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EXECUTIVE SUMMARY

Optimization of design .dimension together:with updated calculations-have shown that-Westinghouse,
CR 99’ BWR control rods can be-operated to significantly higher Mechanical End.of Life: (MEOL)
¢onditions, as well as to Nuclear. End-of Life (NEOL) conditions with MEOL ¢xceeding NEOL:for all -
§ervice: condmons ThlS report’ (Rev. 1) introducés.an update to the'sét of mechanical design' qu1rements
previously reviewed and approved in WCAP-16182-P-A, “Westinghouse BWR Control Rod CR.
Licensing Report,” Revision 0 (March2005).- Together theirevised design: requirements and: crltena form
-assef of design bases consisting of design requirements, criteria, and verification methods which'continue
to ensure acceptable performance of the Westinghouse CR 99 BWR: control rods.

1™ The 1nd1v1dual changes mcluded in thls revision are described and-
summarlzed in the follow section. '
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SUMMARY OF CHANGES.
Revision'1to.-WCAP-16182-P-A incorporates the-following:list of changes:

L

]a.c
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1 - PURPOSE | f
The piirposesof WCAP-16182-P-A, Revision 1 are'to:
1. Present a'set of désign requirements for Westinghouse BWR control rods. Giventhese design.
' ‘requirements, a set‘of measurable criferia‘is established which, if met, ensures that the design
_ requirements are met: These revised design requirements-and criteria, together with these -

previously:approved in' WCAP-16182-P-A; Rev..0, form.aset ‘of design bases for -Wéstinghoué €
.control rods for use in BWRS..

2. Pfovide updated”methoddl‘ogy to 'evaiuate thie CR 99'de'sign against the’ measmz’ible ’criteria'to

3. .'Des‘ig:nfStfess Limits - This revision provides:an-update [
e
4, Dimensional optlmlzatlon together with updated calculatlons have shown that CR 99 can'be

operated to significantly higher Mechanical End of Life(MEOL) and Nuclear End of Life
(NEOL), thus: this report-provides the justification and bases for extended-life for Westinghouse
CR 99 control rods:used in boiling water reactors (BWRs). '

WCAP-16182:NP-A_Revision 1 - : ' October 2009




21

2 INTRODUCTION
21  BASIC WESTINGHOUSE DESIGN

The basic Westinghouse conrol tod design for which the Westinghouse experience base:is applicable and
for-which this Licensing . Topical:Report:is intended consists:of-a:control rod which:

I. Has:hotizontal absorber holes drilled:in solid stainless steel wings;

2. Uses guide'pads (buttons) orng guide pads rather than the upper pinis-and rollers used in the
Original Equipmment Manufacturer’s (OEM) control rods,

3.1

]2 '
4. Hasa velocity limiter,

5. ‘Weighsless than the design weight for the control rod drive;
6:  Hasahandle the sameas the'one it is replacing; or has-a'core grid support which allows all four
'surrounding bundles to-be-removed without needing ‘a blade guide:tohold the control rod in
place,

7. Hasah initial'worth within. [ 1 of the initial 'woith of the control rod that itis replacing,
- and ' '

8. Does not negatively impact the ability of the l.(jorc" Monitoring System to- monitor the core
(e, [ _ N ?

22  LICENSING BACKGROUND

The initial design Westinghouse control rod, designated as CR 70, i déscribed in Reference 1. This
design contained.only boron carbide (B,C) as a neutron absorber. Dug to the potential for B,C swelling-
induced cracking in the rod tip'even when a control rod is fully withdrawn, subsequent:designs have
contained hafnium (which does not swell-when irradiated) in'the tips of the rods. The CR 70 design'is no
longer manufactured. Nevertheless; many of these rods have operated;well, and are still in operation,.in
Swedish built Westinghouse reactors. ‘

© Reference 2 describes the next Westinghouse désign,:CR 82, for use'in D-Lattice BWRs. This design
contains hafniumin the top six inches of the:rod; with a total rod worth within'5 percent of the- original
control rods. ‘With the: exception of the hafnium tip; it is essentially the same desigii as the rod described
inReference.1. Use of this rod design has been approved by the NRC in Reference 3.

Reference 4 discusses‘the use of the CR 82 designin C-Lattice BWRs. This designis similar to the D-
Lattice rfod design:in.concept, with differences in geometry and envelope dimensions due to differences in
lattice designs. Use of this rod design has been approved by the NRC in Reférence 5.

WCAP-16182-NP-A, Revision 1 . October 2009
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Reference 6 discusses:: (1) asdesign, CR. 85, that-incorporates-hafnium:along the:outer edge:ofithe rod as
wellas:in.the:top six:inches as used in previous designs; ‘and (2) uses of Westmghouse control:rods in.
BWR/6 reactors.. NRC -apprevalis documented:in Referen(_:e 7.

i
des1g.n approved by the NRC in Refcrences 3 5 and 7, w1th the;foll

»report i§ the same as the CR 82
Ving: exceptlons

1. The | T as absorber materiali in'the CR.99 design
- instead .of B,C powder and hafnium. rodlets:used in‘the CR 82 design.

2. ‘The use-of AIST 316L stamless steel (SS): materialiin:the blade:wings:of the. CR 99 demgn instead
' ':of the AISI 304L:SS: used in the CR 82 demgn This change of miaterial i§ discussed.in
Refererice 8.

2.3 CURRENT/FUTURE DEVELOPMENTS:

Westinghouse's:extensive experience: with the-basic: Westmghouse control rod design-encompasses more
than 303 years in BWR-réactors of all vendors. ‘The: basx"' des1gn discussed in the prev10us séction has:
prover to. be an-excellerit demgn, andserves as thé basis for futiire desxgns Past. 1mprovements as well a3
foreseeable future: 1mprovements will involve incremental changes: on the basic desngn stich that the lalge
experience/basg of proven design can be applied to any new- design.

" Control'rod inspections (References 9 through 12) showed an increased potential:for CR 82 control rod
cracking for.rods used in high:duty (e.g.; Control-Cell Core) positions ‘in‘the core.. “High-duty” is-defined.
. asa ‘location where:the control:rod1s deeply insérted into:the core for a. s1gmﬁcant fraction of the cycle:

© Rods uséd in this Manner réceive: lugh doses-of thermnal and fast'neutrons in a short time when deeply
inserted in the ¢oré. The fast nevtron dose is,not nieasured by cuirent core monitoring systemis since:it
does not lead: dlr_ectly to control rod’ "°B .depletion, but it is w§l_1 known thatfast neutron irradiation makes
stainless steel susceptible to irradiation assisted stress corrosion cracking (TASCC).

Thus; an improved design designated CR 99:has been introduced to counteract the potential life
shortenmg IASCC phenomenon. This:desigh. uses [ 1€ as dbsorber material instead of B;C.
powderand hafhium rodlets. AISI 316L SS is the blade. wmg miaterial. AISL316L SS has proven.to be
thore resistant t6 TASCC than AISI 304L.SS (R_gfercncq ;8) This lias been shown both in materials
experiments-arid-in contrel rod operation. ' -
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31 CR99

CR 99is:a control rod design whose critical attributes are 'p'r‘esent”ed‘i'nfséct'ioﬁs 5 through 8:of this report.
A large database of operating experience shows that.these rods'meet the. des1gn requlrements listedin
“Section. 4 1 for Westinghouse control rods in BWRs:

32 CONFORMANCEMETHODS

‘ These are various methods’ by which it is poss1ble to venfy that the CR 99 demgn meets: spemﬁc criteria..
These methods include expérience; testing, analyses;and inspection..

3.3 CRITERIA

Criteria-dre'a set dquu:ir‘l‘tiﬁable, vmeas’:urablé} étandards which; if:met, enisure that the design requirements
are-met,

3.4 CRITICALATTRIBUTES

Critical-attributes are those attributes’(dimensions, materials, design values;.etc.) which, if changed; have
the potential to affect fit, form, or function of the:control:rod.

3.5 DESIGNREQUIREMENTS.

Des1gn tequireméents:are.a set:of gerieral guidelines for the desigin of Westinghouse control rods whlch if
met, ensure that Westmghouse control Tods will operate as required:in D-, C-, and S-Latuce BWRs.

