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EXECUTIVE SUMMARY

This report is Addendum 1 to the NRC approved Westinghouse licensing topical report WCAP-16182-P-

A, "Westinghouse BWR Control Rod. CR 99 LicensingReport," Revision 0 (March 2005).

Design dimension optimization, togetherwith updated calculations, have shown that Westinghouse CR 99
BWR control rods can be operated to significantly higher Mechanical End of Life (MVIEOL) conditions, as

well as to Nuclear End of Life (NEOL) conditions. This addendum provides an update-to the set of
design requirements previously approved in WCAP-16182-P-A Revision 0, and provides additional
design requirements and criteria to be used in combination with those previously approved in WCAP-

16182-P-A. Together, these form a set:of design bases consisting of design requirements, criteria,. and
verification methods which ensure acceptable performance of the Westinghouse CR 99 BWR control
rods.

This addendum includes

The changes provided in Addendum 1I

]2'C The individual changes that are

included .in Addendum I to WCAP-16182-P-A Revision 0 are summarized as follows.

WCAP- 16182-NP-A Addendum 1t Octi~ber 200.7
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SUMMARY OF 'CHANGES

Addendum I to WCAP-16182-P-A comprises the following changes:

[H,
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]ale

Revisions to the list of REFERENCES

Reference 14, updated - same subject
Reference 20, updated and expanded *

Reference 21, new reference **
Renumbered old Reference 21 to 22, no change
Renumbered old Reference 22 to 23, no change
Renumbered old Reference 23 to 24, no change
Deleted old Reference 24
Replaced old Reference 25 by new Reference 21
Renumbered old Reference 26 to 25, no change
Renumbered old Reference 27 to 26, no change
Renumbered old Reference 28 to 27, updated - same subject
Renumbered old Reference 29 to 28, updated - same subject
Renumbered old Reference 30 to 29, updated - same subject
Renumbered old Reference 31 to 30, no change
Renumbered old Reference 32 to 31, no change
Reference 32 added to base WCAP-16182-P-A, Rev. 0

*Reference 20: Westinghouse Atom, Report BTA 06-1056, Westinghouse BWR Stress and strain analysis

methodology for BWR CR 99 Control Rod Blades [
]",, G Eriksson, 2007

•*Reference 21: Westinghouse Report BTA 06-1276, G. Eriksson, Stress Analysis of BWR Control Rod

CR 99 for BWR/2-4 and BWR6 Reactors with D- and S-Lattice, 2006
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1 PURPOSE

The purposes of this addendum to WCAP-16182-P-A are to:

1. Present a set of design requirements for Westinghouse CR-99 control rods to be used in BWRs.
Given these design requirements, a set of measurable criteria is established which, if met, ensures
that the design requirements are met. These additional design requirements and criteria, together
with those previously approved in WCAP-16182-P-A, Rev. 0, form a set of design bases for
Westinghouse control rods for use in BWRs.

2. Update the methodology to evaluate the CR 99 design against the measurable criteria to ensure
that the design meets the design bases for Westinghouse control rods used in BWRs.

3. Design Stress Limits - This addendum provides an update

4. Dimensional optimization together with updated calculations have shown that CR 99 can be
operated to significantly higher Mechanical End of Life (MEOL), thus this report provides the
justification and bases for extended life for Westinghouse CR 99 control rods used boiling water
reactors (BWRs).

WCAP- 16182-NP-A Addendum I October 2007
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2 INTRODUCTION

2.1 BASIC WESTINGHOUSE DESIGN

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

1. Has horizontal absorber holes drilled in solid stainless steel wings,

2. Uses guide pads (buttons) or no guide pads rather than the upper pins and rollers used in the
Original Equipment Manufacturer's (OEM) control rods,

3.
Jalc

4. Has a velocity limiter,

5. Weighs less than the design weight for the control rod drive,.

•6. Has a handle the same as 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 to hold the control rod in
place,

7. Has an initial worth within f ], of the initial worth of the control rod that it is replacing,
and

8. Does not negatively impact the ability of the Core Monitoring System to monitor the core
(i.e., [ l%)

2.2 LICENSING BACKGROUND

The initial design Westinghouse control rod, designated as CR 70, is described in Reference 1. This
design contained only boron carbide (B4C) as a neutron absorber. Due to the potential for B4C 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 design, CR 82, for use in D-Lattice GE BWRs. This design
contains hafnium in 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 design as the rod described
in Reference 1. Use of this rod design has been approved by the NRC in Reference 3.

Reference 4 discusses the use of the CR 82 design in C-Lattice GE BWRs. This design is similar to the
D-Lattice rod 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 Reference 5.
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Reference 6 discusses: .(1) adesign (CR 85) thatincorporates hafnium alongthe outer edge of the rod as
well as in the top six inches as used in previous designs, and (2)' use of Westinghouse control rods in
BWRi6 reactors. NRC~approval is documented in Reference 7.

This report is Addendum 1 to the NRC approved Westinghouse licensing topical report
WCAP- 1,6182-P-A, Revision 0, "Westinghouse BWR Control Rod CR 99 Licensing Report," dated
Narch 2005 (Reference 32). Reference 32 provides the justification for use of Westinghouse CR 199
control rods in boiling water reactors (BWRs). The important characteristics of the CR 99 design are the
same as those of the CR 82 design previously approved by the NRC except for:

I. Thef as absorber material in the CR 99 design
instead ofB4C powder and-hafnium rodlets used in the CR 82 design.

2. The use of AISI 316L stainless steel (SS) material in the blade wings of the CR 99 design instead
of the AISI 304L SS used in the CR 82 design. This change of material is discussed in
Reference 8.

2.3 CURRENT/FUTURE DEVELOPMENTS

Westinghouse's extensive experience with the basic Westinghouse control rod design encompasses more.
than 30 years in BWR reactors of all vendors. The basic design discussed in the previous section has
.proven to be an excellent design, and serves as the basis for future designs. Past improvements, as well as
foreseeable future improvements, will involve incremental changes on the basic design such that the large
experience base 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
as a location where the control rod is deeply inserted into the core for a significant fraction of the cycle:
Rods used in this manner receive high dosesof thermaland fast neutrons in a short time when deeply
inserted in the core. The fast neutron dose is not measured by current core monitoring systems since it
does not lead directly to control rod 10B depletion, but it is well known that fast neutron irradiation makes
stainless steel susceptible to irradiation assisted stress c0rrosioncracking (IASCC).

