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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 Performance, Maneuvering Analysis, 

Thermal Hydraulic Design, Technical Specifications Review and Development,.  

Accident Analysis Review, and the Development of Core Physics Parameters.
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0 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 amount 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 

are determined by a fuel management scheme) and loading an equal number of fresh 

and possibly previously burned fuel 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 to 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 procedures of the major reload design tasks used for Oconee reload 

design.  

The reload design is essentially a series of analytical exercises with the 

objective to design the 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 of the development of.the basic speci

fications of the reload batch (mechanical characteristics of the fuel assembly, 
fuel rod 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 cons-iderations. These requirements are called reload design criteria 

_-_andi are as foillows: 

1. Initial core excess reactivity will be sufficient to enable full power 

operation for thedesired length of the cycle.  

Technica~lSpecificatit limits'of specified core parameters (quadrant 

power tilt, power imbalaice, control rod positions, xenon conditions, 

coolant-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 operational conditions 

throughout the cycle so that sufficient operating flexibility is retained 

for the fuel cycle.  

3. The fuel assemblieg t6be'discharged-at the end of the fuel cycle will 

attan maximum permissible burnup so that maximum energy extraction con

sistent with the fuel-mechanical integrity criteria is achieved.  

4 Values of important core parametdrs (moderator 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 ppwer and burnup consistent with the 

mechanical integrity analysis of the fuel rod--that ,is, the glad tensile 

strain 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, () .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 selection, 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 pressure and composition, and specified toler
ances on fuel rod design parameters),. The physicalproperties of the-fuel 

assembly, fuel pin, and non-fuel regions established by the fuel design 

process are necessary input into 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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specifiedcriterion 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 l-ading (fuel assemblyl'ift-off), and seismic and LOCA reponse are 

acceptable. alt-.als.o;includes the. evaluation of the extent of fuel densifica

innand. its,effect; the. evaluation.rof-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 

per-formance of the.: fuel. assembly:is needed. ..The extent of fuel densification 

and i-ts. effectscdepends on thefuel fabrication process, the initial density 

:ofthe fabricated fuel pellet, and:the analytical model utilized for the 

evaluation;_if ..any of.these factors changes for a particular reload, a reanaly

~sisof fue-l. 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. -Fue-l: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 topreclude 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 changein- 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 maintainedduring anticipated tran

sients. The need to perform the thermal-hydraulic analysis 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.  

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 hecessary, 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 theirlvalues 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 documentatio'of 

the results of all other phases into a report called'the reload.report. ' This 

report includes a description of the reload core; the fuel design, results of 

nuclear, thermal, thermal-hydraulic, and fuel mechanical analysis, accident 

analysis review, and proposed Technical Specifications, 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 engin ering-incentive or regulatory requirements, 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

i th riifialcore desi n, with many of the design variables 

being constrained by the original core design. In the following sections 

each of the major phases of the_,,r.}jlQad 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 Pellet 

The fuel is in the form of U02 cylindrical pellets which are sintered, ground, 

and dried to obtain the desired density, dimensions, and.moisture content.  

The ends of the pellets are chamfered to minimize the effects of differential 

thermal expansion. The pellet radius is constrained to be less 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 

spacers, 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 duringthe fuel burnup.  

The volume is designed to maintain the internal pin pressure less than the 

primary system pressure at coolant temperatures greater than 425 0F 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 c ,ntamination. The fuel rods when loaded are 

sealed by Zr-4 endcaps 'welded at each end.  

2.3 Fuel Assembly Design 

Fuel assembly design consists of specif ing 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 determind 5yryig t limit the linear heat rate of the fuel. The 

fuel pellet radus ad 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 pitch is constrained by the 

size and number of assemblies in the core.  

Instrument tubes are typically located in the center of the fuel assembly and 

guide tubes are symetrically dispersed 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 guide 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

bly. An internal hollow post in the center of the end fitting provides a means 

for supporting control rod assemblies and for retention of either 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 and 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-71
8 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 reload 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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TABLE 2-1 

OCONEE 

SYSTEM AND COMPONENT DATA 

MARK B2 CORE COMPONENT DESIGN DATA 

Fuel Assembly Designation Mark B2 

Calculated Fuel Assembly Total Weight, lbs. 1550 

Material Between Active Core Limits per Assembly, lbs.  

Zircaloy 274 

Inconel 9.2 

UO 1172 

Fuel Assembly Cell Flow.Areas, in. 39.76 

Assembly Pitch, in. 8.587 

Spacer Grid Assemblies 

Spacer Grid Material Inconel 718 
.3 Spacer Grid Material Density, lbs/in 0.296 

Number. of Spacer Grids per Assembly 

Total 8 

Between Active Core Limits 6 

Spacer Grid Weight, lbs.  

Intermediate, each 1.5 

End, each 1.6 

Total per Fuel Assembly 12.4 
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Fuel Rods 

Fuel Rod Pitch, in. 0.568 

Fuel Rod Array 15x15 

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 
3 

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 Length, in. 0.700 

Pellet Density, g/cc (93.5% of Theoretical) 1.0.248 

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 UO 
2 

U per Fuel Rod, kg 2.2530 

U per Assembly, kg 468.6240 

UO per Fuel Rod, kg 2.5559.  

U02 per Fuel Assembly, kg 531.6272 

U/U02 Ratio Used for Calculation 0.8815 

Metal/Water Ratio 0.828227 

Control 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-4 
3 Guide Tube Material Density, lbs/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 
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Instrumentation Tube 

Number of Instrumentation Tubes per Assembly 1 

Instrumentation Tube Attachment to Spacer Grids None 

Instrumentation Tube Material Zircaloy-4 

Instrumentation Tube Material Density, lbs/ft. 3 0.237 

Instrumentation Tube Weight, lbs.  

Per Tube 1.40 

Between Active Core Limits 1.30 

Instrumentation Tube.OD, in. 0.493 

Instrumentation Tube ID, in. 0.441 

Instrumentation Tube Wall Thickness, in. 0.026 

Instrumentation Tube Cell Flow Area, in.2  0.0867 

Length of Instrumentation Tube, in. 154.9375 

Spacer Sleeves 

Spacer Sleeve, OD, in. 0.550 

Spacer Sleeve, ID, in. 0.498 

Spacer Sleeve Material Zircaloy-4 

Spacer Sleeve Weight, lbs.  

Per Assembly 1.39 
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Spacer Sleeve Length, in.  

6 Sleeves at 19.593 

1 Sleeve at 18.781 

Length of 7 Spacer Sleeves, in. 136.339 

Control Rod 

Cladding OD, in. 0.440 

Cladding ID, in. 0.398 

Cladding Wall Thickness 0.021 

Cladding Length, in. 149.500 

Cladding Material SS304 

Absorber OD, in. 0.392 

Absorber Length, in. 134.0 

Absorber Material Ag-In-Cd 

Axial Power Shaping Rod 

Cladding OD, in. 0.440 
Cladding ID, in. 0.398 

Cladding Wall Thickness, in. 0.021 

Cladding Length, in. 38.500 

Cladding Material SS304 

Absorber OD, in. 0.375 

Absorber Length, in. 36 

Absorber Material Ag-In-Cd 

Follower Tube OD, in. 0.440 

Follower Tube ID, in. 0.376 

Follower Tube Wall Thickness, in. 0.032 

Follower Tube Length, in. 113.750 

Follower Tube Material Zircaloy-4 
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Burnable Poison Rod 

Cladding OD, in. 0.430 

Cladding ID, in. 0.360 

Cladding Wall Thickness, in. 0.035 

Cladding Length, in. 157.250 

Cladding Material Zircaloy-4 

Burnable Poison Material OD, in. 0.340 

Burnable Poison Lengh, in. 126.000 

Burnable Poison Material Al 0 -B4C 

Orifice Rod 

Orifice Rod OD, in. 0.480.  

Orifice Rod Length, in. 10.000 

Orifice Rod Length, in. (0.489 dia. section) 7.000 

Orifice Rod Material SS304 

Orifice Rod Spring OD, in. 0.381 

Orifice Rod Spring Wire Dia., in. 0.063 

Orifice Rod Spring Material Inconel X-750 
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3. FUEL CYCLE DESIGN 

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 possibly burned assemblies to be in

serted during the next refueling. A preliminary 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 necessary 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 reactor core. The current system in use at Duke 

Power is outlined in Figure 3-1. A brief description of each code is included 

as Appendix 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 temperature, fuel enrichment, number of deple

tion steps and the length of each step, etc.  
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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 PDQ07.  

This procedure is repeated 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 and con

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

assemblies and control rods for use in diffusion theory calculations are generated 

by matching reaction rates between the diffusion theory code PDQ07 and CPM 

(a collision probability code).  

3.1.1.2 Diffusion Theory Calculations 

Once the cross sections have been generated they are input to PDQ07 which 

solves the diffusion depletion equations in one, two, or three dimensions.  

Two types of PDQ07 calculations are routinely run; the color set calculation 

and the quarter core calculation. The color set calculation is a single 

assembly or four quarter assemblies pin mesh x-y geometry PDQ07. This 

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

The quarter core PDQ07 is a pin mesh x-y geometry calculation which yields 

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

other nuclear parameters of interest.  

3.1.1.3 Nodal Calculations 

The output from the color set PDQ07 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-NODE. EPRI-NODE is a three dimensional nodal code that is 

currently in use to provide three dimensional information such as three dimen

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

0 
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3.1.2 Calculations and Results of PFCD 

Once the calculational models are prepared for the cycle of interest (steps dis

cussed in 3.1.1 are complete), the nuclear designer chooses a feed enrichment, 

number of assemblies, and preliminary loading pattern for the reload core.  

Calculations using either or both EPRI-NODE and PDQ07 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 work is available. 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 of the fuel assemblies during the PFCD, 

the final fuel cycle 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 following 

design criteria with appropriate reductions to account for calculational uncer

tainties: 

1. Radial Pin Peak < 1.714 (inner flow zone) 

< 1.629 (outer flow zone) 

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

3. Maximum pellet burnup < 55,000 MWD/MTU.  

4. Shutdown Margin at HZP > 1.0 % Ap.  
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5. Ejected rod worth at HZP < 1.0% Ap.  

6. Ejected rod worth at HFP < 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 transients analyzed during the 

safety 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 PDQ07. 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 

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 determined by optimizing power distribution may later need 

to be modified based upon results obtained in the remaining nuclear calculations.  

3.2.2 Rod Worth Calculations 

Control rods serve several functions in the Oconee reactor. The primary func

tion is to provide adequate shutdown capability during normal and accident con

ditions. They are also used in 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 is 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: 

1. Choice of Control Rod Groupings and Worths 

2. Shutdown Margin 

3. Ejected Rod Worth 

4. Dropped Rod Worth 

3.2.2.1 Control Rod Groupings and Worths 

Control rod locations in Oconee are fixed, however, the rods in a particular 

group may vary from cycle to cycle. The control 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 calculated in quarter core geometry using 

either PDQ07 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

sis.  
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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 PDQ07 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).  

Item 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 power deficit ob

tained by running an EPRI-NODE or PDQ07 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 PDQ07 an additional 

reactivity penalty is assessed as Item 9. The sum of theserequired worths (Item 

10) is the.total required worth.  

The shutdown margin is shown as Item 11 and is defined as the total available 

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

A~P.  

3.2.2.3 Ejected Rod Worth 

The maximum allowable ejected rod worth is limited by the Technical Specifications.  

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 th@ 

Technical Specification limits.  
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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 PDQ07 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 the 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 required 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.  
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3.2.3 Power Distribution Calculations 

For Oconee emphasis in the FFCD is on radial power distributions both on 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 PDQ07 model and the 3-D EPRI

NODE model. The local radial peaking factor, maximum pin to assembly power ra

tio, calculated by PDQ07 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 mesh PDQ07 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 that 

the coefficient when integrated over a given range yields the deficit, or the co

efficient is the partial derivative of reactivity with respect to one specific 

parameter.  

Coefficients of reactivity are calculated using PDQ07 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 Fuel 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.  

If Case 1 represents the reference case with an effective fuel temperature T1 1 
(and K effective) and Case 2 represents a second case where the fuel temperature 

has been increased or decreased by approximately 50aF and is T2 , (and K
2 effective) 

the Doppler coefficient is mathematically calculated from the following equation: 

K' -K 2 
eff eff 

FTC = K' x K2 
eff eff = Ap/oF 

T, - T2 
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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 0F. 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 PDQ07 by effecting a 

change in the core average moderator temperature. Two cases are run with the 

moderator temperature at +50F and -50F around the HZP (±2.50F at HFP) average 1 

temperature. If these cases and the resulting K effectives are identified as 

Case 1 (TMOD1 , Keff) and Case 2 (TMOD2 , K
2ff), the moderator temperature co

efficient is calculated from the following equation: 

K1  - K2 
eff eff 

MTC K1  x K2 
eff eff = Ap/o 

(TMOD1 - TMOD2) 

3.2.5.3 Temperature Coefficient 

The fractional change in reactivity due to a small change in core temperatures is 

defined as the core temperature coefficient of reactivity. This is equal to the 

sum of the moderator and Doppler temperature coefficients and may be explicitly 

calculated at HZP for isothermal conditions (TFUEL=TMOD) by varying both the fuel 

and moderator temperatures approximately +50F about the average moderator temp

erature at HZP. Similarly the temperature coefficient at HFP may be explicitly 

calculated by varying the moderator and fuel temperatures by ±2.5
0F. This calcu

lation may be performed with PDQ07 and/or EPRI-NODE.  

3 

3-10



3.2.5.4 Power Coefficient 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 level change from HZP to HFP.  

The power coefficient is defined by the following equation: 

K1  - K2 
eff eff 

up = K1  x K2 
eff eff 

P1 - P2 

where: K1  is K effective for the core at power P1 (%) 
e ff 

K2  is K effective for the core at power P2 (/).  eff 

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

ATMOD ATFUEL 
up = MTC AP AP 

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 constant at approximately 

580 0F above 15% HFP. Therefore, for power levels above 15% RFP the power coef

ficient can be reduced to just the fuel temperature contribution or 

ATFUEL 
up = 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 3-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 coefficient.calculation for KFP would proceed in the following g 

manner. The HFP case is run using EPRI-NODE and the core Keffective is calcula

ted (K1  ). Then a second EPRI-NODE case is run with the core power level 
effective 

reduced 5% while holding everything else constant. The Keffective from this case, 

K2 f , is used along with the results from the reference case to calculate 
effective' 

the power coefficient: 

K1  -K 2 

eff eff 

K1  x K
2 

eff eff 
utp= P 1 -P = AP 

% 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 dimensions to satisfactorily model the axial flux 

redistribution, however, a two dimensional calculation may be performed and cor

rected for this flux redistribution phenomenon. Two EPRI-NODE or PDQ07 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: 

K1  - K2 
eff eff 

Power Deficit = Ki x K 2 x 100 = %Ap 
HZP - Heff eff 

where: K1  is core Keffective at HZP and K2  is core Keffective 
effective effective 

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.  
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3.2.6 Boron Related Parameters 

Critical boron concentrations at BOC and EOC for HFP and HZP and various rod posi

tions are calculated using PDQ07 and/or EPRI-NODE. Table 3-4 lists conditions 

that critical boron concentrations and boron worths are calculated. In addition 

to these, an all rods out (ARO) critical boron letdown curve, and a critical boron 

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

3.2.7 Xenon Worth 

The HFP equilibrium 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 PDQ07 or EPRI-NODE are performed for HFP equilibrium 

xenon conditions. If PDQ07 is being used, a second no xenon case is run by either 

zeroing out the number density for xenon or zeroing out the xenon cross section.  

If 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 behavior 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 of the reactor 

core. The rate of change in power from a given reactivity insertion can be 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 PDQ07 and DELAY.  

PDQ07 is used to obtain 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 thereby 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 p effective, P effective, for the new reload cycle 

is compared to that of the previous cycle in the reload report.  
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Table 3-1 

Shutdown Margin Calculation 

BOC, % Ap EOC, % Ap 

Available Rod Worth 

1. Total rod worth, HZP 8.91 8.79 

2. Worth reduction due to 
burnup of poison material -.36 - .42 

3. Maximum stuck rod, HZP -2.17 -2.01 

4. Net Worth 6.38 6.36 

5. Less 10% uncertainty -0.64 -0.64 

6. Total available worth 5.74 5.72 

Required Rod Worth 

7. Power deficit, HFP to HZP 1.31 2.12 

8. Max allowable inserted 
rod worth 0.40 0.60 

9. Flux redistribution 0.59 1.20 

10. Total required worth 2.30 3.92 

11. Shutdown Margin (total avail.  
worth minus total required 
worth) 3.44 1.80 

Note: Required shutdown margin is 1.00% Ap.  
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Table 3-2 

Ejected Rod Worths 

Condition Technical Specification Calculational 

Limit Limit 

HZP (Banks 5-8 in.) 1.00% Ap 0.85% Ap 

HFP (Banks 7-8 in.) 0.65% Ap 0.55% Ap 
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Table 3-3 

Radial Pin Peak 

FLOW ZONE Maximum Allowable Calculational 

Radial Pin Peak Limit* 

Inner 1.714 1.587 

Outer 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.  
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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 (equilibrium 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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4. FUEL MECHANICAL PERFORMANCE 

4.1 Introduction 

The fuel mechanical performance includes evaluations of the fuel assembly mechan

ical performance under seismic and LOCA conditions as well as normal operation; 

fuel rod performance evaluations include the effects of fuel densification and 

rod bowing. Cladding collapse analysis is included as is stress and strain 

analysis and linear heat rate capability. In the absence of any changes in 

the fuel assembly mechanical design, no re-evaluation of fuel assembly mechan

ical performance is required. Similarly, re-evaluation of fuel rod mechanical 

performance is require only if certain parameters change from the previous 

design such as pellet density, initial fill gas pressure, dimensional changes, 

or significant changes in burnup or power history.  

4.2 Fuel Assembly Mechanical Design 

The basic mechanical design verification tests and calculations for vibra

tion and seismic and LOCA response are presented in the FSAR and various fuel 

vendor topical reports. Minor mechanical design changes, such as end fitting 

design and grid design are tested by the vendor when required or are shown to 

be within original design. For example, minor differences in end fitting de

sign between the Mark B3 and Mark B4 assemblies were shown by B & W to have 

slight differences in flow resistance and this difference was recognized in 

the thermal hydraulic analysis and accounted for in the reload design. Pres

sure drop characteristics of the assembly containing a burnable poison assembly 

of new design would have to be identified and considered in the same manner.  

4.3 Cladding Collapse Analysis 

In-reactor fuel densification can be postulated to result in axial gaps between 

fuel pellets. Clad collapse analysis is done to demonstrate that clad will not 

collapse into these postulated gaps during the life of the fuel rod. Creep 
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collapse analyses are performed for three or four-cycle assembly power histories 

for each reload design. The B & W CROV code, described in topical report BAW

10084 Rev 1, calculates time to collapse for the "worst case" assembly power 

history.  

Times to collapse are calculated to be greater than 30,000 equivalent full power 

hours .(EFPH), which is longer than the three or four-cycle design life.  

4.4 Cladding Stress Analysis 

The cladding is designed to withstand stresses and strains resulting from the 

combined effects of reactor pressure, fission gas pressure, fuel expansion, 

and thermal and irradiation growth. The conservative cladding stress analysis 

performed in the Oconee fuel densification topicals (BAW-10054, 1387, 1395, 1399) 

serve as an enveloping analysis for current reloads.  

4.5 Cladding Strain Analysis 

The fuel design criteria specify a limit of 1% on cladding circumferential plas

tic strain. This strain would be caused by pellet swelling due to the effects of 

thermal expansion and pellet swelling with burnup caused by fission gas genera

tion and changes in the pellet microstructure. Plastic strain occurs over a long 

period of time at stresses below the yield stress.  

Analyzing to the maximum design local pellet burnup of 55,000 MWD/MTU, cladding 

strain was calculated to be less than the 1% criteria; therefore this analysis 

envelopes any normal operating three or four cycle fuel history.  

4.6 Linear Heat Rate Capability 

The design linear heat rate capability is based on centerline fuel melting and 

was established using the TAFY-3 code with densification to 96.5%. TAFY is 

described in topical report BAW-10044. Since minor changes and variations in 

fuel rod design such as pellet density and pellet and clad dimensional tolerances 
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can result in changes in linear heat rate capability, an analysis may be required 

for certain assemblies. Figure 4-1 illustrates the TAFY calculation of maximum 

fuel temperature versus linear heat rate; the intersection of this curve with the 

U02 melting temperature gives the maximum linear heat rate capability.  

Internal fuel rod pressure versus burnup is calculated as an integral part of 

the fuel rod thermal analysis. Fission gas pressure buildup must be quantified 

to assure that the internal pressure will be less than the external pressure 

exerted by the coolant on the clad (2200 psig) up to the maximum fuel burnup.  

Initial pressurization levels of the fuel rods during manufacture can be 

decreased if necessary to lower end-of-life pressures to acceptable values.  

Average fuel temperature at the nominal linear heat rate also is determined 

by the TAFY analysis, and is used as a conservative number in the nuclear 

analysis.  

The TACO code may be substituted for TAFY-3 for steady state analyses.  

4.7 Power Spike Model 

The local power distribution changes, or spikes, result from gaps in the pellet 

stack which form as pellets densify, decrease in length and some pellets hang up, 

allowing gaps from many pellets to accumulate. The.power spike results from a 

local decrease in thermal neutron absorption at the gap, and varies with the gap 

size.  

A statistical analysis by Monte Carlo techniques was used to develop a curve of 

maximum gap size versus axial position shown in Figure 4-2. The power spike in 

an adjacent fuel column was calculated using a two-dimensional, Sn transport 

theory code in x-y geometry; the same code in R-Z geometry was used to calculate 

variation of power spike with gap size shown in Figure 4-3. Development of these 

two curves is explained in topical report BAW-10054, Fuel Densification Report.  

The power spike penalty is applied to axial power shapes calculated during the 

maneuvering analysis as explained in Section 7.2.2.1 in the determination of 

total peaking margins relative to the center melting limit. However, the power 
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spike penalty is not now applied to the calculation of DNBR and LOCA limits, 

although the shortening of the fuel stack due to densification is included.  

4.8 Rod Bow Calculations 

Significant rod bow has been shown to reduce DNBR and therefore the rod bow 

must be calculated and its effects included in the thermal hydraulic analyses.  

Rod bow measurements from Oconee were analyzed statistically by both B & W and 

NRC. The more conservative NRC correlation is now being used for reload design: 

AC - 0.065 + 0.001449 lBu 
Co 

where: AC = rod bow magnitude, mils 

Co = initial gap (138 mils) 

Bu = maximum assembly burnup, MWd/mtU 

Based on an assumed maximum burnup of 33,000 MWd/mtU, an 11.2% rod bow penalty 

is conservatively applied to all analyses that define DNBR-limited plant 

operating limits. Application of rod bow penalties is discussed in Section 

6.10. 1 
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FIGURE 4-1 

MAXIMUM FUEL TEMPERATURE VS LINEAR HEAT RATE 
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Maximum Gap Size Vs Axial Position - Oconee 3, Cycle 3 
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Power Spike Factor Vs Axial Position - Oconee 3, Cycle 3 
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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 analysis 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 generation of integral rod worth curves at 

several burnup steps. The third step is the power maneuver performed in the 

nominal manner at BOC (4EFPD) and 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 been 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 positions and soluble boron where necessary to hold imbalance with

in + 5% and the reactor 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 rod pull or at EOC stepping 

the control rods into the core to calculate an integral rod worth curve for groups 

7, 6, and 5 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- I 
gin and ejected rod worth.  

5.3 Power Maneuver 

5.3.1 "Rods In" Design 1 

The burnup and xenon distribution from the BOC (4EFPD) depletion case at 100% HFP 

forms the input starting point for the 100-30-100 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 W 
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 maintain 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 to 100% and the control 

rods are withdrawn enough to compensate for the power deficit and the increased 

xenon 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 distributions, rod positions, and imbalance from this nominal 

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

5.3.2 "Rods Out" Design 

For a "Rods Out" fuel cycle design, 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 overlap are inserted 

and/or removed to produce large offsets and high power peaks. APSR 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 from the fuel 

cycle depletion cases usually at 4 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.  
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6. THERMAL HYDRAULIC DESIGN 

6.1 Introduction 

The thermal-hydraulic analyses establish the maximum permissible core power 

and power distribution for various operating conditions and the permissible 

combination of core outlet pressure and reactor outlet temperature to ensure 

that a minimum DNBR of 1.3 or greater can be 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 take 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 transfer regime 

where small 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 boiling. 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 location.  

DNBR is calculated using the Babcock & Wilcox BAW-2 correlation. This correla

tion, approved by NRC, has replaced the older and more conservative Westinghouse 

W-3 correlation used initially for the Oconee cores. The BAW-2 correlation, 

like the W-3, is an 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 +26% (analysis conservatively limited to +22/%) 

* Mass Velocity : 0.95 x 106 to 4.0 x 106 Lbm/hr-ft2 

* Pressure : 1750 to 2457 psia 

The minimum DNBR, during normal operation and anticipated transients is limit

ed to 1.30. 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 criterion 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 allowable 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 criterion 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 constant volumetric flow pumps; thus the RCS 

mass flow rate varies with cold leg temperature. Further, the integrated 

control system maintains a constant average temperature over the power range 

of 15-100 percent, which requires that cold leg temperature decrease with 

increasing core power. These two factors when combined require that an 

iterative 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 and 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 CHATA (Core Hydraulic And Thermal 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 heat transfer is input into CHATA, which 0 
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 

in Subsection 6.5.2.  

Primary inputs to this core-wide analysis are core flow effective for heat 

transfer, individual fuel assembly geometries, form loss coefficients, 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. Reloads 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 refrected 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 CHATA 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 at 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 is also represented by block number 2 of Figure 6.1.  

The term "hot" assembly refers to that fuel assembly with the highest radial 

peaking 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 channel 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 Energy Mixing Program) code for detailed analysis of the single 

"hot" assembly. The Oconee hot assembly 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 conservatively 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 
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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 the hot assembly/hot channel analysis 

are the hot channel minimum DNBR and the hot channel flow rate. The hot 

channel minimum DNBR from the 112% overpower analysis is the reference design 

DNBR. In general, these outputs of minimum 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 Sections 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.  

6-6 Rev. 1



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 by TEMP.  

This matching of the CHATA hot channel with that of TEMP 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 temperature and core outlet pressure for which a minimum DNBR 
of 1.4326 (or 22% quality) is obtained for various pump combinations. The 
thermal-hydraulic 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 calculation of Pressure-Temperature 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

vering 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 analyses until fuel design or core flow rate changes impacting the 

thermal-hydraulic analyses are made. The following two sections describe the 

thermal-hydraulic analyses involved in obtaining the generic DNBR curves.  

Since the curves are plotted in terms of maximum allowable total peaking factors 

that envelope all core operating power distributions, their comparison to 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 limits is described in Section 

7.2.2.2.  

6.8.2 Generic DNBR Curves 

Sections 6.3, 6.4, 6.5, and 6.6 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 model is used in deter

mining the generic DNBR curves.  

These parametric variations on the reference hot channel analysis are based on 

the concept that for specified reactor core operating conditions - power level, 

flow rate, temperature and pressure - all channels in the core 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 input 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 generic 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 DNB offset 

limits. The generic DNBR curves used as.operational limits are a conservative 

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 0F 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 into 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.  

6.8.3 Hot Channel Factors 

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

in the thermal-hydraulic analyses for developing the generic DNBR curves: 

1.026 = penalty incurred to increase calculated axial powers since 

flux depressions at the spacer grids are ignored.  

1.024 = the ratio 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 initiated 

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 to assure that the 1.4326 minimum 

DNBR criterion is not violated at anytime during the loss of one or more RC pumps.  

(I 
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 of two RC pumps 

(that is by considering various trip setpoints) until the minimum ratio requir

ed 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 

A rod bow penalty is calculated and applied to both steady state and tran

sient analysis. Calculation of the penalty from rod bow measurements is dis

cussed in Section 4.8.  

This penalty (11.2%), however, can be reduced by 1% because of the flow area 

(pitch) reduction factor already included in the thermal-hydraulic analysis.  

For some reloads, additional credit can be applied based on the fact that 
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primary coolant flow can be proved to be higher than the 106.5% design flow.  

The resulting net penalty can be applied directly to 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 to reflect the 

true effect of measured rod bowing on minimum DNBR (if any additional penalty 

is required). At that time, a determination will be made to either maintain 

the current margin which results from the above method or to eliminate part 

or all of this margin.  
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FIGURE 6.2 
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7. TECHNICAL SPECIFICATIONS REVIEW AND DEVELOPMENT 

.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 operation, 

surveillance requirements, identification 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 of, 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, and 

reactor design features are reviewed to confirm their continued validity for 

the reload cycle, and modifications are made as necessary to ensure safety of 

operation and/or to improve flexibility in operation. Technical Specifications 

generally affected by a typical reload design are (i) core safety limits, 

(ii) limiting safety system settings based on core safety limits and fuel 

design limits, and (iii) limiting conditions for operation based on LOCA-power 

distribution limits and shutdown margin and ejected rod worth limits. The 

following subsections describe the manner 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 

the 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. In 

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 these 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 other pertinent parameters 

are at 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 coolant 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 Determination 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.  

7.2.2.1 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 established by the relation: 

MAPF = CFMLHR 

LHR X FOP 

where LHR is the average linear heat rate in the core (including densification 

effects) 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: 

1. Nuclear uncertainty factor = 1.075 
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Spacer grid effect factor= 1.026 

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

core (typical value is 1.10) 

4. Engineering hot channel factor = 1.014 

5. 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 hot 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 x 100 

allowable total peak 
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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 cannot 

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 conservatively enveloping the data 

corresponding to positive offsets and the other conservatively enveloping 

the data corresponding to negative offsets. The maximum 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 practice, 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 power feedback effect on 

peaking factors and by validating these limits by comparison with results of 

a limited number of maneuvering calculations at these power levels. Offset 

limits are typically established for power levels of 112% FP, 100% FP, 80% FP, 
and 50% FP.  

7.2.2.2 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-hydraulic analysis establishes the maximum allowable total peaking 

factors as a function of core elevation for various axial flux shapes to prevent 
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violation of the DNBR criterion (Section 6.8). The maneuvering analysis gener-I1 

ates the power distribution in the core (including the maximum total peaking 

factor and the associated axial peaking factor for each fuel assembly in a 

k-core representation and the core 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 1 

adjusted peak is compared to the allowable peaking factor for that axial peak

ing factor and axial peak location. The DNBR margin is then obtained as: 

DNBR m n (allowable total peak - adjusted maximum total peak) x 100 

allowable total peak 

For each calculated power distribution, the DNBR margin is calculated for each 

assembly in the k-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 fuel 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 

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

Limits (%) (%) 
-ve +ve -ve +ve -ve +ve 

112 31 29 35 33 31 29 

100 49 47 55 50 49 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 are plotted on a power-power imbalance 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 4-pump 

operation.  

The power-power imbalance limits for 3-pump and 2-pump modes of operation can 

be determined by reducing the thermal power associated with each break point 

of the 4-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
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pump mode is obtained by multiplying the 3-pump flow (74.7% of the full flow) 

by the flux-flow trip setpoint and adding the allowance for calibration and 

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

mum allowable 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 functions designed to pre

vent the process variables from exceeding the safety limits, to ensure that the 

fuel design limits (minimum DNBR and center fuel melt LHR limit) are 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.  

In general, 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 

change in the core safety 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 temperature at which the RPS should trip and provides protection of the 

P-T core safety limits.  

The P-T trip setpoints are derived by error-adjusting the P-T core 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 measurement 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
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fied whenever the P-T core safety limits are changed, P-T error adjustment 

factors are changed, or the high RC outlet temperature trip setpoints are changed, 

or the low RCS pressure trip setpoint is changed.  

In order to determine the P-T trip setpoints, first the locus of pressure

temperature points constrained by the high RCS pressure trip setpoint (2355 psig), 

the high RCS temperature trip setpoint (619 0F), and the low RCS pressure trip 

setpoint (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 the 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' and 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 a flow transient and whenever the combination 

of power, imbalance, and their uncertainties correspond to the core safety 

limits on power-imbalance. This trip function is established by considering 

maximum allowable power-to-flow ratio 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 limit of 1.3.  

Thus the power-flow-imbalance trip setpoints ensure core protection during 

transients involving a flow reduction (by the power-to-flow trip portion of the 

trip function) and during 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 6.8) 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 the im

balance limit. The error adjustment factor for power level is 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 '-% FP 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 and imbalance are plotted on a figure 

with imbalance as the horizontal axis and power as the vertical axis. The 

envelope obtained by the straight lines passing through pairs of these points 

and the horizontal straight line drawn passing through the point representing 

112% power for the 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 distribution 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 accident.  

The shutdown margin-limited control rod insertion limits are limits on the 

maximum allowable control rod insertions satisfying the shutdown margin 
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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. elevation, 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 

linear 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 elevation z for power levels 

equal to or less 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 factor 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 

spikes 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 a positive quadrant power tilt on the maximum peaking factor has 

been conservatively established to be an increase 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 xenon conditions on peaking factors is quantified 

by the analysis of the power peaking factors 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 maximum allowable peaking factor by 8% for 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: 

APF (FOP,z) = ALHR (Z) 
LHRx FOP x 1.075 x 1.05 

The remaining core parameters which influence the maximum operating power peaks 

are the full length 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 peaks, after accounting for any uncer

tainties, would be within the maximum allowable power peaks.  

The maneuvering analysis establishes the relationship of operating peaking fac

tors at various axial locations with the core imbalance and control rod posi

tions. The maneuvering analysis calculations include part length control rod 

scans inducing a range of values of core axial 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 positions, and these calculations also yield 

the variations.of the maximum peaking factor with 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 location 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 peaking 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 

control rod position limits established.  

Since the core peaking factors do not remain constant throughout the entire fuel 

cycle, the operating limits on control rod positions and .axial offsets should 

be based on the composite results of calculations for representative times in 

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 
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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 limits, 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 1 

at each power level are converted to imbalance limits by multiplying the offset 

limits by the applicable power fraction. Typical operating 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 W 

each power level, there is a maximum allowable full length control rod insertion 

limit which corresponds to a minimum shutdown margin of 1% Ak/k. Shutdown 

margin limited rod insertion limits are determined by evaluating the shutdown 

margins at different power levels (typically at 100% FP, 50% 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 shutdown 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 

other 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 changes 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 is 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 rod insertion limits for different power levels. The cal

culated ejected rod worths are increased by 15% and compared to the allowable 

values. If 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.  

