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the cavity. The shroud comprises an inner shell, an outer shell and a plurality
of intermediate shells disposed between the inner and outer shells. Pluralities
of annular cavities are formed between the inner and outer shells which are
filled with primary coolant such as demineralized water. The coolant-filled an-
nular cavities may be sealed at the top and bottom and provide an insulating
effect to the shroud. In one embodiment, the shroud may comprise a plurality
of vertically-stacked self-supported shroud segments which are coupled to-
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NUCLEAR REACTOR SHROUD
CROSS-REFERENCE TO RELATED APPLICATIONS
16001} The present apphcation clabns the benefit of United States Provisional Patent
Apphication Sertal No. US 01/770,.213 fled February 27, 2013, which is incorporated herein
by reference mn s enfirety.

FIELD OF THE INVENTION

{0002} The present mvention refates to nuclear reactor vessels, and more particulatly toa
nuclear reactor shroad surrmmding the foel core.

BACKGROUND OF THE INVENTION

160031 Many nuclear reactor designs are of circalatory type wherein the water heated in the
reactor fuel core region puist be separated from the conler water outside of it. Such a nuclear
regactor may be tvpically equipped with a cylindrical shroud around the fuel core. The shyoud
serves to separate the internal space in the reactor vessel between an "up-flow™ (e g. riser)
region i which prumary coolant heated by the core flows mside the shroud and the
"downcomer” resion m which colder primary coolant returned to the reactor vessel frony the
Rankine cycle steam generating system Hows outside the shroud. It 1s desivable 1o nunimize
heat transfer from the heated hot reactor water wside the riser region of the shroud to the
colder downcomer water outside the shroud which is deleterious to the thermodynamic
performance of the reactor,
{8004} The standard practice in shroud design has typically consisted of hermetically
enclosing a fibrous or ceramic insulation 1n a stainless steel {or another corrosion resistant
alloy) enclosure. Such a shroud works well il a leak in the snclosure develops, usually
caused by the thermal stresses and strains that are inherent to avy structure opersting under a
temperature differential. Concerns regarding failure of the shroud and subsequent
dismembering of the insulation have been a3 sowrce of sigmficant and expensive amehiorative
modification efforts i many operating reactors.

SUMMARY OF THE INVENTION
|60051 The present disclosure provides a reactor shroud which minimires heat transfer
between the hot regetor riser water and cold downcomer water in a nanner which elininates
drawbacks of the foregoing msulated enclosure designs.  Tn an embodiment of the presemt
invention, the shroud may be comprised of a senies of concentric evlindnical shells separated

by a small radial clearance. The top and botiom extremities of the shells are each weldad to
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conmunon fop and bottom annudar plates (Mclosare plates™) to create an essentially isulated set
of narrow & tall annelar cavities. Bach cavity s connected 1o s ne.igh‘hm* by one of niore
small drain holes such that submerging the mudu~-shell body in water {e.g. demineralized
primary coolant in a reactor vessel) would filf all of the internal cavities with water and expet
virfually all entrapped air, thereby creating water-filled annudar cavities.
[8006] In one non-limiting embodiment, the thin walled concentric shells may be butiressed
against each other with a prescribed gap by snuall fusion welds made by a suitable procsss
such ay spot, plag, or TIG welding. In such a welding process, a small prece of metad (e.g.
spacer) equal in thickness o the radial gap or clearance in the cavity serves o enable & fusion
nugget © be created between the two shell walls. The mumber of such nuggets is vanable,
but preferably 1s sufficient to prevent flow induced vibration of the shroud weldment during
reaclor operation.
18007} One principal advantage of the nudt-shell closed cavity eyabodiment descnbed herein
is that 1L 1s entirely made of materials native (o the reactor's internal space, namely
deminerahzed water {e.g. primary coolant) disposed within the radial gaps between the
concentric shells and metal such as stainless steel. No special insulation material of any kind
is used in the reactor shroud (wiuch may degrade and fail over tme). Advantageously, the
present shroud design provides the desired heatl trapsfer munimization betwesn the hot reactor
water inside the riser region of the shroud o ihe colder downcomer waler oudside the shroud
without insulation, thereby preserving the thermodyananye performance of the resctor,
[8008] According to one exemplary embodiment, o nuclear reactor vessel inclades an
elongated cylindrical body defining an internal cavity containing primary coolant water: a
nuclear fuel core disposed in the internal cavity; an elongated shroud disposed in the internal
cavity, the shrond comprising an inner shell, an outer shell, and a plarality of intermediate
shells disposed between the inner and ower shells: and a plurality of annular cavities formed
between the inner and outer shells, the annolar cavities being filled with the primary coolant
water. In one embodiment, the annular cavities are fluidly interconnected by a plurality of
drain holes allowing the primary coolant to flow into and fill the cavities from the reactor
vessel.
{80091 According to another embodiment, a shrond segment for a nuclear reactor vessel
mceludes an glongated inner shell; an elongated outer shell; o plurality of elongated
intermediate shells disposed between the mner and outer shells: the mner shell, outer shell,
and mtermediate shells being radially spaced apart forming a plurality of annular cavities for

holding water; a top closure plate attached to the top of the shroud segment: and a bottom
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closure plate attached to the bottom of the shroud segment, wherein the top and bottom
closure plates are configured for coupling fo adjoining shroud segments to form a stacked
array of shroud sepments.

