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4.1 SUMMARY DESCRIPTION

Susquehanna Units 1 and 2 are General Electric BWR/4 Boiling Water Reactors. Each reactor
contains 764 fuel assemblies and 185 control rods arranged in an upright cylindrical
configuration. Light water acts as both moderator and coolant.

The reactor assembly consists of the reactor vessel, its internal components of the core, shroud,
steam separator and dryer assemblies, and jet pumps. Also included in the reactor assembly
are the control rods, control rod drive housings, and the control rod drives. Figure 3.9-3, shows
the arrangement of reactor assembly components. Important design and performance
characteristics are discussed in Sections 4.2, 4.3 and 4.4. Loading conditions for reactor
assembly components are specified in Section 3.9.

4.1.1 REACTOR VESSEL

The reactor vessel design and description are covered in Section 5.3.

4.1.2 REACTOR INTERNAL COMPONENTS

The major reactor internal components are the core (fuel, channels, control rods, and
instrumentation), the core support structure (including the shroud, top guide and core plate), the
shroud head and steam separator assembly, the steam dryer assembly, the feedwater
spargers, the core spray spargers, and the jet pumps. Except for the Zircaloy in the reactor
core, these reactor internals are stainless steel or other corrosion resistant alloys. All major
internal components of the vessel can be removed except the jet pump diffusers, the jet pump
risers, the shroud, the core spray lines, spargers, and the feedwater sparger. The removal of
the steam dryers, shroud head and steam separators, fuel assemblies, in-core instrumentation,
control rods, orificed fuel supports, and control rod guide tubes, can be accomplished on a
routine basis.

4.1.2.1 Reactor Core

4.1.2.1.1 General

The design of the boiling water reactor core, including fuel, is based on the proper combination
of many design variables and operating experience. These factors contribute to the
achievement of high reliability.

A number of important features of the boiling water reactor core design are summarized in the
following paragraphs:

(1) The BWR core mechanical design is based on conservative application of stress limits,
operating experience, and experimental test results. The moderate pressure level
characteristics of a direct cycle reactor (approximately 1050 psia) result in moderate
cladding temperatures and stress levels.
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(2)

The low coolant saturation temperature, high heat transfer coefficients, and near-neutral
water chemistry of the BWR are significant, advantageous factors in minimizing Zircaloy
temperature and associated temperature-dependent corrosion and hydride buildup.

The relatively uniform fuel cladding temperatures throughout the core minimize migration
of the hydrides to cold cladding zones and reduce thermal stresses.

The basic thermal and mechanical criteria applied in the design have been proven by
irradiation of statistically significant quantities of fuel. The design heat transfer rates and
linear heat generation rates are similar to values proven in fuel assembly irradiation.

The design power distribution used in sizing the core represents a worst expected state
of operation.

The AREVA critical power methodology for boiling water reactors (References 4.1-12,
and 4.1-29) is applied to assure that more than 99.9% of the fuel rods are expected to
avoid boiling transition for the most severe abnormal operational transient described in
Chapter 15. The possibility of boiling transition occurring during normal reactor
operation is insignificant.

Because of the large negative moderator density coefficient of reactivity during normal
power operation, the BWR has a number of inherent advantages. These are the uses of
coolant flow for power maneuvering, the inherent self-flattening of the radial power
distribution, the ease of control, the spatial xenon stability, and the ability to override
xenon, in order to follow load.

Boiling water reactors do not have instability problems due to xenon. This has been
demonstrated by special tests which have been conducted on operating BWRs in an attempt to
force the reactor into xenon instability, and by calculations. No xenon instabilities have ever
been observed in the test results. All of these indicators have proven that xenon transients are
highly damped in a BWR due to the large negative power coefficient of reactivity (Reference

4.1-1).

Important features of the reactor core arrangement are as follows:

(1)

The bottom-entry cruciform control rods consist of B4C in stainless steel tubes (i.e., B4C
rods) only or a combination of B4C rods and solid hafnium rods surrounded by stainless
steel. Control Rods are further described in subsections 4.1.3.2 and subsequent
sections.

The fixed in-core ion chambers provide continuous power range neutron flux monitoring.
A probe tube in each in-core assembly provides for a traversing ion chamber for
calibration and axial detail. Source and intermediate range monitors are located in-core
and are axially retractable. The in-core location of the startup and source range
instruments provides coverage of the large reactor core and provides an acceptable
signal-to-noise ratio and neutron-to-gamma ratio. All in-core instrument leads enter from
the bottom and the instruments are in service during refueling. In-core instrumentation is
further discussed in Subsection 7.7.1.6.

FSAR Rev. 68 4.1-2



SSES-FSAR
NIMS Rev. 65

(3) As shown by experience, the operator, utilizing the in-core flux monitor system, can
maintain the desired power distribution within a large core by proper control rod
scheduling.

(4) The channels (Zircaloy-2 or Zircaloy-4) provide a fixed flow path for the boiling coolant,
serve as a guiding surface for the control rods, and protect the fuel during handling
operations.

(5) The core is designed to be subcritical at any time in its operating history with any one
control rod fully withdrawn.

(6) The selected control rod pitch provides the ability to finely control the power distribution
in the assemblies contained in the reactor core. The pitch also allows ample clearance
below the pressure vessel between control rod drive mechanisms for ease of
maintenance and removal.

4.1.2.1.2 Core Configuration

The reactor core is arranged as an upright circular cylinder containing a large number of fuel
cells and is located within the reactor vessel. The coolant flows upward through the core. The
Susquehanna SES Units utilize a conventional scatter loading with the lowest reactivity bundles
placed in the peripheral region of the core. At periodic refueling intervals, each unit will enter an
outage. During this time, fuel assemblies are identified to be discharged, new fuel is loaded and
fuel assemblies in the reactor core may be "shuffled" to new locations. Therefore, the core
loading patterns are both unit and cycle specific. The core configurations for each unit are
discussed in Section 4.3.

4.1.2.1.3 Fuel Assembly Description

The fuel assembly is composed of fuel and water rods (or interior water channels), structural
components and a fuel channel. The mechanical design of the assembly is described in Section
4.2. The nuclear design of the assembly is described in Section 4.3. Thermal hydraulic design
of the assembily is described in Section 4.4.

4.1.2.1.3.1 Fuel Rod

A fuel rod consists of UO; pellets and a Zircaloy-2 cladding tube. A fuel rod is made by stacking
pellets into a Zircaloy-2 cladding tube which is evacuated and back-filled with helium, and
sealed by welding Zircaloy end plugs in each end of the tube.

The BWR fuel rod is designed as a pressure vessel. The ASME Boiler and Pressure Vessel
Code, Section lll, is used as a guide in the mechanical design and stress analysis of the fuel
rod.

The rod is designed to withstand the applied loads, both external and internal. The fuel pellet is
sized to provide sufficient volume within the fuel tube to accommodate differential expansion
between fuel and clad. Overall fuel rod design is conservative in its accommodation of the
mechanisms affecting fuel in a BWR environment. Fuel rod design bases are discussed in
more detail in Section 4.2.
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4.1.2.1.3.2 Fuel Bundle

The fuel bundle has two important design features:

(1) The bundle design places minimum external forces on a fuel rod; each fuel rod is free to
expand in the axial direction.

(2) The unique structural design permits the removal and replacement, if required, of
individual fuel rods.

Fuel bundles are designed to meet all the criteria for core performance and to provide ease of
handling.

Selected fuel rods in each assembly may differ from the others in initial uranium enrichment,
burnable poison content, and fuel rod length. The variation in enrichment and burnable poison
distribution produces more uniform power production across the fuel assembly, and thus allows
a significant reduction in the amount of heat transfer surface required to satisfy the design
thermal limitations. The inclusion of part length fuel rods in the assembly improves the two
phase pressure drop, enhances the inherent stability of the bundle, and improves the required
shutdown margin of the core design.

Section 4.2 provides a more detailed description of the mechanical design aspects of the fuel
bundles in use at Susquehanna.

4.1.2.1.4 Assembly Support and Control Rod Location

All peripheral fuel assemblies are supported by the core plate. Otherwise, individual fuel
assemblies in the core rest on fuel support pieces mounted on top of the control rod guide
tubes. Each guide tube, with its fuel support piece, bears the weight of four assemblies and is
supported by a control rod drive penetration nozzle in the bottom head of the reactor vessel.
The core plate provides lateral support and guidance at the top of each control rod guide tube.

The top guide, mounted inside the shroud, provides lateral support and guidance for each fuel
assembly. The reactivity of the core is controlled by cruciform control rods which occupy
alternate spaces between fuel assemblies. The position of each control rod is controlled by
independent mechanical hydraulic drive systems. These systems insert and withdraw the
control rod from the bottom of the core and can accurately position its associated control rod
during normal operation and yet exert approximately ten times the force of gravity to insert the
control rod during the scram mode of operation. Bottom entry allows optimum power shaping in
the core, ease of refueling, and convenient drive maintenance.

