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[57] ABSTRACT

An apparatus for repairing the core shroud of a nuclear
reactor having one or more cracked verlical seam welds, The
repair involves installation of a ring aroumd the circumfer-
ence of the shroud while the reactor is shutdown, The ring
is tensioned with 2 mechanical preload and then verticatly
supported with shear bolts or struts. The ring is made of an
allov having a coefficient of thermal expansion less than the
cosfficient of thermal expansion of the shroud material.
When the reactor returns to operation, the consequent tetn-
perature rise causes the shroud to expand more than the ring
expands. As a result the ring exerts a circurnferential com-
pressive load across any ecracks in the vertical seam welds
intersected by the ring,

18 Claims, 6 Drawing Sheets
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1
REACTOR CORE SHROUD REPAIR USING
THERMALLY TENSIONED RING TO APPLY
COMPRESSION ACRQOSS SHROUD
VERTICAL SEAM WELDS

FIEL.D OF THE INVENTION

This inveption relates to maintenance and repair of
nuclear reactors. In particular, the invention relates to the
repair of the fuel core shroud of a boiling water reaclor.

BACKGROUND OF THE INVENTION

A conventional boiling water reactor is shown in FIG. 1.
Feedwalter is admitted into a reactor pressure vessel (RPVY)
10 via a feedwater inlct 12 and a feedwater sparger 14. The
feedwater flows downwardly through the downcomer annu-
lus 16. which is an annular region between RPV 10 and a
core shroud 18. The core shroud I8 is a stainless steel
cylinder which surrounds the nuclear fuel core 20, which is
ruade up of a plurality of fuel bundie assemblics 22 (only
two 2x2 amays of which are shown in FIG. 1). Bach array
of fuel bundle assemblies is supported at the top by a top
guide 24 and at the bottom by a core platc 26.

The water flows throogh downcomer annuius 16 to the
core lower plenum 25. The water subsequently enters the
fuel assemblics 22. wherein a boiling houndary layer is
established. A mixture of water and steam enters the core
upper plenum under the shroud head 28, The steam-water
mixture flows through standpipes 30 and cnters steam sepa-
rators 32.

The BWR also includes a coolant recirculation system
which provides the forced convection flow through the core
necessary to attain the required power density. A portion of
the water is sucked from the lower end of the downcomer
annulus 16 via recirculation water outlet 34 and forced by &
cenirifugal recirculation purmgp (Dot shown) into jet pump
assemblies 36 {only one of which is shown) via recirculation
water inlets 38. The jet pump assemblies are circurnferen-
tially distributed around the core shroud 18.

Stress corrosion cracking (SCC) is a kpown phenomenon
occurring in reactor components. such as structural
members. piping. fasteners. and welds. exposed to high-
temperature water. The reactor components are subject o a
variety of stresses associated with, e.g., differences in ther-
mal expansion, the operating pressure needed for the con-
taintnent of the reactor cooling water, and other sources such
as residual stress from welding. cold working and other
inhomogeneous metal treatments. In addition, water
chemistry, welding, heat treatment. and radiation can
increase the susceptibility of metal in a component to SCC.

In particular, stress corrosion cracking has been found in
the vertical seam welds or heat affected zones thereof in the
core shroud 18, This diminishes the structural integrity of
the shroud. which vertically and herizonlally supports core
top guide 24 and shrotd head 28. Thus. there is a need for
amethod and an apparatus for repairing a shroud which has
cracks in or near the vertical seam welds.

SUMMARY OF THE INVENTION

The present invention is an apparatus for rcpairing a
shroud in which one or more vertical seam welds have
experienced SCC, The repair involves the placement of &
tensioned segmented or linked ring around the circumfer-
ence of the shroud during shutdown of the reactor. The ring
is placed at an elevation sc that it bridges the cracked
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vertical weld seam. thereby allowing fransmission of seis-
mic shear and pressure loads across the weld joint. Multiple
rings can be placed along the length of a cracked vertical
seam weld. The number of rings installed along a given
vertical seam weld can be determined based on the space
available and the magnitude of the loads anticipated.