WCAP-16182-NP-A, Revision 1 B | “October 2009



4 DESIGN REQUIREMENTS.
41 GENERAL
The general design requirements for Westinghouse:control rods fo be used in BWRs are:

1. ‘The:control rod-is:compatible with:the Control-Rod Drive:(CRD) system; couplmo device, fuel
fuel channels, :associated core internals, and rod handling: equipment..

2.
~veloc1ty) aret cons1stent w1t the plant safety analyses

3. “The:control rod is: designed.with mechanical stability and materials such thatscrany capablhty is
maintained throughout:control.rod life.

4. The.coritrol rod is:desighied such thit curreritly used fools can-monitor core'power distribution and
burnup. v

5. The control fod-is designed such that total Tife-cycle dose:dug to its use:(activation product:dose,
direct-dose, and disposal dose)is minimized.

6. . The.design and manufacture of the control red fulfill applicable codes-and standards, including.

B applicable parts:of the:ASME Boilé¢r’and Pressure Vessel Code.

Given the above design, reEUirements .aset of measuiable criteria, is ‘establishied which;. :if-rnet en"s'lires
that the design requiréments are ‘met. Thesgicritéria are given in Sections 5 through 8. Table 4-1 hsts the.
design requirements-along with their related criteria.

“These criteria together with the design requirements:form a-set of design bases for Westinghouse: control

rods for use in BWRs.
42 CONFORMANCE METHODS

Conformance to the acceptance criteria: (and ultimately the design requirements) is ensured by at:least.one
of the following methods:

1. Experience with identical or similar design('s)
2. Testing of prototypes, specific features, etc

3. Analyses

4, Inspection’

Of these conformance methods, experience is the preferred approach. The experience approach provides
the most applicable, directly :comparable method:for verification of conformance to-criteria. This-is why,
in general, design changes are made in small, incremental steps so thafthe_experienc',e base of previous
designs remains valid and applicable to new designs.

WCAP-16182-NP-A, Revision 1 : October2009
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“Where the: expeﬁence base does not’exis't’ or the'time to: obtain such a(l’:iase is too'l'ong,‘ 'teSﬁng of
supplement testmg, (2) to extend test results to-other product lines or deslgns or:(3)in. heu of ‘testing
when testing is not practical or is prolnb1t1vely éxpensive; and’ the analytical tools arva1lable are known:to-
give credible results

Inspection is typically used to verify the first three methods rather than directly as a conformance method.
Inspection allows. for increasing the accuracy of analyses, verifying results of tests,.and updating the
experience.base: Ius_pectioris'-.may also lead’to;improved designsr.tlirough:deteéﬁon_o'fi:previously"'
unknown or =unariticipated('problems that would not have been detected ifinspections had not been done:

. Table 4-1 .‘ _Design Requirements/Criteria Matrix

| Design Requirement Applicable Criteria®
The-control tod is compatible: with the CRB: system couphng device,; fuel - - MAS :2 3
fuel channels, and'rod handling equipment. - , OP:1,2,3,4
Thc control rod-is designed such that rod worth and transient operatlon ' ME- 3,5
(e.g., scram and-free fall velomty) are consistent with the:plant safety PH-1,2;3,4
analyses. B , OP—2 5,6

- Thie control rod is deSlgl’lCd with. mechamcal stablhty and matenals . MA2
‘thoices:stch that mechamcal funcuon 1smaintaiied throughout the, hfe of ‘ME-1 through 5

the control rod. ‘ ‘OP-7,8

- The control rod is demgned such‘that currently used tools-can monitor core : PH-3,4
power distribution;and burnup:

* The control rod'is demgned such. that total life cycle dose due to its use . MAJ
(activation product dose direct: dose, and disposal dose) is m m1m 1zed. ‘
The demgn and manufacture of the’ ontrol rod’ fulfill applicable codes and ME-2,3
standards, including’ applicable parts of the ASME Boiler 4nd Préssure
Vessel Code.
Notes:

1. Critetia Nomericlature is as follows:
MA-xx Materals Criteria (See Section 5).
ME-xx Mechanical Criteria (See: Section 6)
PH-xxPhysics Criteria (See Section 7).
OP-xx‘Opetational Critera (See Section 8)
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'52.1 Rod Wing and Handle Material

5" MATERIALS EVALUATION

51  CRITICALATTRIBUTES

The cntlcal attributes for matenals related 1tems are glven in Table 5- 1 ‘The: matenals used in the CR 99

design arealso included in the table..

5.2 CRITICAL ATTRIBUTES:DISCUSSION

‘Use of AISI 316L SS for the rod wing and handlé is based on',;extgnsive in-feactor experiénce with the:

material.. Better resistance 10 TASCC of AISI 3161 SS has made it the preferred blade wing material
(Reference 8). Since this material is:in the reactor and subject to neutron activation, limits on cobalt:
concentration are set to:minimize the release of cobalt.to:the‘primary coolant-as well as minimize direct
doses due to disposal. '

5.2:2 'Bufton and Roller Material

These components are subject to contact and are designed:to slide or ride‘against. other material: Thus the

¢ button.and roller material must:be wear resistant. :Original:equipment control rods:in GE: BWRs were

made of material containing high cobalt concentrations (50%:10.:60%). While acceptable from the wear
standpomt they released unacceptable amounts-of cobalt inito the réactor- coolant. An'EPRI project

' 1dent1ﬁed a non-cobalt matgrial, Inconiel, X750, as an acceptable faterial for use in {abrxcatlng these

components. This miaterial has beén the matenal of chou:e ‘with the specified limited cobalt content, for
the CR99:control rod. Extensive in-reactor gxperience; sconfirmed during post irradiation éxaminations,
has shown this material to perform as required, Durmg the last 10iyears, AISI 316L SS has also'been
used in control rodbuttons: Operatlonal experience with this material is-also-very good.

Operational experience has also demonstrated that the control.rods can be operated without a top button.
No'wear on any component ¢ontrol rod or fuel channels has.occurred (Reference 13):

5.2.3 Absorbing Materials

Exiensive in-reactor experience with boron carbide (B,C) powder has beenamassed on Westinghouse
BWR control rods. In-pile measurements of helium gas pressure have confirmed the validity and

conservatism of the helium release model.used in the analyses.

With CR 99, Westinghousé has introduced [
" J*° This can be compared to the highest: dens1ty of powder
about 70%, or standard sintering dens1ty of about 73%.

In a.control rod with B{C powder, the powder densifies-during.operation and also swells due to neutron
absorption reactions. Westinghouse experience is that the competing-effects-of powder densification and
swelling can result in the swelling powder.contacting the surrounding stainless steel, ‘possibly causing
IASCC.
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Reference ' 14-is updated and supeiseded by Re'fcrence.'33 which:describes the outline of the:CR.99
control rod for an S-Lattice BWR6 reactor ‘CR.99 coitrol rods! have accumulated significant operating
expenence in BWRs.

5.2.4 Velocity Limiter

The design of the velocity limiter is-very:important to the:control rod'drop accident analysis. The design
of this important.component is discussed in‘Section 8 of this report. From:a materials standpoint; the
velocity limiter must be made from a matenal which can. be readlly cast ,machinéd to-final d1mens1ons
and attached t6 the rod: wmgs Singe it is in contact with pnmary coolant cobalt content must also be
controllod The velocity _1_1_rn1ter for the CR 99:is manufacture_d from cast AISI ,304L SS.

Extcnswe in-reactor experience with all Westmghouse control. rods. has shown the acceptablhty of this
matenal for-the velocity limiter.

5.2.5 Coupling S_’o'_éket -

The design of the. coup]mg socket'is 1mportant to propet operation of the control'rod. The:design of this
component is-discussed in Section 8 of this report The: coupling socket must be made: from, a material
which can be machined to final dimensions and hassufficient strength tokeep ihe control rod coup]_cd to
the’drive mechanism. The coupling socket is manufactured from Alloy X-750. Extensive‘in-reactor
expeliencf:fwith thismaterial has shown its acceptability for.the:coupling socket.

