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SECTION 3.0

REACTOR

3.1 SUMMARY DESCRIPTION

Section 3.0, "Reactor," describes and evaluates those systems most
pertinent to the fuel barrier and the control of core reactivity.

Subsection 3.2, "Fuel Mechanical Design," describes the mechanical
aspects of the fuel material (uranium dioxide), the fuel cladding,
the fuel rods, and the arrangement of fuel rods in bundles. Of
particular interest is the ability of the fuel to serve as the
initial barrier to the release of radioactive material. The
mechanical design of the fuel is sufficient to prevent the escape
of significant amounts of radioactive material during normal modes
of reactor operation.

Subsection 3.3, "Reactor Vessel Internals Mechanical Design,"
describes both the arrangements of the supporting structure for
the core and the reactor vessel internal components which are
provided to properly distribute the coolant delivered to the
reactor vessel. In addition to their main function of coolant
distribution, the reactor vessel internals separate the moisture
from the steam leaving the vessel and provide a floodable inner
volume inside the reactor vessel that allows sufficient
submergence of the core, under accident conditions, to prevent the
gross release of fission products from the fuel. The reactor
vessel internals are designed to allow the control rods and CSCS's
to perform their safety functions during abnormal operational
transients and accidents.

Subsection 3.4, "Reactivity Control Mechanical Design," describes
the mechanical aspects of the moveable control rods which are
provided to control core reactivity. The CRD hydraulic system is
designed so that sufficient energy is available to force the
control rods into the core under conditions associated with
abnormal operational transients and accidents. Control rod
insertion speed is sufficient to prevent fuel damage as a result
of any abnormal operation transient.

Control rod housing supports, described in subsection 3.5, are
located underneath the reactor vessel near the control rod
housings. These supports limit the travel of a control rod in the
event that a control rod housing is ruptured.

The supports prevent a nuclear excursion as a result of a housing
failure, thus protecting the fuel barrier.
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Subsection 3.6, "Nuclear Design," describes the nuclear aspects of
the reactor core. The design of the BWR core and fuel is based on
a proper combination of design variables, such as moderator-to-
fuel volume ratio, core power density, thermal-hydraulic
characteristics, fuel exposure level, nuclear characteristics of
the core and fuel, heat transfer, flow distribution, void content,
heat flux, and operating pressure. All of these conditions are
dynamic functions of operating conditions. However, design
analyses and calculations, verified by comparison with data from
operating plants, are usually performed for specific steady-state
conditions. 1Included in this subsection are summaries of results
of these analyses for the fuel cycle, reactivity control, and
control rod worths. Also included are discussions of the
reactivity coefficients and spatial xenon characteristics of the
core.

Subsection 3.7, "Thermal and Hydraulic Design," describes the
thermal and hydraulic characteristics of the core. The low
coolant saturation temperature, high heat transfer coefficient,
and neutral water chemistry of the BWR are significant advantages
in minimizing Zircaloy temperatures and associated temperature-
dependent hydride pickup. This results in improved fuel cladding
performance at long exposures. The relatively uniform fuel
cladding temperatures throughout the BWR core minimize migration
of the hydrides to cold cladding zones and reduce the thermal
stresses. A discussion of fuel failure mechanisms and the
parameters associated with fuel damage is included.

The standby liquid control system, described in subsection 3.8,
provides a different method of reactor shutdown which is redundant
with, but independent of, the control rods. While insertion of
only a few of the many independent control rods assures prompt
shutdown of the reactor, the standby liquid control system can
maintain subcriticality as the reactor cools without reliance upon
insertion of any control rods.
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3.2 FUEL MECHANICAL DESIGN

3.2.1 Power Generation Objective

The power generation objective of the nuclear fuel is to provide a
high integrity assembly of fissionable material which can be
arranged in a critical array. The assembly must be capable of
efficiently transferring the generated fission heat to the
circulating coolant water while maintaining structural integrity
and containing the fission products.

3.2.2 Power Generation Design Basis

The nuclear fuel is designed to assure (in conjunction with the
core nuclear characteristics, the core thermal and hydraulic
characteristics, the plant equipment characteristics, and the
capability of the nuclear instrumentation and RPS) that fuel
damage limits will not be exceeded during either normal operation
or anticipated operational occurrences.

3.2.3 Safety Design Basis

In meeting the power generation objective, the nuclear fuel is
utilized as the initial barrier to the release of fission
products. The fuel shall be designed so as to comply with the
applicable nuclear safety design criteria specified in Sections
1.5.1.4 and 1.5.1.5.

3.2.4 Description

The description of the mechanical aspects of the fuel material,
fuel cladding, fuel rods and the arrangement of the fuel rods in
the bundles, including the fuel thermal-mechanical and safety
analyses for GE fuel products can be found in NEDO-24011-P-A
(GESTAR II) and NEDE-31152P (General Electric Fuel Bundle
Designs); References 3.2.5.1 and 3.2.5.2 respectively

3.2.5 References
1. "Licensing Topical Report General Electric Standard
Application for Reactor Fuel", GE Company Document No.

NEDO-24011-P-A, (Latest approved revision).

2. "Global Nuclear Fuels Fuel Bundle Designs", GE Company
Document No. NEDE-31152P, (Latest approved revision).
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3.3 REACTOR VESSEL INTERNALS MECHANICAL DESIGN

3.3.1 Power Generation Objective

Reactor vessel internals (exclusive of fuel, control rods, and in-
core flux monitors) are provided to achieve the following power
generation objectives:

1. Maintain partitions between regions within the reactor
vessel to provide proper coolant distribution, thereby
allowing power operation without fuel damage due to
inadequate cooling.

2. Provide positioning and support for the fuel
assemblies, control rods, in-core flux monitors, and
other vessel internals to assure that control rod
movement is not impaired.

3.3.2 Power Generation Design Basis

1. The reactor vessel internals are designed to provide
proper coolant distribution during all anticipated
normal operating conditions to allow power operation of
the core without fuel damage.

2. The reactor vessel internals are arranged to facilitate
refueling operations.

3. Adequate working space and access are provided to
permit adequate inspection of reactor vessel internals.

3.3.3 Safety Design Basis

The reactor vessel internals mechanical design assures that
safety design bases 1 and 2 are satisfied so that the safe
shutdown of the plant and removal of decay heat are not impaired.

1. The reactor vessel internals are arranged to provide a
floodable volume in which the core can be adequately
cooled in the event of a breach in the nuclear system
process barrier external to the reactor vessel.

2. Deflections and deformation of reactor vessel internals
are limited to assure that the control rods and the
Core Standby Cooling System's (CSCS's) can perform
their safety functions during abnormal operational
transients and accidents.
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3.3.4 Description
The reactor vessel internals are installed to properly distribute
the flow of coolant delivered to the vessel, to locate and support
the fuel assemblies, and to provide an inner volume containing the
core (e.g. 2/3 core height) that can be flooded following a break
in the nuclear system process barrier external to the reactor
vessel. The reactor vessel internals include the following
components:

Core shroud and shroud support

Shroud head and steam separator assembly

Core support (core plate)

Top guide

Fuel support pieces

Control rod guide tubes

Jet pump assemblies

Steam dryers

Feedwater spargers

Core spray lines and spargers

Differential pressure and ligquid control
line

In-core flux monitor guide tubes
Surveillance sample holders

The overall arrangement of the internals within the reactor vessel
is shown in Figure 3.3.1. Table 3.3.1 gives detailed design data
for the various reactor vessel internals.

The design of the reactor vessel internals is in accordance with
the intent of Section III of the ASME Boiler and Pressure Vessel
Code. The material used for fabrication of most of the reactor
vessel internals is solution heat-treated, unstabilized type 304
austenitic stainless steel conforming to ASTM specifications. The
jet pump inlet—mixer (replacement) wedge is fabricated from alloy
X-750. The material receives a “high temperature anneal” heat
treatment, which reduces its susceptibility to IGSCC. It is also
age hardened to avoid galling. The jet pump bolt and keeper nut
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are fabricated from low carbon type 316 stainless steel. These
materials meet the GE requirements for in-reactor use and the
requirements of BWRVIP-84. Weld procedures and welders are
qualified in accordance with the intent of Section IX of the ASME
Boiler and Pressure Vessel Code.

The core structure was fabricated by Rotterdam Dockyard Company in
Rotterdam, Holland.

