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STATEMENT OF DISCLAIMER

This report was prepared by Duke Power Company ("Duke Power") for
filing with the Uni‘ :d States Nuclear Regulatorv Commission ("USNRC")

tor the sole purpose of obtaining approval of Duke Power's PWR nuclear

design methods at McGuire and Catawha. Duke Power makes no warranty
Or representation and assumes no obligation, responsibility

sy OF

liability with respect t, the contents of this report or its accuracy

'r completeness. Any use of or reliance on the report or the i
contained in this report is at the sole risk of the party using or

relying on it.
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ABSTRACT

This Technical Report describes Duke Power Company's Nuclear Design Methodology
for the McGuire and Catawba Nuclear Station. The nuclear design process

censists of mechanical properties used as nuclear design input, the nuclear
code syst>m and methodology Duke Power intends to use to perform design

calculations and to provide operational support, and the development of
statistical reliability factors
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1.

).

1

Introduction

Introduction

A commercial Pressurized Water Reactor (PWR) is designed to hold a con-
stant number of nuclear fuel assemblies which are generally identical me-
chanically, but differ in the amount of fissile material content. During
cycles subsequent to the initial cycle, fuel assemblies differ in burnup
as well. Refueling occurs at intervals of 6 to 18 months, depending on
the utility's operational requirements. At refueling, a predetermined
number of irradiated fuel assemblies are discharged and the same number
are loaded as fresh (reload region) or possibly irradiated assemblies.
The fuel management scheme determines the locations of all fresh and

irradiated assemblies.

This report describes some of the various aspects of nuclear design with
principal emphasis plzced upon development of a core loading pattern and
nuclear calculations performed to evaluate safety and operational parameters.
The following sections provide detailed discussion, including descriptions,
of design methods, analytical formulations, and calculational procedures
involved in the various nuclear design tasks for the McGuire and Catawba
Nuclear Stations. The nuclear design is essentially a series of analytical
calculations with the objective of designing 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 within acceptable safety and operating limits.

It consists of the development of the basic specifications of the reload
region (fuel enrichment, 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 in the core for the new fuel cycle,
establishes the core characteristics. The nuclear design used in conjunction
with the thermal hydraulic and safety analyses establishes the operating

limits, control rod limits, and protection system setpoints.

In arriving at the final nuclear design, the designer tries to meet the
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requirements imposed by the operational considerations, fuel economics
considerations, and safety considerations. These requirements are

calied nuclear design criteria and are as follows:

Initial core excess reactivity will be sufficient to enable full power

operation for the desired length of the cycle.

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

consistent with the fuel mechanical integrity criteria is achieved.

Values of important core parameters (moderator temperature coeffi-
cient, Doppler coefficient, 2jected rod worth, boron worth, control
rod worth, maximum linear heat rate of the fuel pin at various eleva-
tions in the core, and shutdown margin) predicted for the cycle are
conservative with respect to their values assumed in the safety analy-
sis of various postulated accidents, and if they are not conservative,
acceptable reevaluation or reanalysis of applicable accidents is
performed.

The power distributions within the reactor core for all possible (or
permissible) core conditions that could exist during the operation of
the cycle will not lead to exceeding the thermal design criteria of

the fuel or exceeding the LOCA-limited peaking factors.

Fuel managerent will produce fuel rod power and burnup consistent with

the mechanical integrity analysis ot the fuel rod.

The nuclear design process described in this report consists of mechanical

properties used as nuclear design input, the nuclear code system and

methodology Duke Power intends to use to perform design calculations and

to provide operational support, and the development of statistical

reliability factors.



1.2 Definition of Terms

The terms and symbols used in this report will be consistent with those

employed by Westinghouse for its nuclear engineering reports. Presented

below are terms which will he needed throughout the text of the report:

a/o atom percent
ARI all rods in
ARO all rods out

axial offset
(A.0.)

aeff
BOL

BP
BU

CzZp
EOL
EQXE
GWD/MTU

HZP

PT - PB , where PT is the integrated power in

PT + PP the top half of the core, and PB is the

integrated power in the bottom half of
the core

delayed neutron fraction for group i

effective delayed neutron fraction in core

beginning of life

burnable poison

fuel burnup

Chemical shim boron concentration in the main coclant
cold zero power

end of cycle life

equilibrium xenon condition

Gigawatt days per metric ton of initial uranium
metal, 1 GWD/MTU is 1000 MVD/MTU

hot full power

hot zero power



I

Al or
Axial Flux
Difference
(A.F.D.)

K(z)

2%
MOL
MWD/MTU

pcm

ppm

radial local

RCCA

shutdown
margin
step

Tyop

res

w/o

delayed neutron importance factor

flux difference between the top and bottom

halves of the core; in this repor., Al is a
calculated value, rather than a difference
between measured signals from che excore detectors
FT normalized to the maximum value allowed at any
cgre height

prompc neutron lifetime
middle of cycle life

measure of energy extracted per unit weight of
initial uranium metal fuel; is equal to 1 megawatt
times 1 day, divided by 1 metric ton of uranium
percent mille (a reactivity change tnat equals

10 5 ap)

parts per million by weight; which specifies the
amount of chemical shim boron present by weight in
the main coolant system

ratio of assembly maximum roa to assembly average
X-y power

rod cluster contrcl assembly; the type of control

rod assembly used in McGuire and Catawba. (All RCCA

are full length absorbers for both plants.)
reactivity
K; = K, , where K, and K, are eigenvalues

e obtained from two calculations where
1 2 only one parameter was varied

amount of negative reactivity (p) by which a
reactor core is maintained in a HZP subcritical
condition after a control rod trip

unit of control rod travel equal to 0.625 inch
moderator temperature; defined as the temperature
corresponding to the average water enthalpy of the
core

resonance temperature of the fuel

weight percent




Power distributions will be quantified in terms of hot channel factors.
These factors are a measure of the peak pellet power and the energy

produced in the coolant. The factors are:

Power density thermal power produced per unit volume of the core

(KW/liter)
Linear Power
Density thermal power produced per unit length of active fuel
(Kw/ ft)

Average Linear
Power Density total thermal power produced in the core divided by
the total active fuel length of all fuel rods in the

core
Local Heat
Flux local heat flux on the cladding surface (BTU/ft2/hr)

Rod Power or
Integral Power is the length integrated linear power density in one
rod (KW)

Various hot channel factors are:

F;, Heat Flux Hot Channel Factor, the maximum local heat flux on the

surface of a fuel rod divided by the average fuel rod flux, including
conservatisms for fuel pellet and rod dimensional uncertainties.

Nuclear Heat Flux Hot Channel, is defined as the maximum local fuel
rod linear power density divided by the average linear power denmsity,
assuming nominal fuel rod and pellet dimensions.

X

Fg, Engineering Heat Flux Hot Channel, is the allowance on heat flux
required for manufacturing tolerances. The engineering factor allows
for local variations in enrichment, pellet density and diameter.
Combined statistically the net effect is a factor of 1.03 to be
applied to calculated KW/ft.

an, Nuclear Enthalpy Rise Hot Channel Factor, is defined as the ratio
of the integral of linear power along the rod with the highest in-
tegrated power to the average rod power.

It is convenient, for the purposes of discussion, to define subfactors
of F;; however, design limits are set in terms of the total peaking

factor.
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FT = Total peaking factor or Heat Flux Hot Channel Factor

Q

- Maximum KW/ ft
Average KW/ft

without densification effects

e

= max (F§Y (Z) x P (2)] x Fg X Fg

where:

and FE are defined above.

Q

= 95/95 Relability factor for F. (Section 6.2.1.2)

Q

T S Sk

(Z) = ratio of peak power density to average power density
in the horizontal plane at elevation Z

P(Z) = ratio of the power per unit core height in the horizontal
plane at elevation Z to the average value of power per unit
core height

including densification allowance

Fg = max [F§Y (Z) x P(Z) x S(2)] x Fg X Fg

where

S(Z) = the allowance made for densification effects at height Z
in the core.



2. Fuel Description

The fuel is described as a composition of fuel assembly (material selection,
fuel rod lattice), spacer grid (material selection, number of spacer grids
and interface with internals), and fuel rod (rod dimensions, cladding type
and dimensions, pellet density and dimensions, fuel stack height, fill gas

pressure and composition).

2.1 Fuel Pellet

The fuel pellets are right circular cylinders consisting of slightly en-
riched uranium dioxide powder which has been compacted by cold pressing
and then sintered to the required density. The ends of each pellet are
dished slightly to allow greater axial expansion at the center of the
pellets.

2.2 Fuel Rod

The fuel rods consist of uranium dioxide ceramic pellets contained in
slightly cold worked Zircaloy-4 tubing which is plugged and seal welded at
the ends to encapsulate the fuel.

Void volume and clearances are provided within the rods to accommodate
fission gases released from the fuel, differential thermal expansion
between the cladding and the fuel, and fuel density changes during irra-
diation, thus, avoiding overstressing of the cladding or seal welds.
Shifting of the fuel within the cladding during handling or shipping
prior to core loading is prevented by a stairless steel helical spring
which bears on tep of the fuel. During assembling of these rods, the
pellets are stacked in the cladding to the required fuel height, the
spring is then inserted into the top end of the fuel tube and the end
plugs are pressed into the ends of the tube and welded. All fuel rods
are internally pressurized with helium during the welding process in
order to minimize compressive cladding stcresses and prevent clad flatten-

ing due to coolant operating pressure.



2.3 Fuel Assembly

Each fuel assembly consists of 264 fuel rods, 24 guide thimble tubes and 1
instrumentation thimble tube all arranged within a supporting structure.
The fuel assembly structure consists of a bottom nozzle, top nozzle, guide

and instrument thimbles and grids.

The instrumentation thimble is located in the center position and provides
a channel for insertion of an incore neutron detector, if the fuel assem-
bly is located in an instrumented core position. This tube is a constant
diameter and is expanded at the top and midgrids to force the thimble and
sleeve outward to a predetermined diameter, thus joining the two

components.

The guide thimbles are structural members which provide channels for the
neutron absorber rods, burnable poison rods, neutron source or thimble
plug assemblies. Each thimble is fabricated from Zircaloy-4 tubing having
two different diameters. The tube diameter at the top sections provides
the annular area necessary to permit rapid control rod insertion during

a r2actor trip. The lower portion of the guide thimble is swaged to a
smaller diameter to reduce diametral clearances and produce a dashpot ac-
tion near the end of the control rod travel during normal trip operation.
Holes are provided on the thimble tube above the dashpot to reduce the rod
drop time. The dashpot is closed at the bottom by means of an end plug
which is provided with a small flow port to aveid fluid stagnation in the

dashpot volume during normal operation.

The bottom nozzle serves as the bottom structural element of the fuel as-
sembly and directs the coolant flow distribution to the assembly. The
square nozzle is fabricated from Type 304 stainless steel and consists of
a perforated plate and four angle legs with bearing plates. These legs
form a plenum for the inlet coolant flow to the fuel assembly. The plate
also prevents accidental downward ejection of the fuel rods from the fuel
assembly. The bottom nozzle is fastened to the fuel assembly guide
thimbles by weld-locked screws which penetrate through the nozzle 'nd

mate with a threaded plug in each guide thimble.
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The top nozzle assembly functions as the upper structural element of the
fuel assembly and provides a partial protective housing for the rod clus-
ter control assembly or other core components. It consists of an adapter
plate, enclosure, top plate and pads. The springs and bolts are made of
Inconel 718, whereas the top nozzle is made of Type 304 stainless steel.
The square adapter plate is provided with round penetrations and semi-
circular ended slots to permit the flow of coolant upward through the top
nozzle. Other round holes are provided to accept sleeves which are welded
to the adaptor plate and mechanicaliy attached to the thimble tubes. The
top plate has a large square hole in the center to permit access for the

control rods and the control rod spiders.

Holddown springs are mounted on the top plate of the top nozzle assembly
and are fastened in place by bolts and clamps located at two diagonally
opposite corners. On the other two corners integral pads are positioned
which contain alignment holes for locating the upper end of the fuel
assembly.

The fuel rods are supported at intervals along their length, by grid as-
semblies which maintain the lateral spacing between the rods. Each fuel
rod is supported within each grid by the combination of support dimples
and springs. The magnitude of the grid restraining force on the fuel rod
is set high enough to minimize possible fretting, without overstressing
the cladding at the point of contact between the grids and the fuel rods.
The grid assemblies also allow axial thermal expansion of the fuel rods
without imposing restraints sufficient to develop buckling or distortion
of the fuel rods.

Two types of grid assemblies are used in each fuel assembly. Both types
consist of individual slotted straps interlocked into an "egg-crate"
arrangement. One type, with mixing vanes projecting from the edges of
the straps into the coolant stream, is used in the high heat flux region
of the fuel assemblies to promote mixing of the coolant. The second type,
located at the ends of the assembly, does not contain mixing vanes on the
internal straps. The outside straps on all grids contain mixing vanes

which, in addition to their mixing function, aid in guiding the grids and
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2.4

fuel assemblies past projecting surfaces during handling or during loading

and unloading of the core.

As identified in Table 2-2, the optimized fuel assembly (OFA) design

uses a Zircaloy-4 material for the intermediate grids. This material is
primarily chosen for its low neutron absorption properties. The material
used for the end grids is Inconel-718, chosen for its corrosion resistance
and high strength properties. This design is compared to the standard

fuel assembly design which utilizes Inconel-718 for all grid assemblies.

Because of the considerabl: design, engineering and testing needed to
incorporate a new fuel design into a reload core, it is usually not con-
sidered 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.

Core Component Data

The basic physical dimensions and materials of the fuel pellet, fuel rod,
fuel assembly, rod cluster control assembly, burnable poison assembly,
and neutron source assembly are used in the fuel cycle design, thermal-
hydraulic design and fuel mechanicai performance. Table 2-1 presents a
summary of this data for the Westinghouse standard fuel assembly design.
In addition, Table 2-2 is presented to identify the significant differ-
ences between Westinghouse standard and optimized fuel assembly design.

All data presented is intended as an example.
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TABLE 2-1

WESTINGHOUSE
SYSTEM AND COMPONENT DATA

OPTIMIZED FUEL ASSEMBLY DESIGN

Active Core

Fuel

Equivalent Diameter, in.

Core Average Active Fuel deight,
First Core, in. (cold dimensions)

Height-to-Diameter Ratio

Total Cross-Section Area, ft?2

H,0/U Molecular Ratio, Lattice (Cold)

Assemblies

Number

Rod Array

Rods per Assembly

Rod Pitch, in.

Overall Transverse Dimensions, in.
Fuel Weight (as UO,), 1bs.

Zircaloy Weight, lbs. (active core)
Number of Grids per Assembly

Composition of grids

Weight of Grids (Effective in Core) lbs.

Number of Guide Thimbles per Assembly

Composition of Guide Thimbles

Diameter of Guide Thimbles (upper
part), in.

Diameter of Guide Thimbles (lower
part), in.

Diameter of Instrument Guide Thimbles, in.

132.7

144

1.09
96.06
08 b

193

17 x 17

264

0.496

8.426 x 8.426

204,200

45,352

two - R type

six - Z type

two INC718 End Grids
six ZIRC4 Spacer Grids
INC - 332

Zirc - 2985

24

Zircaloy 4

0.442 I.D. x 0.474 0.D.

0.397 I.D. x 0.429 0.D.

0.442 1I.D. x 0.474 0.D.



TABLE 2-1 (Continued)

Fuel Rods

Fuel

Number Per Assembly
Outside Diameter, in.
Diametral Gap, in.
Clad Thickness, in.
Clad Material

Pellets

Material

Density (percent of Theoretical)
Diameter, in.

Length, in.

Mass of U0, per Foot of Fuel Rod, 1lb/ft

Hybrid Rod Cluster Control Assemblies

Neutron Absorber
B4C Diameter, in.
Density, lbs/in?
Tip Material
Composition
AgInCd Diameter, in.
Length, in.
Density, lbs/in?

Cladding Material

Clad Wall Thickness, in.
Number of Clusters
Full Length
Number of Absorber Rods per Cluster
Full Length Assembly Weight (dry), lb.

264

0.360
0.0062
0.0225
Zircaloy-4

U0, Sintered
95

0.3088

0.510

0.334

B4C

0.294

0.064
Ag-In-Cd
80%, 15%, 5%
0.301

40

0.367

Type 304, Cold Worked
Stainless Steel

0.0385

53
24
90



TABLE 2-1 (Continued)

Burnable Poison Rods

Material Borosilicate Glass
Outside Diameter, in. 0.381

Inner Tube, 0.D., in. .1815

Clad Material Stainless Steel
Inner Tube Material Stainless Steel
Boron Loading (w/o B,0, in glass rod) 12.5

Weight of Boron - 10 per foot of rod, lb/ft .000419

Ag-In-Cd Rod Cluster Control Assemblies

Neutror Absorber Ag-In-Cd

Composition 80%, 15%, 5%

Diameter, in. 0.341

Length, in. 142.0

Density, 1bs/in3 0.367

Cladding Material Type 304, Cold Worked
Stainless Steel

Clad Wall Thickness, in. 0.0185

Number of Absorber Rods 24

per Cluster
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COMPARISON OF 17 x 17 OPTIMIZED ASSEMBLY

TABLE 2-2

AND 17 x 17 STANDARD ASSEMBLY DESIGN PARAMETERS

Parameter

Fuel Ass'y. Length, in.

Fuel Rod Length, in.

Assembly Envelope, in.
Compatible with core internals

Compatible w/Movable In-Core
Detector System

Fuel Tube Material

Fuel Rod Clad OD, in.

Fuel Rod Clad Thickness, in.
Fuel/Clad Gap, mil

Fuel Pellet dia. in.

Relative UO,/Rod

Guide Thimble Material

Guide Thimble OD, in.

Guide Thimble Wall Thickness, in.

Spacer Grid Structural Mat'l.
grid (6)

fpacer Grid Structural Mat'l. end
grid (2)

Grid Support for Fuel Rods

inner

Grid Height, inch, less
vanes/inner straps

Grid Fabrication Method

Grid/Guide Thimble Attach.

