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ABSTRACT

This Technical Report describes Duke Power Company's Reload Design Methodology
for the Oconee Nuclear Station. Included in this report are descriptions of

Fuel Design, Fuel Cycle Design, Fuel Mechanical Performaunce, Maneuvering Analysis,
Thermal Hydraulic Design, Technical Specifications Review and Development,
Accident Analysis Review, and the Development of Core Physics Parameters.
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1.  INTRODUCTION

The design of a commercial light water reactor is such that the reactor core

is loaded with a specified number of fuel assemblies which are generally iden-
tical in design but different in the amouat of fissile material content. In

the initial core the fuel assemblies differ in the initial enrichment of the
fuel, and in subsequent fuel cycles they differ in the amount of the burnup

of the fuel as well. The reactor is refueled at intervals varying from 6 to 18
months. The refueling of a reactor consists of removing part of the core (a
certain number of irradiated fuel assemblies, the number and identity of which
ar> determined by & fuel management scheme) and loading an equal number of fresh
and possibly previously burned i.el assemblies called the "reload batch." In
general, after refueling, the neutronic, thermal-hydraulic, safety, and operating
parameters of the core would be different from the previous fuel cycle. The
design analyses required tc determine the mechanical design, enrichment and
number of assemblies of the reload batch as well as the core loading pattern,
the nuclear and thermal-hydraulic characteristics of the reloaded core, and

the safety analyses demonstrating the safety of operation of the reloaded

reactor is called reload design.

This report describes the various aspects of the reload design. In the following

paragraphs, a brief overview of the major elements of the reload design process
and the reload design criteria are provided. Subsequent sections provide detailed
discussion including descriptions of design methods, analytical formulation, and
calculational prucedures of the major reload ¢ sign tasks used for Oconee reload

design.

The reload design is essentially a series >f analytical exercises with the
objective to design tbe reload core in such a manner that the reactor can

be operated up to a specified power level for a specified number of days with
acceptable safety criteria. It consists o. the development of the basic speci-
fications of the reload batch (mechanical characteristics of the fuel assembly,
fuel roa and associated structures, fuel enrichment, pellet dimensions; shape
and enrichment, fuel stack length, fill gas pressure, number of assemblies,
uranium loading, etc.); it sets forth the number and identity of each residual

fuel assembly, selects the location of each fuel assembly and control rod in




the core for the new fuel cycle, establishes the core characteristics and
operating limits and protection system setpoints and demonstrates that the
operation of the reactor during the new fuel cycle will be within safety con-
siderations already evaluated and approved or provides new safety analyses to

demonstrate conformance to applicable safety criteria.

In arriving at the final reload design, the designer tries to meet the require-
ments imposed by the operational considerations, fuel economics considerations

and safety considerations. These requirements are called reload design criteria
and are as follows:

! imiiial core excess reactivity sill be sufficient to enable full power

operation for the dec ... iength of the cycle.

2. Technical Specification limits of specified core parameters (quadrant
power tilt, power imbalance, control rod positions, xenon conditions,
coclant flow) and on core protection system trip setpoints after allow-
ance for appropriate measurement tolerances should have adequate margin
from nominal values of these parameters during operatiqaal corditions
throughout the cycle so that sufficient operating flexibility is retained
for the fuel cycle.

3. The fuel assemblies to be discharged at the end of the fuel cycle will
attain maximum permissible burnup so that maximum energy extraction con-

sistent with the fuel mechanical integrity criteria is achieved.

4. Values of important core parameters (modecator temperature coefficient,
Doppler coefficient, ejected rod worth, boron worth, total control rod
group worth, maximum linear heat rate of the fuel pin at various eleva-
tions in the core, and shutdown margin) predicted for the cycle are con-
servative with respect to their values assumed in the safety analysis of
various postulated accidents, and if they are not conservative, acceptable

reanalysis of applicable accidents is performed.

5. The power distributions within the reactor core for all possible (or

permissible) core conditions that could exist during the operation of the
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cycle will not lead to exceeding the thermal design criteria of the fuel

and exceeding the LOCA-limited peak linear heat rates.

6. Fuel management will produce fuel rod power and burnup consistent with the
mechanical integrity analysis of the fuel rod--that is, the clad tenmnsile
sirain is less than 1%, the effective clad stress is less that the yield
strength, and clad collapse will not occur during the life of the fuel.

7. The mechanical design of the reload fuel, including its vibration, flow,
structural characteristics, and seismic and LOCA response, is compatible

with the residual fuel.

The reload design process is comprised of the coordinated effort of designers
and analysts from many areas, each of which generates specified information in
a sequential and sometimes iterative manner to develop the final reload design,
meeting the design criteria. The major elements of the reload design process
are (1) fuel design, (2) fuel cycle design , (3) fuel mechanical performance
analysis, (4) maneuvering analysis, (5) thermal-hydraulic analysis, (6) safety
analysis and Technical Specification development, and (7) reload report, and
(8) development of core physics parameters.

The fuel design consists of the fuel assembly design (material selection, fuel
rod lattice and fuel rod number specification, spacer grid design--number of
spacer grids, material seiection, mixing vanes, etc.--, and fuel assembly end
fittings design) and fuel rod design (rod dimensions, cladding type and
dimensions, pellet density and dimensions, design of fuel stack spacers, fuel
stack length, fuel rod fill gas pressur- .1d composition, and specified toler-
ances on fuel rod design parameters). ..2 physical properties of the fuel
assembly, fuel pin, and non-fuel regions established by the fuel design

process are necessary input irto other phases of reload design.

The fuel cycle design establishes the number and enrichment of the reload batch
fuel assemblies, specifies the number and identity of residual fuel assemblies,
and determines the arrangement (location and orientation) of the fuel assemblies

and the locations of control rods and their grouping in such a manner that the
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specified criterion on energy production and certain specified criteria on fuel

burnup, power distribution and control rod worth requirements are satisfied.

The fuel mechanical performance analysis consists of the evaluations to confirm
that the fuel assembly mechanical performance with regard to vibrations, hy-
draulic loading (fuel assembly lift-off), and seismic and LOCA reponse are
acceptable. It also includes the evaluation of the extent of fuel densifica-
tion and its effect; the evaluation of the fuel rod mechanical performance with
regard to clad stress, strain, and clad collapse; and the evaluation of the
extent of fuel rod bowing and its effects. In the absence of any changes in
the mechanical design of the fuel assembly, no reevaluation of the mechanical
performance of the fuel assembly is needed. The extent of fuel densification
and its effects depends on the fuel fabrication process, the initial density

of the fabricated fuel pellet, and the analytical mede: utilized for the
evaluation; if any of these factors changes for a particular reload, a reanaly-
sis of fuel densification and its effect is required. The fuel rod mechanical
performance is influenced by the fuel density, operating RCS pressure, initial
fill gas pressure, fuel rod design dimensions, fuel pellet density, and the
predicted power history of the fuel rod; and if any of these factors changes
for a particular reload, a reevaluation of the fuel mechanical performance is
required. Fuel rod bowing is recognized to increase with fuel burnup. Since
fuel rod bowing is considered to have the potential to decrease the thermal-
hydraulic performance in certain flow channels in the core, an evaluation of
the magnitude of rod bowing and its effect on DNBR is required for each reload
considering the maximum expected fuel assembly burnup during that cycle. The
thermal analysis establishes the maximum permissible power density of a fuel
rod to preclude center fuel melting during steady-state and anticipated transient
conditions. The thermal analysis needs to be repeated for a particular reload
only if there is a change in the fuel design or there is a change in the regu-

latory requirements.

The maneuvering analysis involves detailed power distribution evaluation in

three dimensions by simulating various anticipated and postulated design con-
ditions and is performed to confirm that the fuel cycle design is acceptable
from the point of view of safety requirements. The data generated in the ma-

neuvering analysis are used to define the core safety limits pertaining to
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the thermal design limits of the fuel and the limiting conditions on control

rod position, axial imbalance, and xenon distribution.

The thermal-hydraulic analyses establish the maximum permissible power distri-

bution for various flow conditions, the permissible combination of core pressure
and core coolant temperature and the minimum permissible core pressure to ensure
that a minimum DNBR of 1.3 or greater can be maintained during anticipated tran-
sients. The need to perform the thermal-hydraulic analysis in conjuanction with
a reload arises when there is a change in the fuel design, a change in the input

assumptions of the original analysis, or a change in the regulatory criteria.

The results of the maneuvering analysis in conjunction with the results of
thermal and thermal-hydraulic analyses, as appropriate, are used either to
confirm that the existing Technical Specifications continue to be valid for
the reload cycle or to generate new Technical Specifications limits. The
accident analyses are reviewed to ensure that important core safety parameters
predicted for the reload cycle are conservative compared to their values used
in the existing accident analysis, and where necessary, appropriate accidents

are reanalyzed.

A number of physics parameters pertinent to the reload cycle should be cal-
culated to confirm that important core parameters for the reload cycle are
conservative compared to their values used in the accident analyses. Other
physics parameters are calculated to enable an orderly and safe startup of

the cycle, to perform startup testing, and to perform core follow calculations.
These parameters include the critical boron concentration as a function of core
burnup and for various conditions, ejected and stuck rod worths, control rod
group and total group worths, reactivity worths of xenon and samarium, core
excess reactivity, moderator and Doppler reactivity coefficients, reactivity

worth of boron, effective delayed neutron fractions and decay constants.

The final phase of the reload design is the integration and documentatior. of
the results of all other phases into a report called the relcad repor.. This
report includes a description of the reload core, che fuel desig., results of
nuclear, thermal, thermal-hydraulic, and fuel mechanical zualysis, accident

analysis review, and proposed Techuwiiai Gpecirications, if any.
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Considerable design and engineering effort is needed to incorporate a new
fuel design into a reload design; and unless there is sufficient economic
or engineering incentive or regulatory requiremeats, a new fuel design is
not usually attempted for a reload cycle. Therefore, a typical reload de-
sign involves only a change in the fuel cycle design and as such is an ex-
trapolation from the original core design, with many of the design variables
being constrained by the original core design. In the following sections
each of the major phases of the reload design process is discussed in more

detail, and Figure 1~1 shows a flow chart of the various phases.
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2. FUEL DESIGN

The fuel design consists of the fuel assembly design (material selection, fuel
rod lattice and fuel rod number specification, spacer grid design--number of
spacer grids, material selection, and fuel assembly end fittings design)

and fuel rod design (rod dimensions, cladding type and dimensions, pellet
density and dimensions, design of fuel stack spacers, fuel stack length, fuel
rod fill gas pressure and composition, and specified tolerances on fuel rod

design paramenters).
2.1 Fuel P-llet

The fuel is in the form of 002
and dried to obtain the desired density, dimensions, and moisture content.

cylindrical pellets which are sintered, ground,

The ends of the pellets 2z~ chamfered to minimize the effects of differential
thermal expansion. The pellet radius is constrained to be .ess than the clad
inner radius and is set to accommodate radial growth resulting from a peak pellet
burnup of 55,000 MWD/MTU without the plastic clad strain exceeding 1%. The
pellet radius is also determined from economic and nuclear calculations performed

to minimize fuel cycle costs.

- 2.2 Fuel Rod

The fuel rod is composed of a cylindrical metal cladding, top and bottom fuel
sracers, and a column of fuel pellets. Zircaloy -4 has proven to be an accept-
able clad material because of its nuclear and material properties. The thick-
ness of the clad is determined from heat transfer and clad strain and stress
requirements. Fuel spacers hold the column of fuel pellets in position within
the fuel rod and are designed to permit axial growth and thermal expansion of
the fuel column. The void spaces at the top and bottom of the fuel rod are of

sufficient volume to accommodate the fission gas release during the fuel burnup.
The volume is designed to maintain the internal pin pressure less than the

primary system pressure at coo’ant temperatures greater than 425°F for Condition

I and II occurences. All fuel rods are pre-pressurized with helium gas to
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aid heat transfer, to prevent cladding collapse due to fuel densification

effects, and to avoid hydrogen contamination. The fuel rods when loaded are

sealed by Zr-4 endcaps welded at each end.

2.3 Fuel Assembly Design

Fucl assembly design consists of specifying the number, location, material and
fabrication techniques for fuel rods and non-fuel components such as guide

tubes, instrument tubes, spacer grids, end fittings, and spacer sleeves.

Generally the number of- fuel rods per assembly and the number of assemblies per
plant is determined by trying to limit the linear heat rate of the fuel. The
fuel pellet radius and rod pitch are determined by both neutronics and economic
calculations aimed at minimizing the fuel cycle costs through optimizing the
fuel-to-moderator ratio. The overall assembly pitc. is constrained by the

size and number of assemblies in the core.

Instrument tubes are typically locatei in the center of the fuel assembly ana
guide tubes are symetrically dispers:d throughout the assembly, and provide
continuous guidance for the control rod assembly. both the control rod guide
tubes and the instrument tubes are made from Zr-4.

The lower end fitting positions the assembly in the lower core plate. The lower
ends of the fuel rod rest on the grid of the lower end fitting. The gu.de tubes
penetrate the end fitting and are attached to it.

The upper end fitting positions the upper end of the fuel assembly in the upper
core grid plate and provides means for handling and identification of the assem-
bl An internal hollow post in the center of the end fitting provides a means
for supporting control rod assemblies and for retention of cither an orifice

rod assembly or a burnable poison assembly. Attached to the upper end fitting
is a holdown spring. This spring provides a holdown force to oppose hydraulic
forces resulting from the primary coolant flow. These end fittings are cast
stainless steel.
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Spacer grids are constructed from strips of metal which are slotted ond fitted
together in an "egg crate" fashion. These spacer grids provide support for the
fuel rods in the X-Y direction (keeps them at a fixed distance apart) and are
located axially along the fuel rods to decrease the amount of fuel assembly and
fuel rod bow. Oconee uses spacer grids constructed from Inconel-718 arranged in
a 15 x 15 lattice. Each assembly contains eight of these grids. The spacer
grids are held in position axially by the frictional grip force exerted on the

fuel rods and guide tubes by the spacer grids.

Because of the considerable design, engineering and testing needed to incor-
porate a new fuel design into a reload core, it is usually not attempted unless
there is sufficient economic, engineering, or regulatory justification. If
however sufficient justification exists, the new fuel design is typically
documented in a generic topical report and the relcad report would reference

this topical report.

2.4 Core Component Data

The basic physical dimensions and materials of the fuel pellet, fuel rod, fuel
assembly, control rods, and orifice rods are used in the fuel cycle design,

thermal-hydraulic design, and fuel mechanical performance. Table 2-1 contains
a summary of this data for the B&W Mark-B2 assembly and is intended as an ex-

ample.
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OCONEE
SYSTEM AND COMPONENT DATA

MARK B2 CORE COMFONENT DESIGN DATA

Fuel Assembly Designation

Calculated Fuel Assembly Total Weight, 1bs.

Material Between Active Core Limits per Assembly, lbs.
Zircaloy
Inconel
e

Fuel Assembly Cell Flow Areas, in.

Assembly Pitch, in.

Spacer Grid Assemblies

Spacer Grid Material
Spacer Grid Material Density, lbs/in3
Number of Spacer Grids per Assembly
Total
Between Active Core Limits
Spacer Grid Weight, lbs.
Intermediate, each
End, each
Total per Fuel Assembly

Mark B2

1550

274
9.2
1172
39.76
8.587

Inconel 718
0.296

1.5
1.6
12.4



Fuel Rods

Fuel Rod Pitch, in. 0.568
Fuel Rod Array 15 x 15
Number of Fuel Rods per Assembly 208
Fuel Rod Weight, lbs.

Per Fuel Rod 7.0

Clad 1.15
Fuel Rod Clad OD, in. 0.430
Fuel Rod Clad ID, in. 0.377
Fuel Rod Clad Wall Thickness, in. minimum 0.024
Fuel Rod Length, in. 153.6875
Fuel Rod Clad Material ) Zircaloy-4

Fuel Rod Clad Material Density, lbs/in. 0.237
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Fuel Column Starts, From Bottom of Fuel Rods, in. 4-1/8

Fuel Pellet Diameter, in. 0.370
Fuel Pellet Leagth, in. 0.700
Pellet Density, g/cc (93.5% of Theoretical) 10.248
Pellet Dish Depth, in. 0.018
Pellet Dish Factor 0.983014
Diametrical Gap, in. 0.007
Fuel Column Length, in. 144

Unit Fuel Cell Flow Area, in. 0.1774
Material 002

U per Fuel Rod, kg 2.2530

U per Assembly, kg 468.6240
UO2 per Fuel Rod, kg 2.5559
UO2 per Fuel Assembly, kg 531.6272
U/UO2 Ratio Used for Calculation 0.8815
Metal/Water Ratio 0.828227

Contrel Rod Guide Tubes

Control Rod Guide Tubes Attachment to Spacer Grids None
No. of Control Rod Guide Tubes per Assembly 16
Guide Tube Material Zircaloy-é4
Guide Tube Material Demsity, 1bs/in.> 0.237
Weight of control rod guide tubes, lbs.

Per Control Rod Guide Tube 1.06

Total per Assembly 16.9

Between Active Core Limits 14.1
Guide Tube OD, in. 0.530
Guide Tube ID, in. 0.498
Guide Tube Wall Thickness, in. 0.016
Guide Tube Length, in. 155.625



Instrumentation Tube

Instrumentation Tube Material

Instrumentation Tube Weight, lbs.
Per Tube
Between Active Core Limits
Instrumentation Tube OD, in.
Instrumentation Tube ID, in.

Length of Instrumentation Tube, in.

Spacer Sleeves

Spacer Sleeve, OD, in.
Spacer Sleeve, ID, in.
Spacer Sleeve Material
Spacer Sleeve Weight, lbs.
Per Assembly

Number of Instrumentation Tubes per Assembly
Instrumentation Tube Attachment to Spacer Grids

Instrumentation Tube Material Density, lbs/ft.

Instrumentation Tube Wall Thickness, in.
Instrumentation Tube Cell Flow Area, in.2

2-7

1

None
Zircaloy-4
0.237

.40

.30
.493
44l
.026
.0867
154.9375

©C O © © =

0.550
0.498
Zircaloy-4
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Spacer Sleeve Length, ia.

6 Sleeves at

1 Sleeve at

Length of 7 Spacer Sleeves, in.

Control Rod
Cladding OD, in.
Cladding ID, in.

Cladding Wall Thickness

Cladding Length, in.
Cladding Material
Absorber 0D, in.
Absurber Length, in.
Absorber Material

Axial Power Shaping Rod

Cladding
Cladding
Cladding
Cladding
Cladding
Absorber
Absorber
Absorber
Follower
Follower
Follower
Follower

Follower

OD, in.
ID, in.

Wall Thickness, in.

Length, in.
Material
2D, in.
Length, in.
Material

Tube
Tube

Tube Wall Thickness, in.
Tube Length, in.

Tube

0D, in.
ID, in.

Material

2-8

19.593
18.781
136.339

0.440
0.398
0.021
149.500
S§5304
0.392
134.0
Ag-In-Cd

0.440
0.398
0.021
36.500
85304
0.375

36
Ag-In-Cd
0.440
0.376
0.032
113.750
Zircaloy-4



Burnable Poison Rod

Cladding OD, in.

Cladding ID, in.

Cladding Wall Thickness, in.
Cladding Length, in.

Cladding Materizl

Burnable Poison Material OD, inm.

Burnable Po:scoa Lengh, in.

Burnable

Orifice

Orifice
Orifice
Orifice
Orifice
Orifice
Orifice

Orifice

Poisoca Material

Rod
Rod 0D, in.
Rod Length, in.

Rod Length, in. (0.489 dia.

Rod Material

Rod Spring OD, 1in.

Roil Sprirg Wire Dia., in.
Rod Spring Material

section)

N

0.430
0.360
0.035
157.250
Zircaloy-é4
0.340
126.000

A1203-BAC

0.480

10.000

7.000

§5304

0.381

0.063

Inconel X-750



3. FUEL CYCLE DCSIGN

3.1 Preliminary Fuel Cycle Design

The purpose of the preliminary fuel cycle design (PFCD) is to determine the
number and enrichment of the fresh and poss.bly burned assemblies to be in-
serted during the next refueling. A prelimi ary fuel shuffling scheme is

developed and check calculations on certain key parameters are performed.

The input required for the PFCD consists of general ground rules and design bases
developed from cycle energy, contract, and operating requirements. The output of
the PFCD is the number and enrichment of the feed assemblies.

The majority of this section will discuss the calculations nacessary to deter-

mine the above information.
3.1.1 Overview of Nuclear Calculational System

The nuclear calculational system enables the nuclear designer to numerically mod-
el and simulate the nuclear reacior core. The current system in use at Duke
Power is outlined in Figure 3-1. A brief description of each code is included

as Apperdix A to this report.
3.1.1.1 Cross Section Generation

In order to model the neutronics of a reload core, it is necessary to generate
nuclear cross sections for subsequent use in a diffusion theory code. The cross
section generator sometimes referred to as a lattice code is EPRI-CELL. Basic
input consists of the geometry and materials constituting the fuel assembly,
specific power, soluble boron concentration, temperature for the pellet, clad,
and moderator, effective resonance tenperatufe, fuel enrichment, number of deple-

tion steps and the length of each step, etc.



The output of the EPRI-CELL run is a set of nuclear cross sections which charac-
terize that particular assembly. These are then formatted into table set

structure through the use of an auxiliary code called NUPUNCHER for input
to PDQ@7.

This procedure is repeat:d for the different fuel assemblies comprising the re-
actor core as well as for a spread of enrichments covering the typical range of

reload enrichments.