The Rotterdam Dockyard Company is fully qualified to fabricate
core structures with adequate machining, handling, and welding
equipment. Rotterdam has qualified fabrication and quality
control organizations and a system capable of assuring and
documenting the required quality level.

These qualifications are supported by Rotterdam's extensive
experience in core structure fabrication with such domestic plants
as Browns Ferry I, II, and III, Monticello, and Vermont Yankee.
Rotterdam has also fabricated parts of the Quad Cities II reactor
pressure vessel as well as complete pressure vessels for foreign
BWR plants, such as AKM and Nuclenor, and domestic PWR plants.

In addition, 2-in and smaller stainless steel pipe was
manufactured by Sandvik Steel, Incorporated (Sweden). The
material conforms to the requirements of ASTM A 312/A 379 Type
304.

The floodable inner volume of the reactor vessel is the volume
inside the core shroud up to the level of the jet pump nozzles.
The boundary of the inner volume consists of the following:

1. The jet pumps from the jet pump nozzles down to the
shroud support.

2. The shroud support, which forms a barrier between the
outside of the shroud and the inside of the reactor
vessel.

3. The reactor vessel wall below the shroud support.

4. The core shroud up to the level of the Jjet pump
nozzles.

3.3.4.1 Core Structure

The core structure surrounds the core of the reactor and consists
of the core shroud, shroud head and steam separator assembly, core
support, and top guide. This structure is used to form partitions
within the reactor vessel, to sustain pressure differentials
across the partitions, to direct the flow of the coolant water,
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and to laterally locate and support the fuel assemblies, control
rod guide tubes, and steam separators. Figure 3.3.2 shows the
reactor vessel internal flow paths.

3.3.4.1.1 Core Shroud and Shroud Support

The core shroud is a stainless steel cylindrical assembly which
provides a partition to separate the upward flow of coolant
through the core from the downward recirculation flow. This
partition separates the core region from the downcomer annulus.
The volume enclosed by the core shroud is characterized by three
regions, each with a different shroud diameter. The upper shroud
has the largest diameter and surrounds the core discharge plenum
which is bounded by the shroud head on top and the top fuel guide
below. The central portion of the shroud surrounds the fuel and
forms the longest section of the shroud. This section has an
intermediate diameter and is bounded at the bottom by the core
support assembly. The lower shroud, surrounding part of the lower
plenum, has the smallest diameter and, at the bottom, is welded to
the reactor vessel shroud support (subsection 4.2, "Reactor Vessel
and Appurtenances Mechanical Design").

3.3.4.1.2 Shroud Head and Steam Separator Assembly

The shroud head and steam separator assembly is bolted to the top
of the upper shroud to form the top of the core discharge plenum.
This plenum provides a mixing chamber for the steam-water mixture
before it enters the steam separators. The individual stainless
steel axial flow steam separators shown in Figure 3.3.3 are
attached to the top of standpipes which are welded into the shroud
head. The steam separators have no moving parts. In each
separator, the steam-water mixture, rising through the standpipe,
passes turning vanes which impart a spin to establish a vortex
separating the water from the steam. The steam exits from the top
of the separator and rises up to the dryers. The separated water
exits from under the separator cap and flows out between the
standpipes, draining into the recirculation flow downcomer
annulus.

3.3.4.1.3 Core Support (Core Plate)

The core support assembly consists of a circular stainless steel
plate stiffened with a rim and beam structure. Perforations in
the plate provide lateral support and guidance for the control rod
guide tubes, peripheral fuel support pieces, in-core flux monitor
guide tubes, and startup neutron sources. The entire assembly is
bolted to a support ledge, between the central and lower portions
of the core shroud, after proper positioning has been assured by
alignment pins which fit into slots in the ledge.
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3.3.4.1.4 Top Guide

The top guide is formed by a series of stainless steel beams
joined at right angles to form square openings. Each opening
provides lateral support and guidance for four fuel assemblies.
Holes are provided in the bottom of the beams to anchor the in-
core flux monitor guide tubes and startup neutron sources. The
top guide is positioned by alignment pins which fit into radial
slots of plates which are attached to the support ledge between
the upper and central portions of the core shroud.

3.3.4.2 Fuel Support Pieces

The fuel support pieces, shown in Figure 3.3.4, are of two basic
types: peripheral and four-lobed. The peripheral fuel support
pieces, which are welded to the core support assembly, are located
at the outer edge of the core and are not adjacent to control
rods. Each peripheral fuel support piece supports one fuel
assembly and contains a replaceable orifice assembly designed to
assure proper coolant flow to the fuel assembly. The four-lobed
fuel support pieces each support four fuel assemblies and are
provided with orifice plates to assure proper coolant flow
distribution to each fuel assembly. The four-lobed fuel support
pieces rest in the top of the control rod guide tubes and are
supported laterally by the core support. The control rods pass
through slots in the center of the four-lobed fuel support pieces.
A control rod and the four fuel assemblies which immediately
surround it represent a control cell (subsection 3.6, "Nuclear
Design") .

3.3.4.3 Control Rod Guide Tubes

The control rod guide tubes, located inside the vessel, extend
from the top of the CRD housings through the core support. Each
tube is designed as the lateral guide for a control rod and as the
vertical support for a four-lobed fuel support piece and the four
fuel assemblies surrounding the control rod. The bottom of the
guide tube is supported by the CRD housing (subsection 4.2,
"Reactor Vessel and Appurtenances Mechanical Design"), which, in
turn, transmits the weight of the guide tube, fuel support piece,
and fuel assemblies to the reactor vessel bottom head. A thermal
sleeve is inserted into the CRD housing from below and is rotated
to lock the control rod guide tube in place. A key is inserted
into a locking slot in the bottom of the CRD housing to hold the
thermal sleeve in position.

3.3.4.4 Jet Pump Assemblies

The jet pump assemblies are located in two semicircular groups in
the downcomer annulus between the core shroud and the reactor
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vessel wall. FEach stainless steel jet pump consists of a driving
nozzle, suction inlet, throat or mixing section, and diffuser
(Figure 3.3.5). The driving nozzle, suction inlet, and throat are
joined together as a removable unit and the diffuser is
permanently installed. High-pressure water from the recirculation
pumps (subsection 4.3, "Reactor Recirculation System") is supplied
to each pair of jet pumps through a riser pipe welded to the
recirculation inlet nozzle thermal sleeve. A riser brace is
welded to cantilever beams extending from pads on the reactor
vessel wall.

The jet pump diffuser is a gradual conical section changing to a
straight cylindrical section at the lower end. The diffuser is
welded to the shroud support. The joint between the throat and
the diffuser is a slip/socket fit. A metal-to-metal spherical-to-
conical seal joint is used between the nozzle entry section and
riser with firm contact maintained by a clamp arrangement which
fits under ears on the riser and utilizes a bolt to provide a
downward force on a pad on top of the nozzle entry section. The
throat section is supported laterally by a bracket attached to the
riser. The design permits reflooding the core to the top of the
jet pump inlet following a design basis LOCA.

3.3.4.5 Steam Dryers

The steam dryer is a reactor vessel internal component located in
the steam dome portion of the RPV. Its function is to dry the
steam to a very high quality when it exits the dryer. Although
it does not perform a safety function, it must retain its
structural integrity to avoid the generation of loose parts that
may impact the ability of other structures, systems and
components from performing their safety functions.

The original GE parallel vane bank system was not suitable for
EPU conditions without modifications. It has been replaced with
a Westinghouse 3-ring octagonal shaped vane bank steam dryer
during P2R20 for Unit 2 and P3R20 for Unit 3. The Westinghouse
Replacement Steam Dryer (RSD) is supported on four brackets
attached to the inside wall surface of the reactor pressure
vessel. The brackets support the dryer via its support ring.
Attached under the support ring is a skirt, which has eight
vertical drain channels welded to its inside. At the top of the
steam dryer, there are three concentric octagons, each containing
eight vane banks. The function of the vane banks is to separate
the moisture from the steam flow by letting the steam pass
through vertical corrugated plates placed inside the vane banks.
Each vane bank has a hood that leads the steam flow into the
vane bank. The wvane banks stand on troughs (U-shaped channels)
that collect and lead the excess water through the girder drain
channels and out to the vertical drain channels. A perforated
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plate is mounted on the inlet side of each vane bank. This
ensures an even flow through the vane banks in order to minimize
the moisture carryover (MCO) to the main steam system. On top of
the vane bank octagons is a web of girders welded to the vane
banks for radial support.