Optimized
Assembly Design

159.8
151.6
8.426

Yes

Yes
Zircaloy-4
0.360
0.0225

6.2

0.3088
0.92
Zircaloy-4
0.474
0.016
Zircaloy-4

Inconel~718

6 Point; 2 Springs +
4 Dimples

2.25

Laser welded joining
of interlocking

stamped straps

Thimbles bulged
together with sleeves
laser prewelded onto

grid straps
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Standard Design

159.8
151.6
8.426

Yes

Yes
Zircaloy-4
0.374
0.0225

6.5

0.3225

1.0
Zircaloy-4
0.482
0.016
Inconel-718

Inconel-718

6 Point; 2 Springs
+ 4 Dimples

1.32

Brazed joining of
interlocking

stamped straps

Thimbles bulged
together with sleeves
prebrazed onto grid

straps



3.

3.1

3.2

Nuclear Code System

Introduction

Nuclear design calculations performed for Westinghouse reactors employ the
ZPRI-ARMP code system! and the CASMO-2 code?. A summary description of
each code is given in Appendix A. The ARMP/CASMO-2 code sequence has been
reviewed and approved by the NRC for use in the design of reload cores for
Oconee Nuclear Station by Duke Power3. Presented in this section will be
a description of the sequence, cross section preparation and parameteriza-

tion, PDQ@7% modeling procedures, and EPRI-NODE-PS modeling procedures.
The nuclear calculational system enables the nuclear engineer to numeri-
cally model and simulate the reactor core. The system used by Duke Power

for McGuire and Catawba is outlined in Figure 3-1.

Sources of Input Data

The determination of nuclear fuel loading patterns and core physics char-

acteristics requires an accurate database consisting of:

Core operating conditions
Dimensional characteristics

Composite materials and mechanical properties

LS PO

Nuclear cross sections

The FSAR, supplemented by vendor reports and open literature, is the pri-
mary source of data for items 1 to'3. These data are used as input to the
Cross section generators and core simulators. A secondary data source for
the core simulators are estimates of fuel pellet volume-averaged tempera-
tures which are calculated by a fuel performance code, such as COMETHE-

I11K® or TACO-27, as functions of power and burnup

The cross section generators CASMO-2 and EPRI-CELL® use processed ENDF/B
libraries unique to each code.

EPRI-CELL is a unit cell lattice code which is used to calculate few-group

cross sections for fuel and nonfuel compos..inns as shown in Table 3-1.
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3.3

3.3.1

CASMO-2 uses a processed version® of the ENDF/B-3 library. Group cross

sections of oa, of, vof, ott. scattering kernels, resonance integrals, and
fission product data are among the data contained in this library. The 69
group library is divided into 14 fast, 13 resonance, and 42 thermal energy

range groups. A 25 group version of this library is also used.

The EPRI-CELL library is derived from the ENDF/B-4 library!®. The 97 en-
ergy groups are divided into 62 fast groups and 35 thermal groups.

Cross Section Preparation

In order tc model the neutronics of a reload core, it is necessary to gen-
erate a set of cross sections for use in a diffusion theory code. Two
cross se~tion generators are currently used at Duke Power: Table 3.1
shows the core materials or compositions which are parameterized by
CASMO-2 and EPRI-CELL.

Inputs which are provided to both codes are: lattice materials and geom-
etry, temperatures for fuel, clad, and moderator, effective resonance
temperature, fuel enrichment, soluble boron concentration, number of de-

pletion steps, length of depletion steps, etc.

Fuel Calculations

Calculations for fuel regions employ fixed fuel and moderator tempera-
tures for the cell depletion. Restart calculations are performed at
various burnups to parameterize fuel cell cross sections at varying

moderator and fuel temperatures.

The output of EPRI-CELL and CASMO-2 consists of sets of broad group
cross sections which characterize the regions of interest. Cross sec-
tions are then formatted into PDQ@7 tableset structure using either
NUPUNCHER!! (1-dimensional parameterization), or MULTIFIT!? (2 and 3
dimensional parameterization or g-fac.ors). gross sections from

1
CASMO-2 are similarly ‘ormatted using CHART.



3.3.2 Non-Fuel Calculations

Cross sections for empty control rod guide tubes, reflector, instrument
thimble, and the water gap are calculated with either EPKI-CELL or
CASMO-2. Separate cross section sets are generated for various modera-

tor temperatures.

Strong absorbers such as RCCA and BP require reaction rate matching to
obtain diffusion theory eqivalent cross sections. Calculations using
CASMO-2 are performed for these strong absorbers where first a transport
theory method determines absorption rates, and then a series of diffu-
sion theory iterations are performed to calculate a g-factor such that
the absorption rates agree between both types of flux solutions. These

g-factors are then incorporated in the tabulated cross sections.

RCCA cross sections are evaluated at BOL HFP conditions, while BP cross

sections are evaluated with an HFP depletion calculatior.

In both types of g-factor calculations, lattices with expected core zv-
erage enrichments are used. Core baffle cross sections are also calcu-
lated with CASMO-2. A lattice geometry is employed, with the baffle
material density modified to reflect real versus modeled thickness in

the quarter core PDQ@7 discrete pin model.

3.4 PDQP7 Models

The PDQ@7 few-group diffusion-depletion code is employed for core
modeling. Two different models are used currently.

The first is the assembly colorset model, which is used for calculating
k, and M? data for EPRI-NODE-P 3-D simulations. The second model is the
quarter-core model, which is used for X-Y power distribution calculations

and for normalization of EPRI-NODE-P radial power distributions.

Aspects which are common to both PDQ@7 models are:
1. Discrete pin representation
2. Two-group cross sections

3. Mixed Number Density thermal group constants
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3.4.1

Improved Remov:l Treatment removal cross sections

Microscopic cross section parameterization for uranium, plutonium,
burnable absorber, soluble boron, xenon, samarium,

and lumped fission products

Thermally expanded geometry - pin pitch and assembly pitch

Colorset PDQ@7 Modeling

The colorset PDQ@7 model consists typically of four quarter assemblies

arranged such that a representative neutron spectrum is obtained.

Figure 3-2 shows a typical colorset geometry.

To accommodate asymmetric burnable poison rod loadings, full or half
assembly geometries are used. The EPRI~ARMP PWR Procedures!?® are used

for modeling, and most of the coanventions and guidelines are employed.

Fuel types are determined according to enrichment and BPRA loading. K=
and M? data for each fuel type are calculated by performing the follow-

ing operations:

I. BOL Cases - 0 MWD/MTU
A. k, and M? - unrodded vs. Tmod (Inlet, Average, Outlet)
B. k, and M? - rodded vs. (Inlet, Average, Outlet)
C. Boron worth
D. Doppler worth

II. Depletion Data - Exposure dependent data
A. Nominal HFP depletion at constant Tmod’ Tfuel
B. Branch cases from depletion
1. Boron worth
2. Control rod worth
3. Equilibrium Xenon worth
4. Doppler worth
5

Moderator temperature worth

In the above PDQP7 branch calculations, only one parameter is varied,
allowing a partial derivative of reactivity with respect to that para-

meter to be calculated.
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3.4.2

The parameterization procedure involves approximately 150-200 cases,

depending on the number of depletion steps.

The output from the PDQP7 colorset cases is written to PDQ@7 integral
files which in turn are processed by the linking codes EPRI-FIT!5 and
SUPERLINK!® to yield B-constant data for EPRI-NODE-P.

Quarter Core PDQ@7 Model

Two-dimensional X-Y core simulations are performed with a discrete

pin PDQ@7 model. Assembly average and maximum pin powers are calcu-
lated, along with critical boron concentrations and other reactivity
parameters. Moderator and doppler feedbacks are incorporated in this

model.

The geometry employed utilizes thermally expanded dimensions. Figure
3-3 shows a geometry of a fuel assembly and water gaps. Figure 3-4

shows the complete quarter core mesh layout.

The plane of solution used in quarter core analyses is the axial
midplane or the six foot level of the active fuel. Moderator and

doppler feedbacks are employed as described in Reference 17.

The depletion calculation is used to determine burnup dependent
parameters. The soluble boron concentration is modified at each

timestep such that the reactor is approximately critical.

Timesteps are taken using point depletion so that the core average
exposure advances by: 150, 500, 1000, 2000, ..., N * 2000 MWD /MTU
until end of life (EOL) is reached. FOL is typically defined as :hat
exposure where the critical boron at hot full power, equilibrium xenon
conditions is 10 ppmB.

PDQ@7 depletion calculations are used to determine the following
parameters:
1. Assembly average and maximum pin powers

2. Core reactivity

33



3. Nuclide reaction rates: Fission and absorption

4. Nuclide inventories

5. Neutron flux distributions

Other calculations performed with the quarter core model may include:
1. RCCA bank worths

2. Boron and xenon worths

3. Power deficits
4

Moderator and doppler temperature coefficients

Cases 2, 3, and 4 are usually performed with a nodal code; however,

these are shown to demonstrate the quarter core model's flexibility.

3.5 EPRI-NODE-P Model

EPRI-NODE-P is the nodal code employed for three-dimensional analyses and
reactivity studies. A summary description of EPRI-NODE-P is given in
Appendix A. Typical calculations which are performed with the Duke Power
EPRI-NODE-P model are:

1. Full core ejected rod worths

Power deficits

Differential rod worths

Axial xenon transients

LS

Three-dimensional power distributions, etc.

The quarter core model uses one radial node per assembly and eighteen

axial nodes.

Each unique combination of enrichment and BPRA loading comprises a sepa-
rate fuel type. The fuel type is parameterized by sets of fitting coeffi-
cients which determine reactivity due to control rods, exposure, soluble
boron, xenon, etc. Doppler and moderator feedbacks are explicitly

treated.

EPRI-NODE-P radial power distributions are normalized near the beginning
of cycle. Assembly average powers are adjusted to match quarter core
PDQ@7 calculations with radial albedoes - aH and an internal leakage fac-

tor = g,. The axial power distribution, is adjusted using vertical leakage
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factors a, determined from comparisons of calculated and measured axial

power distributions from benchmark core follow calculations.
Sections 5, 6, 7, and 9 discuss indepth calculational prccedures of

EPRI-NODE-P. Sections 10 and 11 address benchmarking ¢{ EPRI-NODE-P and

PDQP7 calculations to measured power and reactivity data.
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TABLE 3-1

Codes Employed for Cross Section
Calculation by Composition

EPRI-CELL

a.
b.
c.
d.

Uraaium Fuel

Empty Control Rod Guide Tube/Instrument Tube
Reflector

Water Gap

CASMO-2

Burnable Poison Rod Assembly
Gadolinia doped Uranium Fuel
Control Rod - AgInCd or B.C

Baffle

a n o e
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Figure 3—1

NUCLEAR FLOW CHART

FOR EPRI-ARMP

EPRI-CELL
NUPUNCHER
or -
MULTIFIT
CPM or CASMO

PDQO7 COLOR SET

l

EPRI-FIT

;

SUPERLINK

l

EPRI-NODE

2-D 1/4 CORE PDQO7

EPRI-SHUFFLE

Desired 3—-D Information
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FIGURE 3-2
17X17 ASSEMEBLY PDQO7
COLORSET GEOMETRY

FUEL ASSEMBLY REGI(HED

()

Color No. ! Color No. 2
WATER GAP

Color No. 4 : Color No. 3

INSTRUMEMY TUBE

GUIDE TUBE WITH CONTRGL ROD

EMPTY GUIDE TUBE

GUIDE TUBE WITH BURNABLE POISON ROD
FUEL ROD




FIGURE 3-3
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4. Fuel Cycle Design

4.1

4.1.1

$.1.2

4.1.3

Preliminary Fuel Cycle Design - Initialization

To commence the design of a reload, an initialization procedure is used.
Core operation requirements along with planned changes in reactor primary
or secondary systems are assembled. A preliminary loading pattern is de-
signed which meets operational requirements. Physics data from the pre-
liminary design are compared with core operating requirements to determine
the adequacy of the reload design. Likewise, physics data are compared to
Technical Specifications to verify that the preliminary design will con-

form to existing limits.

Review of Design Basis Information

The preliminary design procedure requires assembly of design basis
information which in turn will determine the cycle's operational

capabilities. Typical design basis data are shown on Table 4-1.

Table 4-1 and other pertinent nuclear design data are assembled and

reviewed for consistency with previous sets of design basis data.

Determination of Cycle-Specific Operating Requirements

Design basis data from Table 4-1 uniquely determines expected operat-
ing requirements and capabilities. For instance, a longer than annual
cycle may require a low leakage loading pattern and the use of burnable
absorber rods. A larger energy requirement than can be provided by nor-
mal operation with a given reload enrichment may require a planned power
coastdown at end of cycle. Similarly, other design bases will govern

the rest of the cycle-specific operational characteristics.

Preliminary Loading Pattern and Reload Region Determination

The purpose of a preliminary Ioading pattern analysis is to determine
the uranium and separative work requirements to meet a desired cycle
lifetime. The cycle lifetime is either estimated by the BOL excess
reactivity (pexc) or by a reload core depletion with a coarse mesh PDQ@7
or a nodal (EPRI-NODE-P) model. If the number of new fuel assemblies
and their enrichment is known, this analysis will yisld an estimate of

the cycle lifetime.
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when urapium requirements are to be determined, an iterative series of
BOL calculations are performed in which:
1. A loading pattern is developed with a reasoaable radial power

distribution.

The BOL excess reactivity (p ) is calculated when p is defined
exc exc

below.

If . is sufficient to meet design cycle burnup, the chosen fixed
enrichment and number of assemblies is used.

If pexc is not sufiicient, the enrichment/number of assemblies are

modified and Step 1 is again performed.

The analysis of BOL excess reactivity uses the following definitions of
Pexc’

K ots”]
exc i —

eff

where: K is the HFP, EQXE, equilibrium SM, at BOL at BOL and 0

eff
PPMB.

kor out-in reloads, Pagc 18 2 fairly linear function of burnup.
Therefore, for this type of reload, an estimate of cycle life-

time can be made with a high degree of confidence.

However, for cores which use low leakage loading patterns, the
cycle lifetime is usually confirmed by using either a coarse

mesh PDQP7 model or a NODE-P model depletion of the reload core.

Having determined the numwber and enrichment of the fuel assemblies during
the PFCD, the final fuel cycle design (FFCD) coucentrates on optimizing
the placement of fresh and burned assemblies and burnable poison assem=
blies (if any) to result in an acceptable fuel cycle design. It must meet
the following design criteria with appropriace reductions to account for

calculational uncertainties:




4.2.1

w

FXH - See Table 4-3.

Moderator Temperature Coefficient must meet Technical Specification
requiremerts for all operating modes.

Maximum pellet burnup < 50,000 MWD/MTU.

Shutdcwn Margin must meet Technical Specification requirements

for all operating modes.

Maximum linear rod power < 12.9 Kw/ft at 102% power.

Ejected rod FQ and worth to be within limits of FSAR.

Dropped rod maximum an to be within F3AR limits.

During the FFCD, nuclear calculations are performed to generate these

parameters for input to fuel mechanical performance analyses, thermal

and thermal-hydraulic analyses, and maneuvering analyses.

Fuel Shuffle Optimization and Cycle Depletion

BOC power distribution calculations are performed using combinations

of EPRI-SHUFFLE and PDQ@7. Initial runs start with the fuel shuffle
scneme developed in the PFCD and the shuffle scheme (fuel assembly
loading pattern) is modified to minimize power peaking. This is accom-
plished by a trial and error type search until an acceptable BOC power
distribution results.

The reload design's "burnup window" is assessed at BOC to ensure that
preliminary safety criteria are met. That is, in the design of cycle
N, effects of tolerances in core burnup achieved during cycle N-1 are
examined. At the lower cycle N-1 core burnup, the moderator temperature
coefficient is calculated to ensure that Techaical Specification limits
are met. At the higher cycle N-1 burnup, the power distribution is cal-
culated to verify that power peaking is not excessive. This analysis
ensures that the design of cycle N is adequate at BOC, given a prede-

termined tolerance on the core burnup for cycle N-1.
The cycle is then depleted in steps corresponding to 0, 150, 500, 1000,

2000, 4000...MWD/MTU to verify that power peaking versus burnup remains

acceptable. The shuffling variations include rearranging the lrcation
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of the burned or fresh fuel assemblies, BP placement, and roi.ation 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.

Rod Worth Calculations

Control rods serve several functions in the McGuire reactor. The pri-
mary function is to provide adequate shutdown capability during normal
and accident conditions. They are also used to maintain criticality
during power maneuveis and to maintain the Axial Flux Difference (AFD)
within Technical Specification limits. Since the presence of control
rods influences both power distributions and criticality, it is neces-
sary in many calculations to evalute not only the reactivity effect but
also the perturbation that a given rod configuration has on the power

distribution.

McGuire and Catawba ars typically operated iu the ARO or feed and bleed
mode. All RCCA have full length absorber rods. During full power oper-
ation, control bank D is typically inserted about six inches (215 steps
withdrawn) in the active core. Bank D is used to control power during
load follow maneuvers and, in conjunction with banks B and C, to achieve

criticality during startup.

Calculations of control rod worth and power peaking (FQ) are used in the

safety analysis of the reload core. The calculations discussed in sub~
sequent sections include the following:
1. Control Rod Worths
2. Shutdown Margin
Ejected Rod Analysis

Dropped Rod Analysis




4.2.2.1

4.2.2.2

Control Rod Worths

RCCA bank locations in McGuire and Catawba usually are fixed and do
not change from cycle to cycle. The worth of each control bank (A, B,
C, D) is calculated in quarter core geometry using either PDQ@7 or
EPRI-NODE at BOC and EOC, at HFP and HZP. The total rod worth (ARI)
is calculated at BOC, EOC, and any limiting burnup at HZP only for use
in the shutdown margin calculation.

Shutdown Margin

Searches for the highest worth stuck rod are performed at BOC, EOC,
or any limiting burnup for HZP conditions using full core FPRI-NODE
and/or PDQ@7 calculations.

Table 4-2 summarizes the results of a shutdown margin calculation.