Non-fuel cross sections with the exception of burnable poison assemblies ani con-

trol rods are aisc generated using EPRI-CELL. Cross sections for burnable poison

assemblies and control rods for use in diffusion theory calculations are generated
by matching react.on rates between the diffusion theory code PDQ@7 and CPM

(a collision probability code).
3.1.1.2 Diffusion Theory Calculations

Once the cross sections have been generated they are input to PDQ@7 whick
solves the diffusion depletion equations in ome, two, or three dimensions.
Two types of PDQ@7 calculations are routinely run; the color set calcuiation
and the quarter core calculation. The color set calculation is a single
assembly or four quart r assemblies piu mesh x-y geometry PDQP7. This

is used to calculate assembly parameters necessciy for input to EPRI-NODE.

The quarter core PDQP7 is a pin mesh x-y geometry calculation which yields

radial power distributions, local pin peakirg, reactivity versus burnup, and

other nuclear parameters of interest.
3.1.1.3 Nodal Calculations

The output from the color set PDQP7 calculations discussed in Section 3.1.1.2
is processed by the auxiliary codes EPRI-FIT, and SUPERLINK and input to the
nodal code EPRi-NCDE. EPRI-NODE is a three dimensional nodal code that is
currently in use to provide three dimensional intormation such as three dimen-

sional power distributions and integral and differential rod worth, etc.




3.1.2 Calculations and Results of PFCD

Once the calculational models are prepared for the cycle of interest (steps dis-
cussed ip 3.1.1 are complete), the nuclear designer chooses a feed enrichment,
number of assemtlies, and preliminary loading pattern for the reload core.
Calculations using either or both EPRI-NODE and PDQP7 are performed to veri-

fy cycle lifetime and power peaking. The process is iterated until the num-

ber and enrichment of feed assemblies as well as a preliminary shuffle scheme

has been determined which yield the desired cycle lifetime and a reasonable power

distribution.

The preliminary number and enrichment of the feed assemblies must typically
be determined eighteen months prior to reactor shutdown for refueling to
assure that an adequate quantity of separative wurk is zvailable. Changes
to these preliminary estimates are normally possible up to twelve months
prior to reactor shutdown. Therefore, it is necessary that the results of

the PFCD be complete at that time.

3.2 Final Fuel Cycle Design

Having determined the number and enrichment ¢f the fuel assemblies during the PFCD,
the final fuel cy. : design (FFCD) concentrates on optimizing the placement of

fresh and burned assemblies, control rod groupings, and burnable poison assemblies

(if any) to result in an acceptable fuel cycle design. It must meet the fellowing

design criteria with appropria*¢ reductions to account for calculational uncer-

tainties:

Radial Pin Peak < 1.714 (inner flow zone)

1.629 (outer flow zone)

Moderator Temperature Coefficient < 0.0 at >95% hot full power.

Maximum pellet burnup < 55,000 MWD/MTU.

Shutdown Margin at HZP > 1.0 % Ap.




5. Ejected rod worth at HZP < 1.0% Ao.

6. Ejected rod worth at HFP

IA

0.65% Ap.

During the FFCD, nuclear calculations are performed to generate these parameters
for input to fuel mechanical performance, thermal and thermal-hydraulic perfor-
mance, maneuvering analysis, and accidents and trar-ients analyzed during the
safe!y analysis.

3.2.1 Fuel Shuffle Optimization and Cycle Depletion

Beginning of cycle (BOC) power distribution calculations are performed using com-
binations of EPRI-SHUFFLE and PDQ@7. Initial runs start with the fuel shuffle
scheme developed in the PFCD and modify the shuffle scheme in an attempt to
minimize the power peaking. This is accomplished by a trial and error type
search until an acceptable BOC power distribution results. The cycle is then 1
depleted using point depletion in steps corresponding to 0, &4, 12, 25, 50, 100,
150...EFPD to verify that power peaking versus burnup remains acceptable. The
shuffling variations include re-arranging the location of the burned or fresh

fuel assemblies, location of control rods (groups 5, 6, 7) and rotation of

the spent fuel assemblies. These calculations are typically performed

assuming quarter core symmetry.

The shuffle pattern determired by optimizing power distribution may later need

to be modified based upon results obtained in the r<-a’ .ing nuclear calculations.
3.2.2 Rod Worth Calculations

Control rods serve several functions in the Oconee reactor. Th=2 primary func-
tion is to provide adequate shutdown capability during normal and accident con-
ditions. They are also used ir the "rods in" mode to maintain criticality

during power maneuvers and to compensate for reactivity loss due to fuel
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depletion. Since the presence of control rods influences both power distri-
butions and criticality, it is necessary in many calculations to evaluate not
only the reactivity effect but also the perturbation that a given rod config-

uration has on the power distribution.

Oconee may be designed and operated in either a "rods out" (feed and bleed) or

a "rods in" mode. A typical "rods in" design allows for the first regulating

bank (7) to be almost fully inserted into the reactor core during HFP operation.
This regulating bank is typically withdrawn two months prior to the end of the
fuel cycle to provide the additional reactivity to operate to EOC. Shutdown
margin for a "rods in" design 1s typically less before the regulating bank

is removed than at EOC and is normally calculated for that point in the cycle
instead of EOC.

Most calculations of control rod worth are used in the safety analysis of the re-

load core. The calculations discussed in subsequent sections include the follow-

ing:

Choice of Control Rod Groupings and Worths
Shutdown Margin

Ejected Rod Worth

Dropped Rod Worth

3.2.2.1 Control Rod Groupings and Worths

Control rod locations in Oconee are fixed, however, the rods in a particuiar
group may vary from cycle to cycle. The contrcl and rod groupings are determined
by nuclear calculations to evaluate the effects that a particular rod grouping
has on power distribution, group worth, and ejected rod worth. The worth of

each regulating bank (5, 6, 7) is ca.culated in quarter core geometry using
either PDQ@7 or EPRI-NODE at BOC, EOC, and before and after control rod inter-
change at HFP and HZP. The total rod worth (all rods in) is calculated at BOC,

EOC, and any limiting burnup at HZP only for use in the shutdown margin calcu-

lation.

The locations chosen during the FFCD are confirmed during the maneuvering analy-
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3.2.2.2 Shutdown Margin

Searches for the highest worth stuck rod are performed at BOC, EOC, or any limit-
ing burnup for HZP conditions using full core EPRI-NODE and/or PDQP7 calculations.
Table 3-1 summarizes the results of a shutdown margin calculation. The total

rod worth described in section 3.2.2.1 is shown as Item 1. This value is reduced
by an estimate of the worth lost by the control rod poison due to burnup (Item 2).
"tem 3 is the worth of the highest stuck rod. The total worth reduced by the con-
trol rod burnup penalty and the stuck rod worth is shown as the net worth (Item
4). A calculational uncertainty of 10% is subtracted off in step 5 and step 6

shows the available rod worth.

The required rod worth is calculated next in steps 7-10. The pover deficit ob-
tained by running an EPRI-NODE or PDQ@7 case at HFP and a second case at HZP and
subtracting the reactivities is shown as item 7. The maximum allowable inserted
rod worth, item 8, is obtained from the allowable rod insertion and the integral
rod worth curve for that insertion (generated by EPRI-NODE). This accounts for
any rod insertion allowed at HFP. An axial flux redistribution occurs when the
power level is reduced from HFP to HZP. This redistribution causes an increase

in reactivity.

If Item 7 is calculated using a 3-D code such as EPRI-NODE no additional penalty
is required here. However, if Item 7 was calculated using 2-D PDQ@7 an additional
reactivity penalty is assessed as Item 9. The sum of these required worths (Item

10) is the total reonired worth.

The shutac s.rgin is shown as Item 11 and is defined as the total available

worth minu. the total required worth. For Oconee this is required to be > 1.0%

Ap.

3.2.2.3 Ejected Rod Worth

The maximum allowable ejected rod worth is limited by the Technical Speci” .ations
For Oconee these limits are shown in Table 3-2. A calculated limit for setting
rod withdrawal positions has been established by applying a 15% uncertainty to the

Technical Specification limits




To verify that the ejected rod worths are within this calculational limit,

ejected rod worth calculations are performed at BOC and EOC at both HFP and HZP.

The calculation of ejected rod worths is accomplished using full core two di-
mensional pin mesh PDQ@7 or EPRI-NODE calculations. The HZP ejected rod worth
calculations are performed with control groups 5 through 7 fully inserted in

the core and with group 8 centered.

Single rods in groups 5, 6, and 7 are removed in subsequent cases and the worth
of the ejected rod is calculated by subtracting the reactivities of the cases
before and after the rod was removed. The fuel and moderator temperature is held
constant and equal to the HZP moderator temperature for these calculations. The
highest worth calculated by ths above procedure is the worst ejected rod at HZP
If the ejected rod worth exceeds the calculational limit, rod position limits are

imposed or a new control rod grouping is developed.

The HFP ejected rod worths are performed in a similar manner to the HZP calcu-
lations with the exceptions that for a '"rods out" design only groups 7 and 8
are inserted into the core and that the fuel temperature and moderator tempera-
tures correspond to those of HFP conditions. The HFP ejected rod worths are

performed without thermal feedback to be conservative. if the ejected rod

worth exceeds the calculational limit, rod position limits are imposed or a

new control rod grouping is developed.

3.2.2.4 Dropped Rod

The analysis of the rod drop worth is .equired to determine the reactivity
insertion resulting from the rod drop. Full core calculations using EPRI-NODE

are performed with thermal-hydraulic feedback

Search cases are run dropping full length control rods until the highest worth

rod has been identified. This value of dropped rod worth is used as input to

the accident analysis evaluation.




3.2.3 Power Distribution Calculations

For Oconee emphasis in the FFCD is on radial power distributions both cn an as-
sembly and local rod basis. Thermal and thermal-hydraulic analyses have been per-
formed on the Oconee reactors which indicate that radial pin peaks shown in

Table 3-3 will result in acceptable DNB and Center Fuel Melt (CFM) margins.

These margins are calculated and confirmed during the maneuvering analyses.

Power distributions are calculated both with the 2-D PDQA7 model and the 3-D EPRI-
NODE model. The local radial peaking factor, maximem pin to assembly power ra-
tio, calculated by PDQP7 is multiplied by the three dimensional peak calculated by
EPRI-NODE to produce maximum three dimensional power peaks in a fuel rod.

3.2.4 Fuel Burnup Calculations

One of the current design criterion is that maximum pellet burnup is < 55,000
MWD/MTU. This criterion is confirmed during the final fuel cycle design.
Depletion calculations from 2-D quarter core pin mesia PDQP7 models yield core
and assembly average burnup as well as single fuel rod burnups. From these
values a maximum ratio of single rod to assembly average burnup can be cal-
culated for each assembly. This data is then used in conjunction with 3-D
EPRI-NODE depletion calculations (where the axial burnup distribution is
calculated) to arrive at a local burnup limit which can be compared to the
design limit of 55,000 MWD/MTU.

Generally, the assembly average burnups are in the 30,000 to 33,000 MWD/MTU range
and sufficient margin to the 55,000 MWD/MTU limit exists to make the detailed cal-
culation described above unnecessary.
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3.2.5 Reactivity Coefficients and Deficits

Reactivity coefficients define the reactivity insertion for small changes in re-
actor parameters such as moderator temperature, fuel temperature, and power level.
These parameters are input to safety analysis and used in modeling the reactor re-
sponse during accidents and transients. Whereas reactivity coefficients represent
reactivity effects over small changes in reactor parameters, reactivity deficits
usually apply to reactivity inserted from larger changes typical of HFP to HZP.

An example of a reactivity deficit is the power deficit from HFP to HZP used in
the shutdown margin calculation. A different way of looking at the terms is tha‘
the coefficient when integrated over a given range yields the deficit, or the co-
efficient is the parcial derivative of reactivity with respect to one specific

parameter.

Coefficients of reactivity are calculated using PDQ@7 or EPRI-NODE. First a
nominal case is established at some reference conditions. Then one parameter of
interest is varied up and/or down by a fixed amount in another calculation and
the resulting change in core reactivity divided by the parameter change is the

reactivity coefficient.
3.2.5.1 Doppler Coefficient

The Doppler Coefficient or Fu.l Temperature Coefficient (FTC) is the change in
core reactivity produced by a small change in fuel temperature. The major com-
ponent of the Doppler coefficient arises from the behavior of the Uranium-238 and
Plutonium=-240 resonance absorption cross sections. As the fuel temperature in-
creases, the resonances broaden increasing the chance that a neutron will be ab-

sorbed and thus decreasing the core reactivity.

1f Case 1 represents the reference case with an effective fuel temperature Tl
(and Kl effective) and Case 2 represents a second case where the fuel temperature
has been increased or decreased by approximately 50°F and is T, (and K? effective)

the Doppler coefficient is mathematica (y calculated from the following equation:

1 - K2
Kegs = Kegs

o Kegs * Kegs = Mp/°F

T“Tz




In the final fuel cycle design both HFP and HZP Doppler coefficients are calcu-
lated.

3.2.5.2 Moderator Temperature Coefficient

The Moderator Temperature Coefficient (MTC) is the change in reactivity produced by a
small change in moderator temperature. In Oconee the average core moderator temp-
erature is increased as power is escalated from 0 to 15% HFP. At and above 15% HFP
the average moderator temperature is held constant at 580°F. However, for acci-

dent and transient analyses it is necessary to know the moderator temperature co-
efficient at HFP and also at HZP.

These analyses can be performed with either EPRI-NODE and/or PDQ@7 by effecting a
change in the core average moderator temperature. Two cases are run with the
moderator temperature at +5°F and -5°F around the HZP (22.5°F at HFP) average .1
temperature. If these cases and the resulting K effectives are identified as

Case 1 (TMOD;, K. ) and Case 2 (TMODy, K:ff), the moderator temperature co-
efficient is calculated from the following equation:

1 - B2
Kees = Kegs

1 2
Kegs * Kogs

(TMOD,; - TMOD;)

MTC

Ap/°F

3.2.5.3 Temperature Coefficient

The fractional change in react:vity due to a small change in core temperatures is
defined as the co.e temperature coefficient of reactivity. This is equal to the
sum of the moderator and Doppler temperature coefficients and may ve explicitly
calculated at HZP for isothermal conditions (TFUEL=TMOD) by varying both the fuel
and moderator temperatures approximately :SOF about the average moderator temp- 1
erature at HZP. Similarly the temperature coefficient at HFP may be explicitly
calculated by varying the moderator and fuel *temperatures by +2.5°F. This calcu-
lation may be performed with PDQP7 and/or EPRI-NODE.



3.2.5.4 Power Coufficient and Power Deficit

The power coefficient of reactivity is the core reactivity change resulting from
an incremental change in core power level. The power deficit is usually the to-

tal reactivity change associated with a power lcvel change from HZP to HFP.
The power coefficient is defined by the foliowing equation:
. emh
Kegs = Kegs
= 1 2
P Kess * Kegs
Py - P

*

. 1
where: Refi

l:ff is K effective for the core at power P, (%).

is K effective for the core at power P, (%)

Neglecting second order effects this equation is equivalent to the following:

ATMOD ATFUEL
ap = MTC &P T YT

where: MTC is the moderator temperature coefficient and FTC is the fuel tempera-

ture coefficient (Doppler coefficient).

In Oconee the core average moderator temperature is constanc at approximately
580°F above 15% IIFP. Therefore, for power levels abeve 15% HFP the power coef-

ficient can be reduced to just the fuel temperature contribution or

ATFUEL
ap = FTC AP

Since the power coefficient should include flux redistribution effects resulting
from axial variations in burnup and isotopics as well as non-uniform fuel temp-
erature distributions it should be performed using a 5-D simulator with thermal
hydraulic feedback. If the calculation is performed using a 2~D model then it
should be corrected for the 3-D effects.
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A typical power ccefficient calculation for HFP would proceed in the following
manner. The HFP case is run using EPRI-NODE and the core Keffective is calcula-
ted (K:ffective)' Then a second EPRI-NODE case is run with the core power level
reduced 5% while holding everything else constant. The Keffective from this case,

K:ffective’ is used along with the results from the reference case to calculate
the power coefficient:

1 e 2
Kege = Kegs

1 2
l(eff . Keff
ap = Py - Py = 4p
%

POWER

The power deficit is calculated for use in the shutdown margin calculation (see
Section 3.2.2.2) and is the reactivity change from HZP to HFP. This calculation
should be performed in three dimemsions to satisfactorily model the axial flux

redistribution, however, a two dimensional calculation may be performed and cor-
rected for this flux redistribution phencmenon. Two EPRI-NODE or PDQ@7 runs are
made to calculate the power deficit. The first is made at 100% HFP and the sec-

ond at HZP. These calculations are usually performed at least two times during
the cycle burnup.

The HFP and the HZP case should have the equilibrium xenon concentration cor-

responding to HFP. The power deficit is calculated from the following equation:

K! K?

eff eff2
iedt u BT L
:;;ef 2;§1c1t z xeff X Keff x 100 %Ap
where: K;ffcctive is core Keffective at HZP and K:ffective is core Keffective
at HFP.

3.2.5.5 Miscellaneous Coefficients

For reload design, certain coefficients of reactivity are not routinely calculated.

These include moderator density coefficient, moderator pressure coefficient, and

moderator void coefficient.




3.2.6 Boron Related Parameters

Critical boron concentrations at BOC and EOC for HFP and HZP and various rod posi-
tiom: are calculated using PDQP7 and/or EPRI-NODE. Table 3-4 lists conditions
that critical boron concentrations and boron worths are calculated. In addition
to these, an a’l rods out (ARO) critical boron letdown curve, and a critical boron

letdown curve at nominal rod index are generated for HFP equilibrium conditionms.

3.2.7 Xenon Worth

The HFP equiiibrium xenon worth is calculated at BOC (4 EFPD) and at EOC. These

values are compared to previous cycle values in the reload report.

Calculations using either PDQ@7 or EPRI-NODE are performed for HFP equilibrium
xenon conditions. If PDQ@7 is bLeing used, a second no xenon case is run by either
zeroing out the number density for xenon or zeroing out the xenon cross section.
I1f EPRI-NODE is being used the power level on the xenon card can be set to zero

and the time in hours set to 40.0 to obtain a no xenon concentration.

The difference in reactivities between the equilibrium and no xenon cases is the

xenon worth.

3.2.8 Kinetics Parameters

The kinetics belkavior of the nuclear reactor is often described in terms of solu-
tions to the Inhour equation for six effective groups of delayed neutrons.
Transient and accident analyses often involve kinetic modeling »f the reactor
core. The rate of change in power from a given reactivity insertion can ke cal-
culated by solving the kinetics equations if the six group effective delayed neu-
tron fractions, the six group precursor decay constants, and the prompt neutron

lifetime are known.

The computer codes used to calculate these parameters are PDQ@7 and DELAY.
PDQP7 is used to obt:in spatially averaged isotope fission fractions as a function
of burnup, and DELAY calculates kinetics parameters and then uses these parameters

to solve the Inhour equation and thereb- relate the stable reactor period to the
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reactivity insertion. This information is also needed for startup physics test-
ing. The sum of the six group Bl effective, p _ffective, for the new reload cycle
is compared to that of the previous cycle in the reload report.



Table 3-1

Shutdown Margin Calculation

BOC, % Ap

Available Rod Worth
Total rod worth, HZP

Worth reduction due to
burnup of poison material

Maximum stuck rod, HZP
Net Worth
Less 10% uncertainty

Total available worth

Required Rod Worth

Power deficit, HFP to HZP

Max allowable inserted
rod worth

Flux redistribution
Total required worth

Shutdown Margin (total avail.
worth minus total required
worth)

Note: Required shutdown margin is 1.00% A4p.




Table 3-2

Ejected Rod Worths

Condition Technical Specification

Limit
HZP (Banks 5-8 in.) 1.00% &p
HFP (Banks 7-8 in.) 0.65% Ap
3-16

Calculational

Limit

0.85% Ap
0.55% Ap



Table 3-3

Radial Pin Peak

FLOW ZONE Maximum Allowable Calculational

_Radial Pin Peak Limit*

1.714 1.587
1.629 1.508

*An 8% reduction has been applied to the radial peaks to account for calculational

uncertainty and to provide a margin for the 3-D calculations performed during the

maneuvering analysis.




Table 3-4

Boron Parameters

Critical Boron - BOC, ppm (no Xenon)
HZP, group 8 inserted

HZP, group 7 and 8 inserted
HFP, group 7 and 8 inserted

Critical Boron = EOC, ppm geguilibriu- Xenon)

HZP, group 8 37.5% WD
HFP, group 8 37.5% WD

Boron Worth - HFP, ppm/%Ap
BOC (xx ppm)
EOC (17 ppm)
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FUEL MECHANICAL AND THERMAL PERFORMANCE

4.1 Introduction

Each fuel cycle design requires that thorough fuel mechanical and
thermal assessments be performed. A reload design utilizes fuel
designs that are bound by previous fuel assexbly design analyses.
Occasionally, however, minor differences in the design will occur
(such as a change from 94% TD fuel to 95% TD fuel). These changes
must then be assessed in regard to the following:

+ Cladding creep collapse,

+ Cladding strain,

* Cladding stress,

* Fuel pin tempeirature, and

* Fuel pin pressure

Design analyses that envelope the operation of all current fuel
designs have been completed by the fuel vendor, and reanalysis

is normally not required for a new fuel cycle design. Rather, a
specific fuel cycle design is compared against the enveloping
design analyses. The assessment must compare cladding and pellet
designs against the pellet and cladding geometries and densities,
etc., that have been considered in the enveloping design analyses.
Further, the individual radial power histories during the fuel cycle

(current and previous batches) must be compared against the generic

radial power envelopes that have been used in the design analyses.
In most cases, the design analyses will envelope the fuel cycle
design being considered and no reanalysis is required. However,

in some cases, either the radial power history or fuel geometry
may lie outside of the enveloping design analyses, thus requiring
partial or full reanalysis. The following subsections describe the
types of comparisons that must be made to justify a fuel cycle de-
sign without reanalysis and provides some detail concerning the
types of analyses that must be performed if required by either the
fuel cycle desigu or by changes in the fuel design itself.