{89101 A method for assembling a shroud for a nuclear reactor vessel is provided. The
method includes: providing a first shroud segment and a second shroud segment, each shroud
segment including a top closure plate and a bottom closure plate; abuting the top closure
plate of the second shroud segment against the bottom closure plate of the first shroud
sepment; axially aligning & Hrst mounting lug on the first shroud segment with a second
mounting hug on the second shroud; and Jocking the first mounting lug to the second
mounting lug to couple the first and second shwoud segments together.  In one embodiment,
the locking step is preceded by pivoting 3 mounting clamyp attached 1o the first shroud
segment from an unlocked open position to a locked closed position.

BRIEF DESCRIPTION OF THE DRAWINGS

[8011} The features of the exemplary embodiments of the present ivention will be described
with reference to the followmyg drawings, where like elements are labeled similarly, and i
which:

[6012} FIG. | s a longitudinal cross sectional view of a nuclear reactor with shroud
surrounding the fuel cors according to the presemt disclosure;

{6013} FIG. 2 15 an enfarged cross section of a sidewall portion of the shroud of FIG. | ata
joint between two adjoining stacked shroud sections;

16014} FIG. 3 is a top perspective view of a single shroud section;

[8615] FIG. 415 an enlarged perspective view a portion of a jount between two shroud
sections showing a clamping mechanisny in a locked or closed position;

[8016} FIG. 5 is an enlarged perspective view of the bottom of a shroud section showing the
clamping mechanism in an uniocked or open position;

[8017} FIG. 6 s a perspective view of the annular bottom closure plate of the shroud of FIG.
L3¢

16018 FIG. 7 15 a ransverse cross sectional view of a shroud section from FIG. 2; and
{8919] FIG. 8 13 a detailed view of the botiom of the reactor shroud taken Fom FIG. L
{00201 All drawings are schematic and not necessantly to scale. Parts given a reference
numerical designation in one fgure may be considered to be the same pans where they
appear in other figures without a numerical designation for brevity unless specifically labeled

with a different part number and described herein.



WO 2014/189581 PCT/US2014/019042

DETAILED DESCRIPTION OF THE EMBODIMENTS

{8021} The features and benefits of the fwvention are iHastrated and desenibed herein by
reference to exemplary embodiments. This description of exemplary embodiments s
mtended to be read in connection with the accompanying drawings, which are to be
considered part of the entive writien description.  Accordingly, the disclosiwe expressly
should net be limited w such exemplary embodiments tHustrating some possible non-limiting
combination of {Eatures that may exist alone or i other combinations of features,

{80221 In the description of embodiments disclosed herein, any reference to direction or
orientation s merely intended for conventence of description and is not intended 10 any way

o Hinit the scope of the present invention. Relative terms such as "lower,” “upper,”
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“horizontal,” Mvertical,”, “above,” “below,” "up,” “down,” “op” and “bottom” as well as

dertvative thereof {e g, “horzontaliv,” “downwardly,” “apwardly,™ etc.} should be construed
to refer to the ortentation as then described or as shown i the drawing ander discussion.
These relative terms are for convenience of description only and do not require that the
apparatus be constructed or operated in a particular orientation. Terms such as “attached,”
“affixed,” “connected,” “coupled,”™ “interconnected.” and sinwlar refer to a relationship
wherein structures are secured or attached to one another etther directly or indivectly through
mfervemng stractures, as well as both movable or nigid attachments or relationships, unless
expressty described otherwise.

16023 Refernng to FIG. 1, a reactor vessel 20 includes a vertically elongated ovlindrical
hody defining a longitudinal axis LA and having a top 21, closed bottom 22, and &
circumizrentially extending sidewall 24 extending between the top and bottom. Sidewastl 24
delines an internal cavity 23 configured for holding a nuclear foel core 26, Internal cavity
extends axially along the longitudinal axis from the top 21 to the bottom 22 of the reactor
vessel 20 in one embodiment. The botiom 22 may be closed by g lower head 23, which may
be without limitation dished or hemispherical in configuration. In one embodiment, the
mternal cavity 25 may be Hilled with g bauid such as primary coolant which may be
deminershized water. The reactor vessel 20 may be made of any suitable metal, mcluding
withont imitation coated steel or stainless steed for corrosion resistance.

{8024} Referring to FIGS. 143 and 7. a vertically elongated shroud 30 is provided which s
disposed m the internal cavity 28 of the reactor vessel 20, Shroud 3¢ may be evhndrical in
shape with a circular annular cross-section; however, other suitable shapes may be used.

Shroad 30 is coaxially aligned with the reactor vessel 20 along the longitudinal axis LA, The
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fuef core 26 may be Jocated inside the shroud 30, and i one nop-hiuniting embodiment nearer
1o e bottom 22 of the reactor vessel 20, Shroud 30 includes a top 34 and bottom 35 which
miay be spaced vertically apart from the bottorn 22 of reactor vessel 20 1o provide a flow
passage mio the shroud 30 af the botlom of the reactor vessel 20 (seg, e.g. directional fow
arrows FIGS. 1 and 8). In one embodiment as best shown w FIG. &, the bottom 35 of the
shroud 30 may be spaced apart from botiom 22 of reactor vessel 20 and supported by a
plwrality of radially oniented and circumierentially spaced apart support plates 42. Support
plates 42 are configured {0 engage the reactor vessel bottom 22 at one extremity and botlom
35 of shroud 30 at another extrenuty.  Int one embodiment, support plates 42 may mchude one
or more flow holes 41 to allow primary coolant to flow and circulate through the plates at the
bottom of the reactor vessel. In other embodiments, the holes may be omitted.