53  MATERIALS CRITERIA AND DI’S’CUSSION

that the criteria are met CR 99 evaluatlon results are* also prov1ded

5.3.1 :Materials'Criterion 1 (M-A-:I)

Criterion

No material shall be used which results in a larger total rod. lifetime dose (direct + indirect) than does the
material which it is to replace. Ifit-does, compensatory measures must be implemented in some other
material(s) to reduce total rod dose to meet ihis criterion: ‘
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Discussion

- This:criterion.ensures that.all Westinghouse:control:rod designs will have at: least the-same (relative to
OEM rods) characteristics with respect.to: cobalt release.during ‘operation, dose-received during,
replacenient and preparatlon for dlsposal and: dlsposal-related radlologlcal parameters, (dose and cune
content),

The investigation of dose‘impact of anew material:may, only.involve verification that'the new -material
contains’less. dosecausing material. (e:ig:, cobalt) than does the. material whichritiis replacing; Foriless
obvious materials changes, the:investigation:may require:the-use.of the:Westinghouse: computer model.
BKM-CRUD (Reference:15) to-determine: the impact..

5.3:2° Materials Criterion 2:(MA-2)
Criterion =~ o

Rod wing material shall be better-than-or:equal to original blade:wing material (Type:304L stairiless: stecl):
with respect to stress corrosion: crackmg, particularly susceptibility to fast neutron IASCC.

Discussion

This criterion and its conformance methods ensure that:only materials.superior to those already in use are
used for rod wings.. Thus;it is:possible to‘use past in-reactor experience as-a conservative experience
base for the:new material..

As shown in Table 5-2, the conformance method, requlred to confirm that:a miaterialis supenor is testlng
and experience. Previois in-reactor experience with the proposed. material arid/or testmg (e. g., 1n-p11e
material tests, autoclavé tests; lead controlrods, etc;)provides confidence that'a matérial.is superior;, but
the ultimate proof is long. term use.in'its final form in control rods in the reactor.. For this reason, the lead
control rods containing critical compenents with-new material need to be inspected to confirm results of
pre-use testing and adequacy of the experiénce. base. -

5.3.3 Materials Criterion 3 (MA-3)
Criterion

~ Components shall be made of materials ‘compatible with connected and interfacing materials and
components. '

Discussion
This criterion ensures that the design will be.compatible with existing in-reactor materials.

Evaluation to confirm compliance with this.criterion will ensure that materials related considerations
(e.g., differences.in thermal expansion, wear properties, etc.) do not create problems:
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TableS:d  Materials Related Critical Attributes for the CR 99 Design

_ MaterialsCritical Attribute | D, C,and S Lattice Materialor Value
| Rod Wing:and Handle:Material AISL3T6L SS
" Cobalf Content |t -

Impurities: [ e

Velogity Limiter Roller Material | Alloy X750
Cobalt Contént. [ I

Button Matrial | Alley X750, ATSK 316155 or No Button
'Cbbalt'fCorite_nt A : [‘: e

 Absorbing Materials
Boron Carbide T

e
7 _ Placcd’in,ho’les,dr-‘illed in;staiplc_:_sssfcél o
Velocity Liiiiter Cast AISI 304L SS

Cobalt Content [ i

Coupling Socket A Alloy X-750
Cobalt Content [ Ih
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{ Table5:2.  Materials Critéria

_Criterion

Conformance

Method®)> ]

D, Cand S Laitice CR9 |

MAD) )

{ No:madterial:shail be:used-which results in:a *

o larger totdlirod lifetime:dose (d1rect+ indirect).
‘than:does the material- which-it is fo replace. If
lthdo,es,, .compensatory: measures: must:be;
‘implementedin some.othermaterial(s) to;

"educe ‘total rod dose to meet this: criterion

Analyses

‘The:materials:chosen for CR:99
‘| minimize/C€o., The'two largest
:contributors:to dose are:the: -
rollers/buttons:(due:tomovement across: |
| :other material) and the wings:(largest |
surface). gs:(larg

| 'W:iﬁitrespect.te‘.’t}.le.rOIlers’/butfons,f

the materials:chosen (Alloy X-750
and/or-AIST316L: SS) have much
less Go than'the Stellite material in:

‘the original rods: (see SectxonvS 22): 4

* With. respect 1G° the w1ng matena],

combinedwithia [
€, énistires: that: thls crlterlon 18 fiet
for CR99.

Based onthe:above, the CR 99 rod

T ‘lnﬁlt on'

(MA: 2)

Rod wing matérial shal] be better than or equal
,to ongmal blade wmg matenal (AISI 304L SS)
il : Torrosion ‘cracking;

: ipanlculafly suseepflblllty to fast héutron
Iasce.

Experierice: Testirig

TInspection

| ‘meets:this eriterion.

well as control rod
av€ proven-AlSL
ettermaterial’ than

S w1th respect toTASCC

'(Reference 8)

On this basis, the:CR-99 rod:meets this

‘criterion:

(MA-3).

Compornents shall bé'made of maténals;
compatible-with-connected and interfacing
Tnaterials and components..

Experience. Testing

Analysés

An-extensive-gxpérience base has;

showi that the design meets this
criterion, 1,.e., hoprobléms with

latching, norfiial rod movement, scram

(as'seen by rod insertion times within
“Technical Specificition limits); or

abnormal-cortosion..

.On this basis, the CR 99'rod meets this

criferion:

Note:

1. See Section 4.2 for a-discussion on Cornformance Methods.
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6  MECHANICAL EVALUATION
61 CRITICALATTRIBUTES

The entlcal attnbutes for mechamcal related items are: shown m Table 6-1.. The: attnbute values for CR 99
are:also included.

62 ATTRIBUTES DISCUSSION ' —

6:2.1 Hole Diaeter

Holesdiameter diréctly impacts the wall thickriess to the face:of the blade. Inconjunction with hole pitch,
it impacts ligamenit thickness’tothe adjacent hole. In conjurction with hole-pitch and hole depth;.this

parameter-impacts total:rod worth.

Thus,‘it;can beseen that seléction:and control -of this parameter are important to control rod désign and
in-reactof performance with respect to'both mechanical arid nuclear performance.

6.2.2 Hole Pitch.

This parameter can‘affect ligament thickness between holes and'total rod worth. Thus; while not as
critical as hole-diameter, hole pitchis still.importanit to conirol tod performance..

Hole depth is the primary paraméter Westinghouisé uses to control rod worth. Varying the hole:depth can
change the control rod worth of two otherwise identical control rods.

Due to-the amount of stainless steel between the end of the hole and the inner edge of the control rod

wing;.and the lack of stress.in that direction, difféerences:inhole depths reasonably expected for-any
control rod designs for BWRs have little impact.on mechanical performance.

6.2.4 Minimum Outer Wall Thickness

This parameter is’ 1mp0rtant in stress-analyses since-any:calculations done use: thls conservative value'in
determining stresses across’'the wall.of the control rod.

During manufacture, control rods are:inspected against this value to: ensure that the analyses performed
are valid. In general, actual valugs are. greater than the spec1ﬁed minimum. Paraméters which set this
value mnclude hole diameter, control rod blade wing thickness. and manufacturing tolerances in the hole
location.

6.2.5 Hole Ligament Thickness

This parameter is important'in stress analyses - done to détermine stresses between holes: -Parameters
which set this' value iriclude hole diameter, hole pitch and manufacturing tolerancés-in the hole location.
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6.2:6 |
1™

627 |

62.8 'Mdment'-:df‘lnertiﬁ_

Moment of ineftia is impottant mamly w1th respectiio selsmlc behavior and ablhty to insert dunng a
selsnuc event.

6.2.9 Mass of-{the Compiete Control Rod

ThlS parameter AR conjunctlon w1th the fass-of the control rod without the veloeity limiter and socket, is
important in determlmng axial stresses o the control rod during sérams.

6.2.10 Mass of the Control Rod without the Velocity Li’mit‘er and Socket

* This parameter; in conjunction with the mass-of the complete control rod, is important in determining
axial stresses on-the:.control rod during scrams.

© 6.2.11. Control Rod Désig‘n‘ Temperature

The control rod design temperature is.set by the design temperatuie of the plant reactor eOol,ént. This
valueis far below any value that could substantially degrade (melt) the material in the control rod.