When the ECCS-limited and ejected rod worth limited rod 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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Table 7-1 
Reactor Protection System Trip Functions 

Reactor Trip Monitored Parameter Trip Setpoint During Purpose of Trip 
4-Pump Operation 

1. Overpower Neutron flux 105.5% FP To provide core protection during transients 
trip involving uncontrolled power increase.  

2. Power-flow- Neutron flux, RC flow Flux/Flow = 1.08 To provide core protection during transients 
imbalance and power imbalance involving a flow reduction and during core 
trip conditions involving excessive power peaking 

3. RCS pressure- RCS pressure and RC Function of RC outlet To provide core protection during transients 
temperature outlet temperature temperature involving a reduction in pressure or a 
trip reduction in core heat removal and to ensure 

reactor shut down during a LOCA.  

4. Low RCS RCS pressure 1800 psig To provide core protection during 
pressure transients involving a pressure 
trip reduction 

5. RC Pump Neutron flux and pump Loss of two pumps To provide core protection during 
Monicor trip contact monitor voltage above 55% FP loss of RC pumps 

6. High RCS. RCS pressure 2355 psig To provide protection of RCS pressure 
pressure boundary from excessive pressures 
trip 

7. High RCS RC outlet temp. 6190F To prevent excessive temperature in the 
temperature RCS 
trip 

8. High RC RB pressure 4 psig To ensure reactor shutdown during a LOCA 
pressure and SLB inside containment.  
trip
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Figure 7-2 
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Figure 7-3 Core Protection Safety Limits 
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Figure 7- 4 

Determination of RPS P-T Trip Setpoints 
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Figure 7-5 Protective System 1laximum Allowable 
Setpoints 
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Figure 7-6 Rod Position Limits for Four-Pump Operation, 
(0 to 200 t 10 EFPD) 
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Figure 7-7 Power Imbalance Limits, 
(0 to 200 . 10 EFPD) 
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Figure 7-8 APSR Position Limits, 
(From 0 to 200 + 10 EFPD) 

(8.0,102) (32,102) 
100 RESTRICTED 

REGION 

F(6.0,92) 

(32,92) 

0.0.80)(38.5,80) 80 (0.0,80) 

co 
cm 

600 
Ullj (100.50) 

- 40 

PERMISSIBLE OPERATING 
REGION 

20 

0 
0 20 40 60 80 100 

Bank B Position, / Withdrawn 

7-24 Rev. 1



8. ACCIDENT ANALYSIS REVIEW 

8.1 Introduction 

A major aspect of the safety 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 
(1) (2 3 4 & 5) FSARk 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, the reference safety analyses (FSAR 

and Fuel Densification Analysis Reports) are intended to be valid for the entire 

life of the plant.  

The primary goal of safety analysis during the reload design process is 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 conditions 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 remain 

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-hydraulic, and mechanical design parameters for the reload 

design are bounded by the licensing basis analysis values.  
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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 and 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 obtained from appropriate nuclear design, thermal-hydraulic design, 

and fuel performance analyses. If the safety analysis 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 parameters addressed above, 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, a 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 

values, 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 event, a brief description of the accident is followed by 

a listing and discussion of the key safety parameters associated with the 

accident.  

3.3.1 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 

The reference analyses are based on the following parameter values: 

Doppler Coefficient, Ak/k/oF -1.17 x 10s 
Moderator Temperature Coefficient, Ak/k/oF +0.5 x 10-4 

These values are representative of beginning of core life 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.  
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8.3.2 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 actions, 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 startup 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/oF -1.17 x 10-s 

Moderator Temperature Coefficient, Ak/k/oF +0.5 x 104 

Total Rod Worth, Ak/k 10.0 

The reactivity coefficient values are representative of beginning of core 

life for the first core and 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.  
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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 action.  

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/oF -1.17 x 10-s 
Moderator Temperature Coefficient, Ak/k/oF +0.5 x 10 

Total Rod Worth, o/ Ak/k 10.0 

The reactivity coefficient values are representative of beginning of core life 
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 0 
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/oF -1.17 x 10-s 

Moderator Temperature Coefficient, Ak/k/oF +0.94 x 10-4 

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 high 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 coolant 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 the 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 system 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 values: 

Doppler Coefficient, Ak/k/oF -1.3 x 10-s 

Moderator Temperature Coefficient, Ak/k/oF -3.0 x 104 
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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 malfunction 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 demonstrate .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 minimum 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/oF -1.2 x 10-s 

Moderator Temperature Coefficient, Ak/k/?F +0.5 x 10 4 

8-8 Rev. 1



Reactor Coolant Flo, gpm 352,000 

Core Power Peaking Factors 

radial-local 1.783 

axial (cosine) 1.5 

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 densification 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, their 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 event that a control rod becomes significantly misaligned from the 

other control rods in its group, the effect of such a condition on localized 

power peaking (flux distortion) and on available shutdown margin must be con

sidered. A stuck-out control rod reduces the available shutdown worth and 

hence reduces the shutdown margin. The .effects of this accident are mitigated 

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 control rod 

causes neutron flux distortions that could result in localized power densities 

and heat fluxes in excess of the design limits if the reactor is allowed to 

return to full power. The effects of this type of accident are mitigated by 
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providing sufficient margin between 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 reference analyses demonstrate that, even in the absence of ICS action 

(to accomplish a power runback to 60% FP) or a reactor trip, thermal power does 

not exceed the original values nor does system pressure exceed allowable limits.  

8.3.7.2 Key Safety Parameters 

The reference analyses are based upon the following parameter values: 

Doppler Coefficient, Ak/k/oF -1.3 x 10-5 

Moderator Temperature Coefficient, Ak/k/oF -3.0 x 10 

Maximum Dropped Control Rod Worth, % dk/k 

HFP, No Xe 0.46 

HFP, W/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 of Load Transient 

8.3.8.1.1 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 through 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 Description 

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 removal 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 cooldown which, under 

the influence of a negative moderator temperature coefficient, produces a posi

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 resultant 

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.  

8.3.9.2 Key Safety Parameters 

The reference analyses were based.upon the following parameter values: 

Doppler Coefficient, Ak/k/oF -1.2 x 10 5 

Moderator Temperature Coefficient, Ak/k/oF -3.0 x 10 

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 system 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 the parameters 

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 act on a control rod 

assembly and rapidly eject the assembly from the core region. The power 

excursion due to the rapid increase in reactivity is limited by the Doppler 

effect and terminated by the Reactor Protection System.  

The criterion for reactor 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 additional 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/oF -1.17 x 10 -1.33 x 10 

Moderator Temperature Coefficient, Ak/k/oF +0.5 x 10 -3.0 x 10-4 

Delayed Neutron Fraction 0.0071 0.0053 

Neutron Lifetime, p 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 sensitivity 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 the 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. The 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 22000 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"1 demonstrate that these criteria 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 design process. They are: 

Average Fuel Temperature, IF (@ 18 kw/ft) 3120 

Peak Linear Heat Rate, kw/ft 

Core Elevation, ft 2 15.5 

4 16.6 

6 18.0 

8 17.0 

10 16.0 

These parameter values are the limiting values applicable to the generic ECCS 

analysis.  
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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 10-5 more negative 

Ak/k/oF 

Moderator Temperature BOL +0.5 x 104 less positive 

Coefficient, Ak/k/oF EOL -3.0 x 104 less negative 

Delayed Neutron BOL 0.0071 

Fraction, (nominal) EOL 0.0053 

Neutron Lifetime BOL 24.8 

(nominal), micro- EOL 23.0 

seconds 

Total Rod Worth, 10.0 smaller 

% Ak/k 

Maximum Ejected Rod HFP 0.65. smaller 

Worth, % Ak/k HZP 1.0 smaller 

Maximum Dropped Rod KFP, no Xe 0.46 smaller 

Worth, % Ak/k KFP, 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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Table 8-1 (cont'd) 

ACCIDENT ANALYSIS REVIEW 

KEY SAFETY PARAMETER CHECKLIST 

Reference Analysis Conservative Reload Cycle 

Parameter (Units) Value(s) Direction Value(s) 

Boron Worth, PPM/ 75 larger 

% Ak/k 

Average Fuel Tem- 3120 smaller 

perature at 18 kW/ 

ft,oF 

Peak Linear Heat Rate, 

kA/ft 

Core Elevation, ft 2 15.5 smaller 

4 16.6 smaller 

6 18.0 smaller 

8 17.0 smaller 

10 16.0 smaller 

Reactor Coolant Flow, gpm 352,000 larger 

Core Power Peaking Factors 

radial-local 1.783 smaller 

axial (cosine) 1.5 smaller 
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Figure 8-1 
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9. DEVELOPMENT OF CORE PHYSICS PARAMETERS 

Upon completion of the Final Fuel Cycle Design and.the Maneuvering Analysis both 

PDQ07 and EPRI-NODE depletions, rod scans, boron concentrations and worths, power 

distributions, etc. have been generated primarily for HFP and some HZP conditions.  

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 behavior 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 Concentrations and Boron Worths 

EPRI-NODE and/or PDQ07 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 PDQ07 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 boron 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 68oF, 532 0F, and HFP with all rods out except 

APSR's is 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 PDQ07 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 set 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.  
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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 between 

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 position and plots of relative rod worth versus position.  

The }FP 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 during the final fuel cycle design. If this parameter 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 the maximum ejected control rod worth at HZP is 

measured and compared to the predicted worth. The maximum ejected rod worth 

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 50F to 5270F taking data once equilibrium is reached then 

increasing the temperature 100F to 5370F taking data and establishing equilibrium.  

The temperature is then reduced 50F back to the original 5320F value. The cal

culations used for predicting the isothermal. temperature coefficient should be 

run at 5270F and 537 F using either EPRI-NODE or PDQ07. The resulting reactivity 

change is then divided by the 100F 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 532oF.  

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 
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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 toobtain the moderator coefficient.  

A moderator coefficient is calculated by running one equilibrium HFP case at BOC 

(4EFPD EPRI-NODE or PDQ07) and a second case which has lowered the moderator 

temperature .5 0F. 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 

95% HFP 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 

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 p effective and X1, 
total P effective and X, and reactivity versus positive and negative doubling 
times. 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 

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.  
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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 calculations will be performed 

using either EPRI-NODE or PDQ07.  
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Table 9-1 

CRITICAL BORON CONCENTRATIONS (PPM) 

HZP, NOXE, OEFPD 

ARO 

CRGP 1-7 out CRGP8=37.5%D 

CRGP 7 in CRGP8=37.5%WD 

CRGP 6,7 in CRGP8=37.5%WD 

CRGP 5-7 in CRGP8=37.5%WD 

CRGP.4-7 in CRGP8=37.5%WD 

CRGP 3-7 in CRGP8=37.5%WD 

CRGP 2-7 in CRGP8=37.5%WD 

CRGP 1-7 in CRGP8=37.5%0WD 

HFP, NOXE, 0EFPD 

CRGP 1-6'out, CRGP 7 in, 

CRGP 8=37.5%WD 

FP, EQXE, 4EFPD 

ARO 

CRGP 1-7 out CRGP8-37.5%WD 

CRGP 7 in CRGP8=37.5%WD 

CRGP 6,7 in CRGP8=37.5%WD 

CRGP 5-7 in CRGP8=37.5%WD 

HFPEQXE,EOC 

CRGP 1-7 out CRGP8=37.5%WD 
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Table 9-2 

BORON WORTH (PPMB/%Ap) 

HZP, NOXE, CRGP 7 and 8 in 

0 EFPD, XX PPMB 
0 EFPD, XXXXPPMB 
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 2 

100 4 

100 12 

100 25 
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Table 9-4 

Core Physics Data 

A. Critical Boron Concentrations 

1. ARO HFP Versus Burnup 

2. ARO HZP Versus Burnup 

3. ARO 680F Versus Burnup 

B. Critical Boron Concentrations required for 1% shutdown with highest worth 

rod stuck out (NoXe) 

1. HZP Versus Burnup 

2. 680F Versus Burnup 

C. Differential Boron Worth HFP, HZP versus burnup.  

D. Power Distributions from the Cycle Depletion 

E. Rod Worths BOC, EOC, HFP and HZP 

F. Imbalance versus APSR position BOC, EOC at HFP 

G. Imbalance versus Group 7 position BOC, EOC at HFP 

H. Xenon worth versus Power Level 

I. Xenon Worth versus Burnup 
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FIGURE 9-1 
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FIGURE 9-2 
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FIGURE 9-3 
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FIGURE 9--;40 
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FIGURE 9-5 
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CASMO 

CASMO is a multigroup two-dimensional transport theory code for burnup calcula- 1 

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 6000F and 750 0F.  
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DELAY 

DELAY calculates core averaged delayed 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 PDQ07 calculations.  

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 industry 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 PDQ07 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 PDQ07 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-NODE 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 of 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 

NTJPUNCHER prepares cross section tables in HARMONY format from cross section 

data produced by EPRI-CELL and placed on the ECDATA file. N-UPUNCHER 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-PDQ07 MODIFICATIONS 

PDQ07 is the industry accepted multigroup one, two, or three dimensional dif

fusion depletion code. EPRI-ARMIP uses PDQ07/Version II with minor modifications 

to allow options for mixed number density, improved removal treatment, peak 

power editing, and re-editing.  
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EPRI-SHUFFLE 

The EPRI-SHUFFLE program will read a PDQ07 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 PDQ07 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 concentrations 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.  

PDQ07 

See EPRI-PDQ07 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.  

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

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

IV. HARGINS - 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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TACO 

TACO conservatively predicts fuel pin temperature and fuel pin pressure. It 1 

includes models for fuel densification, fuel swelling, fuel restructuring, gas 

release, cladding creep, and gap closure.  

TAFY-3 

The Fuel Pin Temperature and Gas Pressure Analysis (TAFY) calculates fuel and 

cladding temperature distribution, fuel-cladding gas conductance, heat transfer 

coefficient, and internal pressure using a series of analytical and empirical

analytical steady state calculational models. It is a one-dimensional (radial) 

code. The effects of irradiation growth on the fuel and cladding as well as 

thermal expansion and stress-strain are considered in the fuel pin temperature 

calculations.  

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 individual 

channels in an assembly or a cluster of fuel pins. It calculates flow, pressure 

drop, coolant parameters up the channel, and DNBR.  

RADAR 

RADAR performs a thermal analysis of a slow reactor transient such as the loss 

of a primary pump, computing as a function of time 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.  
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ABSTRACT 

Measurement and calculational techniques and comparisons of calculated and 

measured results for core physics parameters are presented in this supple

ment. The measurements are from Oconee Unit 1, Cycles 1-5 and the calcu

lations are performed with EPRI-NODE-P. Comparisons of calculated and 

measured parameters show good agreement and confirm the adequacy of present 

calculational procedures in predicting core physics parameters.  
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1. INTRODUCTION 

This supplement presents measurement and calculational techniques and compar

isons of calculated and measured results for some key core physics parameters.  

The physics parameters include hot zero power (HZP) and hot full power (HFP) 

critical boron concentrations, HZP control rod worths and ejected rod worths, 

and HZP isothermal temperature coefficients.  

The measured data is from the Oconee Nuclear Station Unit 1, Cycles 1-5. The 

measurement techniques discussed are those currently used at the station. The 

HZP measurements were taken at beginning-of-cycle (BOC) during the Zero Power 

Physics Testing. The HFP boron concentration measurements were taken at 

various time steps throughout the cycles.  

All calculations were performed with EPRI-NODE-P. In contrast to predictions, 

which are calculated before the measurements are taken, the calculations pre

sented here were performed after the measurements were taken. Therefore, the 

plant conditions at the time of the measurements could be closely modeled with 

EPRI-NODE-P.  

The comparisons of calculated and measured results present the means of the dif

ferences between the measured and calculated data and the corresponding standard 

deviations. The mean and standard deviation are defined as follows: 

Ex.  
3-1 

Mean = x n 

Standard S 12 
Deviation n-1 

where: x. = value for the ith observation 
1 

n = number of observations.  
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2. CRITICAL BORON CONCENTRATIONS 

2.1 Measurement Technique 

Critical boron concentrations are measured at HZP and HFP by an acid-base 

titration of a reactor coolant system sample.  

The measurement uncertainty for critical boron concentrations is due to 

(1) error in the titration method and (2) error due to differences between 

the sample concentration and the core average concentration. Based on con

servative estimates of these errors, the total uncertainty associated with 

the critical boron concentration measurements is less than 20 ppmb.  

2.2 Calculational Technique 

Critical boron concentrations are calculated at HZP and HFP using EPRI-NODE-P 

in the boron search mode. Since the search does not yield an exactly critical 

value, fixed boron runs using EPRI-NODE-P are also made to calculate a boron 

worth, which is then used to correct the calculated boron concentration to 

exactly critical.  

2.3 Comparison of Calculated and Measured Results 

2.3.1 Hot Zero Power Comparison 

The calculated and measured critical boron concentrations at HZP and BOC for 

Oconee Unit 1, Cycles 1-5 are compared in Table 2-1. Each entry corresponds 
to a different control rod position. The mean of the differences for these 

five cycles was found to be 32 ppmb with a standard deviation of 24 ppmb.  

Excluding cycle 3 data, which does not follow the biasing trend of the other 

cycles, the mean of the differences is 43 ppmb with a standard deviation of 

only 14 ppmb.  

2.3.2 Hot Full Power Comparison 

The calculated and measured critical boron concentrations at HFP for the 

reload cycles 2-5 of Oconee Unit 1, are compared in Table 2-2. The mean of 
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the differences for these cycles is 46 ppmb with a standard deviation of 19 

ppmb.  

The data displayed in Table 2-2 can be visualized better by examining plots 

of soluble boron concentration as a function of burnup. These boron letdown 

curves are shown in Figures 2-1 through 2-5.  

2.4 Summary 

The comparison between EPRI-NODE-P and measured critical boron concentrations 

at HZP and HFP indicate EPRI-NODE-P can adequately predict soluble boron con

centrations over both "rods in" and "unrodded" (feed-and-bleed) fuel cycles.  
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Table 2-1 
OCONEE 1 CYCLES 1-5 

CRITICAL BORON CONCENTRATIONS AT HOT ZERO POWER, BOC 

Critical Boron Conc., PPM Difference, 
Cycle Calculated Measured PPM 

1 1443 1476 33 
1441 1480 39 
1438 1467 29 
1403 1440 37 
1333 1364 31 
1336 1367 31 
1247 1262 15 
1246 1253 7 

2 1257 1301 44 
1250 1296 46 
1221 1276 55 
1143 1194 51 
1059 1119 60 
1046 1099 53 
992 1043 51 
965 1013 48 

3 1378 1373 - 5 
1357 1365 8 
1320 1331 11 
1376 1356 -20 
1356 1350 - 6 
1321 1324 3 
1241 1226 -15 
1019 1018 - I 

4 1290 1334 44 

1257 1310 53 
1003 1057 54 

5 1376 1423 47 
1350 1405 55 
1349 1399 50 
1348 1412 64 
1045 1083 38 

Mean -- -- 31.6 

Standard 
Deviation -- -- 24.1 

Mean (w/o 
Cycle 3 Data) -- -- 43.1 

Standard 
Deviation -- -- 13.7 

Difference =Measured -Calculated 
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TABLE 2-2 
OCONEE 1, CYCLES 2-5 

HOT FULL POWER CRITICAL BORON CONCENTRATIONS 

Critical Boron Conc., PPM Difference, 
Cycle EFPD Calculated Measured PPM 

2 30.6 662 697 35 
52.2 592 645 53 
83.0 446 511 65 
103.5 383 428 45 
129.0 298 352 54 
156.0 217 265 48 
184.0 129 188 59 
203.8 66 127 61 
222.9 1 75 74 

3 25.3 721 717 -4 
58.5 606 625 19 
91.2 499 504 5 
121.9 423 482 59 
143.9 361 403 42 
179.1 243 279 36 
203.3 173 212 39 
232.6 79 127 48 

4 28.3 770 797 27 
56.6 672 702 30 
83.2 591 640 49 
103.4 524 583 59 
125.1 452 507 55 
150.6 373 430 57 
174.8 301 354 53 
194.5 234 316 82 
234.7 113 187 74 

5 24.5 910 930 20 
44.4 848 877 29 
90.4 708 722 14 
118.1 604 670 66 
145.4 517 564 47 
175.3 417 461 44 
207.5 316 377 61 
239.7 .217 266 49 

Mean -- -- 45.7 

Standard Deviation 19.7 

Difference = Measured - Calculated 
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Figure 2-1 
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Figure 2-2 
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Figure 2-3 
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Figure 2-4 
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Figure 2-5 
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3. CONTRot ROD WORTHS 

3.1 Measurement Techniques 

Individual control rod group worths are measured by the boron swap technique.  

This technique involves a continuous decrease in boron concentration together 

with an insertion of the control rods in small, discrete steps. The change 

in reactivity due to each insertion is determined from reactimeter readings 

before and after the insertion. The worth of each rod group is the sum of 

all the reactivity changes for that group.  

The worth of the total regulating banks 5-7 can be measured in two ways. The 

first is to add up the worths of the individual banks as determined from the 

reactimeter readings. The worth in this case is in terms of reactivity. This 

measurement technique is the approved test procedure method. The second 

way is to measure rod worth in terms of change in soluble boron concentration.  

This worth is defined as the difference between the equilibrium critical boron.  

concentration when all the regulating rods are out and the concentration when 

all the regulating rods are in.  

3.2 Calculational Techniques 

Individual and total regulating rod group worths in terms of reactivity are 

calculated by making two EPRI-NODE-P runs. The first is a boron search run 

with the rod group(s) out. The boron concentration found in this run is then 

used in a fixed boron run with the rod group(s) in. The difference in reac

tivity between these two runs with constant boron concentration is the rod 

group(s) worth.  

To calculate the total regulating rod groups worth in terms of soluble boron 

concentration, a boron search using EPRI-NODE-P is performed for both the 

rods-out case and the rods-in case. The resulting boron concentrations are 

.then corrected to exact criticality and the group worths are determined as 

the difference between these critical boron concentrations.  
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3.3 Comparison of Calculated and Measured Results 0 
3.3.1 Comparison in Terms of Reactivity 

A comparison of calculated and measured control rod worths in terms of reac

tivity is shown in Table 3-1. This table compares the worths of the indivi

dual banks 5, 6 and 7 and the total regulating banks 5-7 at HZP and BOC for 

Oconee Unit 1, Cycles 1-5. The differences between measured and calculated 

worths for all the banks are small. For the total banks 5-7, the mean of the 

% difference was 7.98% with a standard deviation of 5.36%.  

3.3.2 Comparison in-Terms of Soluble Boron Concentration 

The comparison of calculated and measured regulating bank worths in terms of 

soluble boron concentration for Oconee Unit 1, Cycles 2-5 at HZP and BOC is 

given in Table 3-2. The agreement between calculated and measured worths is 

very good. All the differences are less than the measurement uncertainty 

associated with the boron measurement. The mean of the differences between 

measured and calculated values for the total banks 5-7 was found to be -3.3 ppmb 

with a standard deviation of 13.5 ppmb. The mean of the % differences was 

-0.98% with a standard deviation of 4.26%.  

3.4 Summary 

The comparisons between the calculated and measured control rod worths at HZP 

indicate that EPRI-NODE-P can adequately predict control rod worths. This has 

been verified by comparing calculated worths to two independent measurement 

techniques for Oconee 1, Cycles 1-5.  
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Table 3-1 
OCONEE 1 CYCLES 1-5 

CONTROL ROD WORTHS AT HOT ZERO POWER, BOC 

Rod Worth, %Ap Difference 
Cycle Bank Calculated Measured %Ap% Difference 

1 (a)7 0.973 1.11 0.14 12.6 
6 0.842 0.97 0.13 13.4 
5 0.642 0.68 0.04 5.9 

5-7 2.457 2.76 0.30 10.9 

1 7 0.967 1.11 0.14 12.6 
6 1.007 1.10 0.09 8.2 
5 0.606 0.69 0.08 11.6 

5-7 2.580 2.90 0.32 11.0 

2 (b) 7 0.726 0.898 0.172 19.2 
6 0.893 0.912 0.019 2.1 
5 1.192 1.242 0.050 4.0 

5-7 2.811 3.052 0.241 7.9 

3 7 1.235 1.228 -0.007 -0.6 
6 1.025 1.013 -0.012 -1.2 
5 1.332 1.376 0.044 3.2 

5-7 3.592 3.617 0.025 0.7 

4 7 0.859 0.86 0.00 0.0 
6 0.891 0.89 0.00 0.0 
5 1.163 1.24 0.08 6.5 

5-7 2.913 2.99 0.08 2.7 

5 7 1.155 1.36 0.20 14.7 
6 1.030 1.20 0.17 14.2 
5 1.012 1.19 0.18 15.1 

5-7 3.197 3.75 0.55 14.7 

Mean 7 NA NA 0.108 9.75 
6 NA NA 0.066 6.12 
5 NA NA 0.079 7.72 

5-7 NA NA 0.253 7.98 

Standard 7 NA NA 0.089 8.15 
Deviation 6 NA NA 0.075 6.78 

5 NA NA 0.053 4.66 
5-7 NA NA 0.188 5.36 

(a) Group 8 100% withdrawn; Group 8 inserted in all other cases.  

(b) Group 7 not completely withdrawn; Group 5 not completely inserted.  

Difference = Measured - Calculated 

Difference Measured - Calculated 
Measured 
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Table 3-2 

OCONEE 1 CYCLES 2-5 

CONTROL ROD WORTHS - REGULATING BANKS, HZP, BOC 

Rod Worth, PPM Difference, 

Cycle Banks Calculated Measured PPM % Difference 

2 5 - 7 256 263 + 7 + 2.7 

3 5 - 7 357 338 -19 - 5.6 

4 5 - 7 287 277 -10 - 3.6 

5 5 - 7 331 340 + 9 + 2.6 

MEAN - - -3.3 -0.98 

STANDARD DEVIATION - - 13.5 4.26 

Difference = Measured - Calculated 

%Differene Measured - Calculated 0 
Measured 
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4. EJECTED ROD WORTHS 

Ejected rod worth is defined here as the.measured worth of the worst case 

ejected rod. No error adjustments have been included.  

4.1 Measurement Technique 

Ejected rod worths have previously been measured by three methods: boron swap, 

rod swap, and rod drop.  

4.1.1 Boron Swap 

The boron swap method is similar to the method used to measure control rod 

worth. It involves maintaining criticality by varying the boron concentration 

to compensate for the ejection of the worst case rod. The control rod positions 

are held constant. As was done for control rod worth, the ejected rod worth is 

determined from the reactimeter readings.  

4.1.2 Rod Swap 

For the rod swap method, criticality is maintained by varying the position of 

the controlling rod group (usually Group 5) to compensate for the ejection of 

the worst case rod. In this method, the boron concentration is held constant.  

The ejected rod worth is the reactivity due to the controlling rod group move

ment as determined from the differential rod worth measurement.  

4.1.3 Rod Drop 

The rod drop method starts with the ejected rod fully withdrawn. The rod is 

then tripped into the core and the reactivity is charted by the reactimeter.  

Rod position and boron concentration are held constant. The extrapolation to 

zero inverse time of a plot of reactivity vs. inverse time yields the ejected 

rod worth. The uncertainty associated with this method is much greater than 

that associated with either of the other two methods.  
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4.2 Calculational Techniques 

Ejected rod worths are calculated using EPRI-NODE-P to simulate either boron 

swap, rod swap, or rod drop.  

4.2.1 Boron Swap 

For boron swap, a boron search run is first performed to determine the critical 

boron concentration at the rod group position. The boron concentration as 

calculated in the EPRI-NODE-P run should be corrected for exact criticality.  

Using this corrected boron concentration and a constant rod group position, the 

reactivity is determined with the worst case rod first in and then out. The 

ejected rod worth is the difference in reactivity between the worst case rod 

in and out.  

4.2.2 Rod Swap 

For rod swap, the reactivity is determined with the worst case rod first in 

and then out, keeping the boron concentration constant and the controlling 

rod group position constant at the least withdrawn position (least withdrawn 

corresponds to ejected rod out). The ejected rod worth is the difference in 

reactivity between the worst case rod in and out.  

4.2.3 Rod Drop 

To calculate ejected rod worths by rod drop, EPRI-NODE-P cases with the worst 

case rod first out and then in are run, with boron concentration and rod 

group position held constant. The ejected rod worth is the difference in 

reactivity between these two cases.  

4.3 Comparison of Calculated and Measured Results 

A comparison of calculated and measured ejected rod worths for Oconee Unit 1, 

Cycles 1-5 is given in Table 4-1. Overall, the agreement is good. The mean 

of all the differences between measured and calculated values is -0.0053%Ap 

with a standard deviation of 0.0602%Ap.  
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4.4 Summary 

The comparison between measured and calculated ejected rod worths indicate 

EPRI-NODE-P can adequately predict ejected rod worths.  
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TABLE 4-1 

OCONEE 1, CYCLES 1-5 

EJECTED ROD WORTHS 

Measurement Worth %d.p Difference 

Cycle Location Technique Calculated Measured %P 

1 H-2 Rod drop 0.287 0.33 0.04 

L-10 Rod drop 0.279 0.27 -0.01 

N-12 Rod drop 0.183 0.20 0.02 

K-9 Rod drop 0.122 0.15 0.03 

2 L-14 Rod swap 0.580 0.46 -0.12 

L-14 Rod swap 0.232 0.20 -0.03 

L-14 Rod swap 0.239 0.15 -0.09 

H-8 Boron swap 0.554 0.639 0.085 

3 K-13 Boron swap 0.537 0.57 0.03 

4 D-12 Rod swap 0.385 0.39 0 

N-12 Rod swap 0.363 0.25 -0.11 

N-4 Rod swap 0.381 0.34 -0.04 

D-4 Rod swap 0.420 0.51 0.09 

F-8 Rod swap 0.109 0.12 0.01 

H-10 Rod swap 0.109 0.07 -0.04 

L-8 Rod swap 0.109 0.09 -0.02 

H-6 Rod swap 0.111 0.11 0 

5 N-12 Boron swap 0.610 0.67 0.06 

Mean - --- 0.0053 

Standard 

Deviation - - - 0.0602 

Difference = Measured - Calculated 
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5. ISOTHERMAL TEMPERATURE COEFFICIENTS 

The isothermal temperature coefficient is defined as the change in reactivity 

per unit change in moderator temperature at hot zero power, i.e., 

AT 

5.1 Measurement Techniques 

The isothermal temperature coefficient is measured by executing average moderator 

temperature changes of +50F, -10oF and +50F from initial equilibrium critical con

ditions. After each change, steady state conditions are established and pertinent 

data are recorded by the reactimeter or reactivity program at the resulting 

plateaus. The isothermal temperature coefficient is determined as the change in 

reactivity between plateaus divided by the change in temperature. Since three 

different temperature ramps are executed, three coefficients can be determined.  

The reported isothermal temperature coefficient is a temperature-weighted 

average of these three coefficients.  

The uncertainty associated with the isothermal temperature coefficient measure

ment is dependent on the value of the coefficient. For acceptable coefficient 

values, the measurement uncertainty is less than ±0.06 x 10 4 Ak/k/oF.  

5.2 Calculational Technique 

The isothermal temperature coefficient at HZP is calculated using EPRI-NODE-P.  

Two cases with the same boron concentration and rod positions but different 

moderator temperatures are run. The isothermal temperature coefficient is 

the difference in reactivity between the two cases divided by the difference 

in the moderator temperatures.  

5.3 Comparison of Calculated and Measured Results 

A comparison of calculated and measured isothermal temperature coefficients at 

HZP and BOC for Oconee Unit 1, Cycles 1-5 is presented in Table 5-1. The 
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agreement between these calculated and measured coefficients is very good; all 

values agree within 0.2 x 10 4 Ap/oF. The mean of all the differences was found 

to be only +0.027 x 10- 4 Ap/oF with a standard deviation of 0.089 x 10 4 Ap/oF.  

5.4 Summary 

The comparison between calculated and measured isothermal temperature coef

ficients indicates that EPRI-NODE-P is an excellent predictor of isothermal 

temperature coefficients.  
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Table 5-1 
OCONEE 1 CYCLES 1-5 

ISOTHERMAL TEMPERATURE COEFFICIENTS AT HOT ZERO POWER, BOC 

Soluble Boron Temp. Coeff, 10 Ap/oF Difference 
Cycle Conc., PPM Calculated Measured 10 4 Ap/ F 

1 1478 +1.09 +1.07 -0.02 
1428 +0.999 +1.052 +0.053 
1355 +0.736 +0.77 +0.03 
1263 +0.509 +0.51 0.00 
1253 +0.474 +0.5315 +0.058 
952 -0.301 -0.391 -0.09 

2 1295 -0.035 +0.15 +0.19 
1194 -0.341 -0.17 +0.17 
1013 -0.120 -0.14 -0.02 

3 1330 -0.0078 +0.046 +0.054 
1018 -0.708 -0.726 +0.018 

4 1324 +0.121 +0.090 -0.031 
1057 -0.542 -0.701 -0.159 

5 1405 +0.122 +0.20 +0.08 
1083 -0.719 -0.65 +0.07 

Mean -- -- -- +0.027 

Standard 
Deviation -- -- -- 0.089 

Difference = Measured - Calculated 
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ABSTRACT 
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1. INTRODUCTION AND SUMMARY 

1.1 Introduction 

The current nuclear code employed by Duke Power Company for three dimensional 

assembly power calculations is EPRI-NODE-P. This code has been benchmarked 

against two rodded cycles and two unrodded cycles of operation of the Oconee 

Unit 1 reactor.  

This work encompassed: derivation of measured power distributions for cycles 

1 through 5, simulations of these 5 cycles using EPRI-NODE-P,.development of 

fitting procedures for the assembly axial power, and development of a statistical 

basis for estimating the calculational accuracy of EPRI-NODE-P.  

1.2 Structure Of Supplement 2 

This supplement is structured to provide smooth transitions between various 

major topics. Section 2 will describe the assembly measured power data 

base. Section 3 will compare calculated and measured local radial factors.  

Section 4 describes the EPRI-NODE-P Oconee simulations and presents comparisons 

of assembly radial and peak powers. Section 5 quantitatively compares calculated 

and measured powers from Section 4. EPRI-NODE-P reliability factors are 

calculated based on observed differences. Appendix A outlines the fitting 

procedure for the assembly axial power.  

1.3 Summary 

Local radial factors predicted by PDQ07 were examined and found consistently 

conservative relative to either measurements or more elegant neutronics codes.  

A large data base consisting of five cycles of Oconee-1 measured and EPRI-NODE-P 

calculated fuel assembly powers was assembled.  