{80257 The shroud 30 divides the internal cavity 25 of reactor vessel 20 inio an ouler amnuiar
space which defines a vertical downcomer region 28 (Le. down-flow region) and an ey
space which defines a vertical riser region 27 (up-flow region}. Primary coolamt flows
downwards in reactor vessel 20 throagh the annular downcomer region 28, reverses direction
and enters the bottom 33 of the shroud 30, and flows upwards through niser region 27 through
the fuel core 26 where the primary coolant is heated for gencrating steam n an external steam
generalor.

{89261 In one embodiment, the shroud 30 mav comprise an elongated owler shell 3, an muney
shell 32, and a phaabity of intermediate shells 33 disposed between the outer and inner shells,
Shells 31-33 are evlindrically shaped in one embodiment. Shells 31-33 are concentrically
aligned with respect to each other and spaced radially apart formung an array comprised of a
phirality of refatively thin concentric anmular cavities 40 between the outer and frner shell 31,
32, In one embodiment, the cavities 40 are wd-[1led with primary coolant, ss further
deseribed herein. Annular cavities 40 extend longitadmally from the top 34 1o bottom 33 of
shroud 30, Accordingly, the anmular cavities 40 have a length or height substantially
coextensive with the length of the shells 31-33. The shells 31-33 may be fonmed of a suitable
corrasion resistant metal, such as conted or stainless steel for exanple.

{8027} In one exemplary embodiment, the number of intermediate shells 33 may be at least
two o provide at least three annular cavities 40, In non-houting preferred embodiments, at
least six or more miermediate shells 33 (divider shells) may be provided (o divide the space
between the mner and outer shells 32 and 31 o at least seven annular cavities 40, In one
representative embodiment, without lmtation, eight intermediate shells 33 are provided to

create nine intermediate shells 33, The number of water-{illed annular cavities 40 selected
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conrelates to the insulating effect and heat transfer reduction from the inner shelf 32 through
the shroud 1o the outer shell 31, The mumber of intermediate shells 33 will be one less than
the nmumber of water-filled annular cavities 40 w be created.

{89281 In order to provide inter-shell connectivity and maintain the radial gap of annular
cavities 40 between mtermediate shells 33 and between the mnermost and outermost
untermediate shells and inner shell 32 and outer shell 31 respectively, spacers 80 may be
provided as shown in FIG. 2. Spacers &0 are disposed in annular cavities 440 between the
shells 31-33 amd have a radial thickness safficient to provide the desived radial wadth of each
anpulay cavity. Each ammadar cavity 40 preferably includes spacers 80 in an exemplary
embodiment. To retain the spacers 80 in their desired vertical position, the spacers may be
rigidly attached to g shell 31-33 by any suttable means such as fusion welding in an
exemplary embodiment. In one embodiment, a spot weld 81 may be used to attach spacer 8¢
to a shell 31-33 as shown. The spot welds 81 may have any suitable dismeter, such as
without imitation about 1 inch as a representative example. The number of spot welds 81
{spot naggets) needed for jommng neighboring shells 31-33 together may be estimated by the
following empirical formuda: Number = (shroud diameter times height (n inches)/ 100}
Preferably, the spot welds 81 and spacers 80 should be spaced as uniformly as possible. In
ane embodiment, the spacers 80 may be radially staggered such that the spacers betwesn
adjacent shells 31-33 do not be on the same radial axis (see, e.g. FIG. 2 showmg a sel of
spacers aligned radially only in every other annular cavity 40). Other sultable arrangements
of spacers 80 may be used. Spacers 80 may have any suitable shape, including circular or
polveonal configurations. Preferably, spacers 30 may be formed of metal such as sieel or
other.

{60291 Referring to FIGS. 2, 3, and 7, each sudar cavity 40 may be comected fo s
adjoining cavities by one or more small {luid drain holes 90, Dramn holes 90 are configured
and arranged to hydrachcally or flaidly interconnect alf of the annular cavities 40, The outer
shell 31 includes drain holes 90 which fhuidly comnect the outermost annular cavity 40 in
shroud 30 to the gunulgr downcomer region 28 in reactor vessel 20, This altows the primary
cootant water (o enter the outermost cavity 40 and then flow inwards suc vely through the
plurality of drains holes in intermediate shells 33 for filling all the annular cavities with the
flnd, Submerging the multi-shell shroud 34 body n the water-filled reactor vessel {e.g
demineralized primary coolant) will fill all of the mterpal annular cavities 40 with water and
expel vutually all entrapped air, theveby creating water-filled annalar cavities. Inone

arrangement, the drains holes 90 may be radinlly staggered as best shown i FIG. 7 so that