3.3.4.6 Feedwater Spargers

The feedwater spargers consist of six stainless steel headers
located in the mixing plenum above the downcomer annulus. A
separate sparger is fitted to each feedwater nozzle by means of a
double seal, triple thermal sleeve assembly and is shaped to
conform to the curve of the vessel wall. Sparger end brackets are
attached to vessel brackets to support the weight of the spargers.
End brackets and wedge blocks position the spargers away from the
vessel wall. Feedwater flow enters the center of the spargers and
is discharged radially inward through top mounted elbows, each
with a converging discharge nozzle, to mix the cooler feedwater
with the downcomer flow from the steam separators before it
contacts the vessel wall. The feedwater also serves to collapse
the steam voids and to subcool the water flowing to the jet pumps
and recirculation pumps.

3.3.4.7 Core Spray Lines

The two 100 percent capacity core spray lines separately enter the

reactor vessel through the two core spray nozzles located 120°
apart (subsection 4.2, "Reactor Vessel and Appurtenances
Mechanical Design"). The lines divide immediately inside the
reactor vessel. The two halves are routed to opposite sides of the
reactor vessel and are supported by clamps attached to the vessel
wall. The header halves are then routed downward into the
downcomer annulus and pass through the upper shroud immediately
below the flange. The flow divides again as it enters the center
of the semicircular sparger ring which is routed halfway around
the inside of the upper shroud. The ends of the two sparger rings
for each line are supported by slip-fit brackets designed to
accommodate thermal expansion of the rings. The header routing
and supports are designed to accommodate differential movement
between the shroud and the vessel. The lines are similar except
the sparger rings are at slightly different elevations in the
shroud. The proper spray distribution pattern is provided by a
combination of distribution nozzles pointed radially inward and
downward from the sparger rings (Section 6.0, "Core Standby
Cooling Systems") .
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3.3.4.8 Vessel Head Cooling Spray Nozzle

The vessel head spray function has been permanently disabled.
Blind flanges have been installed at the vessel nozzle. The
piping is disconnected from vessel head per Mod 1536 for Unit 3
and Mod P00403 for Unit 2.

3.3.4.9 Differential Pressure and Standby Liquid Control Line

The differential pressure and liquid control line serves a dual
function within the reactor vessel-- to inject liquid control
solution into the coolant stream (subsection 3.8, "Standby Liquid
Control System"), and to sense the differential pressure across
the core support assembly (subsection 4.2, "Reactor Vessel and
Appurtenances Mechanical Design"). The line enters the reactor
vessel at a point below the core shroud as two concentric pipes.
In the lower plenum, the two pipes separate. The inner pipe
terminates near the lower shroud with a perforated length below
the core support assembly. It is used to sense the pressure below
the core support during normal operation and to inject liquid
control solution when required. This location assures that good
mixing and dispersion are facilitated. The use of the inner pipe
also reduces the thermal shock to the vessel nozzle should the
standby liquid control system be actuated. The outer pipe
terminates immediately above the core support assembly and senses
the pressure in the region outside the fuel assembly channels.

3.3.4.10 In-Core Flux Monitor Guide Tubes

The in-core flux monitor guide tubes extend from the top of the
in-core flux monitor housings (subsection 4.2, "Reactor Vessel and
Appurtenances Mechanical Design") in the lower plenum to the top
of the core support. The power range detectors for the power
range monitoring units and the dry tubes for the WRNM detectors
are inserted through the guide tubes and are held in place below
the top guide by spring tension. A latticework of clamps, tie
bars, and spacers gives lateral support and rigidity to the guide
tubes. The bolts and clamps are welded after assembly to prevent
loosening during reactor operation.

3.3.4.11 Surveillance Sample Holders

The surveillance sample holders are welded baskets containing
impact and tensile specimen capsules (subsection 4.2, "Reactor
Vessel and Appurtenances Mechanical Design"). The baskets hang
from brackets on the inside diameter of the reactor vessel at the
mid-height of the core and at radial positions chosen to expose
the specimens to the same environment and maximum neutron fluxes
experienced by the reactor vessel itself while avoiding Jjet pump
removal interference.
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3.3.5 Safety Evaluation

3.3.5.1 Evaluation Methods

To determine that the safety design bases are satisfied, the
responses of the reactor vessel internals to loads imposed during
normal operation, operational transients, and accidents are
examined. Determination of these effects on the ability to insert
control rods, cool the core, and flood the inner volume of the
reactor vessel are made. Those internals which are required to
function for safe shutdown and removal of decay heat are
identified, evaluated and designed in accordance with the criteria
of Appendix C, structural design criteria.

The ASME Boiler and Pressure Vessel Code, Section III, for Class A
vessels is used as a guide to determine limiting stress
intensities and cyclic loadings for the reactor vessel internals.
For those components for which buckling is not a possible failure
mode and stresses are within those stated in the ASME Boiler and
Pressure Vessel Code, it is concluded that the safety design bases
are satisfied. For those components for which either buckling is
a possible failure mode or stresses exceed those presented in the
ASME Boiler and Pressure Vessel Code, then either the elastic
stability of the structure or the resulting deformation is
examined to determine if the safety design bases are satisfied.

3.3.5.1.1 Specific Events to be Evaluated

Examination of the spectrum of conditions for which the safety
design bases must be satisfied reveals five significant events as
follows:

1. LOCA: This accident is an instantaneous
circumferential break in a recirculation line. The
accident results in some pressure differentials across
the reactor vessel internals which exceed normal loads.

2. Steam line break accident: This accident is a break in
one main steam line between the reactor vessel and the
flow restrictor. The accident results in significant
pressure differentials across the reactor vessel
internals.

3. Thermal shock: The most severe thermal shocks to the
reactor vessel internals occur when LPCI or HPCI
operations reflood the reactor vessel inner volume
following either a recirculation line break or a main
steam line break (Section 6.0, "Core Standby Cooling
Systems") .
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4, Earthquake: This event subjects the reactor vessel
internals to significant forces as a result of ground
motion.

5. Blowdown hydrodynamic forces: This event subjects the

reactor vessel internals to significant forces under
the postulated design basis LOCA.

Analysis of other conditions existing during normal operation,
operational transients, and accidents shows that the loads
affecting the reactor vessel internals are less severe than the
five postulated events.

3.3.5.1.2 Pressure Differentials During Rapid Depressurization

A digital computer code(? is used to analyze the transient
conditions in the reactor vessel following the LOCA and the design
basis steam line break accident. The analytical model of the
vessel consists of nine nodes, which are connected to the
necessary adjoining nodes by flow paths having the required
resistance and inertial characteristics. The program solves the
energy and mass conservation equations for each node to give the
depressurization rates in the various regions of the reactor.

The nine nodes are: (1) lower plenum, (2) active core, (3) upper
plenum, (4) separation region, (5) downcomer, (6, 7) recirculation
pumps, (8) core bypass and guide tube volume, and (9) steam dome.

The flow resistances are evaluated from the irreversible pressure
drops associated with known flow rates. If the accident being
considered is a rupture in the recirculation loop, an additional
flow path exists through the diffusers of the inoperative jet
pumps.

Momentum effects are considered for the core inlet, core outlet,
separator, and jet pump flows; it is not a significant effect in
the other reactor vessel internal flow paths.

Figure 3.3.7 shows the reactor nodes; the normal reactor internals

pressure differentials (RIPD's) acting on major components are
designated as follows:
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RIPDs for Normal Conditions (psid) (M)

Parameter

Core Plate & Guide Tube 24 .37

Shroud Support Ring & Lower Shroud 33.71

Upper Shroud 9.64

Shroud Head 10.26

Shroud Head to Water Level 13.05 (Irreversible)
Shroud Head to Water Level (Elevation) 0.84

Top Guide 0.75

Steam Dryer 0.42()

Notes

(1) Based on GNF2 fuel at 4018 MWt and 110% core flow
(Reference 22).