4.1.2.2 Shroud

The shroud is a cylindrical, stainless steel structure which surrounds the core and provides a
barrier to separate the upward flow through the core from the downward flow in the annulus,
and also provides a floodable volume in the unlikely event of an accident which tends to drain
the reactor pressure vessel. A flange at the top of the shroud mates with a flange on the shroud
head and steam separators. The upper cylindrical wall of the shroud and the shroud head form
the core discharge plenum. The jet pump diffusers penetrate the shroud support below the core
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elevation to introduce the coolant to the bottom head volume. The shroud support is designed
to support and locate the jet pumps, core support structure, peripheral fuel assemblies and to
separate the inlet and outlet flows of the recirculation loops.

Mounted inside the upper shroud cylinder in the space between the top of the core and the
upper shroud flange are the core spray spargers with spray nozzles for injection of cooling
water. The core spray spargers and nozzles do not interfere with the installation or removal of
fuel from the core.

4.1.2.3 Shroud Head and Steam Separators

The shroud head consists of a flange and dome onto which is welded an array of standpipes,
with a steam separator located at the top of each standpipe. The shroud head mounts on the
flange at the top of the cylinder and forms the cover of the core discharge plenum region. The
joint between the shroud head and shroud flange does not require a gasket or other
replacement sealing technique. The fixed axial flow-type steam separators have no moving
parts and are made of stainless steel.

In each separator, the steam-water mixture rising from the standpipe impinges on vanes which
give the mixture a spin to establish a vortex wherein the centrifugal forces separate the steam
from the water. Steam leaves the separator at the top and passes into the wet steam plenum
below the dryer. The separated water exits from the lower end of the separator and enters the
pool that surrounds the standpipes to enter the downcomer annulus.

For ease of removal, the shroud head is bolted to the shroud top flange by long shroud head
bolts that extend above the separators for easy access during refueling. The shroud head is
guided into position on the shroud via guide rods on the inside of the vessel and locating pins
located on the shroud head. The objective of the shroud head bolt design is to provide direct
access to the bolts during reactor refueling operations with underwater tool manipulation during
the removal and installation of the assemblies.

4.1.2.4 Steam Dryer Assembly

The steam dryer assembly is mounted in the reactor vessel above the shroud head and forms
the top and sides of the wet steam plenum. Vertical guide rods on the inside of the vessel
provide alignment for the dryer assembly during installation. The dryer assembly is supported
by pads extending from the vessel wall and is prevented from lifting during postulated transients
by brackets welded to the reactor vessel top head. Steam from the separators flows upward
into the dryer assembly. Moisture is removed by the dryer vanes and flows first through a
system of troughs and pipes to the pool surrounding the separators and then into the
downcomer annulus between the core shroud and reactor vessel wall. The steam leaving the
top of the dryer assembly flows into vessel steam outlet nozzles which are located alongside the
steam dryer assembly. The schematics of a typical steam dryer panel are shown in Figures 4.1-
2 and 4.1-3.

4.1.3 REACTIVITY CONTROL SYSTEMS

4.1.3.1 Operation
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The control rods perform dual functions of power distribution shaping and reactivity control.
Power distribution in the core is controlled during operation of the reactor by manipulation of
selected patterns of rods. The rods, which enter from the bottom of the near-cylindrical reactor
core, are positioned in such a manner to counter-balance steam voids in the top of the core and
which results in significant power flattening.

These groups of control elements, used for power flattening, experience a somewhat higher
duty cycle and neutron exposure than the other rods in the control system.

The reactivity control function requires that all rods be available for either reactor "scram”
(prompt shutdown) or reactivity regulation. Because of this, the control elements are
mechanically designed to withstand the dynamic forces resulting from a scram. They are
connected to bottom-mounted, hydraulically actuated drive mechanisms which allow either axial
positioning for reactivity regulation or rapid scram insertion.

The design of the rod-to-drive connection permits each blade to be attached or detached from
its drive without disturbing the remainder of the control system. The bottom-mounted drives
permit the entire control system to be left intact and operable for tests with the reactor vessel
open.

4.1.3.2 Description of Rods

For the original equipment and Duralife D160-C control rods the neutron absorber portion of the
control rod is contained in the wings of the cruciform shaped control blades which are inserted
in the bypass region between four fuel assemblies. The original equipment control blades
contain boron-carbide (B4C) powder filled stainless steel absorber tubes. Newer generation
control blades contain a combination of B4C filled tubes and solid hafnium rods. The boron-
carbide absorber tubes are seal welded with end plugs on either end. Stainless steel balls are
used to separate the tubes into individual compartments. The stainless steel balls are held in
position by a slight crimp in the tube. The individual tubes act as pressure vessels to contain
the helium gas released by the boron-neutron capture reaction. The tubes or rods are held in a
cruciform array by a stainless steel sheath extending the full length of the tubes.

A top handle aligns the tubes and provides structural rigidity at the top of the control rod.
Rollers, housed in the handle, provide guidance for control rod insertion and withdrawal. A
bottom casting is also used to provide structural rigidity and contains positioning rollers and a
parachute-shaped velocity limiter. The handle and lower casting are welded into a single
structure by means of a small cruciform post located in the center of the control rod.

Replacement Marathon control rods may use a modified handle assembly that eliminates pins
and rollers present in the earlier design.

Marathon control blade wings are made up of an array of square tubes welded together. The
tube arrays are welded to center tie rods to form the cruciform blade shape. The square tubes
are loaded with either B4C or Hafnium. The B4C is contained in separate capsules to prevent
migration within the tubes. The square tubes are sealed at each end to prevent the neutron
poisons from washing out into the coolant. The blade handle and velocity limiter are equivalent
to previous control blade designs, (Reference 4.1-24). The Marathon Ultra — HD Control Rod
design was introduced in U2C18, (Reference 4.1-30).
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Westinghouse CR 99 control rods, introduced in U1C20, are designed similar to the original
equipment and newer style Marathon control rod, (Reference 4.1-31). Like the above GE
control rods, the Westinghouse CR 99 control rods have a cruciform blade shape, a handle, a
B4C loaded absorber zone and a velocity limiter. Different from the aforementioned GE control
rods, the Westinghouse CR 99 control rod has horizontal absorber holes drilled into solid
stainless steel wings and uses guide pads (buttons) or no guide pads, rather than upper pins
and rollers, to guide control rod motion. Reference 4.1-31 provides additional discussion on the
design of the CR 99 control rod.

The control rods can be positioned at 6-in. steps and have a nominal withdrawal and insertion
speed of 3 in/sec.

The velocity limiter, an engineered safety feature (ESF), is a device which is an integral part of
the control rod and protects against the low probability of a rod drop accident. It is designed to
limit the free fall velocity and reactivity insertion rate of a control rod so that minimum fuel
damage would occur. It is a one-way device, in that control rod scram time is not significantly
affected.

Control rods are cooled by the core leakage (bypass) flow. The core leakage flow is made up of
recirculation flow that leaks through the several leakage flow paths, which are:

The area between fuel channel and fuel assembly nosepiece;

The area between fuel assembly nosepiece and fuel support piece;
The area between fuel support piece and core plate;

The area between core plate and shroud; and

1
2
3
4
5 The bypass flow holes in the fuel assembly nosepiece.

o~~~ o~
~— N N N

Further details of the control blade design are provided in Section 4.2.

4.1.4 ANALYSIS TECHNIQUES

4.1.4.1 Reactor Internal Components

The following computer codes were used for initial design of the reactor internal components.
Code descriptions are provided for historical purposes only.

Computer codes used for the analysis of the internal components are listed as follows:

MASS
SNAP (MULTISHELL)
GASP
NOHEAT
FINITE
DYSEA
SHELL 5
HEATER
FAP-71
) CREEP-PLAST

2 OO NO O WN -

N N N N N o~~~
O = — = = —

Detailed descriptions of these programs are given in the following sections:
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4.1.4.1.1 MASS (Mechanical Analysis of Space Structure)

4.1.4.1.1.1 Program Description

The program, proprietary of the General Electric Company, is an outgrowth of the PAPA (Plate
and Panel Analysis) program originally developed by L. Beitch in the early 1960s. The program
is based on the principle of the finite element method. Governing matrix equations are formed
in terms of joint displacements using a "stiffness-influence-coefficient" concept originally
proposed by L. Beitch (Reference 4.1-2). The program offers curved beam, plate, and shell
elements. It can handle mechanical and thermal loads in a static analysis and predict natural
frequencies and mode shapes in a dynamic analysis.

4.1.4.1.1.2 Program Version and Computer

The GE Nuclear Energy Division is using a past revision of MASS. This revision is identified as
revision "0" in the computer production library. The program operates on the Honeywell 6000
computer.

4.1.4.1.1.3 History of Use

Since its development in the early 60s, the program has been successfully applied to a wide
variety of jet-engine structural problems, many of which involve extremely complex geometries.
The use of the program in the Nuclear Energy Division also started shortly after its
development.