-y -
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the botes 1 ope shell 31 or 33 do ot radially align with holes in its neighboring shells. This
forms a staggered How path tdwough the stroud 30, The inner shell 32 may not have drain
holes 90 and is selid n one embodiment.  Preferably. s plurality of drain holes 90 are spaced
both circumferentially and longitudinally apart along the entire height or length of the shroud
30 in each shroud segment 30A-C

0030} Referring to FIG. 2, the iner and outer shells 32 and 31 may bave thicknesses T2 and
T1 respeetively which are larger than the intermediate shells 33 in one embodiment 1o stiffen
and sivengthen the shroud 30, For example, m one represepiative example withowt oniation
mmer and outer shells 32 and 31 may bave a plate thicksess (T1 and T2) of about 14 inch and
mntermediate shells 33 may have a thickness T3 of about 148 inch. Each ammular cavity 40 bag
a depth D2 {measured in the radial direction fransverse to longitudinal axis LA} which is fess
than the total depth D1 between the inner and outer shells 32 and 31, In one embodiment, the
water-filled annular cavities 40 may have a depth D2 that is less than the thackness T1-T3 of
the shells 31-33.  In one representative example without mitation, the depth of cavity 40
may be abost 3/16 inch. This arrangement provides a phurality of thin water films or
chambers comprised of primary coolant sandwiched between the inner and ouwter shells 32
and 3tin the multi-shell weldment (MSW) shroud wall construction. The thin water filns
have an insulating effect for shroud 30 which minimizes heat transfer between the hot riser
vegion 27 and colder dowacomer region 28 {see FIG. 1) Advantageously, the water films
ehininate the need for radivonal insulation materials in the shiroud which may be wetted or
otherwise damaged.

[6031] In one embodiment, inner shell 32, outer shell 31, and intermediate shells 33 may
have vertical heights or {engths which are substantially coextensive.

16032} According 1o one aspect of the invention, the shroud 30 may comprise a plurality of
vertically stacked and coupled shroud sections or segments 30A, 30B, and 30C, Referning ©
FIGS. 1 and 3, each shroud segment 30A-C ecludes an upper end 48, lower end 49, an
annular top closore plate 36 attached o upper end 48, and an annular bottom closure plate 37
attached to lower end 49, The top closure plate 36 and bottom closure plate 37 may be
formed of a suitable metal such as steel. Corrosion resistant closure plates 36, 37 formed of
coated or staynless steel may be wsed. Within each shroud segment 30A-C, the annula
cavities 40 and shells 31-33 extend longitudinglly between the top and bottom closure plates
36 and 37, and may have coextenstve lengths or heights,

{80331 The outer shell 31, inner shell 32, and inlermediate shells 33 in each segment 30A-C

may be rigidly attached to the top and bottom closure plates. such as via a nigid comection
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fornred by welding for structural strength. i one embodiment, the shells 31-33 may be
hermetically seal joined to the top and bottom closure plates such as with full circamferentiad
seal welds. This forms a water-tight joint between the shells 31-33 and the top and bottom
closure plates 36 and 37, respectively.
{8034} Each shroud sepment 30A-C 15 a self-supporiing structure which may be transported,
raised, and lowered individually for ease of maneuvering and assembly to adjoining segments
during {abrication of the shroud 30. To facilitate handling the shroud sezments 30A-C
individuallyv, the op closwre plates 36 may nclude radially extending iftimg Iugs 38 which
mclude a rigging hole 39 for atachment of Bfting shings or hoists. A suitable mumber of
hifting tugs 38 circumierentially spaced apart at appropriate intervals are provided to properly
and safely hoist the shroud segments 30A-C. The weight of each shroud segnient 30A-C may
be vertically supporied by the shroad segment mmediately below with the weight being
transferred through the top and bottom closure plates 36 and 37 respectively. Accordingty,
i some embodiments, the entire weight of the shroud segments 30A-C may be supported by
support plates 42 (see, e.g. FIGS, T and 8).
{80351 In one embodiment, adjoining shroud segments 30A-C may be coupled together at
joinis 43 between segments via a plurality connectors 76 such as of clamps 30, Referning to
FIGS. 1 and 3-5, clamps 3 are configured to detachably join and engage the botiom closure
plate 37 of one shroud segment (e.g. 30B) to top closure plate 36 of the adjomnme lower
shiroud segment {e.g. 30C) Clamps 50 each include a U-shaped body 31 defiming a recess 52
configured © receive a mounting lug 55 formed on botton closure plate 37 and a mating
mounting hig 56 formed on top closure plate 36 as shown. Mounting lugs 33 and 56 are
rachally extending and circumferentially spaced apart on bottom and top closure plates 37 and
36, respectively. Each mounting fug 55 is arranged in a pair and coaxially ahgned along the
fonguudinal axis LA with & corresponding mounting lug 536, In one embodiment, the

mounpting tags S5 and 36 are imagmiiy formed with and a unitary structural part of the bottom

and top closure plates 37, 36, Accordingly, the mounting hugs 55, 56 may preferably be
formed of metyl similarly to bottom and top closure plates 37, 36 for structural strength,