(2) The dryer RIPDs have been calculated at bounding
conditions in PEAM-EPU-10 (Reference 20). RIPD for the
Replacement Steam Dryer (RSD) was calculated by
Westinghouse (PEAM-EPU-130) and resulted in a range of
dryer RIPDs from 0.294 to 0.347 psid. The GEH
evaluation in PEAM-EPU-10 evaluated the dryer and the
other components for normal conditions at a higher
dryer RIPD of 0.41 which bounds the Westinghouse
evaluation of the RSD and evaluates the rest of the
components at the higher dryer RIPD. Therefore, the
steam line break analysis performed by GEH for reactor
vessel internals loading remains bounding for the RSD
(Reference 21). The small increase of 0.01 psid in the
normal RSD pressure drop was evaluated for MUR in
Reference 22 and found acceptable

3.3.5.2 Recirculation Line Break

The postulated break in the recirculation line is not the design
basis with respect to internal differential pressure loads. The
maximum loads occur following the postulated steam line break
accident and are presented in paragraph 3.3.5.3.

3.3.5.2.1 Jet Pump Joints and Access Hole Cover Joints*

An analysis has been performed to evaluate the potential leakage
from within the floodable inner volume of the reactor vessel
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during the recirculation line break and subsequent LPCI

reflooding. The possible sources of leakage are:
1. Jet pump throat to diffuser joint
2. Jet pump nozzle to riser joint (in the flowpath to

the floodable inner volume)

3. Shroud support plate access hole cover joint (for
PBAPS Unit 3 only).

4., Jet pump thermal sleeve to elbow weld.
5. Jet Pump diffuser to adapter weld location AD-3b.
6. Jet pump adapter backing ring upper fillet weld

location AD-3a.

*Note: Access hole cover joint leakage is applicable only for
the Unit 3 design.

The jet pump diffuser to shroud support joint is welded and
therefore is not a possible source of leakage. The jet pump
throat to diffuser joint (slip/socket joint) for all jet pump
leaks no more than a total of 225 gpm. The jet pump nozzle to
riser joint (clamped by the beam bolt) by analysis is shown to
leak no more than 582 gpm for the pumps through which the wvessel
is being flooded. The two welded shroud support plate access hole
covers in the PBAPS Unit 3 RPV have been replaced with a bolted
access hole cover design. The effect of potential leakage,
through the bolted access hole cover joints, on the core flow was
considered. It is determined that the total calculated maximum
leakage from both the access hole cover joints (neglecting the
presence of a seal ring which is installed to minimize leakage) 1is
not more than 500 gpm. Modification P00769 installed clamps on
the Unit 3 JP 1/2 (N2E) and JP 13/14 (N2J) RS-1 welds. Leakage at
the recirculation inlet nozzle thermal sleeve to Jjet pump riser
elbow welds was evaluated in reference 7 considering two
configurations. The first configuration included the two clamps
and a crack at JP 9/10 (N2A), the second configuration considered
clamps on 360 degree cracks at all RS-1 locations. The results of
this evaluation showed:

a. During normal operation, leakage at any single clamped
recirculation inlet nozzle thermal sleeve weld will be less
than 2% of the original rated recirculation pump flow (45,200
gpm) while operating at the current maximum rated (power
rerate) condition, including increased core flow.
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b. For an assumed large recirculation line break LOCA, the sum of
the LPCI system leakage from the clamped JP 1/2 (N2E) and JP
13/14 (N2J) locations plus the maximum crack length at JP 9/10
(N2A) and other identified system leakages will be limited to
a value which has been reconciled with the licensing basis
accident analysis (Reference 4), to show that applicable plant
safety limits are met.

Engineering evaluations (reference 12 and 13) for a previously
evaluated indication on the RS-1 weld of jet pump 9/10, and an
indication on the adapter assembly of jet pump 18 (PBAPS, Unit 3
only) calculated postulated leakage rates associated with the
evaluated locations. The results of the evaluation showed:

a. During normal operation, leakage from jet pump 9/10 will still
be bounded by the previous analysis (reference 8), and leakage
from jet pump 18 will be less than 0.05% of the original rated
recirculation pump flow (45,200 gpm) while operating at the
current maximum rated (power rerate) condition, including
increased core flow.

b. For an assumed large recirculation line break LOCA, the sum of
the LPCI system leakage from all sources will be limited to a
value which has been reconciled with the licensing basis
accident analysis (Reference 4), to show that applicable plant
safety limits are met.

Postulated leakage from flaw location on diffuser to adapter
welds have been evaluated in Reference 11. This analysis
covered known flaw locations and conservatively assumed
similar flaws exist in all twenty jet pump diffuser to adapter
welds for the purpose of the leakage analysis. The result was
that margin relative to the assumed LPCI delivery capacity was
still maintained.

In any event, post RPV internals inspection assessment and
corrective actions shall ensure that leakage from flaw
locations and other sources within the floodable inner volume
combined do not exceed design or licensing basis limits.

The latest revision of Reference 16 shall be consulted to
determine the scope of the inspections performed during each
cycle outage and to reference any inspection results and
associated evaluations that may have been performed.

3.3.5.3 Steam Line Break Accident

The analysis of this accident assumes an instantaneous
circumferential break of one main steam line between the reactor
vessel and the main steam line flow restrictor. This is not the
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same accident as that described in Section 14.0, "Plant Safety
Analysis," because greater differential pressures across the
reactor vessel internals result from this accident. It is
noteworthy that this accident results in greater loading of the
reactor vessel internals and a higher depressurization rate than
does the recirculation line break. This is because the
depressurization rate is proportional to the mass flow rate and
the excess of fluid escape enthalpy above saturated water enthalpy
(hf) . However, mass flow rate is inversely proportional to escape
enthalpy (he); therefore, the depressurization rate is
proportional to 1 - (hs/he). Consequently, the depressurization
rate decreases as h decreases; that is, the depressurization is
less for mixture flow than for steam flow.

The reactor is assumed to be at 4030 MWt (1.02 x 120 % of original
rated power) with 110 percent of rated recirculation flow at the
time of the break. The analysis considers initial conditions of
both normal feedwater temperature (NFWT) and reduced feedwater
temperature (RFWT) final feedwater temperature reduction (FFWTR)
of 90 F.

The initial values of key nuclear system parameters are as
follows:

Core Power 4030 MWt
Steam Rate, NFWT 16.565 x 10% lbm/hr
Steam Rate, RFWT 14.882 x 10 lbm/hr
Core Flow 112.75 x 10% lbm/hr
Core inlet enthalpy 526.3 BTU/lbm (NFWT)
Feedwater Temperature 383.5 F (NEWT)

292.9 F (RFWT)

Two conditions were analyzed for faulted condition, High Power
and Interlock. The first condition is limiting for certain
components because the maximum loads occur at the maximum core
flow and maximum void formation in the bundles. The second
condition is limiting for certain components because it results
in a higher mismatch between the steam flow from the break and
the steam generated in the core during a postulated steam line
break. At the interlock point with lower thermal power, the core
steam flow is much lower than the high power case resulting in a
greater difference between the core generated steam flow and the
steam exiting through the break.
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Figure 3.3.8 shows the variation of differential pressures for
various internals as a function of time at high power conditions
4030 MWt (Reference 20). The differential pressures across the
reactor vessel internals resulting from the accident are provided
as follows.

RIPD for Faulted Conditions (psid)

Parameter Interlock High Power
(Ref. Figure 3.3-7)

Core Plate & 29.5 29.5
Guide Tube

Shroud Support 53 53
Ring & Lower

Shroud

Upper Shroud 32 31
Shroud Head 32 32
Shroud Head to 33 34
Water Level

(Irreversible)

Shroud Head to 2.4 1.4
Water Level

(Elevation)

Top Guide 2.0 0.76
Steam Dryer* 5.4 3.6
Interlock: This is at the recirculation pump cavitation

interlock point, 858.6 MWt (21.7% of rated power).
Values are the maximum results from either normal
or reduced feedwater temperature with GE14 fuel at
110% rated core flow. The reduced feedwater
temperature of 90 F was used. The GE14 fuel is
the limiting fuel for RIPD with faulted
conditions.

High Power: This is at (4030 MWt). Values are the maximum
results from either normal or reduced feedwater
temperature with GE14 fuel at 110% rated core
flow. Evaluations at these points considered both
normal and reduced feedwater temperatures. The
reduced feedwater temperature of 90 F was used.
The GE14 fuel is the limiting fuel for RIPD with
faulted conditions.

* The Steam Dryer values are bounding but are not used in the
analysis of the replacement stream dryers.
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Note:

The core pressure drop for GNF2 is less than the core
pressure drop for GE14 meaning the RIPD results for GNF2 are
bounded by GE14. The GNF2 bundle is heavier than the GE1l4
bundle meaning the fuel 1lift margin results for GNF2 are
bounded by GE14.