In accordance with a first prefecced embodiment of the
invention. the ring comprises a multiplicity of arc-shaped
ring segments pivotably coupled end to end. and a tum-
buckle pivotably coupled to the terminal ring segments.
Each coupling comprises a hinge pin oriented generally
vertically, The radius of curvature of each ring segment is
greater or less than the radius of the shroud for optimum
hoop stiffness. This initial curvaturs mismatch is lessened.
but not eliminated during subsequent iensioning of the ring.
i.e.. under circumferential Joading, the curved segment will
bend to more closely match the curvature of the mating
shroud, apd extend circumferentially by more than due to
only the average hoop strain in the segment cross section.
This mechanism provides an adjustable design feature to add
circumferential flexibility to the ring. The residual curvature
mismatch allows the ring segmeats to flex toward the shroud
in response to thermal transient events, minimizing changes
in the ring tension. Thus, the ring is able to flex without
exceeding design stress limits or losing required preload.

In accordance with a second preferred embediment, the
ring comprises a chain of arc-shaped ring links tensioned by
a turnbuckle. The ring links are pivotably coupled in series
by link couplings. Each link coupling comprises two paralilel
side plates connected by two parallel pivot pins. Hach pivot
pin is loosely inserted in a hole formed in an end of the
adjacent arc-shaped ring link. As above, the hoop stiffness of
the assembly may be optimized by varying the amount of
bending induced in the curved ring links due to circumfer-
eptial loading. The turnbuckle is used to apply a desired
initial installation preload tcnsion to the ring. It comprises a
pair of opposed threaded conpectors attached to clevises
which arc pivetably coupled to the respective terminal ring
links by respective clevis pins.

During installation of the segmented or linked ring, the
reactor is shutdown and at a relatively low temperature, e.g..
about 100° F One step in the installation procedure is to
preload the ring sufficicntly tohold itin place with relatively
low tension by marnipulating the tirpbuckle. When the
installation procedure is completed. the reactar is restarted
and the temperzature inside the reactor rises to about 530° F.
In accordance with the invention. the ring is made of a
material having a coefficient of thermal expansion which is
fess than the coefficient of thermal cxpansion of the shroud
material. Therefore. as the temperature rises inside the
reactor, the shroud and ring undergo differential thermal
expansion, to wit, the shroud expands more than the ricg. As
a result, the mechanically tensioned ring experiences an
increase in temsion due to differential thermal expansion.
The mechanically and thermally tensioned ring applies a
circumferential compressive force across the vertical seam
welds intersected by the ring. The magnitude of that cir-
cumferential compressive force is a function of the respec-
tive coefficients of thermal expansion, the magnitude of the
temnperature increase, the outside circumference of the
shroud and the stiffness of the rinp segments or links.
Varjation in the mismatch between the curvatures of the
mating segment and shroud surfaces may be used to achicve
optimum operating preload to support the shroud loads
without exceeding ring design stresses.

In accordance with another aspect of the invention. sup-
port means are provided for ensuring the vertical location of
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the ring. These vertical support means also support the
weight of the ring in the event that the ring loses tension
during severe transients, thermal or neutron fuence-induced
creep ar loss of frictional stabilization due to vibratory
excitations in the reactor. In accordance with one prefemmed
embodiment, (he vertical support meaas comprise a plurality
of shear bolts which are used to fasten the ring to the shroud
at 2 plurality of azimuthal positions. Alternatively. the ring
can be supponied at a plurality of azimuthal positions by
respective vertical locating struts which stand on the shroud
support plate.

The shroud repair rings in accordance with the present
invention are designed to withstand the thermal and radio-
logical conditions which the shroud is subjected to. Further.
the shroud repair rings are designed and installed such tha
removal of jet pump inlet mixers and RPV beltline inspec-
tion can be performed without removing the repair rings.

These shroud repair designs are advantageous because
they allow fast installation using a minimum number of
fasteners and minimum jnvessel machining, All steps in the
installation of the shroud repair rings are performed
remotely. All holes in the shroud are circular cylindrical so
that machining the shroud holes, where reguired. is simgpli-
fied. In addition. the shroud repair rings occupy little space.
which minimizes the impact on other activities inside the
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reactor and permuits installation and use in conjunction with -

other repairs for horizontal welds. The two configurations
{sepment and link) allow selection of altcrnate remote
installation methods, based or customer preference and
installation experience.