Thus, an improved design designated CR 99 has been introduced to counteract the potential life
shortening IASCC phenomenon. This design uses [ ]' as absorber material instead of B4C
powder and hafnium-rodlets. AISI 316L SS is the bladewing material. AISIf316LSS has provento be
more resistant to IASCC than AISI 304LSS (Reference 8). This has been shown both in materials
experiments and in control rod operation.
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3 ,DEFINITIONS

3.1 CR 99

CR 99 is a control rod design whose critical attributes are presented in Sections 5 through 8 of this report.
A large data base of operating experience shows that these rods meet the design requirements listed in
Section 4.1 for Westinghouse control rods in BWRs.

3.2 CONFORMANCE METHODS

These are various methods by which it is possible to verify that the CR 99 design meets specific criteria.
These methods include experience, testing, analyses, and inspection.

3.3 CRITERIA

Criteria are a set of quantifiable, measurable standards which, if miet, ensure that the design requirements
are met.

3.4 CRITICAL ATTRIBUTES

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 DESIGN REQUIREMENTS

Design requirements are a set of general guidelines for the design of Westinghouse control rods which, if
met, ensure that Westinghouse control rods will operate as required in D-, C-, and S-Lattice BWRs.

WCAP- 16182-NP-A Addendum I October 2007
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4 DESIGN REQUIREMENTS

4.1 GENERAL

The general design requirements for Westinghouse CR 99 control rods to be used in BWRs are:

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

2. The control rod is designed such that rod worth and transient operation (e.g., scram and free fall
velocity) are consistent with the plant safety analyses.

3. The control rod is designed with mechanical stability and materials such that scram capability is
maintained throughout control rod life.

4. The control rod is designed such that currently used tools can monitor core power distribution and
bum-up.

5. The control rod is designed such that total life cycle dose due to its use (activation product dose,
direct dose, and disposal dose) is minimized.

6. The design and manufacture of the control rod fulfill applicable codes and standards, including
applicable parts of the ASME Boiler and Pressure Vessel Code.

Given the above design requirements, a set of measurable criteria is established which, if met, ensures
that the design requirements are met. These criteria are given in Sections 5 through 8. Table 4-1 lists the
design requirements along with their related criteria.

These criteria together with the design requirements form a set of design bases for Westinghouse CR 99
control rods for use in BWRs.

4.2 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 that the experience base of previous
designs remains valid and applicable to new designs.

WCAP- 16182-NP-A Addendum I October- 2007



4-2

Where the experience base does not exist or the time to obtain such a base is too long, testing of
prototypes as well as specific control rod features may be undertaken. Analyses are used (1) to
supplement testing, (2) to extend test results to other product lines or designs, or (3) in lieu of testing
when testing is not practical or is prohibitively expensive, and the analytical tools available 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. Inspections may also lead to improved designs through detection of previously
unknown or unanticipated problems that would not have been detected if inspections had not been done.

Table 4-1 Design Requirements/Criteria Matrix

Design Requirement Applicable Criteria(')

The control rod is compatible with the CRD system, coupling device, fuel, MA-2, 3
fuel channels, and rod handling equipment. OP-1, 2, 3, 4

The control rod is designed such that rod worth and transient operation ME-3, 5
(e.g., scram and free fall velocity) are consistent with the plant safety PH-I, 2, 3, 4
analyses. OP-2, 5, 6

The control rod is designed with mechanical stability and materials MA-2
choices such that mechanical function is m'aintained throughout the life of ME-1 through 5
the control rod. OP-7, 8

The control rod is designed such that currently used tools can monitor core PH-3, 4
power distribution and bum-up.

The control rod is designed such that total life cycle dose due to its use NIA-1
(activation product dose, direct dose, and disposal.dose) is minimized.

The design and manufacture of the control rod fulfill applicable codes and ME-2, 3
standards, including applicable parts of the ASME Boiler and Pressure
Vessel Code.

Notes:

1. Criteria Nomenclature is as follows:
MA-xx Materials Criteria (See Section 5)
ME-xx Mechanical Criteria (See Section 6)
PH-xx Physics Criteria (See Section 7)
OP-xx Operational Criteria (See Section 8)
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5 MATERIALS EVALUATION

5.1 CRITICAL ATTRIBUTES

The critical attributes for materials related items are given in Table 5-1. The materials used in-the CR99
design are also included in the table.

5.2 CRITICAL ATTRIBUTES DISCUSSION

5.2.1 Rod Wing and Handle Material

Use of AISI 316L SS for the rod wing and'handle is based on extensive in-reactor experience with the
material. Better resistance to IASCC of AISI 316L SS has made it the'preferred blade wing material
(Reference 8). Since this material is in thereactor and subject to neutron activation, limits on cobalt
concentration are set to minimize the release of cobalt to. the primary coolant as xwell as minimize direct
doses due to disposal.

5.2.2 Button 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.. Originalequipment control rods in GE BWRs were.
made of material containing high cobalt concentrations (50% to 60%). While acceptable from the wear
standpoint, they released unacceptable amounts:of cobalt into the reactor coolant. An EPRI project
identified a non-cobalt material, Inconel X-750, as an acceptable materialfor use in fabricating these
components. This material has been the material of choice, with the specified limited cobalt content, for
the CR 99 control rod. Extensive in-reactor experience, confirmed during post irradiation examinations,
has Shown this material to perforn as required. During the last 10 years, AIS1 316L SS has also been
used in control .rod buttons. Operational experience with thisý 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, control rod or fuel channels, has. occurred (Reference 13).

5.2.3 Absorbing Materials

Extensive in-reactor experience with boron carbide (B 4C) powder has been amassed 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 CR99, Westinghouse has- introduced I
]•C This can be compared to the highest density of powder,

about 70%. or standard sintering density of about 73%.

In a control rod with B4C 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
!ASCC.
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Reference 14 describes the outline of the CR 99 control rod for an S-Lattice BWR6 reactor. CR 99
control rods have accumulated significant operating experience in GE BWRs.

5.2.4 Velocity Limniter

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 material which can be readily cast, machined to final dimensions,
and attached to the rod wings. Since it is in contact with primary coolant, cobalt content must also be
controlled. The velocity limiter for the CR 99 is manufactured from cast AISI 304L SS.