Calculated and measured powers were statistically combined to derive 95/95 

Observed Nuclear Reliability Factors (ONRF) for EPRI-NODE-P. Using a variety 

of fuel cycle combinations, ONRF's were calculated for both assembly peak and 

radial powers.  
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ONRF's of 1.05 for the radial and 1.075 for the peak were found to be conservativeg 

for unrodded (feed and bleed) core operation.  

S0 

0 
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2. MEASUREMENT DATA 

2.1 Measured Assembly Power Data 

The measured power data base used in this supplement comprises assembly power 

data from Oconee Unit 1 for cycles 1 to 5. All assembly power data are direct

ly traceable to raw signals received from the incore detector system.  

The measured assembly power data for Cycle 1 and at 30.6 EFPD in Cycle 2 were 

those used by Babcock & Wilcox in their calculational nuclear uncertainty 
(5) analysis . The remaining data was generated by B&W using similar methods 

to reprocess the raw detector signals(6 ,7) 

2.2 Measurement System Description 

The incore detectors at Oconee consist of pure Rhodium emitters which respond 

to the incident neutron flux. With each neutron absorption, a beta particle () 
is released according to the reaction: 

103 1 104 0 
45Rh + n 45 Rh+ 1  + energy (2-1) 

The current measured from the emitter to ground is proportional to the net 

emitter loss. After the emitter current has stabilized ( 4 minutes), the 

current is then proportional to the local neutron flux (in the neighborhood 

of the eight pins surrounding the emitter). This emitter is called a Self 

Powered Neutron Detector (SPND). The SPND's are physically located inside 

the Fuel Assembly (FA) Instrument Tube (IT). The IT is situated in the center 

of the FA.  

SPND signal magnitude is of the order of nanoamps. The reactor's on-line com

puter (OLC) performs a signal to power conversion approximately at ten minute 

intervals, logging signal data, core power, power distribution, and assorted 

other data pertinent to core operation.  

S2 2-1



SPND's are distributed in fixed positions to provide an adequate three di

mensional assembly power measurement. In each instrumented FA, seven SPND's 

are located equidistantly along a "string". Each string also has a thermocouple 

and an insulated leadwire which is used to correct for gamma induced signals 

in the seven detector leads.  

In Oconee, 52 of 177 FA contain detector strings. The locations of instru

mented FA form a spiral as shown in Figure 2-1. Eight strings are located 

symmetrically in the interior; another 8 symmetrically farther out toward the 

periphery. The two sets of eight strings are used to supply corewise quadrant 

tilt information. An eighth core map of 29 FA three dimensional powers can be 

obtained; and using tilt data, full core maps of 177 radial FA powers and 1239 

segment FA powers can be obtained.  

The measured powers used in this supplement will be collapsed from 52x7 (full 

core) to 29x7 (eighth core) at each reactor state point. As shown on Figure 2-2, 

11 of the 29 eighth core locations have symmetrically located detector strings.  

Relative powers (radial and seven-level) for each symmetric pair or symmetric 

octet were averaged to obtain the best estimate of the "true" .measured power.  

Power measurements were taken at approximately equilibrium Xenon conditions.  

Reactor power was also as close to 100% full power as practicable.  

2.3 Measured Powers: Cycle 1 and Cycle 2 - 30.6 EFPD 

This data base consisted of the same PDO data as Babcock and Wilcox used in 

its calculational nuclear reliability analysis. The raw emitter signals were 

reprocessed off-line at B&W using software which represented then current 

state-of-the-art experience obtained from the operation of Cycle 1 of Oconee 1.  

The core state-points where these measurements were taken are shown in 

Tables 4-7 and 4-8. Seventeen state points were used in Cycle 1.  
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2.4 Measured Powers Beyond 30.6 EFPD - Cycle 2 

In order to complete the measured assembly power data base using a consistent 

procedure, raw detector signal data were processed by B&W for the remainder of 

the cycles. As in Cycle 1, all data were taken at equilibrium Xenon conditions 

so as to mitigate any transient effects. Tables 4-8, 4-9, 4-10, and 4-11 

show the selected reactor state-points.  

No explicit estimate is made here of the measurement system accuracy during 

Cycles 1 to 5, since this component is conservatively treated in Section 5.  

For failed detectors substitute signals are derived through a spline fitting 

procedure, provided that operating SPND's are adjacent on either side to the 

failed SPND. If two or more adjacent SPND's fail on a string, substitute 

signals are derived from either symmetric or adjacent locations. The same 

procedure is employed for entire string substitution. Since most of the 

failed strings in Cycle 3 had operable symmetric counterparts, it was judged 

that the radial power measurements were reasonable. However, the number of 

individual detector failures would disqualify the Cycle 3 power distributions 

from.being used in a reliability factor program.  

Cycle 3 radial powers and peak powers will be shown in this report for com

parison only. No Cycle 3 data will be used in Section 5 where EPRI-NODE-P 

reliability factors will be derived.  
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Figure 2-1 
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Figure 2-2 

Oconee Fuel Assembly Map 
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3. LOCAL RADIAL ANALYSIS 

3.1 Local Radial Reliability Factor Analysis 

In this document, the local radial is defined as the ratio of the maximum pin 
powerto the assembly radial power (assembly average X-Y power). Commercial 

reactors, such as Oconee, are not instrumented to measure local radial factors.  

The only pinwise power data available to Duke Power are the room temperature 

B&W critical experiments8 where pinwise powers were measured.  

The calculational tools available for predicting the local radial factor are 

PDQ07, EPRI-CPM9, and CASMO10 . Both EPRI-CPM and CASMO are two dimensional 

transport theory codes. EPRI-CPM uses collision probabilities to solve the 

Boltzman transport equation, while CASMO employs transport probabilities.  

Both transport theory codes have been benchmarked against the KRITZ hot 

criticals.11 

3.2 Comparisons of ARMP PDQ07 To Cold Criticals 

In order to establish the local radial predictive accuracy of the ARMP PDQ07 

code, a series of calculations12 were performed and compared to measured pin 

powers in the B&W uranium criticals.  

All criticals consisted of a central region of nine 15 x 15 lattices.sur

rounded by a buffer region of fuel rods. This buffer region, in turn was 

reflected radially by borated water. Criticality was achieved by raising 

the moderator height.  

The overall measurement error has been estimated to be 1.11% in the deter

mination of relative pin powers. Additional descriptive information of the 

B&W uranium fuel criticals can be found in Reference 8.  

In the two dimensional simulation of the criticals, the ARMP procedure was 

used in generating PDQ07 cross sections and usage of the PDQ07 code. Although 

the simulations of these criticals were not performed at Duke Power, the 

methods used would have been similar, resulting in identical PDQO7 results.  
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A typical B&W Mark B 15x15 fuel assembly (FA) was mocked by two such criticals 

described in Table 3-1. Load number 2 corresponds to an unrodded FA. While 

load number 8 corresponds to a FA with lumped burnable poison (LBP). Figure 3-1 

depicts the two loading patterns. The results are shown in Figures 3-2 and 3-3.  

In load 2, shown in Figure 3-2, the PDQ07 predicted local radial was 1.3% higher 

than the measured local radial. Likewise, the PDQ07 local radial in load 8 

(Figure 3-3) was 3.3% higher.  

To assess the overall local radial predictive behavior, the ten maximum pins 

were compared in each critical. In load number 2, the (C-M) mean was .0091 

with a standard deviation of .01775. In load number 8, the mean was .0239 

with a standard deviation of .01356. When the (C-M) differences from loads 2 

and 8 are lumped together, the 20 data points give a mean of .0165 and a 

standard deviation of .01715.  

The positive means of the C-M differences and small standard deviations shown 

above indicate that the AR0P PDQ07 discrete pin model yields radial local 

factors which are conservative.  

3.3 ARMP PDQ07 Local Radials Compared to Simulated Hot Full Power Conditions 

To assess the ARHP PDQ07 radial predictive capability at Hot Full Power (HFP) 

conditions, quarter assembly simulations were performed at Duke Power Company.  

The codes CASMO, EPRI-CPM, and PDQ07 were used to model a 2.75 w/o 
235U 

unrodded FA at beginning of life (BOL).  

In an unrodded FA, usually the worst peaking occurs at BOL, since Xenon has 

not yet built up to equilibrium concentrations. And so this is a good time 

to test a two group diffusion theory model against multigroup transport theory 

codes: a) EPRI-CPM which provides a solution using collision probabilities, and 

b) CASMO which uses transmission probabilities.  

The results of these calculations are shown in Figure 3-4. The ARIP PDQ07 

conservatively overpredicted the maximum CASMO pin power by 2.5% and likewise 

overpredicted the CPM maximum pin by 1.8%. The mean difference of the 10 
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highest PDQ-CASMO pairs was .0143 RPD with a standard deviation of .01233.  

Comparisons of the 10 maximum pin powers for PDQ-CPM likewise gave a mean dif

ference of .0084 RPD and a standard deviation of .00902.  

3.4 Conclusions 

In Section 3.1 it was demonstrated that the ARMP PDQ07 discrete pin model con

servatively overpredicts measured peak powers from critical experiments. Also 

the ARMP PDQ07 discrete pin model conservatively overpredicts the hot full power 

pin powers when compared to two independent transport theory solutions.  

Since this conservatism was demonstrated at hot and cold conditions, it is 

concluded that an uncertainty component applied to the assembly local radial 

is not necessary. This component would only be necessary if the ARMP-PDQ07 

model were to underpredict the maximum pin power.  
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Table 3-1 

B&W COLD CRITICALS USED FOR LOCAL 

RADIAL UNCERTAINTY FACTOR ANALYSIS 

Core Compositions of Central 

Core Load Type of Fuel Assembly Control and 

Number Number Fuel Instrument Unit Cells 

XI 2 U02  17 H20 

XI 8 U02  1 H20, 16 Pyrex 
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FIGURE 3-1 

B&W URANIUM CRITICAL EXPERIMENTS 

GEOMETRY OF INTERIOR "ASSEMBLIES" 

LOAD 2 LOAD 8 

LOCATION 1 WATER WATER 

LOCATION 2 WATER POISON 

LOCATION 3 WATER POISON 

1 

2 

2 
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FIGURE 3-2 0 
RELATIVE PIN POWERS IN CENTRAL ASSEMBLY OF B&W CRITICALS 

UNRODDED LATTICE 

LOAD 2 - 1335 PPM 

EXPERIMENT 1.0007 

ARMP PDQ07,STANDARD 1.0052 

*MAXIMUM PIN 

EXPERIMENT 1.108 

ARMP PDQ07, STANDARD 1.122 

0.  
0.  

1.072 1.033 
1.085 1.075 

.993 1.040 0.  
1.010 1.074 0.  

.968 1.002 1.080 1.056 

.985 1.033 1.087 1.096 

.992 1.013 1.082 1.108* 0.  

.978 1.028 1.087 1.122 0.  

.993 1.062 0. 1.096 1.073 .982 

.978 1.050 0. 1.102 1.056 .995 

.948 .993 1.035 .999 .974 .941 .939 

.957 .998 1.036 1.003 .959 .936 .917 

.951 .970 .930 .894 .942 .940 .919 .890 EXPERIA 

.934 .940 .947 .939 .925 .914 .905 .896 ARMP PDQ07, 
Standard 
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FIGURE 3-3 

RELATIVE PIN POWERS IN CENTRAL ASSEMBLY OF B&W CRITICALS 

BURNABLE POISON LATTICE 

LOAD 8 794 PPM 

KEFF 

EXPERIMENT 1.0007 

ARMP PDQ07,STANDARD .9993 

*MAXIMUM PIN 

EXPERIMENT 1.158 

ARMP PDQ07, STANDARD 1.196 

0.  
0.  

1.102 .995 
1.114 .999 

.986 .907 0.  

.998 .899 0.  

1.003 .961 .864 .878 
.990 .924 .851 .839 

1.015 .943 .864 .820 0.  
.996 .931 .855 .816 0.  

1.005 .924 0. .896 .931 1.028 
1.005 .914 0. .855 .926 1.021 

1.045 1.027 .961 1.007 1.053 1.095 1.118 
1.046 .993 .945 .994 1.067 1.115 1.155 

1.079 1.061 1.044 1.045 1.093 1.147 1.151 1.158* EXPERIMENT 
1.087 1.077 1.070 1.090 1.123 1.153 1.178 1.196 ARMP PDQ07, 

Standard 
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FIGURE 3-4 

OCONEE UNRODDED ASSEMBLY 

PIN X PIN POWER DISTRIBUTION 

HOT FULL POWER SIMULATION 

CODE USED CASMO EPRI-CPM ARMP PDQ07 

K-INF 1.2973 1.2968 1.2962 

K-EFF 1.2972 1.2967 1.2962 

PPMB 0 0 0 

EXPOSURE 0 0 0 

*MAXIMUM PIN 

CASMO 1.072 

EPRI-CPM 1.080 

-ARMP PDQ07 1.099 

0.  
0.  
0.  

1.009 1.012 
1.015 1.022 
1.007 1.025 

1.001 1.039 0.  
1.005 1.045 0.  
1.002 1.045 0.  

0.997 1.013 1.057 1.048 
0.999 1.020 1.064 1.061 
0.995 1.030 1.073 1.087 

0.995 1.011 1.057 1.072* 0.  
0.995 1.017 1.063 1.080 0.  
0.991 1.027 1.074 1.099 0.  

0.992 1.030 0. 1.056 1.036 0.989 
0.991 1.032 0. 1.063 1.036 0.988 
0.988 1.033 0. 1.075 1.042 0.992 

0.977 0.990 1.023 0.996 0.976 0.960 0.947 
0.975 0.991 1.023 0.997 0.972 0.953 0.937 
0.967 0.994 1.020 1.003 0.970 0.945 0.925 

0.963 0.967 0.972 0.967 0.958 0.948 0.940 0.936 CASMO 

0.959 0.963 0.967 0.962 0.950 0.939 0.930 0.924 CPM 
0.947 0.954 0.962 0.955 0.940 0.926 0.915 0.910 PDQ 
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4. EPRI-NODE-P POWER DISTRIBUTION COMPARISONS 

4.1 EPRI-NODE-P Model 

The primary three-dimensional nuclear code employed at Duke Power is EPRI-NODE-P.  

This code is used for all maneuvering analyses, core follow, and physics test data 

where three-dimensional core power distributions are required. In this section, 
comparisons of measured and EPRI-NODE-P calculated values will be shown for both 

radial and total peak powers. Comparisons were performed on a total of 55 reactor 

state points covering Cycles 1 through 5 of Oconee Unit I.  

The Oconee core was modeled using quarter core symmetry. Each fuel assembly was 

modeled with one radial and 12 equidistant axial nodes.  

The active stack height was set at 144 inches. Control rods could be positioned 

continuously in this model, with a maximum inserted length of 139 inches.  

Methods described in the ARMP System Documentation13 were used to generate fuel 

neutronics characteristics. Figure 4-1 shows a flow chart of the general 

methodology employed. In generating the input for EPRI-NODE, "as built" as

sembly uranium enrichments and loadings were used to model more closely actual 

core conditions.  

EPRI-NODE-P employs fuel km fits versus moderator temperature for rodded, 
half-rodded, and nonrodded conditions. Assemblies having burnable poison 

rods are treated similarly. All km fits are referenced to either moderator 

temperature .or fuel exposure. Also fuel temperature reactivity changes 

are included. Therefore, EPRI-NODE-P explicitly models the effects of 

thermal-hydraulic and Doppler (THD) feedbacks.  

Since EPRI-NODE-P does not account explicitly for the core reflector and baffle, 
the following normalization procedure was employed. The assembly radial powers 
from EPRI-NODE-P were normalized once at BOC to discrete pin model PDQ07 radial 
powers when the core reached equilibrium Xenon and Samarium conditions (%25 

EFPD). Since the two dimensional PDQ07 does not have thermal and hydraulic 
feedbacks, all EPRI-NODE-P normalization runs were performed likewise.  
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Plots comparing calculated and measured assembly axial powers are given in 

Appendix A.  

4.2 Oconee Fuel Cycle Simulations 

Using the EPRI-NODE-P model described in Section 4.1, Cycles 1 through 5 of 

Oconee 1 were depleted using THD feedbacks. The depletions were performed in 

a core follow mode, utilizing critical boron searches at each exposure step.  

Since all depletions were performed at greater than 90% full power, control 

banks 1 through 5 were not inserted into the core.  

Table 4-1 shows by cycle: core operation mode, control bank interchange/ 

withdrawal exposures, and core reload data. Assembly peaks were derived by 

the method described in Appendix A. The results of these depletions will be 

described below.  

Cycle 1 operated in a rodded mode until end of cycle which occurred at 309.6 

EFPD.14  Control bank locations are shown in Figure 4-2 and the core loading 

pattern is shown on Figure 4-3.  

Assembly radial powers in this cycle were normalized at 88.6 EFPD. There were 

two control rod bank interchanges during this cycle causing considerable global 

power shifts.  

There were 25 depletion steps in this cycle; 17 of these time points are shown 

in Table 4-2. Assembly radial power comparisons are shown in Figures 4-4 to 

4-20. Assembly peak powers are compared in Figures 4-21 to 4-37.  
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Cycle 2 operated in a rodded mode, having a transient bank interchange at 

53 EFPD, and transient bank withdrawal at 237 EFPD. The reactor continued 

operation until 292 EFPD.15 Figure 4-38 shows the control rod bank locations.  

Five 2.60 and 56 3.20 w/o 235U enriched assemblies were loaded. Figure 4-39 

shows the assembly enrichments, and Figure 4-40 shows the quarter core assembly 

shuffle used to rearrange fuel from EOC-1 to BOC-2.  

The EPRI-NODE-P radial powers were normalized to a discrete pin quarter core 

POQ07.depletion at 22 EFPD. EPRI-NODE-P simulation of Cycle 2 employed 20 

timesteps, 10 of these are shown in Table 4-3. These 10 state points are 

where comparisons to measured power data were made. Figures 4-41 to 4-50 

show comparisons for assembly radial powers. Assembly peak powers are com

pared in Figures 4-51 to 4-60.  

During Cycle 3, Unit 1 operated in the rodded mode. A transient bank inter

change occurred at 100 EFPD, and transient bank withdrawal occurred at 245.8 

EFPD. The reactor continued operation until 303.8 EFPD.16 Figure 4-61 shows 

the locations of control banks 6, 7, and 8. Sixty 2.75 w/o 235U enriched fuel 

assemblies were loaded as shown in Figure 4-62. The Cycle 2 to 3 assembly 

shuffle pattern is shown in Figure 4-63.  

EPRI-NODE-P was normalized at 38.5 EFPD to a parallel quarter core discrete pin 

model PDQ07 depletion. Cycle 3 was simulated using 16.depletion time steps, 

10 of which are shown on Table 4-4.  

Figure 4-64 through 4-73 compare assembly radial powers, and Figures 4-74 

through 4-83 compare total peak powers.  
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During startup testing at BOC-4, a quadrant tilt occurred that limited reactor 
operation to 75% full power for the first 10 EFPD. The reactor operational mode 
was changed to feed and bleed to provide additional safety margin. The reactor 
continued operation at full power until a control rod dropped about 2 EFPD before 
shutdown. The reactor power level was lowered to 50% full power, and operation 

continued until shutdown at 245.9 EFPD.17 

During the refueling preceding Cycle 4, 34 of 52 detector strings were replaced.  
Therefore, the power measurement uncertainty was considerably improved. The 

measured power data from this cycle was included in the analysis of EPRI-NODE-P 

reliability factor.  

The EPRI-NODE-P Cycle 4 model was normalized to the Duke Power discrete pin 

model PDQ07 depletion at 25 EFPD. The exposure steps used for power comparisons 

are shown on Table 4-5. The control bank patterns are shown on Figure 4-84.  

Core loading and quarter core assembly shuffle patterns are shown on Figures 

4-85 and 4-86, respectively.  

Calculated assembly radial and peak powers agreed very well with measured.  

Figures 4-87 to 4-95 compare the radials and Figures 4-96 to 4-104 compare 

the peaks.  

During Cycle 5, the core also operated in a feed and bleed mode. Locations 

of control rod banks are given in Figure 4-105. Fifty six 3.02 w/o 235U 

enriched assemblies were loaded as shown in Figure 4-106. Figure 4-107 shows 

the quarter core assembly shuffle pattern.  

Ten equilibrium reactor state points were used for power comparisons as shown 

in Figure 4-6. As in Cycle 4, the EPRI-NODE-P radial assembly power distri

bution was normalized to the PDQ07 parallel depletion at 25 EFPD.  

In Figures 4-108 to 4-117, the assembly EPRI-NODE-P and measured radial powers 

are compared. Figures 4-118 to 4-127 show the calculated and measured assembly 

peak powers.  
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4.3 Conclusions 

EPRI-NODE-P yielded consistently good power distributions when compared to 

measured power distributions. This conclusion applies for both radial and 

peak power comparisons. Although the conclusions in this section are 

qualitative, quantitative statistical results of these comparisons will be 

shown in Section 5.  
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Table 4-1 

OCONEE-1 CORE CONDITIONS 

Nominal 

Bank 7 Bank 7 Assembly Loading 

Mode of Interchange Withdrawal (w/o U-235/ 

Cycle Operation (EFPD) (EFPD) # Assembly 

1 Rodded 91.5 None 2.00/41, 2.10/56, 

196.0 2.15/80 

2 Rodded 53.0 237.0 2.60/5, 3.20/56 

3 Rodded 100.0 245.8 2.75/60 

4 Unrodded - - 2.79/56 

5 Unrodded - - 3.02/56 
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Table 4-2 

OCONEE UNIT 1 STATE POINTS 

CYCLE 1 

Point Power Control Bank Position (% WD) Axial Offset, 

# EFPD (Percent) Group 6 Group 7 Group 8 (Meas/Calc) 

1 88.6 96.4 94.9 22.6 2.0 -4.74/-3.10 

2 122.2 98.1 96.7 24.3 0.5 -0.22/-1.98 

3 129.0 97.4 98.6 27.2 1.6 -4.07/-2.34 

4 145.6 100.7 98.4 24.5 0.7 -2.96/-2.62 

5 169.7 100.1 92.9 20.4 4.1 -2.87/-2.47 

6 186.4 100.5 98.6 26.0 0.6 -4.23/-4.33 

7 195.8 99.5 99.6 27.8 1.3 -3.70/-4.28 

8 208.9 99.8 96.4 20.2 3.9 -4.17/-4.51 

9 225.5 98.8 93.3 18.1 0.7 -3.04/-4.91 

10 232.4 99.0 90.1 16.3 3.4 -1.81/-4.85 

11 239.6 100.8 96.7 18.8 4.3 -0.02/-4.28 

12 246.4 100.8 96.0 20.8 4.3 -1.68/-5.97 

13 253.4 100.4 94.3 20.3 2.7 -4.67/-6.24 

14 260.4 100.2 91.8 17.0 4.9 -3.11/-4.50 

15 267.4 100.1 92.1 16.1 4.9 -2.05/-4.05 

16 270.7 99.2 96.3 21.3 6.9 -1.34/-6.27 

17 281.6 90.5 92.1 17.2 12.0 -2.35/-6.37 
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Table 4-3 

OCONEE UNIT 1 STATE POINTS 

CYCLE 2 

Point Power Control Bank Position (% WD) Axial Offset, 

# EFPD (Percent) Group 6 Group 7 Group 8 (Meas/Calc) 

1 30.6 98.9 84.7 10.2 6.2 -2.28/-3.30 

2 52.5 97.9 85.5 9.5 4.7 -3.30/-3.24 

3 83.0 98.7 84.9 6.4 3.4 -2.65/-5.35 

4 103.5 98.8 85.8 7.6 3.5 -7.61/-5.58 

5 129.0 97.2 83.2 3.4 4.0 -5.57/-3.20 

6 156.0 98.7 85.2 6.3 3.3 -2.07/-4.51 

7 184.0 99.9 85.3 6.6 2.9 -4.19/-4.63 

8 203.8 99.6 84.6 5.6 5.7 -1.53/-3.78 

9 222.9 99.7 81.5 2.9 6.1 -0.39/-4.05 

10 259.9 99.9 100.0 83.7 15.6 -2.77/-3.90 
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Table 4-4 0 
OCONEE UNIT 1 STATE POINTS 

CYCLE 3 

Point Power Control Bank Position (% WD) Axial Offset, 

# EFPD (Percent) Group 6 Group 7 Group 8 (Meas/Calc) 

1 25.3 99.8 94.1 20.3 18.2 -6.78/0.07 

2 58.5 99.7 94.6 18.3 18.6 -4.88/-1.02 

3 91.2 99.6 94.9 18.3 17.5 -4.72/-1.93 

4 121.9 99.9 92.3 18.4 25.6 -5.97/-5.15 

5 143.9 99.4 97.6 22.4 19.5 -2.38/-1.14 

6 179.1 99.7 94.6 21.1 24.6 -4.54/-6.02 

7 203.3 98.9 98.5 22.5 23.8 -4.88/-3.48 

8 232.6 99.9 97.8 22.5 25.4 -5.92/-5.49 

9 266.0 99.9 100.0 85.3 25.8 2.00/ 1.38 

10 303.1 90.2 100.0 84.5 31.6 -2.55/-4.62 

0 
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Table 4-5 

OCONEE UNIT 1 STATE POINTS 

CYCLE 4 

Point Power Control Bank Position (% WD) Axial Offset, 

# EFPD (Percent) Group 6 Group 7 Group 8 (Meas/Calc) 

1 28.3 99.4 100.0 83.8 35.3 -2.16/2.44 

2 56.6 99.7 100.0 80.7 32.5 -1.13/0.68 

3 83.2 99.5 100.0 86.0 34.7 -2.00/-0.57 

4 103.4 99.9 100.0 85.6 32.6 -2.15/-0.01 

5 125.1 99.6 100.0 82.7 29.7 -1.61/-0-.33 

6 150.6 99.0 100.0 84.6 29.4 -2.90/-0.43 

7 174.8 98.8 100.0 88.1 30.5 -3.15/-0.32 

8 194.5 98.8 100.0 84.3 28.3 -2.04/-2.02 

9 234.7 99.6 100.0 88.7 29.6 -2.42/-1.55 
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Table 4-6 

OCONEE UNIT 1 STATE POINTS 

CYCLE 5 

Point Power Control Bank Position (% WD) Axial Offset, % 
#_ EFPD (Percent) Group 6 Group 7 Group 8 (Meas/Calc) 

1 24.5 97.0* 100.0 89.6 26.1 -0.41/-0.78 

2 44.4 97.0 100.0 90.0 28.6 -2.54/-3.62 

3 90.4 99.5 100.0 88.7 25.6 -4.61/-3.17 

4 118.1 99.0 100.0 90.1 26.1 -1.84/-2.86 

5 145.4 99.5 100.0 87.8 22.3 -2.89/-2.70 

6 175.3 98.8 100.0 87.8 22.3 -3.33/-3.22 

7 207.5 99.1 100.0 90.1 25.9 -4.87/-4.29 

8 239.7 98.2 100.0 88.4 19.8 -0.94/-1.81 

9 263.6 98.5 100.0 89.8 20.3 -1.40/-1.59 

10 288.1 93.8 100.0 91.2 20.4 -1.53/ 0.44 

0 

Calculation performed at 97.5% Full Power 
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Figure 4-1 Outline of PWR Data Flow 

BOL CPM BOL EPRI-CELL 
for 

Control for EPRI-CELL Depletion 

Element . Code - Source of Fuel, 
Represen- Water Hole Representa
tation Parameterization * tion 

PDQ-7/RARMONY 

.Core X-Y Core X-Y Assembly X-Y 
Depletion Beginning of Cycle (BOC) Depletion 

Core 
Rearrangement 
for Next Cycle 

of Global Code to function of depletion andote 

assembly power 

Global (3-D) Nodal 
Calculation with Depletion 

K, critical boron concentration, 
power distribution, reactivity 
coefficients as functions of 
operating conditions 
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Figure 4-2 
Oconee 1, Cycle 1 

Control Rod Configuration 

8 9 10 11 12 13 14 15 

H Tr2 Tr3 Rg 

K 

Rg 

L Tr3 Trl Ap 

M Tr2 

N Trl 
Ap Tr3 

0 

P 
Rg 

Rg = Regulating Bank (6) 
R Trl = Transient Bank 1 (7) 

(0-92 EFPD) 
Tr2 = Transient Bank 2 (7) 

(92-196 EFPD) 
Tr3 = Transient Bank 3 (7) 

(196-310 EFPD) 

Ap = APSR (8) 

S2 4-13



Figure 4-3 0 
Oconee 1, Cycle 1 

Quarter Core Loading Diagram 

8 9 10 11 12 13 14 15 

H 2.00 2.00 2.00 2.00 2.00 2.10 2.15 2.15 
1 1 1 1 1 2 3 3 

2.00 2.00 2.00 2.00 2.10 2.10 2.15 2.15 
K 1 1 1 1 2 2 3 3 

L 2.00 2.00 2.00 2.10 2.10 2.10 2.15 2.15 
1 1 1 2 2. 2 3 3 

2.00 2.00 2.10 2.10 2.10 2.15 2.15 
M 1 1 2 2 2 3 3 

2.00 2.10 2.10 2.10 2.15 2.15 2.15 
1 2 2. 2 3 3 3 

o 2.10 2.10 2.10 2.15 2.15 2.15 
2 2 2 3 3 3 

2.15 2.15 2.15 2.15 2.15 
p 3 3 3 3 3 

R 2.15 2.15 2.15 
3 .3 3 

- -W/0 U-235 

- -Batch No.  
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Figure 4-4 

OCONEE01 CY*. EPRANODE CALC VS MEAS RADIAL ASSEMBLY POwERS 

88.6 EPPo 96.a PP CONTROL BANMS 6*7#S*4.9* 22.6q 2.05 wITMDRAwN 

8 9 10 11 12 13 14 1S 
S****v****a*#************33S*~******S*******as***************S a a . * * * *6 * 
* 1.36 * 1.3a 3 1:334 * 1.35 1:32 113 * 

M * 1.36 * 1.34 .2 1.36 * 1.35 * 131 * .8 * .6 
a * * * * * * 

a * * * * * a 
sess*aasea*s*3assessenessesusessess** sessessnesas***********aessesses 

a 13 * * * * * 6q 
a 3 a 1.22 * 1.30 * 1.32 * 1.28 * 1.08 * .60 

K * * 1.28 * 1.26 * 1.26 a 1.30 a 1.30 * 1.03 * .60 
a a a ; a a 1 : : 
S a a .8 a 8 6 
**************************************** ***************** 
a a 37 * * * * *a 

* 9 ,a a 11 a ,15 * a9 a4 

* . aaaseess aase**aaaaaasaaaaase sss****a************************S*sseessess 
a a a a a a a a 

* 0 a *.0 * 78 a *64 **5 * .09 a .96 * .63 a 
* s a a a a a a 

seaaasa~aaaasaas**aessse**************a*************************** 
a s a a s7 a a a 
a a a a a .70 a .70 a 4 a 

a a * * *.76 a .73 * .41 * 
a * * * a a a a 
a a a a * a. a * 
s*aaasssassseaasawaaaaaaaas ********************************** 
a. s a a a a a a CLUAE 

0 a * * * * a t41 * EASURED 
a a a .a * 4 a 
s a a . a a a 
sesasseeneseaaeasasessnessaaa****a**************a****** 
a a a a a a 
a a a a a a 

a s a a a a 
meseeassaaeneaaeaa*******aaa***saaasaessessnesa 

a u a a 
a a a a 

Sa a ae a 
* * * * 
ases a aawa awse a aasassasassaas*** 
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Figure 4-5 

OCONEE*I CYet EPPI*NODE CALC VS MEAS RADIAL ASSEMBLY POWERS 

122.2 EFPD 98.1i FP CONTROL BANKS 6.7.8896.79 24.3, 0.85 WITHDRAWN 

8 9 10 11 12 13 14 15 

*7 g * a * s *6 S * 
e * at * 1.1 5 * 1.26 * 2 1.07 * 167 M *a9 * 1.17 * .2 * 1.29 1.2 * 1.13 * .6 * 

* * * S S S * 

***************s**s****s******************s**sssaesesessess 
s e6 * * * * * * * 
* * 1.2s * 1.27 * 1.25 * 1.25 * 1.21 * 1.03 * .59 * 

K 1 * l123 * 1.30 * 1.2" * 1.23 * 1.23 * 1.00 * .60 * 
* * * * * * * * * 
* a $ * * * * * * 
*S******************sassess***$***********S****************S*S******** 

* * * 1.8 * 11 *S 3.1 a 11 * S9 .4 S 

L * * * 1 . .44 

* * * *7 S * * *S 

* * * * .86 a 1,08 * 1.04 * .67 * 
4 * * * * .85 * 1.11 * 1.03 * .60 * 

* e * 3 $ a * S 

s a S a * *.1 * *~ 4 * * * * * t 9 , 
N* * * 7 * a 

aa* a S S s a S a : : a a 
*svs*seSssss******* ********sess**sssasonsss* ens*sesase 

* a aCAUTED 
0 * WEU 

3 s S a S S 

S***SS*** *********** **8**** *Ses**s*2esass*** 

S S 8 S 
P * * * 

* 8 3 8 

* 5**55**3*g5 0* * s 

p0 
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Figure 4-6 

OCONEEaI CYet EPRI-NODE CALC VS MEAS RADIAL ASSEMBLY POWERS 

1290. EPPO 97.4X PP CONTROL RANKS 69798898.79 27.2* 1.65 W NTORAWN 

5 9 10 It 12 13 14 Is 

* 86~ * *.S * a 3 1.6 * 1.25 * 1.23 * 1.07 * *68 
M * 3 * * * 1.25 * 1:2 1.27 * 1.22 * 1.12 * .67 

27 1:33 3 :9 4 3 

1 Is *3 * * *  
* * ~ * * * * 

K * * [.. * 1.0 * *:a 3 I * 1.2 * ~ 3 b 
* a * * *8 * * * 

* * .7 * 1 * 1. * 3 ai 3* 9 * .4 

* * * . 2 * 1. * 3 8 t o 3 1 0 3 * 34 

* s * 1 * 1.* .4* 

S * a *7 * * * 

s a a * .88 * 1,09 a 10 6 
Sa ** .87 * . 3 .60 s 3 3 a a 3 

** * * 

* * * * *.1.1 * *1 * * 

N 3 * 1.16 * .9 .47 
3 * *3 

****************************S3*333**3S3* 33sesssa**3************* 

* * * * 5SS CALCULATED 
0 a :S** .4 E EAU ED 

3 3 3 3 S 8  
**** 

s a 3 3.3 
3 3 3 3 

P 3 * 3 8 3 
a a 3 a 
g. 3 3 3g 
a33s*Sa33*tes 33ea 3333333*3*ag3e3333ese333 
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Figure 4-7 

OCONEE-t CY-t EPRIsNODE CALC VS MEAS RADIAL ASSEMBLY POWERS 

145.6 EFPD 100.7 FP CONTROL BANKS fi7,T8.9o4# 24.* 0.8% WITHORAWN 

8 9 10 11 12 13 14 Is 

*7 * * * * * *6 * * 
* 08 * 1.11 12 1:4 * 1.23 * 1.08 69 

H * 91 * 1*16 1:2 * 12 * 126 * 1 * 1.13 .69 * 
a S * * * * * 

* * * * * * 1 6 * 
* *bd * 24 St2 i23 11 * .0 * .61 * 

s 4* * 1.* 122 * 06 

s* * * * * * * 

* * * * *8 * * * * 

N * * 88 * * * * 

* ~ ~ ~ ~ ~ ~ ~ 5 * 125 *1.5 .1 *113 * 9 * .4 

L * * * 1.2 : 1:17 * 1.18 * 1 :13 * .90 * .45 * 
s a a * * * * * * 

**S*******S*********** ******************** S**************** ***S* **** 
** * 7 * * * * 
* * * * 86 * 1.09 * 1.06 * .70 * 

M * * * * .87 * 1.12 * 1.04 * .62  
* * * * S * * * 

* * * * * * * * 
* * * * 1.13 * ,9 * .52 * 

N * * * * * 1.17 * .92 * .89 * 
* S a * * * a * 

s *5 * * * * * 

* * * * * ,s6 * CALCULATED 
0O* * * * * * .57 * WEASURED 
* S * * * * * 

* * * S S 8 

P * * a 8 3 
a * .s S a a 
a 5**55 55 *1** 3**** 8 5* 5* S**S* * 
8888888889S88888888*888898*88 
* 8 * * 
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Figure 4-8 

OCONZE-t CYet EPRIaNODE CALC VS MEAS RADIAL ASSEMOLY POWERS 

169.7 EFPD 100.72 FP CONTROL RANKS 6,7,982$.49 24.5* 0.85 WITHDRAWN 

8 9 10 It 12 13 14 Is 

*7 s $ * * '6 * 
* .78 * 1.06 * 1.19 1.12 * 1.22 * 1.22 * 1.09 * .72 

H * .87 1.13 * 19 * .25 * 1.23 * 1.20 * 1.13 *71 
a * a * * * * * 

S 56 a * S * * * * 

* * * * * * * * 

esases*sse***S*************S**S*******S****************** 
* s * * *8 * * * 

* ** 122 112 *1.09 ":114 * 96 * .4 
L * * 14 * :92 * .47 

5 * * .* * * * 
***,ss***************...******SSS******************S*S******* *S**** 

* S * *7 * * * * * s * * .83 * 109 * i07 * .72 * 
m .86 111 1:06 * ba 

* S s a a a a * 

*~9 s *** *****************************S*****aasaa*********** 
s M S a * * 

S* * 5 * .96 * .54 * NI * * * i.IS * .95 * *S1 * 
s * * a a 5 
* * a * a s a a 
****************;**************************** ****** 
a a * * a * 

* * * * * * *59 * CALCULATED 
0 * * * * * * .59 * MEASURED 

s a * * * * 
s a * a a a s 

asessss******s**ssasseeast*************a*******S* 
s * * a ** a 

* Ss * * * * 
Ps * * * * * 

a a * a 

8a a a 

* * * * 
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Figure 4-9 

OCONEEnt CY*I EPRIoNODE CALC VS MEAS RADIAL ASSEMBLY POWERS 

186.4 EPPD 100.5% PP CONTROL BANKS 697988.b 2600 0,95 WITMDRAWN 

8 9 10 1i 12 13 14 15 

1'49 8 9 

'. a'' a.4 51.03 0 .0k * 64 

1.1 1.1 .64 ..  