4.1.4.1.1.4 Extent of Application

Besides the Jet Engine and Nuclear Energy Divisions, the Missile and Space Division, the
Appliance Division, and the Turbine Division of General Electric have also applied the program
to a wide range of engineering problems. The Nuclear Energy Division (NED) uses it mainly for
piping and reactor internals analyses.

4.1.4.1.2 SNAP (MULTISHELL)

4.1.4.1.2.1 Program Description

The SNAP Program, which is also called MULTISHELL, is the General Electric Code which
determines the loads, deformations, and stresses of axisymmetric shells of revolution (cylinders,
cones, discs, toroids, and rings) for axisymmetric thermal boundary and surface load conditions.
Thin shell theory is inherent in the solution of E. Peissner's differential equations for each shell's
influence coefficients. Surface loading capability includes pressure, average temperature, and
linear-through-wall gradients; the latter two may be linearly varied over the shell meridian. The
theoretical limitations of this program are the same as those of classical theory.

4.1.4.1.2.2 Program Version and Computer
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The current version maintained by the General Electric Jet Engine Division at Evandale, Ohio is
being used on the Honeywell 6000 computer in GE/NED.

4.1.4.1.2.3 History of Use

The initial version of the Shell Analysis Program was completed by the Jet Engine Division in
1961. Since then, a considerable amount of modification and addition has been made to
accommodate its broadening area of application. Its application in the Nuclear Energy Division
has a history longer than ten years.

4.1.4.1.2.4 Extent of Application

The program has been used to analyze jet engine, space vehicle and nuclear reactor
components. Because of its efficiency and economy, in addition to reliability, it has been one of
the main shell analysis programs in the Nuclear Energy Division of General Electric.

4.1.4.1.3 GASP

4.1.4.1.3.1 Program Description

GASP is a finite element program for the stress analysis of axisymmetric or plane two-
dimensional geometries. The element representations can be either quadrilateral or triangular.
Axisymmetric or plane structural loads can be input at nodal points. Displacements,
temperatures, pressure loads, and axial inertia can be accommodated. Effective plastic stress
and strain distributions can be calculated using a bilinear stress-strain relationship by means of
an iterative convergence procedure.

4.1.4.1.3.2 Program Version and Computer

The GE version, originally obtained from the developer, Professor E. L. Wilson, operates on the
Honeywell 6000 computer.

4.1.4.1.3.3 History of Use

The program was developed by E. L. Wilson in 1965 (Reference 4.1-3). The present version in
GE/NED has been in operation since 1967.

4.1.4.1.3.4 Extent of Application

The application of GASP in GE/NED is mainly for elastic analysis of axisymmetric and plane
structures under thermal and pressure loads. The GE version has been extensively tested and
used by engineers in GE.
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4.1.4.1.4 NOHEAT

4.1.4.1.4.1 Program Description

The NOHEAT program is a two-dimensional and axisymmetric transient nonlinear temperature
analysis program. An unconditionally stable numerical integration scheme is combined with an
iteration procedure to compute temperature distribution within the body subjected to arbitrary
time- and temperature-dependent boundary conditions.

This program utilizes the finite element method. Included in the analysis are the three basic
forms of heat transfer, conduction, radiation, and convection, as well as internal heat
generation. In addition, cooling pipe boundary conditions are also treated. The output includes
temperature of all the nodal points for the time instants by the user. The program can handle
multitransient temperature input.

4.1.4.1.4.2 Program Version and Computer

The current version of the program is an improvement of the program originally developed by I.
Farhoomand and Professor E. L. Wilson of University of California at Berkeley (Reference 4.1-
4). The program operates on the Honeywell 6000 computer.

4.1.4.1.4.3 History of Use

The program was developed in 1971 and installed in General Electric Honeywell computer by
one of its original developers, |. Farhoomand, in 1972. A number of heat transfer problems
related to the reactor pedestal have been satisfactorily solved using the program.

4.1.4.1.4.4 Extent of Application

The program using finite element formulation is compatible with the finite element stress-
analysis computer program GASP. Such compatibility simplified the connection of the two
analyses and minimizes human error.

4.1.4.1.5 FINITE

4.1.4.1.5.1 Program Description

FINITE is a general-purpose finite element computer program for elastic stress analysis of two-
dimensional structural problems including (1) plane stress, (2) plane strain, and (3)
axisymmetric structures. It has provision for thermal, mechanical and body force loads. The
materials of the structure may be homogeneous or nonhomogeneous and isotropic or
orthotopic. The development of the FINITE program is based on the GASP program. (See
Subsection 4.1.4.1.3.)

4.1.4.1.5.2 Program Version and Computer
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The present version of the program at GE/NED was obtained from the developer
J. E. McConnelee of GE/Gas Turbine

Department in 1969 (Reference 4.1-5). The NED version is used on the Honeywell 6000
computer.

4.1.4.1.5.3 History of Use

Since its completion in 1969, the program has been widely used in the Gas Turbine and the Jet
Engine Departments of the General Electric Company for the analysis of turbine components.

4.1.4.1.5.4 Extent of Usage

The program is used at GE/NED in the analysis of axisymmetric or nearly axisymmetric BWR
internals.

4.1.4.1.6 DYSEA

4.1.4.1.6.1 Program Description

The DYSEA (Dynamic and Seismic Analysis) program is a GE proprietary program developed
specifically for seismic and dynamic analysis of RPV and internals/building system. It calculates
the dynamic response of linear structural system by either temporal modal superposition or
response spectrum method. Fluid-structure interaction effect in the RPV is taken into account
by way of hydrodynamic mass.

Program DYSEA was based on program SAPIV with added capability to handle the
hydrodynamic mass effect. Structural stiffness and mass matrices are formulated similar to
SAPIV. Solution is obtained in time domain by calculating the dynamic response mode by
mode. Time integration is performed by using Newmark's b-method. Response spectrum
solution is also available as an option.

4.1.4.1.6.2 Program Version and Computer

The DYSEA version now operating on the Honeywell 6000 computer of GE, Nuclear Energy
Systems Division, was developed at GE by modifying the SAPIV program. Capability was
added to handle the hydrodynamic mass effect due to fluid-structure interaction in the reactor. It
can handle 3-Dimensional dynamic problem with beam, trusses, and springs. Both acceleration
time histories and response spectra may be used as input.

4.1.4.1.6.3 History of Use

The DYSEA program was developed in the summer of 1976. It has been adopted as a
standard production program since 1977 and it has been used extensively in all dynamic and
seismic analysis of the RPV and internals/ building system.
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4.1.4.1.6.4 Extent of Application

The current version of DYSEA has been used in all dynamic and seismic analysis since its
development. Results from test problems were found to be in close agreement with those
obtained from either verified programs or analytic solutions.

4.1.4.1.7 SHELL 5

4.1.4.1.7.1 Program Description

SHELL 5 is a finite shell element program used to analyze smoothly curved thin shell structures
with any distribution of elastic material properties, boundary constraints, and mechanical
thermal and displacement loading conditions. The basic element is triangular whose membrane
displacement fields are linear polynomial functions, and whose bending displacement field is a
cubic polynomial function (Reference 4.1-6). Five degrees of freedom (three displacements and
two bending rotations) are obtained at each nodal point. Output displacements and stresses
are in a local (tangent) surface coordinate system.

Due to the approximation of element membrane displacements by linear functions, the in-plane

rotation about the surface normal is neglected. Therefore, the only rotations considered are due
to bending of the shell cross section and application of the method is not recommended for shell
intersection (or discontinuous surface) problems where in-plane rotation can be significant.

4.1.4.1.7.2 Program Version and Computer

A copy of the source deck of SHELL 5 is maintained in GE/NED by Y. R. Rashid, one of the
originators of the program. SHELL 5 operates on the UNIVAC 1108 computer.

4.1.4.1.7.3 History of Use

SHELL 5 is a program developed by Gulf General Atomic Incorporated (Reference 4.1-7) in
1969. The program has been in production status at Gulf General Atomic, General Electric, and
at other major computer operating systems since 1970.

4.1.4.1.7.4 Extent of Application

SHELL 5 has been used at General Electric to analyze reactor shroud support and torus.
Satisfactory results were obtained.

4.1.4.1.8 HEATER

4.1.4.1.8.1 Program Description

HEATER is a computer program used in the hydraulic design of feedwater spargers and their
associated delivery header and piping. The program utilizes test data obtained by GE using full
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scale mockups of feedwater spargers combined with a series of models which represent the
complex mixing processes obtained in the upper plenum, downcomer, and lower plenum. Mass
and energy balances throughout the nuclear steam supply system are modeled in detail
(Reference 4.1-8).

4.1.4.1.8.2 Program Version and Computer

This program was developed at GE/NED in FORTRAN 1V for the Honeywell 6000 computer.

4.1.4.1.8.3 History of Use

The program was developed by various individuals in GE/NED beginning in 1970. The present
version of the program has been in operation since January 1972.
4.1.4.1.8.4 Extent of Application

The program is used in the hydraulic design of the feedwater spargers for each BWR plant, in
the evaluation of design modifications, and the evaluation of unusual operational conditions.