These maximum differential pressures are used, in combination with
other assumed structural loads, to determine the total loading on
the various reactor vessel internals. The various internals are
then examined to assess the extent of deformation and collapse, if
any. Of particular interest are the responses of the core
support, the guide tubes, and the metal channels around the fuel
bundles.

3.3.5.3.1 Core Support

The core support sustains the maximum net force, which is an
upward force following the steam line break accident, so the
effect on the core support holddown bolts must be established.
Analysis shows that the applied stresses are about one-half of
yield strength for the bolts, indicating that the core support can
withstand the effects of the accident.

3.3.5.3.2 Guide Tubes

Because of the externally applied pressure, the guide tube is
examined for collapse. As in the case of the lower shroud and
core support assembly, a number of formulae are utilized to
calculate the collapse pressure. Use of ASME curves indicates the
extreme sensitivity to wall thickness.

For the minimum wall thickness for a 10-in Schedule 10 pipe, the
ASME curves give a collapse load of 45 psi. Using the average
wall thickness, the collapse pressure is increased to over 70 psi.
Using empirical relations for tubes over the critical length, the
calculated collapse pressure is reached at 54 psi for a wall
thickness of 0.150 in, which is 6 mils over the minimum for a 10-
in Schedule 10 pipe. The calculated total locading for the guide
tubes is considerably below the collapse loading, and it can be
concluded that no failure occurs. The analysis also indicates
that the control rods are 70 percent to 80 percent inserted at the
time the maximum external pressure is applied to the guide tubes.

3.3.5.3.3 Fuel Channels

The fuel channel load due to an internally applied pressure is
examined utilizing a fixed-fixed beam analytical model under a
uniform load. Tests have been conducted to verify the
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applicability of the analytical model. The results indicate that
the analytical model is conservative. The fuel channels may
deform sufficiently outward to cause some interference with
movement of the control rod blade. There are about 15 factors,
such as fuel channel deformation, core support, hole tolerance,
top fuel guide beam location, etc, that determine the clearance
between the control rod blade and fuel channel. If each of these
tolerance factors is assumed to be at the worst extreme of the
tolerance range, then a slight interference would develop under an
18 psi pressure difference across the channel wall. At the top of
the control rod there are rollers to guide the blade as it is
inserted. The clearance between channels is 70 mils less than the
diameter of the roller, causing it to slide or skid instead of
roll. As the rod is inserted about half way, there is a tendency
for the control rod sheath to push inward on the channel. This is
a control rod surface to channel surface contact. A "worst case"
study indicates a possibility of a 50-mil interference.

The possibility of a worst case developing is extremely remote. A
statistical analysis utilizing a normal distribution for each of
the 15 variables indicates that no interference occurs within 3
limits, where 1 is the standard deviation in a point distribution
of events. Three lies in the 0.995 percentile of probability of

non-occurrence. However, even i1f interference occurs, the result
is negligible. About one pound of lateral force is required to
deflect the channel inboard 1 mil. The friction force developed

is an extremely small percentage of the total force available to
the CRD's.

The previous discussion presupposes the control rod has not moved
when the fuel channel experiences the largest magnitude of
pressure drop. Analysis indicates that the rod is about 70 to 90
percent inserted. If the rod is beyond 70 percent inserted, then
no interference is likely to develop because all the channel
deformation is in the lower portion of the fuel channel, whereas
the rollers are at the top of the rod. It is concluded that the
main steam line break accident poses no significant interference
to the movement of control rods.

3.3.5.4 Thermal Shock

The most severe thermal shock effects for the reactor vessel
internals result from the reflooding of the reactor vessel inner
volume. For some vessel internals, the limiting thermal shock
occurs from LPCI operation, and for others HPCI operation is
controlling, dependent upon the location of the component. These
effects occur as a result of any large LOCA, such as the
recirculation line break and the steam line break accidents
previously described.
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Three specific locations are of particular interest, as shown in
Figure 3.3.9. The locations are as follows:

1. Shroud support plate
2. Shroud-to-shroud support plate discontinuity
3. Shroud inner surface at highest irradiation zone.

The peak strain occurring in the shroud support plate is about 6.5
percent. This strain is higher than the 5.0 percent strain
equivalent of the stress amplitude permitted by the ASME Boiler
and Pressure Vessel Code, Section III, for 10 cycles, but the one
cycle peak strain corresponds to about six allowable cycles of an
extrapolated ASME code curve.

Figure 3.3.10 illustrates both the ASME code curve and the basic
material curves from which it was established (with the safety
factor of 2 on strain or 20 on cycles, whichever is more
conservative). The extrapolation of the ASME code curve
represents a similar criteria to that used in the ASME Boiler and
Pressure Vessel Code, Section III, but applied to fewer than 10
cycles of loading. For this type 304 stainless steel material,
the stress value of the equivalent 10 percent peak strain
corresponds to one allowable cycle of loading. Even a 10 percent
strain for a single cycle loading represents a very conservative
suggested limit because this has a large safety margin below the
point at which even minor cracking is expected to begin. Because
the conditions which lead to the calculated peak strain of 6.5
percent are not expected to occur even once during the entire
reactor lifetime, the peak strain is considered tolerable.

The results of the analysis of the shroud-to-shroud support plate
discontinuity region are as follows:

Amplitude of alternating stress 180,000 psi
Peak strain 1.34 percent

The ASME Boiler and Pressure Vessel Code, Section III, allows 220
cycles of this loading. Thus, no significant deformation results.

The most irradiated point on the inner surface of the shroud is
subjected to a total integrated neutron flux of 3.56 x 102! n/cm?
(>1 Mev) by the end of plant life (54 EFPY). The peak thermal
shock stress is 155,700 psi, corresponding to a peak strain of
0.57 percent. The shroud material is type 304 stainless steel,
which is not significantly affected by irradiation. The peak
strain resulting from thermal shock at the inside of the shroud
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represents no loss of integrity of the reactor vessel inner
volume.

3.3.5.5 Earthquake

The seismic loads on the reactor pressure vessel and internals due
to horizontal motion are based on a dynamic analysis of a reactor
pressure vessel and internals model similar to that shown in the
Figure 3.3.11. Seismic analysis is performed by coupling this
lumped mass model of the reactor pressure vessel and internals
with the building-soil structure model to determine the system
natural frequencies and mode shapes. The relative displacement,
acceleration, and load response of the reactor pressure vessel and
internals is then determined by the time-history method. In the
time-history method, the dynamic response is determined for each
mode of interest and added algebraically for each instant of time.
Resulting response time-histories are then examined and the
maximum value of displacement, acceleration, shears, and moments
are used for design calculations.

The natural frequencies of the reactor internals, reactor vessel,
and pedestal system in the vertical direction have been found to
be approximately 20 Hz. Examination of the response spectra shows
no significant amplification at this frequency. Hence, omitting
the vertical motion from seismic analysis to reduce the analytical
complexities is acceptable. The effects of vertical excitations
are accounted for by increasing or decreasing (whichever causes
higher stress) the weight of the various components by a
percentage equal to the vertical acceleration expressed in percent

"g" .
Details of the analysis are presented in Appendix K.

3.3.5.6 Blowdown Hydrodynamic Forces

In order to assure that no significant dynamic amplification of
load occurs as a result of the oscillatory nature of the blowdown
forces (Figure 3.3.8), a comparison was made of the periods of the
applied forces and the natural periods of the reactor internal
components being acted upon by the applied forces. These periods
are determined from a comprehensive dynamic model of the reactor
pressure vessel and internals with 27 degree-of-freedom. Since
only motion in the vertical direction is considered here, each
structural member (between two lumped masses) can only have an
axial load.

Besides the real masses of the reactor pressure vessel and

internals, the hydrodynamic mass effects of the water inside the
reactor pressure vessel are accounted for.
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The smallest period of the applied force (approximately 0.7 sec)
is more than 10 times the largest period of the component upon
which the force acted (i.e., natural frequency of component is
more than 10 times greater than the frequency of the applied
load). It is evident that this conclusion would apply for the
higher modes, since they would have shorter periods. A typical
response curve for a damped, single degree-of-freedom system
subjected to a sinusoidal forcing function is shown as Figure

3.3.12. In this figure p is the amplification factor, which is
the ratio of the forced response and the static response, and r <
0.1 and therefore p < 1.01.