4.2

Table 4~1 presents 2 summary of all types of fuel thermil and me-
chanica) performance assessment criteria that are used to determine
whether a fuel cycle design, the cladding, and the pellets are enve-
loped by existing analyses. As shown in Table 4-1, several of these
analyses require either a comparison against a fuel pin power ver-
sus burnup envelope or a comparison against an assembly radial
power versus burnup envelope. Examples of these power history en-
velopes are presented ic Figures 4-1 and 4-2. These envelopes
change, as reanalysis is occasicnally required, resulting in an
expanded power history envelope. Figure 4-3 presents a flow chart
for the fuel pin pressure and linear heat rate to melt analyses.
Figure 4-4 is a mechanical analysis flow diagram.

Cladding Collapse

Cladding creepdown under the influence of external (system) pres-
sure is a phenomenon that must be evaluated during each reload

fuel cycle design to ensure that the most limiting fuel rod does

aot exceed the cladding collapse exposure limit. Cladding creep

is a function of neutron flux, cladding temperature, applied stress,
cladding thickness. and initial ovality. Acceptability of a fuel
cycle design is demonstrated by comparing the power histories of all
the fuel assemblies against the generic assembly power history

used in existing design analyses, similar to Figure 4-2. The ge-
neric pover history must be completely enveloping to avoid reanuly-
sis. Duke Power Company uses its own PDQ edit code to automatically
perform this comparison for all fuel assemblies at each depletion
step. Changes in pellet or cladding design are also assessed in a
similar manner: direct comparison with the fuel rod geometries of
Table 4~1 and reanalysis, if necessary. Four separate fuel designs
have been analyzed to form the generic cladding creep coliapse

analysis.
The CROV! computer code calculates ovality changes in the fuel rod
cladding due to thermal and irradiation creepo and is used to perform

the fuel rod creep collapse analysis when required. CROV predicts
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4.3

the conditions necessary for collapse and the resultant time to
collapse. Conservative inputs to the CROV cladding collapse analy-
sis include the use of minimum cladding wall thickness and maximum
initial ovality (conservatively assumed to be uniformly oval), all
as allowed by manufacturing specifications. Other conservatisms
included are minimum prepressurization pressure and zero fission

gas release. Internal pir pressure and cladding temperatures,

input to CROV, are calculated by TACO'® (or TACO2® when approved) | Rev.

using a radial power history similar to that of Figure 4-2, a
generic pin to assembly local peak, and a standard axial flux

shape.

The conservative fuel rod geometry and conservative power history
are used to predict the number of EFPH required for complete clad-
ding collapse. To demonstrate acceptability, the maximum expected
residence time of the cycle is compared against the EFPH required
for complete collapse.

Cladding Strain Analysis

The limit on cladding strain is that uniform strain of the clad-
ding should not exceed 1.0%.

A generic strain analysis has been completed by the fuel vendor

using TACO (or TACO2 when approved) to ensure that the strain | Rev.

criterion above is not exceeded. To determine whether the fuel
and fuel cycle designs are enveloped by existing analyses, the
criteria of Table 4-]1 are reviewed.

Should reanalysis be required, TACO (or TACO2 when approved) will |Rev.

be used to determine the fuel rod dimensional changes that occur

between the two power levels considered by the conservative desigh
power ramp used in the strain analysis. Then, the maximum tensile
(elastic and plastic) strain, which occurs at the cladding I.D., is

determined from the following equation:

4=3 Rev. &4
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Skbida b (Pellet 0.D.) peak - (Pellet O.D.)’fx 100

(Pellet 0.D.)
0
where (Pellet 0.D.) peak = the maximum pellet 0.D. at the local

pewer peak, and

<1%

(Pellet O.D.)° = pellet 0.D. prior to and after a local power
ramp.

Pellet 0.D. dimensions are used to calculate cladding strain be-
Cause the strain itself is caused by pellet thermal expansion.

The strain analysis is completed in two parts:
Part 1 employs TACO (or TACO2 when approved) to determine when |Rev.
pellet contact occurs. A conservative fuel rod geometry is
used in conjunctioa with a < 1.5 axial flux shape, and the core
average linear heat rate at 100% power to characterize gap
closure. If contact occurs prior to 30,000 MWD/MTU, then Part 2
will use a ramp from 2 KW/FT to a final linear heat rate that is
consistent with centerline fuel melt. Whereas, if contact
occurs after 30,000 MWD/MTU, then the ramp's peak linear power
is reduced to a lower value that is consistent with maximum
local powers that could occur at burnups greater than 30,000
MWD /MTU.

Part 2 of the strain analysis is the power ramp calculation,

also performed on TACO (or TACO2 when approved), which calcu- chv.
lates the change in fuel pellet 0.D. that occurs from the change

in power level induced by the power ramp. The change in pellet

0.D. is then used to perform the hand calculation of cladding

strain using the equaticn above. The cladding and pellet are
assumed to be in hard contact at the initiation of this ramp.

Thus, there are two major conditions in this scenario that make

it conservative. The first is the extreme power change that is

used to simulate the worst case peaking. The second is that the
pellet is assumed to be in hard contact at inititation of the

ramp. This is a conservative assumption since the power ramp is
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initiated from 2 KW/FT, and pellet/cladding contact is not expected

to occur at this low linear heat rate.

4.4 Cladding Stress Analysis

The cladding stress analysis for a new fuel cycle design is simi-
larly bounded by a conservative design analysis that uses Section
111 of the ASME Boiler and Pressure Vessel Code as a guide in
classifying the stresses into various categories, assigning appro-
priate limits to these categories, and combining these stresses to
determine stress intensity. Each new fuel cycle design is assessed
against tue criteria stated in Table 4-1 to determine if reanalysis
is required. The stress analysis is very conservative, and reana-
lysis should not be required for standard Mark B reloads. However,
an assessment is made for each reload design using the criteria of
Table 4-1.

The fuel rod stress analysis considers those stresses that are not
relaxed by small material deformation, aud this anaysis complies with
the following design critera:

«  All fuel cladding stresses (primary and secondary) shall not
exceed minimum unirradiated yield strength for condition I

and II occurrences.

+  The stress intensity value of the primary membrane stresses in
the fuel rod cladding, which are not relieved by small material
deformation of the cladding, shall not exceed 2/3 of the minimum
unirradiated yield strength.

The above criteria keep the primary loads well belovw material
allowable.

In performing the stress analysis, all the loads were selected to

represent the worst case loads and were then combined. This repre-
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sents a conservative approach since they cannot occur simultaneously.

This insures that the worst case conditions for condition I and II

events are satisfied. In addition, these input paramete:s were

chosen so that they conservatively envelope all Mk-B design condi-
tions.

The primary membrane stresses result from the compressive pressure
loading. Stresses resulting from creep ovalization are addressed
in the creep collapse analysis.

Since the internal fuel rod pressure cannot exceed system pressure
for condition I and II occurrences (at coolant temperatures greater
than 425°F), the need to address tensile stresses at hot zero power
(HZP) conditions and higher is eliminated. The tensile stresses
were addressed at cold conditions. The minimum internal fuel rod
pressure at HZP concitions is combined with the maximum design
system pressure during a transient to simulate the maximum pres-
sure differential across the cladding. The tensile stress analyzed
occurs at cold (room temperature) conditions at BOL. This is the
worst case since the grid loads will be maximum at that point.

The worst case compressive pressure loads were combined with the

other worst case loads. These are described below:

* The maximum grid loads will occur at BOL. During operation,
the contact force will relax with time due to fuel rod creep-

down and ovalization as well as grid spring relaxation.

* The maximum radial thermal stress will occur at the maximum
rated power (power level corresponding to centerline fuel melt).
This stress cannot physically occur at the same time the maximum
pressure lnading occurs, but is assumed to do so for comnserva~-
tism. (Maximum cladding temperature gradient is combined with

minimum pin pressure.)
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4.5

4.6

. The ovality bending stresses are calculated at BOL conditions.

A linear stress distribution is assumed. The creep collapse
analysis calculates the stress increase with time and ovali-

zation.

* Flow induced vibration and differential fuel rod growth stresses

are also addressed.

Fuel Pin Pressure Analysis

The pin pressure analysis is assessed against the design basis
analysis criteria and envelopes as indicated in Table 4-1. If any
of the parameters of this table are violated, then a reanalysis

is performed.

Pin pressure analysis is performed using TACO (or TACO2 when Rev.
approved). The rod is assumed to have a 1.5 symmetric axial flux

shape, with 2 pin power history similar to that presented in

Figure 4~1. Incore fuel densification is minimized in this analysis

to yield a smaller plenum volume and a maximum pin pressure.

Figure 4-5 presents the result of an analysis of pir pressure versus
burnup, performed by Duke Power Company, using TACO (or TACO2 when |Rev.
approved). This analysis was performed for an extended burnup fuel
cycle design, using the pin power history indicated in Figure &4-1,

but with lower, more realistic axial flux shapes than the 1.5 cosine
shape that is used for Reload Design purposes. (Refer to Table 4-2

for the axial flux shapes used in this extended burnup analysis.)

To satisfy mechanical design criteria, pin pressure must be less

than system pressure (2200 psia).

Linear Heat Rate Capability

Linear heat rate capability of all fuel rods in a relcad batch is

assessed by comparison against the criteria and envelopes of Table

4-7 Rev. &4



4=1. Any rod whose geometry or power history falls outside of
those criteria must be reanalyzed.

The Linear Heat Rate to Melt (LHRTM) analysis is performed using

TACO (or TACO2 when approved), assuming maximum incore pellet Rev.
densification. This analysis assumes a conservative pin power

history, similar to that of Figure 4-1, and a 1.5 cosine axial flux
shape. In this analysis, very small axial segments of the fuel rod

are spiked to high linear heat rates at each burnup :tep until
centerline fuel melt occurs. The resulting heat rate required to

reach centerline fuel melt at each burnup is then plocted versus burnup.

Figure 4-6 is a plot of fuel LHRTM versus burnup for an extended

burnup fuel cycle design. This TACO (or TACO2 when approved) Rev.
analysis, performed by Duke Power Company, represents the pin power
history of Figure 4~1, but with more realistic axial flux shapes

than the 1.5 cosine that is used for reload fuel cycles. (Refer

to Table 4-2 for the axial flux shapes used in this analysis.) The
minimum LHRTM occurs early in life due to fuel densification, but
quickly increases due to the offsetting effects of cladding creepdown,
pellet swelling, and fuel relocation. (No credit is taken for fuel
relocation in LHRTM analyses).

4-8 Rev. 4



TABLE 4-1
FUEL MECHANICAL PERFORMANCE ASSESSMENT CRITERIA

Analysis Category

include minor assumptions that are part of the bases.

Linear Heat

Item Parameter Reviewed! Cladding Collapse? Cladding Strain Cladding Stress Pin Pressure Rate Capability

1 Pin Power History vs Burnup NA NA NA Figure 4-1 Figure 4-1

2 Radial Assembly Power History

vs Burnup ¥igure 4-2 NA NA NA NA

3 Clad 0.D. Yes Yes Yes Yes Yes

4 Clad 1.D. Yes Yes Yes Yes Yes

5 Clad Thickness Yes Yes Yes Yes Yes

6 Ciad Initial Ovality Yes NA NA NA NA

7 Pellet Diameter Yes Yes Yes Yes Yes

8 Pellet Density Yes Yes Yes Yes Yes

9 Initial Prepressure Yes Yes Yes Yes Yes
NOTES: i. These criteria are the more significant items reviewed for a reload fuel cycle design, and do not

. X The cladding collapse review actually is performed separately for each type of Mark B fuel design

(four sets of parameters exist, correspoading to four separat~ fuel designs).
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TABLE 4-2

Axial Flux Shapes Used for Thermal Analysis
(Reference, Figures 4-5, 4-6)

Burnup Range Peak of Axial Co.ine Shapes
0 - 15,100 1.28

15,100 - 35,000 1.22
> 35,000 1.16

NOTE: Standard reload desiga analyses always employ a 1.5 P/P axial flux
shape for pin pressure and LHRTM analysis.
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5. MANEUVERING ANALYSIS

The purpose of a maneuvering analysis is to generate three dimensional power
distributions and imbalances for a variety of rod positions, xenon distributions,

and power levels.

The maneuvering amalysis can be divided into five discrete phases. The first is

the fuel cycle depletion performed to establish a nominal rod index and fuel de-
pletion history. The second is the generition of iuntegrzl rod worth curves at
several burnup steps. The third step is the power maneuver performed in the 1
nominal manner at BOC (4EFPD) andé usually after a rod pull or at EOC. The

fourth phase is to perform control rod and APSR scans at the most severe times of
the power transient. The fifth step is to perform selected control rod and APSR
scans at the various depletion steps. Each of these phases involves the running

of multiple EPRI-NODE cases and generation of three dimensional power distribu-

tions, rod positions, and imbalance for each case

This data is processed by the Node Utility Code (NUC) to calculate CFM, DNBR, and
LOCA margins and to produce "fly speck” graphs to be used to set Technical Speci-
fication (see Section 7.1) limits on rod position, offset versus power level, and |1

reactor protective system setpoints.

5.1 Fuel Cycle Depletion

If the three dimensional EPRI-NODE model has not beeu previously depleted during
the FFCD with rod positions which limit imbalance to within + 5%, then the fuel

cycle depletion is performed as the first step of the maneuvering analysis. The
depletion is typically performed in steps of 0, 4, 12, 25, 50, 100, 150 ... EFPD
adjusting rod prsitions and soluble boron where necessary to hold imbalance with-
in + 5% and the ieactor near critical. The xenon, power, and exposure files for

these cases are saved for use in later analyses.
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5.2 Integral Rod Worth

EPRI-NODE cases are run at BOC (4EFPD) and after a red pull or at EOC stepping

the control rods into the core to calculate an integral rod worth curve for groups
7, 6, and . with a 25% overlap. These cases input the exposure history calculated
from the nominal depletion discussed in Section 5.1. The resulting integral rod
worth curve is used in determining rod positions for maintaining criticality dur-

ing the power maneuver and to define rod insertion limits based on shutdown mar- Il
gin and ejected rod worth.

5.3 Power Maneuver

5.3.1 "Rods In" Design ll

The burnup and xenon distribution from the BOC (4EFPD) depletion case at 100% HFP
forms the input starting poirt for the 100-30-170 power maneuver. First an EPRI-
NODE case is run reducing power to 30% HFP and holding everything else constant.
The difference in reactivity between the 100% and 30% cases represents the power
deficit. Using the integral rod worth curve generated in Section 5.2, the change

in rod position necessary to compensate this power deficit is calculated.

The next step is to run a third case reducing the power level to 30% with the above
estimated control rod positions. Subsequent cases may be necessary to correct the
rod positions to maintai» the problem near critical. APSR positions are also

varied to maintain imbalance within +5% where possible.

The transient is performed using one hour time steps for updating the xenon con-
centrations, rod positions, and power levels (soluble boron concentration is held
constant). The power is held at 30% until peak xenon occurs. When peak xenon has
occurred (approximately six hours) the power is raised back t» 100% and the control
rods are withdrawn enough to compensate for the power deficit and the increased
x~non worth. The transient is followed using one hour steps inserting the control
rods as xenon burns out and maintaining imbalance by varying APSR position until

xenon concentration approaches its new equilibrium concentration.
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The power and xenon distributiomns, ro¢ positions, and imbalance from this -ominal

100-30-100 power maneuver are saved and used in the next phare of the analysis.

5.3.2 "Rods Out" Design

For a "Rods vut" fiel cycle cesign, the power maneuver is simulated by inserting
group 7 to 50% and allowing EPRI-NODE to calculate the reduced power level which
results in criticality. This reduced power level is used in place of the 30%
power level of the "Rods In" Design. The remainder of the calculations proceed

similarly to those previously discussed for the "Rods In Design.

5.4 Control Rod Scans Off the Power Maneuver

Control rod scans are performed at the most severe times during the power
maneuver intentionally trying to produce large offsets and high power peaking
to evaluate the effect of mispositioned control rods on power peaking. During
these scans control groups 6 and 7 with appropriate overiap are inserted
and/or removed to produce large offzets and high power peaks. APSk scans are
also performed to determine the offset and power peaking that results as these

rods are moved.

The resulting power distributions and offset from these rod scans are used to
evaluate CFM and DNBR margins which lead to the core safety limits on power and

imbalance (see Section 7.2).

5.5 Control Rod Scans Off Fuel Cycle Depletion

Control rod scans on groups 6 and 7 with overlap are also performed rrom the fuel
cycle depletion cases usually at & EFPD, 100 EFPD, after any rod pull, and at EOC.

APSR scans are also performed at these times during the fuel cycle.

The resulting power distributions, rod positions, and offset from these rod scans
are also evaluated for CFM, DNBR, and LOCA margins and used in setting Technical

Specification limits.




6. THERMAL HYDRAULIC DESIGN

6.1 Introduction

The thermal-hydraulic anclyses establish the maximum pernissible core power
and power distribution for various operating conditions and the permiesible
combination of core outlet pressure and rcactor outlet temperature to ensure
that a minimum DNBR of 1.3 or greater can e maintained during the steady
state overpower condition or during anticipated transients. The need to
perform the thermal-hydraulic analyses in conjunction with a reload arises
when there is a change in the fuel design, a change in the input assumptions

of the original analysis, or a change in the regulatory criteria.

6.2 Thermal-Hydraulic Design Criterion

The general criterion for thermal-hydraulic performance is that no core damage
due to critical heat flux tahe place during steady state operations or during

anticipated transients.

The critical heat flux criterion is expressed as a departure from nucleate
boiling ratio, or DNBR. Nucleate boiling refers to the heat tracsfer regime
where 3mall steam bubbles are forming on the clad surface and efficiently
transferring heat (small temperature difference between clad and water). As
fuel rod power is increased, the bubble generation increases to a point where
the bubbles form an insulating blanket over the heating surface, causing a

large rise in clad temperature. This point is the critical heat flux, or
departure from nucleate beiling. The DNB ratio is the ratio of this critical
heat flux at a given point on a fuel rod to the actual heat flux at that same
point, or locatiuvm.

DNBR is calculated asing the Babcoc™ I V.)cox BAW-2 correlation. This correla~
tion, approved by NRC, has replaced the older and mure conservative Westinghouse
W-3 correlation used initially for the Oconee cores. The BAW-2 correlaticn,
like the W-3, is au empirical correlation of hundreds of experimental data points

covering the range of temperatures, pressures, mass velocities, and coolant
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qualities typical of PWRs. Validity limits on the BAW-2 which are observed
during all thermal-hydraulic analyses follow:

* Coolant Quality: =-3% to +20% (analysis censervatively limited to +22%)
* Mass Velocity : 0.95 x 10° to 4.0 x 10° Lbw/hr-ft*
+ Pressure : 1750 to 2457 psia

The minimum DNBR, during normal operatioa and anticipated transients is limit-
ed to 1.20. A DNBR of 1.30 corresponds to a 95 percent probability at a 95 per-
cent confidence level that DNB will not occur. Existing analyses conservatively

use a DNBR critarion of 1.4326 to accommodate rod bow (Refer to Section 6.10).

6.3 Analysis Methodology

In order to show that the design criterion of 1.4326 minimum DNBR is met,
analysis of core conditions with respect to coolant flow, core pressure,

core inlet temperature, power level, and power distribution must be per-
formed. The objective of the analysis is to define permissible values of
these parameters such that the criterion is met. Assuring that the many pos-
sible variations of power distribution in three dimensions meet the DNBR cri-
terion, for example, requires a systematic analysis of possible power distri-
butions and comparison with predicted conditions meeting the DNBR criterion.

A flow chart of this analysis methodology is provided in Figure 6.1.

The steady state thermal-hydraulic analysis covers the overpower (112% full
power) condition as a reference point, then determines the all wable pressure-
temperature operating limits, and finally determines power distribution limits
called generic DNBR curves that conservatively envelope the allowable core
operating conditions. Subsequently, the transient thermal-hydraulic analysis

of the two pump coastdown is completed, and results of this analysis are used to
determine a flux/flow reactor trip setpoint. This setpoint ensures that the

DNBR crite~ion is met upon loss of one or more primary coolant pumps.
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6.4 Core Inlet Conditions

The first block of the Figure 6.1, Core Inlet Conditions, represents the hand
calculations required to determine the core mass flow rate and the core inlet

temperature (enthalpy) for each plant operating condition to be analyzed.

The reactor coolant pumps are constaat volumetric flow pumps; thus the RCS
nmass flow rate varies with cold leg temperature. Further, the integrated
control system raintains a constant average temperature over the power range
of 15-100 percent, which requires that cold leg temperature decrease with
.reasing core power. These two factors when combined require that an

1.-rative calculation be used to determine core inlet temperature and mass
flow rate over the power range analyzed. Additional density changes (flow
corrections) are made to account for parametric variations in the core inlet
temperature and outlet pressure as well as for the temperature and pressure

errors which are applied during the analysis.

6.5 Reference Design DNBR Analysis

This section represents block number 2 of Figure 6.1 arnd discusses the method
used to determine the reference design DNBR, which is reported in Table 6-1,

Thermal-Hydraulic Design Conditions, of each Reload Report.