BRIEF DESCRIPTION OF THE DRAWINGS

¥IG. 1 is a schematic showing a partially cutaway per-
spective view of a conventional BWR.

FIG. 2 is a schematic showing a sectional view of a
portion of one type of BWR core shroud.

FIG. 3 is a schematic showing a developed azimuthal
view of a BWR core shroud having vertical scam welds
bridged by tensioned segmented rings in accordance with a
first preferred embodiment of the invention.

FIG. 4 is a schematic showing a sectional view of a
portion of a tensioned segmented ring placed around the
core shroud in accordance with the first preferred embodi-
ment,

FIG. 5 is a schematic showing an elevational view of the
portion of the tensioned segmented ring shown in FIG. 4.

FIG. 6 is a schematic showing a devetoped azimuthal
view of a BWR core shroud having vertical seam welds
bridged by tensioned linked rings in accordance with a
second preferred embodiment of the invention.

FIG. 7 is a schematic showing a sectiopal view of a
portion of a tensioned linked ring placed around the core
shroud in accordance with the second preferred embodi-
meaft.

FIG. 8 is a schematic showing an elevational view of the
portion of the tensioned linked ring shown in FIG. 7.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Refemring to FIG. 2, one type of core shroud 18 comprises
a shroud flange 18z for supporting the shroud head; a
circular cylindrical upper shell section 185 welded to shroud
head flange 18a; an annular top guide support ring 18¢
welded to upper shell section 185; circular cylindrical top,
middle and bottom mid-core shell sectivns 184, 184 and 18e,
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with top section 184 welded to top guide support ring 18¢
and bottom section 18e welded to an annular core plate
supportring 18f; and a lower shell section 18g welded to the
core plate support ring 18 The top. middle and bottom
sections 184 18k and 18¢ of the mid-core shell section are
of equal diameter. The top mid-core shell section 184 is
joined to the middle mid-core shell section 184 at an upper
mid-plane girth weid 50a; the bottom mid-core shell section
18¢ is joined to the middle mid-core shell section 184 at a
lower mid-plane girth weld 508. The diameter of upper shell
section 185 is greater than the diameter of the mid-corc shell
sections, which are in turn greater than the diameter of lower
shell section 18g. The entire shroud is supported by shroud
support 51. which is welded to the bottom of lower shell
section 18§ and by annular shroud support plate 52, which
is welded at its inner diameter to shroud support 51 and at
its cuter diameter to RPV 1. All of the aforementioned
welds extend around the entire circumference of the shroud
and constitute the shroud girth seam welds.

Referring to FIG. 3. each mid-core shell section (184, 18¢
and 18k) consists of two 180° half-shell sections which are
joined at a pair of vertical scam welds—welds 56a, 566 for
top mid-core shell section 184; welds 584, 585 for middie
mid-core shell section 18k; and welds 56¢, 56d for bottom
mid-core shell section 18e. The vertical seam welds 584,
586 are azimuthally staggered relative to the vertical seam
welds 56a—56d.

Stress corrosion cracking has been found in the shroud
scam welds or heat affected zones thereof. In the case of
cracked vertical seam welds, one or more tensioned rings.
each circumsaibing the shroud at a different elevation. can
be arranged aloag the weld length. As seen in FIG. 3. in
accordance with one exemplary arrangement, a segimented
ring 60z is installed at an elevation of the top mid-core shell
section 184 and bridges the vertical seam welds 56¢ and
565, two segmented rings 60b, 60¢ are installed at respective
elevations of the middle mid-core shell section LBk and
bridge the vertical seam welds 58a and 58b; and a seg-
mented ring 604 is installed at an elevation of the bottom
mid-core shell section 18e and bridges the vertical seam
welds S6c and $64. A similar arrangement shown in FIG. &
utilizes linked rings 80a-80d instead of segmented rings. In
both cases, each tensioned ring applies a circumferential
compressive load across the vertical seam welds at a respec-
tive elevation. This reinforces the shroud, reacting the ten-
sion ioad from internal pressure which could otherwise open
the crack along the seam weld. causing unacceptable leak-
age. Rings may be installed only at elevations where the
vertical seam welds are cracked.