S :I : :!:1 : 1A 1: : 0 :9 * * * * * * * 

**a*******************S*****S*********************************** 

L 1:221 1 1b 113 .q a 1.:13 99s 0* 24 *9 

a sa a a * a a a a 

a a a a 8* * 

a a a S .~~87 ioa.0 aa 
M * 1 1 .3 9 * .1) a a ,ae0a 

a a * * * * a a 

I .i..s . 9 * * sesaasa************************a***sse*******8SS8SSS*****$*********** 
a a a7 * * * * 

s a * * a 1,1 * *.0 * .51 * 

ao a * a *S S 1 1.05 a a6 

a a s a * a 

S. . a . CUATED 
as a * * *a.1 ** * *S9 

* * * * * a * 

* a a * *. * * 
seesaass***a***asaSsssassess************a***~Sasae 

S a a a * * 
a a a a a a 

s a a a * a 

**********a************************** 
a a a a 
a a a a 

a s a a a 
a a a a 
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Figure 4-10 

OCONEE*I CYat EPRI*NODE CALC VS MEAS RADIAL ASSEMBLY POWERS 

195.8 ETPo 100.at FP CONTROL BANKS 6798599.5* 27.8. 1.32 W!TORAWN 

8 9 10 11 12 13 14 15 

60******* *************ss******* *********** *************** 
67 * 7 a *6 
* .83 * 1.00 * 1.17 * 1.19 1.20 * 1.20 * 1.09 * .73 

N * .92 * lots * 1.19 * 1.23 * 1.22 e 1.18 * 1.14 .70 
a a a 6 * * * * 6 
*$ * * 6 * * * * 

* as * 

to * * * 2 .64 

s a 6 * *S * * 

** * 121: * 1:13 * 1.08 * t.13 * s96* .50 6 
L ** * 122 * 1:16 * 1.13 * 1.13 s .91 *47 

a a * 6 * * * * 
* * * * * * * * 

6 * * 57 6 * * * 
* * * 6 .8 * 1.10 * 1.058 *73T * 

N * * * * 8 * 1.13 * 1.06 * .63 6 

be s * * * * * 

* * * 6 a* * a 

* 6 * * * 6 .97 *6S 
N 6 1 9 5 

******************6********6***sessessesseseenesentse*sass*******6 

* * * .60 * CALCULATED 0 a a ,59 *PEASURED 
** * 6 .6 * 

* .* * * * * 

* 3 8 6 
P * * *.* * 
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Figure 4-11 

OCONEE*1 Cy*t EPRI*NODE CALC VS MEAS RADIAL AsSMgmLY POwERS 

206.9 EFPD 99.AZ FP CONTROL RANKS 6*7,8896.4, 20,29 4.0% M!TNORAWN 

8 9 10 It 12 13 14 15 

* * 87 * a a 86 * 

0 * *97 76 * 1.08 * 1.21 1.26 * o *.79 
M N .1 1606 *79 1*12 * 121 * 0 8* .74 s 

$ , . . . . . * * 8*6 1 06 8 8& 

* L * * 
I 0 88 

48 1 I1:3 : 1:15 :1 : 96 8 50 8 

******************************8S88*888*8**888888**8********** ****~*** 

m a * * 1.1.02 *61:1 1.04 * .67 * 

. 8 . 8 * * * 8 

...... ...... ****8**************a*************************** 

* s * * * *77 * *82. .52 * 
N * * 8 8 8 .81 0 .81 *49 

8************* ****************************************** 

a a s * * :12 *CALCUATED 
0 a *MEA u ED 

888*3************ ******* ************************* 

8 a 8 8 * 8 

P. . * 

aa 8 * * 

8 a 8 8 

* * * 8 
sessass8aassassassasees**** 
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Figure 4-12 

OCONEESI CYe1 EPRI*NODE CALC VS MEAS RADIAL ASSEMBLY POWERS 

22S.6 EFPD qqa FP CONTROL BANKS 6b7*qSw6.4* 20.29 4,02 WITHDRAWN 

8 9 10 I1 12 13 14 IS 

* * 7 $ 6 S 

0 09 5 44 a 1.07 1.20 1.2! 1.15 s *o 

H * 16 * .0 .77 * 1.12 * 1.24 * 1.22 * 118 .81 

S S 
lS 1 02 S 

:. :. . . :. *** * * * * *** 

. .. . . . . * S 

.-. .0* 1.04 .65 

K*S 

S:7 83 538* 

.a . .. 02. .. 5 
: : !:I : it : 1:11 : 1:1: s .:6 : 

S , . . . . . * 

0 1* MES ED SU 

:.....:.....:..... .... *********** ******** 

s * * * 1.2 * .3 * 1.068 . 76 * 
S a e ,3 1.16 *1.04 * .65* 

. . . . * * * * 

. . . . . * * * 0...............................*2*8* ******** * ****** 
a a * * *7 * * 

a a s * * .76 * .83 * .53 * 
Ns * * S * .78 * .82 * .50 * 

. . . . . . * * 

* * * * * * * 

s a a 

,................................................******** 

.S . . * * * 
a a S S S * 
* * * * * * 

......................... **S* * **5* ** ** * *** **** 

* * * * 

S. * * * 

s a 4 *2 ~*** 5***********S *** * **** 
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Figure 4-13 

OCONEE*I CY-1 EPRINO0E CALC VS MEAS RADIAL ASSEMBLY P0CERS 

232.8 EPPD 99.5 FP CONTROL BANKS 6,7,6s46.4* 20.2. 4.0Z WITMORAWN 

8 9 10 11 12 13 14 15 

*.*******,8*************************************************** ** 
* * 7 a * * *6 * * 

* .99 .*94 * 073 s 1.07 * 120 * 1.25 * o* 80 
m 1:14 * 1.03 * 4 * 1.11 * j.3 * 1.21 * 1:7 * .81 
s a 8 * * * * * 

S*6 * * .* * * 
* .99 * 1.04 * 1.1 

23 128 3 t 1897S 
K * * 10 * 110 * .6 * 1.2 1.25 * 1.07 * .70 * 

L a * :* 1 * * 3 * $ a sa 8 * * 

L * * 23 * 9 * .3 * 1. 8* .9 8 .5 

* * * * * * * * 
.~q76 * 

388************************8*************** *************8******3** 
8 * * * * * * * 

* * * * .. 7.831 3 *08 * 6 * 

N s * * * 80 [.16 * .05 * .65 * 

* 8 8 a *7 8 * * N a2 **03* 8 ,7* 8 382 * 850 * 

8 * 8 8 a 8 
* * * * * 8 

a a a ** 14 *CALCULATED 
0 8 * * * 5 ED 

3 8 * a 8 8 8 
assseassasessassassassue*8ses***8******************** 

* * * * s 8 

8 8 8 8 .8 8 

*8 2888838 88 * 8* 8 *8 *3*88888*88 

S 8 8 8 8 
* * * * 

R 8 8 8 a 
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Figure 4-14 

OCONEEI1 CY*I EPRIsNOOE CALC VS MEAS RADIAL ASSEMBLY POWERS 

239.6 EFPD 100.% FP CONTROL BANKS 697*889679 18.8. 4*3% MITHORAWN 

8 9 10 11 12 13 14 15 

s a . * s * * 86 * 

* 0 * 97 S*T.7 * 1.17 * 1.1.20 * * 1.25 * 16 s~ .8 
m * 76 * 12 * 2 * 1.20 .74 

a a * * *5 * * 

* *6 * * * S * * 

: 1:11 : 1:ti : ld: : 1!2 :4 : :l 4 
. . . . . . . S* 

* * * s *8 * * * 

* 1 1.1 * 1.02 * 

a* * * * * * 
*S. * * * *8 * * S* 
**.***g****************************S*sS *sse*sse*es**S********** 
* * * * * * * * 

* * 1.27 *11 1,08 *&56 
N: s 1.2 * 1:160*1.0 .65'.  

U******4****************..~s*******************SSSS*S***SSS*********** 
s a * 5 *7 * * * 

77 * .84 4 * 
* .78 * .82 0 

USS******************************************* 
* a a S * * * 

54 *CALCULATED 
0 a : 52 *MEASURED 

S a * * *5 * * 
*************************S****S***eses***S**s****Ss 
a a a * * * 

a S S a * a 
* S a a . * 

sssssassase**S*8*S*******S************** 
* S * * 
S a a a 

R * * * * 

* * * * 
tasessS5saagsass************* 
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Figure 4-15 

OCONEES' CYst EPRIoNO0E CALC VS MEAS RADIAL ASSEMLY POWERS 

246.4 EPPD 100.85 FP CONTROL SANKS 6.7.806.7 20.89 4.31 WITNDRAWN 

g 9 10 11 12 13 14 15 

1. .95 77 1.08 1.9 1.24 : * .st 
H*o 1.07 08 1~ .8 12 1 2 1.20 8 .8 81 

L : : 1 26 ** S * * :* 
087 

. . . . . 8.  

8 S 1.24 :04 1.02 8 .56 

S* *:1 : 

8 8 * *.0 * 76* 

. . 8.  

N~~ ~ 51 8 88 8 .8 8 83 8 .1 

a a8 *8 8 
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Figure 4-16 

OCONEE*1 CY*1 EPRI*NODE CALC VS MEAS RADIAL ASSEMBLY POWERS 

253.4 EPPD 100,a FP CONTROL BANKS 6.7,8940.3o 20.3. 2.7 WITHORAWN 

8 9 10 it 12 13 14 15 

*****g**a************************************************ 
* a *7 * s * * a 

* o 1.02 * .97 ,6 * 0 * 1 1.2 :13 * 1.14 * .80 
K 1 * 1.0? * 180 * 112 * 1.23 * 1.0 * 1.8 * .7 5 

s * a a * * e * 
* * * * * a * * 
*****3ev*******aa****************** ********s****************** ** 

* 6 * * * * * * Ka 

* * * * * * * * 

** * so a a a 

S* a * a.2 a6 a.2 *a.1 * 9 S 5 * * .2 * .79 3 .13 * .77 * 

N * a a a 2 * 116 *.0 * .1 * 
S * a a * 

* s a a a a7 a a , a 
Ns3 aaaa *aaaa aess a a a .82sas *ss sa 84 ** a .51a as* s a a a * a *a 

* a a * a a .55 * CALCULATED 0 * .53 * ESU ED 

* a a a a s 
P* * a a a a 

*s a a a 

a a a a 

S 4 -a 
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Figure 4-17 

OCONEEml CY*t EPRI*NO0E CALC Vs MEAS RADIAL ASSEMBLY POWERS 

260.4 EFPD 100,7% FP CONTROL BANKS 6*7988918* 17.0. 4.9 WITMORAWN 

9 10 i 12 13 14 Is 

a a 7 a 6 0 
a q~ 74 a 1.07 '1.2: 1.14 : 81 $ 

* 6 : : : - a * 

a a * * aU 

a a a s a* 

H ~ ~ ~ ~ ~ S lo4-287 21177 

3 : 9 1.24 S 1:13 a 1.18 * 1.03 S .7 
L 1.26 * .1 1. la '97 : 51 * 

* *7 84 2 

a3 a a a * a S 

a:5 5E U ED *6 

a a a a j~~~27 4-28 106 a~7



Figure 4-18 

OCONEEst CY*1 EPRINOOE CALC VS MEAS RADIAL ASSEMBLY POWERS 

267.4 EFPD 100,as FP CONTROL BANKS 6 ,783q2.1, 16.1. 4.9% WITMDRAWN 

a 9 to 11 12 13 14 is 

s * $7 * * * *6 * 
* .0 .96 V *73 * 1.06 * 1.24 * 1.14 *82 

m l e 1.05 * .76 * t.11 1.3 1 * 1.17 * .7 
: b * * * * * 

* e a * . ; a a * 

* *6 * * *3 * * * 

** * 1.9 S.4 1,3 1.1 * .0 *S5 

L * * * $.2 * 12 *6 1. $* 11 * .9 * 5 

S* a * 
$ * * * . * * * 

* * * .* s a a 

* .2 1 1.08 * .78 *UAT 

s S a e a e a * 

a $ a *17 .05 * 5 $ 

N * * * .78 * m. * 52 * $ * * *7 * * * 
8 $ $ 8 .76 $86 * 5 8 
a a * a S $ a 

* ** * .56 * CAL.CUL ATED 
0 aa aa **.54 -N EASURED 

* * * * *$ 

* * * * * * 

$ a $ a a a 

s a $ a 

a a a a 

a S a 
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Figure 4-19 

OCONEE*1 CY-1 EPRT*NODE CALC VS MEAS RADIAL ASSEMGLY POWERS 

270.7 EFPD 100sAt FP CONTROL BANKS 6.798q2e1. 16.1 4,9% WITMORAWN 

8 9 10 11 12 13 14 15 

S* *7 * * * *6 
* 4a * qq * .78 * .2 * * 

1#19 * 1.09 * .82 1.11 * :2 * tl a * 76 * 

09 ,1 , It 4 . ** 1 

$ S a a *8 * * * S 

* s6 * ae * 1.3 1 * tot? S e ,o * 5 
L1.0K * .23 * 1.20  * .1* 

f* * * * 

S~0 4 6 5S 
* * * * *8 * * 

. . . * . . .5 .  

. .I:~ . .A . .~ :*: *.1* 
sa * * * * S 

* s a *7 s * * 

Ss a 80 a 6 * 5 

N * * * * .83 * .85 2 
s a * * * ** 

a a s a * * *S 

* * * * CALSUkATED 

a a a * *** * S S 12 v RE U ED 

. . . . * * 

* * * * * * 
P a a * * 
P * * * * * 

S a * * * * 

* *ssa *sessss*S*** *** ** ****** S**** ** *** 
* S a s 
* . 5 * 

g oS a S 8 

*****SSS*SsS*s*U*S*S3*S******** 
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Figure 4-20 

OCONEE*1 CYet EPRI*NODE CALC VS MEAS RADIAL A3SEMBLY POWERS 

281.6 EFPD 90.5tFP CONTROL BANKS 6*7,8a42.1917.2.12,0s WITHDRAWN 

8 9 10 11 12 13 to 1S 

* * . *T a * e6 * 
* 1.02 0*.96 * .79 * 1.06 * 1.18 &23 1614 

M 1.14 * .06 * 77 1.12 1.23 * t1 * 1.16 7 

X 3 
* * a * * s * * 

K3 CA aLATE 

* as * a a * * 
* * * s a S a 
* * * * *8 a * *a 

a a * as a 
* * * * -* s . a a 
a a *a * * a . S 

* * *1 
S * a a a.6 ai a,5 .6 * a s .* a a a 

* * a *7 a a a * s a a a .79 s .86 a .5 a 
N * * * * a .80 a .85 a .52 

* * * * * * * a 
a********aaaaaaa*aseasaeassesseteses*********s*aa*************aassea 
* * s * * a a 

S * * * * * .56 e CALCULATED 
0 * a a a * * ,g *MEASURED 

* * * * . * a 
* a s a a a 

* * * s aa 

a *a a a a 
a a a a 
* * * * 
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Figure 4-21 

OCONEE*1 CY*1 EPRI-NODE CALC VS "EAS ASSEMBLY PEAK PO"ERS 

886 EFPD 96.at FP CONTROL RANKS A.7,gq4,q* p2.6. 2.0% wITHORAWN 

8 9 10 it 12 13 la 15 
3***************************g****ssa*************s3asuessess 

* 1:64 * 146p * 1o58 * 1.59 * 1.61 * tS9 * 138 * 84 
* 65 *64 * 1.59 * 1.64 * 1.6 * 1:62 ,as as 

* * t 1.3 * 5 * 1013 1,4 . 3 L * 1.53 * i.43 * 162 1 .34 754 
1 8 8 3 * * 

* * * .3 *3 *3 

* * *8 * s* a 
* * 1.3Q * 1.40 * 1.53 * 1.44 * 1.13 * .55 * 

L * * 1.44 * 1. 3* 1.60 * 1.44 * 1.09 3 * 54 
3 3 8 3 3 a 3 3 

.a 3 S 3a 12 1.19 * :77 M * * .39 1.35 * 1.18 * * 

W 3******3ess**a3*se3ssass *ss 33e33as3a*3sszanessa;sess3speasseesassaa 
a . a 3 *7 3 a. 3 : a * 1.06 .87 : .50 * 

N s 3 1.08 * .88 *aq * 

*33*************3**************assee3333*shssas3es**********sas 

a 3 a 3 3 ,50 *CALCULATED 
0.* * * * * * .50 SURED 

8~S a4-32S 

3 a 3 a a g 
P S * * * 3 3 

a a3 3 

R * * 3 * 
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Figure 4-22 

OCONEE*1 CY*1 EPRIONODE CALC VS MEAS ASSEPBLY PE&K POWERS 

122.2 EFPD 48*i FP CONTROL RANKS 6,7,A9b.7o 24.3* O.8% IITHORAWN 

8 9 10 11 12 13 14 is 

............... ** ****** ************ ***** .8**** 

0 :lt 4 :81! 

. . * ., . .  

1:41 1:I :46 
.K 4 st 1 38 0 1:44 

.:35 :* 10 * * 

.2 1 .9 :.7 

* * * *7 

MS . * * : :~:~~:: 
s ** g 

* * * * 
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Figure 4-23 

OCnNEEut CY-1 EPRI*NODE CALC VS MEAS ASSEMBLY PEAK POWERS 

12q.0 EFPD 97.a% FP CONTROL BANKS 6 97*898.7* 27.2, 1.61 WITHORAWN 

8 t to it 12 13 14 15 

*6* 
* 1.36 * 1.1 * 1.46 1,46 * 144 1 ,3 * 1027 * 80 

H * 1,48 a s* 1 .49 * 53 * 1.55 * 1.45 * 1.36 * .80 

aaa* * * * * 
* * * * * * 3 

* *6 * * *8 3* 

Sa 44 * .45 * 1:as a t41 * f1. 34.  
K 6 * * * .3 * s3 s 71 

a 3 a * * * * * 

* * * *7 * * * * 

*4***********3****************3**S******3****************3******* 
* s * * *8 * * * 

* * . * 1. 36 * 3 .60 * 
N * * * 5 .2 1 1 1 * 

3 3 * a * * * * 

* * - a sy 3 * * 

* a * 3.30 a 1.9 1.5 * 0 

* * ** 29 * .*.66 *CALCU1kAT 
0 * a 66 mEA UED 

3 * . 3 a* a * 
3ues****** **** sasa s** * * **saese ssessesessse******* 

* s a *a 3 a 3 
* * * * * 1.6 *3 1 6 

P * * * * * 3.9 s 11 5 
s * * * * 

* * 3 a aaa 

*. * * **** 

0 * 3 * *3 6 aMAUE 
3 a * a aa 
a a~ 33* a 3 *aa * * * * *3 

0p 
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Figure 4-24 

OCONIE1 CY*1 EPRlmNODE CALC VS MEAS ASSEmBLY PEAK POWERS 

145.6 EPPO 1OO.7.FP CONTROL BANKS 6 97*8s98*4 24o59 0,8% W!THORAWN 

a 9 10 it 12 13 14 15 

*7 s* * * * *6 * * 
1.2 * 1.42 * 1.43 * 1.42 a 1.43 * 1:28 * .82 * 

40 * 1,39 * 44 : 1.50 * 1.53 * 1.43 4 1.35 * .1 

* *6 * * * * * * * 

1:101:441:4 1:4 1:40 

* * * * * * 
* e6* * * * * 

* a * a *8 * * * * 

* * .*5 s a * ~ ,5 * *** 
* a 1.5 * 1.38 * ).8 * .4*'I S 

.1.1 * . * 5 

* * * * * 

S 8 CALCULATED 
* s* * * *ED 

*s * *7 * * 

. * * 

* s * * * ** 

* * * * 

*s S * ** 1.9 * 11 .5 * 
R * * * * 

s * **** 

* a * * 

p0 
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Figure 4-25 

OCfONEE*1 CY-1 EPRIoNODE CALC VS MEAS ASSEMSLY PEAK POwERS 

169.7 EFPD 100.7% FP CONTROL BANKS 69798s98,49 24.5. 0.5 WITHORAWN 

8 9 10 11 12 13 14 19 

*7 6 * a * U ** 
S 1 1 37 * U:44 * :85 

M~~~~~ * .5 * 13 .7 * 43 * 148 6.9 * 13 8 

* *6*UU 
s a 1.3 * 1:17 * 1,34 * 1.36 * 1.37 * 1,24 .75 

K s 1.4o 1 0 * 1.38 * 1.38 * 1.22 *7 U 

L U * 1.40 1.31 U 1.40 I.* 0 * :55 
U U a *7 U U U * 

MU U EDU 
p 

** U-36 

* U S .8 U U U 

U * * * * 1.31 * 1.11 U .63 U 
N U U a U U 1.39 U 1, O U .60 

* * * U U * .69 *CALCULATED 
0U U * * * * .71 8 MEASURED 

P S U U 8 U U 

R SUU S U 
U U U a 
U*UUUUUUUUUUUUSUSaUUU$UUU*UUU 
*U ****sU sesesUse s U 
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Figure 4-26 

OCONEE*I Cyst EPRINOOE CALC VS MEAS ASSEMBLY PEAK POWERS 

186.4 EFPD 100,i% FP CONTROL BANKS 6078808.6* 26.0. 0.05 WITHORAWN 
8 9 10 11 12 13 14 1 

*7 * 3 * * S* 
* 1.29 * 1.33 * 1*38 * 1.39 * 1.3w s 1.a1 1.29 .  

1a 1.42 * 1:.3q * 1.40 * 1** * 1*a * 1.38 * .34 :8 
* S * * * * 

* *6 * * * * * * 

X 1: :40 1.3 37 a 233 74 

. . :. * .A .4: . 3 .*7 1 .3 8 *o 
a 1.4 * 41 * :34 *54 

* S * : * 4 a * * * * 85 

1:a * * 1 * 3 1: *. * 

* a * * * * S* 

s a S * * 1.17 66 
N s * * 3 * * 60 

a a * * * 

sesases **** *********** * S 

0 :71 :EUE 
a * * * 4-3 

N a e*e *e**** ***** ***** .Q*11***** 
S S a * * * 
g S * * * S * 

* * * * * * 
* g * a CAL UE 

easssesaes*** * *** **** * ** ** 

* * * * * 

P S S 8 8 

a a * * 
* * * * 
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Figure 4-27 

OCONEEUi CY*1 EPRI*NODE CALC VS MEAs ASSEMBLY PEAK POWERS 

195.8 EPPO 100.eZ PP CONTROL BANKS 6*7,899@.S 27.8. 1.3% WITHORAWN 

8 9 to It 12 13 14 15 

**********3SSO****************************************SS**** 
*7 * * *6 * 
* 1.31 1.33 * 1.37 * 1.38 * 1.37 * 1.10 * 2 .86 

N * 1.41 * 1.31 * 1.39 * 4 1.47 * 1.37 * 1.3 3  * .82 
s a * * * * * * 
* S * * * * * * 

*************** ****** **** ****************************** ***** 
* eS * * * * * * 

3 * 1.39 
K 13 * [42 * 1411 * 14 .7 * 32 7 

s 3 * * ** 
** **** 
************************************** ****~* *** 

* S * * *8 * * * 
* * 14 * 1.2 10 

L * * * (.4 * 1.6 * 1 9 * 1.3 * 1 8 * .5 
a $ * * * * * * 

********************************3*******s*****SSSSS*SS*33****5***** 
* * *7 * * * * 

s * * j.3 s I3t a .2 * 8 * 
* M *e** ,0 * 1.9 3.5 ,7 

* * * * * * * * 

N * 8 s S * 1.8 3 11 * *1 
* 5 * * * * * * 
3 * * .39 to * .6 S N * ,30* 60 

s*** * *** 

*********S***********SSS*3 S ** *SSS* * * * ********* * ** *** 
* * * CALUATED 

0 * * EAUED 

PS 3 5 3 S S8 

* * * * * ** 

* * * s 3 
a a S 

P S S S a 

* * * * 

*553*** 5*5 * * * *2 

0 
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Figure 4-28 

OCONEE-1 CY*1 EPRI*NODE CALC vS MEAS ASSEMSLY PEAK POWERS 

208.9 EPPO 99.%A FP CONTROL SANKS 697*h9*6.4. 20.2, 4,02 WITHORAWN 

9 10 11 12 13 14 1 

****8**88**88g***88*888888*38***** **sesasassussesasssaess***********9** 
a * *7 * * * ** * * 

*12 * 1.29 * 1.30 * . 37 8 1.45 
* 8 26 * 11 * * * 3 1. 1 * .86 * 

* * * * * * * * 

39 ti 2q 1d :t : i :l : 1 7 : 9 

a4 q at .** **9 s * * * *1 * * 8 8 

* 8 * 1.36 * i.39 * I .35 1.29 8. .63 * 
L * 80* 1 9 * 1.1 11 1.9 * 11 * *S * 

88888 888888* *88888 8$ 3 * 8* * 888* *88 88888888 

4~~S 4-3a9 ** 

*8 .1 * 12 1.23 * .87 * 

s8 * * * .8* 1.8* 18 *8 0 
8s8*8 *8a 8*.*888888* *8888 8 *8S8* *888*8 88*888 

8 8 a * 87 * * 8 
8 8 * 8 * 1.25 * 1.05 8*.63 * 

N 8 8 * * * 1.12 * ,96 8 *56 * 

* 8 * 8 * * 8 8 

8 8 * 8 * * 
s 8 8 8* 

8 8 a 8 * * 

ps a 88 

8 8 * 8 

* 8 a 3 

3. a 8 8 
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Figure 4-29 

OCONEE*I CYal EPRI*NODE CALC VS MEAS ASSEMBLY PEAK POWERS 

225.6 EFPD 99,As FP CONTROL BANKS 607,8546.4* 20.2. 4,as WITHORAWN 

8 9 to 11 12 13 14 15 

9 a 7 a .** *6 * * 

I .2 * 1.24 * 1.2 .9 * 13 1.46 * 138 * 96 * 
M * 1.32 * tlA * :*99 * 1:*28 * 1:17 * ha 1,42 * ,9 * 

s *** .:4 * 
L 2 * * * * 

* s a * * * * It 9*9*9*. **9*.289*91.329* 936* 999 9*99 93 99 3 3*1.33 9999 *99 .859 *999 

m s . * * 2 * 0 8 
a a * * * * * * * 

N 9 *9 37 39 

a a a *8 * * * * 

* * * a * 

L *2 *1.51 * .4 *1.41 * 11 5 
s a * * * a * 

a a a * ,5 a 12 ** .2 a * 9 * 

M * 39 1.56 U 
S* ** 2 * 4 

* 9 * * *7 9 * 9 
* * * * * 1.19 9 1.03 9 .64 * 

N * s a * .89 9 ,95 9*.57 * 
* 9 a a 3 a a 9 

a a * * * * 

s a * * * .64 s CALCUATED 
0 * * 9 *.59 a~ EAURED 

s a 9 * 9 * .

3 a 9 a a * 

Pa 9 9 9 

a a 3 a 
a a a a 
a a * * 
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Figure 4-30 

OCONEE*1 CYet EPRI*NODE CALC VS MEAS ASSEMBLY PEAK POWERS 

232.4 EPPO 99.gs PP CONTROL BANKS 6978896.4, 20.2, 4.t% WITMDRAWN 

8 9 10 11 12 13 10 15 

* * *7 * * * 36 * * 
* . * 2 * 1.22 * 30 * .3 * ,46 * .97 * 

S * to33 1016 * .00 * t1.23 ** .96 * 

s * * 3 .3 3 * 
3********* ************************333*33333*3*3** *333 3************** 

a a6 * * a * 3 * * 

*:32 *:3 1:37 s 30 * 1 * 
L * * 49 * 49 t 6 * *3 .61 * s * * ~.3 * * s:::11 * *" 

** a .4 S *a 

S* 1,41 2 * 2 3 89 
M * * * * { .51 . 3* 1.0 * 7 *3 

3 * * * s * * * 

* * 8 3 $ 3 * 3 
*******333**g3*assassese***3****3**33****3**3ssasse***ase**3 

a s * 3 *7 3 a a 

N *1092 * 57 
s a 3 * * * * 
* * s a * * * * 

*3*3**3**sss *3essassesesa3essesassessessessesessmasses3eassassass**3**3* 
3 3 * * 3 a a 

* * * * * e .64 *CALCULATED 
0 * * * * * * .60 * MEASUED 

3 a 3 a S * * 
* * * * .3 3 * 
seasseessessesseesses*3*3333**3*******assasesesease**33** 

s a 3 a * 3 

* * * * * * 

* 3 * * 
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Figure 4-31 

OCONEE*1 CYwt EPRI*NODE CALC VS MEAS ASSEMBLY PEAK POWERS 

239.6 EFPD 100.4% FP CONTROL BANKS 6798s96.7 18.8. 4.32 0ITMDRAWN 

8 9 10 11 12 13 14 15 

***s********S******************a******sssa***s********'********** 
* * . *7 U * * *6 * 

1.27 * 26 8 7 * 31* .95 
M * 1.3 * 1.20 * 1.01 * .2 * 136 * 1.32 * 13 * 86 

s .* * s * * 

***********************************S**S**************** 
* *6 * * * * * * 

* * 1.0 * 1.33 * .84 K * * 1.2 * . * 2 1:3. * .82 
* * * * * * * * 
* * * s * * a * 
*****ssssSes*SS**es*s*****S****************ssesasssses*********** 
* * s a so a* * * 

* * * 1.33 * 1.36 * 1.32 * 1.27 * 1.18 * :64 
L * * * 1.t a 1.43 * 1.a5 * 1.32 * 1.10 * .63 

a 1 a s S a S a 
9* * * * * * 

* * * * * *. * s 
** * * .7 * 125 s 12 .88 * 
sa a 18 74 

*7* 
* * s * *7 s * * 
* * . * *. * 1 5 * 1.7 * .5 * 

N * * . *7 .9 * .0 * * * ~~~ ****12S 1.07 * 65* 
N 0 a : 96 ' 90 a .58 * 

* * S * S * * * 
** * * * * * * 

*S******************************SS***********S*s8sessesesesse 
* * * * * s * 
S* * * * C UATED 

0 aE U a 5 AUED 
* *. * * * s * 

* * * * * * * 

aS * a * S * 
** * * * a 

* * * * S a 
* 8 8 * 

P a a * a 
* * * * 

* * * * 
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Figure 4-32 

OCONEE.1 CYe1 EPR.NOOE CALC VS MEAS ASSEMBLY PEAK POWERS 

246.4 EFPD 100A FP CONTROL BANKS 6,798gq6.7, 20.89 4.3% WITHORAWN 

a 9 10 11 12 13 14 Is 

: * 3 *: 3** : ** ! 3 36 .e $ s 

S1.331 te132l 1.3 2.P 1.4 32 : 3 .96 

:1 . . 1.2 * , 1.32a1 * . :11 

* . . .. * 1.8 *is * . a * 

s * * * *7 3 * 

s a aa * 1.3 * 62*26 

N 36 * * 6 * 

. . . * * * * 3 

. . * S * * 

. . .3 .33 * ~ :1~~ 0 6 

* * 3 *3 $33 

a a * * 13 . 6 

N 3 3 * 3 10 9 5 

3 33 33 69 3cAjUA7EO 
03 : 62 sME U ED 

3*3****3**3*************3****** 3333* **3*3* 3 
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Figure 4-33 

OCONEE*1 CYet EPRIwNOOE CALC VS MEAS ASSEMULY PEAK POWERS 

253.8 EFPD 100.45 FP CONTROL BANKS 6*798894.39 20.39 27K WITHDRAWN 

8 9 10 11 12 13 14 15 

se****8*sesa$SSe***********************Sa*aSSSS*SSS**********S**5******* 
s * , *7 * * * S6 * * 

* 1 3 0 * 3 * 3.3 1 196 
* 

* 1S1 3 * 13 * 2* 1:32* 8 * 

a * * * * * 
* * . * *5 * * * * 
S*******************************************************~************ 

a a * a *s a * * * 
* * *1.a 1:35 1:32 1.30 * 1.20 * .66 * 

** 1.13 * 5 
a a a * * * * * 
s * * a * * * * * A 
a****** ******* ******************************* ********aa~ **S** 

** * a * A * 

s a a a. * * * * 

0 *6 ME U ED aa 

a********************************************************9 
s a a a *7 * * * 

* a a a a a a a 
******************************sassass2Ses******S*** 

* * a * * a .70 * CALCUL ATED 
0 * a * a a a .64 * MEASURED 

a a a a a a a 

P * * a a 
a a a * a a 
a a a a .a a 
*********************************4aaa***a********** 

* a a * 

a * a 
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Figure 4-34 

OCONEE*I CY*I EPR!*NOOE CALC VS MEAS ASSEMBLY PEAK POERS 

260.4 EPPO 100.% FP CONTROL BANKS 69798291.89 17.0* 4.9 0 7D0RAWN 

9 10 It 12 13 14 15 

** 7 * 3 ** 

23* . 3 .3 3 * 1.36 * .7 
1 * [ *24 * 1.39 * 3 138 89 

* a * * * 3 3 
* ' 3 * * .3 * * * * 

4 86 

K.. * 
: l ? : l!I1:19 : 1:19 :11 1:19 : 8:t 

*~3 s 5 *3* 

. . . . .3 . . * 

*3swe ses *easase*S3** 3**8 ***3**33*eaesessesese s****3*********** 

. . . . ME U E * 

. . ... U 

3 . . . 0 . .  