A two stage analysis is used to determine this reference DNBR: 1) a core-
wide analysis and 2) a hot assembly/hot channel analysis. These two stages

are described in subsections 6.5.1 and 6.5.2, which follow.
6.5.1 Core-Wide Analysis

The CLATA® (Core Hydraulic And Thermai Analysis) program is used to determine
the core-wide flow distribution. CHATA is a closed channel model (no energy
or mass interchange among assemblies) that varies flow to each assembly until
each one has the same pressure drop and the sum of the assembly flows is equal

to the input core flow.
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Total core flow effective for neat tramsfer is input inte CHATA, which

models single fuel assemblies on an eighth-core symmetric basis to deter-
mine the core flow distribution. The calculated result of particular impor-
tance that is derived from this CHATA core flow distribution is the hot assem-

bly flow, which is subsequently input into the hot assembly analysis described
ia Subsection 6.5.2.

Primary inputs to this core-wide analysis are core flow effective for heat
transfer, individual fuel assembly geometries, form loss ~oefficients, the
generic radial peaking distribution, the 1.5 design cosine axial flux shape,
and core operating conditions.

Core flow rate is one of the most important inputs to the thermal-hydraulic
analyses, and the possibility exists that this input flow can change depend-
ing on measured flow. KReloads are now being designed based on 106.5% of the
original design reactor coolant system flow rate of 88,000 gpm per pump. The
106 .5% figure was selected based on the lowest measured flow rate less measure-
ment uncertainties.

Core flow is equal to total loop flow less the bypass flow, which is defined

as that part of the flow that does not contact the active heat transfer surface
area. These bypass flow paths are 1) core shroud, 2) core barrel annulus,

3) control rod guide tubes and instrument tubes, and 4) all interfaces separat-
ing the inlet and outlet regions. A typical value of the design bypass flow is
8.10%; however, this flow rate is dependent on the number of orifice rod and
burnable poison rod assemblies. Removal of orifice rod assemblies and/or
changes in the number of burnable poison rod assemblies and retainers cause
both changes in the core bypass flow rate and in the core flow distribution.
Such changes will either be reflected appropriately in the core-wide flow

distribution or will be conservatively enveloped.
The basic assumption for the core inlet flow distribution. which is based on

vessel model flow tests and Oconee 1 core pressure drop measurements, is that

the isothermal flow distribution is relatively flat with a maximum deviation of
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less than 5% for 4-pump flow conditions. Therefore, the hot assembly is as-
sumed to receive only 95% of the nominal assembly flow for this isothermal,
four pump condition. &
These isothermal flow maldistribution factors are considered during the core~
wide CHAIA analysis by the use of an additional form loss coefficient located
at the entrance of the "hot" assembly. However, it is important to note that
the numerical value of this form loss coefficient is determined in an iso-
thermal flow distribution analysis to be consistent with the fact that the
vessel model flow test is an isothermal model. Subsequently, when the CHATA
core-wide model is run it power conditions, a significantly larger hot assembly
flow maldistribution results due to the radial peaking factor of the hot
assembly. Further conservatisms imposed on the hot assembly during the core-
wide analysis are minimum spacing effects on the flow area and on the form loss

coefficients.
6.5.2 Hot Assembly/Hot Channel Analysis

The second step toward determining the reference design DNBR is the hot assembly/
hot channel analysis, which iz also represented by block number 2 of Figure 6.1.
The term "hot" assemhly refers to that fuel assembly with the highest radial
peakirg factor(actually the intersection of four 1/4 assemblies). The term hot
channel refers to the subchannel with the highest single pin peaking factor.

This subchannel occurs within the hot assembly and is generally formed by the
intersection of four fuel pins, although the hot chanmel could occur in a
pin~control rod subchannel. (Hot channel factors are always included in all

subchannel types within the hot bundle to permit this possibility.)

The conservative hot assembly flow rate from Section 6.5.1 is input into the
TEMP!¢ (Thermal Fnergy Mixing Program) code for detailed analysis of the single
"hot" assembly. The Oconee hot ssembly pin by pin peaking distribution con-
servatively models the intersection of the pin arrays of four 1/4 assemblies,
with a relatively flat local peaking gradient, to comservatively minimize bene-
ficial energy mixing effects. This generic pin-by-pin power distribution in-

cludes the design radial peaking factor of 1.714 at the hot channel. All hot

6-5 Rev. 3



channel factors are applied, so that the resulting DNBR calculated represents

the worst case (lowest) DNBR for the reactor core for the specified input condi-

tions. The assembly-wide modeling utilizes an open channel calculation; that is,
it calculates energy interchange between channels at each calculational increment
up the channel. This energy interchange reduces the enthalpy rise in the hot
channel, thereby raising the minimum DNBR and permitting a higher allowable peak-
ing factor for the reactor core for conditions when DNBR is limiting. However,

the model does not include mass interchange between subchannels.

The outputs of primary importance from tie hot assembly/hot channel analysis

are the hot channel minimum DNBR and .. 4ot channel flow rate. The hot
channel minimum DNBR from the 112% over .ower analysis is the reference design
DNBR. In general, these outputs of mir.mum DNBR and hot channel flow are used
to establish the equivalent hot channel model of Section 6.6, which itself is

used for parametric studies.

6.5.3 Hot Channel Factors

The following hot channel factors are utilized in the thermal-hydraulic analyses
of Sectioms 6.5, 6.6, 6.7, and 6.9. Additional hot channel factors are included
in the analyses of Section 6.8 and are described therein.

The flow area reduction factor, is 0.98 on the hot unit and the hot
pin-rod cells, and is 0.97 on the instrument guide tube, wall and corner
cells. This factor, a statistical computation from measured as-built rod

gaps, is applied to the channel flow area at each increment.

The hot channel factor on average pin power, is 1.0107.

This factor accounts for variations in average pin power caused by
differences in the absolute number of grams of U-235 per rod. The
loading tolerance on U-235 per fuel stack and variation on the powder

lot mean enrichment are considered in determining the factor.

The hot channel factor due to manufacturing tolerances, is 1.014.
Variations in pellet density, pellet cross-sectional area, weight per
unit length, local enrichment, and local outer clad diameter are all

accounted for in this factor.
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6.6 Equivalent Two Channel Model

Results of the hot channel analysis performed using the TEMP code, described
in Subsection 6.5.2, are used to build a closed, dual channel model that is
used for all subsequent parametric analyses. This two channel model contains

an average channel and a hot channel and is modeled using the CHATA code.

The hot channel model in CHATA contains all of the conservatisms used in TEMP
and is forced to duplicate the hot channel minimum DNBR calculated »y TEMP.
This matching of the CHATA hot channel with that of TEMF is accomplished by
use of an engineering hot channel factor on enthalpy rise, FLAh, that is
applied during the CHATA analysis. This factor is varied until the CHATA

hot channel minimum DNBR equals that in TEMP.

In parametric analyses, the average channel represents a pseudo-core average
channel and acts as the "driver" of the hot channel. Thus, an accurate, yet
efficient representation of the TEMP hot channel is created for use in para-
metric analyses, such as the pressure-temperature core protection safety
limits and the generic DNBR curves, described in Subsections 6.7 and 6.8.

6.7 Determination of Pressure-Temperature Core Protection Safety Limits

The curves shown in Figure 6.2, Core Protection Safety Limits, represent values
of reactor outlet temperaturz and core outlet pressure for which a minimum DNBR
of 1.4326 (or 22% quality) is obtained for various pump combinations. The
thermal-nvdraulic analysis considers all conservatisms discussed in Section 6.5.
To determine the allowable range of pressure-temperature combinations for each
pump combination, a series of DNBR calculations is done using the equivalent
two channel model for a range of core outlet pressures and reactor outlet tem-
peratures. The results of these calculations are used to generate the locus

of pressure-temperature points corresponding to the minimum DNBR of 1.4326.

For the 3-pump and 2-pump cases, the minimum core flows as a fraction of 4-pump
flow are standard, previously verified numbers; their corresponding power

levels are calculated using the flux-flow ratio determined for each reload.
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Section 7.3.1 discusses calcvlation of Pressure-” .erature Trip Setpoints.

6.8 Determination of Power Distribution Limits

6.8.1 Summary

Calculation of power-power imbalance limits based on the DNBR criterion in-
volves a synthesis of thermal-hydraulic analysis and the results of the maneu-
veriug analysis. Margin to DNBR is calculated in the maneuvering analysis

for design power transients at various burnups. The method used to generate
these DNBR margins efficiently is to precalculate a set of generic curves
plotting the total peaking factor producing the minimum allowable DNBR (1.4326)
for the overpower condition associated with each pump combination. These

curves of allowable total peaking are plotted versus distance up the channel

for a range of axial peaking factors as shown in Figure 6-3. The fact that

the curves are generic means that they can be generated once and used for all
maneuvering aualyses until fuel design or core flow rate changes impacting the
thermal-hydraulic analyses are made. The following two sections describe che
thermal-hydraulic analyses involved in obtaining the generic DNBR curves.

Since the curves are plotted ir terms of maximum allowable total peaking factors
that envelope all core operating power distributions, their comparison tc actual
peaking during the maneuvering analysis becomes a relatively simple numeric
exercise rather than a thermal-hydraulic analysis. Conversion of these calcu-

lated DNBR margins into Power-Power Imbalance iimits is described in Section
1.2.2.2.

6.8.2 Generic DNBR Curves

Sections 6.3, 6.4, 6.5, and 5.6 have described the methods used to arrive at
a dual channel model which can be used for performing parametric studies.
This subsection will summarize how this dual channel mode! is used in deter-
mining the generic DNBR curves.

fhese parametric variations on the reference hot channel analysis are based on
the cencept that for specified reactor core operating conditions - power level,

flow rate, temperature and pressure - 2ll channels in the cors have the same
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pressure drop regardless of variations in local peaking and axial power shape.
In other words, hot channel flow rate will be adjusted by the code to satisfy
core-wide pressure drop as local conditions are varied. The axial power shapes
input to these parametric hot channel runs are smooth cosine curves whose

peak can be specified at various distances up the channel for each series of
axial peaking factors. To obtain the maximum allowable peaking factor for each
data point, power inmput to the channel is increased until the limiting DNBR of
1.4326 is reached. This process determines a maximum allowable total peak for

a specified axial peak and its location.

After completion of these parametric analyses, two sets of genmeric DNBR curves
or Maximum Allowable Peaking (MAP) curves are determined. One set is used for
DNB operational offset limits, and the second set is used for RPS DNs offset
limits. The generic DNBR curves used as operational limits are a comservative
overlay of 1) the generic DNBR curves used for RPS offset limits, and 2) another
set of MAP curves which have the reference design DNBR as their basis. Both
sets of limits consider the extremities of the P-T core protection envelope
(619°F and 1800 psig) as potential core operating conditions. Thus both the
operational DNB offset limits and the RPS DNB offset limits have considered the
worst case temperature and pressure envelope permitted by the RPS.

The last step in the thermal-hydraulic analysis is to take actual power shapes
that gave the lowest DNBRs during the maneuvering analysis and input these
irregularly shaped axial curves intoc the hot channel code to verify conserva-
tism of the corresponding cosine curves used to develop the generic DNBR curves.

A typical set of generic DNB curves is provided in Figure 6.3.
6.3.3 Hot Channel Factors

The following additional hot channel factors on local heat flux are utilized

in the therwmal~hydraulic analyses for developing the generic DNBR curves:

1.026 = penalty incurred to increase ~alculated axial powers since
flux depressions at the spacer grids are ignored.
1.024 = the ratin of the total nuclear uncertainty of 1.075 to the

radial nuclear uncertainty of 1.05.
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Thus, in determining the generic DNB curves, the normal value of Fq" is
increased from 1.014 to 1.065.

6.9 Transient Analysis - Determination of the Flux - Flow Ratio

During a loss of one or more reactor coolant pumps, the core is prevented from
violating the 1.4326 minumum DNBR criterion by a reactor trip that is initizted
by exceeding the allowable reactor power to reactor coolant flow ratio setpoint.
Loss of one or more reactor coolant (RC) pumps is also detected by the RC pump
monitors. That is, independently of the power to flow trip, loss of one RC
pump will result in an automatic reactor runback. Similarly, loss of two or
more RC pumps from above 55% full power will cause a reactor trip.

The thermal-hydraulic analysis that is used to set the power to flow trip set-
point for coastdown protection conservatively assumes the loss of two RC pumps .
The transient is analyzed using the RADAR!® code tc assure that the 1.4326 mini-
mum DNBR criterion is not viclated at anytime during the loss of one or more

RC pumps.

The steady state thermal-hydraulic analysis provides the starting point for
the transient analysis. The power to flow setpoint itself is derived from
this analysis by varying the time of reactor trip following the loss c¢f two
RC pumps (that is by considering various trip setpoints) until the minimum
ratio required to maintain the minimum DNBR of 1.4326 has been determined.
Calculation of the actual (error corrected) power to flow setpoint used at

the nuclear station is described in Section 7.3.2.

6.10 Application of the Rod Bow Penalty

In existing thermal~hydraulic analyses, a very conservative DNBR penalty is
included to account for rod bowing effects. This pe-alty (11.2%), however,
has been reduced by 1% because of the flow area (rod pitch) reduction factor

already included in the thermal hydraulic analysis.

For some reloads, additional credit cam be applied based on the fact that

primary coolant flow can be proven to be higher than the 106.5% design flow.
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The resulting net penalty is applied directly to the final DNBR margins or
by increasing the 1.3 DNBR criteria by the percent penalty, resulting in a

DNBR criterion of 1.4326.

In future fuel cycle designs, this penalty will be revised vo reflect the

true effect of measured rod bowing on minimum DNBR (if any additional penalty
is required). References 12 and 13 document the methods to be used for deter-
mining the true r>d bow penalty. Then, a determination will be made to

either maintain the current margin which exists or to eliminate part or all

of this margin.
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FIGURE 6.1
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7. TECHNICAL SPECIFICATIONS REVIEW AND DEVELOPMENT

7.1 Technical Specifications Review

One of the license conditions applicable to the operation of a power reactor is
that the reactor facility should be operated in accordance with the "Technical
Specifications". Technical Specifications are criteria for safe operation of
the reactor and are established from applicable design evaluations, safety
analyses, and other considerations. Included in the Technical Specifications
are safety limits, limiting system settings, limiting conditions for operationm,
surveillance requirements, ideutification of design features, and identification

of administrative controls.

The Technical Specifications on core safety limits, certain limiting safety
system settings, and certain limiting conditions for operation are established
on the basis cf, among other things, the nuclear and thermal-hydraulic charac-
teristics of the core and applicable accident analyses. Since the nuclear and
thermal-hydraulic behavior of the core and accident analyses may be affected
by the reload design, the Technical Specifications (and their bases), parti-
cularly the sections pertaining to core safety limits, limiting safety system
settings, limiting conditions for operation, surveillance requirements, ani
reactor design features are reviewed to confirm their continued validity for
the reload cycle, and modifications are made as necessary to ensure safety of
o <-ation and/or to improve flexibility in operation. Technical Specifications
ally affected by a typical reload design are (i) core safety limits,
limiting safety system settings based on core safety limits and fuel
.gn limits, and (iii) limiting conditions for operation based on LOCA-power
tribution limits and shutdown margin and ejected rod worth limits. The
iollowing subsections describe the maanner in which these Technical Specification
limits are developed.

7.2 Development of Core Safety Limits

The core safety limits define limits on the values of pertinent core parameters
such that if core operation is within these limits, the integrity of the fuel

cladding is maintained. Fuel cladding integrity can be assured (within per-
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missible tolerances) by maintaining the minimum DNBR in the core at or above
tne design minimum value of 1.3 and by limiting the maximum linear heat rate

in the core to less than or equal to the center fuel melt LHR limit. 1In

order to achieve this condition, values of pertinent core parameters which
correspond to a minimum DNBR of 1.3 and/or the center fuel melt LHR limit are
calculated, and there values form the core safety limits. Core safety limits
are specified on core pressure-core outlet temperature combinations (P-T limits)
and on reactor power-power imbalance combinations. In calculating these limits

it is assumed that all other pertinent variables are at their design limits
(maximum or minimum, as appropriate).

7.2.1 Determination of Core Safety P-T Limits

The P-T limits are based entirely on the DNBR criterion, and they represent the
values of core outlet pressure--vessel outlet temperature combinations for
which a minimum DNBR of 1.3 is predicted when cther pertinent parameters

are al their respective design limits. The thermal-hydraulic analysis of Section
6.7 defines the values of core outlet pressure as a function of vessel outlet
temperature for which a minimum DNBR of 1.3 is predicted for the maximum
design conditions during 4-pump, 3-pump, and 2-pump modes of operation. (The
design conditions during &4-pump operation consist of a reactor power of 112%
power, a combination of radial peak of 1.71 with an axial peak of 1.5,

and a minimum reactor coolunt flow of 374,880 gpm). The core safety limit is
obtained by superimposing the P-T curves corresponding to 4-pump, 3-pump, and
2-pump modes of operation and by drawing the enveloping curve as shown in
Figure 7-1.

7.2.2 Dete:iuination of Core Safety Power-Power Imbalance limits

The core safety power-power imbalance limits define the values of reactor power
as a function of axial imbalance such that for these values a minimum DNBR of
1.3 and/or a linear heat rate equal to the center fuel melt limit is predicted
when other pertinent parameters (RCS flow, pressure and temperature, and hot
channel factors) are at their design limits. These limits indirectly represent
the limits on the DNBR criterion-limited power peaks and the center fuel melt

criterion-limited power peaks. Since power peaking is not directly measurable
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by the RPS, the DNBR criterion-limited power peaks and the center fuel melt
criterion-limited power peaks are separately correlated to RPS measurable
reactor power and power imbalance, and limits are then established on reactor
power-power imbalance combinations to satisfy the DNBR and center fuel melt
criteria. The power-power imbalance limits separately established for the
DNBR and center fuel melt criteria are then superimposed, and the resulting

most limiting power-power imbalance envelope forms the core safety limit.

Calculation of Power-Power Imbalance Limits for Center Fuel

Melt Criterion

The power-power imbalance limits based on the center fuel melt criterion are
determined by a synthesis of the results of the fuel thermal analysis and the

results of the maneuvering analysis.

The fuel thermal analysis (Section 4.6) establishes the maximum permissible
linear heat rate in the core to prevent center fuel melting (center fuel melt
linear heat rate limit). Using the center fuel melt linear heat rate limit

(CFMLHR), the allowable total peaking factor is estab’'ished by the relation:

CFMLHR
LHR X FOP

where LHR is the average linear heat rate in the core (including densificati~ n

eifecis) and FOP is the power level expressed as a fraction of rated power.

The maneuvering analysis (Section 5) establishes the maximum calculated total
peaking factors for various core conditions (power levels, xenon conditions,
control rod positions and burnups). These calculated maximum total peaking
factors are increased by several conservative factors to obtain the worst
case expected total peaking factor corresponding to each condition. The in-

dividual conservative factors and their values are as follows:

Nuclear uncertainty factor = 1.075




Spacer grid effect factor = 1.026

Radial-local factor = varies with location of the assembly in the

core (typical value is 1.10)
Engineering hot channel factor = 1.014

Densification power spike factor: varies with axial location of

the peak in the core.

The nuclear uncertainty factor accounts for the uncertainty in the calculated
peak due to the limitations of the analytical models; the spacer grid effect
factor accounts for the flux distortion caused by the spacer grids; and the
radial-local factor is applied to account for the fact that the calculations are
performed using an assembly-by-assembly model rather than by using a pin-by-pin
model. The engineering hot channel factor accounts for the manufacturing
tolerances of critical fuel rod design parameters (pellet enrichment, pellet
density, pellet diameter, etc.). The densification power spike factor

accounts for the local flux enhancement resulting from gaps in the fuel column
induced by fuel densification. Although fuel rod bowing is considered to have
the potential for enhancing the power peaks, no explicit allowance is provided
for the rod bow power spike factor on the basis that the other conservatism
factors (nuclear uncertainty factor and engineering ot channel factor) are

adequate to offset the effect of the rod bow power spike factor without an

additional allowance.

The worst case expected maximum total peaking factors calculated in this manner

for different power levels are compared to the respective allowable total peaking

factors, and the central fuel melt margin for each condition can be determined.

The central fuel melt margin at a particular power level is given by:

CFM Margin (%) =

allowable total peak - worst case expected maximum total peak

allowable total peak




Core conditions which correspond to non-negative margins are acceptable conditions,
and core conditions which correspond to negative margins cannot be permitted. In
order to preclude core conditions with negative margins, limits should be estab-
lished on acceptable values of power peaking conditions for each power level, and
corresponding reactor trip setpoints should be established so as to trip the re-
actor when conditions approach unacceptable values. Since power peaking cannnt
directly be measured by the RPS, power peaks are first correlated with the RPS-
measurable axial offset for each power level. The outputs of the maneuvering
calculations include the maximum total peaking factor in the core, its location
and the corresponding core axial offset. In order to determine the axial

offset limits that correspond to an acceptable center fuel melt margin for

a particular power level, the center fuel melt margin for each calculated

maximum total peak for that power level is plotted against the corresponding
axial offset. These plots include the data for the entire cycle. For each

plot two straight lines are drawn, one cons2rvatively enveloping the d. a
corresponding to positive offsets and the other conservatively enveloping

the data corresponding to negative offsets. The maxiaum allowable positive

and negative offsets are found by extrapolating these straight lines to zero

margin. Figure 7-2 illustrates the analysis for the 100% FP case.

In praccice, detailed calculations are performed only for the 100% FP case, and
the limits for other power levels are determined by conservatively extrapolating
the 100% FP limits to other power levels by using the powecr feedback effect on
peaking factors and by validating these limits by comparison with results ot

a limited number of maneuvering calculations at these power levels. Offset
limits are typically established for power levels ot 112% FP, 100% FP, 80% FP,
and 50% FP.

Calculation of Power-Power Imbalance Limits for DNBR Criterion
The power-power imbalance limits based on the DNBR criterion are determined by a

synthesis of the results of the thermal-hydraulic analysis and the results of

the maneuvering analysis.