Therefore, it was concluded that no significant load amplification
occurred because of the "slowly" changing nature of the applied
load and because a statically applied load equal in value to the
peak transient load can be used for design purposes.

3.3.5.7 Replacement Steam Dryer

The PBAPS Replacement Steam Dryers (RSDs) were analyzed with the
Acoustic Circuit Model Enhanced 2.0 (ACE 2.0), which was
benchmarked against the Monticello Nuclear Generating Plant
(MNGP), also a Westinghouse octagonal design, for predicting
stresses in the hood; and analyzed with the ACE 2.0-SPM (Skirt
Protection Model), benchmarked against measured observations in
another instrumented dryer, for predicting stresses in the skirt.

A key part of all steam dryer alternating stress evaluations is
assessing the effects of acoustic loads induced by flow-induced
resonances at the various main steam line valves. The acoustic
mode frequencies in the valve standpipes are functions of
standpipe dimensions, and are strongly excited when these
frequencies coincide with those of flow instability modes across
the standpipe openings driven by the main steam flow. There are
specific flow rates which drive these acoustic modes, which are
usually quite high. The PBAPS EPU main steam flow velocity is
generally lower than that of other BWRs that have received NRC-
approved EPU license amendments.

The fluctuating acoustic pressure loads were applied to the

finite element analysis of the RSDs. Finite element analysis
(harmonic analysis in frequency domain) was performed using ANSYS
general purpose finite element code. Structural damping with 1%

of critical damping was applied for all frequencies and is in
accordance with NRC RG 1.20, Rev. 3. Hydrodynamic damping was
also used in the structural analysis. Hood and skirt stresses
were found to be acceptable.
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The RSD fabrication mainly includes full penetration welds with
fillet welds joining the perforated plate onto the inlet face of
the dryer vane banks. The weld stresses calculated using weld
factors bound the stresses calculated according to the ASME Code,
Subsection NG. The RSD analysis also accounted for stresses due
to the vane passing frequencies (VPFs) of the reactor
recirculation pump (RRP), which were determined to be small.

When the stresses due to the acoustic loads are added to those
due to the RRP VPFs, the resulting alternating stress intensities
satisfy the requirement of a minimum stress ratio of 1.0 for the
hood.

Subsection NG of Section III of the ASME Code and plant-specific
load combinations were used to evaluate stream dryer stresses to
establish the acceptability for normal, upset, emergency and
faulted conditions. The ratio of allowable stress intensities to
maximum computed stress intensities are all greater than 1.0,
thus meeting the applicable Code limits.

The replacement steam dryers were analyzed at MUR operating
conditions, including MELLLA+. The analysis verified that all
steam dryer locations have a minimum alternating stress ratio
greater than the acceptance limit of 1.0 (Reference 23).

Both units contain main steam line strain gauges. Since Unit 2
is the prototype for Unit 3, it was also fitted with on-dryer
instrumentation for the initial EPU power ascension in order to
validate the RSD evaluation methodology and correlate the results
to the main steam line gauge measurements.

3.3.5.8 Conclusions

The analyses of the responses of the reactor vessel internals to
situations imposing various loading combinations on the internals
show that deformations are sufficiently limited to allow both
adequate control rod insertion and proper operation of the core
standby cooling systems. Sufficient integrity of the internals is
retained in such situations to allow successful reflooding of the
reactor vessel inner volume. The analyses considered various
loading combinations, including loads imposed by external forces.
Thus, safety design bases 1 and 2 are satisfied (Ref. Section
3.3.3).

3.3.6 Inspection and Testing

Quality control methods were used during the fabrication and
assembly of reactor vessel internals to assure that the design
specifications were met.
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The reactor coolant system, which includes the reactor vessel
internals, was thoroughly cleaned and flushed before fuel was
loaded initially.

During the pre-operational test program, operational readiness
tests were performed on various systems. In the course of these
tests, such reactor vessel internals as the feedwater spargers,
the core spray lines, and the standby liquid control system line
were functionally tested.

Steam separator-dryer performance tests were made during the
startup test program to determine carryunder and carryover
characteristics. Steam samples were taken from the inlet and
outlet of the steam dryers and from the inlet to the main steam
lines at various reactor power levels, water levels, and
recirculation flow rates. Moisture carryover was determined from
sodium-24 activity in these samples and in reactor water samples.
Carryunder was determined from measured flows and temperatures
determined by heat balances.

A vibration analysis of reactor vessel internals was performed in
the design. 1In the event that the design of the reactor vessel
internals represented a significant departure from design
configuration previously tested and found acceptable, vibration
measurements were taken during startup tests. The measurements
were used to determine the vibration characteristics of the
reactor vessel internals and the recirculation loops under forced
recirculation flow. Vibratory responses were recorded at various
recirculation flow rates using strain gages on fuel channels and
control rod guide tubes, accelerometers on the shroud support
plate and recirculation loops, and linear differential transducers
on the upper shroud and shroud head steam separator assembly. The
vibration analyses and tests were designed to determine any
potential, hydraulically induced equipment vibrations and to check
that the structures do not fail due to fatigue. The structures
were analyzed for natural frequencies, mode shapes, and
vibrational magnitudes that could lead to fatigue at these
frequencies. The cyclic loadings were evaluated using as a guide
the cyclic stress criteria of the ASME Boiler and Pressure Vessel
Code, Section III.

Adequate working space was provided inside the reactor vessel to
allow access for inspection. Examinations are performed to
satisfy the ASME XI code requirements as specified in 10CFR50.55A
(Ref. Appendix I, "In-Service Inspection Program").
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TABLE 3.3.1

Upper Portion, od,

Central Portion,
Central Portion,

Weight,

Shroud Head-Steam Separator Assembly

1b

od,
Thickness,

in

Head Thickness, in

Number of Separators

Separator od, in
Standpipe, id, in
Standpipe, od, in

Weight,

Core Support

Weight,
Top Guide

Weight,

1b

1b

1b

Fuel Support Pieces

Number of Peripheral

Four—-Lobe

Number Without Plugs

Number With Plugs

Weight,

1b

Control Rod Guide Tubes

Number
Weight,

Jet Pumps

Number

1b

Throat Diameter, in

Weight,

CHAPTER 03

1b
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26,

220
207.125
2
116,900

2.0

211
12.75
6.065
6.625
139,600

20,500

15,200

24

185

11,300

185
46,350

20
8.18
22,700
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TABLE 3.3.1 (Continued)

Steam Dryers

Weight, 1b

Feedwater Sparger

Diameter, in
Cross-Section Area,
Number

sq ft

Core Spray Sparger

Diameter, in

Cross—-Section Area, sq ft
Number of Spray Outlets/Sparger
Weight, 1b

*Vessel Head Cooling Spray Nozzle

Pipe Size, in

Differential Pressure & Liquid Control Line

Inner Pipe (Liquid Control), in
Outer Pipe, in

In-Core Flux Monitor Guide Tubes

Number

Surveillance Sample Holders

Total Weight of Reactor Vessel
Internals, 1lb (excluding fuel, control
rods, feedwater spargers, vessel head
cooling spray nozzles, in-core guide
tubes, startup neutron sources)

* Function is deleted (See Section 3.3.4.8)
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4-Sched. 40S
0.0884
260
4,317
4-Sched. 40
1-Sched. 40
2-Sched. 40
55
3
498,000

APRIL 2017



PBAPS UFSAR

3.4 REACTIVITY CONTROL MECHANICAL DESIGN

3.4.1 Safety Objective

The safety objective of the reactivity control mechanical design
is to provide a means of rapid reactor shutdown so that damage to
the fuel barrier is limited or prevented. The objective is met by
inserting neutron-absorbing material into the reactor core.

3.4.2 Safety Design Basis

1. The reactivity control mechanical design includes
control rods.

a. The control rods have sufficient mechanical
strength to prevent the displacement of their
reactivity control material.

b. The control rods have sufficient strength and are
designed to prevent deformation that could inhibit
their motion.

C. FEach control rod includes a device to limit its
free fall velocity to such a rate that the nuclear
system process barrier is not damaged due to
pressure increase caused by the rapid reactivity
increase resulting from the free fall of one
control rod from its fully inserted position.

2. The reactivity control mechanical design provides for a
sufficiently rapid insertion of control rods so that no
fuel damage results from any abnormal operating
transient and limits fuel damage under accident
conditions.

3. The reactivity control mechanical design includes
positioning devices each of which individually support
and position a control rod.