The total rod worth described in section 4.2.2.1 is shown as Item 1.
Item 2 is the worth of the highest stuck rod. The total worth reduced
by the stuck rod worth is shown as the net worth (Item 3). A calcula-
tional uncertainty of 10% is subtracted ofi in Step 4, and Step 5
shows the available rod worth.

The required rod worth is calculated next in Steps 6-9. The power
deficit obtained by running an EPRI-NODE or PDQ@7 cases at HFP and HZP
(using constant Boron and Xenon) and subtracting the reactivities is
shown as item 6. This reactivity insertion accounts for Doppler and
Moderator deficits. The maximum allowable inserted rod worth, item 7,
is obtained from the allowable rod insertion and the integ-al rod
worth curve for that insertion (generated by EPRI-NODE). This ac-
counts for the maximum allowed rod insertion at HFP. An axial flux
redistribution occurs when the power level is reduced from HFP to HZP.
This redistribution causes an increase in reaciLivity. If Item 6 is
calculated using a 3-D code such as EPRI-NODE, no additional penalty
is required here. However, if Item 6 was calculated using 2-D PDQ@7,
an additional reactivity pena'ty is assessed :s Item 8. The sum of
these required worths (Item 9) is the total required worth.



4.2.2.3

4.2.2.4

The shutdown margin is shown as Item 10 and is defined as the total

available worth minus the total required worth. For McGuire and
Catawba, the Technical Specification requirements are 1.3% Ap for

T > 200°F and 1.0% Ap for T <200°F.

AVG AVG

Rod Insertion Limit Verification

As part of the reload design procedure, the current Rod Insertion
Limits are verified for applicability in the reload core. (See
Section 5.4.)

Ejected Rod Analysis
The Final Safety Analysis Report!8’1® (FSAR) presents two limiting

criteria for the ejected rod accident: hot channel factor (FQ) and
reactivity insertion. The accident has been analyzed at HFP and HZP
conditions at BOL and EOL.

Ejected rod calculations are performed on a Unit-specific basis to
verify that reactivity insertions and hot channel factors do not

exceed original FSAR accident analysis values.

Calculational limits are established by reducing FSAR values of reac-

tivity insertion 10% and hot channel factor by 15%.

To verify that the ejected rod parameters are within calculational
limits, ejected rod calculatious are perfcrmed at BOC and EOC or at

other limiting times in cycle life at both HFP and HZP.

The calculation of ejected rod parameters is accomplished using full
core two dimensional pin mesh PDQ#7 or EPRI-NODE calculations. The
HZP ejected rod calculations are performed with control banks B and C

at their insertion limits in the core and with tank D fully inserted.
Single rods in banks D, C, and B are removed in subsequent cases and

the worth of the ejected rod is calculated by subtracting the reac-

tivities of the cases before and after the rod was removed. The fuel

4=6



4.2.2.5

and moderator temperature is held constant and equal to the HZP moder-
ator temperature for these calculations. The highest worth calcu-
lated by the above procedure is the worst ejected rod at HZP. 1If the
ejected rod worth exceeds the calculational limit, rod insertion

limits are revised.

The HFP ejected rod worths are performed in a similar manner to the
HZP calculations with the exceptions that only bank D is inserted at
the HFP insertion limit and that the fuel temperature and moderator
temperatures 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 inser-

tion limits are revised.

A parallel analysis, addressing FQ’ iz performed at the same time as

the rod worth analyses.

Dropped Rod Analysis

The calculation of the rod drop peaking factor is required to deter-
mine the DNBR resulting from the rod drop. Full core calculations
using EPRI-NODE are performed with thermai-hydraulic feedback.

Search cases are run where single RCCA are inserted until the maximum
an and -od worth have been determined. RL factors, determined from
PDQ#7 discrete pin calculations, are combined with nodal power data
from EPRI-NOCE with the NUC-MARGINS Code. NUC-MARGINS then calculates
FZH using the above data and additional factors to account for conser-
vatism, tilt, and other parameters which would affect the value of FN
This dropped rod FN and worth are used as input to the accident analy-
sis evaluation.

4.2.3 Fuel Burnup Calculations

One of the current design criteria is that maximum pellet burnup is

< 50,000 MWD/MTU. This criterion is confirmed during the final fuel
cycle design. Depletion calculations from 2-D quarter core pin mesh
PDQ@7 models yield core, assembly average, and single fuel rod burnups.

From these values a maximum ratio of single rod to assembly average
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burnup can be calculated 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 50,000 MWD/MTU.

Generally, the assembly average burnups are in the 36,000 MWD/MTU range

and sufficient margin to the 50,000 MWD/MTU limit exists to make the

detailed calculation described above unnecessary.

As a result of DOE and EPRI extended burnup programs, along with fuel
assembly design improvements, future relaxation of the burnup limit is

expected.

Reactivity Coefficients and Defects

Reactivity coefficients define the reactivity insertion tor small
changes in reactor parameters such as moderator temperature, fuel tem-
perature, and power level. These parameters are input to the safety
analysis and used in modeling the reactor response during accidents and
transients. Whereas reactivity coefficients represent reactivity ef-
fects nver small changes in reactor parameters, reactivity defects
usually apply to reactivity inserted from larger changes typical of HFP
to HZP. An example of a reactivity deficit is the power defect 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 defect, or the coefficient is the partial deriv-

ative of reactivity with respect to one specific parameter.

Coefficients of reactivity are calculated using PDQP7 or EPRI-NODE.

First a nominal case is established at some reference conditions. Then
one parameter cf interest 1s varied up and/or down by a fixed amount 1in
another calculation and the resulting change in core reactivity diviaed

by the parameter change is the reactivity coefficient.

Qopp{er Qpet{xglent

The Doppler Coefficient (DC) is the change in core reactivity produce

by a small change in fuel temperature.

i
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The major component of the Doppler Coefficient arises from the behav-

ior of the Uranium-238 and Plutonium=-240 resonance absorption cross
sections. As the fuel temperature increases, the resonances broaden
increasing the c.ance that a neutron will be absorbed and thus de-

creasing the core reactivity.

If Case 1 represents the reference case with an effective fuel tem-
perature T, (and K! effective) and Case 2 represents a second case
where the fuel temperature has been increased or decreased by approxi-
mately 50°F and is T,, (and K? effective) the Doppler Coefficient is
mathematically calculated from the following equation:

1 - k2
Keff Keff

1 2 e
oy = K ef£* K eff X 10 A (pem)/°F
T] . Tz

In the final fuel cycle design, both HFP and HZP Doppler Coefficients
are calculated with either EPRI-NODE or PDQ@7.

Moderator Temperature Coefficient

The Moderator Temperature Coefficient (MTC) is the change in reac-
tivity produced by a small change in moderator temperature. In
McGuire and Catawba, the average core moderator temperature increases
linearly as power is escalated from 0 to 100% HFP. At 100% HFP, the
Core average moderator temperature is approximately 592°F. Therefore,
for accident and transient analyses it is necessary to know the moder-
ator temperature coefficient over a range of moderator temperatures
for CZP to HFP.

These analyses can be performed with either EPRI-NODE and/or PDQ@7 by
effecting a change in the core average moderator temperature. Cases
are run with the moderator temperature at 5°F above and at the refer-
ence temperatures. If these cases and the resulting K 's are
identified as Case 1

(TMOD, , Kleff) and Case 2 (TMOD,, Kzeff)’ the

effective
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4.2.4.3

4.2.4.4

moderator temperature coefficient is calculated from the following

equation:

1 - K2
Keff xeff

a x 10% = Ap(pem)/°F

Tmod = St * Kie
(TMOD, - TMOD,)

Since the reload core is designed with a predetermined flexibility
(burnup window), the MTC is verified to be withian its design limit at
the short end of the window as well as at the nominal BOC burnup.

Isothermal Temperature Coefficient

The fractional change in reactivity due to a small change in core tem-
perature is defined as the isothermal temperature coefficient (ITC)

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:THOD) by setting both the fuel and moder-
ator temperatures approximately 5°F above and at the reference HZP
moderator temperature. This calculation may be performed with PDQ@7

and/or EPRI-NODE.

Power Coefficient and Power Defect

The power coefficient of reactivity is the core reactivity change re-
sulting from an incremental change in core power level. The power de-
fect is usually the total reactivity change associated with a power

level change from HZP to HFP.

The power coefficient is defined by

the following equation:

1 . k2
Kegs = Kegs
1 2 b=
a, = Keff X xeff x 10 Ap(pem) /% power
Pl " Pz
where: K;ff is K-effective for the core at power P; (%)
K:ff is K-effective for the core at power P, (%)
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Neglecting second order effects this equation is equivalent to the
following:

ATMOD . ATFUEL

¥ TMOD AP D AP

P:

where: uTHOD is the moderztor temperature coefficient and ap is
the Doppler temperature coefficient.

Since the power coefficient should include flux redistribution effects
resulting from axial variations in burnup and isotopics as well as
non-uniform fuel temperature distributions, it should be performed
using a 3-D simulator with thermal hydraulic feedback. If the calcu-

lation is performed using a 2-D model then it should be corrected for
the 3-D effects.

A typical power coefficient calculation for HFP would proceed in the
following manner: The HFP case is run using EPRI-NODE and the core
K ¢g is calculated (K' ). Then a second EPRI-NODE case is run with
the *** core power level reduced 5% while holding everything else

» z . X
constant. The Keff from this case, K eff’ is used along with the

results from the reference case to calculate the power coe ficient:

1 . xt
Kett * Xots
1 2 5
aP s K eff‘ K effx 107 = QQ%%%E%
P, - P, s

The power defect is calculated for use in the shutdown margin calcu-
lation (see Section 4.3.2.2) 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 corrected for this flux
redistribution phenomenon.
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Two EPRI-NODE or PDQ@7 runs are made to calculate the power defect.
The first is made at 100% HFP and the second at HZP. These calcula-

tions are usually performed at BOC and EOC.

Both HFP and the HZP cases should have the equilibrium xenon concen-
tration corresponding to HFP. The power defect is calculated from

the following equation:

Kl
e

Power Defect = gT_"” 5 ; Ap(pcm)
HFP -+ HZP ef

where: K! is core Keffective at HZP and
effective

>

A core Keffective at HFP
effective

Miscellaneous Coefficients

For reload design, certain coefficients of reactivity are not routine-
ly calculated. These include moderator density coefficient, moderator
pressure coefficient, and moderator void coefficient. These coeffi-
cients are calculated in an analogous manner by varying the appropri-

ate core reactivity parameters

Boron Related Parameters

Critical boron concentrations for various core conditions during cycle
lifetime are calculated using PDQ@7 and/or EPRI-NODE Table 4-4 lists
conditions that critical boron concentrations and boron worths are
calculated. In addition to these, an ARO critical boron letdown curve

is generated for HFP EQXE

Xenon Worth

lhe HFP equilibrium xenon worth is calculated at BOC (4 EFPD) and at

EO(




Calculations using either PDQ@7 or EPRI-NODE are performed for HFP
equilibrium xenon conditions. If PDQ@7 is being used, a second no
Xxenon case is run by either zeroing out the xenon number density 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. The xenon worth is used primarily for

plant operation, i.e., startup after trip, rather than as a safety

parameter.

Kinetics Parameters

The kinetics behavior of the nuclear reactor is often described in
terms of solutions to the Inhour equation for six effective groups of
delayed neutrons. Transient and accident analyses often involve ki-
netic modeling of the reactor core. The rate of change in power from
a given reactivity insertion can be calculated by solving the kinetics
equations if the six group effective delayed neutron fractions, the

$ix group precursor decay constants, and the prompt neutron lifetime

are known.

The cumputer codes used to calculate these parameters are PDQ@7 and
DELAY. The method employed here is identical to that reviewed and ap-
proved by the NRC in Reference 20 for Occonee Reload Design. PDQ@7 is
used to obtain spatially averaged isotopic fission rates 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 reactivity insertion. This information

is also needed for startup physics testing. Calculations are per-

formed at BOL and EOL. The sum of the six group ﬁl effective, B ef-

fective, for the new reload cycle is compared to those values used in

the FSAR.




4.2.5 Assessment of FFCD

Once the FFCD calculations are performed, the resultant data are as-

sessed for validity and consistency with core operation requirements and
safety limits.

The validation assessment consists of two different methods:

1. Comparison of calculations for reasonable agreement with previous
data for similar conditions (i.e., comparison of BOL stuck rod
worths for cycle N+1 to cycle N when both cycles have similar reload
designs).

2. Checks of assumptions, intermediate calculations for code inputs,
code input data and output are performed to insure calculational

accuracy.

The assessment of consistency with requirements is also a two step

procedure:

1. The calculated results must be within bounding values as determined
by the Final Safety Analysis Report, or be proven to be non-limiting
by way of a separate safety analysis or safety evaluation.

2. Calculated results must also show that core operational requirements

are satisfied.

A complete discussion of requirements for documentation and quality
assurance for -afety related calculations is presented in Section 4.8

of the Duke Power Administrative Policy Manual for Nuclear Stations?!,
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Table 4-1

Nuclear Design Basis Data
For Reload Design

Power operation mode: load follow or base load.
Vessel internal or core component modifications.
Expected minimum and maximum cycle burnups.

Feed enrichment (if already contracted for).
Number and design of feed assemblies.

RCS hyd-aulic conditions.
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LA T 4

6.
7.

10.

NOTE :

Table 4-2

Shutdown Margin Calculation

Available Rod Worth

Total rod worth, HZP
Maximum stuck rod, HZP
Net Worth

Less 10% uncertainty

Total available worth

Required Rod Worth

Power defect, HFP to HZP

Max allowable inserted rod worth
Flux redistribution

Total required worth

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

6.46

.88
.36
63
1.87

2.69

Required shutdown margin is 1.30% 4p for Tnv; >200°F.



Table 4-3

Maximum Fgﬂ Factors for Design DNB

Assembly Type Formulation®
17 x 17 Standard Design (Mixed OFA and STD) 1.49 (1 + .3 (1-P))
17 x 17 Optimized Design (Mixed OFA and STD) 1.49 (1 + .3 (1-P))
17 x 17 Optimized Design (All OFA) 1.49 (1 + .3 (1-P))
Note:

The value of 1.49 is a Technical Specification limit on the measured
!:u - P is the normalized core power and is 1.0 at full power.

For reload design purposes, the calculational limit for Fﬁn is 1.435.
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Table 4-4

Boron Parameters

Critical Boron - ppm

HZP, ARO, BOC, No Xenon
HZP, Bank D inserted, BOC, No Xenon
HZP, Bank D + C inserted, BOC, No Xenon

HFP, ARO, EQXE vs exposure

Boron Worth - ppm/%Ap

HFP, EQXE, ARO vs. exposure

HZP, NOXE, ARO vs. exposure

Boron Worth Versus Boron Concentration - HZP, NOXE

BOC

EOC



Nodal Analysis Methodology

Purpose and Introduction

Nodal analyeis allows for modeling of the reactor core in three-dimensions
and for performing calculations which because of either code restraints or
economic restraints cannot be performed by any other means. Examples of

nodal code capabilities include:

Calculations which need a three-dimensional geometry such as
differential rod worths, axial xenon transients and three-dimensional

power distributions.

Calculations which need a full-core geometry such as stuck and

ejected rod worths.

lhis section addresses the role of a nodal code in performing cycle deple-~
tions, generating rod worth data, determining shutdown margins and shut-
down boron concentrations, setting control rod insertion limits, and

determining trip reactivity worths and shapes.

A nodal code is also used to cilculate many of the startup test parameters

and core physics parameters described in Section 9 of this report.

The nodal code used for McGuire and Catawba analyses is EPRI-NODE-P.
(See descriptions in Section 3 and Appendix A). This code was approved
by NRC for use in Oconee reload design in Reference 4. EPRI-NODE-P can
be run with either a quarter-core or a full-core geometry. The McGuire
and Catawba models utilize one radial node per assembly and twelve to
eighteen axial nodes. EPRI-NODE-P radial powers are normalized to the

two-dimensional PDQ@7 assembly powers near the beginning of each cycle

Fuel Cycle Depletion - Nodal Code

A fuel cycle depletion is performed for each cycle using nodal anal ysis.
The nodal radial powers are normalized to the two-dimensional Jjuarter=-
core PDQP7 powers at HFP conditions with equilibrium xenon and samarium

at approximately 1000 MWD/MTU (25 EFPD) into the cycle The nodal core




5.3

5!3!1

model is then depleted from BOC to EOC in steps corresponding to 0, 150,
500, 1000, 2000, 4000....MWD/MTU. This depletion is performed in the
critical boron search mode, wi.n nominal rod insertion (usually 215 SWD)

and equilibrium xenon.

History files are saved at each burnup step throughout the cycle
depletion. These history files contain records of the power, exposure
and xenon concentration for each node in the core.

As a result of the nodal core depletion, the following data is obtained:

1. Two and three-dimensional power distributions at each burnup step.

2. A boron letdown curve, i.e., critical boron concentrations as a

function of burnup.

3. Axially-dependent parameters such as offset or axial flux difference

as a function of burnup.

4. Assembly exposures as a function of core-averaged burnup.

5. History files at approximately every 2000 MWD/MTU throughout the

cycle saved for later use.

Rod Worth Analysis

Nodal analysis is used to calculate various rod worths which require

three-dimensional capabilities. These calculations include differential

rod worths and integral rod worths.

Differential Rod Worth Analysis
Differential rod worths are calculated as a function of rod insertion.
The differential rod worth is defined as the change i: reactivity asso-

ciated with a small change in rod position. This rod worth is deter-

mined by running two EPRI-NODE-P cases at different rod insertions with
all other parameters held constant (power, burnup, ¥enon, boron) and

then by dividing the reactivity difference by bank height difference.

5+2




5.3.2

Differential rod worths for the control banks are calculated at HZP and
HFP, at BOC and EOC, and at no xenon, equilibrium xenon, and peak xenon
conditions. The rod banks are inserted both sequentially and in 50%
overlap.

