Office de la Propriete Canadian CA 2863160 A1 2013/11/07

Intellectuelle Intellectual Property
du Canada Office (21) 2 863 1 60
;’,Png[%?rfi“esgaena i mfﬁ?%yaﬁ; i 12y DEMANDE DE BREVET CANADIEN
CANADIAN PATENT APPLICATION
(13) A1
(86) Date de depot PCT/PCT Filing Date: 2013/01/23 (51) ClL.Int./Int.Cl. G27C 3/34 (2006.01),

G21C 3/3562 (2006.01)
(71) Demandeur/Applicant:

(87) Date publication PCT/PCT Publication Date: 2013/11/07
(85) Entree phase nationale/National Entry: 2014/07/29 BABCOCK & WILCOX NUCLEAR ENERGY. INC.. US
(86) N° demande PCT/PCT Application No.: US 2013/022666

(72) Inventeurs/Inventors:

(87) N° publication PCT/PCT Publication No.: 2013/165488 WALTON. LEWIS A., US:

(30) Priorité/Priority: 2012/02/02 (US13/364,769) PABIS, GEORGE S., US;
DOAN, ANDREW W., US;

HATMAKER, JAMES G., US
(74) Agent: RIDOUT & MAYBEE LLP

(54) Titre : GRILLE D'ESPACEMENT
(54) Title: SPACER GRID

"
503,84
44 \ I
g
H“ Liw s
[@@ ) @[@
ly I : @l[@
UL
8 0y Ny
\ [g[grm I
g |
444 @[@]
80,82 .
~_ ¢
(57) Abrege/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 bottom 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 spacer
grid; lower dimples proximate to the bottom of the spacer grid and distal from the mid-plane of the spacer grid; cantilevered upper
springs having fuel rod engagement surfaces proximate to the top of the spacer grid and distal from the mid-plane of the spacer
grid: and cantilevered lower springs having fuel rod engagement surfaces proximate to the bottom of the spacer grid and distal
from the mid-plane of the spacer grid.
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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-
'1d. The cells include: upper dimples proximate to the top of the spacer grid and distal from the mid-plane of the
1d and distal from the mid-plane of the spacer grid; cantilevered
upper springs having fuel rod engagement surfaces proximate to the top of the spacer grid and distal from the mid-plane of the
spacer grid; and cantilevered lower springs having fuel rod engagement surfaces proximate to the bottom of the spacer grid and

distal from the mid-plane of the spacer grid.
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SFACER GRID

BAGCKGROUND

0001) The following relates 10 the nuciear power reacior arls, fuel assembly

construciion arts, and related arts.

00021 With reference o FIGURE 1, 8 nuciear reactor of the pressurized water
reacior (PVWHK) variely inciuges a pressure vesseal 10 containing primary cooiant,
SUCH as primary coolant water. The jlustralive pressure vessel 10 is a cylindrical
orassure vessel (where “cviindrical” 18 intended o encompass deviations from &
mathematically perfect cylinder such as the illusiralive non-uniform diameter of the
Hustrative cyiingrical pressure vessel 10, the inclusion of vessel penetrations,
support siructures, or so forth). A nuclear reacior core 12 is disposed at or near he
cottom of the pressure vessel 18, (Note that in diagrammatic FIGURE 1 the pressure
vessei 180 is partigly cut away as indicated by a gasned opening i orger o reveal
the reacior core 14 disposed inside. Moreover, diagrammatic FIGURE 1 omils
mounting features such as a core basket ihat typically are provided [0 segure {he
reacior core 12 inside the pressure vessel 18). Allhough a PWR is shown in FIGURE
1 by way of Husirative example, it s {0 be undersionda that the gpacer grnias gisclosen
nerein are suitably used In nuciear reaciors of various varieties, such as PWER,
bolling water reactor (BWR), and so forih.

100031  The nuclear reacior core 12 typically comprises a plurality of fuel assembiies
arranged in a closely-packed array. The fuel assembply inclugdes a pundie of vertically
oriented fuel rods each comprising a fissile material such as ““U. For example, each
fuel rod may coniain enriched uranium gioxade (UO:) or mixed UQ/gadolinium oxige
(UO-GA(0;) pellels. inlerspersed amongst the fuel rods are guide wbes that provige
conduits Tor control rods, nstrumentation, or so forth. The top of the fuel assembily IS
terminated by an upper end fitling or nozzle and the bottom of the fuel assembiy s
terminated by a iower end fitting or nozzie. The fuel assembly is held {ogeiher by a
piurality of spacer grigs including enda grigs disposed at the top ang bottom of the fusl
assembly and one or {typically} more mid-grids disposed at spaced apari positions

oetweean the op and bottom of the fuel assembly.



CA 02863160 2014-07-29

WO 2013/165488 PCT/US2013/022666

00041 Conventional spacer grids are formed by interlocking orthogonally orented
metal siraps made of sheet melal {0 define a two-dimensional grid of square or
recianguiar spaces, aiso called grid “celis”, with each cell being delineated by four
siraps. Alternatively, @ hexagonai arrangement can e empioyed in which each cell

I3 generally hexagonal and s delingated by six straps. In one suilable approach

empioving square cells for receiving fuel rods, the strap portions defining each ceall

nave two dimples formed from the grid straps that form two adjacent walls of the cell.