Extensive in-reactor experience with all Westinghouse control rods has shown the acceptability of this
material for the velocity limiter.

5.2.5 Coupling Socket

The design of the coupling socket is important to proper 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 has sufficient strength to keep the control rod coupled to
the drive mechanism. The coupling socket is manufactured from Alloy X-750. Extensive in-reactor
experience with this material has shown its acceptability for the coupling socket.

5.3 MATERIALS CRITERIA AND DISCUSSION

The following criteria are shown in Table 5-2 along with the conformance method(s) required to confirm
that the criteria are met. CR 99 evaluation results are also provided.

5.3.1 Materials Criterion 1 (MA-1)

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. If it does, compensatory measures must be implemented in some other
material(s) to reduce total rod dose to meet this 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
replacement and preparation for disposal, and disposal-related radiological parameters (dose and curie
content).

The investigation of dose impact of a new material may only involve verification that the new material
contains less dose causing material (e.g., cobalt) than does the material which it is replacing. For less
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

Rod wing material shall be better than or equal to original blade wing material (Type 304L stainless steel)
with respect to stress corrosion cracking, 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 required to confirm that a material is superior is testing
and experience. Previous in-reactor experience with the proposed material and/or testing (e.g., in-pile
material tests, autoclave tests, lead control rods, etc.) provides confidence that a material 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 components with new material need to be inspected to confirm results of
pre-use testing and adequacy of the experience 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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Table 5-1 Materials Related Critical Attributes for the:CR 99 Design

Materials Critical Attribute D, C,.and S-LatticeMaterial or Value

RodWinpg and Handle Material AISI 316L SS

Cobalt Content [ ]ac

Impurities [ ]c

Velocity Limiter Roller Material. Alloy X-750

Cobalt C.ontent [

Button Material Alloy X-750, AISI 316L SS or No Button

Cobalt Content 2 . a1c

Absorbin gMaterials

Boron Carbide [ ]aC

al~c

Placed.in holes drilled in stainless.steel

Velocity Limiter Cast AISI 30.4L SS

Cobalt.Content. [ 13'C

Coupling Socket Alloy X4750

Cobalt Content ]2X
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Table 5-2 Materials Criteria

Conformance
Criterion Method(s)(1 ) D-, C- and S-Lattice CR 99

(MA-1)
No material shall be used which results in a Analyses The materials chosen for CR 99
larger total rod lifetime dose (direct+ indirect) minimize Co. The two largest
than does the material which it is to replace. If contributors to dose are the
it does, compensatory measures must be rollers/buttons (due to movement across
implemented in some other material(s) to other material) and the wings (largest
reduce total rod dose to meet this criterion surface).

With respect to the rollers/buttons,
the materials chosen (Alloy X-750
and/or AISI 316L SS) have much
less Co than the Stellite material in
the original rods (see Section 5.2.2).

With respect to the wing material,
the CR 99 has 1/3 of the surface
area of the OEM blades. This,
combined with a [ ]ac limit
on Co, ensures that this criterion is
met for CR 99.

Based on the above, the CR99 rod
meets this criterion.

(MA-2)
Rod wing material shall be better than or equal. Experience Testing Material testing as well as control rod
to original blade wing material (AISI 304L SS) Inspection operating experience have proven AISI
with respect to stress corrosion cracking, 316L SS to be a better material than
particularly susceptibility to fast neutron AISI 304L SS with respect to IASCC
IASCC. (Reference 8).

On this basis, the CR99 rod meets this
criterion.

(MA-3)

Components shall be made of materials Experience Testing An extensive experience base has
compatible with connected and interfacing Analyses shown that the design meets this
materials and components. criterion, i.e., no problemswith

latching, norm al rod movement, scram
(as seen by rod insertion times within
Technical Specification limits), or
abnormal corrosion.

On this basis, the CR99 rod meets this
criterion.

Note:
1. See Section 4.2 for a discussion on Conformance Methods.
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6 MECHANICAL EVALUATION

6.1 CRITICAL ATTRIBUTES

The critical attributes for mechanical related items are shown in Table 6-1. The attribute values for CR 99
are also included.

6.2 ATTRIBUTES DISCUSSION

6.2.1 Hole Diameter

Hole diameter directly impacts the wall thickness to the face of the blade. In conjunction with hole pitch,
it impacts ligament thickness to the adjacent hole. In conjunction with hole pitch and hole depth, this
parameter impacts total rod worth.

Thus, it can be seen that selection and control of this parameter are important to control rod design and
in-reactor performance with respect to both mechanical and 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 pitch is still important to control rod performance.

6.2.3 Hole Depth

Hole depth is the primary parameter Westinghouse 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, differences in hole depths reasonably expected-for any
control rod designs for GE BWRs have little impact on mechanical performance.

6.2.4 Minimmn Outer Wall Thickness

This parameter is important in stress analyses since any calculations done use this 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 values are greater than the specified minimum. Parameters which set this
value include 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 determine stresses between holes. Parameters
which set this value include hole diameter, hole pitch and manufacturing tolerances in the hole location.
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6.2.6 1

12,C

6.2.7

6.2.8 Moment of Inertia

Moment of inertia is important mainly with respect to seismic behavior and ability to insert during a
seismic event.

6.2.9 Mass of the Complete Control Rod

This parameter, in conjunction with the mass of the control rod without the velocity limiter and socket, is
important in determining axial stresses on the control rod during scrams.

6.2.10 Mass of the Control Rod without the Velocity Limiter 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 Design Temperature

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

6.2.12 Control Rod Design Pressure

As with design temperature, design pressure is set by the design of the plant reactor coolant system. This
value is used in determining 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 does not 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 be able to
take the stresses due to normal loading and handling. Note that item (1) is addressed in Section 8,
Operational Evaluation.

In general, the original control rods for D-Lattice plants were built with single handles, C-Lattice plants
have a mix of single and double handle control rods, and S-Lattice plants have double handle control
rods.
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6.3 MATERIALS STRENGTH PROPERTIES

Values of the parameters listed below, which.are related to the material used in the control rod, are used to
determine whether calculated stresslevels are within acceptable ranges.,

a,c

6.3.1 [

6.3.2

6.3.3

] ,c.
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6.4 MECHANICAL CRITERIA AND DISCUSSION

Mechanical criteria to be met are stress and fatigue limits under differential static pressure, pressure
cycling and scram load. [

] Meeting criteria specified in this section assures that applicable codes and standards are

met. Stresses as defined below are used in the evaluation.