Integral Rod Worth Analysis

Integral rod worths are defined as the integral of the differential rod
worth data. Integral rod worths are determined using EPRI-NODE-P by
summing up the reactivities resulting from the differential rod worth
analysis. Total integral rod worths for a rod bank can be calculated
either with a two-dimensional or three-dimensional code by subtracting
the reactivities resulting from cases where the rod bank is out and then
in (other parameters held constant). However, in order to get the inte-
gral rod worth as a function of rod position, i.e., the shape of the rod

worth curve, the three-dimensional nodal code is used.

Integral rod worth calculations for the control banks are performed at
HZP and HFP, at BOC and EOC, and at no xenon, equilibrium xenon, and
peak xenon conditions. The rod banks are inserted sequentially with
50% overlap. The total rod worth (ARI) is calculated at BOC, ECC, and
any limiting burnup at HZP for use in the shutdown margin calculation.

5.4 Shutdown Margin Analysis

5.4.1

Shutdown Margin

Shutdown margin calculations are performed using EPRI-NODE-P. Section
4.2.2.2 describes the general shutdown margin methodology. Table 4-2
summarizes the results of a shutdown margin calculation.

EPRI-NODE-P is used specifically to calculate:
1. The total rod worth (ARI) at HZP, BOC, and EOC (Item 1 in Table
4=2). This worth is determined by running EPRI-NODE-P cases at

ARO and ARI (with constant boron and xenon) and subtracting the

reactivities.
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2. The maximum stuck rod worth at HZP, BOC, and EOC (Item 2 in Table
4-2). EPRI-NODE-P utilizes its full-core capabilities in determin-
iag the worst case stuck rod. The worth of the stuck rod is deter-
mined by subtracting the reactivities between two EPRI-NODE-P cases,
one with ARI, the other with ARI and the stuck rod out.

3. The power deficit from HFP to HZP, at BOC and EOC (Ttem 6 in Table
4=2. This deficit is determined by running EPRI-NODE-P cases at
HFP and HZP (with constant boron and xenon) and subtracting the
reactivities. This reactivity insertion accounts for Doppler and

Moderator deficits, and for axial flux redistribution.
4. The maximum allowable inserted rod worth at HFP, BOC, and EOC (Item
7 in Table 4-2). This worth is obtained by reading the integral

rod worth curve at the rod insertion limits (See Sectiom 5.3.2).

5.4.2 Shutdown Boron Concentration

The shutdown boron concentration is another parameter that is determined
using three-dimensional nodal analysis. Since the shutdown margin is
determined based on the worst case stuck rod out of the core with al’
other rods in, the full-core capability of EPRI-NODE-P is needed.

EPRI-NODE-P is first used to determine the worst case stuck rod by cal-
culating the worth of various rods in the core. After the worse case
stuck rod is determined, an EPRI-NODE-P boron search case is performed
at the ARI-stuck rod out conditions. This boron concentration is ad-
justed based on boron worth results until the core reactivity reflects
the appropriate margin (1.3% Ap for temperatures greater than 200°F,
1.0% Ap for temperatures less than or equal to 200°F). The resulting
boron concentration is the shutdown boron concentration required for
the conditions modeled in the nodal code. This calculated boron

concentration is conservatively increased by 100 ppm.

A shutdown boron concentration can be determined for any moderator tem-
perature provided the input cross sections remain valid. Typical aver-
age moderator temperatures for which shutdown boron concentrations are
provided are 68°F, 200°F, 500°F, and the HZP average moderator tempera-

ture (approximately 557°F).
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5.5 Rod Insertion Limit Assessment

Control rod insertion limits define how deep the control rods may be in-
serted into the core during normal operation as a function of the power
level. It is a Technical Specification requirement that the rods never
be inserted deeper than the established limits. This analysis is usually
a verification that the Rod Insertion Limits from cycle N-1 are adequate
for cycle N.

5.5.1 Rod Insertion Limit-Criteria

The control rod insertion limits are determined based on:

I. Maintaining the required minimum shutdown margin tnroughout the
cycle life.

a. 1.3% Ap for T > 200°F
b. 1.0% Ap for T § 200°F

2. Maintaining the maximum calculated enthalpy rise peaking factor to:
Fyy € 1.435 (1 + .3(1-P]),

3. The worst case consequences of a Rod Ejection, Rod Drop, or Rod
Misalignment accident being acceptable, i.e., verifying that re-
activity insertions and hot channel factors (FQ) don't exceed the
currently approved accident analysis values.

5.5.2 Rod Insertion Limit - Nodal Analysis

Determining con rol rod insertion limits involves an iterative process

based on satisfying the above criteria. This process begins with inser=

tion limits from the previous cycle.

The first requirement for insertion limits is that of satisfying the
reactivity constraints, i.e., maintaining the required shutdown margin.
The insertion limit: from the previous cycle, along with integral rod
worth curves for control bank- in 50% overlap for the current cycle,
are used to calculate the maximum allowable inserted rod worth for

input into the shutdown margin calculation. The shutdown margin is
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calculated at BOC, EOC, and any limiting burnup in order to determine
if the control rod insertion limits are acceptable. If the shutdown

margin criteria is not satisfied, the insertion Limits are adjusted
until satisfactory margin is obtained.

The insertion limits also have to satisfy the peaking factor
constraints. The nodal powers are synthesized with discrete pin
PDQ@7 pin powers to give values of Fgﬁ at various power levels from
HZP to HFP. The values of an are then compared to the Technical
Specification limits. If the Technical Specification limits are not
satisfied, the control rod insertion limits are adjusted until satis-
factory values of FN are obtained. (It wmay be found that to satisfy
the Technical Specifxcation limits on FN the loading pattern scheme

needs to be altered. See Section 4.2).

In addition to satisfying reactivity and peaking factor constraints
during normal operation, the control rod insertion limits may need to
be modified based on the worst case consequences of an ejected RCCA,

a dropped RCCA or a statically misaligned RCCA. Evaluations are per-
formed with the nodal code to idertify the worst case rod configuration
during a withdrawal or misalignment event, thaiL is, to identify the
single RCCA which produces the maximum Fgu (control rods held at inser-
tion limits). The results of the three-dimensional nodal analysis with
these worst case rod configurations are compared to the design criteria
associated with each event. The acceptability of the control rod inser-
tion limits is dependent on the criteria being satisfied. (Sections
4.2.2.3 and 4.2.2.4 address spec fically ejected rod and dropped rod

analyses.)

5.6 Trip Reactivity Analysis
The minimum trip reactivity and the shape of the trip reactivity insertion
curve (inserted rod worth as a function of rod position) are both gener-

ated using nodal analysis. These parameters are needed to perform the

safety analysis for a loss of flow accident or an uncontrolled RCCA bank

withdrawal or ejection event at power.
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5.6.1 Minimum Trip Reactivity

The minimum trip reactivity is the minimum amount of reactivity avail-

able to be inserted into the core in the event of a reactor trip. It

is evaluated for each reload core to ensure that the previously set
limits are still valid.

The minimum trip reactivity at or near full power is calculated by sub-
tracting the entire rod insertion allowance and the difference between
the control rod rejquirements at 90% FP and 100% FP from the minimum
available N-1 rod worth (most reactive rod stuck out of core). The rod
insertion allowance is the amount of reactivity associated with the con-
trol rod insertion limits. It is the difference in reactivity between
an ARO case and one with control rods at their insertion limits.

The minimum trip reactivity calculation is performed at both BOC and
EOC. A sample BOC calculation is shown in Table 5-1.

5.6.2 Trip Reactivity Shape

The shape of the trip reactivity insertion curve defines the inserted
rod worth as a function of rod position. The most limiting shape is
the one which defines the minimum inserted rod worth as a function of
rod position. This most limiting shape is evaluated each reload cycle
to ensure that the values for the minimum inserted rod worth vs. rod
position used in the safety analysis are still applicable.

The most limiting trip reactivity shape typically corresponds to the
most bottom-skewed axial powar shape. HFP axial power distributions
are examined from BOC to EOC, with control rods at the full power rod
insertion limits and the most reactive rod stuck out of the core.
After the most limiting power shape is found, the N-1 control rods
are inserted into the core in a stepwise manner. The results of this
insertion yield the minimum inserted rod worth vs. rod position curve.

5.7 Assessment of Nodal Analyses

Once the nodal calculations are performed, the resultant data are assessed

for validity and consistency with core operation requirements and safety
limits.
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The validation assessment consists of two different methods:

1. Comparison of calculatioans for reasonable agreement with previous

data for similar conditions.

2. Checks of assumptions, intermediate calcnlations for code inputs,
code input data and output are performed to insure calculational

accuracy.

The assessment of consistency with requirements is also a two step

procedure:

1. The calculated results must be within bounding values as determined
by the Final Safety Analysis Report, or be proven to be non-limiting

by way of a separate safety analysics or safety evaluation.

2. Calculated results must also stiow that corc operational requirements

are satisfied.
A completz discussion of requirement:r for documentation and quality assur-

ance for safety related calculations .s presented in Section 4.8 of the

Duke Power Administrative Policy Manuai for Nuclear Stations.?2!
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Table 5~1

BOC Trip Reactivity Calculation

BOC Worths

at 100% FP
CRA Requirzments (% 4p)
Power Defect* 2.12
Rod Insertion Allowance 1.13
Total CRA Requirement 3.25

BOC Worths
Trip Reactivity (% 4p)
Minimum Available N-1 Rod Worth 6.18
Rod Insertion Allowance -1.13

Difference between CRA Requirements

at 100% FP and 90% FP -.16
Minimum Trip Reactivity 4.89

% The Power Defect includes doppler, variable THOD and redistribution effects.

3-9

BOC Worths
at 90% FP

(% _4p)

1.96
1.13
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6. Calculation of Safety Related Physics Parameters

6.1 Reload Specific S;fety Related Physics Parameters

With a reload of fresh fuel, a reactor core's physics characteristics
are altered in three major areas:

1. Power distribution

2. Control rod worths

3. Kinetics

Each of the above has its own subset of specific parameters which are
addressed individually. A'so, non-fuel-related changes, such as a re-
vised Tavg program, are accounted for in calculations of cycle specific
safety parameters. Table 6.1 lists these parameters.

This section identifies safety parameters which azre examined during a
reload analysis for the McGuire and Catawba cores and outlines analysis

methods for determining values.

6.2 Calculational Methodology

6.2.1 Power Distributions

Core power distributions are calculated in two dimensions with PDQ@7
and in three dimensions with EPRI-NODE. Radial local assembly factors
are derived from PDQ@7 calculations and used with EPRI-NODE nodal
powers to verify that the reload core operates within design FQ and
F:n versus power limits.

6.2.1.1 Radial Power Peaking

PDQ@7 calculations are performed for several different operating
conditiecns:

1. ARO Nominal Depletion at HFP EQXE

2. Control Bank D inserted - HFP

3. HZP Sequential bank insertions: BOL and EOL

4

HFP Xe, Sm, or soluble boron variations from nominal



6.2.1.2

Conditions 1, 2, and 3 are primarily power peaking calculations;
while condition 4 calculations provide reactivity data for the

reactor's Operator Aid Computer (0AC).

The PDQEDIT?? code post-processes PDQ@7 data files to produce:
1. Maps of assembly power, burnup, and isotopics
2 Summaries of core average, maxima, and minima
3. Assembly radial local factors
4

Data for the offline measured power program - (See Section 11.2.2)

Total Power Peaking

The quarter core EFRI-NODE model, described in Section 3, is used
with the analysis techniques of Section 5 to evaluate a broad spec-
trum of power distributions. A full core model is used for evaluating
non-symmetric power distributions, such as the dropped rod configura-

tion.

Like the PDQ@7 model, the EPRI-NODE mcdel has moderator, doppler, and
xenon feedbacks. Nodal powers are multiplied by the respective assem-

bly radial local factor to yield FC as formu.ated in equation 6-1:

Q
c _ ODE 5
Fq = Max (Fj g x RLy) (6-1)
Where:
RL2 = Radial local for assembly £.
FNODE
i, = Nodal power calculated at axial location i

and for assembly £.

Reliability factors as described in Section 11 are applied to PDQ@7
and EPRI-NODE calculations such that with a 95 percent confidence
level, 95 percent of the calculated powers will be greater than or

equal to measured powers. These factors are defined as:

Py

Ry = 95/95 Reliability factor for P

AH

FR = 95/95 Reliability factor for F

Q Q
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6.2.2

6.2.2.1

An additional multiplier, Fg, is applied to FQ to account for manu~
facturing tolerances (See Section 1.2). Power distributions which

are used to verify the reload design employ the following
formulations:

T c ¥
SIS s (6-2)
T c

FongngxFQ (6-3)

Control Rod Worth

Individual and bank RCCA worths vary with each reload. Safety
parameters which pertain to RCCA worth are:

1. Shutdown margin

Ma: mum differential bank worth

Ejected RCCA worth

Dropped RCCA worth

Trip reactivity

LU N Y

Control rod worths are evaluated with either PDQ#7 or EPRI-NODE.
Sections 4 and 5 describe the calculational procedure for the

shutdown margin.

Shutdown Margin

There are two shutdown margins which are required:
” o
1. 1.3% &K/K for Tavg > 200°F
2. 1.0% &K/K for T < 200°F
avg -

The 1.3% shutdown margin is based on an anal sis of a steam-line
break accident at EOL and HZP conditions. The 1.0% margin is an

industry standard.

The shutdown margin is evaluated at BOL, EOL, and at any intermediate

burnup where the margin is seen to be more limiting. (See Section
5.2.2.2.)
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6.2.2.2

6.2.2.3

Maximum Differential Rod Worth

The uncontrolled RCCA withdrawal accident requires an estimate of the
maximum differential bank worth at HZP. Two control banks are assumed
withdrawn simultaneously with no overlap. The maximum worth (pcm/
inch) is determined by a series of EPRI-NCDE calculations simulating
two-bank withdrawal for various pairs of sequential RCCA banks, e.g.,
CB and CC. Calculations are performed at BOL and EOL. When the
maximum differential bank worth has been determined, a 10% conserva-
tism factor is then applied. This conservative worth is compared to
the FSAR value.

Ejected Rod Worth
The ejectad RCCA worth is evaluated using EPRI-NODE with a full core
model. Calculations are performed at BOL and EOL and at HFP and HZP

conditions.

In ail calculations, control banks D, C, and B are inserted at their

respective insertion limits, depending on core power.

Due to the short duration of this accident, adiabatic conditions are
assumed - no moderator or doppler feedbacks. The ejected rod is simu~-
lated by fully withdrawiug an inserted rod from a rodded locaiion and
calculating the resultant reactivity and power distribution. The

ejected rod worth is then:

o

ej
8 (pem) = K, - K, x 105 (6-4)

™
.
o >

>
>

Where:

A - Initial condition, e.g., HFP and BOL

R - Denctes control banks at insertion limits
ej - Denotes ejected rod

K - Keff calculated by EPRI-NODE
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Although Doppler feedback is not used in the power distribution calcu-
lation, the Doppler Coefficient is an input to the safety evaluation

of this accident.

6.2.2.4 Dropped Rod Worth
The dropped RCCA is modeled with a full core EPRI-NODE calculation.

It is assumed that no trip signal is generated, and therefore all

other RCCA remain at their current positions. Search cases are per-
formed in which single RCCAs are fully inserted into the core.
Calculations are performed at full power and equilibrium xenon
with Doppler and moderator feedbacks. The results of “hese cases

are examined for both reactivity insertion and power peaking.

6.2.2.5 Trip Reactivity

Trip reactivity insertion and the shape of the trip curve are calcu-
lated with EPRI-NODE. (See Section 5.5.)

A full core model is used to evaluate:

1. N-1 reactivity insertion rate at constant acceleration.

2. Net reactivity insertion at trip (N-1).

The N-1 trip assumes that the most reactive control rod is stuck.
The calculated trip worth is then conservatively reduced by the 100
to 90% power defect.

6.2.3 Kinetics
Kinetics parameters of each reload design are evaluated to varify
that design limits of the FSAR are met. Table 6-2 lists these safety
parameters and the codes which are used to evaluate them. Reactivity
coefficients and their respective calculational procedures have been

discussed in Sections 4 and 5.
The DELAY code, which was reviewed and approved by i‘he NRC 1in Keference

4, uses data extracted from PDQ@7 calculations to derive Bi’ Ai’ and 2%,

The prompt neutron lifetime is calculated using the formulation:
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. (6-5)

gy v‘%Tl + Va ’22
Where:
V, =8.448 x i0% : o} (810)
V, =2.2 x 108

vIp/K)
(54/2,) x (VER/Ky)

= K; +K;

-3

%12

Kets

(For a two-group formulation with group 2 being Mixed Number Density)

An isotopic fission rate weighting procedure is used to derive the
delayed neutron fractions, Bi, and the precursor half-lives, Ai.
Reactor period and reactivity versus doubling time are calculated

using the Inhour equation.

DELAY calculations are performed at BOL, MOL, and EOL. Calculated

data from DELAY are also used for measuring rod worths during startup.

6.3 Comparison of Cycle Specific Safety Related Physics Parameters

After the safety parameters have been calculated for the reload core, a
comparison to FSAR or other current safety analysis values is performed.
If the comparison shows that the safety related physics parameters are

conservative with respect to the current safety analysis limits, then no

additional safety analyses are required.

However, if a safety related parameter is non-conservative, then a safety
evaluation is performed to determine the need for a new safety analysis,

or the core is redesigned to yield conservative safety parameters.