* a * * - * * 

.* . . .* . . *~ 

. . . . . . .* 

. . .8 . . . .  

a 3 3 * * * 

3 * S * * ** 

* 3 3 * * 3 

* * 3** *3333* 3 *38* *3 * 

* * s *** 

3 3 3 * 
3 * * * R P.s4* 
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Figure 4-35 

OCONEE*1 CY*I EPRI*NODE CALC VS MEAS ASSEMBLY PEAK POWERS 

267.4 EFPD 1000. FP CONTROL BANKS 6h7*8a92*. 16.1. 4,9% WITHORAWN 

8 9 10 i 12 13 14 15 

****************************************a***************** 
* * *7 * * * *6 * 

* .2 * 1.23 * 1.20 * 1.30 * 1.32 * 1.2 * I:3 * .  
* 3 7 * 1.06 * 1.22 * 1.38 * 1:13 * 87 

ea * * * * * 

Sab * * * * * 0 * *6 1. a* 12 * .8 * 1.0 * 1,8 * 1, * .8 

K * .2 * .3 * 12 1*37, 1.36 * .2 *78 

* * * * * s a S 
a a * 8 a a a * 
a**aa******@***********a*a***aa~aausseasssaaess***8**S******* 
* s * * se a a a 
* * * 1.29 * '.35 a 1.33 * 1.27 * i.18 * .66 

*L * * a 1.37 * 1.42 * 1.43 a 1.0 1.10 * .61 
a * a * * * *a 

********s ***************** ***saaaases asaasaseesness aaS~ seesa.**a*a******* 
* a * a * a a a 
* * a*a *t37 * 1.20 a 1.21 * .84 $ 

H * * a a i.43 s .29 * 1.16 * .77 * 

*a a a a a * a 
a a a a *7 a a a 

* * a a * 1.20 a 1.08 a .65 * 
N a a * a * 1.10 * .92 S 458 * 

* a s a a a .66 * CALCULATED 
0 * * a * a a .61 * WASURED 

a a a a a a a 

a a a a a a 

a a a aaa 
a a a a 

R a a a a 
a a a a 
a a ., a a 
s****asassas asesa paassesasaaessa 
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Figure 4-36 

OCONEE*I CY*1 EPRI*NO0E CALC VS MEAS ASSEMBLY PEAK POWERS 

270.7 EFPD 100.5 FP CONTROL BANKS 6.7v8u92.1. 16.1, 4,9 WITMORAWN 

8 9 10 11 12 13 14 15 

asges*****s *ss*8*a**eossehosessesseessesesssassess**************** 
* * 37 3 * * *6 3 * 

* 1.33 * 1@36 * 1.34 3 . a 119 * 1 46 * 1.36 *96 * 
* 1.35 * 1.22 1.18 a 1,28 1 5 129 * 1.32 * 89 
a a 3 a * * * * * 

a S a * * * * * * * * 

3 3 1.3 140 * 1.0. S 1,29 1.34 a 1:.1 : .6 

L S * * 1*39 * 1,1 * 1.44 3 1.37 * 3 
s * * * * * *3 5 

IN 1:9 S 335 

9 * * 38 * 
** * * 

.*o*s *.* *7 **' :11 1~ ~ 
* * * 3 1.41 * i.36 * 1.8 * 

s * * * * . E D9 .  
a a * * * 3 * 

*********************************S******3*S u esese *3 S************ 

a 3 * * *7 * .73 *ACUAE 

$ * * * 

R* 

3 a * 2 * 4

3 a 3 * * * 7 CAUAE 

5 * *  
* * * 3* 

pe a * * 
a a 3 3 
* a * * 
g$*********************8****** U*333*$ 
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Figure 4-37 

OCONEE*I Cyst EPRI*NODE CALC VS MEAS ASSEMBLY PEAK POWERS 

281.6 EPPO q9.5t!P CONTROL BANKS 6 9*eas925,17.3.12.45 WITHORAWN 

8 9 to 11 12 13- to 15 

*33******************************************************* 
* * 3y * * * 3s a 

m : :3 :1t :I :f 11 :Ii :36t : : 
S * * * * * 

****************************************3******3**********a.********** 
* a63 * * . *3 * - 3 

* ,3 3 .39 '7 * 154 * :.3 1:37 * .88 .2 1.7 1.28 1.42 1:38 1.27 * 82 
s a a * * * * * 
*S***V****S***************33*33S3***ses****U3***3***338333**3************* 

* * 1.48 * t.55 * 1.53 * 1.50 * 1.26 * .68 
L * * * 1.38 3 1.42 * 1.46 * 1.31 * 1.12 * .6 3 

* * S * * * * * 

************************3S****************************************** 

* ** * ,94 * ,4 *ta 96 * 

a~ as I 2 aa 

* * * * *& 

*************************3333*33333S638***sesessassessassessesesa 
* * * 3 *7 * * * 

* * 1.3 * 1.21 

** * * * * 

0 : O U ED 

R 0 

****5**************3****************** 
3 * * * * * 

******************************* 

R* * 3 3 

* * * * 
3*************************** 
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Figure 4-38 
Oconee 1, Cycle 2 

Control Rod Configuration 

8 9 10 11 12 13 14 15 

H Trl Tr2 

K Trl 
Tr2 

L Tr2 Ap Rg 

M 

N 
Ap 

Trl 
0 Tr2 

p 
Rg 

Rg = Regulating Bank (6) 
R Trl = Transient Bank 1 (7) 

(0-53 EFPD) 
Tr2 = Transient Bank 2 (7) 

(53-292 EFPD) 
Ap = APSR (8) 
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Figure 4-39 
Oconee 1, Cycle 2 

Quarter Core Loading Diagram 

8 9 10 11 12 13 14 15 

H 2.60 2.15 2.15 2.60 2.15 3.20 2.15 3.20 
4A 3 3 4A 3 4B 3 4B 

2.15 2.10 2.15 2.15 2.10 2.10 2.15 3.20 
K 3 2 3 3 2 2 3 4B 

2.15 2.15 2.15 2.15 2.15 2.10 3.20 3.20 
L 3 3 3 3 3 2 4B 4B 

2.60 '2.15 2.15 3.20 2.10 2.15 3.20 

M 4A 3 3 4B 2 3 4B 

2.15 2.10 2.15 2.10 2.15 2.15 3.20 
N 32 3 2 3 3 4B 

3.20 2.10 2.10 2.15 2.15 3.20 
4B 2 2 3 3 4B 

2.15 2.15 3.20 3.20 3.20 
P 3 3 4B 4B 4B 

3.20 3.20 3.20 
R 4B 4B 4B 

--- W/O U-235 

-D-Batch No.  
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Figure 4-40 
Oconee 1, Cycle 2 

Quarter Core Shuffle Pattern 

8 9 10 11 12 13 14 15 

H F 0-13* K-15 F H-14 F H-15 F 

K 0-13* M-11 M-14 K-14 L-13 L-11 M-13 F 

L R-9** P-11 R-9** L-14 L-15 K-13 F F 

M F P-9 P-10 F M-12 N-13 F 

N P-8 0-10 R-10 N-11 N-12 N-14 F 

0 F M-10 0-9 0-12 P-12 F 

R-8 0-11 F F F P 

R F F F 

--Previous cycle loc.  

* Assembly location formerly on diagonal placed on the core flat.  
** Moved from eighth core symmetric location to quarter core 

symmetric location.  
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Figure 4-41 

OCONEE*1 CY*2 EPRI*NODE CALC VS MEAS RADIAL ASSEMBLY POWERS 
30.6 EFPD 98.9tFP CONTROL BANKS 6,7Sa84.7910.196.22 W1MODRAWN 

8 9 10 i 12 13 14 19 

*7 a * s 3 a a * 
* 1.06 1.10 [ 1.I 8 .45 * .98 * 1.1 * 97 * .98 

S* 1.04 * 1 * * 1 * .45 s .97 * 1.18 1.00 * 1.09 s a a * * * e 
* * * * - * * * * 
a***aa****************************aaaaaa*********sasaasassesaseassesse 
* a a a a at a 9 
* * 1,to * 1.20 * 1.09 * .83 * .58 * .87 * ,95 

K * S 1.05 * 1.20 * 1.04 * .83 * .56 * .89 * 99 
* * 8 a 8 * a 8 
* * * * .a a * * 
a*************************************a********************** 
a a a a 6 o *6 * * a * 1.22 * I.15 * 96 * .83 a 1.25 * .80 

* * 1.18 * 1.0,b *93 a .81 * 1.28 * .80 a * s a a a * a *a 
$ a a 8 a a a a 

***gasassessee******************************************************** 
* * *a a a a a 

*a a * I.6 s:103 * .96 * 1,6 -M *a * .6 * 9 .92:* 11 
* a t a a a a a 

* aa *aaaaaaaws* a*aaaa a*s * aaaaa*a s *550 * 
a a * a a .97 a .92 a .73 * N a * a * a 1.01 * .94 * .76 a a a a a a a a 5 
a s a a .a a a a 

seeeassaaaseas*********************sessessessaeenessesses 
* a * a a a a 

* a a a a 7 aC~,UAE 
0 ** a a a a .76 *~ KE a a a a a a g 

S**************************************************** 

PS a a a a a * a * a a a 
a a a a a a 
*************#aa*********a*****a*****asessanesseen 
S * * s 
* * a a 

R a e a a 
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Figure 4-42 

OCONEE-1 CY*2 EPRI*NODE CALC VS MEAS RADIAL ASSEMBLY POWERS 

52.5 EFP0 97.9iFP CONTROL BANKS 6W7I8aD.5,09.5,4.7 INDRAWN 

9 t it t2 13 1 is 

,7 $ . . oa .* * .  

. 0.. * * * * *3 9 1:1 ' 
H .0 1.14 1.19 10 1:42 : 9~ 7 1~ 1.02 * :12 

0 * S S a aS * S ED 

S a a * * * 

* * * * *  

* 5 1.00 '1.19 'i0 5 ~ 8 9 
K ~oo lat :'~~11 Sj0 83 6 : 90 S1:01 

* * * * * * 

s * a 8*S 

* * * * 

* * *.**** 

S2 o-53 

1.0 .976 ME0 3UE 

:,*.p.,s...**S*SS.*SSS*SSSSS*SSS*oS* 

R 
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Figure 4-43 

OCONEEt CY*2 EPRt*NODE CALC Vs MEAS RADIAL ASSEMBLY POWERS 
83.0 EFPD 98,7tFP CONTROL BANKS 6*7,8s84.9v6.4*3.4 % WITMDRAWN 

8 9 10 11 12 13 14 15 

* ~ ~ ~ ~ 1 :.8110 .2 *l? * *4 * 1:15 *1:01 1:06 
m 5 * 67 A i * a * 0 * 21 

aeassasassass aeepasse eassass ss saaasssases sesa*******ass asssss 
a a $ * e 8 * * 

* * ,94 *95 * .97 * ,82 a e6 a *95 a 1.03 a a *91 a *qq * .92 * 82 * .58 a .96 a 1.07 
a a a a a a a a 

asessssssass asaass aeasseeaetaee a seaag ss aas aa*******se***sa ************a 
s a * a s a a6 a* 

* a S 1.08 * 0 a ,98 a 990 a 1,34 a .87 
L a 106 * 1.05 a* 94 a .86 a 1.34 a .90 

N 1*08 88 1 80 : 

.8 8 8 8 8 S 8 

a * * * .5 a a,0 a 0 *a.1 a M a a a a.5 a 0 a 9 * .2 * 
* a a a s a a a 

* a a a . a *a 
****asaeasasaseses*********************************************asses 

* * a a a 1.07 a 1.02 a .t  N a * a a * 1.08 * 1.02 a .86 * * * a * a a a a 
sessessaasassensaasaaessssassuasses****************aas************** 
a a a a a a a 
a a a * a * .85 *CALCUATED 

0 a a a a a a .84 s MEAS~URED a s * a a a a 
* * a a a a a 
a***asessessessesseeasasasesssassesesssssseasesasasea 
* a a a a a 

P * a a a a a 
a a a a a a 
* a a a a a 
seasaessesases**aasasassasaaste~aaaassaes 

a a * a 
R a a *5 a 

a a *a 
* a a a 

2*****sassessesasssaseass 
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Figure 4-44 

OCONEEmt CY*2 EPRI*NODE CALC VS MEAS RADIAL ASSEMBLY P0WERS 

103.5 EFPo 98.8tFP CONTROL BANKS 6*7v8385.8697.43.3% WITHORAWN 

8 9 10 It 12 13 Io Is 

ssas~s**8*esse*sseS**3Sass***********8***$**S**ags*******S****** 
a s s7 a * * * * * 

s 1.38 a 1.07 * .74 * t.18 * .95 * 1.16 * 1.05 * 1.06 * 
M 1.54 * 114 * *69 * 1.20 * .95 * 1.22 * 1.08 * 1.19 
* * * * * * * * I 
* s a S 1 * S a * 

* s a 5 a *7 * * * 

a a *96 * .96 .98 * .83 * .62 * .95 0 
s a *92 * 1.01 * *93 * .83 a 60 * .96 10; * 

* * * * * * * * * 

* s a * * * * * * 

* S * * *8 s we * * 
* * * 1.06 * 1.10 * ,98 * ,90 * 1.32 * .86 * 

L a * 1.07 V 1.04 * .94 * .86 1.32 * .90 * 
s a s a a * * * 

m 1:8 :U * : *S S 
s a a * * * * 

* 06 a a 0 a t a 
S1.2 * .011 1 4 

:8 wE SU ED SS 

M a a a ,* * 1.01 * *.98 * .18 * 

* s * * * * * * 

* * * * * * * 

s a * * * * * 

* a a** * 1,068*5.02 *2 8155 
N * * * * * .0 * 1.1 * 8 * 

* s * * * * * 

* . S * * * *** 

a * * * * * 

* * .* * * * ,5*CLUAE 
0 * * *. * S * *8 * ESU D 

* * * **** 
* a S *** 

R * * a a S 
* * * * 

p * a a *** 

s a aa a0 
a a *2 4-*



Figure 4-45 

OCONEE*I CYw2 EPRI*NODE CALC VS MEAS RADIAL ASSEMBLY POWERS 

129.0 EFPD 97.2%FP CONTROL BANX3 s.7,883.2,3.4.4.0 2 WITHnRAWN 

a 9 10 11 12 13 14 Is 

s a *7 a * *** 
* 1.08 * .72 * 1.18 g S * 15 1.04 * 1. * 

m * 1.15 * 6 .1 95 1.20 107 116 

& $ 8 * * $ * S 

* S * * a *7 * * 
* * 97 *9 7 7 * 099 * ,8A *61 * *94 * .02 
* * 9 * 0 * .95 *84 * .54 * .9910 

S a * e a * a a 

* * * so * 86 * 
* * * 1.09 * 1.11 a*s99 * .89 * 3 .85 

L * * * 1.08 * 1.06 * .96 * .86 * I.29 a .92 a a6 9 e 2e 
* * . * * .S * * a 

* * * * * * * * 
06 106 :9 109 

S a . 2 * .5 * 3 * M* * * ,02 * 9: * 

* * * * * * * * 

S * a.* * S e 
* * * * * * a * 
* * * * * 7 1 * .8 1 :0 *LaT 

N * s * * *900 * 1.0 * .85 

s * * * * * * 
* S * * * * S 

a* * * * * 

S * * * * *C UATED 
* * * * * *ED 

* aa * * 4-* 
* * * * 
* * * *** 

P S * * * 
*- 5 8 5 

* * * * 
8 *53 8* 8*8 8 8*;**S 8 
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Figure 4-46 

GCONEE-t CYce EPRI*NODE CALC VS MEAs RADIAL ASSt 8LY POWERS 

156.0 EFPD 98.7tFP CONTROL BANKS 6*7v8385.2.6.33#3 % WITHDRAWN 

a 9 10 11 12 13 14 15 

s * 37 * * ** 

* 1.38 * 1.09 * *7: * .19 .*7 1.16 * 1.05 1.04 
* 1.50 * 1.15 *:71 1*:1 *97 * 1.s* 1*06 1.14 

.sS0* *1 .o * . 9 S * 

L~ ,o09 1.07 .98 .87 1:27 **9 

49 1:111 * 1:&4 

* a S a * ,0 *7 10 * 58 * 

m e a .99 * 1.0 * 2 # 995 

* * *9 * .3* .e * .8 * *. : 1S 5* 
. . S * * * * * 

0 a * *EASU ED 

* a * a *8 * a6S 

$ 0 * 1.0 * * 9 * 12 8 
..................... . 07... ***** ** .87*********89 

. . * * * *l* 

P * S 

5 5 S ~ ~ S 4 -57 .0 10 

. . * * 1 *2 5 ~ * 11 

. . . * * S 

* *S * * * 

S S 5 8 *** 

g s a * 8 .E8R: 
g g S S S 

S U * * 811 

S245



Figure 4-47 

OCONEE*I CY*2 EPetNODE CALC VS MEAs RADIAL AssEMBLY PONEPS 

184.0.EFPD 99.9tFP CONTROL BANKS 6*7t8a85.3*6.6*,29 % WITHORAWN 
8 9 10 11 12 13 14 15 

a************S******************* *S*** **************S********asss 
a * *7 a S a a ** 

* .76 * 1.19 : * 1 1.04 .03 H I 4 : 1:117 .73 1.22 * 9 * 120 1.07 1.10a 
* s a a a * a * 
* * S * S * * 

aaaaaassss aasaasesses*esas agesseessenesses**aa~aassesasasesaaasessesseasses 
a a a a a a7 a a 

1 * 01 * .86 * .61 *94 * 1.00 
K a *q * 1.05 87 5 95 04 

*.4 10 to 

a a a a s a a a* 

:0 a:0 84 88 

***********aesaaaesse ssasseeessas sesessa*aaaa~aasassa******s aa*************aaaa 
* * * a * * *6 aa 
a * a 1.10 a 1.1 *99 *,0 * 1.26 * U 8 

L * * * 1.10 ~* .0 * ,9 a .87 * 1.25 * .88 a a a a a a a 
a a a a . * * * 
seasaasesseassessesaess****assaaaaaaaasnassessaaaaaaaaassasesa***** **ae 
a a a a * a * a.  

aa a a 1.47 a *oe * 1.0s * ,t±o a 
Ma a a a 1.02 * .01 a .99 * a1 0 a a a a s a S 

a a a a a . a a 

a * a a a 1.06 a 1.02 a 4s- a N a * a * a 1.08 a 1.03 * .84 a a a a a s a a a 
a a a a a a a a 

a a a a * a .86 *aCALC ULATED 
0 a a a a a a .82 ME ASURED0 a * * * a a a 

a a a a e a a 
seessaaBaaassese ese aaaassn aaasses* aaeaatssse s sasesass aa se 

* a s a ~ a a 
a a * s a a 

P a a a a * a 
* a a a *~ a 

* a a a 
a a a a 

R *a a a s 
a a a. a 
aaass s ssessessesass ~as aess 
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Figure 4-48 

OCON!EE1 CY-2 EPQ!.NODE CALC VS MEAS RAOIAL £5SE?4RLY POWERS 

203.8 EPPO gq.bFp CONTROL BANKS bol#884*6.5obvie? %wITMORAON 

89 10 it t2 Is 14 1 

8 * 1:01 1.01; 1.0o S .7 q46 5 .0 U Q 
K 9A 1 08 5. * .5 * 10 

m 10 S q1 

p: 0 

S ~ ~ S 4-59 5S



Figure 4-49 

OCONEE9t CYu2 EPRI*NOOE CALC VS MEAS RADIAL ASSEMNLY POWERS 

222.9 EPPD 99.9tFP -CONTROL BANKS 6*7.8*81.5,2.9.6.1 2 WITMORAWN 

8 9 10 It 12 13 14 15 

U*****a*********************************UUUU******UUUUU***sasseaUsesses 
a * *7 * * * * * 
* 1.37 * .* 76 a 1.20 * 99 * e * $.03 * 1.01 

M * 1.48 * .1: * .72 1.25 * 1 00 * 1.1 4 1.04 * 1.0 
* * * * * * * * 
SU e * 0 0 * .  

****U****U***************************************************** 
* * * * *7 * a 
* * 1.0> U 1.02 U i.03 * .88 * .62 * .98 
K * * 99 * [.06 * .00 * .89 * .58 .92 * .9 
* * * * * * * * 
* * * * * * U * 

asesessessessagssassessesses*U****************U*UUUUUU*U*****sassasseess 
a a * U U S U e6 * I:*I St * .1 * 1.00 * .90 * 1.21 * :.82 

L ** 1.2 1.10 * .98 a* .9 * .0 8 
U a U * * * * 
* * U * * * * * 
***a****~s**U*U**U**U*******************U**s****S***UU*** 

* * * *,47 * 09 
* * U , * Io 

? * 0 * * a * * 

87 8 8 8 8 8 S 

ese****asaeU***S**********UUO******S************************ 

* U * s a Ua 1,4 U ,a * 

:8 M SU ED 

N * *.  * 1: 1:8 * s:a a 
*************************************************** 

* * * * * s ,87 *CACULATED 
0 * U * * U U .82 * EAsuRED 

U U U *U. . * s U 
*******U**ssessesnessesssanessessesessa*essessessasesse 
a a U * * U 

* a U U U U 

U**********e ****s**UUUUssessUUUUUU 
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Figure 4-50 

OCONEESI CY*2 EPRI NODE CALC VS MEAS RADIAL ASSEMBLY POWERS 

259. EFP 99.9tFP CONTROL BANKS 6*7,8s 100983.7.15.65 h!TMORAWN 

g 9 to It 12 13 14 15 

* .8 3 1.26 * 20 $ 1:32 3 1:09 0 * 1 :40 ' 99 3 

9. 2 . 1..24 .*20 * * * * 3 * * 1 * 1 * * 104** 

K : s a a *  

* 109 1.1002 * , * 93 * 1 * .79 

L *0s 1 .02 9 *92 * 1.18 *80 

S a a a:~ , * .83 * :67 * 
S * * * 5 s * 71 

. . . 3 * *l3 

.* * *8 * U E 

. . .09 * .2 3 . * .3 3 12 7 

. . .05 3 0 * *9~ 3 .2 3 11 8 

3 * * * 333 

.: ** .* 
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Figure 4-51 

OCONEE*1 CY-2 EPRI-NO0E CALC VS MEAS ASSEWSLY PEA9 POWERS 

30.6 EFPO 98.9yFP CONTROL BANKS 67,884.7.10.1.6.2! WITHDRAWN 

8 9 to 11 12 13 14 15 

3********************33~333333**33***ssesasesss*******33***sasessesses3 
37 * . 35 * * 3 * 

1.30 * 1.3 * 4 * 1.67 1.11 

3 * .2 1. 3* 14 * 1,4 * 1,6 *3 3 .2 * 1.3 

3 a . a * *7 * * 
S96 74 

K * 43 * 1.24 * *99 *74 02 

* * * 38a * 36 s 
* * * .40 * .36 * 1.28 * 1.01 * 1.60 a 1.03 

L s * 1:at * 1:35 * 1.2 * 1.01 * 1.60 * 1.00 

a * * *5 . 3 * s 

* * 1.89 *116 1:33 
M * * * * 95 * 12 * 117 * .42 * 

* * 1 *1* *3 a 

41 S * 8 8 8 8 

************3******3**** *833****3*8**33a3Seseasesessssssese 
***0**** * * U 

3 8 3 * * 1,8 e 1 2 9 

* * * 3 3 * *3 

* 338 3*83 3*333 33*3* * * 3 3*33333*3 *33 *CLCLAE 

*3 * * * * * 

3***********383g*******************susasse33sessesses 3*sesasse 

8 3 3 a 3 
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Figure 4-52 

OCONEE*1 CY*2 EPPI*NODE CALC vs MEAS ASSEMBLY PEAX POWERS 

52.5 EFPn 97.91FP CONTROL BANKS 697.8885e5.04.5..7 WITMORAWN 

S9 10 t 12 13 14 15 

1:1 !:It!::1 :- * itid:1: * 1! 

... ... ..... .... * .** ;*** * ****** S********* 

. . . . . ** * ** * 

1#e:: 1:If 1:10 1:11 

...... ..... ... ... *** ***** ** *** ***** ** 

...... ..... ..... ..... * *** ***** ****** 
. s :7 

0 * *. 5 a , 5* *ESUE 

* a * * * * * 

s * * * ** 

. . * * * * 

3 . .*9** 

. . * * * * 

* * SS * q3 3CALCU ATED 

0 : 95 *mEASU ED 

S3 * * 4-6 

* * * * 

* * * * 

* * * * 3 

* * * * 
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Figure 4-53 

OCONEE-t CYQ2 EPRINODE CALC VS MEAS ASSEMBLY PEaK POWERS 

83.0 EFPD 98.7TFP CONTROL RANKS 6*7,884.9.6.*3.4 %-WItTNRAMN 

a 91 it 12 13 14 15 

****8***********************8************************
8

******* 
8* 60 * Is1 8 1.02 * 1.34 * .26 1:31 

1487 12 * .875 a 1.37 1.09 * 1.40 128 

* s * * * * * * 
*********8*8 88* g8 ** ** *** * 8 8 ***** ** 8*** 8********* * ******** 
* 8 * * * *7 * * 

* '.04 * 1.03 * 1.05 * .91 * .75 * 3 
K * 0 * 1:14 * 1.06 * *94 .68 * 116 

* * * * * * * * 
*9***********************S8888888*5S588 *S ***esseenesss888sse 8****8 88*** 

* * * .1 * 25 16* 8S 1,6 * 6 4 * 11 
L 1:3 253 1.03 1.6 9 1.08 

88 2 20 1 8 

8 * * * * * * 

8888888 88* a*8**S*88 88* 88 8 8* 88 8* *8 8*88858 
* * *81,8 8 1.6 *8 2 * 1.2 

* * 8 * * S 

*asa* . e 8 a 

*****8**********************************************s 
* * * * 8 * * 8.1 .9 8 

NS* * * * * 137 1:2 *1.02 8 
* * * * * * * * 

*8 * ** * 1.02 * CALCULATED 
0 * 8 * * * * 1.01 * MEA3URED 

8 8 8 a 5 8 
.P * 8 a 8 8 a 

* 8 8 a a 8 

* * * * 

R * * * * 

* * 4- 4 
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Figure 4-54 

OCONEE*1 CY*2 EPRIeNODE CALC VS MEAS ASSEMBLY PEAK POWERS 

103.5 EFPD 98.8FP CONTROL BANKS 6,7.8s85,897.6*3.3% WITHORAWN 

8 9 10 11 12 13 14 is 

.................................. 3**3s,,3S1SSS**3*3,, ,**SS-*** -- h-
. . .7 . . * * * 

s 1.62 * 1.2t *96 * 1.31 * 0 * 1*35 * .'31 * 
* 1.82 * 1.29 *99* 1.36 10 * 1.38 * 1 us. * 

......... ......... ..... ******************** *************"'**' 

* 0 1ISO& 1 106 *1,04 9 8 Shl *12 

K S 31404 1.12 t .06 S 92 2 .9 3 .16 a .6s 

S * * 1.17 * 1.22 a .42 * 1.03 * 1.66 1.08 
1. 3 * 1.20 * 1 2 1.01 * 1.64 * 1.10 

* . . . * * * * 

. . * * * * S 

. . * * * * * S 

S a * S .  
* * * * 

gU********* **3. .***3********'*3SSS**3*S**S*.35S 

S21 4-65 

3 3 S S *t100 SC~ ISU4A7E0 
0 S 97 ME MAU ED 

* P 

* S2 4-65



Figure 4-55 

OCNE*l CY-2 EPR!*NOOE CALC VS EAS ASSEMBLY PEAK POWERS 

12q.0 EFPD 97.22FP CONTROL 8ANKS 697,8s83.23o494.0 % WITMORAWN 

8 9 10 11 12 13 14 is 
*s***** *************** *** ** *** **8*** ****** ********83****8* 
8 a *y w a * * a 
* 1 * * :04* * 1.28 

m* * * * 0 * 3 * .30 *140 

3********************************3***************e3$snes 
a S 3 a * *7 * * 

** 1.05 * 1,05 * .0 *.93 * .69 * 1.0 *12 K *o *17 a .1 * ** * .6 * 115 * 1.2 
** * * a a s 

S1 * 1243 * . 1 
L* * 2 * 1. * 9 * 11 

MI 

aa * 
***** * * * 

* * * * * . * * * 
s * 7 * I,2.* .19 * 1,6 

* 03 
** * a * * * * 

* * * * * s * * 

* * * * * 1.20 a 1.18 S .97 s 
N a * * * * 1,36 * 1,a a 1.00 * 

* * * S * * * s 
* 3 8 * * a * a 
3a***************************83*.sa$**3********s~************ 
* a * a ** a a 

* * * * * * 1.00 * CALCULATED 
0 * a a a a .98 * mEASURED 

* * * S * *  
a a a. a * 3 3 
assases************3**sssasaeses***3*********sassesassa 
* S * * * a 
* a * a a a 

PS S * a a a 
* a * a a a 

***************************** 
* * * * 

P S * * * 
* * * 

asaassasese*****aes3****** 
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Figure 4-56 

OCONEE*1 CY*2 EPRINOOE CALC VS MEAS ASSEMBLY PEAK POWERS 

156.0 EFPD 98,7%FP CONTROL BANKS 6*7,8a85.296.3,3.3 % WITMORAWN 

gq to i 12 13 14 15 

........ .................. ***********************a****aaaa~a ******** 

: * a.... * *.1 S -* 9-' 2 

1:9 1:21 $ 1.02 1.03 1.03 * t9 I s 1.211 
.71 .2 .as .. 1.07 * 1* *1 ** ****: 

: * :2 ! 1:It 1Ait 
* * * 1 * * .95 

. . lO * .15 * * * : 

1 a * * a * a 

* S a a * * S* 

a a a *9 
. . .16 .2 * * .0 * j5~* 10 

* a a 
a * a a* 

seas~sesssse**wa*****S**** *a~a~~aaaaaaiaaaaaa~a 
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Figure 4-57 

OCONEE*1 CY*2 EPRI*NODE CALC Vs MEAS ASSEMBLY PEAK POwERS 

184.0 EFPD 99.*9FP CONTROL BANKS 6*7,8s85.3*6.6,2.9 Z WITMDRAWN 

8 9 10 11 12 13 14 15 

* a *7 * * * * * s 

*M2 * 1.906 *1.35 * 1.06 *1:3 1 23 
H* .68 * 127 * 99 * 135 *1,06 * .29 * 1.23 * .0 * s a * a a a ** 

I q 8 * 1 : a 8 9 
*ss*a*SSSSeSsea*3ses*ssSesses*sssgsoursease;SSessesse*sasseSe;aS3*seas 
a * S a * *T * * * 
* * left * 1.13 * 1.09 * .92 * .88 * 1.09 * 1.19 5 

K * * 1.03  * 1.13 * 1.06 * :95 * .87 * 1.08 * 1.16 * 
* S * * * * s a 
* * *. * * s a e a 

a a * a $8 a e6 * * 
* * 1.19*118* .17 * .081.52S* .o1 

L ** * .22 * 117 * 1.2 * .97 * 1.47 102 0 
$ a * S a S * * 
* * * a * s a S * 

a * S a * * a a 

a a9 
*9 a a Sa 

* * 1 1 S* * * * * .2 * 1.7 S9 

* s a s a 
* * * * * * * * 

* * * * a a 
* * * * * .99 * CALCULATED 0 * s a a a .93 wP EASURED 
a s a a a a S 
S a * * S * 
* * * * S a 

P * * * * * 
* s a * * 
* * * s a a 

asseS*Snessat*sesea*saasasSfesass***auas*****sass 
a a a a 
a a a a 

R S. a a a 
a a a a a a 
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Figure 4-58 

OCONEE*I CY*2 EPRIoNOoE CALC VS MEAS ASSEMBLY PEAK POWERS 

203.8 EpPO 99.6tP CONTROL BANKS b*7*S.S4*695.6,5.T WITHORA N 

9 to It 12 13 1 15 

09 a 17 3 

L 0 . . .* * * 

* , , . . . . * 
............................ *........S*S*********SS***** ******S* 

S 1:11 
.: 1: :: 

: : :: !:I : 1:18 : .it I :8 * * * * * * * 

0* mE SU ED 

e a a *S * * 

. . I $.**9* 

. . . . * * 

. . * * *1* 

. . * * * * 

........... *.............................****SSS**- *S**S*S 

a a *  

S.a * * * 
S a * * SSS 

asases** *sases*ssess*S$**S*** *SS***SS****SS 
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Figure 4-59 

OCONEE. CYet EPRImNODE CALC VS MEAS ASSEMBLY PEAK POWERS 

222.9 EPPO 99.9tFP CONTROL BANKS 67,8881.592.996.1 % W!YNDRAWN 

6 9 to It 12 13 1 15 

3* *** **** * *************** ******* 3*e3ses****mw~*********3 

* 1.55 a 1.21 * .91 * 1.30 * . * 1.26 1 .7 .19 ~~.i~ 0 ~t*. 5 1.?1.23 
04 S 1:; 1.12 12 M * [ 1 * 1.( * .1 * 1.9 1.2 * 127 * 1 * 1.2 

* * a* * * * * 

S*************9***************U3**3*******33***sesewS3sen*****3** 

* O a a 6 3 3 
* a g 0 * 4 * *7 * S. at 
* * . s . s 1 *6 1.1 * .6 . * .1 

L * 1.00 * *98ea 
* * * * e a * 

* a so a e6 * 

* * * 0 * t 9 * 
L S. 12 1 . 3* 12 * .,0 1,9 * 9 

*********** *****S******3S3*******3*** *****.*r***3****3*****s 
* . * * * a . ? e s 1 3 

* * * 8 *3 s a * 
a * a .ea a* 

a a 3 1 * 1.0 * *ALC* * 

0 3 a * * * 30 * 5 * NE UED 

* * * * s aa 
* a 8 8 S * 3 

* a * * * * 

0 a * s a.9 * ESUE 

R Sa a 470 

3 8 8 3 

*3 * * * 

* 333*33 a* .3* a3**3* 
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Figure 4-60 

OCONCESI CY*2 EPRINOOE CALC VS MEAS ASSEm8LY PEAK POWERS 

259.9 EPPD 99.9:fP CONTROL BANKS 697,88 100,83.7.15.6 WITMORAWN 

9 9 10 11 12 13 14 

. . .. * * *** ** * * * * * * 

...... ..... ***** * **** **** ********* ** *** 

1:1 1:1 1:1 1:2 1:1 1:* 

K 14 12 1 10 13 8 

L ** 120 1ii 103: 1.32a :90 

S * * *49 * 

* * ** * 96 92~ .71 
N * 9 1.00 * 94 * 4 

: : *S 74 * U 

. . . S . .  