General Primary Mem brane Stress - Pm

This 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 design mechanical loads, but excluding all
secondary and peak stresses. The allowable value of this stress is applicable Sm -value at the design
temperature.

Local Mere brane Stress - PL

This stress is derived from the average value across the thickness of a section of the local primary stresses
produced by design pressure and other specified design mechanical loads, but excluding all secondary and
peak stresses. The allowable value of this stress is 1.5 times applicable S. -value.

Primary Membrane (General or Local) Plus Primary Bending Stress - Pm+Pb or PL:Pb

This stress is derived from the highest value across the thickness of a section of the general or local
primary stresses plus primary bending stresses produced by design pressure and other specified design
mechanical loads, but excluding all secondary and peak stresses. For solid rectangular sections, the
allowable value of this stress is 1.5 times applicable Sm -value.

The following criteria are shown in Tables 6-2, 6-3, and 6-4 along with the conformance method(s) that
show the criteria are met.

6.4.1 Mechanical Criterion 1 (ME-i)

Criterion

Stresses on the Westinghouse control rod handle due to normal loading and handling shall not exceed
allowable values anytime in life.

Discussion

This Criterion ensures that the control rod can be safely moved during receipt, initial installation,
shuffling, removal, and preparation for disposal.
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In the Westinghouse design, the support and the handle have been integrated 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.

During normal handling operations, the lifting handle is loaded with the weight of the control rod in air.
In the stress analysis, this load is conservatively chosen as a concentrated force on the weld 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:

0.25 x 2 x Control Rod Weight (in air)

where:

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)

The maximum bending stress intensity is then calculated on the horizontal part of the handle close to
location of the applied load.

The maximum resulting stress intensity (Pm+Pb) must be lower than the corresponding allowable stresses.
For the handle's material at 850C, the allowable stress is n x 1.5 Si,, where n is the applicable welding
factor according to Reference 16, Table NG 3352-1.

6.4.2 Mechanical Criterion 2 (ME-2)

Criterion

Stresses in the Westinghouse control rod absorber wings dueto pressure differences (AP) across the walls
shall not exceed applicable design values as per this report any time in life. Fatigue in the Westinghouse
control rod wings due to pressure differential cycles (APcyIe) across the, walls shall not exceed allowable
ASME values anytime in life.

Discussion

This criterion ensures that allowable stress limits are met with the maximum outside to inside AP at
beginning of life and maximum inside to outside AP at the end of life, throughout the complete lifetime of
any Westinghouse control rod design.

6.4.2.1 Pressure Difference Determination

During reactor operation, the gas pressure in the control rod blades will increase with 10B depletion from
the initial filling gas pressure to the design pressure at MEOL, and thus gradually change the differential
pressure, AP, to its maximum across the walls of the blades. The differential pressure for which the blade
stresses must be calculated is also a function of reactor temperature and system pressure.
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Gas Pressure Buildup

]I,1

Pressure Due, to HeGas Rem aining from Fabrication

Ja,cý
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]a,11C

Total Gas Pressure Build-up

The total gas pressure in the blade is. calculated accordingto:

PTOT = +He + Pf 1  (6.4)

RIC

Design Differential Rod Pressure

[

WCAP- 161 82-NP-A Addendum I Qctober 2007
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I
I VC

Total Differential Pressure

IJR
6.4.2.2 Stress Determination

IC

WCAP-16182-NP-A Addendum I October 2007
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19,C

The results of the stress computations are evaluated for each load case separately.

Stresses due to Pressure Loads in the Control Rod Blade

]SIC

WCAP-16182-NP-A Addendum 1 October 2007
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Blade Outer Wall Calculation

E u WC

Edge Outer Wall Calculation

I

1ac

Ligament Calculations

All the calculated stresses at 300'C must be lower than the corresponding allowable stress limits

discussed in Section 6.4.

6.4.2.3 Fatigue Calculation

During operation of the reactor, the gas pressure in 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, normal start-up and shutdown of the reactor results in more rapid
variations of the differential pressure over the walls in the control rod blades.

Load cycling

I aIC
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6.4.3 Mechanical Ciriterion 3 (ME-3)

Criterion

Stresses and fatigue in Westinghouse control rods due to scramminduced loads shall not exceed allowable
values.

Discussion

This criterion ensures that applicable stress limits
are met with any plant specific scram load throughout the lifetime of any

Westinghouse control rod design.

6.43.1 ScrAmn Load

Scram loads' are given in Reference 23. 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 load cycle is thus defined as
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a compressive scram force (acceleration) followed by a tensile scram force (deceleration).. The maximum
axial force:in the velocity limiterand the socket occurs during the:deceleration phase of the scram with
cold reactor conditions, and assuming a failed buffer. [

6.4.3.12 Forces and Stresses in the Velocity Limiter and the Socket

6.4.3.3 Fatigue Calculation in the VelocityLimniter and in the:Socket.

]a,c

Membrane stresses (Pm) ensuing from tensile and compressive scram forces are calculated. The
alternating stresses are calculated as:

ETsait = KtPm ET

Finally, the cumulative usage factor, U is calculated by:

U = n1 + n2

N1 N2

(6.7)

(6.8)

WCAP- 161 82-NP-A Addendum I October 2007
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where:

nI, n2 number of cold and hot scrams ( respectively)

number of the cold and the hot scrams to failure, respectively

The total cumulative usage factor must be less than 0.5. .

I ,1C

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 Stresses Analysis of the Control Rod Blade

Blade Outer Wail.Calculation

I

I '
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Edge Outer Wall Calculation

The highest local primary effective membrane stress (PL) and local primary membrane plus effective
bending stress (PL+Pb) across the thickness of the outer wall of the edge are calculated by the detailed FE
analysis.

Ligament Calculations

The maximum effective stress in a ligament is deternmined by the detailed FE analysis. This stress is the
highest value across the thickness of a ligament of the local effective primary stress (PL) and local
primary stress plus primary effective bending stress '(PL+Pb).

6.4.3.5 Fatigue Calculation for the Absorber Blade

The 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:

12,C

Finally, the cumulative usage factor, U, is calculated by equation (6.8):

U= nl + n 2

N1 N2

where:

nI, n2
Ni N2

= number of cold and hot scrams ([ ]aR, respectively)
= number of cold and hot scrams to failure, respectively
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The total cumulative usage factor must be less than 0.5.