TABLE 6-1
Reload Safety Related Physics Farameters

Power Distribution

A. Fuel assembly and fuel rod powers (Two-Dimensional, nominal
conditions) = Fgﬂ
B. Maximum local rod power (Fq)
1. Nominal cperation - for Red Insercion Limits

2. Transient - load follow, axizl xenon redistribution, rod ejection

Contrel Rod Worths

Individual Bank Worth

Stuck Rod Worth

Shutdown Margin

Dropped Red Worth

Differential Worth of two banks in 100% overlap at HZP

-5 MmO O w

Trip reactivity

Kinetics

Moderator Temperature Coefficient
Doppler Power Coefficient

Boron Worth

Bi - Effective and Ai

Prompt Neutron Lifetime

" MO O W >

Time-dependent Reactivity
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TABLE 6-2

Reload Safety Related Kinetics Parameters

and Computer Codes

Parameter

Moderator Temperature Coefficient
Doppler Only Power Coefficient
Total Rod Worth

Miaximum Differential Rod Worth of
Two Banks Moving Together

Ejected Rod Worth

Dropped Rod Werth

Prompt Neutron Lifetime. 2%

Delcyed Neutron Fraction, B

Computer Code
EPRI-NODE or PDQ@7
EPRI-NODE or PDQ@7
EPRI-NODE or PDQ@7
EPRI-NODE

EPRI-NODE
EPRI-NODE
DELAY
DELAY



7. 2-) Power Peaking Analysis

7.1 Power Peaking Criteria

Once a loading pattern has been developed, as in Section 4, using two-
dimensional analyses, power peaking behavior is examined with three-
dimensional analyses. The three-dimensional analysis is used to esta-
blish operational power-axial flux difference limits. These limits are
such that the initizl conditions vsed in the ECCS and Loss-of-Flow
transients are satisfied. Currently, the LOCA FQ limits and DNB limits

of these transients are determined by Westinghouse.

Similarly, the three dimensional analysis is used to establish power
peaking information for setting RPS limits through the OTAT and OPAT
trip functions. The fuel limits to which the design calculations are

compared are centerline fuel melt and DNBR.

7.2 CAOC Power Peaking Control

Local power peaking (FQ) is controlled with the Constant Axial Offset
Control (CAOC) procedure??® in Westinghouse reactors. This method min-
imizes power peaking by maintaining the A0 within a band about a target
value. The band width is typically +3 and ~12% for reload cores. The
target AO is measured at approximately HFP, ARO EQXE condicions. The
band width does not vary; however, the target A0 changes approximately
linearly with exposure. Technical specifications allow only short dura-
tion (less than one hour in twenty-four) exceptions to AO limits. In

this way, xenon maldistributions are minimized.

Xenon maldistributions, combined wich RCCA bank motions during power
maneuvers, are the primary cause of severe F.s. Typical power maneuvers

Bl

used at McGuire and Catawba are:

1. Minimum boron duty - Power maneuver is accomplished primarily by con-
trol bank motion. Boron requirements are minimized to accommodate
bank motion and AO control. See Figure 7-1 for comparative plots of
RCCA position, bornn concentration, reactor power, and AO during this

maneuver.
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7.3

2. Maximum return to power - AO is maintained near appropriate upper
(lower) limits such that bank motion for power change will result in
the A0 staying within its band. Near the end of the cycle, when
boration/dilution abilities are limited, the core average moderator
temperature is reduced, thus giving a net positive reactivity inser-
tion to increase power. When full power is reached, the inlet tem-
perature is returned to its programmed value. Figure 7-2 illustrates

system parameters during this transient.

During the above power maneuvers, the A0 is controlled using the CAOC

strategy.

Power Peaking and Verification

Verification of a reload design, using _-D calculations, consists of

simulating a series of power maneuvers and evaluating the margin to the

design FQ where:
(FDesign N FT)
Margin - Q FDesign 9
and: Q
Q“ig“ = design limit Fy
Fg = calculated F. with all allowances and
conservatisng

Power maneuvers are performed at BOL and EOL, usually with three separate

power levels from 100% power and subsequent power ascension.

Load fol!ow maneuvers are simulated, using a series of EPRI-NODE calcul-
ations. Initial HFP conditions are assumed. Core power is reduced via a
step change in control bank location, along with a simultaneous step power
change. A series of one-hour timesteps are used to calculate and update
xenon, Iodine, and core power distributions. Core power is maintained at
a reduced level until peak xenon conditions are reached, typically 6 to 9
hours. Figure 7.1 qualitatively displays important core parameters during

the power maneuver.
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7.4

The method of FQ calculation is identical to that for the LOCA total peak,
as described in Reference 3. It is assumed that assembly radial local
factors are constant during the transient. Allowances are made for:

1. Model uncertainty

Engineering hot channel factor

Power spike

Quadrant tilt

L LI VU

Others, as applicable

The nodal powers and PDQ@7 radial local factors are combined in the NODE
Utility Code?* to calculate margins to the LOCA FQ' Core height-dependent

LOCA FQ limits are presented in Table 7-1. FQ margins are evaluated at:
1. Transient initiation - control bank insertioca
2. Peak xenon - after bank withdrawal

3. Xenon undershoot

FQ margins for the power maneuver ia Figure 7-1 are shown on Table 7=2,

where the McGuire 2 Cycle 1 core was analyzed.

Advanced Maneuverability

To improve the core's power flexibility, the CAOC "bands" from Section 7.2
can be widened by an extensive power peaking analysis. This analysis is
performed using EPRI-NODE and methods similar to the "rods-out" maneuver-

ing analysis of Sections 5 and 7 in Reference 3 are performed.

Unlike the Oconee methodology, penalty functions, f(AI), are used in the
reactor trip system functions to prevent CFM, or DNB problems. These
functions are parameterized to cover a wide range of operating conditions,
including skewed axial power shapes. A more complete description of these
functions, OTAT and OPAT, can be found in the Bases for Section 2.0
section of the McGuire Units 1 and 2 Technical Specifications.

The primary design criterion in developing the widened power - AFD
operating band is that the core can be operated such that the design LOCA
Kw/ft limits are not violated. The resultant operating limits for a

typical reload core are shown in Figure 7-3.

3



7.4.1

Analysis Procedure

Several assumptions are made in deriving the power - AFD window:

1. Control bank insertion as a function of power is limited to the Rod
Insertion Limits.

2. Azimuthal and radial power transients are effectively dampened.
(However, allowance for quadrant power tilt is made.)

3. Axially skewed power distributions are limited to Condition I
(normal) operation which might maldistribute the core xenon
distribution. Condition II events - rod ejection, rod drop,
etc., are analyzed separately in the accident analysis.

4. Xenon distributions are core and cycle specific. The radial

xenon distribution is consistent with assembly radial power.

At various times in reactor life, axial xenon transients are induced
by either load follow transients or return to power from an equilibrium
Xenon state at a lower power level. Core xenon conditions include, but

are not limited to: equilibrium, maximum, and minimum states.

The above states are used as input to control bank scan calculations
using EPRI-NODE. The nodal powers are converted, using PDQ@7 along
with other factors (FE, quadrant tilt, Fg, etc.), to Fg with appropriate
conservatisms and allowances. From the control bank scan calculations
at various power levels - down to 50% full power, a flyspeck plot of
margins (see Section 7.3) then determines the power - AFD operating

limits.



TABLE

Design Limit F

Fraction of McGuire
Core Height First Core
0.0 2.32
0.50 2.32
0.90 2.18
1.0 1.50

7-1
Q

McGuire
Transition Cores*

213
2.15
2.02
1.40

Catawba
All Cores

2.32
2.32
2.18
1.50

* These limits apply to cores with a mixture of 17x17 Standard and 17x17

Optimized fuel assemblies.

future LOCA reanalyses.

These values are subject to change pending any
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TABLE 7-2
F. Margin to LOCA

Q
Time Power Level Minimum Margin
(hours) (% Full Power) To LOCA (%)
1-12 10C 18.27
13 50 54.69
14 50 54.17
15 50 53.49
16 50 53.76
17 50 52.14
18 50 51.63
;: 50 51.27
50 51.08
21 100 14.37
22 100 15.74
23 100 16.80
24 100 16.75
25 100 15.75
26 100 15.26
27 100 15.17
28 100 15.29
29 100 15.62
30 100 16.14
31 100 16.78
32 100 17.39
33 100 17.99

7-6



Design Load Follow Maneuver

o - —— - —

- e - - -

I e T e W

- - — - -

~

)

52 4

“




Figure 7-2
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FIGURE 7-3
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8. Radial Local Analysis

8.1 Background

The local radial is an important factor in fuel cycle design because of
its significant influence on LOCA and DNB analysis. The premise for
performing this analysis is to evaluate the ability of PDQ@#7 to predict
the radial local. The radial local is defined as the ratio of the maximum

pin power, to the assembly average planar (x-y) power.

Duke Power Company currently uses two com)uter codes to calculate radial

local factors, PDQ@7 and CASMO-2. PDQP7 is a 1, 2, or 3 dimensional two
neutron energy group diffusion theory code, whereas CASMO-2 is a 2-dimen-
sional multigroup transport theory code, which utilizes transport probabi-
lities in the solution of the transport equation. The 2-dimensional PDQ@7
code is the primary calculational tool used to model reactor cores (for
additional information concerning the use of this code, refer to Section 3.4).
Energy and burnup dependent Mixed Number Density (MND) cross sections used

by PDQ@7 are developed in accordance with ARMP!% procedures. CASMO-2 is

used primarily to generate multigroup constants (i.e., control rod and

burnable absorber cross sections), and as a benchmark code.

8.2 Comparison of PDQ@7 to CASMO-2 at Hot Full Power Condition

The predictive capability of PDQ@7 was assessed by performing a series of
eighth assembly calculations using both PDQ@7 and CASMO-2. A typical
Westinghouse 17x17, 3.2 w/o Uranium-235 optimized fuel assembly was

modeled using these codes.

All simulations werer performed at beginning of life (BOL), hot full power
(HFP), no xenon conditions, for at this time severe pin power peaking is

most prominent. Simulations were performed for a variety of burnable



8.3

8.4

absorber loadings and soluble boron concentrations. The enrichment, burn-

able absorber loadings, and boron concentration of each case investigated
are representative of future McGuire and Catawba reloads. Table 8-1 con-

tains a summary of the cases that were investigated.

Figures 8-1 through 8-10 contain 1/8 assembly pinwise power comparisons
between PDQ@7 and CASMO-2. Results from these comparisons indicate that
PDQ@7 conservatively overpredicts the maximum CASMO-2 pin power. This
overprediction ranges from 0.86% to 2.26%. PDQ@7 also correctly identi-
fies the location of the CASM0-2 maximum pin power. Comparisoas between
PDCP7 and CASMO-2 maximum pin powers for ¢ach case are tabulated in
Table 8-2.

The global predictive capability of PDQ@7 was assured by performing a
statistical analysis over all pins in the problem and for pins with powers
greater than or equal to 1.000. The average, and the average absolute
differences along with respective standard deviations, are presented in

Table 8-3 for all cases investigated.

Comparisons of PDQ@7 to Cold Criticals

The ability of PDQ@7 to predict pin powers at cold conditions was by per-
forming a series of simulations based on the B&W uranium criticals. In
all simulations, PDQ@7 conservatively and accurately predicied the maximum
pin power. For additional specifics concerning the comparisons of PDQ@7

to the B&W uranium criticals, refer to Reference 3.

Conclusion

Comparisons between PDQP7 and CASMO-2 at HFP conditions indicate that
PDQ@7 conservatively predicts the maximum pin power within an assembly
over a wide range of burnable absorber loadings and soluble boron concen-
trations. PDQ@7 comparisons to B&W cold criticals indicate that PDQ@7
also conservatively predicts ma:imum pin powers. This conservatism

demonstrated by PDQ@7 can be directly siicibited to the use of MND thermal
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cross sections®. Therefore, in light of the conservatism that was demon-
strated by PDQ@7 over a wide range of conditions, it is not necessary to

apply an uncertainty factor to the PDQ@7 predicted radial local.
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TABLE 8-1

Characteristics of 1/8th Assembly Simulations

ENRICHMENT
W/0 U-235

@

3

3.

2

FURNABLE ABSORBER
LOADING

8-4

0

0

12

12

16

16

20

20

BORON CONCENTRATION
(PPMB)

0

950

950

950

950

950



TABLE 8-2

Peak Pin Power Comparison

CASMO

PIN POWER

PDQ@7
CASE PEAK PIN POWER

1 1.053
2 1.051
3 1.055
4 1.053
5 1.152
6 1.137
7 1.188
8 1.170
9 1.178

.164

1.

1

1

042

.039
.046
.043
.131
.119
.163
. 149
.152

. 140
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0.

DIFFERENCE
PDQ@7-CASMO

0.

011

012

.009
.010
.021
.018
.025
.021
.026

.024

% DIFFERENCE

(P-

1.

1

0.

ro

C)/C

056

.155

860

.959
.857
.609
.150
.828
.257

. 105
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TABLE 8-3

Statistical Summary of Percent Differences between PDQ@7 and CASMO-2
For Pins in Assembles with
Powers Greater Than or Equal to 1.000.

5 ” STANDARD 4
D* ABS (D) DEVIATION (D) S.D [ABS (D)]
0.4450 0.5566 0.5524 0.4339
0.4657 0.5554 0.5627 0.4697
0.2151 0.3470 0.4008 0.3010
0.2109 0.3595 0.4215 0.2987
0.8916 1.0620 0.8705 0.6396
0.7936 0.9548 0.7733 0.5503
0.9321 1.1509 1.0832 0.8311
0.8057 1.0241 0.9635 0.7107
0.7130 0.8202 0.8885 0.7851
0.6458 0.7530 0.8109 0.7069

Statistical Summary of Percent Differences between PDQ@7 and CASMO-2
For All Pins Within An Assembly

¢ 5 STANDARD i
D* ABS (D) DEVIATION (D) s.D _[ABS (D)]
0.0030 0.6395 0.7867 0.4463
0.0066 0.6572 0.8119 0.4648
~0.0255 0.4606 0.6328 0.4281
-0.0066 0.4520 0.6280 0.4298
0.0616 1.0682 1.2511 0.6310
0.0394 0.9801 1.1449 0.5713
0.0585 0.9416 1.2120 0.7499
0.0398 0.8436 1.0926 0.6819
0.0268 0.8776 1.1696 0.7604
0.0293 0.8059 1.0732 0.6972

D = [(PDQE7 - CASMO-2)/CASMO-2] *100

N
2 D./N
i=1 ?!

(=1]
"
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Figure 8-1

CASMO-2 AND PDQ-7
ROD POWER COMPARISON
BOL HFP NO XENON

3.2 W/0 U-23% OPT 17x17 FA
CASE NUMBER 1

PDQ-7 CASMO-2
PPMB 0 0
NUMBER BA 0 0
0.0 K-INFINITY 1.3479
0.0 *MAX. ROD POWER 1.053 1,042
1.020 1.002
1.024 1.009
1.021 1.002 1.002
1.024 1.009 1.010
0.0 1.024 1.026 0.0
0.0 1.025 1.027 0.0
1.020 1.002 1.004 1.033 1.023
1.023 1.009 1.013 1.037 1.045
1.018 1.000 1.002 1.033 1.042 0.0 CASMO-2
1.021 1.007 1.011 1.038 1.053 0.0 PDQ-7
0.0 1.018 1.020 0.0 1.030 1.014 0.976
0.0 1.017 1.019 0.0 1.037 1.010 0.975
1.008 0.990 0.990 1.011 0.986 0.970 0.959 0.955
1.006 0.993 0.994 1.006 0.989 0.964 0.947 0.940
0.986 0.985 0.985 0.985 0.979 0.972 0.966 0.967 0.981
0.982 0.979 0.979 0.980 0.973 0.961 0.953 0.954 0.971
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Figure 8-2

CASMO-2 AND PDQ-7
ROD POWER COMPARISON
BOL HFP NO XENON

3.2 W/0 U-235 OPT 17x17 FA
CASE NUMBER 2

PDQ-7 CASMO-2
PPMB 950 950
NUMBER BA 0 0
0.0 K-INFINITY 1.2122  1.2077
0.0 *MAX. ROD POWER 1.051 1.039
1.017 1.000
1.021 1.007
1.018 1.000 1.200
1.021 1.007 1.008
0.0 1.021 1.J23 0.0
0.0 1.022 1 024 0.0
1.018 1.000 1.002 1.030 1.020
1.021 1.007 1.011 1.035 1.042
1.016 0.999 1.001 1.030 1.039 0.0 CASMO-2
1.020 1.006 1.010 1.035 1.051 0.0 PDQ-7
0.0 1.017 1.019 0.0 1.029 1.014 0.979
0.0 1.016 1.018 0.0 1.036 1.011 0.977
1.007 0.990 0.990 1.011 0.988 0.973 0.96> 0.960
1.006 0.993 0.994 1.007 0.991 0.3966 0.950 0.945
0.987 0.987 0.98: 0.987 0.982 0.975 0.971 0.972 0.386
0.983 0.980 0.98( 0.982 0.975 0.964 0.957 0.959 0.976




Figure 8-3

CASMO-2 AND PDQ-7
ROD POWER COMPARISON
POL HFP NO XENON
3.2 W/0 U-235 OPT 17x17 FA
CASE NUMBER 3

PDQ-7  CASMO-2
PPMB 0 _0
NUMBER BA g 4
0.0 K-INFINITY 1.2978 1.2956
0.0 *MAX. ROD POWER 1.055 1.046
1.011 | 0.988
1.013 | 0.991
1.006 | 0.975 0.933
1.003 | 0.972 0.915
0.0 0.989 0.893 0.0
0.0 0.977 0.890 0.0
1.011 | 0.980 0.940 0.905 0.964
1.009 | 0.979 0.925 0.508 0.963
1.022 | 0.998 0.989 1.011 1.032 0.0 CASMO-2
1.027 1.006 0.992 1.009 1.040 0.0 PDQ-7
0.0 1.034 1.033 0.0 1.046 1.036 | 1.005
0.0 1.036 1.034 0.0 1.055 1.039 | 1.011
1.033 | 1.014 1.015 1.037 1.014 1.000 | 0.992 0.990
1.037 | 1.024 1.023 1.036 1.022 1.000 | 0.987 0.983
1.015 | 1.015 1.015 1.016 1.011 1.005 1.002 1.004 1.019
1.018 | 1.015 1.014 1.016 1.010 1.001 | 0.996 0.999 1.018




