacer grid.

10. The fuel assembly of claim 1, wherein the bundle of fuel rods has one of
rectangular, square, and hexagonal symmeiry in a plane transverse to the fuel rods.

11. A spacer grid comprising:
interlocked straps comprising metal sheets or plates welded together to define
a spacer grid having a top and botlom, the interlocked siraps defining 2 plurality of
cells comprising vertical passages connecting the top and bottom of the spacer grid,
the cells including:
upper dimples disposed proximate to the top of the spacer grid
and distal from the mid-plane of the spacer grid,
lower dimples disposed proximate o the bottom of the spacer
grid and distal from the mid-plane of the spacer grid,
cantileveraed upper springs having fuel rod engagement surfaces
disposed proximate to the top of the spacer grid and distal from the
mid-planeg of the spacer grid, and
cantilevered lower springs having fuel rod engagement surfaces
disposed proximate to the bottom of the spacer grid and distal from the
mid-plane of the spacer grid.

12.  The spacer grid of claim 11, wherein:

the cantilevered upper springs have cantilever anchors proximate o the
mid-plane of the spacer grid and distal from the top of the spacer grid, and

the cantilevered lower springs have cantilever anchors proximate to the

mid-plane of the spacer grid and distal from the botiom of the spacer grid.

13. The spacer grid of claim 11, wherein:
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the cantilevered upper springs have cantilever anchors located at or below the
mid-plane of the spacer grid, and

the cantilevered lower springs have cantilever anchors iocated at or above the
mid-plane of the spacer grid.

14.  The spacer grid of claim 11, wherein the fuel rod engagement surfaces of the
cantilevered upper and lower springs comprise flat-topped domes.

15. The spacer grid of claim 11, wherein the fuel rod engagement surfaces of the
cantilevered upper and lower springs comprise hooks.

16. The spacer grid of claim 11, wherein the cutermost straps of the interlocked
straps do not include cantilevered upper springs and do not include cantilevered

lower springs.

17.  The spacer grid of claim 16, wherein the outermost straps of the interlocked
straps have the same thickness as the other straps of the interlocked siraps, and the

outermost straps do not include reinforcing elements.

18.  The spacer grid of claim 11, wherein the upper and lower dimples face inward
toward the center of the spacer grid and the upper and lower springs face outward
away from the center of the spacer grid.

19.  The spacer grid of claim 11, wherein each cell configured to receive a fuel rod
includes:

a first celi-defining wall having upper and lower dimples;

a second cell-defining wall having upper and lower dimples;

a third cell-defining wall opposite from and facing the first cell-defining wall
wherein the third cell-defining wall has upper and lower springs; and

a fourth cell-defining wall oppuosite from and facing the second cell-defining

wall wherein the fourth celi-defining wall has upper and lower springs.
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20, The spacer grid of claim 19, wherein the first and second cell-defining walls
face toward the center of the spacer grid and the third and fourth cell-defining walls

face away from the center of the spacer grid.

21, A spacer grid comprising:

interlocked straps of metal sheets or plates welded {ogether {o form a spacer
grid having a top and botiom, the interlocked straps defining a plurality of cells
comprising vertical passages connecting the top and bottom of the spacer grid; and

a fuel rods retention system comprising a set of dimples protruding from walls
of the cells and a set of springs protruding from walis of the cells, the set of dimples
not including any dimpies configured to contact fuel rods at the mid-plane of the
spacer grid, the set of springs not including any springs configured to contact fuel
rods at the mid-plane of the spacer grid.

22.  The spacer grid of claim 21, wherein the set of dimples includes:

a set of upper dimples configured o contact fuel rods above the mid-plane of
the spacer grid; and

a set of lower dimples configured to contact fuel rods below the mid-plane of
the spacer grid.

23. The spacer grid of claim 22, wherein the set of springs includes:

a set of upper springs configured 1o contact fuel rods above the mid-plane of
the spacer grid; and

a set of lower springs configured 1o contact fuel rods below the mid-plane of
the spacer grid.

24, Aduel assembly comprising:
a bundle of fuel rods comprising fissile material; and
a spacer grid as set forth in claim 21 securing the fuel rods of the bundle
together, wherein:
the set of dimples does not include any dimple contacting a fusl
rod al the mid-plane of the spacer grid, and
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the set of springs does not include any spring contacting a fuel
rod at the mid-plane of the spacer grid.
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