The thermal-hydranlic analysis establishes the maximum allowable total peaking

factors as a function of core elevation for various axial flux shapes to prevent




violation of the DNBR criterion (Section 6.8). The maneuvering analysis gener-
ates the power distribution in the core (including the maximum : ,tal peaking
factor and the associated axial pesking factor for each fuel assembly in a
%¥-core representation and the .ore axial offset) for various design conditions
and for various times in the cycle. For each power distribution, the calculated
maximum total peaking factors of each of the assemblies is increased by a

radial uncertainty factor of 1.05, a radial-local factor, and the resulting
adjusted peak is compared to the allowable peaking factor for that avial peak-
ing factor aad axial peak location. The DNBR margir is then obtained as:

DNBR margin (%) = (allowable total peuk - adjusted maximum total peak) x 100 -
allowable total peak

For each calculated power distribution, the DNBR margin is calculated for each
assembly in the %-core, and then the minimum DNBR margin in the core for each
power distribution is determined.

In order to determine the axial offset limits that correspond to the acceptable
DNBR margin, the minimum DNBR margins are plotted for each calculated power
distribution against the corresponding axial offset, and the maximum allowable
positive and negative offset limits are determined in a manner similar to that
used to establish the center ruel melt limited offset limits. In this case also,
offset limits are established typically for power levels of 112% FP, 100% FP,

80% FP and 50% FP at full flow conditions.

7.2.2.3 Calculation of the Core Safety Limits on Power-Power Imbalance

The core safety limits on power-power imbalance are the most limiting values
of the center fuel melt power imbalance limits and the DNBR power imbalance
limic. for each power level. To determine the core safety limits, first the
limiting offsets at 112% FP, 100% FP, 80% FP, and 50% FP are determined by
superimposing the DNBR and center fuel melt offset limits at each power level.

The fellowing example illustrates the procedure:
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Power Level (% FP) (CFM Offset Limits (%) DNBR Offset Limiting Offset

Limits (%) (%)

-ve tve sve tve -ve tve
112 31 29 35 33 31 29
100 49 47 55 50 4y 47

The limiting offsets at each power level are converted to imbalance limits

using the relation:
Power imbalance = axial offset x fraction of full power.

The resulting imbalance limits ar~ plotted on a power-power imbzlance graph,
as shown in Figure 7-3. The following additional steps are required to com-
plete the procedure of determining the core safety limits on power-power

imbalance:
1. Draw a horizontal straight line corresponding to 112% FP.

2. From points where this line intersects the imbalance limit envelope,
draw two straight lines, one on the positive imbalance and one on the
negative imbalance side, that conservatively envelope the imbalance

points.

These three straight lines define the power-power imbalance limits for &-pum,

operation.

The power-power imbalance limits for 2-pump aand 2-pump medes of operation can
be determined by reducing the thermal power associated with each break point
of the é-pump curve to the values of the maximum allowable core thermal power
for 3-pump and 2-pump modes and by drawing straight lines parallel to the &4-
pump envelope through the points defined by the 3-pump and 2-pump thermal
power and the 4-pump imbalance limits. The maximum thermal power for the 3-



pump mode is obtained by multiplying the 3-pump flow (74.7% of the full flow)
by the flux-flow trip setpoint aud adding the allowance for calibration and

instrumentation error for power measurement (6.5%) to the product. The maxi-

mum allowabie core thermal power for the 2-pump case (one-pump for each loop)
is determined by a similar manner.

7.3 Development of Limiting Safety Settings

The reactor protection system contains several trip functious designed to pre-
vent the process variables from exceedin; the safety limits, tc ensure that the
fuel design limits (minimum DNBR and center fuel melt LHR limit) ace not exceeded
during conditions of normal operation and anticipated transients, and to enable
reactor shutdown during accident conditions. These trip functions, their
intended purpose, and their setpoints are shown in Table 7-1. The trip setpoints
are established by reducing the safety limits or other design analysis limits

by appropriate error adjustment factors, which account for any uncertainty in

the measurement of that variable and the calibration and instrumentation errors.

I: ¢-v>ral, the trip setpoints requiring modification for a reload cycle are the
P-T trip setpoints and the power-flow-imbalance trip setpoints as a result of a 1

change in the core safeiy limits and/or a change in the flux/flow trip setpoints.
7.3.1 Determination of RPS P-T Trip Setpoints

The P-T trip function defines values of RCS pressure as a function of RC out-
let tewperature at which the RPS should trip and provides protection of the
P-T core safety limits.

The P-T trip setpoints are derived by erroir-adjusting the P-T coure safety limits
and by considering the high RCS pressure, low RCS pressure, and high RC outlet
temperature trip setpoints. Error adjustment is performed on the RCS pressure
{(to account for the difference in pressure between the core outlet and the
point of measurement and to account for the error in the measureme. of
pressure by the RPS) and the RC outlet temperature (to account for the error

in temperature measurement by the RPS). The P-T trip setpoints are to be modi-

7-8



fied whenever tne P-T core safety limits are changed, P-T error adjustment
factors are changed, or the high RC outiet temperature trip setproints are changed

or the low RCS pressure trip setpcint is changed.

In order to determine the P-T trip smetpoints. first the locus of pressure-
temperature points constrained by the high RCS pressure trip setpoint (2300 psig),
the high RCS temperature trip setpuint (619°F), and the low RCS pressure trip
sotpoint (1800 psig) are identified on the Core Safety P-T Limit curve, as shown
in Figure 7-4. Referring to Figure 7-4, the straight lines AB, BC, and DE
respectively represent tne locus of P-T points constrained by the high RCS
pressure trip, the high RCS temperature trip, and the low RCS pressure trip
setpoints. Next, the pressure-temperature points C and D are adjusted for the
difference between the core pressure and the RCS pressure at the measurement
location and for the errors in the temperature and pressure measurements by

the RPS. Referring to Figure 7-4, C' aund D' are the error adjusted points,

and the straight line C'D' joining these points defines the locus of RPS P-T

trip setpoints.
7.3.2 Determination of RPS Power-Flow-Imbalance Trip Setpoints

The power-flow-imbalance trip setpoints define the values of reactor power

at which RPS trip should occur whenever the combinations of power, flow, and
their uncertainties produce limiting values of power and flow which result

in the design minimum DNBR during 2 flow transient and whenever the cembination
of power, imbalance, and their uncertainties correspond to the core safety
limits on power-imbalance. This trip function is established by considerirg
maximum allowable power-to-flow rutio and by considering the maximum allowable
values of power as a function of imbalance. The maximum allowable power-to~-flow
ratio is constrained by the requirement that the minimum DNBR, in the event of
a limiting flow transient, is equal to or greater than the design l-ait of 1.3.
Thus the powzi flow-imbalance trip setpoints ensure core protection dvring
trausients ipvolving a flow reduction (by the powsr-to-flow trip pcrtion of the
trip function) and duriag conditions involving adverse power distributions (by

the power-imbalance trip portions of the trip function).
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In order to determine the power-flow-imbalance trip setpoints, first the
maximum allowable power-to-flow ratio is to be obtained. The maximum allow-
able power-to-flow ratio (also called the flux/flow trip setpoint) is obtained
by reducing the calculated flux/flow ratio (Section 6.9) by an error adjustment
factor, which takes into account the noise in the RPS flow signal and other
electronic errors in the RPS flow instrumentation. Next, the core safety power-
imbalance limits are error-adjusted both on the power level limit and tpne im-
balance limit. The error adjustment factor for power level ic 6.5% FP, which
includes 4% FP allowance for the neutron flux error (uncertainty in correlating
the RPS measured neutron flux to reactor power), 2% FP allowance for the calori-
metric error, and 4% rP allowance for any setpoint error. The error adjustment
factor for imbalance accounts for the uncertainty in the measurement of axial
imbalance by the out-of-core detector system, and it is a function of the im-
balance limit and the power level. To establish the RPS power-flow-imbalance
trip setpoints, the error adjusted power ard imbalance are plotted on a figure
with imbalance as the horizontal axis and power as the vertical axis. The
envelope obtaired Ly the straight lines passing through pairs of these points
and the horizontal straight line drawn passing through the point representing
112% power for tae 4-pump case or the maximum power allowed by the flux/flow
trip setpoint, as illustrated in Figure 7-5.

7.4 Development of Limiting Conditions for Operation

The limiting conditions of operation generally requiring modification in con-
junction with a reload cycle are the LOCA-limited power distribution limits,
shutdown margin-limited control rod insertion limits, and the ejected rod

worth-limited control rod insertion limits.

The LOCA-limited power distributionm limits are limits on pertinent core para-
meters (such as control rod positions, axial imbalance, quadrant power tilt,
and xenon conditions which influence the power distribution in the core) such
that the power distributions in the core during normal operation are within

the values assumed in the safety analysis of the loss of coolant zrcident.

The shutdown margin-limited contrci rod insertion limits are lim.*s on "he
%dximum allowable cont.cl rod insertions satisfying the shutdown margin
7-10
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criterion, and the ejected rod worth-limited control rod insertion limits
are limits on the maximum allowable control rod insertions satisfying the

ejected rod worth criterion.
7.4.1 Determination of LOCA-Limited Power Distribution Limits

The ECCS analysis establishes acceptable values of the linear heat rate in the
core such that the performance of the Emergency Core Cooling System conforms to
the requirements of the Final Acceptance Criteria. The values of the

allowable linear heat rates established by the currently applicable ECCS analysis
for Oconee class reactors are 15.5 kw/ft. at the 2 ft. core elevation, 16.6
kw/ft. at the 4 ft. elevation, 18 kw/ft. at the 6 ft. elevation, 17 kw/ft.

at the 8 ft. elevat.on, and 16 kw/ft. at the 10 ft. elevation. The maximum
operating linear heat rates at the designated core elevations should be main-
tained at or below the allowable values. The maximum operating linear heat
rate is a function of the power level and the maximum operating peaking factor.
Thus, for a given power level the maximum operating linear heat rate varies
with the maximum operating peaking factor. Therefore, for a given power level
the maximum operating linear heat rates can be maintained within the allowable
lirear heat rates by maintaining the maximum operating power peaks at the
designated axial locations within the allowable peaking factor. The allowable

peaking factor at axial location z for the power level FOP is given by:

APF (FOP,z) = ALHR (z)
LHR x FOP,

where APF (FOP,z) is the allowable peaking factor at eclevation z for power levels
equal to or 'ess than FOP, ALHR (z) is the allowable linear heat rate at axial

location z, and LHR is the densified average linear heat rate at 100% FP.

The power peaking factor in the core changes with fuel burnup, axial imbalance,
full length control rod position, and part length control rod position. In
addition, the peaking fuctor is influenced by the existence of any quadrant
power tilt and non-equilibrium xenon conditions. Therefore, allowable ranges of
these core operation parameters would have to be established in order that the

maximum operating peaking factors at the designated axial locations be within
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the allowable values. Although the fuel densification phenomenon has the po-
tential for enhancing power peaks, no explicit allowance is provided for power
Splkes associated with this phenomenon in the LOCA power distribution limits on

the basis that the densification power spikes do not enhance the local heat flux

The effect of a4 positive quadrant power tilt on the maximum peakiug f=ctor has

oeen conservatively established to be an iucrease of 1.5% in peaking factor per
percent positive quadrant tilt. The current Technical Specifications permit re-
actor operation with a positive quadrant tilt of 5.00%, which amounts to a pos~
sible 7.5% increase in peaking factor. Therefore, the allowable peaking factor
would have to be reduced by 7.5% to account for the permitted quadrant tilt con-

dition.

The effect of non-equilibrium xepon conditions on peaking factors is quantified
by the analysis of the power peaking racto.s occurring during various power man-
euvers. Based on the results of this analysis, it has been determined that for
"rods in" operation the effect of non-equilibrium xenon on power peaking can be
accounted for by reducing the waximum allowable peaking factor by 8% tor power

levels equal or greater than 90% full power. For "rods out" operation the non-

equilibrium xenon peaking factor is 5%.

The allowable peaking factor for "rods out" operation after accounting for quad-

rant tilt and xenon becomes:

ALHR (Z)
LHRx FOP x 1.075 x 1.0¢

APF (FOP,z) =

The remaining core parameters which influence the maximum operating power peaks

are the full leagth control rod position, part length control rod position,
axial imbalance, and core burnup. The permissible values of these quantities are
to be determined such that resulting power pcaks, after accounting for any uncer-

tainties, would be within the maximum allowable power peaks.

The maneuvering analysis establisbes the relationship of operating peakiug fac-
tors at various axial Jocations with the core imbalance and control rod posi-
tions. The maneuvering analysis calculations include part length cont 1 rod
scans inducing a range of values of core axia)l offset for different full
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length control rod positions. The calculations are performed for various

power levels and for the full range of core burnups. The calculations yield

the values of the maximum peaking factor at the different axial planes corres-
ponding to various full-length control rod positions, various axial offsets,

and for different part length rod rositions, and these calculations also yield
the variations of the maximum peaking factor 'vith axial offset. The calculated
maximum peaks at each axial plane are increased by the nuclear uncertainty factor
(1.075), the spacer grid effect factor (1.026), the radial-local factor (its
value varies with the radial loc ti of the assembly containing the maximum
peak), the power level uncertainty factor (1.02) and the engineering hot channel

factor (1.014) to obtain the worst case operating peakiug factors.

To determine the allowable values of full-length and part-length control rod
positions and the axial offsets, first an operating range for the full-length
control rod position is chosen and then the ranges of axial offsets and part-
length control rod positions for which the worst case operating peaking factors
at the designated axial planes are less than or equal to their respective
allowable values are determined. If the resulting ranges of axial offset and
part-length control rod position are acceptable from the standpoint of
operational flexibility, the assumed full-length control rod position ranges and
the calculated range of axial offset and part-length control rod position are
taken as the operating limit for the full-length control rod positions, axial
offsets and part-length control rod positions. If, however, the resulting ranges
of axial offsets and part-length control positions are unacceptable from the

standpoint of operational flexibility, a more restrictive full-length control

rod position bank is selected and the corresponding axial offset and part-length

cortrol rod position limits established.

Since the core peaking factors ¢ not remain constant throughout the entire fuel
cycle, the cvperating limits on control rod positions and axial offsets should

be based on the composite results of calculations for representative times 1n

the cycle. In order to provide maximum operating flexibility, the operating
limits on control rod positions and axial offsets are established for different
cycle burnup intervals (e.g., BOC - 100EFPD, 100 EFPD - 250 EFPD and 250 EFPD-EOC)

The operating limits applicable to each burnup interval are generated on the




basis of the results of maneuvering calculations corresponding to the beginning
and end of each burnup interval. (For each burnup interval, the control rod

grouping and the nominal position of the regulating control rod groups are the

same) .

Calculations of axial offset lim’ts, part length control rod position limits,
and full length control rod position limits are performed for various power
levels (typically for 102% FP, 92% FP, 80% FP, and 50% FP). The offset limits
a* each power level are converted to imbalance limits by multiplying the offset
limits by the applicable power fraction. Typical cperating limits established

in this manner are shown in Figures 7-6 - 7-8.

7.4.2 Determination of Control Rod position Limits Based on Shutdown

Margin Criterion

The criterion on shutdown margin is that a minimum of 1% Ak/k shutdown margin

should be available at all times. The shutdown margin decreases with increasing
power and also with increasing inserted rod worth. Therefore, associated with
each power level, there is a maximum allowable full length control rod insertion
limit which corresponds *o0 a minimum shutdown margin of 1% Ak/k. Shvtdown
margin limited rod insertion !imits are determined by evaluating the shutdown
margins at different power levels (typically at 100% FP, 57% FP, and 15% FP)

and by using the integral group worth results. Since shutdown margins change
with cycle burnup, shutdown margin limited rod insertion limits are calculated
for different burnup intervals of the fuel cycle. The rhutdown margin limited

rod insertion limits are identified in Figure 7-6.

7.4.3 Determination of Control Rod Position Limits Based on Ejected Rod

Worth Criterion

The criterion on the ejected rod worth is that its value shall not exceed 1%
Ak/k at hot zero power (HZP) conditions and 0.65% Ak/k at hot full power (HFP)
conditions. The limits at intermediate power levels are assumed to vary
linearly with power--that is, the ejected rod worth at 80% FP is 0.72, the
limit at 20% FP is 0.93, etc. The ejected rod worth is a function of, among

otber things, the inserted control rod group worth and the cycle burnup
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(through changes in power distribution). For a fixed burnup the ejected rod
worth changee with control rod insertions; therefore limits on the allowable
control rod insertion should be placed at various power levels so that the
ejected rod worth criterion 1is satisfied. In order to determine the ejected

rod worth limited control rod position limits, the ejected rod worths are cal-
culated corresponding to the most limiting of the shutdown margin and LOCA-
limited full length rou insertion limits for different power levels. The cal-
culated ejected rod worths are increased by 15% an® compared to the allowable
values. I1f the adjusted calculated ejected rod worths are within the allowable
values. no further calculations are needed; otherwise, the control rod insertion
limit is changed to the value that corresponds to acceptable ejected rod worths.
Wwhen the ECCS-limited and ejected rod worth limited rcl insertion limits are more

limiting than the shutdown margin limited insertion limits, the ECCS and ejected

rod worth limited rod insertion limits are combined by superposition into a single

rod insertion limit.
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Figure 7-2
Margin To Center Fuel Melt LHR Versus Core Offset
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Figure 7-3 Core Protection Safety Limits
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Reactor Coolant Pressure, Psig
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Figure 7-5

Protective System Haximum Allowable

Setpoints

(=16,108)

N, = 0.690

|
(-37,93.5)

(=37,66.1)

(=37,38.4%)

4 PUNP
OPERATION

(=16,80.6)

344 PUNP
OPERATION

(=16,52.9)

2,344 PUMP
OPERATION

Thermal Power Level, %

120 UNACCEPTABLE
OPERATION

110 (15, 108)

'-725

(35,93.5)

(35,38.4)

1
-20

Reactor Power Imbalance, %




Figure 7.4

Rod Position Limits for Four-Pump Operation,
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Figure 7-7 Power Imbalance Limits,
(0 to 200 ¢ 10 EFPD)
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Power, % of 2568 MWt

Figure 7-8 APSR Position Limits,
(From 0 to 200 + 10 EFPD)
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ACCIDENT ANALYSIS REVIEW

Introduction

A major aspect of the satevy consideration of a reactor is the safety analysis

of postulated accidents. These safety analyses enable one to confirm that the

reactor system is designed to mitigate such events and that the resulting con-

sequences of such events are acceptable. The most important considerations af-
fecting the calculated consequences of the various postulated accidents are

(a) the values of plant parameters assumed in the analysis, (b) the performance

characteristics of the mitigating systems assumed in the analysis, and (c) the

analytical models used. In general, the accident analyses documented in the
8 2 3 4 5
FSAR( ) and Fuel Densification Reports( &%) are based on values of plant

parameters that correspond to the most adverse conditions expected to exist
throughout the life of the plant, are based on conservative performance char-
acteristics of the mitigating systems, and were performed utilizing generally
accepted analytical methodology. Therefore, Lhe refercace safety analyses (FSAR
and Fuel Densification Analysis Reports) are intended to be valid for the entire

life of the plant.

The primar- goal of safety analysis during the reload design process 1is to
ensure the continued safe operation of the facility with the refueled core.

The reference safety analyses and facility Technical Specifications establish
the bases and condition for safe operation of the initial core. An equivalent
level of safety for the refueled core is established when it is determined that
the reload design satisfies the original bases and conditions. In particular,
the accident analyses contained in the licensing basis safety analyses r:main
valid if a reload design predicts steady-state and transient parameters that
lie within the ranges of the values assumed in the original analyses. Thus,
reload safety analysis may consist of verifying that the core physics, fuel
performance, thermal-bydraulic, and mechanical design parameters for the reload

design are bounded by the licensing basis analysis values.




8.2 Overview of Accident Analysis Review

The role of accident analysis review in typical Oconee reload design consists
of a systematic review of the reference analysis of all postulated accidents.

In this review each accident is examined by comparing the values of important
plant parameters aud RPS trip functions and trip setpoints assumed in the re-
ference accident analysis to the corresponding values predicted for the fuel
cycle under consideration. The safety parameters of interest for the reload
cycle are obtaired from appropriate nuclear design, thermal-hydraulic design,
and fuel performance analyses. If the safety anaiysis review confirms that all
pertinent plant parameters and RPS trip functions and trip setpoints for the
reload cycle are conservative with respect to their values assumed in the acci-
dent analyses, it is concluded that the reference accident analyses continue to
be valid for the fuel cycle, and therefore in these situations no reanalyses of
accidents are performed. If, however, one or more plant parameters or RPS trip
functions or trip setpoints assumed in the reference accident analyses are found
to be non-conservative for the fuel cycle, a reanalysis of affected accidents is
performed. This process is shown schematically in Figure 8-1.

The safety parameters of interest for the reload cycle are obtained from appro-
priate nuclear design, thermal-hydraulic design, and fuel performance analyses.
Table 8-1 presents a list of the key safety parameters that are reviewed for
each reload design. The table indicates the conservative direction that each

parameter value should take relative to the reference analysis value.

In addition to the safety parametrrs addressed sbove, the reference analyses
also incorporate the RPS trip functions and setpoints. (The role of the func~
tions and the determination of the setpoint values is discussed in Chapter 7
of this report.) If a particular reload design results in revised setpoint
values, & review of the reference accident analyses is performed and the
effect of the revision on the analyses is evaluated.

In some cases, the reference analysis calculations explicitly include the
various conservative engineering factors, densification and rod bow factors,
and fuel pin design parameters. If a reload design results in changes in these

velues, their impact on the reference analyses is evaluated.
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8.3 Discussion of Individual Accidents

A discussion of each of the accidents addressed in the reference analyses
follows. For each eveat, a brief description of the accident is followed by
a listing and discussion of the key s2fe®v parameters associated with the

accident.