Figure 8-4

CASMO-2 AND PDQ-7
ROD POWER COMPARISON
BOL dFF NO XENON
3.2 W/0 U~235 OPT 17x17 FA
CASE NUMBER 4

8-10

PDQ-7  CASMO-2
PPM3 950 __950
5 NUMBER Ba R T il
0.0 K-INFINITY 1.1757 1.1672
0.0 *MAX. ROD POWER 1,053 1,043
1.012 |0.990
1.014 |o0.993
1.007  {0.977 0.937
1.0064 |o.975 £.91%
0.0 0 9°1 0.898 0.0
0.0 0.980 0.896 0.0
1.011 ]0.282 0.943 0. 909 0.965
! 1.017 $.981 0.928 0.912 0.965
,021  {0.998 0.989 1.020 1.030 0.0 CASMO-2
1.026 11,006 0.993 1.009 1.039 0.0 PDQ-7
» *
3.0 1.03: 1.031 0.0 1.043 1.034 1.005
0.0 1.035 1.032 0.0 1.053 1.037 1.010
1.631 1.013 1.013 ~. 035 1.013 1.000 | u.992 0.991
1.035 |1.022 1.021 1.034 1.020 0.999 | 0.987 0.983
e
1,013 J1.01% 1.013 1.07% 1.010 1.005 1.002 1.005 1.020
1.01¢ 1.013 1.013 1.015 1.009 1.001 | 0.996 1.000 1.018 i
|
&-.—.v-L——‘.— ;“




Figure 8-5

CASMO-2 AND PDQ-7
ROD POWER COMPARISON

BGL HFP NO XENON
3.2 W/0 U-235 OPT 17x17 FA
CASE NUMBER 5

PDQ-7 CASMO-2

PPMB 0 0

NUMBER BA 12 12
0.0 K-INFINITY 1.2073 1.2029
0.0 *MAX. ROD POWER 1.152 1.131
1.131 1.108
1.15 1.132
1.123 1.099 1.088
1.344 1.123 1.109
0.0 1.109 1.093 0.0
0.0 1.123 1.102 0.0
1.093 1.063 1.036 1.019 0.946 |
1.109 1.081 1.045 1.014 0.937 |

1
1.076  {1.038 0.980 0.905 0.864 0.0 CASMO-2
1.085 1.047 0.970 0.906 0.855 0.0 PDQ-7
1

0.0 1.043 0.930 0.0 0.860 0.876 0.932
0.0 1.041 0.934 0.0 0.849 0.867 0.908
1.055 1.020 0.967 0.907 0.930 0.950 0.973 0.996
1.062 1.028 0.956 0.906 0.910 0.934 0.959 0.989
1.035 0.026 1.004 0.984 0.983 0.992 1.007 1.02¢4 1.048
1.046 1.032 1.000 0.976 0.973 0.984 1.000 1.023 1.054
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Figure 8-6

CASMO-2 AND PDQ-7
ROD POWER COMPARISON

BOL HFP NO XENON
3.2 W/0 U-235 OPT 17x17 FA
CASE NUMBER 6

PDQ-7  CASMO-2
PPMB 950 950
NUMBER BA e - N T
82 K-INFINITY ~ _1.1010  _1.0941
0.0 *MAX. ROD POWER _1.137 1.119
v
1.119  {1.097
1.137  [1.118
1.112  |1.090  [1.080
1.130  [1.110  }1.099
0.0 1.100  |1.986 0.0
0.0 1.112  [1.09 0.0
1.086 [1.058  |1.032 1.018 | 0.949
1.100 [1.074  |1.041 1.013 | 0.941
1.070  [1.035  |0.981 0.909 | 0.871 0.0 CASMO-2
1.079 |1.044  0.970 0.911 | 0.864 0.0 PDQ-7
0.0 1.0641  [0.933 0.0 0.868 0.884 |0.938
0.0 1.039  [0.937 0.0 0.858 0.876 |0.915
|
1.052  [1.019  [0.969 0.912 236 0.956 |0.977 0.999
1.059 [1.027  0.958 0.912  |0.917 0.940 |0.964 0.992
-
1.03% [1.026  [1.005 0.987  |0.987 0.996 [1.010 1.025 | 1.049
1.044 f1.030  |1.001 0.980 |0.978 0.988 |1.004 1.026  [1.054
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Figure 8-7

CASMO-2 AND PDQ-7
ROD POWER COMPARISON

BOL HFP NO XENON

3.2 W/0 U-235 OPT 17x17 FA
CASE NUMBER 7

PDQ-7 CASMO-2
e PPMB s O 0
NUMBER BA - 0 L L

0.0 K~INFINITY 1.1529 1.1576

2.0 *MAX. ROD POWER 1.188 1.163

1.163 1.138

1.188 1.166

1.150 1.125 1.111

1.173 1.152 1.137

0.0 1.123 1.110 0.0

0.0 1.138 1.124 0.0

1.072 1.051 1.040 1.035 0.966

1.080 1.065 1.052 1.034 0.962

‘

0.950 .975 0.966 0.915 0.885 0.0 CASMO-2

0.952 lg.962 0.953 0.918 0.879 0.0 PDQ-7

0.0 0.909 0.904 0.0 0.882 0.905 . 966

0.0 0.906 0.902 0.0 0.874 0.900 0.946

0.922 0.949 0.948 0.916 0.955 0.983 1.010 1. S

0.919 0.934 0.933 0.918 0.937 0.971 1.001 1.0

0.992 0.993 0.995 0.99 1.009 1.027 1.046 1.066 1.093

0.989 0.993 0.993 0.993 1.004 1.023 1.046 1.071 1.105
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Figure 8-8

CASMO-2 AND PDQ-7
ROD POWER COMPARISUN
BOL HFP NO XENON
3.2 W/0 U~-235 OPT 17x17 FA

CASE NUMBER 8§

PDQ-7 CASMO0-2
PPMB 950 )
NUMBER BA 16 16
0.0 K-INFINITY 1.0655 1.0581
0.0 #MAX. ROD POWER 1,170 1,149
1.149 1.126
1.170 |1.130
1.138 1.114 1.102
1.157 1.137 1.125
0.0 1.113 1.102 0.0
0.0 1.127 1.115 0.0
1.067 1.047 1.037 1.033 0.968
1.074 1.059 1.048 1.033 0.965
0.952 |0.976 0.963 0.919 0.890 0.0 CASMO-2
0.953 |0.963 0.955 0.923 0.886 0.0 PDQ-7
0.0 0.913 0.909 0.0 0.888 0.910 | 0.969
0.0 0.911 0.907 0.0 0.881 0.906 0.950
\
0.927 9.953 0.953 0.921 0.959 0.986 1.011 1.035
0.925 0.939 0.938 0.923 0.943 0.974 1.002 1.033 ‘
\
0.995 |0.996 0.997 0.999 1.011 1.027 1.045 1.064 1.088
0.993 0.996 0.997 0.996 1.006 1.024 1.044 1.068 1.099
\




Figure 8-9

CASMO-2 AND PDQ-7
ROD POWER COMPARISON
BOL HFP NO XENON

3.2 W/0 U-235 OPT 17x17 FA
CASE NUMBER 9

PDQ-7  CASMO-2
PPMB 0 0
NUMBER BA 20 20
0.0 K-INFINITY 1.1206 _1.1148
0.0 *MAX. ROD POWER 1.178 1.152
1.152 j1.121
1.178 |1.148
1.132  |1.09 1.036
1.151 |1.112 1.034
0.0 1.084 0.967 0.0
0.0 1.087 0.977 0.0
1.061 |1.026 0.971 0.899 0.903
1.064 |1.033 0.958 0.898 0.877
0.952 |0.972 0.951 0.891 0.873 0.0 CASMO-2
0.956 |0.959 0.931 0.887 0.865 0.0 PDQ-7
0.0 0.923 0.916 0.0 0.898 0.929 | 0.998
0.0 0.924 0.915 0.0 0.891 0.928 | 0.984
0.948 |0.976 0.975 0.943 0.985 1.017 | 1.048 1.077
0.950 |0.964 0.962 0.948 0.971 1.010 | 1.046 1.084
1.025 |1.027 1.029 1.031 1.045 1.065 | 1.087 1.109 1.136
1.027 |1.030 1.031 1.032 1.046 1.069 | 1.095 1.124 1.160
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Figure 8-10

CASMO-2 AND PDQ-7
ROD POWER COMPARISON
BOL HFP NO XENON

3.2 W/0 U-235 OPT '17x17 FA
CASE NUMBER 10

PDQ-7 CASMO-2

PPMB 950 950
0.0 NUMBER BA 20 20
0.0 K-INFINITY 1.0315 1.0238

*MAX. ROD POWER 1.164 1.140
1.140 1.112
1.164 1.136
) (% b & | 1.087 1.032
1.140 1.103 1.02%
0.0 1.078 0.967 0.0
0.0 1.082 0.977 0.0
1.058 1.025 0.973 0.905 0.909
1.062 1.031 0.960 0.904 0.885
0.954 0.974 0.954 0.897 0.880 0.0 CASMO=-2
0.958  |0.962 0.936 0.894 0.873 0.0 PDQ-7
0.0 0.927 0.921 0.0 0.903 0.932 0.998
0.0 0.928 0.920 0.0 0.898 0.932 0.984
0.951 0.978 0.978 0.946 0.986 1.016 1.045 1.072
0.953 0.967 0.966 0,951 0.973 1.010 1.043 1.077
1.025 1.027 1.029 1.031 1.044 1.062 1.082 1.102 P8 &
1.028 1.031 1.031 1.031 1.044 1.065 1.089 1.115 1.149
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9.

1

1.

1

DEVELOPMENT OF CORE PHYSICS PARAMETERS

Upon completion of the Final Fuel Cycle Design, both PDQ@7 and EPRI-NODE
depletions, boron concentrations and worths, power distributions, etc.
have been generated primarily for HFP and some HZP conditi-ns. The pur-
pose of this stage of developing core physics parameters is to provide
additional calculations to supplement those already performed. The re-
sults of these calculations are used for startup test predictions and

core physics parameters throughout the cycle.

Startup Test Predictions

After each refueling, the reactor undergoes a startup test program aimed
at verifying that the reactor core is correctly loaded and to verify reac-
tor behavior is as predicted by the nuclear simulators which were used in

generating the data used in the plant's safety analysis.

Critical Boron Concentrations and Boron Worths

EPRI-NODE and/or PDQP7 mav be used to calculate critical boron concen~-
trations and boron worths at a variety of rod configurations, at HZP
and HFP, as a function boron concentration, at differesnt xenon concen-
trations, and at different times in the fuel cycle. EPRI-NODE is capa-
ble of critical boron searches and when critical boron concentrations
are desired, it is usually run in this mode. An alternative method it
to correct the input boron concentration to the critical boron concen-
tration using a calculated boron worth and the calculated reactivity.
PDQ@7 is usually run in this manner to determine critical boron

concentrations.

Table 9-1 shows some of the critical boron calculations normally per-
formed for startup physics tests. These calculations are performed
after the sequential insertion of each control or shutdown bank and are

sometimes referred to as boron endpoints.

Critical boron concentrations at HZP and HFP with all rods out are also
calculated as a function of cycle burnup. Figure 9-1 illustrates the
form in which these results are displayed. These curves are referred to

as boron letdown curves.



9.1.2

9.1.3
9.1.3.1

The boron worths are usually calculated by running two identical cases
except that the soluble boron concentration is different. The difceren-
tial boron worth is calculated by subtracting the reactivities and divi-
ding by the boroan difference. Differential boron worths are usuzlly
quoted in PCM/PPMB. The inverse boron worth is the inverse of the dif-
ferential boron worth and is usually quoted in PPMB/%Ap.

Table 9-2 shows the soluble boron worths usually performed for startup
physics tests. Similar ‘o critical boron concentrations, these worths

are calculated with sequential bank insertions.

Differential boron worth (or inverse boron worth) can also be calculated
as a function of boron concentration and as a function of cycle burnup.
Figures 9-2 and 9-3 show the form in which results of these types of

calculations are displayed.

Xenon Worth and Defect
Xenon worth is calculated as a function of cycle burnup using either
PDQ@7 or EPRI-NODE. The nominal HFP depletion cases with equilibrium

xenon are used as input to a second set of cases where the xenon concen-

tration 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 9-4.

Xenon worth can also be 'resented as a function of power level. Worths
presented in this manner are usually referred to as the equilibrium
xenon reactivity defect and are quoted in either pcm or %Ap. Figure 9-5

shows the results of a xenon defect calculation.

Rod VWorths
Group Worths
The worth of the shutdown and control banks are calculated at BOC HZP

for use in the zero power physics testing. The rod banks are sequen-
tially inserted or withdrawn from the EPRI-NODE calculation assuming
no control rod overlap. The oank worth is the difference in reac-

tivity between the fully inserted case and the fully withdrawn case.
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9.1.3.2

9.1.3.3

9.1.3.4

Integral rod worth curves are calculated at BOC HZP for control banks
B, C and D. The rod banks a:v insarted both sequentially and with
50% overlap. Figure 9-6 shows the f>rm in which these results are
displayed.

Control bank worths with sequential insertion and integral rod worth

curves with 50% overlap are calculated at HFP equilibrium xenon both
at BOC and EOC.

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 (Section
4.2.2.2). 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 pro-
gram, then a recalculation of the worth is performed -imulating the
test conditions. This worth would then be provided as a startup test
prediction.

Dropped Rod Worth

The maximum worth of a single control rod dropped into the reactor
core is calculated during the final fuel cycle design (Section
4.2.2.4). 1If this parameter is to be measured during the startup
test program, then a recalculation of the worth is performed simulat=-
ing the test conditions. This worth would then be provided as a

startup test prediction.

Ejected Rod Worth

The maximum ejected control rod worth is calculated during the final
fuel cycle “esign (Section 4.2.2.3). If this parameter is to be mea-
sured 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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9.1.4 Reactivity Coefficients
9.1.4.1 HZP Coefficients

9.1.4.2

At HZP the isothermal temperature coefficient is measured by varying
the average moderator temperature approximately 5°F, taking data once
equilibrium is reached, then returning the temperature back to its
original value, taking data and establishing equilibrium. The calcu-
lations used for predicting the isothermal temperature coefficient
should be run at 557°F and 562°F using either EPRI-NODE or PDQ@7.

The resulting reactivity change is then divided by the 5°F temperature
change to yield the HZP isothermal temperature coefficient.

The Doppler or fuel temperature coefficient at HZP can be calculated
by varying the fuel temperature while maintaining the moderator tem-
perature constant at 557°F. The resulting reactivity change divided

by the change in fuel temperature is the Doppler coefficient at HZP.

The predicted moderator coefficient is calculated by subtracting the
Doppler coefficient from the isothermal coefficient. It is compared
to the (inferred) measured moderator coefficient obtained by sub-

tracting the predicted Doppler coefficient from the measured isother-

mal coefficient.

Alternately, the moderator temperature coefficient can also be explic-

itly calculated.

HFP Coefficients

Both a temperature coefficient of reactivity and a power Doppler coef-

ficient of reactivity are calculated at HFP. The temperature coeffi-
cient is calculated by running one equilibrium HFP case at BOC (4EFPD
EPRI-NODE or PDQ@7) and a second case which has lowered the moderator
temperature 5°F. The difference in reactivity divided by the tempera-
ture change is the temperature coefficient. To calculate the power
Doppler coefficient, a third case is performed where the power level

is reducsd to 95% FP. All other parameters are kept at the HFP equili-
brium values. The difference in reactivity between the HFP and the

95% FP cases divided by 5% FP is the power Doppler coefficient.
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9.1.5

9.1.6

9.2

Power Distribution

Power distributions, both assembly radial and total peaking factors,
are measured at various power levels as identified in the test proce=
dures for McGuire/Catawba reload startups. Calculations using EPRI-
NODE are run at these power levels and nominal conditions to provide

predicted power distributions for comparison.

Kinetics Parameters

Kinetics parameters are ralculated using the methodology and codes as
discus:ed in Sectxon 4.3.3.8. These parameters include the six group
S effective and A’ y total B effective and 2%, and reactivity versus

positive and negative doubling times. These kinetics parameters are

generated for both BOC HZP and BOC HFP conditions with ARO. A second
set of delayed neutron data is generated at EOC.

Core Physics Report

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

enginecrs .

This report will include sufficient information to calculate reactivity
balance throughout the cycle. Table 9-3 lists items typical of what will
be calculated for this report. Any additional calculations will be per-
formed using either EPRI-NODE or PDQ@7.
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Table 9-1
CRITICAL BORON CONCENTRATIONS (PPMB)

HZP, NOXE, @EFPD

ARO

Bank D in

Banks D + C in

Banks D + C + B in

Banks D + C + B + A in

Banks D + C + B + A + SE in

Blnle*C*B*A*SE'FSDin

Banks D+ C + B + A + SE + SD + SC in

Banks D + C + B + A + SE + SD + SC * SB in

Banks D + C + B + A + SE + SD + Sc + SB + SA in
HFP, NOXE, @EFPD

ARO

HFP, EQXE, 4EFPD
ARO
Bank D in

HFP ,EQXE ,EOC
ARO
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Table 9-2
BORON WORTH (PCM/PPME)

HZP, NOXE, QEFPD
ARO
Bank D in*
Banks D + C in
Banks D + C + B in
Banks D+ C + B + A in
ARI

HFP, EQXE, 4 EFPD

ARO
HFP, EQXE, EOC
ARO
*Note: When bank worths are determined using interchange (swap) with a

reference control bank, the btoron worth with the reference bank

only inserted is evaluated in place of sequential insertions.
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Table 9-3
Core Physics Data

Critical Boron Concentrations

1. ARO HFP versus Burnup

2. ARO HZP versus Burnup

Shutdown Boron Concentrations required for shutdown with highest worth
rod stuck out (NoXe)

1. HZP versus Burnup

2. 500°F, 200°F and 68°F versus Burnup
Differential Boron Worth HFP, HZP versus Burnup
Power Distributions from the Cycle Depletion
Rod Worths BOC, EOC, HFP and HZP

Xenon Worth versus Power Level

Xenon Worth versus Burnup

Reactivity Coefficients versus Temperature, Power Level and Burnup
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FIGURE 9-1
BORON LETDOWN CURVE

HFP, ARO
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FIGURE 9-3

INVERSE BORON WORTH
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FIGURE 9-4

EQUILIBRIUM XENON WORTH
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Equilibrium Xenon Reactivity Defect (pcm)

FIGURE 9-5

XENON REACTIVITY DEFECT
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FIGURE 9-6

INTEGRAL ROD WORTH
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10.0 Physics Tests Comparisons

10.