[8036] In one mrangement, clamps 3¢ may each be pivotably connected to a mounting hug 85
on the bottom closure plate 37 by a pivot pin 54 which defines a pivot axis. Pivot pins 34 are
oriented paraltel 1o longhiuding! axis LA so that the clamp 50 may be pivotably swung or
moved transversely to the longitudingl axis LA between g closed focked postion (seg, e.g.
FIG. 4) and open unlocked posttion (zee, e.g. FIG. 5} In one embodiment, pivot pin 8 i

disposed proxinmte 10 one end 58 of the clamp body 51 and the opposing end 37 15 open to

-~ 8-
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recetve mounting lug 36 of a top closure plate 36 into recess 32, Pivot pin 54 extends axially
thvough the mounting lng 55 and the bottom and top Hanpes 59, 60 of clamp 30

160371 To secure the clamp 50 in the closed locked position shown in FIG. 4, a locking
fastener such as sef screw 53 may be provided which is configured and awranged to engage a
top surface of mounting flange 55, Set screw 33 may be threadably engaged m threaded bore
61 formed in top flange 60 of clamp 50, The bore 61 extends completely through top Nange
60 1o allow the bottom end of the set screw shafl to be projecied o or withdrawn from
clamp recesy 51 for engapmy or disengaging mounting flange 33, Raising or lowerimg the set
screw 33 alternatingly disengages or engages the set screw with the mounting flange 53, Set
screw 53 is preferably withdrawn from

180381 A method for assembling shroud 30 comprised of segments 30A-C using clamps 50
will now be described.  For brevity, assembly of shroud segment 308 onto segment 3GC will
be described; however, additional shroud segments may be moanted in a similar manner.
8039} Referring to FIG. 3, a pair of shroud segments 308 and 30C are provided each
configered as shown, Clamps S0 are in the open anlocked position {see, e g FIG. 5}, Shroud
segment 30B is first axially aligned along longitudinal mas LA with segment 30C. Segment
308 may then be rotated a5 needed to axtally align mounting flanges 35 on bottowm closure
plate 37 with mounting flanges 56 on top closure plate 30 of segnrent 36C. Each pair of
mounting flanges 35 and 36 may be brought into abuttmg relationship. In the process,
bottom closore plate 37 is brought into abutting contact with top closure plate 36 forming the
joint 43 between segments 30B and 30C. Clamp 50 is then pivoted aboui pivot pin 54,
Mouniing flanges 53 and 56 are mserted into recess 51 of clamyp 50 between fanges 59 and
60 {see, e.g. FIG. 3). The set screw 33 15 then tightened to secure the clamp 50 in the closed
locked position shown in FIG. 5. It will be appreciated that the order of performing the steps
of the fore steps may be varied, in addition, sumerous varigtions of the foregoing assembly
process are possible.

{8040} Referring to FIG. 2, a sealing gasket 44 may be provided in between each pairing of a
top closure plate 36 and bottom closure plate 37 1o seal the interface gt joint 43 therebetween.
In one embodiment, the gasket 44 may be metallic formed of steel, alaminem, or another seal
material suitable for the envivonment within a reactor vessel 20 The gasket 44 may be
sttuated in an annular groove 45 formed in the bottont closure plate 37 as shown, or
alternatively in the top closure plate 36 (not shown}, to seal water seepage af the interface of
1oing 43 and also provide a certain level of verticality alignment capability doring installation

and joiming of shroud segments 30A-C. In one embodiment, gasket 44 may be circalar in
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ransverse cross-section prioy to the joint 43 being closed which will compress and deform
the gasket.

{60411 According to another gspect of the invention, a plurality of lateval setsmic restramts
such as restraint springs 70 may be provided to horizontally support and protect the structural
wriegrity of the shroud 30 inside reavior vessel 20 during a seismic event. In ong embodiment
as shown i FIGS. 4 and 5, a dual purpose connector 76 (fastener or coupler for joints 43
between shroud segments 30A-C and lateral restraint} may be provided wiich combine the
clamps 30 and seismic springs 70 mito a single assembly,

160421 Referning to FIGS. { and 3-5, seismic springs 70 are disposed between and engage
shroust 30 and the mterior surface 74 of the reactor vessel 20, A plorality of seisnuic springs
70 are provided which are circamierentially spaced apart on the outer sheil 28 of the shroud
30, In one embodiment, the seispic springs 70 may be spaced apart at equal mtervals.
00431 Seisnnc springs 70 ave elastically deformable to absorb lateral movement of the
shroud 30. In one embodiment, each spring 70 may be in the form of aw arcuate leaf spring
comprised of a plorality of individuat feaves 75 joined together to Tunction as a wnit. The
feaves 73 may be made of saitable metal such as spring steel having an elastic memory.
Other appropriate materigls however may be used, The thickness and number of feaves 78
may be varied to adjust the destred spring force K of the spring 70, Seisnuc springs are
arranged with the concave side Tacing oubwards away from shroud 30 and towards reactor
vessel 20 when in the fidly mounted and active operating position. Opposing ends 72 and 73
of each seismuic spring 70 are arranged 0 engage the mterior surface 74 of reactor vessel 20.
[6044} In one embodiment, seismic springs 70 may be rigidly attached o shroud 30 io
provide a stable mounting for proper operation and deflection of the spring to absorb energy
during a seismic event. In one possible arrangement, seismic springs 70 may be rigadly
attached to clamps 30 via 3 fastener 71 or another suitable mounting mechanism.  Spring 70
may be {astened {o clamp 30 at the nudpomt between ends 72 and 73 1o one embodiment.
Accordingly, seismic springs 70 may be pivotably movable with clamps 54 in the manner
already described herein. In FIG. 1, for example, the sexswic spring 70 and clamp 30 shown
between shroud segments 3GA and 30B is in the open unlocked position. In this same figure,
sefsmme springs 70 shown between shrond segments 308 and 30C are 1w the pivoled closed
focked position in which the seismic springs 70 are in the active operating position with ends
72 and 73 engaged with the reactor vessel 20 During a seismic event when the shroud 30
may shift laterally‘horizontally in one or more divections, the seismic springs 70 will deform