4.1.4.1.9 FAP-71 (Fatigue Analysis Program)

4.1.4.1.9.1 Program Description

The FAP-71 computer code, or Fatigue Analysis Program, is a stress analysis tool used to aid in
performing ASME-III Nuclear Vessel Code structural design calculations. Specifically, FAP-71
is used in determining the primary plus secondary stress range and number of allowable fatigue
cycles at points of interest. For structural locations at which the 3Sm (P+Q) ASME Code limit is
exceeded, the program can perform either (or both) of two elastic-plastic fatigue life evaluations:
1) the method reported in ASME Paper 68-PVP-3, 2) the present method documented in
Paragraph NB-3228.3 of the 1971 Edition of the ASME Section Ill Nuclear Vessel Code. The
program can accommodate up to 25 transient stress states of as many as 20 structural
locations.

4.1.4.1.9.2 Program Version and Computer

The present version of FAP-71 was completed by L. Young of GE/NED in 1971 (Reference 4.1-
9). The program currently is on the NED Honeywell 6000 computer.

4.1.4.1.9.3 History of Use

Since its completion in 1971, the program has been applied to several design analyses of GE
BWR vessels.

4.1.4.1.9.4 Extent of Use
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The program is used in conjunction with several shell analysis programs in determining the
fatigue life of BWR mechanical components subject to thermal transients.

4.1.4.1.10 CREEP/PLAST

4.1.4.1.10.1 Program Description

A finite element program is used for the analysis of two-dimensional (plane and axisymmetric)
problems under conditions of creep and plasticity. The creep formulation is based on the
memory theory of creep in which the constitutive relations are cast in the form of hereditary
integrals. The material creep properties are built into the program and they represent annealed
304 stainless steel. Any other creep properties can be included if required.

The plasticity treatment is based on kinematic hardening and von Mises yield criterion. The
hardening modulus can be constant or a function of strain.

4.1.4.1.10.2 Program Version and Computer

The program can be used for elastic-plastic analysis with or without the presence of creep. It
can also be used for creep analysis without the presence of instantaneous plasticity. A detailed
description of theory is given in Reference 4.1-11. The program is operative on Univac-1108.

4.1.4.1.10.3 History of Use

This program was developed by Y. R. Rashid (Ref. 4.1-11) in 1971. It underwent extensive
program testing before it was put on production status.

4.1.4.1.10.4 Extent of Application

The program is used at GE/NED in the channel cross section mechanical analysis.

4.1.4.2 Fuel Rod Thermal Analysis

Fuel Rod Thermal Design Analyses are performed utilizing the classical relationships for heat
transfer in cylindrical coordinate geometry with internal heat generation. Steady state fuel rod
thermal-mechanical analyses are performed to assure that fuel rod thermal-mechanical limits
(e.g., steady state cladding strain and stress, hydrogen absorption, and, corrosion, etc.) are not
exceeded. Abnormal operational transients are also evaluated to assure that the damage limit
of 1.0% cladding plastic strain is not violated.

Fuel rod analyses were performed with RAMPEX and approved versions of RODEX2,
RODEX2A, and COLAPX codes. The fuel rod performance characteristics modeled by the
RODEX2 and RODEX2A codes are:

- Gas release

- Radial thermal conduction and gap conductance
- Free rod volume and gas pressure calculations
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- Pellet clad interaction (PCI)
- Fuel swelling, densification, cracking, and crack healing
- Cladding creep deformation and irradiation induced growth

RODEX2 determines the initial conditions for fuel rod power ramping analysis, performed using
RAMPEX.

RODEX2A (Reference 4.1-28) determines the steady state strain, internal pressure, fuel
cladding temperature, corrosion, hydrogen absorption, fuel temperature, and the fuel rod
internal pressure for creep collapse analysis. This computer code is used to determine gap
conductance for transient analysis.

Creep collapse analysis is performed using the COLAPX code.

Section 4.2 presents the fuel rod mechanical design and associated methodology.

4.1.4.3 Reactor Systems Dynamics

The analysis techniques and computer codes used in reactor systems dynamics are described
in section 4 of Reference 4.1-10. Subsection 4.4.4.6 also provides a complete stability analysis
for the reactor coolant system.

Channel and core stability analyses were performed by Framatome ANP, Inc. on a fuel design
and cycle specific basis using the STAIF code. A description of the methods employed by the
STAIF code is provided in Reference 4.1-20. Using the RAMONA 5 code (References 4.1-26

and 27), FANP also performs transient stability analyses in support of the generation of OPRM
setpoints.

4.1.4.4 Nuclear Engineering Analysis

A brief summary of principal computer codes used in reactor core design and analysis is
provided below.

4.14.41 CASMO-4

The CASMO-4 computer code (Reference 4.1-25) was developed by STUDSVIK of America to
perform steady state modeling of fuel bundles. CASMO-4 uses deterministic transport methods.
At the pin cell level it exclusively uses a collision probability method to collapse the energy
nuclear data into multi-group data. At the lattice level, it uses a method of characteristics for the
neutron equation solution. CASMO-4, as opposed to CASMO-3G, does not need to do pin cell
homogenization to perform a 2-D lattice wide transport calculation. The code is used to model
each unique fuel lattice in the reactor to calculate few-group cross sections, bundle reactivities
and relative fuel rod powers within a fuel bundle. The effects of conditions such as void, control
rod presence, moderator temperature, fuel temperature, soluble boron, etc., are included in the
model.
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4.1.4.4.2 MICROBURN-B2

The MICROBURN-B2 code (Reference 4.1-25) solves a two-group neutron diffusion equation
based on an interface current method. It calculates the burnup chain equation for heavy
nuclides and burnable poison nuclides, determines the three-dimensional core nodal power
distribution, bundle flow, and void distributions. It also determines pin power distributions and
thermal margins to technical specification limits. MICROBURN-B2 is used with CASMO-4.

4.1.4.5 Neutron Fluence Calculations

Vessel neutron fluence calculations were performed to determine the azimuthal and axial
variation of fluence at the vessel inside surface and at 1/4 T depth. The azimuthal and axial
results were synthesized to obtain the fluence profile at the vessel inside surface and 1/4 T
depth. The calculations also evaluate vessel fluence at power uprate conditions.

Sections 4.3 and 5.3 provide additional detail regarding reactor pressure vessel irradiation.

4.1.4.6_Thermal Hydraulic Calculations

XCOBRA (References 4.1-21, 4.1-22, and 4.1-23) calculates the steady state thermal hydraulic
performance of a BWR. The code determines the flow and local fluid conditions at various axial
positions in the core and represents the core as a collection of discrete parallel channels. The
only interaction allowed between channels is the equalization of pressure in the inlet and outlet
plenums. This is achieved by allowing the core flow to distribute among the various flow
channels until the pressure drop in each channel is equalized.

Pressure drop in each channel is determined through the application of two-phase pressure
drop correlations and various data which hydraulically characterize the fluid channel. At a given
axial position in the core, XCOBRA calculates a core-wide distribution of flow, enthalpy, density,
quality, void fraction, and mass velocity.

4.1.5 REFERENCES

4.1-1 Crowther, R. L. "Xenon Considerations in Design of Boiling Water Reactors,"
APED-5640, June 1968.

4.1-2 Beitch, L., "Shell Structures Solved Numerically by Using a Network of Partial
Panels," AIAA Journal, Volume 5, No. 3, March 1967.

4.1-3 E. L. Wilson, "A Digital Computer Program For the Finite Element Analysis of
Solids With Non Linear Material Properties," Aerojet General Technical Memo
No. 23, Aerojet General, July 1965.

4.1-4 I. Farhoomand and E. L. Wilson, "Non-Linear Heat Transfer Analysis of

Axisymmetric Solids," SESM Report SESM71-6, University of California at
Berkeley, Berkeley, California, 1971.

FSAR Rev. 68 4.1-16



NIMS Rev. 65

4.1-5

4.1-6

4.1-8

4.1-9

4.1-10

4.1-11

4.1-12

4.1-13

4.1-14

4.1-15

4.1-16

4.1-17

4.1-18

4.1-19

4.1-20

4.1-21

4.1-22

4.1-23

FSAR Rev. 68

SSES-FSAR

J. E. McConnelee, "Finite-Users Manual," General Electric TIS Report
DF 69SL206, March 1969.

R. W. Clough and C. P. Johnson, "A Finite Element Approximation For the
Analysis of Thin Shells," International Journal Solid Structures, Vol. 4, 1968.

"A Computer Program For the Structural Analysis of Arbitrary Three-Dimensional
Thin Shells," Report No. GA-9952, Gulf General Atomic.

Burgess, A. B., "User Guide and Engineering Description of HEATER Computer
Program," March 1974.

Young, L. J., "FAP-71 (Fatigue Analysis Program) Computer Code," GE/NED
Design Analysis Unit R. A. Report No. 49, January 1972.