In accordance with the first preferred embodiment shown
in FIG. 3, each segmented ring 60a—60d comprises a mul-
tiplicity of arc-shaped ring segments 62 pivotably coupled
end to end by respective hinge pins 64. The first and last ring
segments are in turn pivotably coupled to a turnbuckle 66 by
respective hinge pins 64. The structure of the segmented
rings in accordance with the first preferred embodiment will
be described with reference to FIGS. 4 and 5, which depict
the segmented ring 60a that circumscribes the top mid-core
shell section 184 The other segmented rings shown in FIG.
3 have an identical stucture.

The ring segments in accordance with the first preferred
embodiment are designed to flex under tension. As seen in
FIG. 4. prior to ring tensioning each ring segment 62 has a
radius of curvature less than the radius of the shroud at the
ring elevation. ie.. the radius the top mid-core shell section
184. (As used herein, the term *radius of curvature of the
ring segment” refers to the inner radius of curvature of the
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ring segment and the term “radius of the shroud™ refers to
the outer radius of the shroud.) When tension s applied {0
the ends of each ring segment, the ring segments Aex toward
the shroud. Howewer, the ring segments are designed to flex
in response to the design (ic.. mechanically and thermally
produced) tension by an amount less than that required for
the mid-portion of the rinp segment to contact the shroud.
Thus, as seen in FIG. 4, in the finally installed state the
shroud and ring segments have a residual curvature mis-
match which allows the ring segments to flex toward or
away from the shroud in response to relative thermal dif-
ferential cxpansion from transient events that deviate from
the normal operating temperature distribution. This flexibil-
ity minjmizes corresponding deviation from the desired
mechanically and thermally preloaded condition of ring
tension.

Each ring segment 62 is pivotably coupled to the adjacent
ring segment by means of a vertical hinge pin 64. which
penctrates the aligned apertures of the interleaved fingers
68 and 685 inlegrally formed at the respective ends of the
ring segments. Thus. adjacent ring scgments are mutually
pivotable about the axis of the hinge pin which couples
them, which contributes to the flexibility of the ring. The pin
connections also allow for assembly of the ring in picces of
manageable size for remote installation in the limited space
access available.

The terminal ring segments are pivotably coupled to a
turnbuckle 66 (shown in FIGS. § and 6) by respective hinge
pins 64. The turnbuckle is adjusted to produce the desired
initial tensile mechanical preload in the segmented ring. The
turnbuckle 66 comprises a first coupling 78z connected to ot
integrally formed with a right-hand threaded shaft 724 and
a second coupling 705 connected to or integrally formed
with a left-hand threaded shaft 725. Coupling 70z comprises
fingers 7da which are interieaved with the corresponding
fingers 685 of the adjacent ring segment and which are
apertured for receiving a hinge pin 64. Similarly. coupling
78h compriscs fingers 74k which are interleaved with the
corresponding fingers 68 of the adjacent ring segment and
which are apertured for receiving a hinge pin &4. The
turnbuckle 66 further comprises a sleeve 74 having a right-
hand thread engaged with the right-hand thread of shaft 72a
and a left-hand thread engaged with the left-hand thread of
shaft 72b. As a conscquence, when the sleeve is rotated in
the direction of ring tensioning. the threaded shafts 72a and
72b, and the ring segments coupled thereto, are pulled
together.

After the ring has been assembled. the sleeve 74 of
turnbuckle 66 is rotated in the direction of tensioning the
ring. Sleeve 74 is rotated until the desired tensile preload is
produced. This tensile preload causes the ring segments to
flex toward the shroud. as described previously.