One dimple i each pair is located near the top of the grid strap and the olher is
located near the botiom of the gnid strap. The opposile walls of the cell each confain
a singie spring which may be formed from the strap that makes that cell wall, or may
pe an nsert made of a different material that is mechanically trapped or restrained by
features formed from the sirap that make up that cell wall, The springs are localed at
Or near the mig-plane of the spacer grnid, and are sized such ihat an interference
condition exists when a fuel rod s inserted info the grid cell. This inlerference causes
the springs o detlect backwargs towards the cell walls on wnich they are iogaled,
prefoading the fuel rod in two orthogonal directions against the opposing dimple pair
and clamping i in position. The axial offsel between the piane of action of he
springs and the plane of action of the dimples creates restoring moments that cause
the iocal verlical orientation of the fuel rod at the spacer grigs o remain relatively
fixed should lateral forces be applied (o the fuel rod petween any two axially adjacent
Spacer gnds. in some approacnes, each spring contacts ids fuel rog at two iccations
aiong the length of horizontal or vertical foids in the spring convoiules. Somelimeas

ocal flals, and/or secondary arches, are also provided o spread out any wear

snoula the fuel rog osciliate in service gue o Tlow-induced vibration. The straps in &
conventional spacer grid are typically oriented such that the springs in a given cell
are on the outboard walis of the cell and he dimpies are on the inboarg walls of {he
ceil. this arrangemeant has the advaniage of proviging a nigid foundatlion {o resist any
inward-acting forces that may be applied o the ouler row of fuel rogds should the fuel
assemply confact a neighboring fuel assembply or other adjacent structure during

nanagiing.
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BRIEF SUMMARY

{00051  In one aspect of the disciosure, a fuel assembly comprises a bundle of fuel
rods comprising fissie material, and a spacer gnd securing the fuel rods of the
cungdie together. The spacer grid has a op and a potiom and inciudes a piurabty of
cells comprising passages rom the op (o the pollom of the spacer gnd through
which fuel rods pass. 1he cells inciude: uppser dimples disposed proximate (o the op

of the spacer grid and disial from the mid-plane of the spacer grig; lower dimples

gisposed proximate to the potiom of the spacer gnd and distal from the mig-planeg of
the spacer grid; upper canlilevered springs having cantilevered free ends iocaled
above the mid-plane of the spacer grid; ang lower canliievered springs having
cantiievered free ends iocaled beiow the mid-plane of the spacer grid. The upper
cantievered springs of each cell bias the fuel rod passing through the cell against
the upper gimples of the cell and the lower cantlievered springs of each ¢ell bias the
fuel rod passing through the cell against the iower dimpies of the cell.

0008 In some fuel assembly embodiments as sel forth in the immedialely
preceding paragrapn, the spacer grnid comprises interiocked siraps comprising metal
shieets or plates, and the cutermost siraps of the spacer grid do not incluge upper
cantiievered springs and do not include lower cantilevered springs. in some fuel
assembly embodiments as set forth in the immedialely preceding paragraph, the
upper and lower dimpies face inward oward the center of the spacer grid ang the
upper and lower cantievered springs face cutward away from the center of he

spacer grid. in some fuel assembiy embodimenis as sel forih in the immedialely

preceding paragraph, the upper dimpies exiend to the top of the spacer grnid and {he
iower dimpies extend o the pboliom of the gpacer gnq.

00071 In another aspect of the disciosure, a spacer grid includes interlocked straps
comprising metal shieets or piales welded together 10 define a spacer gnd having a
fop and bottom. The interlocked straps define a plurality of cells comprising vertical
passages connecting the op and botlom of the spacer grid. The cells includea: upper
gimples disposed proximale to the top of the spacer grid and distal from the
mid-plane of the spacer grig; lower gimples disposed proximats o the dbottom of ihe
spacer grid and disial from the mid-plane of the spacer grid; cantiievered upper

SPrings having fuel rod engagemeant surfaces gisposed proximate {0 ine top of he
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spacer grigd and distal from the mid-plane of the spacer gnd, and cantlilgvered lower
springs having fuel rod engagement surfaces disposed proximate o the bottom of
the spacer grid and distal from the mid-plane of the spacer grid.

O008]  In some spacer grig embodiments as set forih in the immediately preceding
paragrapn, the cantilevered upper springs have cantiever anchors proximate to the
mid-piane of the spacer grid and distal from the top of the spagcer grnid, and the
cantiievered lower springs have cantiiever anchors proximate {0 the mid-plane of the
spacer gnd and distal from the bollom of the spacer grid. In some spacer grig
embodiments as sel forth in the immediately preceding paragraph, the canililevered
LURper springs hiave cantiever anchors located at or beiow he mid-piane of he
spacer grid, and the canliievered iower springs have cantilever anchors localed al or
apove the mid-plang of the spacer gnd. In some spacer grid embodiments as set
forth in the immedialely preceding paragraph, the fuel rod engagement surfaces of
the cantilevered upper and lower springs comprise fial-topped domes. in some
spacer grid embodiments as set forih in the immediately preceding paragraph, ihe
outermost straps of the interlocked straps do not include canlilevered upper springs
and do not inciude cantilevered lower springs.

00081 In some spacer grid embodiments as set forth in the immediately preceding
paragrapn, the set of dimpies includes a set of upper dimples configured {0 contact
fuel rods above the mid-plane of the spacer grid and a sel of lower dimples
configured o contact fuel rods below the mid-plane of the spacer grid, and the set of
springs ncludes a set of upper springs configured 0 contact fuel rods above he
mid-piane of the spacer grid and a set of lower springs configurad {o contact fuel
rfO0s pelow the mid-plane of the gpacer gnid.

100101 In another aspect of the gisclosure, a spacer gnd comprises: interiocked
siraps of metal sheets or piates welded together 1o form a spacer grid having a op
and botiom, the interiocked straps defining a plurality of cells comprising vertical
passages connecting the top and botiom of the spacer grig; and a fusl rods ratention
sysiem comprising a set of dimpies protruging from walls of (he celis and a set of
springs profruding from walls of the cells, The sel of dimples does not include any

dimples configured {o coniact fuel rods al the mid-plane of the spacer grnid. The sel of
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springs does not include any springs configured (o contact fuel rods at the mid-plane

of the spacer grid.

SBRIEF DESCRIPTION OF THE DRAWINGS

0011 The invention may take form in varicus components and arrangements of
components, and in vanous process operations and arrangements of process
operations. The drawings are only for purposes of illustrating preferred embodiments
and are not 1o e consirued as limiting the invention.

100121 HIGURE 1 diagrammatically shows a side sectional view of a pressurized
water reacitor (PWHH) accoraging the prior art.