6.2.12. I__Contml Rod Design Pressure

As with des1gn temperature, design pressure is set by the design of the plant reactor coolant system. Thls
value is used m deterrmmng the stresses across the hole walls due to differential pressures:

6.2.13 Handle Design

Westinghouse has manufactured control rods with both single and double handles.. The safety-function.of:
the:control rods doesmot:depend on the handle-design. However, the designs must-be: (1).checked for
compatibility with the.rod handling equipment and (2) evaluated to'ensure that the handle will beable to:
take the stresses due to normal loading and handhng Note that item (1) is addréssed in- Sectlon 8,
Operational Evaluation.,

In general, the original control'rods for D-Lattice plants were built: with.single.ﬁandles, C:Lattice plants
have a mix of single and double handle control rods, and S-Lattice plants have double handle conirol
rods: ‘
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6.3 MATERIALS STRENGTHPROPERTIES

Values of the parameters listed below, which are related.to the material used in the,control rod;.are used-to
determine Whethercalcilated stréss: Tevels aré within acceptableranges. Design stress:is derived I
according to Section 6:3.1and 6.3:2.

. Young’s Modulus, E
. “Yield Strength; Rpo. :
s Ultimate Strength, Ry

The'values f"(})’fﬂRpm and:Ry, are the minimum values specified in the material specifications.
6.3.1 'Désign:Stress
The allowable Design'Stress Liniit, Sy, for stainless steel, i§:given by
Sw=Min{ 0.9 x Rps (T°C),1/3 * Ra (T°C) 3
" This' Sy —value should be usedinall stainless steel paris:of the cont'rdl:réd in the first-place.

6.3.2. Alternative Design Stréss

Alteriiatiy ely, : previous analyses 1o remain valid, allowable Design Stress Limit, Sy, — pet Aiticle
I1-2110(b) of ‘ASME. Boiler and Pressure Vessel Codé Section THI for stainless steél may-be used:

S = Min{ 2/3 x Rpy2(20°C), 0.9 x Ry, (T°C), 1/3 x Ry (20°C); 1/3 x Ry, (TSC) }

This. Sy, —value may be used in éll. stainless:steel CR.— parts.
64  MECHANICAL CRITERIA AND DISCUSSION

Méchanical criteria to be met are stress and fatigue limits‘under differential static pressure, pressure:
cycling and scram load. | _

, j“"c Meeting criteria s_'p_ecifiéd'in this section assures that ‘a'pplicable' codes and
standards aré miet..Stresses as defined below are used in the evaluation.

General Primary Membrane Effective Stress — P, ‘

This effective stress is derived from the average value across the thickness of a section of the general
primary stresses produced by design pressure and other specified desigh mechanical loads, but excluding

all secondary and peak stresses. The allowable valie of th1s effective stress is applicable Sy, — value at'the I
design tempetature.
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Local Membrane Effective Stress —.Py,

This:effective stress.is derived:from the:average value:across the:thickness.of a section of the local
pnmaxy stregses:produced by design pressure-and-other:specified. des1gn méechanical 1oads, but excluding,
all-secondary aid peak stresses, The allowable Value ‘of this effective Stress’” is 1,5°times apphcable S —
valug;

Primary Membrane:(General or Local) Plus Primary‘Bending Effective:Stress — P£P, or PP, -

This effective stressis derived:from:the-highest value-across the thickness of a:section:ofithe general or.
local primary stresses plus primary-bending; stresses:produced by design pressiire and other-specified

des1gn mechanical Toads; biit excludmg all secondary and peak stresses. For solid rectangular sections;. _
the: allowable value,of this effective stress is'1.5 timess applicablé Si; —value. .,I

The following:criteria are shown-in: Table 6-2" along with' the conformance method(s) that show the
criteria: are:met.

6.4.1 ‘Mechanical Criterion 1 (ME-1)

Criterion

Stresses on the Wesfinghouse control od handle due:to normial loading and handling shall not exceed
allowable:values-for Level A service condition (Reference 16) anytime in life.

Discussion

This Criterion ehsufes that the control rod can be safely moved durinig receipt, initial installation,
 shuffling; removal; and’preparation for disposal.

In.the Westinghouse design, the support and-the handle have beenintegrated-with the control rod wings,

which means that there'is only -one vertical weld where the-two control rod wings are joined in the lifting.
handle. :

Durmg ‘nofinal ‘handling operatlons the lifting handlé is loaded with the weight of the control rod in air.
In the stréess analys1s this load is conservatively ¢chosen as a.concéntratéd force at the weld Tocation: on the’
horizontal ‘part:of the handle. Figure 6-1 shows an example of the Finite Element Model of a double
handled C-Lattice:-Westinghouse control rod. The applied force is assumed to be:

0.25x 2'x Control Rod Weight (in air)

wherte:

0.25 = one fourth part of the handle (This value amounts to 0.5 for single handle designs)
2.0 dynamic lifting factor (including a safety factor)
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6:5 :

The maximum. bending effective stress is then calculated on‘the honzontal part:of the:handle close to
location of the applied load..

The maximum resulting effective stresses (Pm+Py) must be lower than‘the: correspondmg allowable
stresses. Foi the: handl § fiaterial at 85°C the allowable §tress 1s n.x1.5 S, wheren 1§ the- apphcable
well ng “factor’ according 1o Reference 16, Table' NG 3352-1.

6.42 ;Mechanical!Griteri'onfi (ME-2) | | e

Criterion

Stresses in the"Westmghouse coritrol rod3 wmgs due 1o pressure differénices. (AP) across the walls shall not
=X CE & gn valués as per this teport any time'in life. Fatlgue in the Westii ghouse control
rod wmgs due to'pressure differential cycles: (APcyee) across the. walls:shall not exceed: allowable ASME
~values anytime in life.

Discussion )
This criterion ensuies that allowable stress litits are met with the maximum-outside to inside AP at

beginning of life and maximum inside to-outside AP:at the end of life; and all-differential pressures in
between throughoutithe complete lifetime of any Westinghouse control rod design.

6.4.2.1. Pressure Difference Determination

Dunng rteactor operatiof, the-gas. pressure in the control tod blades will increase with '°B depletlon from'
thig initial ﬁllmg :£as pressure’to. the design presstre at MEOL, and thus gradually change the. differential
pressure,, AP, 10'its magimum across the walls of the blades. The differential pressure for which the blade

stresses must bé:calculated 1s_alsq a f_une_non of reactor temperature and sy stem pressure.

Gas Pressure -Buildup’

]?ac:
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]315:
Pressure Due'to He Gas Remaining from. Fabrication
[
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]‘ij»c ¢
Total Ga§ Pressure Build-up
The ‘totélf gas pressure in the blade is calculated according to:
. iPhor =P & Py
[ v » . ]a,c
Design Internal Rod Pressure

o ~
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Total Differential Pressure

**

6.4.22. Stress Determination

]a,c

The highest stresses caused by this AP occur (1) in the ligaments between absorber holes; (2) in the .outer
wall of a blade adjacent to a section through-an absorber hole and (3) in the control rod’s outer edge;
farthest:from the centerline of the control rod. ‘Nosstresses exceed allowable:limits at MEOL.

Dug 10 the complicated geométl;yf‘of th'epont_r.oi'rj'bd, a thrée-dimensional FEM consisting of 20 node sqlid
tetrahedral or brick elements is used. An example of this modél is shown in Figure 6-4. The model
utilizes symmetry features of the blade section. In the model, all parameters are conservatively chosen;
¢.g.-most unfavorable tolerances: The calculations are carried out with the aid of a general purpose finite
element computer program such as ANSYS:(Reference 21).

[ N
]a,c
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]"s,"c‘j
Stresses'dué to Pressire Loads in the Control Rod Blade

[

e

‘Blade Outer ' Wall Calculation |

]si,c'

'Edge Quter Wall Calculation

Ligament Calculations

]'si,'c

All the calculated stresscsf.at_=300°G reactor dé_sigh"tcmp’erﬁture_ must be El_ow_ejr than theco’rr"esponding
allowable stress limits discussed in:Section 6.4:

6.4.2.3 Fatigue Calculation

During operation of the reactor; the gas pressurein the control.rod blades will increase mainly-due to
helium release from the boron carbide, and thus gradually will change the-pressure difference across the
absorber hole walls. Furthermore, riormal ‘start-up and:shutdown of the reactor results.in more rapid
‘variations of the differential pressure:over the walls in the control rod blades..
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Load cycling

1"
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i
6.4.3. Mechanical Criterion.3 (ME-3)

Criiterion
Stresses and fatigue in Westinghouse ¢ontrol rods:dug to scram induced loads shall not'exceed allowable:
“values.. _

Discussion

This: ¢criterioti ensures that’,app__l_icablc. stress: lir'rlitSfﬁsa;';cordir;lg.,tox(sjecti,dn‘6.3 of thi“s;'rfepOr_t‘_é_i're met with any - '
plant specific séram 1oad thiotighout the lifetime of:any Westingliouse centrol.fod design. '

6,431  Scram Load

Scram.loads aregiven-in Reference 22. During:a reactor scram, the rods are hydraulically inserted-in the:

~ reactor core and’hydro=dynamically slowed at the.end of the stroke. A scram-oad cycle is'thus defined as
a-compiessive scram force (acceleration) followed by, af.tbn_siles'cram-for"c_e;(dccﬂeleration)., The maximum
axial force in.the Vélocity limiter-and the socket occurs during the deceleration phase of the sctam with
¢old reactor conditions, and assuming a failéd buffer. This:scram is consideréd a Level B service load and
Level B service Limits as per Table 6-2 shall not-be exceeded.