Ia'c

6.4.4 Mechanical Criterion 4 (ME-4)

Criterion

Calculated stresses in Westinghouse control rod wings due to [ ]":shall not exceed
values known to cause cracking.

Discussion

This criterion helps ensure that Westinghouse control.rod' reach end-of-life before the onset of cracking.

1a'c

°B + n -> 7Li + 4He +2.8 MeV'

]R,c

6.4.4.1

a c
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dpS= dp (1 +yB4C 'U) (6.11)

I

IC

6.4.4.2 Differential Thermal Expansion

Thermal expansion is calculated from the information on the temperature field in the bodies, involved.
Thermal expansion proceeds according to the equation below.

I

I R'C

6.4.4.3 [

I aC
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II

I SIC

Example

[I

lai
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.1]• C

6.4.5 Mechanical Ciiteiion 5 (ME-5)

Criterion

The Westinghouse control rod shall be capable of insertion into the core without structural damage• inthe
presence of an oscillatory fuel (channel) deflectionof [PIC

Discussion

This criterion.ensures that Westinghouse control rods are capable. of insertion into the core in the unikely
event of relatively large:earthquake induced oscillations- of fuel channels (bundles). The rod must not be
too stiff to adapt to the oscillating core during insertion.

Seismic behavior in terms of insertion time in an oscillating core is essentially determined by the specific
bending stiffness and moment of inertia (MOI) of the. control rod. The bending stiffness is a function of
the blade span, theblade 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[

1.,C and its
capability to withstand seismic forceshave been verified :in Toshiba laboratory tests under simulated
earthquake conditions (Reference 24). The seismic 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 channel deflection amplitudes, up to.

]a,b,. The tests were performed atfull operatingpressure and temperature. Testresults
are shown in Figures 6-6 and 6-7 for BWR 2/3/4/5.which present time to 90% insertion as a function of.
channel deflection amplitude. Figure 6-8 shows test results, for BWR-6Owhich presents time to 75%
insertion as.a function of channel deflection amplitude. As Figures 6-6to 6-8 indicate, the Westinghouse
control rod blade inserts for mid-spandeflections according to Table 6-2.
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Inspection of the control rod after the seismic test showed that there was no functional damage and no large
deformation. This demonstrates that the control rod can withstand even extremely strong seismic forces.

The Westinghouse base design of control rod blades with drilled holes in solid plates implies a consistent
rod stiffness in the beam mode. That is, the expected seismic behavior is the same for rods for the C-, D-
and S-Lattices.

121C

I%'C
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Table 6-1 Mechanical Related Critical Attributes for CR 99 Designs

Mechanical Critical Attribute D-Lattice CR 99 Value or Range C-Lattice CR 99 Value or Range S-Lattice CR 99 Value or Range

Hole diameter

Hole pitch

Hole depth

Minimum outer wall thickness

Hole ligament thickness

[ ] cHIP pin.

m aximum.diameter:(4p)

Beg. of life. pinto wall gap:
1.0047dh.-.1.0015d4

End of life pin to wall gap:
1.0047dh- 1.1022d4

Momentof inertia

Mass of complete control rod (m)

Mass, of control rod without the
Velocity lim iter and socket (mi1)

Control rod design temperature

Control rod.design pressure
(Pr, reactor operation)

•Control rod design pressure
(AP= Pi-Pjfor Stress-Calculations)

Handle design

a,c

A I WC A n I1ý1 0) ~.Tn A A -1I-1 __ 1
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Table 6-1 Mechanical Related Critical Attributes for CR 99 Designs
(cont.)

Mechanical Critical Attribute D-:Lattice CR 99 Value orRange C-Lattice CR 99 Value or Range S-Lattice CR 99 Value or Range

Material strength properties[ ]."c

T =20°C
Young's-modulus, E
Yield strength, Rpo.2
Ultim ate stiength, -R

Material strength properties

T= 85 0C
Young's modulus, E
Yield strength, RpO.2
Ultimate strength, RP,

Material strength properties[ '

T 300°C
Young's modulus, E
Yield strength, Rpo.2
Ultinate strength, .Rt

a~c
I

WCAP- 161 8ý-NPýA Addendurn'.1 SOctober. 2007:



6-22

Table 6-1 Mechanical Related Critical Attributes for CR 99 Designs
(cont..)

Mechanical Critical Attribute jD-,Lattice CR 99 Value or Range. C-Lattice CR 99 Value or Range S--Lattice CR 99 Value or Range

-I

t I . I.

1- -f I-

i. 4 I-

__________________________________ __________________________________ __________________________________ L __________________________________
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Table 6-2 Mechanical Related Critical Attributes for CR 99 Designs, ASME Rules

Conforniance S-Lattice. Reference 20
.Criterion, Method(s)(t ) .D.-Lattice Reference 20 IC-Lattice Reference 20

(ME-I) Section 6.4.1
Handle: Analyses
Max~effective. stress (Pm+P6) (meets. criteria)
n.= 0:65 fordouble handle.
n = 1.0for single handle

(1ME-3) Section 6.4.3
Velocity Limiter and Socket: Analyses
Primary Membrane Stress Intensity (Pj,) (meets..criteria)
at cold (85°C)
and hot (300'C) conditibns.
•Fatigue usage factor U < 0.5

•(MvE-4) Section 6.4.4 Analyses.
,B4C:pin to hole wall gap: (meets criteria)-
Initial~gap wide eiough to prevent hard:
contact due to swelling before MEOL

(ME-5:) Section 6.4.5 Analyses, Test
Contrl rod insertion into the core during "(meetscriteria)"
a seism ic event withoutstructural
.dam age with an.oscillary fuel-(channel)
deflection of[ ]3,c

Note:

i. See Section 4.2 for a discussion on Conformance Methods.

arc
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Table 6-3 Mechanical.Related Critical Attributes for CR 99:[ ] ac

Conformance
Criterion Method(s)(') D-Lattice Reference 20 C-Lattice Reference 20, S7Lattice Reference.20

(ME-2) Section 6 .4.2
Control Rod Blade Wings: Analyses
Primary Membrane Effective Stress (Pm), (meets criteria)
Local Membrane Effective Stress (PL)
and Local Membrane plus Primary
Bending Effective Stress (PL+Pb)
Cycles to Failure, CF> 200