10013] HIGURE 2 diagrammalically shows an exploded view of a single fuel
assemply empioying spacer grids as gisclosed nerain.

0014] HIGURE 3 diagrammatically shows a melal sheet or plate undergoing
fabrication to form a strap of a spacer gnd, wherein cutaways delineating springs
nave been formed in the melal sheel or plate.

10015 FIGURE 4 diagrammatically shows a strap formed from the metal sheet or
siate of FIGURE 3.

10018] FIGURE 5 diagrammaticaily shows Section A-A indicated in FIGURE 4.
0017 FIGURES b and 7 Hlustrate a first spacer grid embodiment. FIGURE ©
giagrammatically shows the arrangement of straps along one direclion for the spacer
grid  embodiment. FIGURE 7 shows a perspective view ¢of the spacer grig
embodiment.

0018] HIGURES 8 and U illustrate a second spacer grid embodiment. FIGURE &

giagrammatically shows the arrangement of straps aiong one direclion for the spacer

grid embodiment. FIGURKE 9 shows a perspective view of the spacer grid
embodiment.

10018 HIGURES 10-12 dllusirate a third spacer grid embodiment. FIGURE 10
shows a perspective view of the spacer gnd embpbodiment. FIGURE 11 shows a pian
view Of an interior strap of the spacer grid embodiment. FGURE 12 shows a pian
view of an outermost strap of the spacer gnd embodiment,

100201 HIGURES 13-15 Hlustrate an end-grid embodiment. HIGURE 13 shows a

perspective view of ong comer of the end-gnd with the exireme comer cell ramoved
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o reveal interior components, FIGURE 14 shows a disgrammalic perspective view
of one of the horizontally oriented dimples. FIGURE 15 shows a diagrammalic side
view Of a pair of upper/iower springs of the end-grid.

0021]  FIGURES 16-18 illustrate & mid-gnid embodiment. FIGURE 16 shows a
perspeclive view of one comer of the mid-gnd with the extreme corner cell removed
o reveal nterior componeants., FIGURE 17 shows a diagrammatic perspective view
of one of the verlically oriented dimpies disposed on the cutermost straps of the
mid-grid. FIGURE 18 shows a diagrammalic side view of a pair of upper/iower
springs of the mid-grid.

0024} FIGURES 18 ang 20 show two allernalive geomelries 1or the upper ang

iower cantilevered springs.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

100231 As siready set forth, in conventional spacer grids the axial offset belween
the plane ¢of action of the springs {1.e., soft stops) and the plane of action of the
gimples (i.e., hard stops) creates restoring moments that advantageously cause the
ocal vertical onentalion of the fuel rod al the spacer gnas o remain relalively fixed
should {ateral forces be applied o the fuel rog between any two axially adjacent
spacer grigs. nowever, it S recognized herein that this same offset of the plang 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
COWING may be toierable, it may be enhanced by irradiation-induced creep effecis
durng service, potentially resulting in problematic partial or complete closure of the
adigeent coolant channeis and consegqguent iocahized healing.

100241 The conventional orientation of the springs and dimpies with the springs in a
given cell being on the outboard walls and the dimpies on he nboard walls
agvaniageously faciliiales resistance 10 any inward-acting forces that may be applied
to the ouler row of fuel rods. However, this arrangement places springs on the
outermost sirap of the spacer grid, which significanily weakens the oufermost siraps.
This can adversely impact ine sirength of the overall spacer gnd structure. it s
known 1o al ieast partially compensate for this weakness by using a thicker outer

strap compared with the inner straps, ang/or via by adding stifening rios andg oiner
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mecnanical teatures to the outermost strap. Howsver, these approaches result in the
springs of the outermost strap having different {fypically higher) spring raies as
compared with the springs of the interior straps, which enhances the fuel rod bowing
effect for the oulermost tuel rogs of the fuel assembly, angd ¢an iead o excassive in-
service fuel rod bow in the oulermost row of the fuel rod array.

100251 The centralized iocation of the springs &t or near the mid-plane of the spacer
grid I8 also recognized herein {0 cause problems. i the folds of the springs are
oriented vertically, then each spring will aciually contact ihe fuel rod at only a single
point if there s any misalignment of the fuel rod due o manufaciuring toierances.
This negates the intended benefit of spreading out the contact surface, and can
resuit in nigh iocal bearing stresses that polentially lead 1o rapid local wear if the fuel
rod vibrates in service. Vertically onented folds also present g prodiem auring rog¢
oading as they can result in excessive scratehing of the clagding andg/or hang-up of
the fuel rod and grid damage. A coining operation is typically appiied on the ieading
and trailing edges of the spring contacis ¢ ameliorate thase problems but it has
Hmited Denetdil.

00467 On the other hand, if the folds are horizontally oriented, the upsiream ang
downstream spring surfaces iypically provide adeqguate lead-in, s$O ciadding
scratehing and rod hang-up are iess of a concern. However, this onentation proviges
maore iocal flow diockage, wihich is less desirabie from a thermai-hydraulic point of
View.,

100277 Uisclosed 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

space grig, and hence {oward proximate dimpies iocaled near the op and bottom,
respectively, of the grid strap. The dual cantilever configuration combined with the
resulting near-alignment of the respeciive planes of action of the springs {i.e., soft
siops) and the opposing dimples {i.e., hard stops) substantially reguces the induced
fuel rod bow. The cantilevered springs ¢an also be constructied wilh low stifiness
(1.e., Iow spring rate}). Some disclosed embodiments aiso place the springs on the
inboarg walls of the cells (with the springs Tacing outward), with the gimpies ipcated

on the outboard walls (and facing inward). This orientation eliminates the spring
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cutouls on ihe outermost strap which substantially strengthens the spacer gnd guring
ateral impacis.