........................-- --------

. . * * * * 

s S * * 

* . * * 

R * * * * 
* * * * 

s S * 
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Figure 4-61 
Oconee 1, Cycle 3 

Control Rod Configuration 

8 9 10 11 12 13 14 15 

Rgl Tr2 
H 

K Trl 

Rg1 Ap Rg2 
L 

M 

Rg1 
N Tr2 Ap Tr2 

Trl 
0 

p Rg2 

Rg1 = Regulating Bank 1 (6) 
(0-100 EFPD) 

R Rg2 = Regulating Bank 2 (6) 
(100-308 EFPD) 

Trl = Transient Bank 1 (7) 
(0-100 EFPD) 

Tr2 = Transient Bank 2 (7) 
(100-308 EFPD) 

Ap = APSR (8) 
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Figure 4-62 0 
Oconee 1, Cycle 3 

Quarter Core Loading Diagram 

8 9 10 11 12 13 14 15 

H 2.60 2.15 2.60 3.20 2.15 2.75 2.15 2.75 
4A 3 4A 4B 3 5 3 5 

2.15 3.20 2.15 3.20 3.20 3.20 2.15 2.75 
K 3 4B 3 4P 4B 4B 3 5 

2.60 2.15 2.15 3.20 2.15 3.20 2.75 2.75 
L 4A 3 3 4B 3 4B 5 5 

3.20 3.20 3.20 3.20 2.15 2.15 2.75 
M 4B 4B 4B 4B 3 3 5 

2.15 3.20 2.15 2.15 3.20 2.75. 2.75 
N 3 4B 3 3 4B 5 5 

o 2.75 3.20 3.20 2.15 2.75 2.75 
5 4B 4B 3 5 5 

2.15 2.15 2.75 2.75 2.75 
P 3 3 5 5 5 

R 2.75 2.75 2.75 
5 5 5 

- -W/0 U-235 

- -Batch No.  
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Figure 4-63 
Oconee 1, Cycle 3 

Quarter Core Shuffle Pattern 

8 9 10 11 12 13 14 15 

H H-8 H-10 H-11 H-15 H-14 F H-9 F 

K L-8 0-13 K-10 L-14 K-15 M-14 K-14 F 

L M-8 L-9 L-10 L-15 L-12 N-14 F F 

M R-8 P-10 R-10 M-11 N-13 M-13 F 

N P-8 R-9 N-10 0-12 H-13 F F 

0 F P-11 P-12 0-11 F F 

K-8 P-9 F F F 
p 

R F F F 

.- Previous cycle loc.  
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Figure 4-64 

OCONCEE1 CYm3 EPRI.NOOE CALC VS MEAS RADIAL ASSEMRLY POWERS 

25.3 EFPD 99.8tFP CONTROL BANKS 6*78=a919 20.3, 18.2 : WITHDRAWN 

a 9 to It 12 13 14 15 

assass*aseesa.*****************8*senesessss*8************** 

a * *~ * * * 

* * * * * a * 

** * *S *7 * 

1 * .1 * .12 499 

L 9 * * *.* : 1*4 * .96 * 9.8 * 90 * .5 8 
s * * * * * 9 4 

* a * * *83 * 
********sss******************** ******************* **s8**8*, 

* * 8 a s8 S S * 
s * 38.2 * .95 a j*ST * * 8 * 9 

S* 296 * 84 88 
* * * * * * * * 

Ss a a e * * * 

* * * ' :* :1 * 11.80 .71 
N *** 12 * 121 * 68 

O N * * * * * * * * 

s 3 * * * * * 

******************33********ass*.*seenea********sassass********* 

* a 4 E * * E 

s* * * 1.0* .83 * 1ALULTE 
N s * * * 1: .26 * EA5URE 

* . * * .* a S 

* a 3 * 8 S $ 

s a .. a a * *3 
8*3*8*8****88 *8*3 8 83*388 8 8 8 *3 5* 3 

* 3 * * * 3 

S * 8 8 
* a 3 3 8 

3 8 8* 8 

8 a 8 * 

* a S * 
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Figure 4-65 

OCONEE*1 CY*3 EPRI*NODE CALC VS MEAS RADIAL ASSEMBLY POwERS 

58.5 EFPO 99.7%FP CONTROL BANKS 6.7,8s94.6* 18.3* 18.6 2 WITMORAWN 

9 to 11 12 13 14 is 

.....................................................----- 0*****************000 

S1.00 6 .99 ' 1.09 0 1.38 1.03 ***1 ** ** 

lol1.1l 1.04 1 1.9 0140 1 107 1 109 : 72 0 .8 

, , . . . . * 

. .. * . * t~s * 0.o * .* 

S a,85 *5CALCU A E 
0* * 4 q a 1,4 o12 a ,9 * .EAU 

.98~9 6; 61 0YT ~ 

* a * ** 0 S * 

S . * * * * *S 

** * * * *8 * 0* 

* * * * * a 

. 0 1 4 0 9 0 * 

* * * *96 
MS 9 S8881.tggggeseae0e8 88 91 

a 0 * * 

O a * * 

N 
:90 1: p 

sessess*ssess************** ~ o0*00a**0Sa 

S85 CALCUAD 
0 S : 79 OmEASU ED 

R 

0 a aS2 4-76



Figure 4-66 

OCONEE*1 CYa3 EPRI*NODE CALC VS MEAS RAOIAL ASSEMBLY POWERS 

91.2 EFPD 99.btFP CONTROL BANKS 6.,8s94.9, 18.39 17.5 % WITMORAWN 

8 9 10 It 2 13 14 15 

.seebssse**ssa********ssessassassesussassassas66sasesase**********as*sss 
6 6 * * * 

S 99 ,97 07 4 02 * 5 
1* .10 * 1. * .06 6* * 1.06 * 10 9 *0 s7 : 4* 

** * . * * *7 * 

a 6 1,2 * .97 * 1.1 * 1.19 6 .90 6 .70 
113 *5 * 1sd1 - L1a 7 * * * 9 

* s * * * * * * 
* * a * 6 6 6 * 

L * ,98 1. 116 6 .64 * 
.L s a ,9 a to : 1.4 * t * 1:11 * .63 

3 a 6 $ 6 a 6 6 

* * * * * 6 * * 
s a * 1 * .96 *90 * .98 * a 1:i2 : .96 * .87 *90.  014 a * 8 6 6 

8 si 66 *7* * 
N* * * * * 1.28 *6.2 .73 * 

* 6 * * * * * * 
3 8 8 8 .6 8 8 * 
36*********************************************** 
3 a a a * * 6 
* * * *. * * .86 * CALULATED 

0 * * * * * * .80 M E 

*66**** 6 **6**6************6***** ************6********** 

6 * * * * * 

Pa s a 6 a e 

s * * * .3 * 

3 * * * 

R 6 6 6 $ 

* S 4 
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Figure 4-67 

OCONEE*1 CY*3 EPRI*NOOE CALC VS MEAS RADIAL ASSEMBLY POWERS 

1219. EFP 49*91FP CONTROL SANKS 6.7,8s92,39 18.49 25.6 % WITHORAWN 

8 9 10 11 12 13 14 15 

* * * * *7 * * * 
* 92 * * . 00 * *78 * aS1 *,1 * .86 * 

* 1 00 95 * 0 tod *76 * 1.37 * **9 .87 
* . * * * * * * * 

sas * 9* * at 

ea* 91 * : 1.2 * :94 * .32 * .27 * 73 * 
L *9 1*28 * 95 1.33 * 1.22 * 71 

* * * * * * a * 

* . * * * * * 

* a * * 107 * *97 
Sa a17 * *8 8* * * 

s * * * * * .  

* * *, . .28 *.95 .3 * 1.2 * .7 * 

* a * * *7 * * * 
* * * * * 73 * *5 * *6 * 

N s ** * 0*e66 ** *98 * *6 * 

* a * * * * * * 

* 7 * * 10.8 

................ ****** *** *********3*****.4 a ****** 

s * *a * ESU ED 
N * s * * 6 .8 * .4 a 

* * * * * ** 
** * * * * * 

U a * * * * 7aCUAE 
a * * * * * 6 ~EUE 

* a a * *  
* * * a*a 

a a * a 

****assssessess******* * a* a** aS s a*a 
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Figure 4-68 

OCONEE*I CY*3 EPRI*NOOE CALC VS MEAS RADIAL ASSEMBLY POWERS 

143.9 EFPO 99.4XFP CONTROL BANKS 6.7,8.97.6* 22.4, 19.5 I WlTMORAWN 
8 9 10 It 12 13 14 1s 

****8**************8***********888*********************8avessss****** 

* 8 * 8 *7 * * a 8 
92S * 4 * '.19* :S s 

m* * * .318 *8 S4 0 38 * 

a9 all &** 
* 8 8 .8 8 8 8 

N a 9 8 a 8 8 * 8 

8 8 .90 * 1.21 .928 1.31 *1.90 *.,4 * 
*S * s.8 sa 7 a 8101 1.3 81. 28 

* * * 8S * 86 * * 

*3 5 8t * *2 84 

a * 88*t 1.0 81 * .s~ 8 .92 * 8 

8 * * * 1 * * * 8 
8 8 8 8 8 8 . 8 

***8********************* **************8.*88,88***** *****************888 
s 8 a * a7 a 8 8 
a 8 * 8 8.7 .81 * .85 * .97 8 

N * * 8 * 16 84 8 .983 8 .90 * 

a 8 a 8 8 * 8 
8*****************************4***************88********;esse 

a 8 a 8 87 a 8 
8 8 a 8 , S 97 8CA.66 *TE 

N s * a 8 78 e9 * 6 
* *8S88****80* 888 *;S 8*18 * 8 s*8 *8888 S 
a 8 8 8 S a a 

0a 8 a 8 8 .68 EAUE 
a 5 8 * * *8 

8 8 8 8 

* * * *8 
**8***********s;asseases8************ 
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Figure 4-69 

OCONEE*I CY*3 EPRetNODE CALC VS MEAS RADIAL ASSEMBLY POWERS 

179.1 EFPO 99.7tFP CONTROL BANK$ 6,7,8.94.6* 21.19 24.6 2 WITHDRAWN 

8 9 to it 12 13 14 1S 

a9 a Y s 5,*. ** to * .8 * *9 * * * . * 

S . . * 1.0 1 

* * 94 1 1 3 7 * :91 a 

* a * * * * * 

* * * s * * * 

s * * .92 * 121 .93 * 1.29 * 12 7 

L * * * 1. 1.0 S .0 * 11 * .7 $ 
s a s * * * * * 

* s a * * 
8e a a *9 15 * 98 * 1.83 * 1.2 7 

s a a a * .776 * 9 * e6 * 

M s* * *9 * 1.01 * 1301 * *618 .7 
* * * * * * * * 

* * * * * * * * 

sa a * * * * 

* T $ S 08 * . * CALCUATED 
0 * * * D * *67 : E D 

s * * * * * * 
* * * * * * * 

* * 7 a * 
** S * * *7 9 6 

N s S * * * *8 ~i 6 
* * * *  
* * * * * * S 

* a * * 

** * .7 CLUAE 
g a a a a *$ .7 *MAUE 

* * * *S S 

*. * .* * 
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Figure 4-70 

OCONEEoI CY*3 EPRINO0E CALC VS MEAS RADIAL ASSEMBLY POwERS 
203.3 EFPD 98.9tFP CONTROL BANKS 697988989 22.59 23.8 % WITHORAWN 

8 9 10 11 12 13 14 15 

* * * * *7 S * s 
* .96 * .94 1.01 * *,7 * *78 * 1.36 * .91 * ,as N * 1.05 a*.9A 1.014 * .18 * .78 s 1.26 * .96 * .92 

:8 1:1 8:1 8 8a 
* * * * * * * 

* ** *8a 6 * 4 

a* * * * S S a ***************ssas******SSSSOqSS*SSSS~S*g*****************S*S************** 
* * * e a a 

* s a 0 .8; .83 * .32 3 97 s m * 1 a 1,4 * ,87 * .41 * :93 * 

* S S* * * * * S 

* * S a *7 a a S 

* * *9 * 1.20 a .99 12 * 145 * e 

* , Sa ,976 * 
* a * * *5 * a 

S S* * * * * a ***a*** * *1*************8************************** 

* S i a .7 a .8 3 a O NI* * * * s 
* * * s a 

a a* a a7 a * 
S ****.7 * .9 .6 S 

* * * *S S$ 
* * *  
* * * * 

a a aa S a :~ * EA 5u ED 

* * * * 
****S*****************Saa**S*SS***3***as 
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Figure 4-71 

OCONEEO1 CY03 EPRI*NOOC CALC VS MEAS RADIAL ASSMLY POWERS 

232.6 EFPO 9q991P CONTOOL BANKS bg7.8a97.8q 22,5. 25,4 2 WITMORAMN 

89 to it 12 13 Is 1 

* 96 : 96 1:I01 1.16 :; 1.34 : 91 : 88 
S 1:07 5 99 1 10 1 19 8* 1.24 * 96 5 90 

944 9 

S 1lt 5 94 3 .0 5 11 1.3 S 1 ' 7 

*~~~~: To 1 *90 69..3 * i2 S 12 7 

a 6 s .8AS ED.7 

RS:: 1:.~59'6 

S~~S 4-82 aS



Figure 4-72 

OCONEE*1 CY-3 EPRI*NO0E CALC VS MEAS RADIAL ASSEMBLY POWERS 

266,0 EFPO 99.9tFP CONTROL BANKS 6*7,8a1009 85.3. 25.8 % WITHDRAWN 

8 9 10 Is 12 13 14 15 

* a S a 57 s a a a 
* .89 * .88 * .97 * 1.20 * 1.03 * 1:37 * .88 

H * .97 * .90 * .98 * 1.21 * 1.08 * 1.28 * .91 * 

S*********************S************************************* 
s a a a a s a a a 

a a 1.9 a ,89 * 1.17 * 1.22 * 1.28 * .87 * .81 * 
K a* 1.0 * .90 * 1.19 * 1.26 * 1.25 *88 * .79 * 

* * * s a a * * * 

8~8 69 8 0 * * * 1 0 a 6 * * 

S:0 95 * * 

* * * .89 * 1.16 * .92 * 1.22 * 1.16 * .69 * 
L * * * .86 * 1.20 * .99 * I.2 * 1.08 * .65 * 

* S * * * * * * 
* a a * * * s * S 
***************a*****************************************************S*** 
* * * * * * s a 
* * * * 1.08 ' .91 * .90 * .95 * 

* * * 15 * ** 9 .87 *90 a O H s * * * * s * * 
** * * * * .* * 

a******************************a********************** 
* a * * *7 s a * 

* * * * * 1.10 * 1.13 * .72 * 
N 1 * * * 1.15 * 1.11 * .69 * 

* a * * a a a a 
S. * * * s * a a 
********************************aaaaa***************a************as 
a a * * a a a 

* * * * .80 CALCULATED 
0 * * * * * * .77 aMEASURED 

* * * * * * * 
* * a a 8 * a 

*********S*S*~~*****************aaaasssasessasnossassea 
* * * a * * 
* * * * * * 

P* a * e a a 
a * * * * a 
8 8 ssa* a s saa aa as sas asaa*5 5 
* * * s 
a a e a 

P * * * * 

s a a a 
sessass***a*****a e ass2s asss 
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Figure 4-73 

OCONEE*I CY*3 EPRINODE CALC VS MEAS RADIAL ASSEMBLY POWERS 

303.1 EFPD 99*2%FP CONTROL BANWS 678.1009 8A959 31.6 2 WITMnRAWN 

89 1o It 12 13 to Is 

* * a a *7 * * * 
* .90 t89 * 9 * .19 * 1.0 * .38 * .89 * .82 

. .9 . ... . .9 * 1.19 * 1.07 - 1.26 * .1 * .* 
* * * * * * * * 

s a $ * * * * * 

a a * a so a * * 

1:6q 1.17 .,8 7 .81 

* 9 a 8 12 6 *7 0 .6 

a a . .087 1.16 66 
a a a a * a .a * 

s a * * *s * *6 *a 

e a * .09 * 1.06 * *91 90 ,94 * 

L s a a .7 a 1.14 * 94 * .88 * .90 
* 0 * * I I t 

s * * * a * * a* 
*********aaa**************************WWSa~*asessessesesesseesssesa***** 
a a a a *7 a a a 

s a * *a 1.0 9~ * 1.11 a .91 a 

N S a a a 1.1 13 * 1.11 * .70 sas ensout aaWa*sa aaaMM ****** *aaa aa***** saa aaa . ** W 
* a a * *7 * a* 

Sa a a a 1079 S CALCULATED 
0 a a a a * 1 *77 * mEAU ED 

a a a a a * a* 

* s a S a * * 

a a a a a 

PSa a a a 

a a 8 8 
8 a * a 
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Figure 4-74 

OCONEE=1 CY*3 EPRI*NOOE CALC VS MEAS ASSEMBLY PEAK POWERS 

25.3 EFPO 99.8tFP CONTROL BANKS 697,as94,1o 20.3. 18.2 x WITMORAWN 
8 9 10 11 12 13 14 15 

sesseseses********assas3see3*******************************3******* 
s * *6 * * * 3 * 

121* 14 * t*67 : 120 a 1.64 * .82 * .76 
1.26 1.14 * 1.27 * 1.69 * 9J 1.52 * 90 * .83 

S* a * * * * 3 
: 1 : 6 * * * 3 

**********************************3***************************** *33 

L 3 1 a * *7 * * a 
* * .as * 1.20 * 1.64 * 1.50 * 1.47 *83 

s-ua .4 * 11 * .5 * 1.66 * 1.36 * ,8as :* .79 
s a * * * * * 
* * * a * * ** 

S* ****************************s~ws~a333333 3 *s333* 3***** 3*3 * ** ******* 
a * * * *8 * * * 
* * *12 *1.6 *~ .24 s 1.46 *!3 7 

* a a a* * * 
* 3 3 * * * * 3* 

33****3************************** ** *** ** 33 *******3* ***3*33 
* * * * * * 

a*7 * * : 1.02 9 180 * 
0 9 * * 1.5 

3 S * * * * *
w* * * * *6 * *.  

s a 3 * * 1.39 * 1.39 * .82 * 
N 3 3 . a 3 1.as a 1.39 * 7 

s * * * * *3 * 

s a * * * * .96 * CALULATED 
0 * * * * a 3 .91 * AM RE 

*3*3**************** *************** * ***** 

P 3 * * * * 
P .3 3 8 3 * 

3 3 3 8 3 8 

3. *************** 3************* 
3*333*3 *33333333333 *3 33*3 *3 *333 

333 33 * *a333 33 * 3 * 
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Figure 4-75 

OCONEEMI CY*3 EPRI*NOOE CALC VS MEAS ASSEMBLY PEAK POWERS 

58.5 EFPO 99.7tFP CONTROL BANKS 6.7,894.6* 18.39 18,6 % WITMORAWN 

9 10 11 12 13 14 15 

$ * *6 a a *7 * * * : 54 * 1 * * *79, 

* S * S* ** *: *o .. . * 4 s 2 a * * * * * 

, * 11 .4 * * 3 6 * . 0 

K q: 44~ J:54 1 .8 :s :78 

L ~1*07 1 57 :17 It*442 33 32 .7 

* * * * * a * 

s a * * *86 *  

* * s15 * * 1.7 * 1.42 * asS * 
S1.07 7 1.17 * 1.39 * .8 * 3 

S a S * * * a 

*s * * * * * * 

* s * * * * S 

e * * * 4 * *99 * CAU5ATED 
0 * * * SU * 9 *1.ED 

* a * * * * * 

R0 
* s * * * 

a S * * ,9 S* 
* a* ** 

* a a * * 

0* .* - * * * * .3 SUAUE 

-* * * * 

s a * ** 
aa a * * * 

s * * * 
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Figure 4-76 

OCONEE* CY*3 EPRI*NODE CALC VS MEAS ASSEMBLY PEAK POERS 

91.2 EFPD 99.*6FP CONTROL BANKS 6*7,8*94.99 1R.39 17,5 % WITMORAWN 
* 9 10 11 12 13 14 15 

a ********* ***********Sasa** a********* *****asssaa************asses 
* * *6 S * * * 

* 1:11 * 1.09 * 1:22 * 1:49 * :116 * 1:56 * s .8 83 M .1 * 1.14 * 122 * 151 It 1 7 * 135 * 87 * 8a 
aa * s a a a a 

* * * S * eya 1:a 13 * 1 431 * 84 a 
* ~ ~ * .5 * 107 * .41 * o i.0 *$1 80 * 8a 

* * * * * * S 

* a a a a * * * 
* * * a as a a a L 11 1.50 1.1 * 1,4 * ,3 * 

6 ~ ~ ~~ j 1*, * ,5 .3 i a13 1.3:*p7 a. a * * s a a 
*** *s 
*a.36 1.9 a 9 a 1,5 * 1.8 * 109 * 98 s [0 

* a a a a .* * 
* a a a s~ a a * 
S*4 * 1:43 * 87 N .38 * .83 
* * * * * * * * 

* **.saa*S*ssaass.ssensssssea~aaasaaa;aasas**************** 
* * * S * S 3 

o 1.01 * CALCULATED 
0 *S * * * s .94 *MEASUED Sa * * * a * * a * * a 

sessessesas asassassasssssa sseaaa sessassassa *aassas*****as 
* * * * * s 

P * * * a * a a a * a * a 
* * * * .3 a 
***s**,a*ses*****s***asw aaa sea s*************aa**** 

R * a a a 
* * * a 
sessessmass es* * ** asessmene ass 
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Figure 4-77 

OCONEE*I CY*3 EPP?-NODE CALC VS MEAS ASSEMBLY PEAK POwERS 

121.9 EFPO 99.9tFP CONTROL BANKS 6 *798sq2.3* 18.49 25.6 % WIHORAWN 

o 10 it 12 13 14 15 

* a a a *7 * * * * 
* 10 '9*I * 1.42 * .20 * 1: 1*0 * 1.01 

H : 11*l * 1*1 1.40 * .03 * 58 0o 
s * * * $ 

a*0 I as 1 27 1 S6 as 

S 100* .50 * 1.61 * 1C 04 1.6 
* .2t * 1,00 * 1:3 * 1.00 * 1.56 .:03 ** 

* * * * * s * * .  
a a * * * * * * 

a a * a se $ *6 * * 
** * 1.03 * 1,as * 1.27 * 1 .59 S 1.56 * .886 

L * * * 1.01 * 1.52 * 1.23 $ 1.58 * 1.47 a .86 
* a S * a** 
s a * * * * * 

* * * a * * * * 

0 *7 *E U ED0*104 *10 *1t 

M ~ ~ ~ ~ ~ ~ ~ ~ S 4-88 13 I0 10 10 

S a a * * * * * 
, . . a * * * 

* * a a *7 * * * 
s * a * * 1.18 * 1.24 * .81 * 

N * * * * 1.06 a 1.14 a *75 * 
s V * * * * 
. * a a * * * 

. . . * * * * 
* a U * * * .86 * CALCULATED 

0a * * a.a* 77 * WEASURED 
s--a- a * * * * 

s * * * * * * 
sesasasassa******saasas**Sl*8*a*******ssesesesas 

a a * * * * 
* * * * * * 

p s * *a * * * 
* * * * * * 
a * * * * 

* a a * 
8 a 8 5 

R * * * * 
i a * * 
a a * a 
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Figure 4-78 

OCONEE41 CY-3 EPRI*NOOE CALC VS MEAS ASSEMBLY PEAK POWERS 

143.9 EFPO 9994%FP CONTROL BANKS 697.8.97.69 22.49 19,5 5 wlTHORA N 
a 10 11 12 13 14 15 

a********************************3***333**** 3 33 33 33 *3333***** 3******3 ****sa 
* * * * 37 s * a 

.0 1.06 .3 * 1, * 1.65 * .00 * 99 
, * ta3i 1.05 * 1.13 * 13 * * 1.51 * *0 1.02 

* s a * a a a a 
3 * S * a a * a 

*******3*a$3ses****************sasa*sesesasses3assese**************3 
* s - 8 3 3 a a $ 

*. a 

20 1.0 .34 * 1.1 * 1,56 1.05 * o. 99 
2 * 1.01 * 1.347 * ,6 1.39 * 6 :97 

* . ** * * * * * L :9 49 8 8288 
**********************3**s******s**ssa*****g*******asasessesa 
* * *.s a soa a 

* * * 1.018*31.36 * 1.16 * 

3 * *a 9 1. 1 1.1 * [.4 : 1.09 * .2 - a * 3* * 3 a e 

N 1 33 : 3 : 3s 

sessasseesas e3sseses*******3ee *************3333***** ************sesas3 

*3 * * U E D 

* * * * -. 2 IdA9 * 1.23 * *12 * 
M * * * 1, 3 * 9 3 9 * 02 * 

* 8 
.a 3 a * *7 3 * 

** *** t 123 * . 74 *c~,TE 
N * * * * * 2 * 1. 3* .7 * * * * * a a * 

3 * * * 3 a g 
* * * * * * 
a a 3 . a .6 *CLUAE 

a a 3 3 

R s aa e 

* a a 
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Figure 4-79 

OCONEE.t CY*3 EPRI*NODE CALC VS MEAS ASSEMBLY PEAK POWERS 

179e1 EFPD 99o7tFP CONTROL BANKS 6 ,7.8q94.6. 21,1* 24.6 2 WITHDRAWN 

9 10 11 12 13 14 15 

s g $ * 37 * * * * 

* .0 * 1.04 * 14 * 1:43 * .21 * ,67 * 103 * .03 * 
M* 1.15l * .02 1012 * .36 * 1.18 1,50 s 206 * 1,02 * 

a * * * 1 0 
s * * * * * * A 

***** * ** ************ ** ** * *** ** ***** * * 3* *3* * ** **** 
* s * * * * , * 3 N 

29 * 1.4 * 0 
Ks * 3. 1. 3* 1. 3* 1.9 1,7 1. 3* 3e 

0 3 * a 38 0 6 * * 
* s ' 1.06 * 1.45 w 1.27 * 1.55 * 51 *.8  

L a s *99 * j,43 * 1.14 * 1.48 3 1.38 * .83 * 
3 a * * * * * * * 
$ * * * * * * 

seensesss****3******eassssesse****ssessasesseene******3*3***3****3** 

3 a a * 1.32 * 1 .09 * 1.04 * 1,18 * 
N s * * * i.31 * j .04 * **9 * I.05 * 

* * 3 * * * * 3* 

sesseenessess******swassassase*33*****3**********3************ 
* *3 * * 37 3 * * 

* .25 * 1.0 * .84 * 
Ns a. 3 * * i .20 * .6 * 7 

$ a * * * -* * $ 
s * * * a * 3 3 

eenesess*33*3*3******************3*33*333**3*************** 

$ 3 $ a * a *91 * CALCULATED 
0 * * 3 * 3 .80 * EA5URED 

* * -* *3 - * 3 3 

* s 3 3 3 * 

P* * s a 3 3 

* * * * 3 * 

s a * *** 
asasessess*************ssssu 
a a 3 3 
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Figure 4-80 

OCONEE*I CY*3 EPRI*NOOE CALC VS MEAS ASSEMBLY PEAK POWERS 

203.3 EFPD 98.9tFP CONTROL BANKS 6,7,8s98.5. 22.5. 23.8 % WITHDRAWN 

8 9 10 11 12 13 t4 4S 

s a a a 67 * * 
* 1.04 * 1.03 1.12 * 1.38 * 1.17 * 1 * 1.00 * 1.00 

M * 1.15 * 1.06 * 1.13 * 1.38 * 1.19 14 1.08 * 1.04 
K $ * * * * 3 * 
* * e 3 * a * * 

*********S3****************************SS**S******
8 5*****' 

* * * * * * * * 

* * 17 * 1.03 * 1.0 * 1.22 * 1.48 * 1.00 * .85 
L * * * 1.01 * 1. 42 * 1.74 * 1.46 * 1.1 * 81 

* s * * * * * * 

S * S * 8 ** 0 8 S 

3 1:2 *:882 
* * :. 14 * s 1 * * * * $.8 * 06 *1.1 * iS 

0* * P * 99 * 

P* 

* a 3 a s a.0 * * 

s a a a *7 * * * 
* * * * * 123 * 1.28 * .82 * 

N * * * * * 126 * 1.15 * .76 * 
* * * S * s * a 

* * * * * * * 
* * * * *. * .90 * CALCULATED 

0' * * * * * .81 * VEASUE 
s a * *a * * * 

********** *********** *** *** ******* 
* * * * * * 

P * *s * 3 * 

* * * * 

R* * * * 
A* * * * 

s 4 a 
* *S********************** 
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Figure 4-81.  

OCONEE*I CY*3 EPRI*NODE CALC VS MEAS ASSEMBLY PEAK POWERS 

232.6 EFPD 99.9FP CONTROL BANKS 6.7#8897.*8 22.5* 25.4 % PITHORAWN 

9 10 11 12 13 14 1s 

s * *7 * * S a 

* 1.08 * .07 * 6 * 1.40 * 1.20 * 1.6 * 1.02 * .02 * 
H * 1.15 * .07 *.4 1.40 1*22 1.4 * 1.09 * .01 * 

s * * * * * * 

s s * * aS * * * 

s * 0 7 1 * . * . * 
a aa * * 1.* * *0 *n L 1:0 1:44.O ali *1916 1:47 :33 s :a 

* * * * * a a * 

* s * * !.32 * 109 * e04 *$$ 

* a * * 1.3 a .1 *a*0 a,06 

a a a * a*a* 
s a a * 7 * 

S* 1.07 *3 1.26 s 1.30 * 8843 
N s a a . * * a 1.18 78 * 

,92 *CALCULATED 
0 8- a a *EASURED 

a a a * a a* 
pa a a a * * 

s a * a *1 a* .0 *104 a .6 
a a * 1.3 * .1 a103 a10 
a a a a 
* * * * 
S * * * * 

aaa a a a 

a*************** *****a**n*~aaaaaaaaaa 
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Figure 4-82 

OCONEE*I CY*3 EPRI*NODE CALC VS MEAS ASSEMBLY PEAK POWERS 

266.0 EPPO 99.91FP CONTROL BANKS 697.88100. 85.39 25,8 2 WITMORAWN 

a 9 10 11 12 13 1 Is 

.................. *************************W* *8S, ******* * * ** 

* '96 *95 1*09 1.33 * e i.55 s * . *92 

H 1.11 * 1.02 1.5 i139 i1s so * .0 *6 

*s *  
s *35 1*01 1* 04 

. . S 

. . . * * * * 

$ a * * *8 * * 
s * * 3 *8* 

. . * *8 * * .a * .e * 

* * * * * * * S 

** * S * .0 * 1.0 * 0 

s a a * q94 CALCULATED 
0 * * *1. * EAU ED 

8 . * * ** *4 

* * * * * 

.............. *8S****************8********************* *8* 
8 a * 8 * * 

. 8 * *38 13 8 

* . * * * * .2 * 

* * * * * * 

0 ' * * * .8 WhUE 
* * * * 
* 8 8 8 ** 

* a 8 ** 
a * 8 * 

************8************8**8******88**8* 

8S2*4-93



Figure 4-83 

OCONEE0I CY*3 EPRI*NOOE CALC VS MEAS ASSEMBLY PEAK POWERS 

303.1 EFPD 99.2tFP CONTROL BANKS 6,7,89100t 8.5. 31.6 2 WITHDRAWN 

a 9 10 11 12 13 10 Is 

. .... ****0** * ** ** * ** 

...... .... * .. *** ***** **** ***** ***** 

...... ..... ***** ***** * **** ***** ****** 

. . . . . . . . . . . .. 98 .- 94

a 1 * 3 * 0 g8 

* s * . s so . * 

: . 02. .* * 1.44 1 

L * * * * *139 1.2 :76 

. . * * * * *S 

, . * * * *S S 

M 0 

*:J 33 0 * 

S......................******* 

. . * * * 

N 1 5 0 1: 130 '0 :s0 

D 
98 ME U EDS* 

* a * * * 

S 8 S 
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Figure 4-84 
Oconee 1, Cycle 4 

Control Rod Configuration 

8 9 10 11 12 13 14 15 

H Rg Tr 

K 

L Rg Tr Ap 

M 

N 
Ap Rg 

0 

P 
Tr 

Rg = Regulating Bank (6) 
R Tr = Transient Bank (7) 

Ap = APSR (8) 
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Figure 4-85 
Oconee 1, Cycle 4 

Quarter Core Loading Diagram 

8 9 10 11 12 13 14 15 

H 2.60 2.75 3.20 2.60 2.75 3.20 3.20 2.79 
4A 5 4B 4A 5 4B 4B 6 

2.75 3.20 2.75 2.75 3.20 2.75 3.20 2.79 
K 5 4B 5 5 4B 5 4B 6 

3.20 2.75 3.20 3.20 2.75 2.75 2.79 2.79 
L 4B 5 4B 4B 5 5 6 6 

2.60 '2.75 3.20 2.75 2.75 3.20 2.79 

M 4A 5 4B 5 5 4B 6 

2.75 3.20 2.75 2.75 2.10 2.79 2.79 
5 4B 5 5 2 6 6 

0 3.20 2.75 2.75 3.20 2.79 2.79 
4B 5 5 4B 6 6 

3.20 3.20 2.79 2.79 2.79 
p 4B 4B 6 6 6 

2.79 2.79 2.79 
R 6 6 6 

-W10 U-235 

-Batch No.  
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Figure 4-86 
Oconee 1, Cycle 4 

Quarter Core Shuffle Pattern 

8 9 10 11 12 13 14 15 

H H-8 H-13 L-13* H-10 H-15 H-11 L-13* F 

K 0-8 N-12 L-15 K-15 L-11 M-14 K-12 F 

L 0-10* R-10 K-9 K-13 N-14 N-13 F F 

M L-8 R-9 0-9 0-13 L-14 K-11 F 

N R-8 M-10 P-12 P-10 H-13 F F 
(CY-1) 

0 M-8 P-11 0-12 M-9 F F 

0-10* N-9 F F F 
P 

R F F F 

-- Previous cycle loc.  