and deflect assenung a more flattened configuration untit the seisnuic foad is removed,
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thereby returning the spring elastically 10 #s original more arcuately-shaped configuration
shown. In one embodiment, each joint 43 between shiroud segments 30A, 308, and 30C may
ticlude seismic springs 70 to horizontal support the shroud 30 intermitiently along its entire
height.

{80457 Underlving Operating Principle of the Shroud

{8046} The multi-shell weldment (MSW) design for shroad 30 described herein is based on
the principle in apphed heat {ransfer which holds that an infinitely tall and indinitesimally thin
closed end cavity filled with waler would approximate the thre-wall thermal resistance equal
to that of the metal walls and the water laver conductances. The governing dimensionless
quantity that provides the measure of departure from the ides! (conduction onlyv) is Rayleigh
mpmber defined as the product of the Prandil number (Pr) and the Grashof number {Gr).
{80471 Heat transfer in a differentially heated vertical channel of beight H and gap L 13

characterized by Nusselt number correlation as a function of Rayileigh number as follows:

Ny = {1.039Ra

Where:
Nu is Nusselt Number (=hL/k)}
b s heat transfer coefficient
k i3 conductivity of water

: . : 32 Mo
Ra s Rayleigh mumber =¢BATL p /0y Py
¢ is gravitational acceleration
[ 18 coefficient of thermal expansion of water
AT 15 hot-to-cold face temperature difference
P 1s density of water
18 waer viscosiy
As Rayleish number defined above exhibits an L scaling it follows that pap reduction
substantially affects Ra number. For example a factor of 2 gap reduction cuts down Ra
npumber by a factor of B {almost by an order of magnitude). Thus engineering the shroud with
small gaps has the desired effect of mininnzing heat ransfer. To forther restrict heat transfer
a multiple array of gaps are engineered in the shrond lateral space to have the effect of
resistances i series.  An example case is defined and described below to illustrate the
concept.
[0048] Example
[0049] A Smali Modular Reactor {SMR), such as the SMR-160 avalable from SMR, LLC of
Juptter, Florida, may have a particudarly long shroud {e.g. over 70 feet). In such a case, the

principal design concemns are: ease of installation, removal, verticabty of the installed

-7 -



WO 2014/189581 PCT/US2014/019042

structore, mitigation of thermal expansion effects and protection from flow induced vibration
of the nushii-wall shell. The design features, deseribed below o address the above concerns
for such an SMR| can be apphied to any shroud design,

{80501 A, Nawrow cavity geometry: The height of each shroud (e.g. shrond segiments 30A-C)
1S approximately three timees 15 nominal diameter. The innermost and outer most shells (e.g.
shells 32 and 31) are relatively thick compared to the mtermediate (inper) shells {e.g. shells
333, The water cavily 1s less than 8.1%% of the shwoud’s height. The table below provides
represeniative dimensions for demonstrating the concept;

Dimensions of a typical shroud in SMR ~160:

aner diameter 71-1:8 inch
Height 71 L

{Shroud built in four stacked sections {segments), 3x2¢ {1 (lower) and 1x11 fi. {toph

Number of water apnuli {cavitiesy @

Thickness of inner most shell 1/ inch

Thickness of outermost shell Vi inch

Thickness of mierior shell walls 143 inch

Thickness of water cavities 3416 inch
[0051} B Inter-shell connectivity: The number of spot nuggets (approximately 1 inch
diameter) joining neighboring shells should be estimated by the following empirical formula;
Number = {shroud diameter times height (n inchesy 100}, The spot welds should be spaced
as uniformly as possible.
160521 €. Handling: The top plate 36 of each shroud segment 30A-C 1s equipped with Hft
fugs 38 for handhing and mstaliation. Typically six Hit fug locations, evenly spaced in the
circumisrential direction, will suffice.
[80583} D, Stacked construction: The mult-shell weldments {MSW) of shroud segments 30A-
C are stacked on top of each other gs shown m FIGS. 1 and 2. One or move round metallic
gaskeats 44 as described above are provided at the mierface between the anmudar top and
bottom closure plates 36, 37 of successive stacks of shroud segments 30A-C. The gaskets 44
situated mn the annular grooves 45 in the bottom closure plate 37 serve to seal water seepage
at the interface of joint 43 and also provide a certain level of verticality alignment capability,
{8034} E. Thermal expansion: The axial thermal expansion of a tall stack of shroud segments
30A-C will cause severe stresses in adjoining structures such as the return piping that delivers
the reactor coolant from the sieam gensrator to the reactor's cuter annulus (downcomer). To
mitigate the thermal sirgsses, the upper region of the shroud mayv be equipped with a nudii~

ply bellows type expansion joint,

§
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{8055} F. Seismic restraints: The junctions or joints 430f the MSW shroud segments 30A-C
provide the "hard"” locations to join them and to secure them against lateral movement duning
earthquakes. The dual purpose connector 76 (fastener and lateral restraint} design concept
shown in FIGS. 3-3 comprising the clamps 30 and seismic springs 70 as descnbed harein
provide the joining and lateral restraint fimctionalty, This dual purpose connecior 76 has the
following capabilities:

{1} The two mierfacing closure plates 36 and 37 are prevenied from significant rotation
of separation from each other during sarthguakes.

{11} The connector 76 15 amenable to remote installation and removal.

{111} The connector 76 is equipped with the seisnuc springs 70 (e.g. leaf springs) 1o
enable it to establish a soft contact or a small clearance with the reactor's inside
wall under operating condition thot).

{80361 A set of three commectors 76, equupment-spaced in the circumferential direction at
each closure plate 36, 36 elevation, is deemed to be adequate for the SMR described above.
Additional connectors may be employed m other reactor applications at the designer's option.
{80571 Performance assessment: The efficacy of the MSW design 1s demonstrated by the
case of the SMR-168 described above, Caleulations show that the decregse in the hot feg
temperature {(primary coolant inside shroud 30} using water-filled annular cavities 4G due (o
heat loss across the shroud 1s merely 0.333 deg F. As a pomni of reference, the idealived
temperatare loss would be 0.092 deg. F if the water layers were instead omitied and "solid,"
t.e., heat transferred only by conduction through the shroud. It can be seen that the Rayleigh
effect, responsible for the movement of water in closed cavities, has been largely suppressed
by the MSW design of shroud 30
{0058} Exiension to vessels and conduits: The concept of establishing a thin water layer
inside pipes (heveafter catled "water lintng"} carrving heated water is proposed to be
emploved at the various locations i the power plant where munimizing heat loss from the
pipe is desired. For example, the lines carrving bot and cooled reactor coolant are water lined
to tmit heat loss. Water lining is achieved by the following generic construction;

(1} An inner thin walled {Iiner) pipe that is nominally concentric with the main pipe.

The hner pipe has a few small boles to make the narvow annulus communicate
with the main flow space.
{11} The small gap between the main and liner pipes is held m place by small spacer

npuggets attached to the outside surface of the liner pipe.
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(i1} In piping rans subject fo in-service wspection of pressure boundary welds, the
tiner pipe ix discontinued at the location of such welds.

16039} The foregoing water lining approach is also proposed to be used 1o reduce thermal
shock to pressure refaining vesselnorzzle junctions (locations of gross structural
discontinuity) where large secondary stresses from pressure exist. This is true of pengirations
it the reactor vessel, steam generator as well as the superheater. Water lined pressure
boundaries will experience significantly reduced fatigue inducing cyclic siresses which will
help extend the service e of the owaer plant.
16066} While the foregoing description and drawings represent exemplary embodiments of
the present disclosure, it will be anderstood that various addivions, modifications snd
substitutions nay be made therein without departing from the spinit and scope and range of
equivalents of the accompanying claims. In particolar, it will be clear to those skilled in the
art that the present invention may be embodied m other forms, structures, arrangements,
proporiions, sizes, and with other elements, materials, and components, withont departing
from the spirit or essential characteristics thereof In addition, numerous variations in the
methods/processes described herein may be made within the scope of the present disclosure.
One skilled in the art will further apprecigte that the embodiments may be used with many
modifications of struciure, arrangement, proporticns, sizes, materials, and componenis and
otherwise, used m the practice of the disclosure, which are particelarly adapled {0 specific
envivonments and operative requirements without departing from the principles described
herein. The presently disclosed embodiments are therefore to be considered in all respects as
dlusirative and not restrictive. The appended claims should be constiued broadly, to include
other variants and embodiments of the disclosare, which may be made by those skalled 1o the

art without departing from the scope and range of equivalents.
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CLAIMS

What s claimed s

i, A nuclear reactor vessel comprising:

an elongated cylindrical body defining an internal cavity coniaming primary
conlant water;

a nuclear firel core disposed in the internal cavity,

an elongated shroud disposed in the mdernal cavity, the shroud comprising an
inner shell, an outer shell, and a phurality of intermediate shells disposed between the
inner and oater shells; and

a phorality of annular cavivies formed between the 1nper and outer shells, the

annular cavities baing filled with the primary coolant water,

2. The reactor vessel of claim 1, wherein the annular cavities are fluidly interconnectad
by a plurality of deain holes.

3. The reactor vessel of chum 1, wheren the outer shell includes drains holes 1o hudly
comnect the primary coolant water i the internal cavity of the reactor vessel with the
anaular caviies.

4, The reactor vessel of claim 1, wherein the iniermediate shells have a lengih that s
coextensive with the fength of the shroud.

5. The reactor vessel of claim 1, wherein the shroud forms a riser region mside the
shroud and a downcomer region between the shroud and the body of the reactor
vessel.