10028] With reference o FIGURLE 2, a represeniative fuel assembly 14 is
giagrammalically shown with partial breakaway and the front top cormer of the
perspeclive view cut away 1o reveal internal components. The fuel assembly 14 1S
suitably employed as an element of the nuciear reactor core 12 disposed in the
pressure vessel 10 of HIGURE 1. The fuel assembly 14 includes an array of
vertically oriented fuel rods 20 each comprising a fissile material such as “°U. For
exampie, each fuel rod may contain enriched uranium dioxide (UQOy) or mixed
UQs/gadolinium oxide {(UGO:-GAx05) pellets. Interspersed amongst the fusl rods 20
are guide tubes 22 that provide conduils for conirol rods, instrumentation, or so forth.
The top of the fusl assembly 14 1§ terminated by an upper end fitting or nozzie 24
and the bottom of the fueal gasemply 14 i3 terminated by a lower end hitling or nozzia
26,

00287 The fuel assembily 14 1s held together by a plurality of spacer grids incluging
end grids 30 disposed at the top and bottom of the fuel assembly 14 and one or
(typicaliy) more mid-grids 34 gisposed at spaced apart posiions pelween the op and
oottom of the fuel assembly 14. (Said another way, each end spacer grid 30 i closer
o an end of the bundie of fuel rods 20 than the mid-gnid 32). Hustrative FIGURE 2
shows only two mid-grids 32, but typically addilional mid-grids are present which are
omitted in the cutaway diustration. The number of Mmid-gnds, ang the spacing of the
end grids and mid grids aiong the height of the fuel assembiy, 1S determined based
on the {olal length of the bundle of fuel rods, the otal number of fuel rods In the
oundie, ihe siructural charagcleristics of the fuel rods, applicable reguiatory
reguirements, and so forth.

G030 With reference 1o FIGURES 37, an  illustralive spacer grid 18
dgiagrammalically shown. FIGURE 3 shows a8 metal sheel or piate 40 with cutaways
42 tor defining the springs. The metal sheet or plate 40 may, for example, be formeg
oy suitabie meial working iechnigues such as roiling. The metal may be &
rHekel-chromium alioy {8.g., Inconel}, or a zirconium alioy (e.g., Zircaloy), or so forth.
inconei is stronger (han Zircaloy; however, Zircaioy has a smatler neutron absorption

cross-section as compared with inconsl, Thus, i some embodimeantis the end gnds
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30 are made of Inconel wnile the mig-grids 3£ are made of Jircaloy. The culaways
42 comprise removed portions of the melal sheet or piate, and may be formed by
mechanical cutling, laser cutting, or so forth. The cutaways 442 define “templates” for
the springs. FIGURES 4 and & show plan and side sectional views, respectively, of
an interior strap 44 with: upper dimpies 34, lower dimples 52; upper springs 80, and
lower springs 64, inese dimpies 5§, 52 and springs 60, 62 are iormed by sultabie
getormation of the sheel or piate metal using a press or other sheel metal forming
apparatus. FIGURES © ang 7 show side seclional and top views, respectively, of the
spacer grid comprising interlocked straps 44. As seen in the {op view of FIGURE 7,
siraps are arranged in two orthogonai directions {0 form a8 two-gimensionai grig of
ceiis 70 hrough which fuel rods {represenied by singie illustralive fuel rod 20
giagrammatically shown in FiGURE 7) pass and are refained by the agimples 30, 52
and springs 84, §2. (Note that in the top view of FIGURE 7, oniy the upper dimples
58, represented by filled spherical caps, and upper springs &l, representad by open
apherical caps, are visiple}, The sitraps are interlocked using mating siolts {(nNot
shown} thati are formed into the straps at the same time the culaways 42 are formed.
Typically, an assembly jig {(not shown) s used 1o temporarily hold the straps durnng
assembly of the interiocked struciure, and the mating slols are welded 0 proguce
the final stand-glone ngid spacer grid structure.

(00311 With particular reference o FIGURE 6, the resulling spacer grid has a top at
which are disposed the ypper fealures 50, 88, and s potiom at which are disposeg
ihe lower fealures 34, §2. A mid-piane &6 of the spacer gnd is localed midway
oetween the {op and botiom of the spacer grid. With particular reference o FIGURE
5, the springs 848, 64 are formed as cantiievered springs. That i1s, each upper 3pring
60 13 anchored {0 the spacer grid at or above the mid-plang 66 of the spacer grid ang
nas a cantievered free end that extends "upwargd” toward the (op of the spacer grid,
while each lower spring 62 is anchored (o (he spacer grid af or delow the mid-piane
68 of the spacer grid and has a canlilevered free end hal exiends “downward’
toward the bottom of the spacer grid. With reference {o FIGURE 5, this resulls in an
upper "gnp plane” containing the upper features 58, 84, and a lower “grip plang’
containing he lower features 52, §2. {The upper grip plane s not mathematically

exact pecause the array of upper dimpies 30 18 not precisely coplanar with the array
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of upper springs 88, and simiiarly for the lower gnip planeg). The springs 88, 62 do not
contact the fuel rods 26 at the mid-piane 86 of the spacer grid; rather, the upper
springs 80 contact the fuel rods above the mid-planeg 86 and proximale {0 the upper
gimples 58, and simiiarly the lower springs &4 contact the fuel rods below the mid-

plane 86 and proximate (o the lower dimples 2.

00347 This  gual  canlilever configuration combined wilh  the resulling
near-aignment of the respective planes of action of the upper springs 80 ang
opposing dimples 50 in the upper grip piane and the resulling near-ahignment of (he
respective planes of action of the lower springs €2 and opposing dimples 52 in {he
ower grip plane substantially reduces the induceg fuel rod pow. The canlilevered
springs 64, 62 can also be consiructed wilh low stifiness {iL.e., low spring rate), with
the stiffness being controlled by the dimensions, e.¢g. widih and length, of the
canitiever {(defined by the getailled shape of the cutaways 42} ang the thickness ang
elasticily of the metal sheet or plate. Since there are two springs 84, 62, each ¢an
nave iower siifiness as compared with an arrangement empioying a singie (higher
stifiness) spring.