4. Each positioning device:

a. Prevents gross withdrawal of its control rod as a
result of a single malfunction of the positioning
device.

b. Avoids conditions which could prevent its control

rod from being inserted.
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c. Is individually operated such that a failure in
one positioning device does not affect the
operation of any other positioning device.

d. Is individually energized when rapid control rod
insertion (scram) is signaled so that failure of a
power source external to the positioning device
does not prevent other control rods from being
inserted.

e. Is locked to its control rod to prevent
undesirable separation.

3.4.3 Power Generation Objective

The power generation objective of the reactivity control
mechanical design is to provide a means to control power
generation in the fuel. This objective is met by positioning
neutron-absorbing material in the reactor core.

3.4.4 Power Generation Design Basis

1. The reactivity control mechanical design includes
reactivity control devices (control rods) which contain
and hold the reactivity control material necessary to
control the excess reactivity in the core.

2. The reactivity control mechanical design includes
provisions for adjustment of the control rods to permit

control of power generation in the core.

3.4.5 Description

The reactivity control mechanical design consists of control rods
which can be positioned in the core by individual CRDS mechanisms.

The CRD mechanisms are part of the CRDS. The CRDS hydraulically
operates the CRD mechanisms using water from the condensate system
as a hydraulic fluid. The CRD pump takes suction from the
condensate system on the discharge side of the condensate
demineralizers in order to provide high purity deaerated water to
the CRDS. A flow control station is installed downstream of the
tap from the condensate system, and ties into the CRD pump suction
line before the CRD suction filter (Drawing M-356). The flow
control station will divert approximately 250 gpm from the
condensate system, which will supply the CRD and the remainder
will be passed on to the condensate storage tank. The flow will
ensure an adequate supply for recharging the accumulators after a
scram and a deaerated water supply to the CRDS at all times. 1In
the event that the flow from the condensate system is interrupted,
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the condensate storage tank provides a backup source to ensure
CRDS operability without operator action being required when the
condensate storage tank level is within its normal operating
range. The CRD mechanisms manually position the control rods
during normal operation and act automatically to rapidly insert
the control rods when required. The control rods, CRD mechanisms,
and that part of the CRD hydraulic system necessary for scram are
designed to seismic Class I criteria.

3.4.5.1 Reactivity Control Devices

3.4.5.1.1 Control Rods

The control rods (Figures 3.4.1.A, 3.4.1.B and 3.4.1.C) perform
the dual function of power shaping and reactivity control. Power
distribution in the core is controlled during operation of the
reactor by manipulation of selected patterns of control rods. The
bottom entry design of the control rods counterbalances steam void
effects at the top of the core.

The control rod design originally supplied at PBAPS consisted of a
sheathed cruciform array of stainless steel tubes filled with
boron-carbide powder (all-B4C rods). Several new design longer
life control rods are currently in use at PBAPS. They contain a
mixture of boron-carbide absorber rods and solid hafnium absorber
rods (see Sections 3.4.8, 3.4.9, and 3.4.10). The following
discussion applies to the originally supplied all-Bs4sC control
rods. Section 3.4.8 discusses the longer life control rod designs,
Section 3.4.9 discusses the Marathon Control Rod Assembly, and
3.4.10 discusses the Westinghouse Atom Control Rod Assembly. The
control rods are 9.75 inches in total span and are located
uniformly through the core on a 12-inch pitch. Each control rod
is surrounded by four fuel assemblies.

The main structural member of a control rod is made of type 304
stainless steel and consists of a top casting which incorporates a
handle, a bottom casting which incorporates a velocity limiter and
a CRD coupling, a vertical cruciform center post, and four U-
shaped absorber tube sheathes. The two end castings and the
center post are welded into a singly skeletal structure. The U-
shaped sheathes are resistance welded to the center post and
castings to form a rigid housing to contain the boron-carbide
filled absorber tubes. Rollers at the top and the bottom of the
control rod provide guidance for the control rod as it is inserted
and withdrawn from the core. The control rods are cooled by the
fuel assembly bypass flow. The U-shaped sheathes are perforated
to allow the coolant to freely circulate about the absorber tubes.
Operating experience has shown that control rods constructed as
described are not susceptible to dimensional distortions, thus
satisfying safety design basis 1b.
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The boron-carbide (B4C) powder in the absorber tubes is compacted
to about 70 percent of its theoretical density; the boron-carbide
contains a minimum of 76.5 percent by weight natural boron. The
boron-10 content of the boron is 18.0 percent by weight minimum.
The absorber tubes are made of type 304 stainless steel, are
0.188-in. in outside diameter and have a 0.025-in wall thickness.
Each absorber tube is sealed by a plug welded into each end. The
boron-carbide is separated longitudinally into individual
compartments by stainless steel balls at approximately 16-in
intervals. The steel balls are prevented from settling by a
slight crimp in the tube wall below each ball. Should the boron-
carbide tend to compact further in service, the steel balls will
distribute the resulting voids over the length of the absorber
tube.

The operational lifetime of the control rods is determined by the
burnup of boron-10 from neutron absorption. The nuclear lifetime
limit is reached when the peak boron depletion results in a 10
percent loss in relative control worth.

The mechanical lifetime limit is defined as the time at which the
internal helium pressure from the boron-10 (neutron, alpha)
reaction results in stresses in any absorber tube of the control
rod reaching the most restrictive design limit.

Based on experimental data, a helium release analytical model is
used to correlate the fraction of generated helium which is
released from the boron-carbide with the boron-10 burnup fraction.
This model predicts a release fraction which starts at 4 percent
for zero boron-10 burnup and increases to approximately 20 percent
release at 100 percent boron-10 burnup.

Since the control rods enter from the bottom of the core, the
neutron exposure of the control rods is skewed toward the top half
of the control rod. The absorber tube at the outer edge of each
blade of the control rod receives more neutron irradiation than
any other tube in the blade. Neutron irradiation is significantly
less for each absorber tube located closer to the center of the
control rod. The absorber tubing at the lower end of the control
rods undergoes negligible fast flux irradiation and, as a result,
retains its initial annealed material properties throughout the
lifetime of the control rods. Thus, the allowable design stress
for all absorber tubes which extend into the bottom end of the
control rod is based upon the mechanical properties of fully
annealed type 304 stainless steel.

The average mechanical lifetime of the control rods is calculated

to be approximately 18 yr of full power operation. The actual
lifetime of a control rod is strongly dependent on where it is
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used in the core and on its mechanical design. The actual
replacement of control rods depends on the loss of reactivity
control capability and gas pressure buildup and varies among
control rods. The average expected service life of control rods is
approximately 15 yr.

The control rods and absorber tubes meet the requirements of
safety design basis 1la.

3.4.5.1.2 Control Rod Velocity Limiter

The control rod velocity limiter is an integral part of the bottom
assembly of each control rod. This engineered safeguard protects
against a high reactivity insertion rate by limiting control rod
velocity in the event of a control rod drop accident. It is a one
way device, in that the control rod scram velocity is not
significantly affected but the control rod dropout velocity is
reduced to a permissible limit (Figures 3.4.2 and 3.4.3).

A new lightweight velocity limiter (see Section 3.4.8 and

Figure 3.4.1.B) was designed and incorporated on the longer life
control rod assemblies. The new velocity limiter was designed to
the same design specifications as the original velocity limiter
and meets or exceeds all of the design requirements, e.g., rod
drop velocity, scram performance, and structural integrity.

The velocity limiter is in the form of two nearly mated conical
elements that act as a large clearance piston and baffle inside
the control rod guide tube and is effective for the length of the
control rod stroke.

The hydraulic drag forces on a control rod are approximately
proportional to the square of the rod velocity and are negligible
during normal rod withdrawal or rod insertion. However, during
the scram stroke the rod reaches high velocity and the drag forces
could become appreciable.