In accordance with the invention, the shafts of two shear
bolts 76 extend into correspending aligned holes in the
segmented ring and underlying top mid-core shell section
184. As shown in FIG, 4, each shear bolt 76 is fastened by
means of a respective retaining nut 78. The holes in the ring
are made before installation. These holes are then aligned
with the vertical seam welds and may be used as guides to
locate the equipment for machining aligncd holes in the
shroud. The holes in the shroud can be formed by eiectrical
discharge machining or any cther suitable machining tech-
nique.

Becausc the holes in the shroud are machined at the
arimuth lines of the vertical seam welds 56a, 565, the shear
bolts inserted therein will transmit shear load while prevent-
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ing relative vertical shear displacement at the edges of the
welded shroud sections. The shear bolts 76 provide positive
location of the scgmented ring 60 relative to the shroud.
blocking vertical and circumferential displacements. In
addition, bolts 76 and nuts 78 position the ring positively
against possible movement on the shroud due to vibratory
excitation from the reactor environment,

Radial deflection limit stops can be installed at each
vertical weld azimuth to limit shroud deflection in the radiat
direction due to cracked welds, FIGS. 4 and 5 show a radial
deflection limit stop 106 comprising 2 base plate 1064
having a slot 108 and a stop plate 1065 extending radially
outward from the base plate 106a. The slot 108 of the base
plate receives the shaft of bolt 76. The base plate 186« is
pressed against the ring segment €2 by the bolt head when
bolt 76 is tightened. Rotation of the Limit stop 106 about the
axis of bolt 76 is prevented by an upper projection 106¢ and
a lower projection (not shown). which respectively extend
over and under the ring segment 2. For example. clockwise
rotation of the Limit stop wili be blocked when the upper
projection 106¢ bears against the top of the ring segment 62.

If the limit stops are installed before the vertical welds are
fully cracked. some radial clearance to the vessel 10 is
atlowed for relative shroud to vessel seismic motion, If the
vertical weld becomes fully cracked, the shroud can displace
radially only by the amouni of this cicarance, after which it
is supported by the vessel wall. This feature prevents dam-
age to adjacent components in the shroud annulus. such as
jet pumps. due to excessive radial deflection of the shroud at
vertical crack locations.

in acrordance with the second preferred embodiment
shown in FIG. 6. a plurality of linked rings 80a2—80d are
instalted zround the circumference of the mid-core shell
sections. Each linked ring comprises a chain of arc-shaped

ring links 82 tensioned by a turnbuckle B6. The ring links 82

are pivotably coupled in series by link couplings 84. The
linked rings 804-80d are vertically located by a pair of
vertical strets 102a and 1025, Each vertical stnit is attached
at respective spaced points along its length to a respective
linked ring. The bottom of each strut stands on the shroud
support plate 52, Preferably, struts 102z and 1025 are
located at generally diametrally opposite azimuthal posi-
tions in the downcotner annulus.

The structure of the linked rings in accordance with the
second preferred embodiment will be described with refer-
ence 10 FIGS. 7 and 8. which depict the scgmented ring 80z
that circumscribes the top mid-core shell section 184
Linked rings 8056804 shown in FIG. 6 have an identical
structure.

As shown in FIG. 7 for linked ring 80q, each curved ring
Link 82 is pivotably coupled at opposed ends to a respective
link coupling 84. Each link coupling 84 comprises two
parallel side plates 884, 885 connected by twa parallel pivot
pins 96, 90b. Bach pivot pin is engaged in a hole formed in
an end of the adjacent arc-shaped ring link 82.

The terminal ring links in the chain are pivotably coupled
to a turnbuckle 86 (shown in FIGS. 7 and 8) by respactive
clevis pins 94a and 94b. The turnbuckie is adjusted to
produce the desired initial mechanical tensile preload in the
linked ring. Turnbuckle 86 comprises a first coupling 92a
connected to or integrally formed with a right-hand threaded
shaft 96g and a sccond coupling 924 connected to or
integrally formed with a lefi-hand threaded shaft 965. Cou-
pling 92a comprises a clevis which is pivotably coupled to
the end of the adjacent ring link by clevis pin 94a. Similarly.
ceupling 925 comprises a cievis which is pivotably coupled
10 the end of the adjacent ring link by clevis pin 944,
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The turnbuckle 86 further comprises a siceve 98 having a
right-hand thread cogaged with the right-hand thread of
shaft 96¢ and a left-hand thread engaged with the left-hand
thread of shaft 965, As a consequence, when the sleeve is
rotated in the dircction of ring tensioning. the threaded shafits
96a and 965, and the ring links coupled thereto, are pulled
together. After the desired tensile preload is applied. the
turnbuckle can be locked by suitable means {pot shown) to
prevent steeve rotation in the direction of ring detensioning.
For example, a device which bears apainst the shroud to
prevent sleeve rotation could be engaged with the sleeve.