G033] With particular reference 1o FIGURES 6 and 7, i addition (o the interior
siraps 44, there are two types of "special” straps: four outer straps 44 forming the
outer boundanes of the spacer grid, and two mid-straps 44y that intersect at the
center of the spacer grid. in the flustrative example of FIGURES 6 and 7, the ouler
siraps 440 differ from the intenor straps 44 in that they do not include springs 808, 64,
As a consequence, the culaways 42 {see FIGURE 3) are not formed o the metal
sheets or plales from which the outer straps 44q are fabricated, and so less metal is
rermnoved. This enhances the strenginh of the cuter siraps 44q, wiich in turn enhances
the strength of the overall spacer gnid structure. in keeping with this configuration for
the ouler straps 444, and as seen in FIGURES © and 7, the dimples 30, 32 are ail
arranged on oulboard walls of the celis 70, that is, with the dimpies facing "inwarg’,
while the opposing springs 84, 82 are all arranged on inboard walls of the cells 74,
that is, with the springs facing “outward”. This design paradigm ideally would place
SEHNGs on poth opposing sides of the mig-strap. However, as seen in FIGURES 3-5
the springs 60, 62 are formed by making the cutaways 42 and then deforming the

remaining metal into the cell 70 upon which i1 18 0 acl. There is only one upper arm
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and one iower arm, and so poth springs 88, 82 cannot be formeg on opposite siges
of the same sheef or piate {that is, one cannot form four such springs in otal}. in the
Hustrative mid-straps 44y this 18 addressed by deforming the upper and lower
springs 60, 82 in opposie directions, so that the upper spring 60 acls on one cell
(e.g., the cell o the iefl of the mid-strap 44y 0 the exampie of FIGURE &) while the
lower spring 82 acis on the other cell {2.g., the cell {o the nght of the mid-strap 44y n
the exampie of FIGURE &),

00347 The mud-strap 44y of FIGURES 6 and 7 provides only one point of support
(either an upper spring 68 or a lower spring &2, but not both). However, the fuel rod
remains supported at seven pomnts {four dimpies and three springs). The four center
cells would have only six points of support; however, In some embodiments (hese
cells are replaced by a central guide tube 72 (shown in phantom in FIGURE 7). More
generally, s {0 pe appreciated hat lypically some of the cealls 78, or groups of cells
f0, are replaced by guide tubes which are not shown in FIGURE 7. Such guide
tubes may e used or various purposes, such as providing congduiis for conirol rods,

conduits for instrumentation, or so forth. The strap portions surrounding a guidse tube

optionally do not include springs or dimpies, and omitting these elements around the
guide tubes enhances the overall sirength of the spacer grid. In some embodiments
strap portions surrcunding a guide tube {that i, 8 guide tube "cell”) include saddie
fealures (not shown} that position the guide tube accuralely withoul generating
substantial clamping force. integral tabs on the op and pollom edges of the interior
grid siraps 44 in these special cells are oplionally used {0 permanently altach the
spacer grid o the control rod guide tube durning fuel assembly manufacturing. This
girect mechanical connection ¢an pe made using puise arc welding, elecirical
resistance weiding, or so forth.

G035 With reference o FIGURES 8 and 8, in an allernalive approach two all-
spring {(No dimpile} iniferior straps 44y, arranged in a back-lo-back configuration can
oe used instead of the slitermating-spring mid-strap 44y. This arrangement provides
full eight-point {i.e., four dimples and Tour springs) contact for the cells bordered by
the mid-straps 44y (83 compared with only seven-point or aven six-pont support in
the embodiment of FIGURES 6 and 7). The back-to-pack mid-siraps 44y, iS also

expecied o provide some enhancement of the strength of the spacer grid. The
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cack-io-hack mid-straps 44y may have their backs in direct contact, or may be
shghlly spaced apart (as shown in FIGURES 8 and Y.

100367 Another option for the mid-strap, which could replace either the mid-strap
444 OF FIGURES © and 7 or the back-to-back mig-straps 44y of FIGURES 8 ang ©
IS a8 mid-strap with double dimples {(not shown ). Both sels of dimples couid be formeg
from a singie mid-sirap sheet or piate, and would have the same contours as the
axisting intenior strap dimples. This approach avoids the unique strap fabrication dig
andg tlow diversion issues of the double mid-strap 4442 oF FIGURES 8 and 4, and the
partial support issue of the mid-strap 44y of FIGURES 6 and 7. However, this
approach would entall reversing the posiioning of the springs and gimpiles — nat s,
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 e outermost straps, which 18 expecied 10 weaken ihe
spacer grid, decrease s impact strength, and make the grid more susceplible {0
nang-up and {earng during fuel hanghing.

0037 With reference to HIGURES 10-12, an ilustrative embodiment is shown
which inciuges struciures on the oulermost straps 44q thal enhance structural
strength of the spacer gnd. Toward this end, the interior grid straps 44 inciude
gussets 80 at their outboard ends that interface with lead-in tabs 82 disposed on the
outer siraps 44q. These features 80, 84 siabilize the ends of the interior grig straps
44 guring any lateral impact on he fuel assembly SUCh as may occur durng Seismic
events or shipment. These features 88, 82 also heip support the outer strap iead-in
during Tuel handiing when one fuel assembly i nding up or down aiong s neighbors
i the core. As wilh the embodimenis of FIGURES 3-8, in the interior straps 44 the
strap porfions surrocunding each cell contain the dimple features 58, 52 at the {op and
pcottom  edges, respectively, sandgwiched around the pair of verlicaliy-orienied
caniilever spring Teatures 60, 62

00387  With reference o FIGURES 13-18, some features oplionally inciuded on he
gimpies 38, 52 and springs 68, 62 are lusirated. FIGURE 13 shows a corner of an
end-grid 30 with the extreme comer ¢ell cul away 10 reveal intenor strap portions
defining that removed corner cell. FIGURE 14 shows a perspeclive view of one of

the dimples 8(, 52, which s horizontally oriented. FIGURE 15 shows an edge profile
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of the springs 80, 82 of the end-grid 38. Similarty, FIGURE 10 shows a comer of a
mid-grid 34 with the extreme comer cell cut away 1o reveal interior strap portions
getining that removed cormner cell. FIGURE 17 shows a perspective view of a dimple
204y of the ocutermost strap, which i this case 1§ verhically oriented. FIGURE 18
shows an edge profile of the springs 84, 62 of the mid-gnd 32.