1

Introduction

This section presents measurement and calculational techniques and com-
parisons 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 McGuire Nuclear Station, Unit 1 Cycles 1
and 1A, and Unit 2, Cycle 1. (Broken hold down springs on some Burnable
Poison rods were found during an outage on McGuire Unit 1 at 191.5 EFPD.
During this outage, 94 of 96 Burnable Poison Rod Assemblies were removed
from the core. Cycle 1A is the continuation of Cycle 1 but without the
Burnable Poison Rods.) The measurment techniques discussed are those
currently used at the station. The HZP measurments were taoken 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.

The comparisons of calculated and measured results present the means of
the differences between the measured and calculated data and the corre-
sponding standard deviations. The mean and standard deviation are de-
fined as follows:

ix,
—ll

n

3 2
Standard a8 & 2 (x xi)
Deviation n~-1

where . 'i = value for the 153 observation

X =

Mean

n = number of observations.



10.2 Critical Boron Concentrations

10.2.1

10.2.2

10.2.3

10.2.3.1

10.2.3.2

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 conservative estimates of these errors, the total uncertainty
associated with the critical boron concentration measurements is less
than 20 ppmb.

Calculational Technique

Critical boron concentrations are calculated at HZP and HFP using

EPRI-NOCE-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 cal-

culated boron concentration to exa-tly critical.

Comparison of Calculated and Measured Results

Hot Zero Power Comparison

The calculated and measured critical boron concentrations at HZP and
BOC for McGuire Unit 1, Cycles 1 and 1A, and Unit 2, Cycle 1 are com~
pared in Table 10-1. Each entry corresponds to a different control
rod position. The mean of the differences for these three cycles was

found to be -7 ppmb with a standard deviation of 16 ppmb.

Hot Full Power Comparison
The calculated and measured critical boron concentrations at HFP for

McGuire Unit 1, Cycles 1 and 1A, are compared in Table 10-2. The

mean of the differences for these cycles is -41 ppmb with a standard
deviation of 11 ppmb.




10.2.4

The data displayed in Table 10-2 can be visualized better by examin-
ing plots of soluble boron concentration as a function of burnup.

These boron letdown curves are shown in Figures 10-1 and 10-2.

Summary
The comparison between EPRI-NODE-P and measured critical boron concen-
trations at HZP and HFP indicate EPRI-NODE-P can adequately predict

soluble boron concentrations.

10.3 Control Rod Worth

10.3.1

10.3.2

10.3.3

Measurement Techniques

Individual control rod bank worths are measured by the boron swap tech-
nique. This technique involves a continuous decrease in boron concen-
tration together with an insertion of the control rods in small, dis-

crete steps. The change in reactivity due to each insertion is deter-

mined from reactivity computer readings before and after the insertion.
The worth of each rod bank is the sum of all the reactivity changes for
that bank. Measured bank worths in ppmB can be determined independent

of the reactivity computer by using the measured boron endpoints.

Calculational Techniques

Individual and total controlling rod bank worths in terms of reactivity
are calculated by making two EPRI-NODE-P runs. The first is a boron
search run with the rod bank(s) out. The boron concentration found in
this run is then used in a fixed boron run with the rod bank(s) in.

The difference in reactivity between these two runs with constant boron

concentration is the rod bank(s) worth.

Bank wor*hs were also ‘"alculated using the calculated Boron endpoints.
These bank worths are in terms of ppmB.

Comparison of Calculated and Measured Results

A comparison of calculaced and measured control rod worths in terms of
reactivity is shown in Table 10-3. This table compares the worths of
control banks: D, C, B, and A and shutdown banks: E, D, and C at HZP
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10.3.4

10.4

10.4.1

10.4.2

and BOC for McGuire Unit 1, Cycles 1 and 1A, and McGuire Unit 2, Cycle
1. A comparison of calculated and measured control rod worths in
terms of ppmB is shown in Table 10-4. This table also compares the
worths of control banks: D, C, B, and A and shutdown banks: E, D,
and C at HZP and BOC for McGuire Unit 1, Cycles 1 and 1A, and McGuire
Unit 2 Cycle 1. Table 10-5 is a comparison of PDQ@7 calculated and

measured control rod worths.

PDQ@7 calculated bank worths agree w2ll to measured with an average
difference of 2.7% and a standard deviation of 3.3%. EPRI-NODE-P
calculated bank worths similarly agreed well with an average
difference of -4.5% and a standard deviation of 5.1%. Rod worths
calculated using boron endpoints also agreed well, with an average
difference of -2.2% and a standard deviation of 7.9%.

Summa ry

The comparisons between the calculated and measured control rod worths
at HZP indicate that EPRI-NODE-P can adequately predict control rod
worths. Tables 10-3 and 10-4 indicate consistent agreement using

either reactivity or boron endpoint measurement techniques.

Ejected Rod Worths

Ejected rod worth is cefiued here as the measured worth of the worst

case ejected rod No error adjustments have been included.

Measurement Technique

Ejected rod worths are measured by boron swap. The boron swap method
is similar to the method used to measure control rod worth. It in-
volves maintaining criticality by varying the boron concentration to
compensate for the ejection of the .orst case rod. The control rod
positions are held constant. As was done for control rod worth, the

ejected rod worth is determined from the reactivity computer.

Calculational Techniques

Ejected rod worths are calculated using EPRI-NODE-P to simulate boron
swap. A boron search run is first performed to determine the critical

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

Comparison of Calculated and Measured Results
A comparison of calculated and measured ejected rod worth for McGuire
Unit 1, Cycle 1, is given in Table 10-6.

10.5 Isothermal Temperature Coefficients

The isothermal temperature coefficient is defined as the change in reac-

10.5.1

10.5.2

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

Measurement Techniques

The isothermal temperature coefficient is measured by executing an
average moderator temperature ramp to +5°F and then a ramp down to

the initial equilibrium critical conditions. During each change,
reactivity is measured on the reactivity computer and other pertinent
data is measured. After each change, steady state conditions are
established. The isothermal temperature coefficient is determined as
the change in reactivity between plateaus divided by the change in tem-
perature. Since two different temperature ramps are executed, two
coefficients can be determined. The reported isothermal temperature

coefficient is an average of these two coefficients.

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.
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10.5.3 Comparison of Calculated and Measured Results

A comparison of calculated and measured isothermal temperature coeifi-
cients at HZP and BOC for McGuire Unit 1, Cycles 1 and 1A, and Unit 2,
Cycle 1 is presented in Table 10-7. The mean of all the differences
was found to be 1.38 pem/°F with a standard deviation of 1.87 pem/°F.

10.5.4 Summary

The comparison between calculated and measured isothermal temperature
coefficients indicates that EPRI-NODE-P is a good predictor of isother-

mal temperature coefficients.
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Table 10-1

MCGUIRE

CRITICAL BORON CONCENTRATIONS AT HOT ZERO POWER, BOC

Unit Cycle

1 1
1 1A
2 1
Mean

Standard Deviation

Critical Boron Conc. PPM

Calculated

1301
1242
1123
1033
972
888
822
728

1269
1200
1090

1280
1221
1101
1002
944
861
788
691

Measured

10-7

1310
1248
1128
1029
967
891
819
723

1310
1242
1125

1295
1217
1097
997
938
860
791
694

Difference = Calculated - Meacured

Difference
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Table 10-2
MCZUIRL 1 CYCLES 1-1A
HOT FULL POWER CRITICAL BORON CONCENTRATIONS

10-8

Critical Boron Conc. PPM
Calculated Measured
860 880
846 865
838 864
823 862
761 801
745 790
720 771
724 762
667 724
600 650
531 591
782 831
713 751
673 719
653 696
631 677
566 615
473 511
395 434
281 318

Difference

PPM

-20
-19
-26
-39
=40
-45
-42
-38
37
=50
-60

=49
-38
-46
-43
-46
-49
-38
-39
=37

-41.1
10.5



Table 10-3
MCGUIRE
CONTROL ROD WORTHS AT HOT ZERO POWER, BOC

Rod Worth (PCM)
Unit/Cycie Bank Calculated Measured Difference (PCM) Difference (%)

1/1 CD 606 669 -63 -9.4

cc 1217 1250 -33 -2.6

CB 925 996 -7i 7.1

CA 654 695 -41 -5.9

SE 884 840 44 - %

SD 668 755 -87 -11.8

SC 961 1011 =50 4.9

1/1A CD 685 712 =27 -3.8

Ce 1100 1038 62 6.0

2/1 CD 604 664 -60 -9.0

cC 1224 1283 =59 -4.6

CB 1004 1105 =101 9.1

CA 618 678 -60 -8.8

SE 862 853 9 1.1

SD 738 7 -33 -4.3

SC 992 1026 =31 =3.0

Mean eee oo -37.6 =4.5
Standard Deviation cose el 43.8 51

Differeance (pem) = Caiculated-Measured

Dif{erence (%) = Calculated-Measured x 100
Measured
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Table 10-4
MCGUIRE
CONTROL ROD WORTHS AT HOT ZERO POWER, BOC
USING BORON ENDPOINTS

Rod Worth (PPM)
Unit/Cycle Bank Calculated Measured Difference (PPM) Difference (%)

1/1 CD 59 62 -3 -4.8

cc 119 120 -1 -0.8

CB 90 99 -$ «9.1

CA 61 62 -] ~1.6

SE 84 76 8 10.5

SD 66 72 -6 -8.3

SC 94 9€ -2 -2.1

1/1A CD 69 68 1 1.5

cc 110 117 -7 -6.0

2/1 CD 59 78 -19 -24.4

cc 120 120 0 0.0

CB 99 100 g -1.0

CA 58 59 -1 -1.7

SE 83 78 5 v.4

SD 73 69 - 5.8

SC 97 97 0 0.0

Mean nwe cons -2.0 -2.2
Standard Deviation o - 6.3 7.9
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Table 10-5
MCGUIRE
PDQ@7 CALCULATED ROD WORTHS VS MEASURED ROD WORTHS AT HZP, BOC

Rod Worth (PCM)
Unit/Cycle Rank Calculated Measured Difference (PCM) Difference (%)

1/1 D 644 669 -23 -3.7

C 1214 1250 -36 2.9

B 962 996 -34 -3.4

1/1A D 667 712 =45 -6.3

C 1088 1038 50 4.8

2/1 D 637 664 -27 -4.1

C 1261 1283 =22 =1.7

B 1090 1105 =135 -1.4

A 638 678 -40 5.9

Mean cnen g -22 «2.7
Standard Deviation eee eece 28 3.3

Calculated-tieasured

Calcuvlated-Measured x 100
Measvred

Difference (pcm)
Difference (%)
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Table 10-6
MCGUIRE 1 CYCLE 1
EJECTED ROD WORTHS

Worth (PCM,
Cycle Location Calculated Measured Lifference (pcm)

1 D-12 406 632 -26
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Table 10-7
MCGUIRE
ISOTHERMAL TEMPERATURE CCEFFICIENTS AT HOT ZERO POWER, BOC

Control Rod Temp. Coeff., (pcm/°F)
Unit/Cycle Configuration Calculated Measured
1/1 ARO -1.03 =0.57
Din -2.09 -2.02

C&D in -6.03 -5.86

B,C & D in -6.08 -6.83

A,B,C,& D in =9.37 -9.72

1/1A ARO =4.51 -1.13
Din -5.86 -1.98

C&Din =9.76 -4.83

2/1 ARO =2.34 =1.41
Din -3.54 -2.73

C&Din =7.70 -6.07

Mean -

Standard Deviation =---

Difference = Calculated-Measured

10-13

Difference

(pcm/°F)

=0.
.07

-0

-0.
o 13
.35

46

17

.38
.88
.93

.93
.81
.65
.38

.87
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11.0

11.1.1

11.1.2

POWER DISTRIBUTION COMPARISONS
INTRODUCTION AND SUMMARY

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 McGuire Unit 1 Cycle 1 and part of Cycle 1A.
It has also been benchmarked against TVA's Sequoyah Unit 1 Cycle 1.

This work encompassed. derivation of measured power distributions for
the above cycles, simulations of the above cycles using EPRI-NODE-P,
development of fitting procedures for the calculated assembly peak
axial powers, and development of a statistical basis for estimating the
calculational accuracy of EPRI-NODE-P.

Summary

A data base consisting of McGuire Unit 1 Cycle 1 and part of Cycle 1A,
and TVA's Sequoyah Unit 1 Cycle 1, measured and EPRI-NODE-P calculated
fuel assembly powers was assembled. Calculated and measured powers
were statistically combined to derive 95/95 Observed Nurlear Relia-
bility Factors (ONRF) for EPRI-NODE-P. ONRF's were calculated for
both assembly radial powers and assembly peak axial powers. The
assembly radial power is defined as the ratio of assembly average power
to core average power. The assembly peak axial power is defined as the
maximum assembly x-y planar average power along the fuel assembly
length relative to the core average power. F_ is then *“he product of

Q

the assembly radial local and peak average power (see equation 6-1).

ORNFs of 1.03 for the radial powers and 1.06 for the peak axial powers

were determined.
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11.2 MEASURED DATA
11.2.1 Measured Assembly Power Data

The measured power data base comprises assembly power data from McGuire
Unit 1, Cycle 1 and part of Cycle 1A, and TVA's Sequoyah Unit 1,
Cycle 1. All measured assembly power data are directly “.aceable to

signals from the incore detector system.

11.2.2 Measurement System Description

The incore detector systems at McGuire and Sequovah consist of 6
movable miniature fission chamler neutron detectors. The detect.vs are
inserted into the bottom of the reactur vessel and driven up through
the core to the tep. They are then slowly withdiswn through the core.
Incore flux maps are obtained by taking voltage signal readings from
the detectors as they are withdrawn through the core. This data is then

stored ou the plant computer.

The detectors travel inside thimbles that are located in the Instrument
Guide Tube of the fuel assemblies. There are 58 instrumented assem-
blies out of a total of 193 fuel assemblies. There are 61 voltage
signals recorded axially alezg each of instrumented fuel assemblies.

The instrumented fuel assemblies are shown on Figure 11-1.

The detectors are inter-calibrated by inserting each detector into one
refereqnce (calibration) fuel assembly. After each flux map the detec-
tor signals are processed by Shanstrom Nuclear Associates Code for
Operating Reactor Evaluation (SNA-CORE)?3. SNA-CORE uses the 58 x 61
array of signals to calculate peaking factors, (radial powers and
assembly peak axial powers) for each of the 193 assemblies. The 193
radial powers and assembly peak axial powers are then averaged into
eighth core or quarter core, depending on the cycle. These peaking
factors then make up the measured data base. All power measurements
were taken at approximately equil.brium xenon conditions. Tables 11-1,

11-2, and 11-3 show the selected reacto» state points.
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11.3.
11.3.1

11.3.2

EPRI-NODE-P POWER DISTRIBUTION COMPARISONS
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 reguired. In this section, comparisons of measured
and EPRI-NODE-P calculated values will be shown for both radial powers
and assembly peak axial powers. Comparisons were performed on a total
of 37 reactor state points covering McGuire Unit 1, Cycle 1 and part of

1A, and Sequoyah Unit 1, Cycle 1.

McGuire Unit 1, Cycle 1 and Sequoyah Unit 1, Cycle 1 were modeled using
eighth core symmetry. McGuire Unit 1, Cycle 1A 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. Contro' rods could be positioned continuously in this model.
Simulations of the McGuire and Sequoyah cores were performed using

methods described in Section 3.5 and 5.2.

Fuel Cycle Simulations

Using the EPRI-NODE-P model described in section 11.3.1, McGuire Unit
1, Cycles 1 and part of 1A, and TVA's Sequoyah Unit 1, Cycle 1 were

depleted using thermal and hydraulic feedbacks. The depletions were
performed in a core follow mode, utilizing critical boron searches at

each exposure step.

McGuire Unit 1, Cycle 1 operated until 191.5 EFPD. Control and shut-

down Fank locations are shown on Figure 11-2. The core loading pattern
is shown on Figure 11-3. During this time the unit was operated mostly
at the 50% and 75% power piateaus because of power limitations imposed

by steam generator flow impingement problems.

The EPRI-NODE-P radial powers were normalized to PDQ@7 depletion at 25
EFPD for McGuire Unit 1, Cycle 1. There were 25 state points for this

cycle. These are shown on Table 11-1. Figures 11-6 to 11-30 show



11.3.3

comparisons cof calculated and measured radial powers. Figure 11-31 to
11-55 show comparisons of calculated and measured assembly peak axial

powers.

The data used for McGuire Unit 1, Cycle 1A was through 250 EFPD.
Control and shutdown bank locations are the same as those for McGuire
Unit 1, Cycle 1. The core loading pattern for cycle 1A was the same
as the loading pattern for Cycle 1 except al! but 2 burnable poison
rods were removed. The two that remained were in core locations H-3
and H~13. The unit was operated mostly at 100% power during this time

after the steam generator flow impingement problem was corrected.

The EPRI-NODE-P radial powers were normalized to PDQ@7 depletion at 257
EFPD for McGuire Unit 1, Cycle 1A. There were 5 state points for the
part of this cycle that was used. These are shown on Table 11-2.
Figures 11-56 to 11-60 show comparison of calculated and measured
radial powers. Figures 11-61 to 11-65 show comparisons of calculated

and measured assembly peak axial powers.

TVA's Sequoyah Unit 1, Cycle 1 operated until the end of cycle which
lasted 390 EFPD. Control and shutdown bank locations are shown on

Figure 11-4. The core loading pattern is shown on Figure 11-5.

The EPRI-NODE-P radial powers were normalized to PDQ@7 depletion at 25
EFPD for Sequoyah Unit 1, Cycle 1. There were 7 state points for

this cycle. These are shown on Table 11-3. Figures 11-66 to 11-72
show comparison of calculated and measured radial powers. Figures
11-73 to 11-79 show comparison of calculated and measured assembly peak

axial powers.