(ME-3) Section 6.4.3

Control Rod Blade Wings: Analyses

Primary Membrane Effective, Stress (Pm)
at cold (85'C)
and hot.(3006C) conditions

Local Membrane. Effective Stress (PL),
,and Local. Membrane plus Primary
Effective Bending Stress (PL+Pb) at 85°C
Sand,3009C

Fatigue usage factor U < 0.5

II TfýA T) 1 fl 0-1 ýn tC A A -1 1 - I I -I,-
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Table 6-4 Mechanical Related Critical Attributes for CR 99 [ ac

Conformance
Criterion Method(s)(') D-Lattice Reference 20. C-Lattice Reference 20 S-Lattice Reference 20

(ME-2) Section 6.4.2
Control Rod Blade Wings: Analyses
Primary Membrane Effective (meets.
Stress (Pm), criteria)
Local Membrane Effective
Stress (PL) and Local
Membrane plus Prim ary
Bernding Effective Stress
.(PL+Pb)
Primary Membrane. plus
Bending plus Secondary
Effective Stress (PL+Pb+Q)

%Cycles to Failure, CF > 200

(lvlME3). Section 6.4.3

Control Rod Blade Wings':
Primary Membrane Effective Analyses
Stress (Pm) at cold (85°C) (meets.
and hot (300'C) conditions criteria)
Local MembraneEffective
Stress (PL); and Local
Membrane: plus Primary
Bending Effective Stress
(PL-Pb) at:85°C and.300'C
Primary Membrane plus
Primary Bending~plus
Secondary Effective Stress
(PL+Pb+Q) at 85'C and 300'C

Fatigue usage factor U < 0.5

WCAP161 2-NPA Adendu 1 Otobe 200
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Table 6-5 Mechanical Related Critical Attributes for CR 99Designs, ASME Rules

Mechanical Critical Attribute D-Lattice CR 99'Value oirRange C-Lattice.CR 99 Value or Range S-Lattice CR 99 Value or Range,

Material strength properties
[ ],C
T = .850C
Tresca Design Stress, Sm

Material strength properties

T = 3000C
Tresca Design Stress, S5m

Table 6-6, Mechlanical Related Critical Attributes for CR 99 [ ]a,c

Mechanical Critical Attribute D-Lattice CR 99,Valueor Range C-Lattice CR 99 Value or Range S-Lattice CR 99 Value or Range

ac

a,c
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Table 6-7 Mechanical Related Critical Attributes for CR 99[ ]

Mechanical Critical Attribute D-Lattice CR 99 Value or Range C-Lattice CR 99 Value or Range S-Lattice CR 99 Value oi- Range,

WCAP-161 82-NThA Addendum 11 October 2007
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a6MC

Figure 6-1 FEM Model of Handle
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a,c

Figure 6-2 Heliumi Release vs 10°B Depletion
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4,c

Figure 6-3 Design Pressure Curve
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gac

Figur'e 6A4 FE Model of a hialf Section:.of the Blade* Wing Structuire.
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Figure 6-5 Blade Wing Sections in the Scram and Pressure Force Induced Stress Evaluation
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a,b,c

Figure:6-6 Seismic Scram Insertion Test, D-Latti~ce
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a,b,c

•Figure,6-7 Seismic Scram Insertion. Test, C-Lattice
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a,b,c

Figure 6-8 Seismic Scram Insertion Test; S-Lattice,

WCAP-.16 182-NP-A Addendum I O ctober 2007:



7-1

7 PHYSICS EVALUTION

7.1 CRITICAL ATTRIBUTES

The critical attributes for physics related items are given in Table 7-1. The values for the CR 99 control
rod are also included in the table.

7.2 ATTRIBUTES DISCUSSION

7.2.1 Total Rod Worth

Rod worth calculations have been typically done using the PHOENIX code (Reference 25) to allow
comparison of Westinghouse control rod 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 single bundle calculations are made at three different conditions simulating various shutdown
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% void - corresponding to the top of the core.

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 clean or hot.

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

7.2.2 Shutdown Marghi (SDM)

In general, shutdown margin follows rod worth, i.e., higher worth translates to more shutdown margin.
Westinghouse experience has shown the following to be a good estimate of the impact rod worth has on
shutdown margin at limiting cold conditions:
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where:

A SDM is the change in SDM, relative to an original equipment manufacturer's (OEM) rod

A kcOLD is the PHOENIX single bundle cold clean rod worth of the OEM rod

with CR without CRk (%)
kWithout CR

co

and RWD is the relative rod worth difference between the Westinghouse control rod and the rod it is

replacing

RWD = Ak(West) - Ak (OEM) 100(%)
Ak(OEM)

]aBc

For multiple absorber control rods, total SDM is a weighted sum of the Various zones.

],c For an example of a CR 99 absorber material outline, see Reference 14. The total

SDM change would be (Reference 27):

[ a12C

where:

A SDMTotal is the total change in shutdown margin and

A SDMTop, and A SDMmai are the shutdown margin changes in the top, and main zones
respectively.

WToP, and WMja, 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 the replaced rod, is also done
using the PHOENIX code. Results of this calculation are used to ensure nuclear compatibility and

negligible effect on the core monitoring system.
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7.2.4 Nuclear End-of-Life (NEOL)

Many of the reload 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: Replacement rod initial Worths of 95% to 105% of OEM initial worth, and allowable control rod
depletion of 10% loss in reactivity from initial OEM rod worth, have been the historical limits for GE
BWRs. Calculation of Westinghouse BWR control rod worth reduction is done using the
PHOENIX/XYBDRY method described in Reference 26.

References 27-29 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 following criteria are shown in Table 7-2 along with the conformance method(s) required to confirm
that the Criteria are met. CR 99 evaluation results are also shown.

7.3.1 Physics Criterion 1 (PH-1)

Criterion

Total Westinghouse control rod initial worth shall be within [ ]RC of the initial worth of the control rod
it is replacing.

Discussion

This criterion helps ensure that any Westinghouse, control rod design has nuclear compatibility with other
rods in the core as well as helping to ensure that calculations performed by the installed core monitoring
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 bum-up and fuel type. Thus, calculations done at the time of initial design of a Westinghouse control
rod for installation in a representative core will remain valid for the life of the rod and are valid for other
similar lattice type cores.