6. The reactor vessel of claim 3, wherein the fuel core is disposed nside the shrond.

7. The reactor vessel of claim 5, wherein the shroud has a bottom which 18 spaced
vertically apart from a bottony of the reactor vessel to form a fluid fow path between
the downcomer and riser regions.

8. The reactor vessel of claim 1, fiwther comprising a phwality of seismic springs
disposed between the shroud and the body of the reactor vessel for lateral restraint.

9. The reactor vessel of claim 8, whereiu the seismic springs are arcuately shaped.

JR4N The reactor vessel of clainm i, wherein the shroud is compnised of vertically-stacked

shroud segments coupled {ogether.

§
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i1 The reactor vessel of clainy 1, wherein gach shroud segment includes an mnulay top

closare plate and ay avoudar bottony closure plates.

12. The reactor vessel of claim 11, wherein the mner, outer, and ntermediate shells are
seal joined to the top and bottom closure plates.

13, The reactor vessel of claim 11, farther comprising a clamp coupling the top closure
plate of one shroud segment to the bottom closure plate of an adjoining shroud
segment.

{4, The reactor vessel of claim 13, wherein the clarp is pivotably mounted 1o g shroud

segment.

m...
LA

The reactor vessel of claim 13, further comprising a seismuc restraint fixedly atiached

to the clamp, the seisnue restramt configared {o engage the body of the reacior vessel.

16, The reactor vessel of claim 15, wherein the seismic restraint is an arcuately-shaped

leal spring.

17, The reactor vessel of claim 13, wherein the seismic resivaint is pivotably movable

with the clamp.

I8, The reactor vessel of clam 1, wherein the intermediate shells are spaced apart from

sach other by spacers disposed in the annular cavities.

19, The reactor vessel of claim 1, wherein the spacers are spot walded 1o the intermediate

shells.

200 A shroud segment for a nuclear reactor vessel, the shroud segment comprising:

an elongated inner shell;

an elongated outer shell;

a plurality of elongated ntermediate shells dispused betwesn the inner and
outer shells;

the mner shell, outer shell, and mtermediste shells being radially spaced apart
forming a phwality of annular cavities for holding water;

a top closure plate attached to the top of the shroud segment; and

a bottom closure plate attached 1o the bottow of the shroud sepment;

wherein the top and bottom closure plates are configured for coupling to

adjoining shroud segments to form a stacked array of shroud segments.

- 16 -
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The shroud segment of claim 20, whereins the annalar cavities extend from the top

closare plate to the bottom closure plate.

22, The shroud segment of ¢laim 20, wheremn the annular cavities ave fluidly

interconnected by a plurality of drain holes extending through the intermediate shells.

23, The shroud segment of claim 22, whergin the drain holes are radially staggersd

between adjecent intermediate shells.

24, The shroud segment of claim 22, wherein the outer shell inchudes drains holes 1o

flutdly connect the annular cavities to an exterior of the shell segment.

258, The shroud segment of claim 20, wherein the intermediate sheils have a length that is

coextensive with the fength of the shroud.

26, The shroud segment of clatin 20, further comprising a mounting clamp pivotably
attached to the bottom closure plate. the mounting clamp movable between an open

unlocked posttion and a closed locked position.

27, The shroud segment of claim 26, wherein the mounting clamy is aftached to a radially
extending mounting lug on the bottom closure plate.

28, The shroud segment of clain 26, wherein the mounting clamp includes a recess
configured to recetve a mounting lug on a top closure plate of a second shroud

segnent.

29, The shroud segment of claim 26, wherein the mounting clmnp nclades 3 lockmy

fastener for holding the mounting clamp o the closed locked position.

30, The shroud segment of claim 20, further comprising an arcuately shaped sexsimic

restraint fixedly attached to the shroud segment.
31, The shroud segment of claim 30, wherein the seismic restraint 1s a leaf spring.
32, The shroud segment of claims 26 and 30, wherein the sexsmic restraint s fixedly
attached 1o the clamp and pivotable with the clamp.
33, The shroud segment of claim 20, wheremn the top closure plate includes radially

exiending lifting lugs configured for rigging.

[

A method for assembling a shroud for a nuclear reacior vessel, the method
el
COMPrISmg;
providing a first shroud segment and a second shroud segment, each shroud

S 17 -
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38.

segment inchsding a top closure plate and a botiom closure plate;

abutting the top closure plate of the second shyoud segment against the bottom
closure plate of the first shroud segment;

axially aligning a first mounting lug on the first shroud segiment with 8 second
mowtting lug on the second shroad; and

locking the first mounting lug to the second mounting lug to couple the first

and second shroud segments together.

The method of claim 34, wherein the locking step is preceded by pivoling a3 mounting
clamp attached to the first shroud segment from an wnlocked open position {o a locked
closed position.

The methad of claim 33, wherein the locking step includes receiving the first and
second mounting lugs Into a recess formed in the meounting clamp.

The method of claim 34, wherein the locking step further includes Ughtening a
fastener 1o engaged with the clamp and first or second focking lugs.

The method of claim 35, wherein the mounting clamp inclodes an arcuately shaped

seismic restraint configured (o engage an interior suwrface of a reactor vessel
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