8.3.1 Uncompensated Operating Reactivity Changes

8.3.1.1 Accident Description

During the normal operation of the reactor, the overall reactivity of the
core changes because of fuel depletion and variations in fission product
poison concentrations. These reactivity changes, if not compensated for,
could produce an increase or decrease in reactor power (depending on the
direction of the reactivity change) and consequently change the fuel and

moderator temperatures. Ultimately, core operating limits could be exceeded.

Normal functioning of the Integrated Control System would compensate for the
reactivity changes. In the absence of automatic or manual compensatory re-
sponses, the reactor coolant system average temperature will change to com=

pensate for the reactivity disturbances.

The reference analyses demonstrate that the reactor protective system prevents

safety limits from being exceeded.

8.3.1.2 Key Safety Parameters

reference analyses are based on the tollowing parameter values:

Doppler Coefficient, Ak/k/°F

Moderator Temperature Coefficient, Ak/k/°F

These values are representative of beginning of core life for the first cycle
and provide least negative bounds for he expected range of values. That 1is,
mice negative (less positive) vala would lessen the severity of the accident

by .mplifying the compensating moderalor arn? Nerpler feedback effects

b=3




8.2.2 Start-Up Accident

8.3.2.1 Accident Description

During reactor startup, an uncontrolled positive reactivity insertion by mal-
operation of control rods could result in a nuclear excursion. In addition to
the Reactor Protection System trip functions, several design features have been
utilized to minimize the possibility of inadvertent rod withdrawal. In the ab-
sence of all other protection actiomns, the excursion is terminated by the neg-

ative Doppler coefficient.

The core protection criteria for this accident specify that the reactor thermal
power shall not exceed 112% FP and that the RCS pressure not exceed code allow-

able limits.

The reference analyses demonstrate that the reactor is completely protected
against any sta-tup accident involving the withdrawal of any or all control
rods, since in no case does the thermal power exceed 112% and peak pressure

never exceeds code allowable limits.

8.3.2.2 Key Safety Parameters

The reference analyses are based on the following parameter values:
Doppler Coefficient, Ak/k/°F -1.17 x 10§

Moderator Temperature Coefficient, Ak/k/°F +0.5 x 10 ¢
Tortal Rod Worth, Ak/k 10.0

The reactivity coefficient values are representative of beginning of core

life for the first core und provide a least negative bound for the expected
range of values. That is, more negative (less positive) values would lessen
the severity of the accident by amplifying the compensating moderator and
Doppler feedback effects. The total rod worth value is a maximum worth that

provides for the largest positive reactivity insertion.




8.3.3 Rod Withdrawal Accident at Rated Power Operation
8.3.3.1 Accident Description

A rod withdrawal accident presupposes an operator error or equipment failure
which results in accidental withdrawal of a control rod group while the reactor
is at rated power. As a result, the power level increases, the coolant and
fuel rod temperatures increase, and core damage would eventually occur if

the withdrawal were not terminated by operator or protection system actionm.

The reference analysis of this accident utilizes Reactor Protection System
action to mitigate the effects of the rod withdrawal and demonstrates that
thermal power and system pressure remain below acceptable limits. These results
satisfy the core protection criteria for this accident.

8.3.3.2 Key Safety Parameters

The reference analyses are based on the following parameter values:

Doppler Coefficient, Ak/k/°F -1.17 x 1075
Moderator Temperature Coefficient, Ak/k/°F +0.5 x 10 ¢
Total Rod Worth, % Ak/k 10.0

The reactivity coefficient values are representative of beginning of core li‘e
for the first cycle and provide least negative bounds for the expected range
of values. That is, more negative (less positive) values would lessen the
severity of the accident by amplifying the compensating moderator and Doppler
feedback effects. The total rod worth value is a maximum worth that provides

for the largest positive reactivity insertion.
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8.3.4 Moderator Dilution Accident

8.3.4.1 Accident Description

Moderator dilution, a periodic operational procedure, occurs when the soluble

boron concentration of the coolant make-up flow is less than the average con-
centration of the coolant in the primary system. An uncontrolled moderator
dilution accident occurs when the process continues for long periods of time
at excessive make-up flow rates. The postive reactivity insertion caused by
the decreasing soluble boron concentration would cause an increase in reactor
power and hence increased coolant and fuel rod temperatures.

The automatic dilution process incorporates several design interlocks and
alarms to prevent improper operation. However, if a dilution accident were

to occur, the Reactor Protection System would function to safely mitigate the
event .

The criteria for reactor protection for this accident are:
1. Reactor thermal power shall be less than 112% FP.
2. RCS pressure shall be less than the code allowable limits.

3. The reactor minimum shutdown margin of 1% Ak/k subcritical
shall be maintained.

The reference analyses evaluate plant responses to dilution rates ranging from
70 gpm to 500 gpm of unborated make-up water. In all cases, thermal power and
system pressure remain below the specified limits and the shutdown margin is
maintained. Additional analyses demonstrate complete protection during
refueling operations.

8.3.4.2 Key Safety Parameters

Doppler Coefficient, Ak/k/°F =1.17 x 1075
Moderator Temperature Coefficient, Ak/k/°F +0.94 x 10 ¢
Boron Worth, ppm/% Ak/k 75
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The reactivity coefficient values are representative of beginning of core
life conditions and provide least negative bounds on the range of expected
values. More negative (less positive) values would lessen the severity of
the accident by amplifying the compensating moderator and Doppler feedback
effects. The boron worth value is a conservatively low value (high reac-
tivity worth per ppm) that produces a hi L positive reactivity insertion

rate.
8.3.5 Cold Water Accident
8.3.5.1 Accident Description

A cold water accident involves the introduction of a slug of cocolant water
into the reactor core with a temperature lower than that of the coolant in

the core. Or, a cold water accident may involve a sudden increase in reactor
coolant flow rate (idle pump startup) which would reduce the average coolant
temperature in the core. In tn. presence of negative reactivity coefficients,
a reduction in coolant and fuel temperatures would yield a positive reactivity

insertion and thus increase the power level.

The power increase response to this type of accident is inherently self-limiting
due to the compensating reactivity feedback effects. Furthermore, the Reactor
Protection System provides a high neutron flux trip function. The protection
criteria for this accident are that the minimum DNBR be greater than 1.3 and

that sy-tem pressure limits not be exceeded.

The reference analysis for this event demonstrates that thermal power and

system pressure remain below the specified limits and DNBR remains above 1.3.
8.3.5.2 Key Safety Parameters
The reference analysis is based on the following parameter valu-~s-

Doppler Coefficient, Ak/k/°F 1.2 x 10°°
Moderator Temperature Coefficient, Ak/k/°F -3.0 x 1074
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The MTC value is representative of end of core life conditions and provides

a most negative bound on the range of expected values. A less negative value
would lessen the severity of the accident by decreasing the positive reactivity
insertion. The Doppler value assumed is a conservative, least negative bound.
Values in the conservative direction (more negative) would also lessen the

severity of the accident through enhanced feedback effects during a power
increase.

8.3.6 Loss of Coolant Flow
8.3.6.1 Accident Description

A reduction in reactor coolant flow rate occurs if one or more of the reactor
coolant pumps should fail. A pumping failure can occur from mechanical failures
or from a loss of electrical power. The effects of loss or reduction in coolant
flow are an increase in coolant temperature and system pressure which could result
in exceeding the core thermal limits if the reactor is not tripped promptly.

The core protection criteria of concern in this event is the minimum DNBR, which
must be greater than 1.3 for electrical malfunction events and greater than 1.0
for mechanical wmalfunction events. Reactor protection is provided by three RPS
trip functions: power - number of RC pumps, power - flow - imbalance, and RC
pressure - temperature.

The reference analyses demcnstrate that the reactor can sustain a loss-of-
coolant-~flow accident without damage to the fuel. The minimum DNBR reached
for the loss of flow due to electrical failure analyses was greater than 1.3.
The analysis for the loss of flow due to mechanical failure -(locked rotor)

demonstrated a minimuam DNBR greater than 1.0.
8.3.6.2 Key Safety Parameters
The reference analyses were based on the following parameter values:

Doppler Coefficient, Ak/k/°F -1.2x 105
Moderator Temperature Coefficient, Ak/k/°F +0.5 x 10 ¢
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Reactor Coolant Flow, gpm 352,000
Core Power Peaking Factors
radial-local 1.783
axial (cosine) LS

These reactivity coefficient values provide least negative bounds for the
expected range of values. More negative values would amplify the compensating
feedback effects due to increasing temperatures. The assumed reactor coolant
flow is extremely conservative compared to the available flow (greater than
108.5%). The core power peaking factors considered in this analysis are those
corresponding to the maximum design condition. The combination of 1.783
(radial-local) x 1.5 (axial cosine) is more conservative with respect to DNBR
criteria than any other power shape that exists in typical reload cores.

In addition, the effects of a loss of coolant flow accident are strongly
influenced by the flow coastdown characteristics, fuel demsification and rod
bow effects, and hot channel power peak augmentation factors. These parameters
are not expected to change during the normal reload design process. If changes
do occur, thei: impact on the reference analyses will be evaluated.

8.3.7 Stuck-Out, Stuck-In, or Dropped-In Control Rod Accident
8.3.7.1 Accident Description

In the even® that a control rod beccrnies significantly misaligned from the
other control rods in its group, the effect of such a condition on localized
power peaking (flux distortioa) and on available shutdown margin must to con-
sidered. A stuck-out control rod reduces the available shutdown worth and
hence reduces the shutdown margin. The effects of this accident are mit:gated
by requiring a shutdown margin of 1% Ak/k, with the control rod of greatest
worth fully withdrawn from the core. A stuck-in or dropped-in corirol rod
causes neutron flux distortions that could result in localized power densities
and heat fluxes in excess of the design limits if the reartor is allowed to
return to full power. The effects of this type of accident are mitigated by
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providing sufficient margin betwesn the expected, distorted power peaks and the
design limits to prevent the limits from being exceeded. The core protection
criteria of concern for these events are that the minimum DNBR shall be greater
than 1.3 and that the system pressure shall not exceed code allowable limits.

The
(to
not

8.3.

reference analyses demonstrate that, even in the absence of ICS action
accomplish a power runback to 60, FP) or a reactor trip, thermal power does

exceed the original velues nor does system pressure exceed allowable limits.

7.2 Key Safety Parameters

reference analyses are based upon the following parameter values:

Doppler Coefficient, Ak/k/°F 1.3 x 1075
Moderator Temperature Coefficient, Ak/k/°F -3.0 x 1074
Maximum Dropped Control Rod Worth, % Ak/k

HFP, No Xe 0.46

HFP, V/Xe 0.36

The MTC value is representative of end of core life conditions and maximizes
the positive reactivity insertion during the initial temperature decrease.
The Doppler value is a conservative, least negative value that minimizes the
compensating feedback effects during a return to power.

8.3.8 Loss of Electric Power

8.3.8.1 Loss ot Load Transient

8.5.8.1.1 Accident Description

The effect of of a loss-of-load condition on a unit would be that the unit

generator breakers would open and thus disconnect the unit from the trans-

mission system. When this occurs, a runback signal causes an automatic power

reduction to 15 percent power. Depending on the initial power level at the

time of the loss of load, the Reactor Protection System may initiate a reactor

trip on high reactor coolant temperature or pressure.
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The loss-of-load accident does not result in any fuel damage or excessive
pressures on the reactor coolant system. There is no resultant radiological
hazard to station operating personnel or to the public as only secondary
system steam is discharged to the atmosphere. Unit operation with 1 percent
defective fuel and 1 gpm steam generator tube leakage is demonstrated to be
safe by the reference analyses. For these conditions, the steam relief
accompanying a loss-of-load accident Would not change the whole body dose
because the primary contributors are normally released thircug: the condenser

air ejector.
8.3.8.1.2 Key Safety Parameters

The course and consequences of this accident are independent of the parameters

affected in the reload design.
8.3.8.2 Complete Loss of All Station Power
8.3.8.2.1 Accident Deséription

The hypothetical initiator of this accident is the complete loss of all
station power except the station batteries. The loss of power results in
gravity insertion of the control rods and trip of the turbine stop valves.
The main steam safety valves prevent excessive temperatures and pressures
in the reactor coolant system. The reactor coolant system flow decays
without fuel damage occurring, and decay heat removzl is provided by
natural circulation. The turbine-driven emergency feedwater pump, taking
its suction from the condenser hotwell and upper surgetank, provides feed-
water to the steam generators. Condenser cooling is maintained through a
gravity feed line from Lake Keowee. The station batteries provide power

for the necessary control and auxiliary systems.

The reference analyses demonstrate that neither fuel damage nor excessive
pressures occur.
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8.3.8.2.2 Key Safety Parameters

The course and consequences of this accident are independent of the parameters
affected in the reload design.

8.3.9 Steam Line Failure

8.3.9.1 Accident Description

The steam line failure accident assumes a break in the secondary system press-
ure boundary that results in inadequate secondary pressure control. The worst
case steam line failure involves the maximum break size (34 inch diameter) at
rated power and end of core life. Under these conditions, the rapidly decreasing
secondary pressure results in an excessive primary system coolcdown which, under
the influence of a negative moderator temperatire coefficient, produces a ,csi-
tive reactivity insertion. If feedwater flow continues to the affected steam
generator the excessive heat removal and concurrent primary cooldown will conti-
nue and the reactor may experience a return to low power levels if the positive
reactivity inserted exceeds the shutdown margin. The reactor coolant contraction

accompanying the primary cooldown may result in ECCS actuation.

The criteria for unit protection and the release of fission products to the
environment are:

1. That the core will remain intact for effective core cooling,

assuming minimum tripped rod worth with a stuck rod.

2. That no steam generator tube loss of primary boundary integrity
will occur due to the loss of secondary pressure and resultz.t
temperature gradients.

3. That doses will be within 10CFR100 limits.

The reference analyses consider three major accident scenarioes: (1) the base

case that assumes proper ICS and operator actions; (2) a case that assumes ICS

action but no operator action; and (3) a case that assumes neither ICS nor
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operator action. The reference analyses demonstrate that the protection criteria

are satisfied.
8.3.5.2 Key Safety Parameters

The reference analyses were based upon the following parameter values:

Doppler Coefficient, Ak/k/°F -1.2x10°%
Moderator Temperature Coefficient, Ak/k/°F -3.0 x 1074
Available Scram Worth, % Ak/k 3.46

The MTC value used in the analyses provides a most negative bound for the
expected range of values. Less negative values would decrease the positive
reactivity insertion and thus lessen the severity of the accident. The
Doppler Coefficient is a least negative value that minimizes the compen~-
sating feedback effects during a return to power. A minimum rod worth value

yields the most adverse effects.
8.3.10 Steam Generator Tube Failures
8.3.10.1 Accident Description

The occurrence of a double-ended rupture of one steam generator tube would
result in the release of the activity contained in the reactor coolant to
the secondary system. The initial leak rate is in excess of the normal
makeup flow and hence would result in a low reactor coolant sysiem pressure
or pressure-temperature trip. Continued primary to secondary flow would
result in the automatic initiation of the high pressure injection system
which would provide sufficient makeup to compensate for the tube leakage and
thus terminate the depressurization.

The volume of primary coolant released to the atmosphere through steam relief
would produce acceptable consequences.
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8.3.10.2 Key Safety Parameters

The course and consequences of this accident are independent of th. pa.ameters
affected in the reload design.

8.3.11 Fuel Handling Accidents

The reference analyses for the fuel handling accident are not affected by the
reload design process.

8.3.12 Rod Ejection Accident
8.3.12.1 Accident Description

For reactivity to be added to the core at a rapid rate, physical failure of
a pressure barrier component in the control rod drive assembly must occur.
Such a failure could cause a pressure differential to sct on a control rod
assembly and 1apidly eject the assembly from the core region. The power
excursion due to the rapid iucrease in reactivity is limited by the Doppler
effect and terminated by the Reactor Protection System.

The criterion for reacto protection in this accident is that the reactor will
be operated in such a manner that a control rod ejection accident will not
further damage the reactor coolant system.

The consequences of the rod ejection accident are largely dependent upon the
rate at which thermal energy is released to the coolant. In turn, the amount

of thermal energy is a function of the worth of the ejected rod and the initial
power level. The reference analyses include calculations for a range of ejected
rod worths at rated power and hot zero power and at beginning and end of core
life. The effects of varying the Doppler and moderator coefficients and rod
worths are also calculated. The analyses demonstrate that the reactivity
transient resulting from this accident will be limited by the Doppler effect

and terminated by the RPS with no serious core damage or adaitional loss of

the coolant system integrity.
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8 3.12.2 Key Safety Parameters

The reference analyses are based upon the following parameter values:

BOL EOL

Doppler Coefficient, Ak/k/°F -1.17 x 10°° -1.33 x 1075
Moderator Temperaivre Coefficient, Ak/k/°F +.5 x 1074 -3.0 x 1074
Delayed Neutron Fraction 0.0071 0.0053
Neutron Lifetime, A 24.8 23.0
Ejected Rod Worth, % Ak/k

HZP 1.0 1.0

HFP 0.65 0.65

The analyses calculate the effects of an ejected rod using a spectrum of
reactivity coefficients between the values shown. The MTC bounds define the
range of allowable values based upon Technical Specification limits. The
results of the Doppler semsitivity study show the highest neutron power for
the least negative coefficients. Thus, more negative values would lessen the
severity of the accident. The kinetics parameters are nominal values that
are representative of th. range of values expected in the reload design work.
The rod worth values provide upper limits for the calculations. Lower rod

worths would lessen the severity of the accident.

8.3.13 loss of Coolant Accident

8.3.13.1 Accident Description

A loss of coolant accident (LOCA) occurs when a break in the reactor coolant
pressure boundary results in coolant expulsion in excess of the normal make-up

flow rate. The blowdown rate, the time period before reactor trip and ECCS
actuation and the amount of stored energy initially removed from the core are

all dependent upon the break size. In order to evaluate this accident, a range

of rupture sizes from small leaks up to the complete severance of a 36 inch
ID primary coolant pipe have been evaluated.
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Should a break occur, depressurization of the RCS causes coolant to flow out
of the pressurizer into the primary loop resulting in a pressure and level
decrease in the pressurizer. A reactor trip occurs when the low pressure

Or pressure-temperature trip setpoints are reached. The Engineered Safeguards
system is actuated when the appropriate setpoints are reached.

The consequences
of the accident are limited in two ways:

1. Tae reactor trip and borated water injection complement void
formation in causing a rapid decrease in nuclear power to a

residual level corresponding to the delayed fission and
fission product decay.

2. Injection of borated water ensures sufficient flooding of the
core to prevent excessive clad temperatures.

The core protection criteria for a LOCA are specified in the regulatory
requirements of 10CFR50.46. Briefly, the five criteria are:

1. The peak cladding temperature shall not exceed 2200°F.

2. The percentage of local cladding oxidation shall not
exceed 17%.

3. The percentage of hydrogen generation resulting from
whole-core cladding oxidation shall not exceed 1%.

4. Calculated changes in the core geometry shall be such that
the core remains amenable to cooling.

5. The mode of long term cooling shall be established.

The reference analyses!! demonstrate that Liese criterias are satisfied at all
times.
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8.3.13.2 Key Safety Parameters

The reference analyses are based upon two major input parameters that are

affected by the reload desi u process. They are:

Average Fuel Temperature, °F (@ 18 kw/ft) 3120
Peak Linear Heat Rate, kw/ft

Core Elevation, ft 2 15.5
4 6.6
6 18.0
8 17.0
10 16.0

These parameter values 2re the limiting values applicable to the generic ECCS

analysis.



Table 8-1
ACCIDENT ANALYSIS REVIEW
KEY SAFETY PARAMETER CHECKLIST

Reference Analysis Conservative Reload Cycle
Parameter (Units) Value(s) Direction Value(s)
Doppler Coefficient, <1.17 x 10°% more pegative
Ak/k/°F
Moderator Temperature BOL +0.5 x 10™ ¢ less positive
Coefficient, Ak/k/°F EOL -3.0 x 10°4 less negative
Delayed Neutrow BOL 0.0071
Fraction, (nominal) EOL 0.0053
Neutron Lifetime BOL 24.8
(nominal), micro- EOL 23.0
seconds
Total Red Worth, 10.0 smaller
% Ak/k
Maximum Ejected Rod HFP 0.65 smaller
Worth, % Ak/k HZP 1.0 smaller
Maximum Dropped Rod HFP, no Xe 0.46 smaller
Worth, % Ak/k HFP, w/Xe 0.36 smaller
Minimum Tripped Rod 3.46 larger
Worth (for SLB),
% Ak/k
Minimum Shutdown 1.0 larger
Margin, % Ak/k
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Parameter (Units)

Boron Worth, PPM/
% Ak/k

Average Fuel Tem~

perature at 18 kW/
ft,°F

ka/ ft

radial~local

axial (cosine)

Peak Linear Heat Rate,

Core Elevation, ft 2

4
6
8

10

Table 8-1 (cont'd)
ACCIDENT ANALYSIS REVIEW

KEY SAFETY PARAMETER CHECKLIST

Reference Analysis
Value(s)

75

3120

15.5
16.6
18.0
17.0
16.0

Reactor Coolant Flow, gpm 352,000
Core Power Peaking Factors

1.783
1.5

Conservative

Direction

larger

smaller

smaller
smaller
smaller
smaller
smaller

larger

smaller

smaller

Reload Cycle
Value(s)




g s:y ¢l | Reload Cycle Reload
Parameter
Design Parameters Sisannkan
~
Some Value
Out of
Range

Iterate on

Detailed Review
pf Analyses

Reload Design
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—
Consequences
Re-analysis
Unacceptable of Event
Figure 8-1

// Effects
:) Uncertain or
Unacceptable

All Values Within Range

Current
Safety Analysis
Valid
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Revised
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Consequences
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9. DEVELOPMENT OF CORE PHYSICS PARAMETERS

Upon completion of the Final Fuel Cycle Design and the Maneuvering Analysis both
PDQ@7 and EPRI-NODE depletions, rod scams, boron concentrations and worths, power
distributions, etc. have been generated primarily for HFP and some HZP conditionms.
The purpose of this stage of developing core physics parameters is to provide
additional calculations to supplement those already performed. The results of
these calculations are used for startup test predictions and core physics para-

meters throughout the cycle.