In accordance with the second preferred embodiment,
each ring link 82 is curved whereas the link couplings 84 arc
straight. As seen in FIG. 7, the side plate 88b of each link
coupling 84 bears against the external surface of the shroud.
A respective contact pin 100 may be attached to the mid-
portion of each ring link 82. In the fully tensioned state, the
contact pins bear against the shroud and act as a spacer. The
prosence of the contact pins 100 reduces the beading stress
at the link coupling cansed by the tendency of the ring links
to straighten when the ring is under tension.

In accordance with the second preferred embodiment, the
linked rings 80u-80d are vertically located by a pair of
vertical struts 102a, 102 installed at diametrally opposite
positions in the downcomer annulus. The vertical struts
serve the same purpose as that of the shear bolts discussed
in the description of the first preferred embodiment.
Therefore, it will be apparent to the person skilled in the art
that either vertical locating device can be adapted for use
with either segmented rinps or linked rings.

In the arrangement depicted in FIG. 6, one vertical strut
1024 is fastened at a respective elevation to a link coupling
84 of each linked ring 80a—80d. For each linked ring. this is
accomplished by providing a link coupling pivot pin having
a threaded extension which passes through a corresponding
hole in the strut and then screwing a retainer aut onto the
threaded extension to fasten the strut 102a to the link
coupling. Similarly. the other vertical strut 1025 is fastened
at a respective elevation to a turnbuckle clevis 92b (shown
in FIG. 8) of each linked ring 880—80d. For each linked ring,
this 15 accomplished by providing a clevis pin 945 having a
threaded extension which passes through a comesponding
holz in the strut 1025 and then screwinhg a retainer nut 104
onto the ttucaded extension to fasten the stut 1025 to the
clevis. Suitable means (not shown) can be provided to
prevent the vertical struts from displacing or rotating. for
example, braces attached to the struts which contact existing
features of the jet pumps.

FIGS. 7 and 8 show a radial deflection Limit stop 110
comprising a base plate 1108 having two slots 112 and a stop
plate 110z extending radially outward from the base plate
1105. The base plate slides over the threaded shafts of pivot
pins 98a and 905, and is held in place by nuts 114z and 1146
tightened onto the threaded shafts of the pivot pins. As
mentioned previously, a plurality of such lirit stops can be
arranged at azimuthal angular intervals around the shroud.

Whean the segmented or linked ring of the invention is
tensionad during differential thermal expansion of the
shroud and the ring, each of the ring segmenls or links can
flex radially inward toward the shroud. The desired amount
of flexure will depend on the design specifications. which
are specific to the particular reactor being repaired. By
proper design of the flexible ring segments or links. the
optimum circuraferential compressive thermal preloading
can be produced across the vertical seam welds during
startup of the reactor. In accordance with the invention, the
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8
ring segments and ring links are made of Ni—Cr—Fe atloy
X-750 or otber high-strength alloy with suitable fluence
relaxation and corrosion resistance properties in the BWR
environrnent.