00387 Wilh particuiar reference 1o FIGURES 1315, the dimples 58, 54 are
norizontaily-oriented {see especially FIGURE 14). The cantilever spring Teatures 60,
02, have a large elastic deflection range due {0 the cantilevering arrangement. The
springs 60, 62 are formed with their main surfaces inclined relative 10 the remainder
of the verticai cell wall 84 (Giagrammatically shown by a vertical dashed iing in
FIGURE 15) so as o creale a substantial interference with the fuel rod. YWhen the
fuel rod 18 inserted into the spacer gnid dunng manufacluring, these dual spring
features B, b are elastically deflected back towards the verlical cell wall 84,
creating a clamping force that pins the fuel rod against the opposing dimple pair 54,
52. This same clamping action is simultaneously actuated at 80° around the cladding
oy the spring and dimple features in the perpendicular cell walls.

0048] Because the rod contact surfaces on the springs 68, §2 are at the op ang
ocottomn ends of the respective upper angd ower springs 80, 82, the four spring
features in the ceall bear on the fuel rog clagding in horizontal planes hat are nearly
copianar with the opposing dimpie features 38, 2. This mechanical arrangement
genegrates the maximum resiorning moment on the fuel rod for a given spring
clamping force {(because the moment arm is maximized in the cantilevered
arrangement) while minimizing the local tending moment {due 1o the cooperaling
gimple/spring arrangements being co-planar} thal can nguce rod pow betweean grids.
10041] Integral lead-in surfaces are provided at the top and boltom edges of the
gimples 58, 52 and springs &0, 82 1o faciitate fuel rod nsertion both durng
manufacturing in the factory and during fuel reconstitution in the fieid. The lead-in
surfaces on the dimpies 58, 54 are iormed by coining the {op and botlom edges of
the formed dimples 58, 52 al an angle. in the end-grid 30 of FIGURES 13 and 15,
the lead-in surfaces on the springs 64, 82 comprise three-dimensional flat-lopped
domes 88. The dome provides a low likelihood of fuel rod hang-up during inseriion,

and the fiat top of the dome spreads oul clagaing wear.
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100427 In the embodiment of FIGURES 13-18, the end grids 30 (FIGURES 13-15)
are suitably made of inconel while the mid-grids 32 (FIGURES 10-18) are suitably
made of Zircaloy. Inconel is a more duclile matenal than Zircaloy, but Zircaloy i
preferabie for the mid-grigds 32 due to s smalier neulron absorplion ¢ross-section as
compared with inconel. The inconel end grids 30 shown in FIGURES 13-15 employ
the fiat-topped domes 88 as the lead-inviueal rog engagement surfaces for the springs
80, 82. On the other hand, yield in forming these flat-topped domes 80 in the more
orittle Zircaloy material is expecied 0 be low, as the Zircaloy shiest or piaie tends {0
fear or develoD an grange-peel defect when formed in three dimensions.

00431 Accordingly, in the Zircaloy mid-grids 32 of FIGURES 16-18, the lead-in/fuel
rod engagement surfaces for he springs 60, 62 are constructed as shaliow
two-dimensional hooks 82 (see especially FIGURES 16 ang 18). These hooks 82
are suitably formed by banding the free ends of the springs 68, 82 30 as {0 incluge a
flat rod engagement portion and a distal "pent-back” portion that facilitates iead-in. In
the case of either the fial-lopped domes 88 or the hooks 84, these lgad-in features
work in conjunction with a pullel-shaped pottom end plug shape of the fuel rod {0
reduce the likelinood of hang-up guring rod nsertion,

100441 In the embodiments of FIGURES 13-18, the outermost siraps 44q of the
gpacer grids 30, 32 again contain only dimples, but not springs. This conhguration
reduces the amount of material that is cut away in forming the outermost straps 44p.
Grid impact pehavior 1S heavily influenced by he strength of ine outermost straps,
and strong outermost straps that are structurally stable are advantageous for
achieving high iateral impact strength. The lead-in features 80, 82 described with
reference o FIGURES 10-1<2 are incorporated i modified form  into he
embodiments of FIGURES 13-18. in these latler embodiments the gussets 80 are
omiited on the inienor straps 44, and the lead-in tabs 84 gisposed on the oulermost
siraps 44q engage the comers of the interior siraps 44, in ali of the embodiments of
FIGURES 10-18, these engagements serve a stitfening function. They increase the
effective moment of nertia of the ouler sirap 44¢ while aiso helping (o stabilize the
ends of the nterior straps 44,

100451 In the mid-grids 32 of FIGURES 16-18, the dimples on the oulermost straps

440 are mogified to further ennance he strengih of these culermost straps 44¢.
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Specifically, the horizontally oriented dimples 50, 52 {see, e.g. FIGURES 13 and 15)
are replaced by verticaily onented dimples 584y in the outermost straps 44q of the
mid-grid 32 of FIGUREDS 16-18 {see especially FIGURES 16 and 17). The vertically
oriented dimples 502y are iess favorable from the point of view OF prassure grop.
However, they eliminate four lines of weakness aiong the length of the oulermost
strap 440 that are present in the case of the horizonialiy-onented dimples 58, 54,
The use of the vertically oriented dimpies 304y in the case of the mid-grids 32 is an
accommodation (o the iower sirength of the Zircaloy construction material., The
end-grids 30 (FIGURES 13-15) are constructed of stronger inconel malerial, and
accordingly the outermost straps 440 of the end-grnids 30 use the horizontaily
oriented dimples 50, 52 in the illusirative embodiment of FIGURES 13-15.