Carmichael, L.A. and Scatena, G. J., "Stability and Dynamic Performance of the
General Electric Boiling Water Reactor," APED-5652.

Y. R. Rashid, "Theory Report for Creep-Plast Computer Program," GEAP-10546,
AEC Research and Development Report, January 1972.

"Advanced Nuclear Fuels Corporation Critical Power Methodology,"
ANF-524(P)(A), Revision 2, and Supplement 1, Revision 2, November 1990.

Deleted

Deleted

Deleted

Deleted

Deleted

Deleted

Deleted

"STAIF - A Computer Program for BWR Stability Analysis in the Frequency
Domain", EMF-CC-074(P)(A) Volumes 1 and 2, July 1994, and Volume 4, August
2000, Siemens Power Corporation, Richland WA 99352.

"Exxon Nuclear Methodology for Boiling Water Reactors, THERMEX: Thermal
Limits Methodology Summary Description”, XN-NF-80-19(P)(A) Volume 3,

Revision 2, Siemens Power Corporation, January 1987.

"Methodology for Calculation of Pressure Drop in BWR Fuel Assemblies”, XN-
NF-79-59(P)(A), November 1979.

"XCOBRA Users Manual", EMF-CC-43, Rev. 3, December 1995.

4.1-17



NIMS Rev. 65

4.1-24

4.1-25

4.1-26

4.1-27

4.1-28

4.1-29

4.1-30

4.1-31

FSAR Rev. 68

SSES-FSAR

NEDE-31758P-A, “GE Marathon Control Rod Assembly” GE Nuclear Energy,
October 1991.

EMF-2158 (P) (A) “Siemens Power Corporation Methodology for Boiling Water
Reactors: Evaluation and Validation of CASMO-4/MICROBURN-B2, “ October
1999.

NEDO-32465-A “Reactor Stability Detect and Suppress Solution Licensing Basis
Methodology for Reload Applications”.

BAW-10255(P), “Cycle Specific Divom Methodology Using the ROMONA5-FA
Code,” Framatome ANP, Inc. September 2004.

XN-NF-85-74(P)(A). “RODEX2A(BWR) Fuel Thermal-Mechanical Evaluation
Model”, Exxon-Nuclear Company, Inc. February 1998.

EMF-2209 (P) (A), “SPCB SPCB Critical power Correlation,” Framatome ANP,
September 2003.

NEDE-33284 Supplement 1 P-A, Revision 1 March 2012, Licensing Topical
Report, “Marathon — Ultra Control Rod Assembly”

WCAP-16182-P-A, Revision 1 October 2009, “Westinghouse BWR Control Rod
CR 99 Licensing Report — Update to Mechanical Design Limits”

4.1-18



THIS FIGURE HAS BEEN
DELETED

FSAR REV. 65

SUSQUEHANNA STEAM ELECTRIC STATION
UNITS 1 & 2
FINAL SAFETY ANALYSIS REPORT

Figure Deleted

FIGURE 4.1-1, Rev. 54

AutoCAD Figure 4_1_1.doc



P00 0000000000000 000 @ ' . T
90000000000090000000000e /‘ .’ ]
PQPO0 0000000000000 00 00 ‘ '

i & 09
\ 3

“R2 2000000eoee @ 0o

FSAR REV. 65

ON

SUSQUEHANNA STEAM ELECTRIC STATI

UNITS 1 AND 2
FINAL SAFETY ANALYSIS REPORT

STEAM DRYER PANEL

FIGURE 4.1-2, Rev. 47

2.dwg

Auto Cad: Figure Fsar 4 1



CROSS-SECTION
VIEW

COLLECTING TROUGH

FSAR REV. 65

SUSQUEHANNA STEAM ELECTRIC STATION
UNITS 1 AND 2
FINAL SAFETY ANALYSIS REPORT

STEAM DRYER

FIGURE 4.1-3, Rev. 54

Auto Cad: Figure Fsar 4_1_3.dwg




THIS FIGURE HAS BEEN
DELETED

FSAR REV. 65

SUSQUEHANNA STEAM ELECTRIC STATION
UNITS 1 & 2
FINAL SAFETY ANALYSIS REPORT

Figure Deleted

FIGURE 4.1-4, Rev. 54

AutoCAD Figure 4_1_4.doc



THIS FIGURE HAS BEEN
DELETED

FSAR REV. 65

SUSQUEHANNA STEAM ELECTRIC STATION
UNITS 1 & 2
FINAL SAFETY ANALYSIS REPORT

Figure Deleted

FIGURE 4.1-5, Rev. 54

AutoCAD Figure 4_1_5.doc



THIS FIGURE HAS BEEN
RENUMBERED TO 4.2-14

FSAR REV. 65

SUSQUEHANNA STEAM ELECTRIC STATION
UNITS 1 & 2
FINAL SAFETY ANALYSIS REPORT

Figure renumbered from 4.1-6 to 4.2-14

FIGURE 4.1-6, Rev. 54

AutoCAD Figure 4_1_6.doc



THIS FIGURE HAS BEEN
RENUMBERED TO 4.2-20

FSAR REV. 65

SUSQUEHANNA STEAM ELECTRIC STATION
UNITS 1 & 2
FINAL SAFETY ANALYSIS REPORT

Figure renumbered from 4.1-7 to 4.2-20

FIGURE 4.1-7, Rev. 54

AutoCAD Figure 4 _1_7.doc



THIS FIGURE HAS BEEN
RENUMBERED TO 4.2-21

FSAR REV. 65

SUSQUEHANNA STEAM ELECTRIC STATION
UNITS 1 & 2
FINAL SAFETY ANALYSIS REPORT

Figure renumbered from 4.1-8 to 4.2-21

FIGURE 4.1-8, Rev. 54

AutoCAD Figure 4_1_8.doc



Text Rev. 66 SSES-FSAR

4.2 FUEL SYSTEM DESIGN

The fuel system includes the fuel assembly (channeled fuel bundle) and the portion of the control
rod assembly which extends above the coupling mechanism on the control rod drive. The following
sections discuss the thermal/mechanical design bases, design descriptions, and design evaluations
for the fuel system components. Nuclear design is described in Section 4.3 and thermal hydraulic
design is described in Section 4.4.

4.2.1 Design Bases

4.2.1.1 Fuel Assembly

The core designs described in Section 4.3 contain one fuel assembly design. The FANP
ATRIUM™-10 is the primary fuel type loaded into the core. Occasionally, Lead Use Assemblies
(LUASs) are also used in the core to provide operating experience with alternative fuel designs.
When used, LUAs are loaded in non-limiting locations in the core.

FANP ATRIUM™-10 Fuel

The mechanical design for the ATRIUM-10™ assembly is based on compliance with generic
mechanical design criteria established by FANP and approved by the NRC in Reference 4.2.6-10.

In accordance with the requirements of the approved mechanical design criteria, the ATRIUM™-10
mechanical analyses were performed to provide the following assurances.

1) The fuel assembly shall not fail as a result of normal operation and AOO’s.

2) Damage to fuel assemblies shall never prevent control rod insertion when required.
3) The number of fuel rod failures is not underestimated for postulated accidents.

4) Fuel coolability shall always be maintained.

Mechanical design analyses have been performed to evaluate the cladding stress and strain limits,
fretting wear, oxidation, hydriding and crud buildup, fuel rod bowing, differential fuel rod growth,
internal hydriding, cladding collapse, and cladding and fuel pellet overheat. The RODEX2,
RODEX2A, RAMPEX, and COLAPX codes were used in the mechanical design analyses.

Mechanical analyses have also been performed to evaluate the ATRIUM™-10 fuel design for
Seismic/LOCA loads and for normal shipping and handling. In addition, FANP ATRIUM™-10 fuel
has been evaluated for power uprate conditions.

Results of these analyses and evaluations are discussed in Section 4.2.3.
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Lead Use Assemblies (LUA)

Occasionally, LUAs are loaded into the reactor core. The core loading of the LUAs will be such that
the assemblies are not loaded into thermally limiting locations. Mechanical design analyses are
performed for the LUA to evaluate fuel design parameters similar to that provided for the reload fuel.

4.2.1.2 Original Equipment Control Rod Assembly

The design bases for the original equipment control rod assembly are presented in Reference
4.2.6-3. The End-of-Life evaluation for the original equipment control rod assembly was modified in
accordance with PPL's response to IE Bulletin 79-26, Rev. 1. PPL has committed to replacing these
control rod assemblies prior to exceeding a limit of 34% B'° depletion averaged over the upper
one-fourth of the control rod assembly.

4.2.1.3 GE Duralife 160C Control Rod Assembly

The Duralife 160C control rod has been evaluated to assure it has adequate structural margin
under loading due to handling, and normal, emergency, and faulted operating modes. The loads
evaluated include those due to normal operating transients (scram and jogging), pressure
differentials, thermal gradients, seismic deflection, irradiation growth, and all other lateral and
vertical loads expected for each condition. The Duralife 160C control rod assembly design bases
have been reviewed and approved by the NRC (References 4.2.6-4 and 4.2.6-5).