Scram-of the: reactor during the-cold condition (85°C) is called cold scram, while reactor scram during
normal reactor operation (300°C) is-called hot scram. -A-“normal” scram at hot or cold conditions is
considered-a.Level A everit. I

6.4.3.2 Forcesand Stresses.in the Velocity Limiter and the Socket

[
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6.4.3.3° Fatigue Calculation in the Velocity Limiter and in the:Socket.
[
]?"?ﬁ

Membrane stresses (Pi) ensuing from tensile and compressive scram forcesiare calculatéd. The:
alternating stresses are calculated as:

Sz: =K. p£ (6.10)

EH R -

[
Finally; the cumulative usage factor, U'is calculated by:
Yot By (6.11)
T Np N

where:.

nl 72 = nimber of coldand hot scrams' ([ 1%, respectively)
- N;; Nz, = number of the cold and the'hot scrams to failure, respeciively

The total cumulative usage factor must be less than, 1.0. | -

.]a,c.
6.4.3.4 Combined Stress Determination in the: Absorber Blade-
It is assumed that a scram. may occur at any time during reactor operation, that is, at both.cold and hot
conditions. Scram:stresses occur in the blade wall in a‘section adjacent to an absorber hole, and thus must

" be superimposed on the pressure induced stresses for the operation condition analyzed.

Detailed Combined Stressés Analysis of the Control Rod Blade.

]a,c
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i

‘Bladé Outej: Wall Calculatior,

]8;@

_ Edge Outer Wall Calculation

The highestlocal primary membrane, effective stress (Pr) anfi local piimaty miémbrane plus’ bendmg

effective stréss: (Pi#Py) across ‘the, thickness: of the outer-wall:of thie: edge are calculated by the detailed FE:
analysis.

-Ligament. Calculations —

The:maximum effective-stress in aligament:s- deterrnined"by "the detailed FE"ana'lysis: 'Thi's stress‘i’s the
hxghest value across the thickness of a. ligaiment.of the-local p
primary, stress plus primary bendmg effective stréss. (PL+P.,)

e
6.4.3:5. Fatigue Calculation for the Absorber Blade

Fatigue calculations. are' performed for the absorber blade:under scram loads for both cold and hot scrams.
In the fatigue calculations, the following assumptions are.made: when calculating fatigue damage:

(

1

The total cumulative usage factor must:be less than 1.0. [
1
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6.4:4. ‘Mechanical Criterion 4 (ME-4)
Criterion

Calculated strésses.in Westmghouse control fod v w1ngs diié:to: { ]”’c shall riot-exceed.
“values known t6 catise: crackmg

Discussion

This:criterion helps-ensure '-;ftha't.:,Westinghouse control rods:reach end-of-life:before the:onset of cracking.

' ]?1}.0

1B+ n+>TLi + 4He +2i8 MeV.

I

6441 |

™
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’].a;t'
6.4.42  Differential Thermal Expansion

Thermal expansioniis calculated from the:information on the temperature-field in the bodies involved.
Thermal 'expan§i0n proceeds accbrding‘td the €quation below.,

|

1

6.4.43 |

]?,_c
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Example

i

]a,c
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6:4.5° Mechanical Criterion 5 (ME-5)
Criterion-

The Westinghous¢ control:rod shall bé capable of insertion into. the core w1thout structural.damage‘in the
presenice-of an oscillatory fu¢l (¢hannel) deflection of | 1*.

Discussion

This:criterion‘ensures that Westinghouse control rods are capable.of insertion into the core in the-unlikely
event-of relatively.large-earthquake induced oscillations of fuel channels: (bundles). The rod.mustnotbe
too stiff to adapt to the oscillating core during insertion. : ’

Seismic behaviof in terms: of inserfion time in an oscﬂlatmrJr Core is-essentially*determined by the spemﬂc
bending snﬂness and moment of inertia(MOI) of the: control rod. The bending stiffness i§:a° funcnon of
the blade span, the blade thickness, hole diameter.and pitch.. Other factors:that affect the: bending stiffness.
are:the-presence. of hafnium pins.

Acceptable seismic behavior of the Westinghouse CR 85 control rod design {

] ¢ and its capability to
withstand séistinic forces have been verified in Toshiba, laboratory tests’ under simulated’earthquake
condifions (Reference 23). ‘The seismi¢ condition was simulated by oscillating the center of the four
surrounding fuel channels. In addition, a misalignment between components. was also introduced. Scram:
insertion time was measured for different channeél deflection amplitudes, up to| e
The tests were performed at fuill operating pressuie and temperature. Testresults-are. shown in
Figures'6-5 and 6-6 for BWR 2/3/4/5 which present time to 90% insertion as a function.of channel
defléction amplitude. Flgure 6-7 shows test results for BWR-6 which: jpresents time to; 75% insertion as a
function of channel deﬂec,tlon amplitude. As Figures 6-5. to 6-7 mdwate, the We;stmghouse ‘control rod
blade inserts formid-span deflections according to Table 6-2.

617
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Inspection‘of thecontrol rod after thie seismic test showed that there.was no-functional damage and no large:
deformation: -This demonstrates that:the conirol'rod can withstand even:extremely strong seismic forces.

The Westinghiousé base design.of cornitrol:rod blades with drilled holes in $olid plates impliés a consistent
rod stiffnéss in the beam mode. That is, the expécted seismic behiaviof is the same for rods for the C-, D-
and S-Lattices. [ »

]a;c

1

~]?r°£ ‘ . _
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Table 6-1  Mechanical Related Critical Attiibutes for CR 99 Designs

Mechanical:Critical Attribute

D-Lattice CR 99°Value-or Range. ,

C-Lattice CR 99 Value or Range

" $-Lattice .CR 99 Value or'Range:

WCAP-16182:NP:A, Revision 1
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(cont.)

Table6:1  Mechanical Related Critical Attributes for CR 99 Designs: Example: AIST 316 Stainless Steel Shect material, t <0.6 in. (1Smm).

Mechanical Critical Attribute

D-Lattlce CR 99 Value or Range-

© C-Lattice CR 99 Valué o¢'Range

‘S-Littice CR 99 Value or Range
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Table 6-2 Mechanical Related Critical Attributes for CR 99 Designs:

Criterion

Conformance
Method(s)®

_5D4L2\_tt'i‘ce‘ Reference 24

‘(ME-1) Section 6.4.1
Handle::

Max Stress Intensity (PptPp)
n = 0.65 for.double-handle.
n ="1.0 forsingle:handle.

(ME-2) Section 6:4.2

‘Control Rod Blade Wings :

Primary Membrane Effective Stress (Pp);
Local Membrane Effective Stress (Pr)
and Local Membrane plus Primary
Bending Effective Stress (Pi+P;)
Cycles to Failure, CF > 200 -

(ME-3) Section 6.4.3

Velocity Limiter and Sockét:

Primary Membrane Stiess Intensity (Py,)
at cold (85°C)

and hot (300°C) conditions

Fatigue usage factor U< 1

(ME-3) Séction 6.4.3

Control Rod Blade Wings! .
Primary-Meémbréne Efféctive Stréss (Py)
at cold (85°C) and hot (300°C)
conditions '

Local Membrane Effective Stress (Py),
and Local Mémbrane plus Primary
Bending Effective Stress (PL+Py) at 85°C
and 300°C

‘Fatigue usage-factor U < 1

WCAP-16182-NP-A, Revision 1
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1

Table 6¥2.(cpnt)’Méchanic'ai Relate‘d' Y‘C_r'it'iwca;_‘l‘;vAt'tri'bufes_”.'yfoir.v CR99Des1gns .