0046] The spacer grids of FIGURES 10-18 can employ any suitable arrangemaent
for (he midg-sirap, such as the diustrative "allernating spring mig-strap 44y of
FIGURES 6 and 7, or the back-to-back mid-siraps 44w of FIGURES 8 and 4. in the
latier case, the back-to-back mid-siraps 44y occupy additional iateral space, ang
accordingly the spring lead-in features may need {0 be made shaliower for (hese
mid-siraps 4442 0 order (o leave sufficient room for nsertion of the fuel rods inilo the
proXimatle cells.

00477 In the disclosed embodiments, once the fuel rod s installeg the major
portion of the lengith of the canlilevered springs 88, 82 is onented essentially
vertically {g.g., parallel with the vertical wall 84 in FIGURES 15 and 18), thereby
preseniing a limiled frontal area 1o he coolant fiow. The horizontal onentation of the
dimples 50, 52 likewise presenis a limiled fronial area o the flow. The illustrative
spacer grids also ¢o not include fiow mixing vanes on the interior grid skraps 44,
Accordingly, the pressure drop across the spacer grid is imited. Spacer grids wilh
reduUCed prassure drop, such as those disclosed herein, are of particular vaiug in the
context of nuciear reactors that employ nalural circulation or assisted or forced
circuiation with a relatively low How rale, such as small moduiar reactor {SMR)
gesigns which are typicaily designed to produce 300 megawatls or less of eiecirical
DOWES .

10048] The dual cantilever springs 68, 62 rotate so as o bring the conlact surface

(e.g., the flat-topped dome 88 or hook 82 in two Hlustrative embodimeantis) info an
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approximately ing contact with the fuel rod cladding. the llustrative contact surfaces
G0, 92 each provide a long "lat” to maximize the contact iength and spread out any
ciadding wear that might occur at this interface. In the case of the flat-lopped dome
G4, this flat 1s the flat top of the dome, while in the ¢ase of the hook 92 a portion of

the hook structure 15 made fiat. Likewise, the dimples 58, 32 are suitably fabricateg

wiltht a iong flat region betlween the coined lead-ins (o provide a line contact with the
fuel rog cladding to maximize the contact lengih and spread out any cladding wear
that might occur at that inlerface. The contour of all of the contact surfaces 18 80
formed as o rapidiy increase the wear area as meial s removed, 30 as {0
compensate for any alignment imperfections that might exist at the clagging-to-grio
interfaces. When combined with the two "extra” conifact surfaces that the dual
cantilever spring arrangement provides, the disclosed spacer grids have a large
metal volume removed-io-gepih of penetralion ratlio, thus providing good contact with
the fuel rods without unduly compromising overall strength of the spacer grid.

00487 Wilh reference to HIGURES 19 and 20, the dual cantilever Jgesign ¢an
empioy different configurations. HIGURE 19 shows an embodiment in which the
cantilevers are giongaled o be sige-by-side. Thus, upper springs &4° have thewr
anchors below the mid-plang 88 of the spacer grid and their cantlilevered
engagement surface above the md-plang 88; while, lower springs 84 have therr
anchors above the mig-plane 66 of the spacer grid and their cantilevered
engagement surface peilow the mid-piane 8. he orientation of the two springs el
62" In any given cell alternates such that the root or anchor of the upper spring 647 is
positioned at the same elevation as the thin hook {or flat-lopped dome, or other
engagement suriace) on the adiacent iower spring §£2°. This gliows the dual springs
00°, 82" {0 be nested Nt iess space on the strap 44, FIGURE 20 shows an
embodiment in which upper and iower springs 887, §47 are onented horizontally. The
orientation of the two springs 607, 82" in any given cell allernates such that the root
or anchior of the upper spring 647 18 posttioned vertically above the hook {or
flal-lopped dome or other engagement surface} of the iower spring 827, again
enapling nesting info a smaller space on the strap 44. The vertical stacking of the
springs 847, 627 15 reversed from cell 1o cell to balance the twisting momenis applied

o the internior grid straps.
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00507 The iiustrative spacer grids have square or rectanguiar symmelry in a plane
transverse o the fuel rods. However, varous disciosed aspecis are readily
incorporated into spacer grids of other geomelries, such as hexagonal spacer grids
naving hexagonal symmelry in a plane transverse 0 the fuel rods.

00517 The preferred empodiments have bDeen iustrated and descriped.
Ooviously, modifications and alterations will occur 0 others upon reading and
understanding the preceding detailed description. Htis intenged that the invention be
construed as inciuding all such modifications and allerations nsofar as they come

within the scope of the appended ciaims or the eguivalenis thereof.
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CLAIMS
vWe ciaim:

1. A Tugl assemply comprising:
a bundie of fuel rods comprising fissile material; and
a spacer grid secunng the fuel rods of the bundie tgeiner, the spacer grig
naving a top and a botlom and nciuding a plurality of celis comprising passages
from the op o the bottom of the spacer gnd through which fuel rods pass, the cells
NCUging:
upper dimples disposed proximate {o the op of the spacer grid
and distal from the mig-plane of ihe spacer gnd,
ower dimples disposed proximate o the bottom of the spacer
grid angd gistal from the mid-piane of the spacer grid,
upper cantilevered springs having canlilevered free ends locaied
apove the mid-plane of the spacer gnd, and
iower cantilevered springs having cantilevered free ends located
pelow the mid-plane of the spacer grid,
wherein e upper cantileverad springs of each cell bias the fuel rod passing through
the ceill against the upper dimpies of the cell ang the lower cantiltevered springs of
sach cell pias the fuel rod passing through the cell against the lower dimpies of ihe
cell.