4.2.1.4 GE Marathon Control Rod Assembly

The Marathon control rod has been evaluated to assure it has adequate structural margin under
loading due to handling, and normal, emergency, and faulted operating modes. The loads
evaluated include those due to normal operating transients (scram and jogging), pressure
differentials, thermal gradients, seismic deflection, irradiation growth, and all other lateral and
vertical loads expected for each condition. The Marathon control rod assembly design bases have
been reviewed and approved by the NRC (References 4.2.6-12 and 4.2.6-16).

4.2.1.5 Westinghouse CR 99 Control Rod Assembly

The Westinghouse CR 99 control rod has been evaluated to assure it has adequate structural
margin under loading due to handling, and normal, emergency, and faulted operating modes. The
loads evaluated include those due to normal operating transients (scram and jogging), pressure
differentials, thermal gradients, seismic deflection, irradiation growth, and all other lateral and
vertical loads expected for each condition. The Westinghouse CR 99 control rod assembly design
bases have been reviewed and approved by the NRC (Reference 4.2.6-17).
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4.2.2 General Design Description

A summary of fuel design characteristics is provided in Table 4.2-14 for fuel designs loaded in the
core at SSES.

4.2.2.1 Core Cell

A core cell consists of a control rod assembly and the four fuel assemblies which immediately
surround the control rod. Figure 4.2-15 provides nominal dimensions for a core cell loaded with
FANP ATRIUM™-10 fuel and a Duralife 160C control rod. Figures 4.2-15A and 4.2.15B provide
nominal dimensions for a core cell loaded with FANP ATRIUM™-10 fuel and a Marathon C+ control
rod and a Marathon Ultra — HD control rod, respectively. Figure 4.2-15C provides the nominal
dimensions for a core cell loaded with FANP ATRIUM™-10 fuel and a Westinghouse CR 99 control
rod. These figures illustrate the general layout of a core cell while providing nominal dimensions for
fuel and control rods. A core cell may contain multiple fuel types, regardless of control rod type
utilized.

Each core cell is associated with a four-lobed fuel support piece. Around the outer edge of the
core, certain fuel assemblies are not immediately adjacent to a control rod and are supported by
individual peripheral fuel support pieces.

4.2.2.2 Fuel Bundle

FANP ATRIUM™-10 Fuel

An FANP ATRIUM™-10 fuel bundle contains 83 full length and 8 part length fuel rods. The 8 part
length fuel rods are provided to decrease the two phase pressure loss in the top of the bundle
thereby providing fuel bundle design that is more stable. A central water channel, which displaces
a 3x3 array of fuel rods near the center of the bundle, provides additional moderation within the
bundle thereby enhancing fuel utilization. The water channel is also used to fix the spacer locations
within the fuel bundle and serves as the main structural member connecting the upper and lower tie
plates. A total of 8 spacers are used to maintain fuel rod spacing. Reference 4.2.6-11 provides
detailed discussion of the various components of the ATRIUM™-10 fuel bundle. Nominal
dimensions for the ATRIUM™-10 fuel bundle are provided in Figure 4.2-15. A schematic of an
ATRIUM™-10 fuel bundle is shown in Figure 4.2-17.

4.2.2.3 Fuel Assembly

A fuel assembly is a fuel bundle including the surrounding fuel channel. The fuel assemblies are
arranged in the reactor core to approximate a right circular cylinder inside the core shroud. Each
fuel assembly is supported by a fuel support piece and the top guide.

FSAR Rev. 68 4.2-3



Text Rev. 66 SSES-FSAR

The fuel channel enclosing the FANP fuel bundles is fabricated from Zircaloy-4 or Zircaloy-2 and
performs these functions: the channel separates flow inside the bundle from the bypass flow
between channels; the channel guides the control rod and provides a bearing surface for it; the
channel provides rigidity for the fuel bundle. A channel fastener attaches the fuel channel to the
fuel bundle using a threaded post on the upper tie plate. Once the channel fastener has been
installed and the fuel assembly has been positioned in the core, the spring on the channel fastener
helps to hold the assembly against the core grid. A schematic of a fuel channel is shown in Figure
4.2-18. The fuel channel for U2C12 has a slightly different design and is shown in Figure 4.2-18-1.

The fuel channel for U1C14 reload fuel and subsequent reloads for Units 1 and 2 has been
changed to a 100 mill wall thickness and is shown in Figure 4.2-18-2, (Reference 4.2.6-9).
Co-resident fuel assemblies use the 80-mil fuel channel design. The difference between the 80-mil
and 100-mil channel is the thickness of the channel wall. Because the inside of the channel is the
same for the two designs, the top 20.1” of the 100-mil channel outer sides that face the upper guide
is reduced to 80-mil. This wall thickness will then allow for the bundle to be in the same lateral
position as the 80-mil channel. To maintain compatibility with an adjacent 80-mil channel fastener
in a control cell, there are also slight modifications to the 100-mil channel fastener to accommodate
the 100-mil channel. Starting with U1C15 the fuel channel mechanical design is based on
Reference 4.2.6-8.

The Advanced Fuel Channel (AFC) has been introduced on fuel for Units 1 and 2 beginning with
the reload for U1C20 and is shown in Figure 4.2-18-3. Co-resident fuel assemblies use the
standard 100-mil fuel channel design. The AFC dimensions are the same as the standard 100-mil
fuel channels with the difference that the AFC has thinned side-walls in the active core region. The
AFC use similar channel fasteners as the standard 100-mil fuel channels. Details regarding the
AFC are available in Reference 4.2.6-8.

U1C14 reload fuel uses the Framatome-ANP FUELGUARD lower tie plate design. The
FUELGUARD lower tie plate has the same outer envelope dimensions as the small hole lower tie
plate, including the same seal/finger springs. The basic difference between the two types of lower
tie plates is the grid. The FUELGUARD grid is constructed from wavy plates with support bars for
the fuel pins to sit on. The small hole design has machined holes to form a grid for the coolant to
flow through and the fuel pins to sit on. Framatome ANP performed flow tests to demonstrate that
the FUELGUARD lower tie plate is hydraulically compatibility with the small hole lower tie plate.
Both lower tie plates basically have the same loss coefficient. Subsequent reloads for Units 1 and 2
will use the Framatome-ANP FUELGUARD lower tie plate design.

A design change of the upper locking mechanism was incorporated into the ATRIUM-10 fuel
assemblies commencing with the Unit 2 Cycle 16 core loading. This design change is referred to
as the “Harmonized Advanced Load Chain” or HALC and replaces the previous load chain design.
The HALC was made to improve manufacturing reliability and improve the ability to remove the
upper tie plate of the fuel assembly. The design change does not affect the thermal, hydraulic or
mechanical performance of the fuel assembly. Subsequent reloads for Units 1 and 2 will use the
HALC design.
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Proper assembly orientation in the core is verified by visual inspection and is assured by verification
procedures during core loading. Five visual indications of proper fuel assembly orientation exist.
These indications are:

1) The channel fastener assemblies are located at one corner of each fuel assembly adjacent
to the center of the control rod.

2) The orientation boss on the fuel assembly handle points toward the adjacent control rod.
3) The channel spacing buttons are adjacent to the control rod passage area.
4) The assembly identification numbers which are located on the fuel assembly handles are all

readable from the direction of the center of the cell.
5) There is cell-to-cell replication.
Proper assembly orientation in the core is shown in Figure 4.2-19.

4.2.2.4 Reactivity Control Assembly

4.2.2.4.1 Original Equipment Control Rod Assembly

The control rod consists of a sheathed cruciform array of commercial grade stainless steel tubes
filled with B4C powder. The main structural member of a control rod is made of Type-304 stainless
steel and consists of a top handle, a bottom casting with a velocity limiter and control rod drive
coupling, a vertical cruciform center post, and four U-shaped absorber tube sheaths. Control rods
are cooled by core bypass flow.

Stellite rollers with Haynes Alloy 25 pins located at the top and bottom of the control rod help guide
the control rod as it is inserted and withdrawn from the core.

The control rod velocity limiter consists of cast austenitic stainless steel (Grade CF-8) and is an
integral part of the control rod bottom casting. The velocity limiter protects against high reactivity
insertion rate by limiting the control rod velocity in the event of a control rod drop accident.