In order to limit control rod velocity during dropout but not
during scram, the velocity limiter is provided with a streamlined
profile in the scram (upward) direction. Thus, when the control
rod is scrammed, the velocity limiter assembly offers little
resistance to the flow of water over the smooth surface of the
upper conical element into the annulus between the guide tube and

the limiter. 1In the dropout direction, however, water is trapped
by the lower conical element and discharged though the annulus
between the two conical sections. Because this water is jetted in

a partially reversed direction into water flowing upward in the
annulus, a severe turbulence is created. The resultant
hydrodynamic forces slow the descent of the control rod assembly

to less than 5 ft/sec at 70°F.
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3.4.5.2 Control Rod Drive Mechanisms

The CRD mechanism used for positioning the control rod consists of
a double-acting, mechanically latched, hydraulic cylinder using
water from the condensate system or condensate storage tank (CST)
as its operating fluid. The individual drives are mounted on the
bottom head of the reactor pressure vessel. Each drive is an
integral unit contained in a housing extending below the reactor
vessel. The lower end of each drive housing terminates in a
flange to which the drive is bolted. The drives do not interfere
with refueling and are operative even when the head is removed
from the reactor vessel. The bottom location makes maximum use of
the water in the reactor as a neutron shield minimizing neutron
exposure to the drive components. The use of high quality
condensate as the operating fluid contributes to the simplicity
and reliability of the design. For example, simple piston seals
are used, since leakage does not contaminate the reactor vessel
and helps cool the drive mechanisms (Figures 3.4.2, 3.4.4, 3.4.5,
and 3.4.9).

The drives are capable of inserting or withdrawing a control rod
at a slow, controlled rate for reactor power level adjustment, as
well as providing rapid insertion when required. A locking
mechanism on the drive allows the control rod to be locked at
every 6 in of stroke over the 12-ft length of the core.

A coupling at the top end of the drive index tube (piston rod)
engages and locks into a mating socket at the base of the control
rod. The weight of the control rod is sufficient to engage and
lock this coupling. Once locked, the drive and rod form an
integral unit which must be manually unlocked by specific
procedures before a drive and its rod can be separated. This
arrangement minimizes the probability of accidental separation of
a control rod from its drive.

FEach drive positions its control rod in 6-in increments of stroke,
and holds it in these distinct latch positions until actuated by
the hydraulic system for movement to a new position. Indication
is provided for each rod that shows when the insert travel limit
and withdraw travel limit is reached. An alarm annunciates when
the withdraw overtravel limit on the drive is reached. Normally,
the seating of the control rod at the lower end of its stroke
prevents the drive withdraw overtravel limit from being reached.
If the drive can reach the withdrawal overtravel limit, it
indicates that the control rod is uncoupled from its drive.

The overtravel limit alarm permits the operator to confirm that
the rod is coupled to the drive.
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Individual rod position indicators are grouped together on the
control panel in one display and correspond to the relative rod
locations in the core. Each rod indicator gives continuous rod
position indication in digital form. Color indication is provided
at the fully-in and fully-out positions (green for in, red for
out) for emphasis. A separate, smaller, four-rod display is
located on the reactor operator's console. This display presents
the positions of the control rod selected for movement and the
other rods in the rod group. For display purposes, the control
rods are considered in groups of four adjacent rods centered
around a common core volume monitored by four local power range
monitor strings (subsection 7.5, "Neutron Monitoring System").

Rod groups at the periphery of the core may have less than four
rods. The four rod display shows the positions of the rods in the
group to which the selected rod belongs. A white light indicates
which of the four rods is the one selected for movement.

3.4.5.2.1 Components

Figure 3.4.4 illustrates the principle of operation of a drive.
Figures 3.4.5 and 3.4.9 illustrate the drive in more detail.
Following is a description of the main components of the drive and

their functions:

Drive Piston and Index Tube

The drive piston, mounted at the lower end of the index tube,
functions as a piston rod. The drive piston and index tube make
up the main moving assembly in the drive. The drive piston
operates between positive end stops, with a hydraulic cushion
provided at the upper end only. The piston has both inside
(contracting) and outside (expanding) seal rings, and operates in
an annular space between an inner cylinder (fixed piston tube) and
an outer cylinder (drive cylinder).

The effective piston area for down-travel or withdraw is about 1.2
sq in versus 4.0 sq in for uptravel or insertion. This difference
in driving area tends to balance out the control rod weight and
makes it possible to always have a higher insertion force than
withdrawal force.

The index tube is a long hollow shaft made of nitrided type 304
stainless steel. This tube has circumferential locking grooves
spaced every 6 in along the outer surface. These grooves transmit
the weight of the control rod to the collet assembly which locks
the rod at each 6-in step. A double tapered groove is provided at
position 48 to allow uncoupling during outages.
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Collet Assembly

The collet assembly serves as the index tube locking mechanism.
It is located in the upper part of the drive unit. The collet
assembly prevents the index tube from inadvertently moving
downward. The collet assembly consists of the collet fingers, a
return spring, a guide cap, a collet housing (part of the
cylinder, tube, and flange), and the collet piston seals.

Locking is accomplished by six fingers mounted on the collet
piston. In the locked or latched position the fingers engage a
locking groove in the index tube.

The collet piston is normally held in the latched position by a
return spring force of approximately 150 1lb. Metal piston rings
are used to seal the collet piston from reactor vessel pressure.
The collet assembly will not unlatch until the collet fingers are
unloaded by a short, automatically sequenced, drive in signal. A
pressure approximately 180 psi above reactor vessel pressure
acting on the collet piston is required to overcome spring force,
slide the collet up against the conical surface in the guide cap,
and spread the fingers out so that they do not engage a locking
groove. The collet piston is nitrided to minimize wear due to
rubbing against the surrounding cylinder surfaces.

Fixed in the upper end of the drive assembly is a guide cap. This
member provides the unlocking cam surface for the collet fingers.
It also serves as the upper bushing for the index tube and is
nitrided to provide a compatible bearing surface for the index
tube.

If reactor water is used to supplement accumulator pressure during
a scram, it is drawn through a filter on the guide cap.

Piston Tube and Stop Piston

Extending upward inside the drive piston and index tube is an
inner cylinder or column called the piston tube. The piston tube
is fixed to the bottom flange of the drive and remains stationary.
Water is brought to the upper side of the drive piston through
this tube. A series of orifices at the top of the tube provides
progressive water shutoff to cushion the drive piston at the end
of its scram stroke.

A stationary piston, called the stop piston, is mounted on the
upper end of the piston tube. This piston provides the seal
between reactor vessel pressure and the space above the drive
piston. It also functions as a positive end stop at the upper
limit of control rod travel. A stack of spring washers just below

CHAPTER 03 3.4-8 REV. 25, APRIL 2015



PBAPS UFSAR

the stop piston helps absorb the final mechanical shock at the end

of control rod travel. The piston rings are similar to the outer
drive piston rings. A bleed-off passage to the center of the
piston tube is located between the two pairs of rings. This

arrangement allows seal leakage from the reactor vessel (during a
scram) to be bled directly to the discharge line, rather than to
the space above the drive piston. The lower pair of seals is used
only during the cushioning of the drive piston at the upper end of
the stroke.

Position Indicator

The center tube of the drive mechanism forms a well to contain the
position indicator probe. The position indicator probe is an
aluminum extrusion attached to a cast aluminum housing. Mounted
on the extrusion is a series of hermetically sealed, magnetically
operated, position indicator switches. Each switch is sheathed in
a braided glass sleeve, and the entire probe assembly is protected
by a thin-walled stainless steel tube. The switches are actuated
by a ring magnet attached at the bottom of the drive piston. The
drive piston, piston tube, and indicator tube are all of
nonmagnetic stainless steel, allowing the individual switches to
be operated by the magnet as the piston passes. One switch is
located at each position corresponding to an index tube groove,
thus allowing indication at each latching point. An additional
switch is located at each midpoint between latching points,
allowing indication of the intermediate positions during drive
motion. Thus, indication is provided for each 3 in of travel.
Switches are provided for the full-in and full-out positions. One
additional switch (an overtravel switch) is located at a position
below the normal full-out positions. Because the limit of down-
travel is normally provided by the control rod itself as it
reaches the backseat position, the index tube can pass this
position and actuate the overtravel switch only if it is uncoupled
from its control rod. A convenient means is thus provided to
verify that the drive and control rod are coupled after
installation of a drive or at any time during plant operation.

Flange and Cylinder Assembly

The fixed components of the drive mechanism (inner cylinder and
center tube) are welded to the drive flange. A sealing surface on
the upper face of this flange is used in making the seal to the
drive housing flange. Teflon-coated, stainless steel O-rings are
used for the seals. 1In addition to the reactor vessel seal, the
two hydraulic control lines to the drive are sealed at this face.
A drive can thus be replaced without removing the control lines,

which are permanently welded into the housing flange. The drive
flange contains the integral ball or two-way check (shuttle)
valve. T