The circumferential restraint apparatus of the invention
restrains a cracked shroud against vertical joint separation
by applying a thermal preload which is the result of differ-
ential thermal expansion of the shroud and the restraint
apparatus. A desired differential thermal expansion preload
can be attained by the selection of appropriate flexibility due
to curvature of the members and appropriate coefficients of
thermal expansion of the materials. For example. a typical
shroud is made of Type 304 stainless steel having 2 mean
cocfficient of thermal expansion Otye,es=9.42x10°¢ inch/
inch/* F. In contrast, the circumferential restraint assembly
in accordance with a preferred embodiment of the invention
comprises ring segments or links made of Ni—Cr—Fe alloy
X-750, having a cocfficient of thermal expansion Cly ys5=
7.50x107° inch/inch/® F. By proper structural design of the
foregoing components. a differential thermal expansion cor-
responding to a desired thermal preload to be applied to the
shroud by the circumferential restraint apparatus, can be
achieved. The thermal preload must be sufficient to coun-
teract the separating forces exerted on a cracked shell
section by the pressure differential between the inside and
outside of the shroud.

For each ring installed. the magnimde of the thermal load
applied through differential thermal expansion will be a
function of the respective coefficients of thermal expansion,
the respective temperature increases, and the circumferential
stiffness of the curved ring segments or links. It is also
necessary to apply sufficient load to account for thermal and
neutron fluence-induced relaxation of the ring material. The
thermal preload and tensile stress on the ring segments or
links can be determined in each case using structurat design
and analysis technigues.

The flexible ring segments or links are installad with
relatively low mechanical loads. assuring they are held in
place during piant heatp. The ring thermal preload is
applied during plant heatup to operating temperature, due to
differential thermal expansion of the core shroud and the
flexible ring assembly when the reactor changes from a cold
shutdown state to a hot operating state in which nuclear heat
is generaied. The differential thermal expansion occurs
because the ring segments and links are made of material
(e.g.. Ni—r—Fe alloy Inconel X-750) having a coefficient
of thermal expansion which is less than a coefficient of
thermnal expansion of the shrond material (e.g., Type 304
stainless steel). This gives an operating load sufficient to
prevent vertical cracked shroud joints from separating. The
significant forces 1o be reacted at a cracked weld by the
flexible ring assembly are seismic vertical shear icad. pres-
sure (hoop tension) load from core flow or loss-of-coolant
accidents {LOCAs) and thermal expansion. Vertical shear
load at a cracked weld is reacted by the friction between the
mating surfaces which are compressed together by the
preload tension in the Ting.

The ring asscmblics are fabricated entirely from Inconel
Alloy X-750 or other high-strength alloy with suitable
fluence relaxation and comosion resistance properties in the
BWR environment. No welding is required during fabrica-
tion or installation. This avoids weld residual stress and heat
affected zones such as contribute to cracking in the reactor
environment. For example. the ring segments or links can be
fabricated from Alloy X-750 {Ni—Cr—Fe) material that has
been heat treated at 1975425° F followed by air cooling and
age hardening after machining to increase its strength. Alloy
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X-750 has high suength and its coefficient of thermal
expansion is less than that of the shroud material. Alloy
X750 is resistant to IGSCC at the stress levels the compo-
peats witl experience during operation.

In accordance with the invention. the ring assemblies are
instailed with a small mechanical tensioning. which assures
that all components are tight after installation and during
cold shutdown. The ring assemblies are locked in place with
mechanical devices, Thus, lvose parts cannot occur without
the failure of a locking device. Alternatively. ring segments
or links can be fabricated from a high-strength stainless steel
materiaf having a coefficient of thermal expansion closer to
that of the shroud. if the ring assemblies are installed with
a large mechanical tensioning.

To mitigate conditions conducive to stress carrosion
cracking of the shroud in the vicinity of the holes for shear
bolts 76. the shear bolts can be coated with a roble metal
{e.g.. platioum or paltadium) or made from material alloyed
or doped with a noble metal. The noble metat will catalyze
the recombination of water, thereby reducing the suscepti-
bility of the shroud material to stress corrosion cracking. As
used herein, the term “noble metal™ includes platinum group
melals and mixtures thereof.

The preferred cmbodiments of the invention have been
disclosed for the purpose of illustration. Variations and
modifications of the disclosed structures which do not depart
from the concept of this invention will be readily apparent
to mechanical engineers skilled in the art of nuciear reactor
construction. For example. it should be apparent that each
ring could have more than one turnbuckle. Also, more than
two vertical struts and more than shear bolts can be instalied
around the circumference of the shroud. All such variations
and modifications are intended to be encompassed by the
claims set forth hereinafter.