7.3.2 Physics Criterion 2 (PH-2)

Criterion

The effect on shutdown margin due to the use of a Westinghouse control rod shall be such that:

SDMwestinghouse [ ]2,C SDMReplaced
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Discussion

This criterion helps ensure that core monitoring and reload related calculations, which are done assuming
an OEM control rod is installed, remain valid.

As discussed in Section 7.2.2, results of calculations done for a specific lattice type control rod design
vary only slightly as a function of burn-up and fuel type.

7.3.3 Physics Criterion 3 (PH-3)

Criterion

The difference seen by an LPRM detector due to the use of a Westinghouse control rod relative to the use
of the replaced rod in the same location shall be less than or equal to [ ]a,c.

Discussion

This criterion helps ensure that the calculations done by the core monitoring system remain valid as well
as ensuring that local power distribution uncertainties are not significantly increased.

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 control rod in the quarter segment.

Discussion

This criterion helps ensure that core monitoring and reload related calculations which are done assuming
a fresh, OEM control rod is installed remain valid. Avalue of 90% of initial worth of an OEM rod in any
quarter segment has been historically used for this limit in GE BWRs.

Use of a Westinghouse 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
control rod would occur when either of the following occurs:

The worth of the rod decreases to the point where fuel costs are negatively impacted (i.e., loading
pattern cannot be optimized due to the decreased worth of the rod), or

A visual inspection detects an unacceptable crack.
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For determination of stresses due to helium release with consequent pressure build-up, actual ' 0B
depletion is used. The correlation between '1°B depletion and helium release is specified as a function of
actualdepletion. In Section 6.4.2, an average value of[

SjHil2
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Table 7-i Physical Related Critical Attributes for CR 99 Designs

Physical. Critical Attribute. D-Lattice.CR 99 Value C-Lattice CR 99 Value S-Lattice;CR 99 Value
or Range or Range or Range

Total rod worth relative to
replaced rod

'Shutdown margin relative to
replaced rod'

LPRM detector signal
change relative to replaced
rod,

Nuclear End of Life
,(10% worth decrease from
OEM value)

Top quarter. segment

2nd and 3rd quarter
segm ents

Bottom quarter segm ent

aýc
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Table 7-2 Physics Criteria

Conformance CR 99, D-, C- and S-Lattice
Criterion Method(s)') Valuation Results

(PH-i)
Total Westinghouse control rod initial Worth Analyses See Table 7.1
shall be within [. ]"' of the initial worth of the (meets Criterion)
control rod it is replacing.

(P1H-2)
The effect on shutdown margin.due to the use of Analyses See Table 7.1
*a Westinghouse control rod shail.besuchthat: (meets Criterion)
.S!DMwe~tingh .... Ž [ ]aSDMIeplac.id

(PH-3)
The difference seen by anILPRM detector due to Analyses See TabIle 7.1
the use of a Westinghouse control rod relative to (meets Criterion)
the use of the replaced rod in the same location
shall be less than or equal to [ _ _'_ _

ý(PH-4)
The•Nuclear End-of-Life. (NEOL) for a Analyses. See Table 7.1
Westinghouse, control rod is reached when :its (meets Criterion)
rod worth in any quarter segment decreases to
90% of the initial worth of an OEM rod quarter
segm ent.

Note:

1. See Section 4.2 for a discussirn On Conformaince Methods..
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8 OPERATIONAL EVALUATION

8.1 CRITICAL ATTRIBUTES

The critical attributes for operational related items are given in Table 8-1. The attribute values used for
the CR 99 are also included in the table.

8.2 ATTRIBUTES DISCUSSION

8.2.1 Nominal Wing Thickness

The most important dimensional parameter with respect to compatibility with fuel and fuel channels is the
control rod envelope discussed in Section 8.2.9 below. However, nominal wing thickness is also an
important parameter that should be examined for different rod designs.

8.2'.2 Maximum Button Thickness

Along with the envelope dimensions, this parameter is important with respect to fuel and channel
compatibility. The button is the feature which touches the adjacent fuel 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 button (Reference 13).

8.2.3 Maximum Wing Span

Maximum wing span is important to compatibility of the rod with core internals and CRD components
(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 in ensuring compatibility with the CRD system, in particular the guide tube.
The rollers on the end of the velocity limiter ride against the inside of the guide tube. The maximum
diameter of the velocity limiter with the rollers installed must be such that the rod can travel freely up and
down in the guide tube without binding.

8.2.5 Total Weight

Total weight for a control rod must be less 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 important with respect to the free fall velocity assumed in the Control

Rod Drop Accident.

Coupling (socket) design is important since this component provides the control rod interface with the

CRD system.

8.2.8 Handle Design

Westinghouse has manufactured control rods with both single and double handles. To ensure
compatibility with the rod handling equipment, the handle design of the Westinghouse control rod should

be checked against the design 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 control 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
inserted. This means that the handle will be extended up to 2.8 in. (72 mm). When the rod is completely

inserted, the support will extend into the core grid. When the rod is completely withdrawn, the handle
will experience additional neutron fluence compared with the standard handle. This additional fluence

does not limit the use of the rod since the handle is not stressed during operation.

8.2.9 Envelope

The envelope figure for a Westinghouse control rod shows the maximum thickness of the blade as well as

the maximum allowed twist and bow along the full length of the control rod.

This envelope is checked for every control rod along its full length in a full length test fixture as part of
the manufacturing process.

This envelope is important in determining proper rod interface with fuel, fuel channels, 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 Operational Criterion 1 (OP-1)

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 be coupled to the drive when initially
installed, (2) the control rod will remain coupled during operation, and (3) the control rod can be
uncoupled when the rod is to be shuffled or removed.

8.3.2 Operational Criterion 2 (OP-2)

Criterion

The Westinghouse control rod weight shall be similar to the nominal weight of the OEM rod.

Discussion

The control rod can not significantly exceed the nominal weight of the OEM rod due to considerations of
scram capability, scram times and free fall (rod drop) characteristics. However the control rod shall not
be significantly below the weight of the OEM rod due to settling capability, which depends on the weight
of the control rod to cause it to settle into its final position during normal 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 that normal operation and scram capability are not impacted, i.e., the
control rod will not damage surrounding fuel channels, and will fit in the core.

8.3.4 Operational Criterion 4 (OP-4)

Criterion

The Westinghouse control rod shall be compatible 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 it is replacing. Examples would be providing a double handled rod for a plant
originally supplied with single handled rods or supplying rods with extended handles.