Criterion

‘Conformance:
Method($)®"

D-Lattice'Reference 24

C:LatticeRéference24’

S-Iattice Reference 24:

(ME-4) Section 6.4.4
B,C pin to Hole'wall gap:

Initial gap wide enough to preventhard
coritact due to swelling before MEOL

(ME-5) Section 6:4:5
-a seismic event without structural.

deflection of

Control rod insertion‘into the core:during

damage with an oscillary fuel’(channel)

]a,c‘

Note:-

1. See Section 4:2 for a discussion on Conformance Methods.

[ 2. CR 99 Stress Analysis References 24-and:25 are updated by Reference 34.
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‘Figure 6-1 FEM Model of Handle
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_Figuré-6:2. ‘Helium Release vs °B Depletion

6-24.
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Figure 6-3 Design Pressure Curve
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Figure 6-4 FE Model of a Section of the Blade Wing Structure
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(Figure Not Used)

Figuré 6-5 Not used.
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Figure 6-6 Seismic Scram Insertion Test, D-Lattice
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TFigure 6-7 Seismic Scram Insertion Test; C-Lattice
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Figure 6-8 Seismic Scram Insertion Test, S-Lattice:
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7  PHYSICSEVALUTION
71 CRITICALATTRIBUTES

The c,ntlcal attnbutes for physics.related items arg: glvcn in Table*7-1. The values:for the CR 99 ¢ontrol
rod aré:also included-in-the table.

7.2 ATTRIBUTES DISCUSSION —_

7.2.1 Total Rod Worth

Rod-worth caleulations have been typically done using the PHIOENIX code (Reference 26) to allow:
comparison-of Westinghiouse control tod worth to the:worth of the rod it is replacing at various conditions:

simulating a‘range of reactor conditions. Results of these:calculations are then used to confirm nuclear
compatibility with the:core. '

PHOENIX sinigle bundle ¢al cula'uons -are made at three! dliferent condltlons s1mulat1ng various: shutdowit
conditions: '

1. Cold, clean critical - corresponding to the limiting shutdown condition,

2. ‘Hot-Full power; zero void - corresponding to a location near. the core inlet, and
3. Hot-Full power, 50% veid - corresponding:to:the top ofthe core.’
L _

]a,c

For multiple absorber control rods, the calculations are-done for each different:absorber zone separately:
The total:control rod worth difference between the Westinghouse control rod and:the replaced rod is then.,
a-weighted sum of the various zones. The: weighting factors describe:the axial power distributions and,
depend on the. type of control rod and:on the shutdown conditions, cold cléan ot hot.

The differences between Westinghouse control rods and the replaced rod using the: above procedure vary
only-slightly for any lattice type coritrol rod-design as a-function of fuel burn-up and fiil type.

7.2.2  Shutdown Margin (SDM)
In general, shutdown margin follows fod.worth, i.e., higher-worth translates to,more shutdown margin..

Westinghouse e‘ipen ence has sliown the following to be a good estimate of the: impact rod worth his on
shutdown margin at 11m1tmg cold conditions:

| e
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where::

A SDM is.the change:in SDM, relative.to-an original-equipment manufacturer’s (OEM):.rod
N Keopp 18 the PHOENIX single bundle:cold clean rod worth of the- OEM rod.

1 WithCR, _ 1 -without CR
A] = o) Bl

¢ Vithout CR: (%)

and RWD is the relative rod worth-difference between the Westinghouse-control.rod-and the rod-it’is
replacing
Ak(West )= Ak(OEM )_

RWD =— . : +100.¢%).
AK(OEM ) :

1™

For multiple absorber control:rods, total SDM is a weighted sum-of the-various-zones. |
' 1> For
Revision 1 to this-report, the.example:CR 99 absorber material outline provided-in Reference 14 has been.
updated and is supplemented by new Reference 33: The:total SDM change would continue-to be
determined by, (Reference 28, which'has similarly been updated by new Reference 35°):

o - e
where:
A SDMryi; is thie total change in:shutdown margin and.

A SDMep, A SDMygiq and A SDMg are the shutdown magin changés in the top, mid and bottom.
zomes respectively. '

Winop, WMid, and Wip,are weighting factors that describe the axial flux distribution, as discussed in
Section’'7.2.1 above. :

" As with the calculation of total rod worth, there.is only a.slight ASDM dependence:on fuel burn-up and

fuel type.

7.2.3 LPRM Detector Signal Change

This. calculation, which indicates the power distribution effect relative to-ther«:p]acéd»irod,—;is also done:
using the PHOENIX code.. Results of thiscalculation are used: to ensure nuclear compatibility and
negligible effect on the core menitoring system.

WCAP-16182-NP-A, Revision 1 ‘ © October2009



7.2.4 ‘Nudear End-of-Life (NEOL) -

Many: of the réload analyses performed, and core monitoring.codes-used in plants, assume that all control
rods.are new, full strength OEM control rods.. For this assumption to.remain valid for replacement rods,
differences in replacement rod initial worth and allowable: depletion: relative to'the OEM rods must be:
limited. Replaceméit rod initial worths of 95% to 105% of OEM initial worth, and allowable control rod.
depletion of 10%oss in reactivity from initial. OEM rod worth, have been the historical l1m1ts for GE
BWRs. Calculationof Westinghouse BWR control rod-worth reduciion is done usmg thc

- PHOENIX/XYBDRY method describedin Reference 27.

An:impottant design-parameter fof the:mechanical ‘desi‘gn of the:CR'991s [

+

I

References 28-30, updated-and supplemented by new References 35:37, show calculated NEOL's for
Westinghouse: BWR CR 99 control rods based on'the defined limit-of 10% loss in: reactivity | from initial
OEM rods: :

7.3 PHYSICS CRITERIA AND DISCUSSION

" The: followmg criteria are shown in Table 7-2: along w1th the conformance method(s) requ1red to conﬁrm
+ that the Critéria are mét. CR 99 evaluation results ar¢ ‘also shown.

7.3.1  Physics Criterion 1 (PH-1)

Criterion
Total Westmghouse control rod initial worth shall be within [ ]'f’-’cizof the initial woith of the control rod
it is'replacing. : : '

, Discussion

This criterion helps ensure that any Westinghouse control rod design-has nuclear companblhty with other
rods in-the core.as-well as.helping to ensure-that calculations performed by the installed core momtonng
_' system remain valid. In addition, this criterion ensures that in-reactor response of the: rod will be
indistinguishable from the rod it replaces

Results of calculations done for a specific lattice type.control rod design vary only slightly as:a function
of burn-up and fuel type. Thus, calculations done at theitime of initial design ofa Westmghouse control
rod for installation in.a representative core will remain valid-for the life of the-rod- and are valid for other
sumlar lattice type-cores:. '

WCAP-16182-NP-A, Revision.]l. _ : October 2009:
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Thi§-¢riterion helps ensire that:the calculations done by ‘the coréinonitoring

7.3.2. ‘Physics:Criterion 2:(PH-2)

Criterion

 The effecton shutdown margity diie 10 the usé.of 8 Westinghouse control rod shiall be'such that!

\

SDMWesﬁnghouse > ™ SDMi;eplacé'd'
Discussion

This:criterion helps ensure that'core momtonng and reload related calculations; which.ar¢ done: assummg
in’OEM control rod is. mstalled, femair valid. ’

As discussediin Section 7.2.2; results of calculatioris done for a.specifi¢ latticé‘typé control tod design

—vary-only sightly as a function-of burn-up:and fucl type:

7.3.3 Physics Criterion 3 (PH-3)
Critérion

The dliference seen by an LPRM detector dug to the use of a Westmghouse control rod relanve to the'use:
of the replaced rod in the same location shall be less than or equal to[ J*

Discussion

ysteim remain valid as well.
as ensuring that local power distribution uncertainties afe:not significantly-increaséd.

7.3.4  Physics Criterion 4.(PH-4)
Criterion

The Nuclear End-of-Life (NEOL) for a Westinghouse control rod is-reached when:its rod worth in any
quarter segment decreases to 90% of the initial worth.of an OEM ¢ontrol rod in the quarter segment.

Discussion
This-criterion helps-ensure that:core- monitoring and reload related calculations which-are done- assuining
afresh, OEM control rod is installed remain valid. A value of 90% of initial.-worih:of-an OEM rod in: any.

quarter segmerit’has been historically used for this'limitin GE BWRs.