2. The fuel assembly of claim 1, wherein the spacer grid is a mid-grid and he
fuel assempbiy further comprises:
and spacer grids further secunng the fuel rods of the bundle together, each
end spacer grid peing closer 1o an end of the bundie of fuel rods than the mid-grid,
sach end spacer grid naving a op and a bottom and including a plurabty of open
cells through which fuel rods pass from the {op (o the potlom, the celis including:
upper dimpies disposed proximate © the op of ihe end spacer
grid and distal from the mid-plane of the end spacer grid,
ower dimples disposed proximate {0 the boltom of the end

spacer grid and distal from the mid-plane of the end spacer grig,
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upper cantilevered springs having cantilevered free ends located
apove the mid-plane of the spacer grid, and
ower cantileverad springs having cantileverad free ends located

pelow the mid-plane of the spacer grid.

3. The fuel assembly of claim 2, wherein:
the canfilevered free ends of the upper and lower cantilevered
springs compnse flat-topped domes, and
fhe cantilevered free ends of the upper and lower caniilevered

Springs of the mid-grig comprise nooks.

4. 1he fuel assembly of claim 3, wherain:
end spacer gnds comprise inferlocked nickel-chromium alioy
sfraps; and

the mid-grid comprises interiocked zirconium alloy straps.

5. The fuel assembiy of ciaim 1, wherein the upper dimples exiend to the top of

the spacer grid angd the iower dimpies extend (o the botiom of the spacer grig.

C. The fuel assembiy of ciaim &, wherein the upper cantilevered springs do not
inciude any portion of the mid-plane of the spacer grid, and the iower cantilevereg

sSprings do not inciude any portion of the mid-plane of the spacer grid.

7. The fuel assembly of claim 1, wherein the spacer grig comprisaes interiocked
siraps comprising metal sheets or plates, and the ocutermost straps of the spacer grid
g0 nol inciude upper canlileversed springs and do not inciuge iower canlileversd

SPrNgs.

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

springs face gutward away from the center of the spager grid.
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9. The fuesl assembly of claim 1, wherein the cantilevered free ends of the upper
and lower canfilevered springs are arranged as pairs and (he upper and ower
gimples are arranged as pairs {0 collectively deting a fuel rod biasing system that is

symmelric about the mig-plane of the spacer gnid.

10. the fuel assembly of claim 1, wherein the pbundie of fuel rods has one of

rectanguiar, square, and hexagonal symmelry in a piane transverse 1o the fuel rods.

11. A spacer gnd comprising:
interiocked straps comprising metal sheets or piates welded together {0 define
a spacer grid having a {op and potiom, the interiocked straps defining a plurality of
ceills comprising vertical passages connecting the top and bottom of the spacer grid,
the cells including:
upper dimples disposed proximatle o the {op of the spacer grid

and distal from the mid-plane of the spacer grid,

lower dimpiles disposed proximate o the bottom of the spacer
grid and distai from the mid-plane of the spacer gnid,

cantileverad upper springs having fuel rod engagement surfaces
disposed proximate (o the fop of the spacer gnid and distal from the
mid-plane of the spacer grid, and

cantiievered lower springs having fuel rod engagement surfaces
disposed proximate {0 the bottom of the spacer gnd and distal from the

mid-plane of the spacer grig.

12.  The spacer grid of claim 11, wherain:

the canlilevered upper springs have cantiiever anchors proximate o ihe
mid-plang of the spacer grid and distal from the top of the spacer grid, and

ihe cantilevered lower springs have cantiiever anchors proximalte o he

mid-plane of the spacer gngd and distal from the potiom of the spacer gng.

13. The spacer gnid of claim 11, wherein:
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the cantilevered upper springs have cantiever 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 (he spacer gnig.

14.  The gpacer grid of claim 11, wherein the fuel rod engagement surfaces of the

cantilevered upper and lower springs comprise fiat-topped domes.

15, The spacer grid of claim 11, wherein the fuel rod engagement surfaces of the

cantilevered upper and IoWer springs comprise hooks.

16, The spacer gnd of claim 11, wherein the ocutermost straps of ihe interiocked
siraps do not include cantilevered upper springs and do not include cantilevered

OWer springs.

17.  The spacer grid of claim 19, wherein the outermost straps of ihe interiocken
straps have the same thickness as the other straps of the interlocked siraps, and the

outermost straps do not include remnforcing eiements.

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

away from the center of the spacer grid.

19. The gpacer gnid of clam 11, wherein each cell configured {0 receive a fusl rog
includes:

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

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

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

a tourth celi-gefining wall opposite from and facing the second celi-gefining

wall wherein the fourth celi-defining wall has upper and lower 3prings.
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20, The spacer grid of ¢laim 19, wherein the first and secongd celi-gefining walls
face toward the center of the spacer grnd and the third and fourth celi-defining walls

face away from the center of the spacer grid.

21, A spacer grid comprising:

interocked straps of metal sheets or plates welded together o form a spacer
grid having a op and potlom, the interiocked siraps defining a pluraiifly of celis
comprising vertical passages connecting the {op and potlom of the gpacer grid,; and

a fuel rods retention sysiem comprising a set of dimpies profruding from walls
of the cells and a set of springs protruding from walis of the cells, the set of dimples
not including any dimples configured {0 contact fuel rogs at the mid-plane of the
spacer grid, the sef of springs not including any springs configured 1o contact fuel

rods al the mid-plane of the spager grid.

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

a set of upper dimples configurad © contact fuel rods above the mid-plane of
the spacer grid; and
a set of lower gimples configured o contact fuel rods pelow the mid-piane of

the spacer gnid.

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

a set of upper springs configured to contact fuel rods above the mid-piane of
the spacer grid; and

a set of lower springs configured to contact fuel rods below the mid-plane of

the spacer gnid.

24, Aifuel assembly comprising:
a bundie of fuel rods comprising fissiie material; and
a spacer grid as set forth in ciagim 21 securing the fuel rods of the bundie
togetner, wherein:
the setf of dimples does not include any dimple contacting a fuel

rod at the mid-plane of the spacer gnd, and
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the set Of springs does not inciude any spring contacting a fuel

rod at the mid-plane of the spacer grid.
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