* Moved from eighth core symmetric location to quarter core 
symmetric location.  

** Re-Insert Batch 2.  
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Figure 4-87, 

OCONEE*t CY04 EPRI*NODE CALC VS MEAS RADIAL ASSENLY POWERS 

28.3 EFPD 99.42FP CONTROL BANKS 67,8s100. 83.89 35.3 W!TMORAWN 

8 9 10 It 12 13 14 19 
*3*** *3as*3* asseasses 33********* 33********* **3***************33****3****** 

*5 * *6 * * * 7 * * * 92 * 110 * 1.13 * 99 1.17 0 .96 * .79 * .69 * 
* .91 * 08 1.14 * 1.18 * *94 * .87 * .75 * 

S* * * * * * * * 

* * * * 1 1 * 7 * 

** l t 1. 8 * 1 0 1 1 *1 * 

8 ~ ~~ 8 89$ 

*~q s~o *64asaa 
N oI * 10 .914 * 12 07 6.1 * 6 * 

* * 1. * . * 10 * . 3* .  
a a 7 3 a8 * 3 3 a 

N 3 .3 a * $2 * 1.08 * .91 * S90 * 
3 * * le * 1.09 * .9 3* .89 * 

*3 * * * *** 

s3 a3 * * 
****************************************** 
* * 3 3 * * 
s a a e333333333 333I3333333 333 a3 .73 ALUAE 

0 *3 * *3 7 *WAUE 
* * * 3 

R 3* *3 *3 
3******** **************3********* 
3 3 .. 838 
33333 33 333 8 33 33*3*3 

0 
a 8 S2a4-98



Figure 4-88 

OCONEE*1 CYe4 EPRIeNODE CALC VS MEAS RADIAL ASSEMBLY POWERS 

566 EPPD 997.2FP CONTROL BANKS 6979881009 80.7e 32.5 2 WITHDRAWN 

S 9 10 it 12 13 14 15 

as a *6 *7 * 
90 * *97 * * 6 * .96 * 80 * 

M 90 :06 13 * 1.00 1:18 a ,94 * 86 * * 

K .
.. * 

.1. * 0.* :1. 1.12 : .za :1.  
L * 1:0 It :1 1:1 1 o3 6 

Mg S 8 * 5 g a a 

:: :6 1:!1hi :12 : : 
a a 6 a *6 ** 
* * 77 M 3U * 6 

SS a 92 * 0 * 6 

, . . S * * * * 

. . . * *6 * * * 
********* **** *********, 9es6 sss* *********** 

0 * * S * 5 a9 ,7.8 * .6E SUE 
. . . . * * * 

. . . * * S 

.3 . . * * 3.83MAUE 

p a a * * * * 
.* * * *S * 

. . . 8 * * 

3a . * *S 

. . * * 
* s * * 

seseS*sasa***.SU****avs*ses 
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Figure 4-89 

OCONEEst C'V.4 EPRIwNOOf CALC VS MEAS RADIAL A33EMBLY POWERS 

83.2 EPPO 99&StFP CONTROL.BANKS 697#181009'86*0, 34,7 2 WITMORAwN 

69 to It 12 13 14 1 

88 * 195 10.60683 
tm :89a * 14os5 1.12 .99 89 :9 .8 :; 

L 06 0 08 13 

* 93$3 9 3 

0 .8 0 .74U E 

R:~:I~ i~.3393 * 
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0 

Figure 4-90 

OCONEE*I CY*4 EPR!*NODE CALC VS MEAS RADIAL ASSEMBLY POWERS 

103.4 EFPD 99.92FP CONTROL BANKS 697,8st00* 85.6. 32,6 % WITHDRAWN 

8 9 10 tt 12 13 14 15 

*5 * * * * * *7 a * * 
, 188 * .00 7 696 * 1.14 * .97 * *84 * *75 * 
'89 * 1.0! * 10 * 1.00 * 1.17 * ,96 .89 * .77 * 

* * * * * 

* * * * *5 * * * 

* 101 * 1.07 * 1.10 * .90 * .76 * 
K X 1.11 * .3 1:17 1.08 1.08 * .92 * .76 * 

* * * * * a * * * 

* * ~ * * * * * * * 

* * *7 * *8 * * * * 
s a * 1.06 * 1.04 * 1.12 * 1.12 * 1.19 * .64 * 

L * * * 1.06 * j.08 * 1.11 * 1.11 * 1.13 * .66 * 
* * * * * * * * S 
* * - a * * * *sa 

* * * * * * * * 
S* 1.18 * 1.06 * .951 :4 * :94 * 

* * * * S,7 * 10 * .9 U S9 06 90 
* * * * * * * * 
3 * 5 * *6 * * * 

S* a * *6 * .6 
N1 * * * * * .92 * 1.9 * *69 * 

* * * * * * * * 
* * * * * * * * 

* * * * * * * 
* * * 0 * a .77 * CALCULATED 

0 a a * * * * .72 * ESURED 
s a * * * * * 
a * * * * * 

* * * * * * 
* * * * * ~ * 

* a * * * * 
* * * * * * 

s * * * 

s * * * 
R * * * * 

S * * * 
* a * * 
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Figure 4-91 

OCONEE*1 CYe4 EPRI*NODE CALC VS MEAS RADIAL ASSEMBLY POWERS 

125.1 EFPD 99.62FP CONTROL BANKS 697,8100. 82.7. 29.7 X WITMORAWN 

* 9 to 11 12 13 14 15 

6************************************************** ******** 

5 *6 * 95 * * .97 * 6 
l.87 * .05 : .06 9 97 84 * 7 

4 .89 1.0 .Lo * .. * .'7 * . * t89 

3 * * *6 * * * 
3*********666assessessas3666******3**************36************3******* 
s * * * 6 65 a 6 

s 6 *7 * *a * * * 

. 1.*04. 1031 1.:1 S6 1.20 * .  
a 6 * * * 

a 3 1.0 1.0 1.5 a.' 

a ** .1 * 1.8 * :94 * :69 

6 * * * * * * * 

N *93 1 a .70 * 

**s q* * *' 

* e * * 78s CALCULATED 3 6 8 3 9 8 6 11 6 
N * * * * * 3 * 11 7 S8 6 6 W 6 ED 

6 6 8 6 8 6 
3 * * 6 .3 *3 

*************************************asesseesasse 
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Figure 4-92 

OCONEEmt CYe4 EPRIwNODE CALC VS MEAS RADIAL ASSEMBLY POWERS 

150.6 EFPD 99.0:FP CONTROL SANKS 69798u1009 84.69 29,4 % WITMORAWN 

6 9 to It 12 13 14 1s 

: s s 8 : 4 .e 5 e 5 a * * 7 ** * 8 

8 :87 : his 1. 1.1 : 9 : *89 

** : : : 

L 8 8 1 i 1 

W 0 9 * 9 

S S * a * * SS 

.************S*S**** *********S**5* 533338** 

N 5 7 6 96 1:1 0 

S S 1.0 ~ 192 112 it 1.970*4 

* a * 

* * * 

Ra a * 5 

0 :7 ME U ED9 .1 7 

S * * S SS 
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Figure 4-93 

OCONEE*I CYm EPRI*NODE CALC VS MEAS RADIAL ASSEMBLY POWERS 

174.8 EFPD 98.8tFP CONTROL BANKS 697.8*100, 88.1* 30.5 Z wITWDRAWN 

8 9 10 11 12 13 14 15 

**********.*as3ssessesesse****************** ********* *** 

35 a *6 ** * *7 * 
s .88 * i.0o * 1.05 * .95 * 1.13 9 .98 * 87 * 79 

M .91 * 1.07 * 1.07 s 97 * 115 * 1.00 * :89 * .83 
a s a * * 3 * * 
esseeasse*****sassa3******* * ************* *** 

* * * *3 as * * 
* * 1.04 * 1 6 * 1.06 * 1,10 * .92 * .70 

S8 * . * 08 * 1.1 * *91 *7 
* * * * * * * 
s * * * * *. * 3 

****************************************3*33**33***33*** ************* 
K * 37 * *0 * * * 

s * * 1.05 0 1.1.2 * 19 
L* * 1.03 * 109 I*:09 1 .12 * .68 

a * * s * * * * 

* * s * * * * * 

* * * * .1 * 3.0 * * ,9 

m : 117 * 1098 
* * * * * * S 

*3 3 * * * * 3 
3$*****************3****3***eseee***3****asseessas3osses 

a a * 36 *. * * 
* s * * * 98 * 1.13 * .70 

N 3 * * * .90 * 1.11 * .70 s 

* 3 * * 3 * 3 * 
asseenessasassee*********3*3**************3ss****33*3S***** 

* s * * * * * 
* * * * *s * 78 CALCU4ATED 

0 3 * * * . 3 *79 3MEA UED 
* a a * 3 * * 
* * * * * * .3 
sessessesas***3***********3* ******* *** **** **** ***** 

a a * * * * p s 

* * * * * 1 

3 * * 
3 3 3 3 
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Figure 4-94 

OCONEE*1 CY*4 EPRI-NOOE CALC V5 MEAS RADIAL ASSEMBLY POWERS 

194.5 EPPO 96.8FP CONTROL 8ANXS 6*7*881009 84.3. 28.3 % WITHORAWN 

8 9 to it 12 13 14 15 

eg a *6 * * * *7 * * 
* 80 : 1.05 * :95 * 1.13 * .98 * *ST * .80 * 

. 1 ..99 .. 0 78 
* , * * * * * * 

* * * * * * a * 

* * * * . * *5 * * K~~ 1 : I 11 1.6 .:07 :9 ~ 79 * 

* a *7 a *8 * * * S 
* * 03 * 1 1.10 * 1.12 * 1.19 * .68 * 

L * i*04 * 1.07 * 1.06 * 1.11 * 1.13 b.68 
* * * e . * * * S 

m S 1:01 '9 :99 S * * * * * * * 
*S * * 1.6 1.07 * *.9 * *95 

Ms a * * 15 * 1.04 S *95 * 93 

S * * * * 6 * * 

* s a a s6 a * * 
s . * a a ,99 * 1.13 * .70 * 

N 5 S * 3 * .91 s 1.12 * .70 * 
* 5 * * * * S * 
* * * a * * 

* a a * * * * 
S3 * a * * 78 *CALCULATED 

0 * * * * * *1 *MEASURED 
s * * * * * * 
s a * * * * * 

* S * a . a , 
PS a * * ED 

* * * * * * 
* a * * * * 

.* * * * 
* *. * * 

R s a a * 
S a * 

* * . * * 
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Figure 4-95 

OCONEE*1 CYe4 EPRI*NOOE CALC VS MEAS RADIAL ASSEMBLY POWERS 

234.7 EFPO 99.6FP CONTROL BANKS 6*7,8S100. 88.7. 29.6 2 WITMORAWN 

8 9 10 It 12 13 14 15 

******************a***************************************$*************a 
*S*56 a * *7 a 
* .89 * 1.03 9 s05 9 *95 *89 ***82  
m 91 * 1.06 1.06 :*97 * 1.01 * .90 * .84 

93 * 

* a a * * 01 S *4 
* * 1,04 * 1.18 a .15 a 1.05 * 1.10 ,94 a .81 K sa * le a 1.16 a 1.15 * 1.07 a 1.11 a *93 * .a81 

a a a a a a a * 
a a a a . a a. * * 

* a a7 a as a a aa 
* a a 1.04 * 102 s 1.09 * *11 * 1el8 9 .68 a 

a a 1.02 * j.08 a 1.07 * 1.11 a 1.ft a .70 a 
a a * a a a a * 
* a a a a a a a* 

* * a * 1.15 a 1.07 * e95 a *** a 

a a a a a a a * 

a a a a as a a a 
* a a a a .99 a i.1*?7 N * * * * .91 a {11 * 71 

a a * a a a a a 

a a a a a .78 a CALCULATED 
0 a a a * * a .83 *MEASURED 

a a a a a *a 
* * * a a ** 

a a * a a a 
* a a a a a 
P * * *2 4-*06 a a a a 

a a a a 
**************aaseaaaaaaaaaaaaaa 
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Figure 4-96 

OCONEE*1 CY*4 EPRl*NODE CALC VS MEAS ASSEMSLY PEAK POWERS 

28.3 EFPO 99.4tPp CONTROL BANKS 697.88100* 83.8. 35.3 % WITMORAWN 

8 9 10 11 12 13 14 iS 

*S * *6 $ * *7 * 

.014 1.10 * .96 
07 1.27 .36 * 171 137 * 1.07 1.07 9 

* * * 4 * * * 
* * * * * * * * 
S8****************************************8**********8****S********** 

a s S *5 * * 

K . . 1.1. * . * :40 * 1.I2 * 8.1 .is : .at 
* a * * * * * 
* s a * * ** 

ssws**********sg***************************************858**********5 
* s 87 * s8 * * * 

* * * 1:33 * :28l 1:49 a ,2 *1:34 * 70 
L * * .4 * .3 * .41 1:27 * .4 * .7 * * S * * sa 

* * * a * * * * 
*****8essnessens**a*sessasSS es*se**s*S8* **eSaese**********S*** 

Sa 44 06 m * 1:41 1:8 *1.06 * 1:04 
e M**! * * * * 

****8******************S*8************8*U************8*8***88ase 

s 8 8 * * 1.11 8 1.25 * .75 * 
N * * * * * 1.02 * 1.26 :*77 * 

* * * * * * * * 

*S***************************8*******************8s 

Sa 84 CALUAED 
0 * * * * * E 

S SS2 8 8410 
PS * * a 5 a 

* * * 8 8 * 
8 8 8 8 8 * 

asse*8ssesessses 3888***88*aseseseseses2ss*88******* 

S 8 8 * 
R 5 8 * 8 

* * * * 
* a 8 8 

sessne*88ssessass**sesa******8 
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Figure 4-97 

OCONES*1 CYe4 EPRIaDODE CALC VS MEAS ASSENGLY PEAK POWERS 

56.6 EPPo 99*7?PP CONTROL BANKS 6.7,8M100. 80.7, 32.5 % WITHORAWN 

* 9 10 11 12 13 14 15 

sessass*** 3a***** *********************************** **3********* 

8s5 s * * * 
.01 * 1.21 3 * 1:0 * 3 .08 * 97 * .86 * 

00 19.307 1.04 9 
.8 **a > ** : ** *~. : s 

. . . . * * * * 3 

. . . . . .s . .  

: : 1d: : 1.43 : i:19 : 1:11 : 1.d5 3 l.0l 3 :85 * 

8 , . . . . . * * 

K * * 3 * * * * 8 

* * *7 * 88*3 
* * 6 * 1.23 1.45 * 1.30 * 1:6 :7 

L * c 1.5 * 1.37 * 30 1 *7 
. . . . . .3 

: :: : 11 : 9 si : 1:8:E 

aa* * * 8 * 

P 

3 * * * * * *0 

* 8 3 ,1 * 12 7 

3 * * * * 

** * * * * .3 * 

s * * * 8*3 * *a 
s a 3 3 8 8 CALCLATE 

0 N * * *9 * .EAU1E 
. 3 8 a * * *3 

* * * * * 3* 

3 * * * 

a 3 * * * a SEAUE 
* * * * 3* 

8 8 8 *g 

3 a 3 8* 
Ps * * * 

sesesenesenesesssuss 

3 3S2 3-108



Figure 4-98 

OCONEE*1 CY-a EPRI-NODE CALC VS MEAS ASSEmBLY PEAK POWERS 

83.2 EFPD Q9.5tFP CONTROL BANKS 697,88100, 86.0. 34.7 .x WITHORAN 

8 9 10 11 12 13 14 15 

** * ** * * ** *33* ** * **** ****************** ** *** 3 * * * * * **3* ** * * *3* * * * ** * See 
35 * 6* * * *7 3* 

* **q 
* 99 * to 7as 06 * .7 * .0 8 

H * 1.03 * . o 1:19 * 15 *: 1.3 * .07 1 :0 * :93 
** -, * * . . * *3 * * 

* . s* * 35 * * 

1:1 1:2I : :1 20:1$ 1t 1 
s * * * * * * 
* * * *3 * *3 - 3 

3* * * ** ** * * *** * ***** ** * ** **3********************3********** * *** 
* * 7 ' *8 * * * 9 
* * * 1.21 * .20 * 1.40 * 1.26 * 1.39 

L1.28 1.23 * 1.37 1.27 * s *- * * * .7 
* * * * 3 * * 

3***********Ssasseae****3*33**333*****************3**** 3333***3****** * * * * * 3 * * * 

* * 3 * .30 1.083* 1.0 3* .08 * 
N * * ,3 * 1.03 * 1.27 * .05 * 

* * 3 * * * * * 
** *. * * * * 

********3****************************3**********3********* 
* * . * * *6 * *3 

* * * CA UATED 
0 * * * * .86 * UED 

3 3 * 3 . . * 
*3 * 10*9* * ** 

**888 3s89 $8898989. 88833888888898888 

* 3 * 3 
3 3 8 .  
*********3****************3333 ************* 

0 
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Figure 4-99 

OCONEE*I CY.4 EPRIwNODE CALC VS MEAS ASSEMBLY PEAK POWERS 

103,4 EFPD 99.9%FP CONTROL BANKS 67.801009 65.6, 32.6 X WITHDRAWN 

8 9 10 11 12 13 14 15 

*5 6 *3**7 

...... .. .. . *** *** * **** ***** * **** *** 
S. * ** * * ** ** 

. .* ..02 . * ** * ***** ** ******* **** S *** 

.7 

...... .. . *** ** ********* * ***** *** ** 

L *12 * s * * * : 

s * * * *8 * * * * * 

N 0 w* 1.02 * 1.26 * 

* . . . * * * , 

...... . ..... ** **** * ****** ** *** ****** 

S88 CALCULATED 

0 
* .85 * EASU ED 

. . * * .! * 1,4 * 1.5 * 10 

. * * 1.9 * .2 * 7 * 

N S. * * * .0 * 12 8 
. . * * * * S 

. . * * * 

......... ... ********************** 
* * * * ** 

3 . * * 8 s~SE 
* S * * 3* 

a a * ** 

. * * * * 
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Figure 4-100 

OCONEE*I CYeA EPRIwNODE CALC VS MEAS ASSEMBLY PEAK POWERS 

125.1 EPpo 99.6tFP CONTROL BANKS 60,8a100 82.7, 29.7 % WITHDRAWN 

8 9 10 11 12 13 14 Is 
,******************************************************3************ **3**3 

5 * . *6 * * * *7 * 
* 99 * .90 

1.0 * * :1 * * * ht0 * .104 * .94 

* . * * *5 * * * 

K t 1 0 * 1.22 * 1.01 * .8 ' 

KL .j *13 ~~ *:*9 1:439 1:183 1.109 : .78 

114* *1:*3 * 
* * .* * * * * * 

* * *7 * *8 * * * 

** **** *** 
* * * * * 3 * ** * * * 34 * .24 * .5 * 08 * 

S9 * * 3 * . * 0 
** . * * *** 

* * * * * * a 

* * * * *6 * * * 
* * * * * 1.10 a 1.29 * .79 * 

N. * * * . * * 1.03 * 1.26 * .81 * 
* * * * * * * * 

3************************************************ 
* * * * * * * 

* * * * * * .89 * CALCULATED 
0 * . * * * * * .85 5 WEASUR ED 

* * * * * .* * 

* * * * * * 

P* * S * *s 
P& * :* * * 3 

* * * 3 * * 

* * * * 3 

* s * a 

* * * * 

3*** 3*3***** *******3 ******* 
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Figure 4-101 

OCONEEwt CY.4 EPRI-NODE CALC VS MEAS ASSEMBLY PEAK POWERS 

150.6 EFPD 99.OXFP CONTROL BANKS 6*7*8*100* 84.69 29.4 1 WITHDRAWN 

a 9 10 it 12 13 14 15 

*s * *6 * * * * * 

9s .03 . .24 * .0? * .24 * .  

K A:0 1 .. : u0:.*1 .. se : 8.  . . * * * 

* * *. ** *5 * 

* . . .0 a n * .7* 

*.* .*Lo * L .e * . * * 

L 1 : 1 *:7 
:7 68** 

* 8 * . S*.*6* 

L es2 S 2s s * ** * 78 

,89 CALCU AYED 
0 8s * * * SU ED 

* * -. *. a * * * 

. . . * * * * 

. . S.*** 

*. * * * 

* * a * * * 

* S *a * * S 

* * * * 

*s * * * U 

P . . * . * 

* * * * 
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Figure 4-102 

OCONEEs CY*d EPRIwNODE CALC VS MEAS ASSEMBLY PEAK POWERS 

174.8 EFPD 98.81FP CONTROL BANKS 697,8.100* 88.1t 30,5 % WITHDRAWN 

a 9 10 It 12 13 14 15 

*S * < 6 * * * *7 * 
* .96 1 * i : I:03 : 1.23 1.06 * ,98 * .92 

* 1.02 *1.20 * 119 1.11 * 1.05 * .97 
* * * * * * * * 
* * - a * * * * 

* 2 * * S * * 
* * 1.15 * 1.30 * je.25 * 1.18 * 1.20 * 1 .02 * .91 

K * * 1.28 * 1.32 * 1.29 * 1.23 * 1.23 * 1.0oa .90 
* * * * * * * * 
* * * * . * * * * 

* * 7 * *1 : * *  
* * *I.8 * 07 * 7 * 12 3.5 * 7 

L *$ * *2: i2 * j.34 * 125 * 1.39*57 

* * $ * * 

S**** * * * 

* -

* * * 1. 0 * 1 * 1 04 * .0 * 
M .5 * * * * S. 7 . 6 1 .0 * 

* * * * *6 * * * 

* * * * * 1.08 * 1.28 * .79 * 
N * * * * * 1.02 * 1.25 * .78 * 

* a * * $ * * * 
* * * . . * * * * 

* * * * * * * 
* a * *-*$ * .89 * CALCULATED 

0 - -- * * * * 90 * PEASURED 
** * * * * * 

* s * * . * * * 

* * * 8 8 8 

P s* .* a a * * 

* a a a * * 

* * * S 

* a- * a 
R * ** * 

* 4 * * 
S** ** **** ****** * ******** 
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Figure 4-103 

OCONEE*1 CY-a EPRI-NODE CALC Vs PEAS ASSEMBLY PEAK POwERS 

19a.5 EFPD 98.8tFP CONTROL BANKS 6*78X100 84.3. 28.3 Z WITHDRAWN 

8 9 to 11 12 13 14 15 

H 3*5 * 6 3.722 

* .1.3 1.13 * 1.31 * 1.02 3* 1.036 .90 3 

L9 1*1. O * 1.22 * 1.05 * . *9 

H* 1.02 . * .1 

................... *********************** *********** 

. . . 3 3 *5 

K *.* *9 

n , * ** *3 

.3l 1:3 3 1,3 3 s I .3 i 

L 1619 1 9343 1.23 * 1.38 3 78 

3 11N 1.17 x 063 

L ** 

. . 3 3..-.  

* 31 9.2 3 1  
N * 1.01 1.2S7 2 -79 

3 * 3 3 90 *CALJU4ATED 

0 : 90 PE 0UE 

3 

* .  

*333333333333333333333333333S2 33*4*31143*



Figure 4-104 

OCONEE*1 CY-4 EPRI*-ODE CALC VS MEAS ASSEMRLY PEAK POWERS 

234.7 EPPD 99.6!FP CONTROL RANKS 6*7,88100. 88.7, 29.6 % WITHORAWN 

8 9 10 11 12 13 14 15 

*S * *6 * *7 * 
' *94 * 1.09 * 12 * 1.02 * 1.22 * 1.06 * 100 * .94 

H 1.00 * Is8a 1018 * 1.07 * 1.27 1.10 * b0a * .97 4 

s * * * * e53 * * 

* 0 * * * * * .* a 
* a * * * *78 

S* 3 * .6* U* * T* 

K * * mE51:15 * 1:19 3 1.33 * 1.22 *7690 

* 3 * * * *3 *3 
* a * *3 * * 

*****3*********************3************3*3333*3a************* **** 
s a s3 *3 *8 * * * 

* a ****** 

3 a 3 * *6 * * * 

* . 3 * * 1.6 * 1.09 * 1.02 * 1.07 3 
N 4 * * .8 1.15 * 1.01 * 1.78 * 

3 * 3 3 * * * * 
*3 * * * * * * 

a****************s***************************** 
* * * * 56 * *3 

N * a 3 a .9 * 1.21 3 .78 L*T 
3 * --- * 3 * * 3 
* a * a.* * *a 

assessessessasses**33****a******3*********************** 
* 3 * 3 * * 
s a a 3 3 a 8 ALUAE 

* * * 3 ** 

* * * 3 

* 3 * * 

a *** 
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Figure 4-105 
Oconee 1, Cycle 5 

Control Rod Configuration 

8 9 10 11 12 13 14 15.  

H Rg 

K 
Tr 

L Rg Tr Ap 

N 
Ap Rg 

0 Tr 

P 

Rg = Regulating Bank (6) 
R Tr = Transient Bank (7) 

Ap = APSR (8) 
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Figure 4-106 
Oconee 1, Cycle 5 

Quarter Core Loading Diagram 

8 9 10 11 12 13 14 15 

H 3.20 2.75 2.75 3.20 3.02 2.75 2.79 3.02 
4B 5 5 4B 7 5 6 7 

2.75 3.02 2.75 2.79 2.75 2.79 2.75 3.02 
K 5 7 5 6 5 6 5 7 

L 2.75 2.75 2.75 2.79 2.79 2.75 3.02 3.02 
5 5 5 6 6 5 7 7 

3.20 '2.79 2.79 2.75 2.79 2.75 3.02 
M 4B 6 6 5 6 5 7 

0I 
3.02 2.75 2.79 2.79 2.79 2.79 3.02 

N7 5 6 6 6 6 7 

0 2.75 2.79 2.75 2.75 . 2.79 3.02 
5 6 5 5 *6 7 

2.79 2.75 3.02 3.02 3.02 
P 6 5 7 7 7 

R 3.02 3.02 3.02 
7 7 7 

-W/0 U-235 

--Batch No.  

* Location of thrice 
burned 4B assemblies.  
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Figure 4-107 
Oconee 1, Cycle 5 

Quarter Core Shuffle Pattern 

8 9 10 11 12 13 14 15 

H K-14 H-9 H-12 M-13** F M-11* H-15 F 

K K-8 F L-12 N-14 M-12 L-14 K-11 F 

L N-8 N-10 K-13 K-15 N-13 K-10 F F 

M M-13** P-12 R-9 0-9 L-15 L-13 F 

F N-11 0-12 R-10 0-13 M-14 F 

0 M-11* P-10 L-9 0-10 P-11 F 

R-8 M-9 F F F 
P 

R F F F 

I--Previous cycle loc.  

*Assembly location formerly on diagonal placed on the core flat.  
Moved from eighth core symmetric location to quarter core 
symmetric location.  
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Figure 4-108 

OCONEE*1 CY-5 EPRI-NODE CALC VS MEAS RADIAL ASSEMBLY POWERS 

24.5 EFPD 97.5%FP CONTROL BANKS 798 a 89.69 26.1 % WITHDRAWN 

8 9 10 It 12 13 14 15 

* * 36 * * * ** 

* 7 s .9 .2 * .8 * 1.361 * .00 * 1,07 * 87 
8* 691 * 96 :95 1:02 * 1.06 * :85 

H * * * * * * 

* * * * * * * * 

* * * * * *7 s * 
* a 1.38 * 1.06 * 1.2e * *99 * 1.03 * .90 * .81 

K 1.31 * 1.09 * 1.i * 1.01 * 1.03 .93 .80, 
.* * * * * * * * 
* * * * * * * * 

S* $7 * *8 * * * 

:L :1 : 1:1 : 1& :99 : it : 8 

M * ** 1.10 * 1 .26 * 87 * .90 * 
M * .15 1.25 * .90 .89 

* * * * * * * 
* * 2 * * * M 

sessesses$*************************************************** 
* * * * $6 * * * 

$ * * $ 1.25 * .96 * .63 * 
N * S * * 1,22 * ,92 * .65 $ 

* $ * $ * *. * * 

*S*$ssn*3***asas3ss$eas*************************S*~ S$*** 

* * * * * * * 

* * . $ *$ .69 * CALCULATED 
0 $ $ * a * * .72 * EASURED 

* * a * S * * 

$ * S $ * .  

8 $ * * * * 

$ $ * 8 $ * 
P * * * *3 * * 

8. * * * * * 

8. $ $ * 
ts$ tSSatW $t **$####8##****** 

R * * * $ 

S * $ * 
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Figure 4-109 

OCONEE*I CY-5 EPRI*NODE CALC VS MEAS RADIAL ASSEMRLY POWERS 

44.4 EFPD 97.0tFP CONTROL BANKS 798 3 90,09 28.6 % WITHDRAWN 

8 9 10 11 12 13 14 15 

7 .97 I ql S .9 1:i35 * .. 0 8 

.. .. .. . . . * ** * * * ** **130 1  * ** *0**:** * * * * 

............ **** * * *** ***** ;**********'!'*** 

. . . . . .. . .** * 8 * * * * * * * ** 1 .*: * * * * 

. . .* * * * : 

6:0 .:2 . 8s .91 

* * * . 1 .1 * . S * S 

* s * 7 * *8 * 

*1 
13 20.0 * I.2 * 9 qo 

L * 10 2 , . .0 . ~ * 1~ 

S* S CACULATED 
* * SuS * * UED 

0 * * * * * * 

P* 

. . * * 1.0 , 2 . 88 * . 1 

* * * * 1. *. 1 .9 

* * * * * * 

* * * * . .  