9.1 Startup Test Predictions

After each refueling, the reactor undergoes a startup test program aimed at
verifying that the reactor core is correctly loaded, control rods are in the cor-
rect locations and are functioning properly, and to verify reactor bekavior is

as predicted by the nuclear simulators which were used in generating the data

used in the plant's safety analysis.
9.1.1 Critical Boron Councentrations and Boron Worths

EPRI-NODE and/or PDQ@7 may be used to calculate critical boron concentrations and
boron worths at a variety of rod configurations, at HZP and HFP, as a function
boron concentration, at different xenon concentrations, and at different times in
the fuel cycle. EPRI-NODE and PDQ@7 both are capable of critical boron searches
and when critical boron concentrations are desired are usually run in this mode.
An acceptable alternative, however, is to not search on critical boron but to
correct the input boron concentration to the critical boren concentration using

a calculated boron worth and the calculated reactivity.

Table 9-1 shows some of the critical boron calculations normally performed for
startup physics tests. Table 9-2 shows the soluble boron worths usually per-
formed for startup physics tests. The boron worths are usually calculated
by running two identical cases except that the soluble boron concentration is
different. The differential boron worth is calculated by subtracting the re-
activities and dividing by the boron difference. Differential boron worths are
usually quoted in %p/100 PPM or in PPM/%p (the latter is sometimes referred to
as the inverse boron worth).
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Critical boron concentration at 68°F, 532°F, and HFP with all rods out except
APSR's ‘s calculated as a function of ‘cycle burnup. Figure 9-1 illustrates
the form in which these results are displayed.

Differential boron worth is calculated as a function of boron concentration and
also as a function of cycle burnup. Figures 9-2 and 9-3 show the results of
these types of calculations. Integral boron worth calculation is performed at
BOC (4EFPD) as a function of boron concentration. The results of this are dis-
played in the format illustrated by Figure 9-4.

9.1.2 Xenon Worths

Xenon worth is calculated as a function of cycle burnup using either PDQ@7 or
EPRI-NODE. The nominal HFP depletion cases with equilibrium xenon are used as
input to a second set of cases where the xenon concentration is se¢ to zero
(or the xenon cross sections are set to zero). The difference in reactivities
between the equilibrium xenon and no xenon cases equals the equilibrium xenon
worth at HFP. The results are displayed in a format similar to Figure 9-5.



9.1.3 Rod Worths

9.1.3.1 Group Worths

The worth of groups 1 to 8 and the integral rod worth curves for groups 5-7 are
calculated at BOC HZP for use in the zero power physics testing. The rod groups
are sequentially inserted or withdrawn from the EPRI-NODE calculation assuming

no control rod overlap. The group worth is the difference in reactivity jetween

the fully inserted case and the fully withdrawn case.

At HFP equilibrium xenon BOC (4EFPD), the above rod worths are calculated in a
similar manner except that when calculating the intergral rod worth curves a

control rod overlap of 25% is used.

At HFP and HZP group 8 rod scans are performed where group 8 is stepped in small
increments into or out of the core. The HZP results are used to provide tables

of rod worth versus pnsition and plots of relative rod worth versus position.

The HFP results are used to provide the same information plus a table of imbalance
as a function of rod index. Rod scans on group 7 are performed at BOC HFP to

provide a table of imbalance versus rod position.
9.1.3.2 Stuck Rod Worth

The maximum worth of a single control rod stuck out of the reactor core at HZP
is calculated during the final fuel cycle design. The worth of the stuck rod

is used by the site engineers in the reactivity balance procedures to guarantee
shutdown margin. If the stuck rod worth is to be measured during the startup
test program, then a recalculation of the worth is performed simulating the test

conditions. This worth would then be provided as a startup test prediction.
9.1.3.3 Dropped Rod Worth

The maximum worth of a single control rod dropped into the reactor core is cal-
culated duriang the final fuel cycle design. If this porameter is to be measured
during the startup test program, then a recalculation of the worth is performed
simulating the test conditions. This worth would then be provided as a startup
test prediction.
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9.1.3.4 Ejected Rod Worth

During startup physics testing che maximum ejected control rod worth at HZP is
measured and compared to the predicted worth. The maximum ejected rod wsorth
is calculated during the final fuel cycle design (Section 3.2.2.3) and a re-

calculation of this parameter is not usually necessary since the calculation is
performed at conditions similar to those used in the testing.

9.1.4 Reactivity Coefficients

9.1.4.1 HZP Coefficients

At HZP the isothermal temperature coefficient is measured by reducing the average
moderator temperature 5°F to 527°F taking data once equilibrium is reached then
increasing the temperature 10°F to 537°F taking data and establishing equilibrium.
The temperature is then reduced 5°F back to the original 532°F value. The cal-
culations used for predicting the isothermal temperature coefficient should be
run at 527°F and 537°F using either EPRI-NODE or PDQ#7. The resulting reactivity

change is then divided by the 10°F temperature change to yield the HZP isothermal
temperature coefficient.

The Doppler or fuel temperature coefficient at HZP can be calculated by varying the
fuel temperature while maintaining the moderator temperature constant at 532°F.

The resulting reactivity change divided by the change in fuel temperature is

the Doppler coefficient at HZP.

The predicted moderator coefficient is calculated by subtracting the Doppler co-
efficient from the isothermal coefficient and is compared to the measured mod-
erator coefficient obtained by subtracting the predicted Doppler coefficient
from the measured isothermal coefficient. Alternately, the moderator temperature
coefficient can also be explicitly calculated.

9.1.4.2 HFP Coefficients

Both a temperature coefficient of reactivity and a power doppler coefficient of



reactivity are measured at HFP. Changes in temperature or power are compensated
for by control rod insertion or withdrawal. A calculated Doppler coefficient is
subtracted from the temperature coefficient to obtain the moderator coeffic.ent.

A moderator coefficient is calculated by running one equilibrium HFP case at BOC
(4EFPD EPRI-NODE or PDQ@7) and a second case which has lowered the moderator
temperature 5°F. The difference in reactivity divided by the temperature change

is the moderator coefficient.

A third case is run to determine the power doppler. In this case the power level
is reduced to 95% HFP. The difference in reactivity between the HFP and the l 1
95% HIP cases divided by 5% FP is the power doppler coefficient.

9.1.5 Power Distributions

Power distributions, both assembly radial and total peaking factors, are mea-

sured at 40 and 100% HFP for Oconee reload startups. Calculations using 1
EPRI-NODE are run at these power levels and nominal conditions to provide '
predicted power distributions to compare to measured. Typical power distri-

butions generated are shown in Table 9-3.
9.1.6 Kinetics Parameters

Kinetics parameters are calculated using the methodology and codes as discussed

in section 3.2.8. These parameters include the six group Bi effective and Ai,
total B effective and A, and reactivity versus positive and negative doubling
“imes. These kinetics parameters are generated for two sets of HZP conditions.
The first is with group 8 inserted and the second is with groups 5 through 8 1
inserted. In addition to the BOC HZP parameters, one set of BOC HFP parameters
are generated with groups 5-7 at 100% WD and group 8 at 37.5% WD.

9-5



9.2 Core Physics Report

The purpose of the core physics report is to document the predicted behavior of
the reactor core as a function of burnup and power level. It is intended to be
used for operator guidance and the site engineer. Portions of the information
included will reiterate data found in the final fuel cycle design report and
the startup test prediction report, however, much data not needed for these
reports is useful to the operator and site engineers.

This report will include sufficient information to calculate reactivity
balance throughout the cycle. Table 9-4 lists items typical of what will be

calculated for this report. Any additional c-lculations will be performed
using either EPRI-NODE or PDQ@7.
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HZP,

Table 9-1

CRITICAL BORON CONCENTRATIONS (PPM)

NOXE, QEFPD
ARO

CRGP 1-7 out
CRGP 7 in
CRGP 6,7 in
CRGP 5-7 in
CRGP 4-7 in
CRGP 3-7 in
CRGF 2-7 in
CRGP 1-7 in

NOXE, QEFFD

CRGP 1-6 out, CRGP 7 in,

CRGP 8=37.5%WD

EQXE, 4EFPD
ARO

CRGP 1-7 out
CRGP 7 in
CRGP 6,7 in
CRGP 5-7 1n

HFP ,EQXE ,EOC

CRGP 1-7 out

9-7

CRGP8=37
CRGP8=37
CRGP8=37
CRGP8=37
CRGP8=37
CRGP8=37

CRGP8=37.
. 5%WD

CRGP8=37

CRGP8=37.
CRGP8=37.

.5%WD
CRGP8=37.

CRGP8=37

CRGP8=37.

.5%WD
.S%WD
.5%WD
.5%WD
.5%WD
.5%WD

5%WD

5%WD
5%WwD

5%WD

5%wD



Table 9-2

BORON WORTH (PPMB/%Ap)

HZP, NOXE, CRGP 7 and 8 in
§ EFPD, XX PPMB
@ CFPD, XXXX PPMB
Rod Patch, XXX PPMB
EOC, XXX PPMB

HFP, EQXE, CRGP 7 and 8 in
4 EFPD, XXXX PPMB
Rod Patch, 17 PPMB
EOC, 17 PPMB
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Table 9-3

RADIAL AND TOTAL PEAKING POWER MAPS

CONDITIONS
POWER LEVEL BURNUP
% HFP EFPD
40
100
100 12
100 25
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Table 9-4

Core Physics Data

Critical Boron Con-entrations
1. ARO HFP Versus Burnup
2. ARO HZP Versus Burnup
3. ARO 68°F Versus Burnup

Critical Boron Concentrations required for 1% shutdown with highest worth
rod stuck out (NoXe)

1. HZP Versus Burnup

2. 68°F Versus Burnup

Differential Boron Worth HFP, HZP versus burnup.
Power Distributions from the Cycle Depletion

Rod Worths BOC, EOC, HFP and HZP

Imbalance versus APSR position BOC, EOC at HFP
Imbalance versus Group 7 position BOC, EOC at HFP

Xenon worth versus Power Level

Xenon Worth versus Burnup



FIGURE 9-1

BORON LETDOWN CURVES
CRGP 1-7=100%WD
CRGR 8-37.5%WD




FIGURE 9-2
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FIGURE 9-5

EQUILIBRIUM XENON WORTH
VERSUS BURNUF AT HFP
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CASMO

CASMO is a multigroup two-dimensional transport thecry code for burnup calcula-

tions on BWR and PWR assemblies. This code has been developed by Studsvick
Energiteknik AB and supported by EPRI.

CHATA

CHATA is a steady state closed channel thermal-hydraulic code which can be used

in a multichannel or single channel configuration. It calculates flow, pressure
drop, coolant properties, and DNBR. It has several different options that give
it the capability to iterate on an input parameter, such as finding the maximum
power for a specified DNBR and pressure drop. It can be used to calculate
assembly-by-assembly core flow distribution and a hot channel analysis, and is

suitable for parametric studies because of its short running time.

COMETHE-III-J

The COMETHE code calculates fuel pin thermal and mechanical behavior as a function
of burnup. This code was developed by Belgo Nucleaire and licensed in this
country by the S. M. Stoller Corp. EPRI is sponsoring the distribution and further
development of this code for the utilities. The code does all the calculations
described for TAFY and includes a relocation and cracking model to determine
fuel-clad interaction forces.

CROV

The Creep Ovalization Analysis Program for Fuel Cladding (CROV) calculates
ovality changes in fuel rod cladding due to thermal and irradiation induced
creep. CROV conservatively predicts the ovality time history and time to
collapse under a prescribed pressure, inside and outside temperature, and
flux level time history loading.

The creep rate calculation utilizes a modified von Mises flow rule and includes a
strain-hardening model. Empirical constants used in the creep rate equation
are conservatively representative of B&W zircaloy-4 cladding at a temperature
range between 600°F and 750°F.
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DELAY

DELAY calculates core averaged celayed neutron fractions for six energy groups,
core averaged decay constants for six energy groups, core averaged delayed neu-
tron fraction with and without importance factor, estimated prompt neutron
lifetime, and reactivity versus period. Input consists primarily of isotopic
fission fractions versus burnup and enrichment from PDQ@7 calculationms.

EPRI-CELL

EPRI-CELL computes the space, energy and burnup dependence of the neutron spectrum
within cylindrical cells of Light Water Reactor fuel rods. Its primary output
consists of broad group, microscopic, exposure dependent cross-sections for
subsequent use in multidimensional diffusion theory depletion analysis. EPRI-
CELL utilizes three inaustry accepted subcodes; GAM-1, THERMOS, and CINDER.

EPRI-CPM

EPRI-CPM is a multigroup two-dimensional collision probability code for burnup
calculations on BWR and PWR assemblies. The code handles a geometry consisting
of cylindrical fuel rods of varying composition in a square pitch array with

allowance for fuel rods loaded with gadolinium, burnable absorber rods, cluster
control rods, in-core instrument channels, water gaps, boron steel curtains and

cruciform control rods in the regions separating fuel assemblies.
EPRI-FIT

EPRI-FIT is a program which processes the PDQ@7 integral file and calculates
and edits values needed by the EPRI-NODE code. EPRI-FIT greatly reduces the
hand calculation time needed to extract these values from the PDQ@7 printout
and improves the quality assurance. A data file under the local name of COLOR
is written which contains the EPRI-FIT edited data and is used as input to the
SUPERLINK program.
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EPRI-NODE

EPRI-NODL is a multidimensional model code similar in theory to FLARE. The EPRI-
NODE program computes the core effective multiplication factor, the three-dimen-
sional core power distribution, core coolant flow and temperature distribution,
and fuel exposure distribution. The program includes the effects oi partially
inserted full-length control rods, part-length rods, and up to 13 different

fuel assembly types with different enrichments and burnable absorber shim loadings.

EPRI-NODE has a capacity to represent the core with 32 axial nodes for each
fuel assembly and 30x30 nodes in the XY plane.

The program iterates to account for the interaction between power distribution
and core nuclear properties which depend on coolant flow and coolant temperature
distributions, fuel temperature distribution and xenon distribution. The pro-
gram computes the time dependence of xenon following changes in power level
and/or changes in power distribution. The program permits fuel shuffling from
one location to another and fresh fuel insertion for burnup cycle calculations.

Individual steps can by stacked for either xenon transient or fuel cycle burnup
calculations.

EPRI -NUPUNCHER

NUPUNCHER prepares cross section tables in HARMONY format from cross section

data produced by EPRI-CELL and placed on the ECDATA file. NUPUNCHER reduces

significantly the tedious task of hand transferring values from the EPRI-CELL
printout to macroscopic and microscopic tables in card image HARMONY format.

Two, three and four group cross section data may be obtained with one dimen-

sional HARMONY interpolating tables.

EPRI-PDQ@7 MODIFICATIONS

PDQ@#7 is the industry accepted multigroup one, two, or three dimensional dif-
fusiou depletion code. EPRI-ARMP uses PDQ@7/Version II with minor modifications
to allow options for mixed number density, improved removal treatment, peak

power editing, and re-editing.



EPRI-SHUFFLE

The EPRI-SHUFFLE program will read a PDQ@7 concentration file, make certain
modifications to this file, and write a new updated concentration file. This
procedure is accomplished by defining "assembly regions" in the program input
Assembly regions are square arrays of mesh points containing depletable
nuclide concentrations and superimposed on the original PDQ@7 geometry. These
assembly regions are then used to describe the movement of existing nuclide
concentrations by translation, reflection and/or rotation. In addition, new
fuel coucentrations can replace spent fuel concentrations in selected assembly

regions described in the program's input.

EPRI-SUPERLINK

SUPERLINK accesses data on the files produced by EPRI-FIT and together with
relevant input information for file management and for data processing control

produces polynomial coefficients for use in EPRI-NODE.
PDQ#?
See EPRI-PDQ@7 Modifications.

NODE UTILITY CODE (NUC)

The NUC program is a package of subroutines that performs any necessary utility
function to EPRI-NODE files. The major subroutines are:

I. FILE - this mode lists, merges, purges, adds, rearranges, edits, etc. the

NODE cases on one or more history files.

II. FLEX - this mode takes an existing file, expands or collapses it to a new

problem size, and then stores it on a new disk.

ITI. COPY - this mode copies a given history file from disk storage (working file)

to magnetic tape storage (permanent backup file) and vice versa.

IV. MARGINS - this mode performs those operations which are necessary to cal-
culate CFM, DNB, and LOCA margins from an input history file(s).
It also plots the results in the form of a "fly speck" graph.
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TACO2

TACO2 conservatively predicts fuel pin temperature and fuel pin pressure. It 3
includes models for fuel densification, fuel swelling,

fuel restructuring, gas
release, cladding creep, and gap closure.

TEMP

TEMP is a steady state open channel thermal! hydraulic code that considers energy
mixing between channels and is used to calculate flow distribution among individ-
ual channels in an assembly or a cluster of fuel pins. It calculates flow,
pressure drop, coolant parameters up the channel, and DNEBR.

RADAR

RADAR performs a thermal analysis of a slow reactor transient such as the loss
of a primary pump, computing as a function of timwe fuel pin and clad surface
temperatures, DNBR, and coolant thermodynamic conditions when given pin power

and either channel flow or pressure drop as a function of time.

TACO

TACO conservatively predicts fuel pin temperature and fuel pin pressure. It “
includes models for fuel densification, fuel swelling, fuel restructuring, gas
release, cladding creep, and gap closure.

A-6 Rev. 4
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Paragraph 3.2.5. Reactivity Coefficients and Daficits.

A
The described procedure for the calculation of the reactivity
deficits involves PDQO7 or EPRI-NODE. However, it is not clear
whether for widely different stztes the reactivicy difference due
to the spectral component s also included. The same comment
applies to the differential boron worth calculatica.

The lattice code EPRI-CELL does change cross saction libraries

¢4 a function of moderator temperature. <These Cross sections

are then used in PDQO7 Version 2 for both color set calculacioas,
which lead to input for EPRI-NODE, and for quarter cora calculaticns.
Thereiore, the spectral component is incluced in the calculations

of reactivicy coefficients and reactivity aeficits.

The effects of soluble boron on the flux spectrum is accounted
for in two ways. First cthe soluble boron concentration input

to the EPRI-CELL fuel depletion is varied from 1200 ppm at 3CL

to 400 ppm at 6000 MWD/MTU and is held constant at this con-
centration for the rest of the depletion. Second, the non=-fuel
cross sections (eg. control rod guide cubes, reflector, etc.) are
generated as a function of soluole boron concentration.

Table 3-1, Shutdown Margin Calculation.

Cive a description of the manner in which the "Worth reduction
due to burnup of poison material" has been calculated.

CPM has been used to generate a cur-e of control rod reaccivity
reduczion (% 4p) as a function of fuel burnup at HFP Nominal
conditions. This is changed to a X reduction in contrel rod
worth versus burnup. For rodded fuel cycles the control rod
bank that is inserted is conservatively assumed to have been
insercted for che whole cycle. For unrodded (feed & bleed)
cycles the lead regulating bank is conservatively assumed to
have been inserted 202 for the whole cycle. Knowing the worth
of the rod groups, the integral rod worth curve, and the accu-
muiated burnup that each has seen, the burnup penalty can be
calculaced.

e ———— = — e — -— —— - ——
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\
Paragrapn 3.2.8, Kinetics Parameters.

Present a more detailed description of the DELAY code. Provide
the source of the code, €.3., Duke Power Company.
The DELAY code has been writcen by Duke Power Company. The
following four pages have been extracted from the DELAY code

manual and describe the theory, equations, and data sources
for the code.
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i.0 INTRODUCTION

i tran
- i utility type code which calculates the six group delayed neu
3§t€Yk‘: :nd a1soyrtéuc:s them by a group independent effectiveness value.
In addition to this, DELAY calculates the prompt neutron lifetime and then
solves the In-hour equation to correlate reactivity insertion and doubling

time.

Tasuts for DELAY is available from two dimensional Quarter ccre 200 calcula-
-isns and EPRI-CILL Fue! depletion calculations.

2.0 THEORY

2.1.1 8., A, and a®®f catculation

3, is defined as the fraction of fission neutrons produced that appear as
délayed neutrons of delayed group 1. A, is defined as the effective decay
constant for the precurscors that producl delayed neutrons in delayed group 1.
These quantities are defined by the following equations: .

Py F B
W Bifvigtiese © §g Piie"ie"ie%de
and
(2) Xid s 0T Xein €

tjg 19 g "1i9 ijg
wnere

(e 9) is the neutron production rate, C denotes the concentration of delayed
neutron precursors, and the subscripts 1, j, g refer to the delayed neutreon
group, fissioning isotope, and incident neutron energy group respectively.

The concentration of delayed neutron precursors is related to the fission
rate by

F

‘3) IS AP TR AN e
iig “iig iig"ijg"ijg”t g
J8ing acuation 3, the solution to equations (1) and (2, beccmes:
"‘él 3‘ = .“-“ 3‘. P"
P
QT.‘Q iv -~ - ——— e - -
3 ceive 3,-SFFZCTIVENESS FACTOR

1 i
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(8) Pyc ® Voelach

§§"19%39%39
\
is the fraction of the total neutron production rate arising from ficsions
of isotope j by incident neutrons of group g. Equation (5) is solved using

integrated fission rate data from POQ calculations. Suggestad effectiveness
factors are 0.961 for Oconee and 0.97 for McGuire.