Compatibility with rod handling equipment is not a safety issue but, nevertheless, must be investigated to
ensure that the handling equipment can move, install, and remove the control rods.
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8.3.5 Operational Criterion 5 (OP-5)

Criterion

The Westinghouse control rod free fall velocity shall be consistent with the design basis velocity.

Discussion

This criterion (along with OP-2) ensures that any Westinghouse control rod design is consistent with the
control rod free fall assumptions in the plant's Safety Analysis for the Control Rod Drop Accident.

The velocity limiter design for the CR 99 is identical to the design of the OEM control rods. This, in
combination with control rod weights less than those assumed in the design of the CRD system, ensures
that the CR 99 meets Criterion OP-5.

In addition, free fall velocity tests of Westinghouse control rods have been performed (Reference 31) that
show that Westinghouse control rods meet this criterion.

8.3.6 Operational Criterion 6 (OP-6)

Criterion

The Westinghouse control rod shall not adversely affect scram times and settling capability in the reactor.

Discussion

In conjunction with OP-2, this criterion ensures that scram times will be consistent with those assumed in
the plant's Safety Analyses. In addition, 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 Operational Criterion 7 (OP-7)

Criterion

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

Discussion

The criterion ensures that control rod vibration, which may be induced by coolant flow in guide tubes
and/or in 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 similar clearances to 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 significantly changed. In addition, interfacing surfaces 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 (NEOL) for all new Westinghouse control rod designs should be greater than or
equal to the Nuclear End-of-Life (NEOL).

Discussion

This criterion is set as a design goal. Nevertheless, historical in-reactor experience has shown that there is
a possibility of unexpected cracking due to B4C swelling, material cold work, IASCC, etc. In reality, a
crack in a Westinghouse control rod has no impact on the safety function of the rod. Rather, the concern
is with 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 B4C in
Westinghouse control rods with B4C powder (e.g., CR 70) through leaching and washout is very limited
in adjacent uncracked holes during the course of one or even several operating cycles. [

Iac

Westinghouse has a policy to follow lead control rods of each design to high burn ups by performing
inspections. From these inspections, guidelines for operation and the need for further inspections of the
various designs are fornulated.

A lead CR 99 control rod has been operated in the Swedish Oskarshamn 3 BWR to almost 5 snvt, and
then inspected with an acceptable result, i.e., no cracking. Furthermore, the margin for swelling has been
increased in later CR 99 control rods, which is also the case for CR 99 rods that will be provided for US
plants. Thus, the criterion of a MEOL that exceeds the NEOL is considered to be met.
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Table 8-1 Operational Related Critical Attributes for CR 99Designs

Operational Critical
Attribute D-Latticeý:CR 99 Value C-Lattice CR:99 Value S-Lattice CR 99 Value

Nominal wing thickness

Maximum button
thickness

Maximum wing span

Maximum velocity limiter
diameter (with rollers
installed)

Nominal weight

-Overall length

Velocity limiter/coupling
(socket) design

Handle: design

Envelope
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Table 8-2 Operational Criteria

Conformance CR 99D- and S-Lattice EvaluationCriterion Methods(s)(1) CR 99 C-Lattice Evaluation Results Results

(OP-1) Experience Testing Extensive data base of experience has shown Extensive data base of experience has shown
The Westinghouse control rod that the design meets this criterion, i.e., the that the design meets this criterion, i.e. the
socket shall be compatible with control rod couples with the spud, does not control rod couples with the spud, does not
the existing CRD coupling device decouple inadvertently, and can be removed decouple inadvertently, and can be removed
(spud). without problems. without problems.

(meets criterion) (meets criterion)'

(OP-2) Testing Analysis

The Westinghouse control rod
weight shall be similar to nominal . ]ac
weight of OEM blades. (meets criterion)

(meets criterion)

(OP-3) Experience Testing Extensive data base of experience has shown Extensive data base of experience has shown
The Westinghouse control rod Analysis that the design meets this criterion, i.e., does that the design meets this criterion, i.e. does
shall be compatible with existing not impact normal operation and scram times, not impact normal and scram times, does not-
fuel, fuel channels, and core does not damage surrounding fuel channels, damage surrounding fuel channels, and fits
internals. and fits in the core internals. with the core internals.

(meets criterion) (meets criterion)

(OP-4) Experience Extensive data base of experience has shown Extensive data base of experience has shown
The Westinghouse control rod that the design meets this criterion, i.e., all that the design meets this criterion, i.e., all
shall be compatible with control utilities installing the CR 99 design have been utilities installing the CR 99 design have
rod handling equipment. able to handle the rods without difficulty. been able to handle the rods without

(meets criterion) difficulty.
(meets criterion)

(OP-5) Experience Testing
The Westinghouse control rod free
fall velocity shall be consistent
with the design basis velocity. ] ,C

(meets criterion)
(meets criterion)

WCAP- 16182-NP-A Addendum I October 2007



8-8

Table 8-2 Operational Criteria
(cont.)

Conformance CR 99 D- and S-Lattice Evaluation
Criterion Methods(s)(1 ) CR 99 C-Lattice Evaluation Results Results

(OP-6) Experience Testing Extensive data base of experience has shown Extensive data base of experience has shown
The Westinghouse control rod Analysis that the design meets this criterion, i.e., scram that the design meets this criterion, i.e.,
shall not adversely affect scram times for Westinghouse control rods are scram times for Westinghouse control rods
times and settling capability in the within the experience base (and meet are within the experience base (and meet
reactor Technical Specification times) of the reactors Technical Specification times) of the reactors

into which they have been installed, into which they have been installed.
(meets criterion) (meets criterion)

(OP-7) Experience Analysis Extensive data base of experience has shown Extensive data base of experience 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, have been 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
Mechanical End-of-Life (MEOL) (meets criterion) (meets criterion)
for all new Westinghouse control
rod designs shall be greater than or
equal to the Nuclear End-of-Life
(NEOL).

Note:

1. See Section 4.2 for a discussion on Conformance Methods.
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i act

Figure 8-1 Control RZod To -lerance Envelope D-Lattice, Base'Design

WCAP- 1 61 82-NP-A Addendum 1O •October.2007.



8-10

Figure 8-2 Control Rod, Tolerance. Envelope C-Lattice, B.aseDesign
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a,c

Figure 8-3. Controi.Rod Tolerance Envelope S-Lattice, Basie Design
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