******3 ***4******** ** **** ******* *5 

. . * * CiUAE 

* * * * * 

* * * * * 

* * * * S 

* * * * 

********~** * * ** *** ** 

S -1 
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Figure 4-110 

OCONEE*1 CY-5 EPRI-NODE CALC VS MEAS RADIAL ASSEMBLY POWERS 

90.4 EFPD 99.5%FP CONTROL BANKS 7#8 3 88.79 25.6 % WITHDRAWN 

8 9 10 11 12 13 14 15 

* 76 * 91 *6 .9 * .8 * 1.2 * .1 * 1.0 * .9 * 76 .9i 1.10 *.et 92 
H * 86 * ,93 .96 .95 N 2 0 * 1.09 * .88 

* $ * * * * * 
* * * * * * . * * 

* $ *. * * *7 * ** 
* * 1.33 * 1I0 * 1.19 * .97 * 1.03 * '94 * .86' 

K * * 1.27 * 1.07 * 1.18 * 1.00 * 1.03 * .95 * ,84 
* * * * * s * a 

81 : $ 8 8& 

* * 7 * * * * * 

N :! : 1:83l 09:4 : 678 ' 1 

1 * * 8 * * *  
88489989888 98888988888810896 8 S989888898. t$$8 

L $ * *A** * * 
* * * * 1.7 * 1.3 * .8 8 9 *8 

* * 1 2 * 1 1 * 9 * .  
* * * * * * * * 
* 8 * * 1.0 * 8 .9 *8 9 8 

* * * * *6 *** 
* * * * * 1.23 * .97 * *66 * 

N * * * * * 1.1 * .941 * .67 * 
* * -* * * * * * 
* * * * * * * * 

* * * * * * * 
* * * * * * .71 8 CALCULATED 

0 * * * * * * .73 *FVEASURED 
* * * * * * 8 
* * * * * * * 

* * * * * * 
* * * * * * 

P * * * s~ * * 
* * 8 * * 
* * * * * 8 

*. S * 8 
* * * * 

R * * *s * 
* * * * 
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Figure 4-111 

OCONEE*I CY-5 EPRI-NOE CALC VS MEAS RADIAL ASSEMBLY POWERS 

118.1 EFPD 99.0%FP CONTROL BANKS 7,8 z 90.19 26.1 % WITHDRAWN 

8 9 10 11 12 13 1a 15 

* $ $6 $ * * * * 

.77 * .91 * .90 * .88 * 1.31 * 1.01 * 1.10 * ,93 

H . .87 0 .93 .9b $ .96 * 1.27 * 1.03 * 1.09 * .88 
a * * * * * * * 

s $ $ * * *7 * * 

* * 1.31 * 1.02 . 1.18 * *97 * 1.04 * .95 .87 
K * * 1.26 * 1.06 * 1.17 * *99 * 1*03 .q6 .84 

* * * * * * 

* * * * * * *$ 
************9****************************** ****$*$*** 

* a *7 * *8 * 
* * * ,97 * 1.20 17 

L 1*00 1.19 * 1:04 * .96 : 572 
s * * * * * * $ 

a $ $ * * * * 
s * * * 1.06 * 1.22 * .,90 $ .94 * 

* * * * * * * 

$ a $ * * * * * 

* * * * $6 * * * 
* $ * * $ 1.22 * .98 * .67 * 

N * * * $ 1*19 *94 * .68 * 
* $ v $ * * $ * 

t a $ *$ 

s * $ $ * .72 * CALCULATED 
0 . * * $ * .73 * WEASURED 

* a * * 

$ $ $$ 

P $ $ 

R $* * 

$ $ $ * 

R * * * 
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Figure 4-112 

OCONEE*1 CY-5 EPPI-NODE CALC VS MEAS RADIAL ASSEMBLY POWERS 

145.4 EFPD 99.52FP CONTROL BANKS 7t8 2 87.8, 22.3 % WITHDRAWN 

8 9 10 11 12 13 la is 

* $ *6 * * * * * 

* .77 * *91 * .90 * .88 * 1.30 * 1.01 * 1.10 3 
H * ,88 $ ,9 * 96 * .95 * 1.25 * 1.05 * 1.09 : .89 

* * * * * * * ** 

ses************************* ****************************************** ****** 
* * S a *7 * * 

* * 1.29 * 1.01 1.17 * .97 * 1.03 * .95 * .86 
K * * 1.26 * 1.06 * 1.17 * *99 * 1.03 * .96 * .84 

* * * * * * * * 

* * a * * *~ * * 

S * *7 * *8 * * * 
* * * 96 * 996 27j 

L * * *1.00 * 9 [75 : .7 
* * * * * * * 
* * * * *. * * * 

***ses**ass*s*s********************ssass*e*ssessesa*sss*************** ** *** 

* * * * * * * * 
** * * 1.06 * 2 * .90 * 95 * 

M 1 * 1.19 .92 :92 * 

*****6 * * * 
* 1.22 * ,99 * .68 * 

N l * * * * 1.19 * 95 * .69 * 
* a* * * * 

* * * * * * * * 

a * * $ * * * 
* * s * * * .73 * CALCULATED 

0 *74 * MEASURED 
* a * * * * * 

* * * * s * 

* * * * * * 
8 * * * $ * 

a * 8 * 
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Figure 4-113 

OCONEE-1 CY-5 EPRI-NODE CALC VS MEAS RADIAL ASSEMBLY POWERS 

175.3 EFPD 98.8tFP CONTROL BANKS 7t8 : 87.8 22.3 % WITHDRAWN 

8 9 10 11 12 13 la Is 

.. ........ . **** ******* * *** ** ** *** ***** '' ** 

* *00 
9895 

.. ...... * ***** ***** ** ** * ****"**** * * 

...... . ..... ** ** *** * ***** * ** * *** * * * * * 

...... .... **** *** *** ****** ** ** 

* * * * ** s** * 

* * 
* S 1 2 * 

:.........:........ **** ** ** ********5 ** *******;****** 55** **:**"' 5,*$ 

S* 7 8 0 . 7 5 8s E 

0 * ** * $ 

* * . * , . * 

:........:....... 
1.20** *************.9 * * 5 

M * * , ~l . .9 ~ * 9 
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Figure 4-114 
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Figure 4-115 

OCONEE-1 CY-5 EPRI-NODE CALC VS mEAS RADIAL ASSEMBLY POWERS 
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Figure 4-116 

OCONEE-1 CY-5 EPRI-NODE CALC VS mEAS RADIAL ASSEMBLY.POwERS 
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Figure 4-117 

OCONEE-1 CY-5 EPRI-NODE CALC Vs mEAS RADIAL ASSEMBLY PONERS 
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Figure 4-118 

OCONEE*I CVS EPRI*NODE CALC VS MEAS ASSEMBLY PEAK POWERS 
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Figure 4-119 
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Figure 4-120 

OCONEE=1 CYwS EPRIsNODE CALC VS MEAS ASSEMBLY PEAK POWERS 
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Figure 4-121 
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Figure 4-122 

OCONEE*I CY*s EPR*iNODE CALC VS MEAl ASatWBLY PEAK POWERS 
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Figure 4-123 

OCONEE*I CYOg EPRlNODE CALC VS MEAS ASSEMBLY PEAK POWERS 
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Figure 4-124 
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Figure 4-125 

OCONEEsI Cy*S EPRI*NODE CALC VS MEAs ASSEMBLY PEAK POWERS 

239.7 EPPO 98.21P CONTROL BANKS 7,8 a 88,M 19.8 1 WITHDRAWN 

a 9 to it 12 13 I 15 

.33 ******** 3.****3************** **************** 3******** 
* * as * * * * * 

. .. . 1.00 .*9 .39 * * * .2 3 1.08 * 
H * * 1 1.07 * I :0*1 * * *1 o 

* * * * *  
****************.***** ************* *** **** * **** 

* *lo * * 1 . *o . * 

K *3 * :* 0 * s 3 * : . .. .. .: .. .. . .0.. .. .. . .. .. .. .. .. .. 85** * ** * 

: : 1:11 1:: 1:10:! 

* 3 * * * * 

S* 3 * CALCULATED 

0 * * * MEASURE 

3 3 .3 3 a * * 
3 3 3 a a  

3 a * * *63 

S *  

3 a * * 

3 * * .8 AjU !E 

3 3 2 S2 4-13



Figure 4-126 

OCONEE*1 CYwS EPRi NO0E CALC VS MEAS ASSEMBLY PEAK POWERS 
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Figure 4-127 

OCONEEmI CYeS EPRI&NODE CALC VS MEAS ASSEMBLY PEAK POERS 
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5. STATISTICAL ANALYSIS 

5.1 Observed Nuclear Reliability Factor Derivation 

The section will address quantitatively statistics arising from Section 4.  

Normal distribution theory will be used in deriving calculational uncertain

ties.  

In deriving the calculational uncertainty for EPRI-NODE-P, the algebraic dif

ference between a calculated and a measured value forms a normally distributed 

(refer to Section 5.2) random variable.  

The difference variable is defined: 

D. =C. -M. (5-1) 1 1 1 

th 
where: D is the i difference; 1 < i < N 

C is the i calculated value (radial or peak) 

M is the ith measured value (radial or peak) 

The mean of the difference as defined in equation 5-2 is: 

D=C -M (5-2) 

n 
where: C = (I C.) + n (5-2a) 

i=11 

n 

M =(- M. n (5-2b) 
i=1 
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n 
D = (I M.) + n (5-2c) 

.i=11 

n = number of observations in sample 

Now a one sided upper bound factor is derived by employing one sided upper 

tolerance limit (OSUTL) methodology. For a normal random variable X with a 

sample mean X and standard deviation S, the OSUTL of X is defined by: 

OSUTL(X) = X + K x S (5-3) 

n 
where: X = (I X.) + n (5-4) 

i=1 

n 2 
S = [(I (X - X) ) (n-1)I (5-5) 

i=1 

In equation 5-3, K is the one-sided tolerance factor. Equation 5-3 is formulated 

such that a predetermined proportion of the population (P) is below the OSUTL 

with a confidence factor (a)18 . K is explicitly dependent on n, P, and a.  

Following industry practice, P = 95% and a = 95%.  

The OSUTL is given for D by: 

OSUTL(D) = D + K x S(D) (5-6) 

C is a deterministic variable and does not have an OSUTL per se, but a reasonable 

upper limit to C can be defined by: 

0 
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UL(C) = M + OSUTL(D) (5-7) 

UL(C) = M + D + K x S(D) (5-7a) 

If one substitutes equations 5-2 into equation 5-7 you obtain the following: 

UL(C) = M+ C-M+ K x S(D) (5-8) 

or UL(C) = C + K x.S(D) (5-8a) 

From equation (5-8a), it is more obvious that the upper limit is a function of 

the calculated parameter. Also, it is obvious that the standard deviation 

being associated with the calculated limit is that of the difference distribu

tion. This means that any error in the measurement of the radial or total 

power as well as any calculational error will be included in the UL(C) parameter.  

While equation 5-7a and 5-8a are valid, the definition of D = C - H 

(equation 5-2) leads to UL(C) being smaller if the measured parameter is under

predicted. The conservative solution to this is to subtract D in equation 5-7a 

instead of adding it. This would yield the following equation: 

UL(C) -D + K x S(D) (5-9) 

A further conservatism in equation 5-9 has been included by collapsing the 52 

detector strings (seven detectors per string) into an octant of the reactor 

core consisting of 29 assembly locations (See Section 2.2). This averaging of 

symmetric detector values tends to smooth out some of the measurement uncertainty.  

Finally, the Observed Nuclear Reliability Factor (ONRF) is defined as the 

quotient of UL(C) from equation 5-9 and the mean of the measurements: 

UL(C) 

ONRF= M (5-10) 

or, 
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M - D + K x S(D) 

ONRF= M (5-11) 

The ONRF from equation 5-11 will be used as a multiplicative factor applied to 

EPRI-NODE-P calculated powers such that: 

ONRF x C < M (5-12) 

for 95% of the population and with a confidence factor of 95%. Separate ONRF's 

are derived for the assembly radial and assembly peak powers.  

5.2 Normality Test Results 

Using equation 5-1, the variable D was employed to form a frequency distribution.  

Histograms of these distributions are shown in Figures 5-1 to 5-10. The window 

width (WW) of each cell is displayed above the ordinate. Each frequency was 

analyzed for normality using the D' test from ANSI N15.15-1974.19 

In analyzing the normality of the difference distributions, C,M data were 

grouped into the following categories: 

1) reactor cycle: 1, 2, 3, 4, or 5 

2) grouped cycles: 1, 2 (rodded); 4, 5 (feed and bleed), or 1, 2, 4, 5 

(combined) 

2) type: assembly peak or assembly radial 

Using the engineering judgement that only RPDs greater than the core average 

area of concern, pairs of C,M where both are > 1.0 will be treated. Table 5.1 

displays the normality test results. The level of significance was chosen to 

be .05. Therefore, the D' statistic must be between the .025 and .975 per

centage point D' values for normality. Here, 5 of 8 assembly radial power dif

ference distributions were normal and 4 of 8 peak difference distributions 

were normal. The remainder of the difference distributions yielded D' statis

tics that were close to the critical values and were therefore classified as 

nearly normal.  
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Figures 5-1 to 5-10 are radial power difference distributions by cycle for all 

C,M pairs. The first five are radials and the next five are peak power pairs.  

Figures 5-11 to 5-15 are D histograms for the radials when C,M > 1.0. Likewise, 

Figures 5-16 to 5-20 apply to the peaks by cycle. Grouped cycle histograms 

are shown in Figures 5-21 to 5-26. Finally, :the maximum values of the radials 

and the peaks at each state point (regardless of location from calculation or 

measurement) were assembled for the combined cycles. The resultant histograms 

of the variable D are shown on Figures 5-27 and 5-28.  

It is important to note that distributions which fail the normality test appear 

normal when plotted. Such is the case for Cycle 5 radial differences as shown 

in Figure 5-15. Therefore the assumption of normality will be used for all 

data sets.  

5.3 Observed Nuclear Reliability Factors (ONRF) for EPRI-NODE-P 

In this subsection the statistical treatment developed in Section 5.1 will be 

utilized to develop ONRF's for rodded, unrodded and a combination of rodded 

and unrodded fuel cycles. The Babcock and Wilcox Calculated Nuclear Reliability 

Factors (CNRF) currently being used in Oconee reload design (1.05 radial and 

1.075 total) will be shown to be conservative for use with.EPRI-NODE-P and 

unrodded fuel cycles. Since the EPRI-NODE-P power distributions times the ONRF 

times the pin to assembly average factor is used to determine margin to both 

centerline fuel melt and DNBR criteria, and since both of these criteria are 

limited by the maximum radial and total peaking in the reactor core, ONRF's 

will be developed based on the maximum peak or radial difference distribution 

at each burnup point.  

Cycles 1 and 2 are grouped together as representative of rodded mode operation.  

Similarly, cycles 4 and 5 are grouped together for unrodded (feed and bleed) 

operation.  

For each state point in these grouped cycles,, the corewise maximum calculated 

and measured values are derived. The procedure is applied to the radial and 

repeated for the peak. The variables shown in equation 5-11 were then derived 

and the ONRF's calculated.  
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As an example, for the cycle 4 and 5 corewise maximum peaks: 

M = 1.44579 

D = .0018316 

S(D) = .0229297 

N = 19 

K = 2.423 (N=19, 95%/95%) 

Therefore, the ONRF would be: 

ONRF = 1.44579 - .0018316 + (2.423 x .0229297) (5-13) 

1.44579 

ONRF = 1.0372 (5-13a) 

Peak and radial ONRF values for the grouped cycles are shown in Table 5-2.  

5.4a Quantitative Comparisons of EPRI-NODE-P to Measurement 

By-analyzing the variable D as defined in equation 5-1, the accuracy of 

EPRI-NODE-P can be assessed. Four important statistical properties of D are 

discussed.  

D is the mean of the differences between EPRI-NODE-P and measured assembly 

powers. For cycles 4 and 5, D is .023000 for the radial and .001832 for the 

peaks. The above means were derived from the core maximum calculated and 

measured state point values. Subsequent statistics are also derived from this 

consideration.  

S(D), the standard deviation of the differences, indicates the spread of the 

values of D about D. For Cycles 4 and 5, S(D) for the radial is .023557.  

S(D) for the peak is .022930.  

The mean of the absolute differences ABS(D) and its standard deviation can be 

combined to give limits on this variable. 95% confidence limits on the means 

were given by: 
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t(.05,n) x S (ABS(D)) 

ABS(D)UL = ABS(D) ± n (5-14) 

Equation 5-14 yields for the cycle 4 and 5 radials: 

ABS(D) 0245 .0105 
U,L 

and for the peaks: 

ABS(D)U = .0194 ± .0055 

Table 5-3 shows corewise maximum data used to derive ONRF's in Table 5-2. Tables 

5-4 and 5-5 present summary D statistics for peaks and radials, respectively, 

where C,H > 1.0 for all pairs considered.  

5.4b Relative Percent Differences 

The relative percent difference between EPRI-NODE-P calculated values and 

measured values will be defined: 

C - M x 100 
% Diff= M (5-15) 

This section will address relative percent differences derived from: 

a) the sample mean 

b) the mean of the absolute value, 

Since negative percent differences represent calculational nonconservatisms, 

the minimum values will be more important. Relative percent differences for 

all C,M > 1.0 will be discussed.  
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Combining data for cycles 4 and 5, the following results were obtained. The 

average percent difference was .303% and the absolute 2.212% for the radial.  

Also, the average percent difference was -1.257% and the absolute 3.581% for 

the peak.  

Table 5-6 shows summary data for percent differences derived from calculated 

and measured peaks. Values are presented by cycle and for grouped cycles.  

Table 5-7 is similar to Table 5-6 and provides data for radial percent differ

ences.  

5.5 Conclusions 

A statistical analysis of EPRI-NODE-P calculated and plant measured power dis

tributions has been performed. Data has been grouped into three methods of 

plant operation; rodded, unrodded, and a combination of rodded and unrodded.  

The resulting ONRF's for these combinations from Table 5-2 are: 

Radial ONRF Total ONRF 

1. Rodded 1.03 1.10 

2. Unrodded 1.03 1.04 

3. Combined 1.04 1.08 

Since present and future fuel cycle designs for Oconee are expected to be of 

the feed and bleed (unrodded) design, the appropriate factors for ONRF's are 

1.03 radial and 1.04 total.  

For additional conservatism and consistency with B&W, the values used will 

be established as 1.05 radial and 1.075 total for unrodded cycles.  

These values while based upon calculations and measurements performed on 

Oconee Unit 1 are applicable to all three Oconee units for the following 

reasons: 

1. All three units have identical incore detector systems.  
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2. All three units are manufactured by the same vendor and use 

similar fuel.  

3. Calculations for all three units will be performed using the same 

calculational methods and procedures.  

As an additional verification of the conservatism in the 1.05 radial and 1.075 

total peak ONRF's, all calculated maximum radial powers were multiplied by 1.05 

and compared to measured. Similarly all calculated maximum total peaks were 

multiplied by 1.075 and compared to measured.  

In cycles 1 and 2, there were 27 state points; no maximum measured radials 

exceeded the 1.05 x maximum calculated radials, and only one measured.peak 

exceeded the 1.075 x calculated peak. Cycles 4 and 5 consisted of 19 state 

points; no maximum measured radials exceeded 1.05 x maximum calculated radials, 

and no maximum measured peaks exceeded the 1.075 x maximum calculated radial 

peaks.  

Therefore, the 1.05 radial factor was satisfactory for the entire population 

of rodded and unrodded cases. The 1.075 peak factor was satisfactory for 96% 

(26/27) of the rodded state points and satisfactory for all unrodded state 

points.  
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Table 5-1 
Difference Distribution Normality Tests 

For C,M > 1.0 - 5% Level of Significance 

Assembly Radial Power 

Cycle N D'(P = .025) D' D'(P = .975) Remarks 

1 .308 1504.2 1471.7 1540.0 nearly normal 
2 147 492.7 495.0 509.8 normal 
3 119 357.4 365.9 371.2 normal 
4 144 477.4 483.1 494.1 normal 
5 131 414.1 423.1 429.3 normal 
1,2 455 2707.5 2660.1 2760.8 nearly normal 
4,5 275 1267.5 1285.9 1300.0 normal 
1,2,4,5 730 5516.5 5430.7 5602.0 nearly normal 

L, 

c) Assembly Peak Power 

Cycle N D'(P = .025) D' D'(P = .975) Remarks 

1 377 2039.7 2034.4 2083.4 nearly normal 
2 235 1000.2 998.8 1027.6 normal 
3 211 850.3 819.1 874.9 nearly normal 
4 199 777.8 789.5 801.0 normal 
5 216 880.6 909.5 905.8 normal 
1,2 612 4230.8 4172.6 4302.6 nearly normal 
4,5 415 2357.5 2397.5 2405.8 normal 
1,2,4,5 1027 9220.0 9061.1 9340.2 nearly normal



Table 5-2 

EPRI-NODE-P ONRF Values 

ONRF 

Cycle Radial Peak Remarks 

1 and 2 1.0316 1.1020 Rodded Operation 

4 and 5 1.0274 1.0372 Unrodded Operation 

1,2,4,5 1.0364 1.0821 Combined 
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Table 5-3 

Maximum State Point Data Used In 

ONRF Calculation 

Corewise Maximum Radial 

Cycle N M D S(D) 

1,2 27 1.36537 -.009685 .014811 

4,5 19 1.24238 .023000 .023557 

1,2,4,5 46 1.31547 .003815 .024768 

Corewise Maximum Peak 

Cycle N M D S(D) 

1,2 27 1.60339 -.044504 .052685 

4,5 19 1.44579 .001832 .022930 

1,2,4,5 . 46 1.53830 .025365 .048437 
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Table 5-4 0 
Difference Means and Standard Deviations 

for Peaks (C,M > 1.0) 

Cycle N D S(D) ABS(D) S(ABS(D)) 

1 377 .004010 .077792 .061397 .047834 

2 235 -.022739 .061448 .049263 .043104 

3 211 .014339 .085612 .062537 .060055 

4 199 -.018769 .053858 .044837 .035132 

5 216 -.012163 .048515 .041721 .027453 

1,2 612 -.006262 .073073 .056737 .046416 

4,5 415 -.015331 .051191 .043215 .031371 

1,2,4,5 1027 -.009926 .065246 .051273 .041524 

0 

0 
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Table 5-5 

Difference Means and Standard Deviations 

for Radials (C,M > 1.0) 

Cycle N D S(D) ABS(D) S(ABS(D)) 

1 308 -.018619 .038282 .032867 .027010 

2 147 -.013606 .050752 .039850 .034107 

3 119 -.004970 .053062 .043281 .030844 

4 144 -.000243 .029224 .022964 .017974 

5 131 .008747 .031790 .026906 .018926 

1,2 455 -.016999 .042718 .035123 .029633 

4,5 275 .004040 .030748 .024842 .618505 

1,2,4,5 730 -.009074 .039949 .031250 .026466 

S2 5-14



Table 5-6 

Percent Difference Means 

(C,M > 1.0) - Peak 

Cycle Mean % Difference Mean Absolute % Difference 

1 .6877 4.7280 

2 -1.5748 3.7361 

3 1.3627 4.8951 

4 -1.5082 3.6941 

5 -1.0253 3.4776 

1,2 - .1811 4.3471 

4,5 -1.2569 3.5814 

1,2,4,5 .6158 4.0377 
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Table 5-7 

Percent Difference Means 

(C,M > 1.0) - Radials 

Cycle Mean % Difference Mean Absolute % Difference 

1 -1.5564 2.8345 

2 -1.0207 3.3668 

3 -0.3839 3.5875 

4 -0.0260 2.081 

5 0.6648 2.3568 

1,2 -1.3833 3.0065 

4,5 0.3031 2.2124 

1,2,4,5 -0.7480 2.7074 
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FIGURE 5-1 
NUCLEAR RELIABILITY ANALYSIS STAGE TWO 

ANALYSIS OF RADIAL(CALC-MEAS) POWER DIFFERENCES 
HISTOGRAM OF DIFFERENCE DISTRIBUTIONS FOR OIC) 
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FIGURE 5-2 

NUCLEAR RELIABILITY ANALYSIS STAGE TWO 
ANALYSIS OF RAOIAL(CALC-MEAS) POWER DIFFERENCES 
HISTOGRAM OF DIFFERENCE DISTRIBUTIONS FOR 0IC2 
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FIGURE 5-3 

NUCLEAR RELIABILITY ANALYSIS STAGE TWO 
ANALYSIS OF RAD1ALICALC-MEAS) POWER DIFFERENCES 
HISTOGRAM OF DIFFERENCE DISTRIBUTIONS FOR 0IC3 

WW - .02 FREQUENCY BAR CHART 

FREQUENCY 

I amssa 

I aass GO+aas 

* emsa asess 

50 4 saes ***** 

0 *asess 
***** 

I e~ases seea as e.  
ass 5sess m**a* 

40 aassa asssa ses 
40+ 

asess saes asses 

I amass sesas asesa 

I aa asses s aas e.s aeess 

30+ asse assa amass ases 

20mass ses ase esss 

Iassas eas. aess sess 
Imuesas eassa eams sees amass 
seam, asss mess. seam. eass 

20 as s amase sem 

I ssaes asessn smass amass amss sesas 

I amssa asses seams amass smasm asses amesa. mamas 

Iases massesssm s se Saoma essa *ase 

$eas ses ases asses *s asas sease ess **asm* *mam 

I seasa aa ease sesse sess eassesS ss aaa sa asses emassas e 

-0.12 -0.10 *O.0a -0.06 -0.04 *0.02 0.00 0.02 0.04 0.06 0.00 0.10 0.12 

DIFFR MIDPOINT



FIGURE 5-4 
NUCLEAR RELIABILITY ANALYSIS STAGE TWO 

ANALYSIS OF RADIAL(CALC-HEAS) POWER DIFFERENCES 
HISTOGRAM OF DIFFERENCE DISTRIBUTIONS FOR 0IC5 
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FIGURE 5-5 

NUCLEAR RELIABILITY ANALY3S STAGE TWO 
ANALYSIS OF RADIAL(CALC-MEAS) POWER DIFFERENCES 
HISTOGRAM OF DIFFERENCE DISTRIBUTIONS FOR OC4 
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FIGURE 5-6 

NUCLEAR RELIABILITY ANALYSIS STAGE TWO 
ANALYSIS OF PEAK(CALC-MEAS) POWER DIFFERENCES 
HISTOGRAM OF DIFFERENCE DISTRIBUTIONS FOR OICI 
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FIGURE 5-8 
NUCLEAR RELIABILITY ANALYSIS STAGE TWO 

ANALYSIS OF PEAKECALC-MEAS) POWER DIFFERENCES 
HISTOGRAM OF DIFFERENCE DISTRIBUTIONS FOR OIC3 
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FIGURE 5-9 
NUCLEAR RELIABILITY ANALYSIS STAGE TWO 

ANALYSIS OF PEAK(CALC-MEAS) POWER DIFFERENCES 
HISTOGRAM OF DIFFERENCE DISTRIBUTIONS FOR 01C4 

WW - .02 FREQUENCY BAR CHART 

FREQUENCY 

I 33s38 

30 + 3883s 3ess3 

I amn 3sss ase 

I 8e8s8 ass33 s3883 

25+ sa us s ses 

losses :sses asssa ::: ::: 

sess asses sesaease 

20 + s s ss as ss 

sssa**was**ssa ass ss 

20.3 0.1 30.14 38388 333330 - .6 - .4 00 .0 0.2 00 .0 .8 0 1 

as 3sase M sD a as e s 

assse 33s3 as383 33es83es ase 

UI a 8ss 3ess 33333 ases3ses ses 

JI see s 8a s8 asses asses 8 ess8 a s8 

20ses se3se 3383s 83se8 333s83 sa ses 

se83a3 se83s sa3as ass38 83**3 33338 sas 

sesa83 a8sa 3es8s 83883 88ess 3ss888 se 

IO 38838 a sa e383s 38ssa sa3ss 33388 3sss8 a se 

Isesssens :e:se seess esses 383e8 3se8338 s 
ses. ses esa as3333s8ass sesa3 ase 

as3s83ss** * a88se 3sses asses 83838 88 ss83**3s a 

asss sssa sess 3sss 3**3a se8ss 8sse3 s8ons se3ss asss8 ase 

ases a3se s333ses 388s8 ase3s m3sse 8sses 38838 8sss33 se 

N 3e8s338 ssa asa 3sse3 s833s as88s 3ss83 sense ass88a38 

assues es se asa ass sse ses es es es se 

as0a sems s 38a3as3 33888mss 83e88 38888 83888 ass3s 8s83s 8sss38ss 

.. .. . .. 3.. . .. . .. . . .. 833- 83333 8***3 8**** *8 *3 * .8333....3.  

I 888o 33o8332 -- o33 o888 a88 388 3333.3 38o83o.8n 

S83833 33338 83383~~DIFF MIDP 333OINT3333 883 383 383



FIGURE 5-10 

NUCLEAR RELIABILITY ANALYSIS STAGE TWO 
ANALYSIS OF PEAKICALC-MEAS) POWER DIFFERENCES 
HISTOORAM OF DIFFERENCE DISTRIBUTIONS FOR 0ICS 
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FIGURE 5-11 
NUCLEAR RELIABILITY ANALYSIS STAGE TWO 

ANALYSIS OF RADIAL(CALC-MEAS) POWER DIFFERENCES(>I.0) 
HISTOORAM OF DIFFERENCE DISTRIBUTIONS FOR OICI 
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FIGURE 5-12 
NUCLEAR RELIABILITY ANALYSIS STAGE TWO 

ANALYSIS OF RADIAL(CALC-MEAS) POWER DIFFERENCES(>*I.O) 
HISTOGRAM OF DIFFERENCE DISTRIBUTIONS FOR 01C2 
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FIGURE 5-13 
NUCLEAR RELIABILITY ANALYSIS STAGE TWO 

ANALYSIS OF RADIAL(CALC-MEAS) POWER DIFFERENCES(>*1.O) 
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FIGURE 5-14 

NUCLEAR RELIABILITY ANALYSIS STAGE TWO 

ANALYSIS OF RADIAL(CALC-MEAS) POWER DIFFERENCESt>l.O) 
HISTOORAM OF DIFFERENCE DISTRIBUTIONS FOR 01C4 
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FIGURE 5-15 
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FIGURE 5-16 
NUCLEAR RELIABILITY ANALYSIS STAGE TWO 

ANALYSIS OF PEAK(CALC-MEAS) POWER DIFFERENCES(*I.O) 

HISTOGRAM OF DIFFERENCE DISTRIBUTIONS FOR O1I 
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FIGURE 5-17 

NUCLEAR RELIABILITY ANALYSIS STAGE TWO 

ANALYSIS OF PEAK(CALC-MEAS) POWER DIFFERENCES(>*I.0) 

HISTOGRAM OF DIFFERENCE DISTRIBUTIONS FOR OC2 
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FIGURE 5-18 
NUCLEAR RELIABILITY ANALYSIS STAGE TWO 

ANALYSIS OF PEAK(CALC-MEAS) POWER DIFFERENCES(>)I.01 
HISTOGRAM OF DIFFERENCE DISTRIBUTIONS FOR OIC4 
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FIGURE 5-19 

NUCLEAR RELIABILITY ANALYSIS STAGE TWO 

ANALYSIS OF PEAK(CALC-MEAS) POWER DIFFERENCES(>1.0) 

HISTOGRAM OF DIFFERENCE DISTRIBUTIONS FOR 01C3 
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FIGURE 5-20 

NUCLEAR RELIABILITY ANALYSIS STAGE TWO 
ANALYSIS OF PEAK(CALC-MEAS) POWER DIFFERENCES(>=3.0) 

HISTOORAM OF DIFFERENCE DISTRIBUTIONS FOR 0IC5 
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FIGURE 5-21 
NUCLEAR RELIABILITY ANALYSIS STAGE TWO 

ANALYSIS OF RADIAL(CALC-MEAS) POWER DIFFERENCES(>1.O) 
HISTOGRAM OF DIFFERENCE DISTRIBUTIONS FOR OC1-2 

WW - .02 FREQUENCY BAR CHART 

FREQUENCY 

mams sase 

90asse a.ss 

* amsse *amas* ass 
I asessessmmm seess 

* ussa saeas asses 

I ,mmmsess a assessee 

I asses means sease 

I asesa asesa mamma I mas amass ses!a 

ammas masse seess e 

I isame 
asa mamma sassees mses eaa 

50 asss smems mea 

* I sma ss asses sasse 

----- L. -es -sense -ase I sea sm mamas assea 

I masms a ** sesm -s e 

Isassm sesse ***mm*** 
uses suse msas mase e se 

s.Os - sss mess ases asss -assa 0 

ss sescs Masae sessa ss se 30 egging asses essas maas sas amsss 

I ene massasseemesmasmc assms smase 

ease mamma nmem ease mesm a s eesssmname 

20 + mama sessa ineam emsae smas emsse se 

I a ssaes esases asses ammss emsa seae sss 

I asmss saammase asssses amaesssm ases sss es 

saws ama seas insem sesea aemas seama mase 

I cass sess seasm sa asinne ses sena insem seas 

20 * ases meso seas memes asses asscs asses sense 

Ia s as sesmmc asses m esc mem ases asmamse ama *maA~ 

I0 asa*a e e s assee s case maas am ma a ma asses asess asses 

I me s s e s s a s s assem sease asess amass aes esses mase *** * As 

I ** ameas *** *** *** ** asses mam me cm mc assa mecca mame **minin aems g 

-0.16 -0.1d -0.12 -0.10 -0.08 -0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 0.08 
DIFFR MIDPOINT



FIGURE 5-22 
NUCLEAR RELIABILITY ANALYSIS STAGE TWO 

ANALYSIS OF RADIAL(CALC-MEAS) POWER DIFFERENCES0>1.0) 

HISTOGRAM OF DIFFERENCE DISTRIBUTIONS FOR OtC4-5 
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FIGURE 5-23 
NUCLEAR RELIABILITY ANALYSIS STAGE TWO 

ANALYSIS OF RADIALICALC-MEASI POWER DIFFERENCES>*I.O) 
HISTOGRAM OF DIFFERENCE DISTRIBUTIONS FOR OICI,2,4.5 
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FIGURE 5-24 
NUCLEAR RELIABILITY ANALYSIS STAOE TWO 
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FIGURE 5-25 

NUCLEAR RELIABILITY ANALYSIS STAGE TWO 
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FIGURE 5-27 
DIFFERENCE FREQUENCY DISTRIBUTION (MAX CALC) - (MAX MEAS) 

RADIALS - BY STATE POINT 
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FIGURE 5-28 
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APPENDIX A - POWER PEAK METHODOLOGY 

A.1 Objective 

The power produced at the assembly peak, like the local radial, is not a 

directly measurable quantity. It will be assumed that the assembly axial 

power shape is a continuous function of normalized assembly height. There

fore, the peak will be defined to be the maximum value of this function, 

evaluated over the vertical axis of the fuel assembly. The vertical axis 

will be normalized such that the level at the top of the active stack height 

will be 1.0.  

When a core is simulated in an R-Z geometry using diffusion theory, the axial 

power shape can be approximated by the following Fourier series: 

P (z) = A + 7 A Sin (nxrz) + B Cos (nltz) (A-1) o n n n=1 

where: A , A , B = Fourier series coefficients o n n 
z = normalized-vertical axis variable 

n = Fourier sequence number 

A.2 Method of Series Evaluation 

In evaluating the order of the series in Equation A-1, there are only seven 

measured points per assembly; therefore, the series was truncated to three sine 

and three cosine terms. It will be assumed that A is negligible.  

Equation A-1 then becomes: 

3 
P (z) = A Sin (anz) + B Cos (nnz) (A-2) 

n1 n n n=1 

Before the axial powers were fit, the normalized height variable was trans

formed in order to incorporate nonzero power production at the ends of the 

pellet stacks. Then, the seven-level measured powers were fit, yielding a 
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fitted "measured" axial power series for each assembly at each state point.  

The same procedure was followed for the twelve-level EPRI-NODE-P calculated 

powers.  

The measured fits produced series which yielded residual sums of squares in 

the neighborhood of 3.8 x 10-4 to 4.8 x 10-6. The calculated power fits 

likewise had small residuals ranging from 1.0 x 10 to 6.0 x 10-. Although 

the calculated residuals are larger, twelve points instead of seven were 

fitted to the same type of six term function.  

These fitted functions were then evaluated over 2 inch increments of assembly 

length. Plots of fitted functions and fit points are shown in Figures A-1 

to A-70. In these plots, the "+" is the fitted calculated power, the "*" 

fitted measured power; and C, M represent calculated and measured data points, 

respectively. Agreement between fit points and functions are very good even 

for highly convoluted power shapes.  
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Figure A-2 
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Figure A-3 
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Figure A-4 
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Figure A-10 
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Figure A-12 
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Figure A-13 
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Figure A-14 
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Figure A-15 
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Figure A-16 
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Figure A-17 
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Figure A-18 
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Figure A-19 
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Figure A-20 
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Figure A-21 
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Figure A-22 
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