I claim:

1. A reinforced core shroud of a puclear reactor. compris-
ing:

a cylindrica)] shell extending vertically between first and
second elevations and comprising first and second
shroud sections joined by a vertical seam weld;

a tensioned ring encircling said cylindrical shell and
disposed between said first and second elevations; and

a vertical support structure for vertically supporting said
tensioned ring between said first and second elevations.

2. The reinforced shroud as defined in claim 1. wherein
said cylindrical shell is made of a first material having a first
coefficient of thermal expansion. and said tensioned ring is
made of a second material having a second coefficient of
thermal expansion. said second cocficient of thermal expan-
sion being less than said first coefficient of thermal expan-
sion.

3. The reinforced shroud as defined in claim 1. whercin
said tensioned ring comprises a multiplicity of curved mem-
bers,

4. The reinforced shroud as defined in claim 3, wherein
said cylindrical shell is made of a first material having a first
coefficient of thermal expansion, and said curved members
of said tensioned ring are made of a second material having
a second coefficient of thermal expansion, said secomd
coefficient of thermal expansion beinp less than said first
coefficient of thermal expansion.

5. The reinforced shroud as defined in claim 3. wherein
said tensioncd ring further comprises a mechanism for
tensioning said curved members.
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6. The reinforced shroud as defined in claim 8. wherein
said tensioning mechanism comprises a turn-buckic.

7. The reinforced shroud as defined in claim 3. wherein
each of said curved members has a radius of curvature
different than a radius of said cylindrical shell.

8. The reinforced shroud as defined in claim 3. wherein
first and second adjacenl curved members are pivotably
coupled by a hinge pin.

9 The reinforced shroud as defined in claim 3. wherein
first and second adjacent curved members are pivolably
coupled by a link coupling comprising first and second pivot
pins. said first and second adjacent curved members being
pivotable about said first and second pivot pins respectively.

10. The reinforced shroud as defined in clairn L. wherein
said vertical support structure comprises a shear bolt which
penetrates aligned holes in said cylindrical shell and in said
tensioned ring.

11. A nuclear reactor comprising:

a reactor pressure vessel;

a core shroud arranged inside said reactor pressurce vessel
with an anoular gap therebetween. said core shroud
comprising a cylindrical shell extending vertically
between first and second elevations and comprising
first and second shroud sections joined by a vertical
seam weld:

a fuel core arranged inside said core shroud,

an acnular shroud support plate having an outer perimeter
supported by said reactor pressure vessel and an inner
perimeter which supports said core shroud, said shroud
support plate disposed at a third elevation below said
first and second elevations;

a tensioned ring encircling said cylindrical shell and

disposed between said first and second elevations; and

a vertical support structure for vertically supporting said

tensioned ring between said first and second elevations.

12, The nuclear reactor as defined in claim 11. wherein
said tensioned ring comprises a multiplicity of curved mem-
bers.

13. The nuclear reactor as defined in claim 12, wherein
said cylindrical shelt is made of a first material having a first
coefficient of thermal expansion, and said curved members
of said tensioned ring are made of a second material having
a second coefficient of thermal expansion. said second
cocfficient of thermal expansion being less than said first
coefficient of thermal expansion.

14. The nuclear reactor as defined in claim 12, wherein
said tensioned ring further comprises a mechanism for
tensioning said curved members.

15. The nuciear reactor as defined in clabn 12, wherein
cach of said curved members has a radius of curvature
different than a radius of said cylindrical shell.

6. The nuclear reactor as defined in claim 11, wherein
said vertical support structure comprises a shear bolt which
penetrates aligned holes in said cylindrical shell and in said
tensioned ring.

17. The nuclear reactor as defined in claim 11, wherein
said vertical support structure comprises a vertical strut
which stands on said shroud support plate, said vertical strut
being coupled to said tensioned ring.

18. The nuclear reactor as defined in claim 11, further
comprising a radial deflection limit stop coupled to said
tensioned ring,