Use of a 'W'_e'stinghouse control rod past this historical limit is acceptable-as long as the control rod worth.
is.explicitly monitored.in appropriate. reload and core monitoring ‘codes, mechanical limits for the

‘projected longer life are investigated, and appropriate inspections are carried out after the: Westinghouse

control rod exceeds the 10% reactivity loss threshold. For such use, end of life for the Westinghouse
contiol rod would occur-when either of the following occurs:

WCAP-16182:-NP-A, Revision 1 _ ‘ October 2009
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. “The:worth of the rod decreases toithe point where:fuel costs are.negatively impacted (ize., loading:
‘pattern.cannot:be.optimized dueito.the decreased worth of the:rod), or-

. A visual inspection:-detects-an Unacceptable crack.

.]a;c
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Table7-1

_ Physical Related Critical Attributes for CR 99 Designs

ysical Critial Attribiite

D-Latticé CR 99 Valug

C-Littice CR 99 Valise
or Range

S-Lattice CR99 Valie |

Total fod worth relative:to
replaced rod

‘OF, Range tase,

:Shutd,o,v'vﬁ.-:ﬁl arginrelative:
ito_-'replac,edtro’d-;

LPRM detector signal
‘chafge relative to replaced
Tod.

Nuclear End of Life:
(10% worth decrease«from
OEM.value).

“Top quarter ségment:
:2nd and'3rd.quarter
segments.

Bottom quarter segnient
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ITable 72 Physies Criteria

_ Conformance.
Criterion '

Nethod(s)®

CR 99 D- C--and'S-Lattice:
» Valuatlon Results

;(PH-l)

‘Westinghouse control rod isreached when its
-rod worth-in-any -quarter’segment decreases to
/90% of the.initial worth:of aniOEM rod: quarter-
segment.

‘Total Westinghouse;control rod: 1nmal worth: Analyses See:Table 7.1
lisshall be: within [ > ofthe initial worth of the (meets Criterion).
;control rod it 1s replacmg
Analyses See Table 7.1
(meets Cntenon)
Analyses See Table 7:1
(meets Criterion),
: "'shall be: less than or. equal to [
[ @9 .y |
i The Nuclear:End-of:Life (NEOL) for:a Analyses See Table 7.1

(meefs Cfiter'i‘or_i)

fivote:

I ¥ ‘See Section 4:2 for'a discussion.on Conforinance Methods.
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8  OPERATIONAL EVALUATION
81  CRITICALATTRIBUTES

The crmcal attributes for operational related items aregiven in“Table 8-1, The.atiribute: values used for
the.CR'99:are also included in the table.

82 ATTRIBUTES DISCUSSION c -
- 82.1 Nominal Wing Thickness:
The mostimportarit-dimensional parameter with respect 1o compatibility withi fiel ‘and fuel channels is the

control rod envelope discussed in Section 8:2:9 below. However, neminal wing thickness is:also-an
important:parameter that should be:examined for-different.rod.designs.

8.2.2: ‘Maximium Button. Thickness

Along:with the envelope dimensions, this paraméteris important with respect to fuel and channel
compatibility. The buttonis the feature which: touches the adjacent fiiel channels, helping to keep the
control rod centered in'the gap between the fuel assemblies..

The CR 99 control:rod can also be delivered with no.buiton (Reference 13).

8.2.3° ‘Maximum Wing Span

Maximum wing span i§ important to:compatibility of the rod with core int¢rnals afid CRD comiponents
(e.g., fit through the fuel support piece and fit'in the guide tube).

8.2.4 Maximum Velocity Limiter Diameter (With Rollers Installed)

This parameter is-important.inensuring compatibility with the CRD system, in pamcular the.guide tube:
The rollers on the end:of the veloc1ty limiter ride against the inside of the gulde tube. Theé: maximuri
diameter of the velocity hml_t,ev_r wnh__the,_rol‘lers_‘l_r}stalled must be such that the.rod can _trayql,fre__ely:up and
down in the guide tube without binding.

8.2.5 Total Weight

Total weight for a control rod must be Tess than that for which the CRD system was: designed.

8.2.6¢ Overall Length

Overall length is'important with respect to interfacing with the CRD system and core internals.
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8.2.7 Velocity Limiter/Coupling Design

The design-of the:velocity limiter is_-‘import'arit;with respect to.thez'free::fall;_ye’loc‘ity-vassume_d’ in the. Control
Rod:Drop Accident..

Couplmg (socket) des1gn is important since. this component provuies the'control ¥od interface with the
CRD'system.

8.2.8° Handle Design

Westinghouse has ' manufactired control rods with both single and:double handles. To-ensure
compat1b111ty with the rod handlmg equ1pment, the: handle desxgn of the Westmghouse ¢ontrol rod should
bechecked agamst the: de51gn of the replaced rod.

In general, the original rods for D-Lattice plants were built with single handles, C-Lattice plants have a
mix of single and double handle rods, and S-Lattice plants have.double. handle rods.The conirol rods can
also be:delivered with:a core:grid support, which:allows:all four surrounding bundles-to be:removed
without needing:a. blade:guide to hold the:control rod in place, provided:that.the control rod-is fully’
inseited. This means-that the handle will be extenided up'to 2:8.in. (72. mum). Whien the rod is completely
inserted, the: support will extend.into the core grid. When the rod is: completely withdrawn, the handle
will expenence ‘additional neutron fluence compared with the standard handle. “This: addmonal fluence
does not limit the use:of the rod:since the’ ‘handle is not stressed: dunng operation.

82.9 Envelope

the maximum al,l__pwed,t_\wst, and bow,along the.ful_l.length_ of ,the cont_rol rod.

This envelope-is checked for every control rod alongiits full length in a full length test fixture as part'of
the‘'manufacturing process. '

This enivelope is ifportant in determining propér rod.interface with fiel, fu¢l channgls, and other: core
internals.

8.3  OPERATIONAL CRITERIA'AND DISCUSSION

The following criteria are shown in Table 8-2-along with the conformance method(s) required to confirm
that the-criteria are met.. CR 99 evaluation results are also shown.

8.3.1 Operatibnfil Criterion 1 (.()P—l)
Criterion

The Westinghouse control rod socket shall be compatible with the existing. CRD'coupling device (spud).
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Discussion

A-good coupling design ensures-that ‘(1'.);the_:control.rod;can-ibe coupled to the-drive when-initially
installed, (2).the control rod will remaiii coupled during operation, and (3):the conitrol rod.can be:
uncoupled wheil the rod is to be.shuffled o removed. -

8.3.2 Operational Criterion 2 (OP-2)

Criterion .

The Westingliouse control rod weight shall be similar:to.the nominal-weight of the OEMtod.
Discussion

The control rod'can not significantly exceed the nominal weight of the:OEM rod due-to: considerations;of
scram capability, scramtimes and-free fall (rod drop) characteristics. ‘However the:control rod shall not
be:significantly below: the:weight of the:OEM 1od due to:settling capability, which:depends on the:-weight
of the control'fod:to.cause it to settle intorits'final position dutingnormal insertion:and withdrawal.

8.3.3 Operational Criterion’3 (OP-3)

Criterion

The Westinghouse control-rod shall be-compatible with existing:fuel, fuel channels; and core-internals:.
Discussion

This criterion is important to ensure thatnormal operation‘and sciatn capability are not impacted, i:e:, the
control rod will not damage surrounding fucl:channels; and will fit:in‘the core.

8.3.4. Opérational Criterion 4 (OP-4)

" Criterion

The Westiighouse control rod shall be:compatiblé-with control rod handling equipment:

" Discussion

This criterion'would only be.of concern in.cases where the. Westinghouse control rod handle design is
different from that which itis replacing. Examples would be providing a.double handled rod for a plant
oxfiginally-' supplied with single handled rods or ,sqpp'l_ying rods with extended handles.

Compatibility with rod handling equipmenit:is not a safety issue but,:né:verthcles's;must be investigated to
ensure that the.handling equipment.can move; install, and remove:the control rods.
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8.3.5,’ »‘;Opemﬁon.al Criterion:5 (OP-5)

Criterion

The Westinghiouse control rod free fall velosity shall be corsistent with the design basis velociry.
Discussion |

This criterion: (along with OP-2) ensures that-any Westinghouse control rod design is-consistent with the
controlirod free fall.assumptions in the plant’vsSafety&Analysi's for.the Coritrol Rod D'rop__Accident.