& Sl Delayed Neutron Data

Tomiinson's values of delayed neutron parameters have been chosen for DELAY.
The values have been reproduced here as Table | for documentation surposes
and have been used in DELAY.

2.2 Prompt Neutrcn Lifztime

The prompt neutron lifetime, 2* is defined

(7) 8 ambin & N
Win i
where "
<
3) tee * M. 252
in Ry

'§-10

(10) ¥ ! at f§°° m/sec x 220000 S5 /za=
1

ca

The parameters and their units are defined in Table 2.

S ‘Reactivity Calculation

The In-hour 2quation has been simplified to include only the asymototic re-
ictor zericd. The form programmed into DJELAY is the following:

R 3 affective
2 S g ¥ L -
]

i=] -\
anere T = asymptotic ~sactor pericd
s = reactivity
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s

TABLE

[

Delayed Neutron Data
From Tomlinson AERE-R-6893

Fast Fission

A 1 Relative Absal. Gp.
sotope Growp _ (sec”) 5.0, Abundance £5.0. Yield (n/100F) =3.0.
e s i .0127 .0003 .038 .004 .083 .007
2 .C317 .0012 213 .007 .351 016
3 115 .004 .188 .024 .310 .042
4 .311 .012 .407 0190 .872 .034
5 1.40 - .012 .128 .012 o .022
) 3.87 .548 .026 .004 .043 ~.007
238 b .0132 .0004 .013 .001 .0s8 .007
2 .0321 .00Q0s 137 .003 .602 037
3 .139 .007 .162 .230 712 129
4 .358 .021 .388 .018 1.708 .120
5 1.41 .099 . 025 .019 .G89 .089
6 4.02 .317 .075 .007 .330 .036
22238 1 .0129 .00G3 .038 .Q04 .024 .003
2 .0311 .0007 .280 .0C€ .179 .013
3 134 .004 .216 .027 .138 .019
f .331 .018 .328 .015 .210 .018
5 1.26 171 .103 013 . 068 .010
) 3.21 .378 ; .03% .007 .022 .004
24240 1 .0129 .CC06 .028 .004 .022 .004
, 2 .0313 .0007 % o .006 .238 .924
3 . 239 316 .192 .Q7¢9 . 162 .065
§ « 338 048 .350 .030 .315 .040
3 1.36 .304 .128 .027 .119 .027
6 4.04 1.16 .028 .00¢ .024 .007
ERYLY 1 .N129 .J04 .o06
§ ) .C§95 L1985 .
131 . 162 .25
4 .338 411 .56
: L.38 213 .38
3 3.55 010 018
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TABLE 2

Parameters for Prompt Neutron Lifetime Caiculation

\
Jarameter Descriotion Units Source
“1 Keffective, fast group nane PLQ
ks “effective, thermal group RoRe POQ
in Removal cross section to thermal group cm'l-. P0G’
flux weighted edit
fuel only
el Neutron production cross section in fast cm'1 °0C
- S group flux weighted edit
fuel only
Wlzp Neutron preduction cross section in thermal cm'l POQ -
3roup flux weignted edit
fuel only
Trs Total cross saction fast group em™ equation 8
-} .
“2 Total cross section in thermal group en © equation 9
v. Neutron velocity, fast group cm/sec equation 10
Vs Neutron velocity, thermal group cm/sec equation 10
:3{2200m) Thermal cross section at 2200 m/sec for barns Chart of the
19 810 (3.84€E+3) Nuclides
%ai Average bcron cross section for group i barns PCQ

i : Prompt neutron lifetime sec equation 7
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4., Paragraph 8.3.2 Start=up Accident

Give the variation of the :o:ai (and its components) reactivity for the
start-up accident for the first 10 seconds after the accident initiation,

(these would complement Fig. l4=1 and 14-2 of the Oconee FSAR Rev. 16).

The approach taken in the review of FSAR transient analyses as an inte~
gral part of the reload design methodology is discussed in Section 8 of
NFS-1001. For each FSAR analysis the main parameters of interest hava
been identified and documented in the FSAR. In order to assure that a
reload core is in conformance with the assumptions in the analysis, it
{s necessary :o determine that the paramerers associated with the re-
load core are bounded by the parameters assumed in the FSAR. If this
eriterion is mec, it can be concluded that the existing FSAR analysis
remains valid for the relocad core.

Question 4 requests additional information for the start-up accident
concerning the variation of the components of the reactivity respounse.
These parameters are an intermediate output of the analysis whose re-
sponse 1is {ndicated by other documented parameters such as power level,
but are not normally included in the analysis documentation. However,
the components of the reactivity response are determined by the para-
meters which are reviewed and shown to be within the bounds of the FSAR
analysis. The reactivity response determined by those parameters re-
mains valid until the value of a parameter is no longer bounded for a
reload core. The safety review methodology of Section 8 azssures the
identification of all pertinent reload core parameters affecting the
reference safety analysis, confirmation of the validity of =he re-
ference safety analysis for the reload core, and the resolution of any
non-conservative parameter.

In order to respond to the question, the variation of the total re-
activity and its components were calculated from the results presented
in FSAR Figures l4-1 and 14-2, utilizing the analysis assumptions
specified in the FSAR. The variati~n of the total reactivity during

a startup accident is the sum of three reactivity effects. The with-
drawval of the control rod banks adds positive reactivity which causes
the neutron power level to increase and raise the average core tempera-
ture. The ‘ncrease in fuel temperature causes a negative reactivitcy
feedback due to the negative Doppler coefficient. The increase in
power level increases heat transfer from the fuel to the coolant, re~-
sult:ng in an increase in mocderator temperature. This causes a
positive reactivity feedback since a positive beginning of cycle
moderator coefficient is assumed. The transient response is primarily
determined by the rate of positive reactivity addition from the with-
drawal of rods, and the Doppler feedback which slows or terminates the
auclear excursion. The moderator feedback has a smaller effect.
Figures 4~1 and 4-2 show the variation of the reactivity consistent
with FSAR Figures l4~1 and 14-2 respectively. It should bde noted that
these figures do not represent the first 10 seconds of the transients,
considering that the initial conditions are 10E-9 rated power and 1%
k/k suberitical. Figures 4~1 and 4-2 illustrate the time interval of
greatest interest during the transieat, Figure 4~1 is the same scale
as Pigure l4-1, and Figure 4~2 is the first ome second of the response
in Fijure l4-2. For both transients the reactivicy addition for the
first 10 seconds following initiation of rod withdrawal would only
cause a reduction in the subcriticality margin.

Revised 3/18/81
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Paragraph 8.3.3. Rod Withdrawal Accident at Rated Power Operation

Give the variation of the reactivity as in 4. above.

The reactivity response of the rod withdrawal accident at rated power
simulation performed by B&W and used in the original FSAR analysis

is not available. 1In order to respond to the question a similar ana-
lysis was performed by Duke Power Company using the RETRAN code aand
matching as accurately as possible the modeling assumptions cf the
original analysis. Figure 5~1, a revised FSAR Figure 14-9, shows

the comparison between the original analysis (solid lines) and the
new analysis (dashed lines). No attempt was made to match the re-
sults of tne criginal analysis, the intent being to match the assump-
tions and initial conditions. The similarity between the results of
the two analyses supports the conclusion that the reactivity response

of the new analysis shown in Figure 5-2 is representa.ive of the ori-
ginal analysis.
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Paragraph 8.3, Discussion of Individual Accidents

Have thé computer codes used in accident analysis (summarized in Ap-
pendix A) been updated and revised since the Oconee FSAR was issued?
If so, would the general conclusions of the accident analysis change
if the analysis was to be performed with the updated codes? Justify
your comclusion.

The computer codes summarized in Appeadix A of NFS-1001 are primarily
the nuclear, chermal, and thermal-hydraulic analysis codes intended
for the reload core design. All the codes necessary for accident
analyses are not included in that appendix.

The analysis of the loss of coolant accident was revised since the
issuance of the Oconee FSAR using updated codes. BAW-10103 represents
this revised analysis. Although many of the other accidents have not
been reanalyzed utilizing updated codes, it is bzlieved that the gen-
eral cenclusions of the existing analyses would not change if the
analysis was repeated utilizing state-of-Lhe-art computer codes. This
conclusion is based on the premise that the earlier computer codes
employed generally conservative modeling comparerd to the more accurate
modeling utilized in current computer codes. Furthermore, the input
parameters and assumptions employed in establishing the plant models
have the dominant iufluence on accident consequences.

As discussed in the report, the safety analvsis review performed dur-
ing reload design involves a thorough review of the input data aad
assumptions used in the accident analyses and a comparison to the
values generated by the reload design. The goal of the review is to
verify that the reload design vaiues remain bounded by the accident
values and thus confirm that the safety analyses remain valid.
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Paragraph 8.3.4. Moderator Dilution Accident

"Additidnal Analysis" is claimed to demcnszrate ccmplete protection
duriag refueling operations. GCive moce information of this analysis.

The "Additional Analysis" referred to is summarized in FSAR Section

14.1.2.4.2, the last paragraph on page 14~9. This paragraph is re-
produced below.

During refueling or maintenance operations when the reactor closure
head has been removed, the sources of dilution water makeup to the
letdown stcrage tank--and therefore to the reactor coolant system--~are
locked closed, and the high pressure injection pumps are not operating.
At the Deginning of core life when the boron concentration is highest,
the reactor is about 9.5 per cent Ak/k subcritical with the maximum
worth rod stuck out. To demonstrate the ability of the reactor to
accept moderator dilution during shutdown, the consequences of acci-
dentally filling the letdown Storage tank with dilution water aad
starting the high pressure injection pumps have been evaluated. The
entire water volume from the letdown storage tank could be pumped

into the reactor coolant system (assuming only the coolant in the

reactor vessel is diluted), and the reactor would still be 4.2 per
cent Ak/k subcritical.

C e - ——
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Paragraph 8.3.6. Loss of Coolant Flow

It is stated that the hot channel power peak augmentation factors,
fuel densification, and rod bow effects are not expected to change
for the reloads; however, it is not stated how this coaclusion has
been arrived at.

' e A Hot channel power peak augmentation factors are associated with the
mechanical design of the fuel assembly. The mechanical desigs is not
normally modified in the reload design process. The fuel assembly
design for Oconee has a history of very few modificaticans, none signi-
ficantly affecting mechanical or nuclear performance. For example,
the hot channel factors which accouat for the effect of statistical
uncertainty in parameters such as eanrichment, fuel rod loading, and
geometry on the fuel rod heat flux and heat generation rate, remain
valid for all fuel manufactured wi.ain the specified tolerances in
these parameters.

The presently accepted treatment of the fuel densification effect on
minimum DNBR analysis 1s the use of densified fuel stack length for
calculating the heat flux. The original analysis was based on an
initial fuel density of 92.5%, which produced the maximum stack lengtn
reduction compared to the subsequent reload fuei batches consisting of
higher deasity fuel. For each reload, values of the densified heat
flux are evaluated in the thermal hydraulic design analysis section of
the reload report.

The effect of fuel rod bowing, dependent on the fuel assembly mechan-
ical design and burnup, is explicitly factorad into the thermal~-
hydraulic design of the reload core. The reactor protection system
setpoints necessary for DNBR protection are established to provide
the necessary margia to account for the effect of fuel rod bowing,

as discussed in Sections 4.8 and 6.10 of NFS-1001.
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R: P Paragraph 8.3.9, Steam Line Failure

It is stated in the accident description that continued feedwater
flow in the affected steam generator, combined with excessive heat
removal and primary cool down the reactor may experience "a return
to low pover levels." There is got quantification of this power
level, its potential Consequences, or measures aand actions for the
return of the reactor to subcritical. Under what conditions is

there a2 minimum of rod worth which could have the most adverse
effects? E

T The answers to these questions may be found in the Oconee FSAR, Chap~-

ter 14 and Supplement 3. However, a brief respoase summarizing the
FSAR material follows.

A number of cases iaveolviag a variety of secondary system behavior
during a steam line break are evaluated in the FSAR. Cases involving
failure to isolate the affected steam generator, excessive feedwater
addition due to malfuaction in the feedwater control ‘unction, or of
the auxiliary feedwater in additon to the continuing feedwater to the
affected steam generator predict a return to power (1% FP, 8% FP
35% FT, respectively) for a brief period of time. In each case, the
+ Feactor is returned to a subcritical conditioa by the action of the
ECCS (high pressure injection, core flood tank and low pressure in-
jection) within 350 seconds. The return to power situations are
calculated to occur with the conservative assumption of the minimum
tripped rod work associated with the minimum shutdown margin speci-
fied in the Technical Specifications and considering the highest-
worth rod to be stuck out,

e o e L ENEEL -~
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Supplement 2, Figure 4-1 and Paragraph 3.1.1.1.

Y
Figure 4-1, Supplement 2 appears o contradict the statement

in paragraph 3.1.1.1 thact reads:

" ON-fuel cross sections with the exception of burnable poison
assemulies and control rods are also generated using EPRI-CELL.
Cross sections for burmable poison assemblies and comtrol rods
for use in diffusion theory calculations are generated by
matching reaction rates between the diffusion theory code
PDQO7 and (2M (a collision probability code).”

Give a more detailed description of the procedure for conmtrel
rod and burnable poison cross section generation and the use
of burnable poison cross sections in PDQO7-HARMONY depleticn
calculacions.

A. 10. While :“:ere appears to be a contradiction both statements
have me.:. The ARMP procedure for generation of bdurnadble
poison cioss sections was developed from CPM and PDQO7
calculacions. The procedure however needs only EPRI-CEZLL
and PDQO7 calculations to use it. Detailed deScription of
the procedure can be found in the "Advanced Recycle Methedolegy
Program System Documentation, September 1977." Part I Chapter 6
Section 4.2 uescribes the develcpment of the procedure using
CPM and PDQO7 while Section 4.3 describes the procedure using
EPRI-CELL and PDQO7.

The procedure for developing control rod cross sections is
described in Part I Chapter 6 Section 3.4 of the "Advanced
Recycle Merhodology Program System Documentation, September 1977."




A.

1l.

Page 18 of 24
Supplement 2, Paragraph 3.2, Comparison of ARMP PDQO7 to Cold Criticals.

The two-dimensional simulation of the criticals has not been performed

at Duke nor with PDQO7, yet it was comcluded that the results would

have been identical +ith the PDQO7 results. Justify the above
<onclusion.

The cold criticals have been simulated with PDQO7. The results have
been published in Part I Chapter 2, Rev. | of the ARMP System

Documentation. This work was performed under EPRI Research Project
118-1.

These benchmark calculations use standard ARMP methodology, standard
APMP codes (EPRI-CELL, NUPUNCHER, PDQO7) and Duke Power also uses
these codes and methodology. Duke Power Company has been actively
involved in developing in-core fuel management capability since 1969.
Currently in the Nuclear Fuel Services Section, there are a total of
nine employees with a cumulative thirty-two (32) man-years of PDQ
experience. The level of individual experience ranges from one to
nine years, and includes experience with Combustion Engineering,
Westinghouse, and Babcock & Wilcox core design calculations. There~-
fore, Duke Power considers that i{f it had performed these benchmark
calculations, the results would have been idemntical.

Revised 3/18/81
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.

Supolement 2, paragraph 3.4, Conclusions.

The conclusions for the calculated results of the peak power
are aot :cenable. There is no reason why the diffusion theory
estimation by PDQO7 of the local radial peaking should be more
conservative than those calculated with transport theory codes,
or the measured values. This result must be regarded as.for-
tuitous. For example (Fig. 3-4), many fuel assembly maxima
were underpredicted by PDQO7. Justify the conclusion that
PDQO7 will always be conservative in peak power predictions

and preseat physical arguments for this justification.

Iz Section 3, PDQO7's ability to conservatively predict the
assembly local radial is addressed. In Figures 3-2, 3-3, and
3-4,. it was shown that the maximum local radial as calculaced
by PDQO7 was conservative with respect to the measured or ™
transport theory calculated values for three completely dii-
ferent lattice conditions. Each of these figures show the pia-
wise power distributions within a single fuel assembly.

In Figures 3=2, 3, 4, the eight highest measured (or EPRI-CPM
calculated) pin powers were selected. The means and standard
deviations of the (calculated-measured) difference were tab~-
ulated for all three zroups together, and by each group (bdYy
Figure) individually.

In these samples, the mean was taken as the sample mean with
the true standard deviation unknown. Then 95X confidence
limics of che true mean were determined by:

£(.025, a-1) * S(D)
Wi e B VT

Table 1 displays the results of this analysis.

Table 1

28y -~

25% Confidence Level Zstimaces of the C-i
Radial Local Means

Figure a ) s_(D) Doy o
3-2 3 .0070 .01739 .0215  -.0075
33 2 .02225 .01268 .0329 .0116
3=b 3 .0105 .008767 .0178 .0032

3=2,2,4 24 .01325 L0Ll44s .0194 .0071
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cont'd.

Since D>2.0 for all four sample groups, it is concluded thac
PDQQ7 would overpredict the mean radial local of the highest
power pins within an assembly. Furthermore, using 95X con-
Sidence limits estimates, PDQO7 over-predicts the mean radial
local in the lower 2.5% interval (D,>0.0) for three of the four
cases considered. 8

Besides the observations in Chapter 3 of Supplement 2, the Oconee
fuel assembly employs a uniform lattice with a small interassembly
water gap. A water hole's area is only as large as that of a fuel
rod so that thermal flux peaking is minimized. Likewise, even ac:

cold conditions, the nominal water 8ap between assemblies is only
12% of a pin picch.

Thermal physics constants are standardly calculated usiang the Mixed
Number Density (MND) procedure. Thermal absorption and fission
constants are products of tleir respective 2200 m/sec cross sections
and the cell average velocity (relative to 2200 m/sec). Thermal
diffusion constants are treated in a similar fashion.

Ther—al reaction races in PDQO7 are proportional to the magnitude

of the chermal flux. When excess thermalization cccurs, e.3., near
a vater hole, MND cross sections conservatively yield higher zhermal
redaction races than conventional cross sections.

This conmservatism of the MND method is shown in Figure 1. Here a
comparison was made of MND and conventional PDOO7 pin powers
relative to EPRI-CPM. The data source for the MND PDQO7 and EPRI-
CPM assembly simulacion was Figure 3-4 of Supplemen: 2. It was
shown that for the eight maximum pin powers, MND cross sezcions
vieldad a mean percent difference of .99%; while the conventional
cross section PDQO7 had a nonconservative mean of =-.31%.

The statistics presented in Supplement 2 justify use of a radial
ONRF of 1.03 for unrodded fuel cycles. We have suggesced use of
1.05 which allows approximately twe percent conservatism for any
local pin peak uncertaincies.

The above statistics, physical geometry, and modeling procedures
support the conclusion chat no additional uncertainty is neeced

on the radial local peak. However, a 2% conservacism is builc iato
the 1.05 radial ONRF we propose using.
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Supplement 2, paragraph 4.2, Oconee Fuel Cvecle Simulation.

It appears that the EPRI-NODE-? almost consiscently under-
predicts the assembly peak power for cycles 2 and 3. Justify
the conclusion in paragraph 4.3 that the EPRI-NODE-P "yielded
consistently good power distributioms..."

Conclusions about power distributions are reached in view of
the global behavior of EPRI-NODE-P. The Cycle ] data was
shown in Sestionm 4 of Supplement 2 only for illustracive
purposes since the measured data was not considered benchmark
quality as the ocher four cycles.

The derived total ONRF from chapter 5 was 1.10 for rodded
cycles. Only 6% of the products of the ONRF and calculaced
peak exceeded the cycle 2 measured peaks. Therefore, based
on a 95/95 criterion, the agreement was judged good.
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Supplement 2, Figure 4-2 through 4-127.

The IPRI-NODE-? calculated power distribuctions for the firsc
four cycles of operation of Oconee 1 consistently underpre-
dicted cthe relative power in assembly H-8, often by more than
10%2. 1Is the reason for this anomaly known?

Yes. It is current Duke design practice to perform only cne
radial power normalization at approximactely 25 EFPD. The
normalization is referenced to a two-dimenszional discrece
pin mcdel PDQO7 power distribution.

The normalization is performed such that zhere is good

radial power agreement in both the central nine (H-3 iacluded)
and the peripheral assembly regions. Since only the incernal
leakage facctor, Bn+ was adjusted for the central nine, agree-
ment of the central nine as a wnole was addressed rather H-8
specifically. This method yielded radial differences of 3%

or less early in each cycle for H-3 as shown by Figures &4-~4,
4=41, and 4-87. Assembly K-9 in Cycle 3 had a 20% larger
radial at BOC than H-8, therefore the central nine normalization
gave a more accurate agreement with a more limiting assembly.
Creles 1, 2, and ] were all rodded cycles, and therefore rod
interchanges severely changed the radial oower shape. A radial
power renormalization to PDQO7 after the rod interchange would
have significantly improved radial and peak agreement.

The reactors at Oconee will soon all be operated in the unrodded
mode and 350 only the stcatistics for Cvcles ¢ and 5 are repre-
sentacive of future design calculations.

Ian Cycla 4, the largest radial power difference for H-3 was
3.32. Ia Cycle 5, differences of up to 10% were seen. However,
H-8 was a low power assembly, and K-9 was the assembly of concern.
Good agreement was shown between assemblies K~9 and also H-9
throughout this cycle.

The only other method of assuring less than 3 power difference -0
H-3 would h“ave been to apply a K» multiplier. Sueh an ad hoe
mechod of norma'ization is contrary to Nuke design prac:zice.
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Supplement 2, paragraph 5.2, Normality Test Results.

All data sets have been used with the assu<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>