Reference 4.2.6-3 provides the general design characteristics of the original equipment control rod
assembly. A diagram of this control rod is provided in Figure 4.2-20.
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4.2.2.4.2 Duralife 160C Control Rod Assembly

The main differences between the Duralife 160C control rods and the original equipment control
rods are:

o the Duralife 160C control rods utilize three solid hafnium rods at each edge of the cruciform
to replace the three B4C rods that are most susceptible to cracking and to increase control
rod life;

o the Duralife 160C control rods utilize improved B4C tube material (i.e. high purity type 304
stainless steel vs. commercial purity stainless steel) to eliminate cracking in the remaining
B4C rods during the lifetime of the control rod;

e the Duralife 160C control rods use GE's crevice-free structure design, which includes
additional B4C tubes in place of the stiffeners, an increased sheath thickness, a full length
weld to attach the handle and velocity limiter, and additional coolant holes at the top and
bottom of the sheath;

o the Duralife 160C control rods utilize low cobalt-bearing pin and roller materials in place of
stellite which was previously used (PH13-8 Mo for pins, Inconel X750 for rollers);

e the Duralife 160C control rod handles are longer by approximately 3.1 inches. The
extended handle provides lateral support against the top grid and facilitates fuel moves
within the reactor vessel during refueling outages;

e the Duralife 160C control rods are roughly 10% to 15% heavier (depending on the velocity
limiter design) as a result of the design changes described above; and

o the Duralife 160C control rod velocity limiter material is cast austenitic stainless steel grade
CF-3.

References 4.2.6-4 and 4.2.6-5 provide additional discussion on the design of the various Duralife
control rod assemblies, including the features of the Duralife 160C inserted in the SSES Units. A
cross section of the Duralife 160C control rod is shown in Figure 4.2-15, and a diagram of this
control rod is provided in Figure 4.2-21.
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42243 GE Marathon Control Rod Assembly

The main difference between the Marathon control rod and the Duralife design control rods are:

o the absorber tube and sheath arrangement of the Duralife designs is replaced with an
array of square tubes resulting in reduced weight and increased absorber volume;

o the full length center tie rod is replaced with a segmented tie rod which also reduces
weight.

References 4.2.6-12 and 4.2.6-16 provide additional discussion on the designs of the Marathon
control rod assemblies. A cross section of the Marathon C+ control rod is shown in Figure 4.2-15A.
A cross section of the Marathon Ultra HD Control Rod is shown in Figure 4.2-15B. A diagram of the
control rod is provided in Figure 4.2-22.

Replacement Marathon control rods may use a modified handle assembly that eliminates pins and
rollers present in the earlier design. Figure 4.2-22 is applicable to the rollerless design; the only
difference is that the small circles depicting the rollers would be removed from the diagram for the
rollerless design. The overall shape and dimensions of the upper handle remains unchanged.

42244 Westinghouse CR 99 Control Rod Assembly

The Westinghouse BWR CR 99 control rod design is comparable to that of the GE design. Both
the Westinghouse and GE control blade designs have a coupling socket, velocity limiter, coupling
release handle, 143-inch active absorber zone, B4C as their main absorber material and a handle.
The overall length of the Westinghouse CR 99 control rod is the same as the OE GE control rod
design at 173-inches. The main difference in the design between the Westinghouse and GE
control rod is that the Westinghouse CR 99 control blade has horizontal absorber holes drilled in
solid stainless steel wings. Reference 4.2.6-17 provides additional discussion on the design of the
CR 99 control rod. A diagram of the CR 99 control rod is provided in Figure 4.2-23.
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4.2.3 Design Evaluations

4.2.3.1 Fuel Design Evaluations

FANP ATRIUM™-10 Fuel

For the FANP ATRIUM™-10 fuel, the design is such that adequate margins to fuel mechanical
design limits (e.g., centerline melting temperature, transient strain, etc.) are assured for all
anticipated operational occurrences (AOOs) throughout the life of the fuel as demonstrated by the
fuel mechanical design analyses (References 4.2.6-10 and 4.2.6-11), provided that the steady state
fuel rod power remains within the power history assumed in the analyses. The design steady state
power history for the FANP ATRIUM™-10 fuel is shown in Reference 4.2.6-11 and is incorporated
into the Unit/Cycle specific Core Operating Limits Report (COLR) as an operating limit. The
operating limit may be in terms of planar or pellet exposure. ARTS has been implemented for Unit
1 and Unit 2. The COLR has a flow dependent LHGR multiplier and a power dependent multiplier,
which are used to adjust the LHGR limit at off-rated conditions to assure that design limits are not
exceeded. The mechanical analyses support a maximum assembly average exposure of 49,400
MWD/MTU for fresh ATRIUM™-10 fuel loaded in Cycles 12 and 13 on Unit 1 and Cycles 10 and 11
on Unit 2. Commencing with Unit 1 Cycle 14 and Unit 2 Cycle 12, the mechanical analyses for
fresh ATRIUM™-10 assemblies support a maximum assembly average exposure of 54,000
MWd/MTU.

For U2C14, ARTS has been implemented. With ARTS the need for the FRTP/MFLPD adjustment
factor has been eliminated from the U2C14 Technical Specifications and the COLR. For U2C14,
the COLR has a flow dependent LHGR multiplier and a power dependent multiplier, which are used
to adjust the LHGR limit at off-rated conditions.

FANP has evaluated the performance of ATRIUM™-10 fuel assemblies under Susquehanna
Seismic LOCA conditions. For this evaluation, maximum loads and/or stresses were calculated for
the fuel components under an acceleration load equivalent to a maximum dynamic load which
bounds the allowable bending moment in BWR/4 80 mil and 100 mil fuel channels, (Reference
4.2.6-9). The large margin that resulted from these analyses shows that the ATRIUM™-10 fuel
assembly with an 80 mil or 100 mil fuel channel demonstrates adequate structural integrity in the
Susquehanna Units under Seismic LOCA conditions. With regard to assembly liftoff, the net force
for the ATRIUM™-10 fuel assembly was found to be downwards. Starting with U1C15 the fuel
channel mechanical design is based on Reference 4.2.6-8.
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4.2.3.2 Results of Control Rod Assembly Design Evaluations

4.2.3.2.1 Original Equipment Control Rod Assembly

The original equipment control rod assembly design evaluations are discussed in Reference
4.2.6-3. Subsequent to the completion of the above referenced evaluations, a new failure
mechanism was identified for the original equipment control rod assembly. |E Bulletin 79-26 Rev-1
discusses this failure mechanism and recommends a reduction in the end-of-life criteria for the
original equipment control rod assembly. PPL committed to replacing the original equipment control
rod assemblies in accordance with this IE bulletin.

4.2.3.2.2 Duralife 160C Control Rod Assembly

The Duralife 160C control rod stresses, strains, and cumulative fatigue have been evaluated and
result in an acceptable margin to safety. The control rod insertion capability has been evaluated
and found to be acceptable during all modes of plant operation within the limits of plant analyses.
The Duralife 160C control rod coupling mechanism is equivalent to the original equipment coupling
mechanism, and is therefore fully compatible with the existing control rod drives in the plant. In
addition, the materials used in the Duralife 160C are compatible with the reactor environment. The
Duralife 160C control rods are roughly 10% to 15% heavier than the original equipment control rod
assembly, depending on the velocity limiter design utilized. The impact of the increased weight of
the control rods on the seismic and hydrodynamic load evaluation of the reactor vessel and
internals has been evaluated and found to be negligible.

With the exception of the crevice-free structure and the extended handle, the Duralife 160C control
rod is equivalent to the NRC approved Hybrid | Control Rod Assembly (Reference 4.2.6-4). The
mechanical aspects of the crevice-free structure were approved by the NRC for all control rod
designs in Reference 4.2.6-5. A neutronics evaluation of the crevice-free structure for the Duralife
160C design was performed by GE using the same NRC approved nuclear interchangeability
evaluation methodology as described in Reference 4.2.6-4. These calculations were performed for
the original equipment control rods and the Duralife 160C control rods assuming an infinite array of
FANP 9x9-2 fuel. The Duralife 160C control rod has a slightly higher worth than the original
equipment design, but the increase in worth is within the criterion for nuclear interchangeability.
The increase in rod worth has been taken into account in the appropriate reload analyses.

In Reference 4.2.6-4, the NRC approved the Hybrid | (Duralife 160C) control rod which weighs less
than the D lattice control rod. The basis of the Control Rod Drop Accident analysis continues to be
conservative with respect to control rod drop speed since the Duralife 160C control rod (including
the extended handle, crevice free structure, and heavier velocity limiter) weighs less than the D
lattice control rod, and the heavier D lattice control rod drop speed is used in the

analysis. In addition, GE performed scram time analyses and determined that the Duralife 160C
control rod scram times are not significantly different than the original equipment control rod scram
times.
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Also, the scram speeds are monitored in the plant to assure compliance with safety analysis
assumptions and technical specification limits.

IE Bulletin 79-26, Rev. 1 was issued to address B4C rod cracking and subsequent loss of boron in
GE original equipment control rods. The Duralife 160C control rod design contains solid hafnium
absorber rods in locations where B4C tubes have historically failed. The remaining B4C rods are
manufactured with an improved tubing material (high purity stainless steel vs. commercial purity
stainless steel), thus, boron loss due to cracking is not expected to occur.

Due to the control rod design, IE Bulletin 79-26, Rev. 1 does not apply to Duralife 160C control
rods. However, PPL plans to continue tracking the depletion of each control rod and discharge any
control rod prior to a ten percent loss in reactivity worth.