The veloc1ty lithiter: desngn for the-CR.99 is idéntical to the- de51gn of the OEM control rods. ThlS i
combination with control rod- wenghts Tess than those. assumed in the de51gn of thie CRD systeii, ensures
that the CR 99 meets Cnterlon OP- »

In. addltlon, free:fall velomty tests. of Westinghouse control rods have: been performed’ (Reference 30) that
show that Westinghouse control rods meet this criterion. 4

8.3.6 Operational Criterion 6 (OP-6)

_ Criterion

The Westinghouse control'rod shall not adversely affect scram.times-and seitling capability in the-reactor.
Discussion

In conjunction with OP-2, this criterion enisutes that scram times:will be consistent with those assumed ini
the plant’s Safety Analyses. Inaddition; it ensures that any Westinghouse control rod design also'settles
normally when withdrawn or inserted which,:while not a direct'safety concern, is a'necessary operational
consideration.

8.3.7 ‘Operationil Criterion7 (OP-7)

Critérion

Flow-induced vibration of the. Wéstinghouse control rods shall not.cause-defrimenial fretting of the rod or
fuel channels.

Discussion

The criterion &nsures that control rod vibration, which may be:intuced by coolant flow in guide tubes
and/orin the core, does not have.any. adverse effect on the control rod or on adjacent fuel channels.

The Westinghouse control rod is:designed to have similarclearances fo-guide tubes and fuel channels as
the-original.control rod. As a result, flow velocities and flow-patterns, and thus also rod vibrations, will
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not be:significanily changed. In:addition, interfacing surfices between the control rod.and channel are
designed'to have sufficiently.large.contact:area to avoid fretting,

8.3.8 Operational Criterion 8 (OP-8)
Criterion

Mechanical End-of-Life (MEOL) forall new Westinghouse conirol rod designs should be greater than or-
equal to the Nuclear End-of-Life (NEOL):

Discussion

This ¢titerion’is §et'as a desigi goal. Neveitheless, historical in-reactor experience has: shown that there is
a poss1b111ty of unexpected cracking due to:B,C:swelling; mateiial cold work; TASCC; ¢t¢. In reality, &
crack in‘a Westinghouse control rod has noimpact on the safety function of the rod. Rather, the'concern
isswith eventual wash-out-of‘boron carbide; resulting in unmonitored control:rod worth:reduction. Hot
cell.examinations.and neutron radiography’ in reactor pools have shown that the loss.of B;C:in
Westinghouse control rods with B,C: powder (e. g CR'70) through leachmg and washout is very limitéd
in adjacent uncrackéd holés: dunng the course of one or even several. operatmg cycles I

‘]ayc.

Westinghouse-has a policy to:follow lead:control 'rods of each design to high burn ups by performing
mspectlons From these inspections, guidélines for operation and the need-for: further inspections:of the,
'various désigns:are formulated.

A'prototype CR 99 control T6d has been operated in the: Swedish Oskarshanin 3 BWR t0 almost'S snvt
(

, l’»]*"*c Thus, the critefion of:a MEOL that exceeds the NEOL is.
considered to be met.
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Table 8-1

Operational Related Critical Attributes;

3.9 Designis.

Operational Critical-
Attribute

‘D=Lattice:CR:99 Value:

C-Lattice/CR99 Value:

S-Lattice CR 99 'Value -

Nominal witfg tHickness.

Maximum button
‘thickness:

Maximum wing:span

Maximum velocity limitek
diameter (Wwith rollers
‘nstalled):

'a,C

Nom inalvweivgh't'

‘Overall length

“Velocity imiter/coupling
(socket) design

Handle'_design'

‘Envélope
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Table 8-2 Ope_'ratiomil Critei"i’a
_ Conformance {CR99 D- and S-Lattice. Evalufltlon
Criterion Methods(s)® CR'99 C-Lattice Evaluation Results Results
(OP-1) Experience Testing: ‘Extensive database-of experience hasshown | Exterisive: database of experience has-shown

The Westinghouse ¢ontrol rod
socket shall be compatible with
the.éxisting CRD coupling device,

‘that the des1gn meets.this criterion, i'e., the

control rod couples with the spud does niot
decouple inadvertently, and can beé removed.

‘that the de51gn meets this criterion, 1.8: the
control 7od couplesiwith the spud, does not

decouple 1nadvertently, and cah'be remoyed

(spud): without problems: | without problems.
(meets criterion) (meets critérion) -
(OP-2) Testing. Analysis 10 I

‘The Westinghouse-control. rod
weight shall be similar to-nominal
weight of OEM blades.

I

| (ineets criteriort)

-

| (meetseriterion)

a,e .

(©P:3)

Experience Testmg ’

| Extensive database of experience has shown

| Extensive database ofes

erice 1ias shown:

- || The Westinghouse coritrol rod Analysis: | 'that'the design meets this criterion, ie., dogs. | thatthé des1gn megts this;criterion; i.€; dogs!
shall bé compatible-with ex1stmg |:mot imipact normal opération and scram times, | not impact'normal and stram tinies: ‘doesnos
fuel, fuel channels, and core doesnot: damag'e surrounding fuel channels;, - | damage surrounding fuel 'channels; and fits
internals: )| and fits in'thé:core internals. - | 'with'the core intérnals.

' : (meets cntenon) :(meets cr1ter10n)
.;(OP 4) Experience | Extensive database of experience has shown | Extensive:database of 'experi'ence has:shown

The Westmghouse control rod:
shall be compatible with control-
rod handling equipment.

| thatthe des1gn mieets this criterion, i, all .
| utilities: mstallmg the:CR 99 demgn havebeen |
| able:to-handle'the rods: w1thout dlfflculty
| (meets cnterlon)

| thatthe desigrimeets thisicriterion; i.e;; all
utilities mstallmg the CR'99 des1gn have
‘been-able tohandle the'rods without

| -difficulty.

| (meetscriterion)

(OP 5) Experience Testing | [ [
The Westinghouse control rod free '
-fall velocity shall be-consistent
‘with the design.basis velocity. e
» _']M (meets criterion) '
(ieets Criterion) ’
WCAP-16182-NP-A, Revision 1 October2009
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The Westinghouse control rod
shall not adversely affect scram
times and settling capability in the-
reactor-

Analysis

Table 82 Operational Criteria
(cont) . L o
Conformance © ‘CR99.D-and S-Lattice Evaluation,
Criterion Methods(s)® CR:99-C-Lattice Evaluation Results Résults
(OP-6) E_xp}evr;ience’Téstihg ‘Extensive database:of experlence has'shown: | Exiensive database of e‘cpenence has shown

‘that the design meets this criterion; i-e.  scram:
| times for Westmghouse control rods-are

|
within-the ‘eXperience base: (and meet

| Technical Spemﬁcanon times)-of the reactors

into:which they-have been installed.

‘| (meefs criterion)

‘thatthe desigr meets thiscriterion, 1.
scram times for: Westmghouse control’ rods
|-are within the-experience base: (and meet:
‘Technical Specification times) of the reactors
{ into which they have been installed.
‘(meets-criterion)

3i

Mechanical End-of-Life (MEOL)
for all new Westmghouse control
rod designs-shall be greater than or
equal to'the Nuclear. End-of-Life

(NEOL).

(OP-7) | Experience Analysis: | Extensive-databasesof experience has:shown fEXtensivetdétabase of‘expetience has:shown:
Flow-induced vibration of the ' that the: design meets this criterion, i.e., no that the design meets'this criterion;.i.e., no:
‘Westinghouse control rods shall | fretting or-wear.on the control rods.or: fuel fretting or wear on the control'rods or fuel.
not cause detrimental fretting of have been:seen during examination. { havebeen seen-during examination..

the rod or fuel channels. (meets criterion) (meets criterion) '

(OP-8) Inspection-Analysis See Section 8.3:8 .See.Section 8:3.8

(1meets criterion)

(tigets criterion)

Note:

1. See Section 4.2 for'a discussion on Conformance Methods.
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Figure 8-1 Control Rod Tolerance Envelope D-Lattice, Base Design
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Figure 8-2 Control Rod Tolerance Envelope C-Lattice, Base Design
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Figure 8-3 Control Rod Tolerance Envelope S-Lattice, Base Design
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