4.2.3.2.3 GE Marathon Control Rod Assembly

The form, fit and function of the Marathon control rod design are equivalent to the original
equipment control rods used at Susquehanna. Reference 4.2.6-12 documents NRC acceptance of
the GE Marathon control rod mechanical design.

The control rod stresses, strains, and cumulative fatigue were evaluated by GE Nuclear and result
in acceptable margins to safety. The control rod insertion capability was evaluated and found to be
acceptable during all modes of plant operation within the limits of plant analyses. In addition, the
coupling mechanism is fully compatible with the existing control rod drives in the plant. The
materials used in the Marathon control rods were also evaluated and are compatible with the
reactor environment. The Marathon control rods are approximately the same weight as the original
equipment control rods and, therefore, there is no impact on the seismic and hydrodynamic load
evaluation for the reactor vessel and internals. With lighter weight than the D160 control rods and
envelope dimensions less than or the same as the original equipment, the Marathon design is
compatible with existing NSSS hardware and there is no change in scram performance or drop
time.

Neutronics evaluations of the Marathon control rods by GE Nuclear using the methodologies
described in Reference 4.2.6-12 indicate the C lattice Marathon design for Susquehanna slightly
exceeds the +5% beginning-of-life reactivity worth constraint relative to the original equipment all
B4C design. Therefore, the effect of the increased reactivity worth on plant analyses had to be
considered. The increased reactivity worth was found to not adversely impact normal operation,
and is considered in the analysis of abnormal operational occurrences, infrequent events, or
accidents. The Marathon Ultra — HD control rod design satisfies the +5% beginning-of-life reactivity
worth constraint, (Reference 4.2.6-16).
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The Marathon control rods used improved materials and contain significant design improvements to
eliminate cracking and the associated loss of Boron experienced by the original equipment. GE
defines the end of life as a 10% reduction in cold reactivity worth in any %4 axial segment relative to
the initial undepleted state of the original equipment control rods. PPL will track the depletion of the
Marathon control rods and discharge any control rod prior to reaching the defined end of life, or
provide technical justification for its continued use.

4.2.3.24 Westinghouse CR 99 Control Rod Assembly

The form, fit and function of the Westinghouse CR 99 control rod design are equivalent to the
OE control rods used at Susquehanna. Reference 4.2.6-17 documents NRC acceptance of the
CR 99 control rod mechanical design.

The CR 99 control rod stresses, strains, and cumulative fatigue were evaluated by Westinghouse
and result in acceptable margins to safety. The CR 99 insertion capability was evaluated and found
to be acceptable during all modes of plant operation within the limits of plant analyses. The CR 99
coupling mechanism is fully compatible with the existing control rod drives in the plant. The
materials used in the CR 99 control rods were also evaluated and are compatible with the reactor
internals and the reactor environment. The CR 99 control rods are similar in nominal weight of the
OE control rods and, therefore, there is no impact on the seismic and hydrodynamic load evaluation
for the reactor vessel and internals. Scram speeds and settling times in the reactor are not
adversely affected by the CR 99 control rods. The CR 99 velocity limiter design is identical to the
design of the OE control rods and meets the assumption for the control rod drop accident.

The total worth of the CR 99 control rod is within £5% of the OE control rod. There is no
negative impact to shutdown margin and minimal impact on LPRM detector indications. The
nuclear end of life criteria is maintained as 10% reactivity worth decrease relative to the OE
control rod (Reference 4.2.6-17).

The CR 99 use of an improved high density absorber material, which is less sensitive to both
powder densification and absorber swelling due to neutron absorption reactions, minimizes the
possibility of absorber swelling causing contact with the surrounding stainless steel and
contributing stress. The CR 99 use of AISI 316L stainless steel, with its better resistance to fast
neutron irradiation assisted stress corrosion cracking (IASCC), also reduces the potential for
control blade cracking. SSES will track the depletion of the CR 99 control rod and discharge
any control rods prior to reaching the defined end of life, or provide technical justification for its
continued use.

4.2.4 Testing and Inspection

4.2.4.1 Fuel Hardware and Assembly

Framatome — ANP, Inc (FANP) has developed Quality Control Standards for manufacturing,
testing, and inspection of FANP components and fuel bundles. Details regarding FANP
manufacturing, testing, and inspection processes are available in Reference 4.2.6-6.
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On-site inspection of all new fuel bundles, fuel channels, and control rods is performed prior to
installation into a Susquehanna Unit. These inspections are controlled by plant procedures. The
procedures were developed based on guidelines provided by the fuel, channel, and control rod
suppliers for receipt inspection and include acceptance criteria which are verified for each fuel
bundle, fuel channel, or control rod.

The fuel channel management practices in place at Susquehanna are consistent with the
recommendations contained in GE SIL 320, 'Recommendations for Mitigation of the Effects of Fuel
Channel Bowing'. In addition, PPL will only use fuel channels for only one fuel bundle lifetime and
will not reuse them. The fuel channel management practices are continuously reviewed against
plant operation and industry practices.

4.2.4.2 Enrichment, Burnable Poison, and Absorber Rod Concentrations

FANP has established adequate measures, in accordance with Reference 4.2.6-6, to assure that
nuclear materials of varying enrichment and form are positively identified and physically segregated
as required to assure no inadvertent intermixing of enrichment forms. These measures include, as
appropriate, identification of storage and processing containers, gamma scan verification of powder,
nuclear rod assay, analytical examinations, in-process inspections, cleanouts of processing
equipment between enrichments, administrative controls on the handling of materials, and audits of
processing and product.

FANP fuel pellets are manufactured in accordance with approved procedures and are controlled by
Product Design Specifications which define the allowable concentration tolerances and confidence
levels required to verify enrichment and burnable poison concentrations.

General Electric (GE) supplied the original equipment control rods for both Susquehanna Units and
is the supplier of the Duralife-160C and Marathon replacement control rods. The absorber
materials, boron carbide and hafnium, are certified by GE to meet GE Material Specifications. The
isotopic B'® content and boron content is verified for each powder lot received by General Electric.
All boron carbide absorber rod assemblies are subjected to a leakage test to insure absorber rod
integrity. GE performs analysis of hafnium absorber rod lots to insure chemical composition is in
conformance with GE Material Specifications.

Westinghouse supplied the CR 99 control rods for use at both Susquehanna Units. The boron
carbide absorber material is certified by Westinghouse to meet Westinghouse Material
Specifications. The isotopic B'° content and boron content is verified for each powder lot received
by Westinghouse. Each CR 99 control rod blade is leak tested with helium per the Westinghouse
Materials Specifications.
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4.2.4.3 Surveillance, Inspection, and Testing

PPL has a fuel reliability program that includes fuel performance monitoring and fuel failure
response. On-line fuel performance monitoring is conducted to determine whether there is a fuel
failure and may include evaluation of the general location of the failed assembly, the number of fuel
assemblies suspected, when the failure occurred, and the approximate exposure of the failed
assembly. Determination of this information prior to refueling allows preparation for changes in the
following cycle's core design. In addition, control rod sequence exchanges and full power control
rod patterns can be developed to minimize the offgas release from the failed rod(s) and stress on
the suspect assembly during power maneuvering.

On-line fuel performance monitoring is performed at the Susquehanna station by periodic
evaluation of pretreatment offgas activity and/or reactor coolant samples. Verification of failed fuel
is made by periodic evaluation of the pretreatment xenon and krypton offgas activity and reactor
water cleanup system iodine and cesium activity. The general location of the failed fuel assembly
is, typically, identified by control rod motion testing and monitoring of the pretreatment offgas
activity. ldentification of the exact assembly may be performed by sipping or ultrasonic testing (UT)
of the suspect assemblies.

Post-irradiation fuel failure evaluations are, typically, performed to determine the exact fuel rod
location within the assembly and the root cause of a fuel rod failure. The exact location of the failed
rod may be determined by UT or eddy current testing. Root cause evaluations may include review
of manufacturing and inspection records, visual examination of the failure location, and destructive
examination of the failed fuel rod.

Post-irradiation inspection programs have been developed by FANP to evaluate fuel design
performance. Reference 4.2.6-11 discusses the FANP inspection and surveillance program for
irradiated ATRIUM™-10 fuel.

4.2.5 Operating and Developmental Experience

FANP ATRIUM™-10 fuel has been utilized at SSES beginning with Unit 1 Cycle 11 and Unit 2
Cycle 9.

PPL continually tracks the performance of all fuel in the Susquehanna Units in an effort to identify
indications of potential fuel rod failures.

Prior to the implementation of a mechanical fuel design into either Susquehanna Unit, that
introduces features not currently in other operating plants, a plan will be developed to evaluate the
performance of this fuel design in the Susquehanna Units. This plan may include pre and post
irradiation fuel assembly characterization, visual inspection, power maneuvering evaluations, fuel
clad corrosion evaluations, and UT inspections.

PPL occasionally participates in Lead Use Assembly programs. These programs allow the
company to evaluate and gain operating experience with new fuel designs.
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