Radial Power Methodology

The radial powers are radial pezking factors. Therefore, the radial

peaking factors from SNA-CORE a.e compared directiy to the normalized
radial powers (P(I,J)) from EPRI-NODE-P.
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11.3.4 Assembly Peak Axial Power Methodology

11.3.5

11.4

The assembly peak axial powers are peaking factors. There are 61
assembly axial powers for each fuel assembly calculated by SNA-CORE.

Of these 61 assembly axial powers, the maximum is chosen for the
"measured" assembly peak axial power. The EPRI-NODE-P model calculated
12 nodal axial powers per assembly. The assembly peak axial power

could not be compared directly to the maximum nodal power.

Therefore, the nodal axial powers were curve fit using the following
equation:
3

P(z) =3 An Sin (nnz) + Bn Cos (nnz)
n=1

Where: An’ B Fourier series ccefficients

n
z = normalized vertical axis variable
n = Fourier sequence number

The 12 level node powers were fit, yielding 61 assembly axial powers
for each assembly at each state point. The assembly peak axial power
was then selected from the 61 calculated assembly axial powers and the

12 nodal powers.

Conclusions

EPRI-NODE-P yielded consistently good power distributions when compared
to measured power distributions. This conclusion applies for both
radial and assembly peak axial power comparisons. Although the conclu-
sions in this section are qualitative, quantitative statistical results

of these comparisons will be shown in Sectiom 11.5.

PDQ@7 - POWER DISTRIBUTION COMPARISONS
Radial power distributions from the PDQ@7 depletions of McGuire Unit xS

Cycle 1, Cycle 1A, and Sequoyah Unit 1, Cycle 1 were compared to
measured radial power distributions from SNA-CORE at various burnups.
The PDQ@7 model employed a 2-dimensional geometry with two neutron
energy groups. (For additional information concerning the use of this

code, refer to Section 3.4). All power distributions from PDQ@7
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31.5.1

were performed at hot full power all rods out. Table 11-4 compares the
state points of the measured data to that of PDQ@7. Figures 11-80 to

11-86 show the comparisons of the radial powers.

STATISTICAL ANALYSIS

Observed Nuclear Reliability Factor Derivation

This section will address quantitatively statistics arising from
Section 11.3. Normal distribution theory will be used in deriving

calculational uncertainties.

In deriving the caiculational uncertainty for EPRI-NODE-P, the algebra-
ic difference between a calculated and a measured value forms a normal-

ly distributed (refer to Section 11.5.2) random variable.

The difference variable is defined:
Di = Ci - ”i (11-1)

where: D is the o difference; 1 < i <N
C is the ith calculated value (radial or assembly
peak axial power)
M is the it'h measured value (radial or assembly

peak axial power)

The mean of the difference as defined in equation 11-2 is:

D=C-M (11-2)

where:

(1]
"

~
MB

C.) +n (11-2a)
1

¥n (11-2b)

=
"
~~
. MDB
<

(11-2¢)

l=1
"
-~~~
M
o
Nt
o
1=

number of observations in sample
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Now a one sided upper bound factor is derived by employing One Sided
Upper Tolerance Limit (OSUTL) methodology. For a normal random vari-
able X with a sample mean X and standard deviation S, the OSUTL of X is
defined by:

OSITL(X) =X + K x S (11-3)
= n
where: X = (ZX.) +n (11-4)
i=1*
n B 5
$=[(Z (X, - X)?) # (n-1)] (11-5)
i=1

In equation 11-3, K is the one-sided tolerance factor. Equatiocn 11-3
is formulated such that a predetermined proportion of the population
(P) is below the OSUTL with a confidence factor (a)2%. 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) (11-6)

C is a deterministic variable and does not have an OSUTL per se, but a

reasonable upper limit to C can be defined by:

UL(C) = M + OSUTL(D) (11-7)

UL(C) =M +D + K x S(D) (11-7a)

If one substitutes equations 11-2 into equation 11-7 you obtain the

following:
UL(C) =M +C - M + K x S(D) (11-8)

or UL(C) =C + K x S(D) (11-8a)



11.5.2

From equation (11-8a), 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 distribution. This means that any error in the
measurement of the radial or assembly peak arial power as well as any

calculational error will be included in the UL(C) parameter.

While equation 11-7a and 11-8a are valid, the definition of D = C - M
(equation 11-2) lead: to UL(C) being smaller if the measured parameter
is underpredicted. The conservative solution to this is to subtract

D in equation 11-7a instead of adding it. This would yield the follow-

ing equation:

UL(C) =M - D + K x S(D) (11-9)

Finally, the Observed Nuclear Reliability Factor (ONRF) is defined as
the quotient of UL(C) from equation 11-9 and the mean of the

measurements:
UL(C)
ONRF = M (11-10) or,
M-D+Kzx S(D)
ONRF = (11-11)

The ONRF from equation 11-11 will be used as a multiplicative factor
applied to EPRI-NODE-P calculated powers such that:

ONRF x C > M (11-12)

for 95% of the population and with a confidence factor of 95%. Sepa-

rate ONRF's are derived for radial and assembly peak axial powers.

This procedure was employed in Reference 3 to statistically evaluate
ORNFs for EPRI-NODE-P as part of the Oconee Reload Design Methodology.

Norma'ity Test Results

In analyzing the normality of the difference distributions, C,M data
were grouped into the following categories:
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1) reactor cycle: McGuire 1, Cycle 1; McGuire 1, Cycle 1A;
Sequoyah 1, Cycle 1
2) grouped cycles: All reactor cycles combined

3) type: radial powers or assembly peak axial powers

The difference distributions were analyzed for normality using the D'
test from ANSI N15.15 - 1974.27 Using the engineering judgement that
only peaking factors greater than the core average are the area of
concern, pairs of C,M where both are 2 1.0 will be treated. Table 11-5
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 percentage point D' values for normality. Here, 3 out of
4 assembly radial power distributions were normal and 4 assembly peak
axial .ower distributions were normal. The remainder of the difference
distributions yielded D' statistics that were close to the critical

values and were therefore classified as nearly normal.

11.5.3 Observed Nuclear Reliability Factors (ONRF) for EPRI-NODE-P
In this subsection the statistical treatment developed in Section

11.5.1 will be utilized to develop ONRF's (FAg and Fg) for McGuire Unit
1, Cycle 1 and part of Cycle 1A, and TVA's Sequoyah Unit 1, Cycle 1,
combined.

All pairs of C, M > 1.0 from all 37 state points of McGuire Unit 1,

Cycle 1 and part of Cycle 1A, and Sequoyah Unit 1. Cycle 1, were
obtained. The procedure was applied to radial powers and repeated for
assembly peak axial powers. The variables shown iu equation 11-'1 were
then derived and the ONRF's calculated.

As an example, for radial ORNF (FA:):

1.131
0.002
S(D) = 0.020
N = 846
1.7343 (N = 846, 95%/95%)

o X
1l

=
"
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Therefore, the ONRF would be:
ONRF = 1.131 - 0.002l+1§:.7343 x 0.020)

(11-13)

ONRF = 1.029 (11-13a)

Table 11-6 shows the calculated ORNF's and the data used to calculate
them.

Quantitative Comparisons of EPRI-NODE-P to Measurement

By analyziag the variabie D as defined in equation 11-1, the accuracy
of EPRI-NODE-P can be assessed. Four important statistical prcperties

of D are discussed.

D is the mean of the differences between EPRI-NODE-P and measured
assembly powers. For McGuire Unit 1, Cycle 1 and part of 1A, and
Sequoyah Unit 1, Cycle 1 D is 0.002 for radial powers and -0.031 for
assembly veak axial powers. The above means were derived from all
pairs of C, M > 1.0 from all 37 state points. BSubsequent 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 the above cycles, S(D) for radial
powers is 0.020. S(D) for assembly peak axial powers is 0.028.

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:

t(.05,n) x S (ABS(D))
ABS(D)U’L = ARS(D) % Jn (11-14)

Equation 11-14 yields

ABS(D)U g . 0.018 £ 0.001
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for radial powers for C, M pairs > 1.0 for all 37 state points and:

ABSiD)U . € 036 £ 0.001
’

for ~ssembly peak axial powers for all C, M pairs > 1.0 for all 37
state points.

Tables 11-7 and 11-8 present summary D statistics for radial and
assembly peak axial powers, respectively, where C,M > 1.0 for all pairs

considered.

11.5.5 Relative Percent Differences

The relative percent difference between EPRI-NODE-P calculated values

an¢ measured values will be defined:

C-Mx 100

% Diff = M (11-15)

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 nonconser-
vatisms, the minimum values will be more important. Relative percent
differences for all C,M > 1.0 will be discussed.

Combining data for McGuire Unit 1, Cycle 1, and part of Cycle 1A, and
Sequoyah Unit 1, Cycle 1, the following results were obtained.

The average percent difference was 0.167 and the absolute 1.555 for
radial powers. Also, the average percent difference was -2.195 and the

absolute 2.392 for assembly peak axial pouwers.

Table 11-9 shows summary data for percent differences derived from
calculated and measured radial powers. Values are ~resented by cycle
and for all cycles combined. Table 11-10 is similar to Table 11-9 and

provides data for assembly peak axial power percent differences.
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11.5.6 Conclusions
A statistical analysis of EPRI-NODE-P calculated and plant measured
power distributions has been performed. The resulting ONRF's for all

C, M pairs > 1.0 for all 37 state points are:

Radial ONRF (FA:) Assembly Peak Axial ONRF (rg)

1.03 1.06
These values while based upon calculations and measurements performed
on McGuire Unit 1, Cycles 1 and part of 1A, and Sequoyah Unit 1, Cycle
1 are applicable to all McGuire and Catawba units for the following

reasons:

1. McGuire, Catawba, and Sequoyah have identical incore

detector svstems.

2. All units are manufactured by the same vendor and use

similar fuel.

3. Calculations for all units were performed using the same
calculational methods and procedures. Similarly, all
calculations performed for McGuire and Catawba will use the

same calculational methods and procedures.

As an additional verification of the conservatism in the 1.03 radial
and 1.06 assembly peak axial ONRF's, all calculated maximum radial
powers were multiplied by 1.03 and compared to measured. Similarly all
calculated assembly peak axial powers were multiplied by 1.06 and
compared to measured. 29 out of 843 (3.4%) radial powers exceeded the
1.93 x maximum calculated radial power. 43 out of 1038 (4.1%) assembly
peak axial powers exceeded the 1.06 x maximum calculated assembly peak
axial power. Therefore, the 1.03 radial factor was satisfactory for
the entire population. The 1.06 assembly peak axial factor was also

satisfactory for the ertire population.
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Table 11-1

MCGUIRE UNIT 1 CYCLE 1 STATE POINTS

Control Bank D Axial Offset

Point # EFPD Power (%) Position (Steps) (Meas/Calc) (%)
1 1.28 30 213 -4.67/-4.78

2 5.:27 30 170 -10.68/-9.20
3 7.70 48 200 -7.59/-6.83

4 11.42 48 164 -11.90/-11.07
5 37.10 50 186 -8.76/-7.70
6 41.59 50 201 -5.56/-6.30
7 48.75 50 201 -6.27/-6.01
8 59.37 50 201 -5.06/-5.83
9 75.38 50 198 -6.10/-5.86
10 80.46 75 213 -8.57/-6.94
11 91.54% 75 213 -7.41/-6.75%
12 104.47 50 215 -4.07/-3.58
13 112.05 50 215 -1.57/-3.43
14 115.69 75 217 -5.61/-6.52
15 118.71 50 180 -8.60/-7.50
16 122.15 75 215 -5.58/-6.36
17 130.59 75 215 -7.58/-6.17
18 135.44 75 215 -5.77/-5.99
19 139.82 50 180 -8.43/-6.82
20 141.52 50 215 -0.54/-2.52
21 146.01 75 215 -4.80/-5.86
22 150.19 50 215 -0.70/-2.32
23 162.76 50 215 -4.80/-2.33
24 173.34 50 215 -0.29/-2.27
25 185.58 50 215 -0.45/-2.24

11=1i3



Point #

e WN -

EFPD

198.66
217.53
223.35
236.23
249.75

Table 11~

2

MCGUIRE UNIT 1 CYCLE 1A STATE POINTS

Power 512

90
100
100
100
100

Position (Steps)

Control Bank D

Axial Offset
(Meas/Calc) (%)

11-14

217
209
211
211
221

0.73/-0.93
1.35/-5.05
-3.51/-4.92
-3.44/-4.89
-2.51/=3.77



Table 11-3

SEQUOYAH UNIT 1 CYCLE 1 STATE POINTS

Control Bank D Axial Offset
Point # EFPD Power (%) Position (Steps) (Meas/Calc) (%)
1 71.82 100 200 -7.31/-9.01
2 101.62 100 218 -4.36/-6.19
3 133.29 100 216 ~3.95/-5.60
4 166.04 100 210 -2.68/-5.51
5 231.70 100 216 -1.36/-3.77
6 290.04 100 216 -1.51/-3.40
7 378.92 100 222 -1.43/-2.86
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Point #

SNV WN -

Unit

Cycle

M1
M1
M1
M1
S1
S1
S1

et et e e
>

MCGUIRE UNIT 1 CYCLES 1 AND 1A AND SEQUOYAH UNIT 1 CYCLE 1

Table 11-4

STATE POINTS FOR PDQ@7 CALCULATED AND MEASURED DATA

Burnup

52.
104.
156.
208.
103.
155.
362.

~NUoONeNeN

PDQ@7

Calculated

Control Bank D

Position (Steps) Power (%)
228 100
228 100
228 100
228 100
228 100
228 100
228 100

Burnup

48.
104.
150.
198.
101.
133.
378.

Lwoh~NN WU

Measured

Control Bank D
Position (Steps)

201
215
215
217
218
210
222

Power (%)

50
50
50
90
100
100
100



Unit/Cycle

M1/C1

M1/Cl1A

§1/C1

All Combined

Unit/Cycle

M1/C1

M1/C1A

s1/C1

All Combined

=

510
190
146
846

I'=

642
220
176
1038

Table 11-5

Assembly Radial Powers

D' (P=.025)

3215.0
725.9
487.6

6886.7

Assembly Peak Axial Powers

D' (P=.025)

4546.4
904.9
646.4

9345.5

11-17

D
3274.7
746.0
491.9
7000.9

D'

4586.3
922.9
646 .4

3379.5

DIFFERENCE DISTRIBUTION NORMALITY TESTS
FOR C,M > 1.0 - 5% LEVEL OF SIGNIFICANCE

D' (P=.975)

3275.0
748.1
504.6

6986.2

D'(P=.975)

4621.7
930.5
666.9

9489.8

Remarks

Normal
Normal
Normal

Nearly normal

Remarks

Normal
Normal
Normal
Normal



Table 11-6

Calculated ORNFs and Associated Data

Assembly Radial Power ORNF (FAS)
M = 1.1
D = 0.002
S(D) = 0.020
N = 846
K = 1.7343 (N=846, 95%/95%)

Ry -
ORNF (F,,) = 1.029

Assembly Peak Axial Power ORNF (rg)

B =1.375

D = -0.031

S(D) = 0.028

N = 1038

K =1.7259 (N=1038, 95%/95%)

ORNF (rg) = 1.058
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Table 11-7

DIFFERENCE MEANS AND STANDARD DEVIATIONS FOR ASSEMBLY RADIAL POWERS (C,M >1.0)

Unit/Cycle N J S(D) ABS(D) S (ABS (D)

M1/C1 51 . . 0.008
M1/C1A 0.023 0.010
S1/C1 . C 0.014 0.010
All Combined . 02( 0.018 0.010




Table 11-8

DIFFERENCE MEANS AND STANDARD DEVIATIONS FOR ASSEMBLY PEAK AXIAL POWERS (C,M >1.0)

Unit/Cycle D (D) ABS (D) S(ABS (D))

M1/C1 642 -0.029 .03: 023
M1/C1A : -0.039 ). 029
S1/C1 76 -0.028 0 .023
All Combined ' -0.031 .036 .025




Unit/Cycle

M1/C1
M1/C1A

S1/C1
All Combined

PERCENT DIFFERENCE MEANS

Table 11-9

(C,M > 1.0) - ASSEMBLY RADIAL POWERS

Mean % Diff

erence

-5.058
0.007

1.163
0.167
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Mean Absolute % Difference

1.452
2.043

1.281
1.555



Tahle 11-10

PERCENT DIFFERENCE MEANS
(C,M > 1.0) - ASSEMBLY PEAK AXIAL POWERS

Unit/Cycle Mean % Difference Mean Absolute % Difference
M1/C1 -2.001 2.196
M1/C1A ~2.838 3.031
§1/C1 -2.099 2.3i10
All Combined -2.195 2.392
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Figure 11-1

Instrumented Fuel Assemblies
McGuire and Sequoyah
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Figure 1il-2
Control and Shutdown Bank Locations
McGuire 1 Cvecle 1
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Eigure 11-3

,Core Loading Pattern

McGuire 1 Cycle 1
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Figure 11-4

Control and Shutdown Bank Locations

Sequoyah 1 Cycle 1
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Figure 11-5

Core Loading Pattern
Sequoyah 1 Cyzle 1
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Figure 11-6

NCGUIRE-1 CY-1 ASSEMBLY RADIAL POWERS CALCULATED VS MEASURED
1.28 EFPD  30IFP CONTROL BANK D AT 213 STEPS WITHDRAWN
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Figure 11-7

NCGUIRE-1 CY~1 ASSEMBLY RADIAL POWERS CALCULATED VS MEASURED
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Figure 11-8

HCBUIRE-1 CY-1 ASSEMBLY RADIAL POVERS CALCULATED VS MEASURED
7.70 EFPD  4BIFP CONTROL BANK P AT 200 STEPS WITHDRAWN
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Figure 11-9

FCGUIRE=1 CY-1 ASSENMBLY RADIAL POVERS CALCULATED VS MEASURED
11.42 EFPD  4BIFP CONTROL BANK D AT 164 STEPS UITHDRAUN
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Figure 11-10

MCBUIRE-1 CY-1 ASSENBLY RADIAL POWERS CALCULATED VS MEASURED
37.10 EFPD  SOXFP CONTROL BANK D AT 18¢ STEPS WITHDRAUN
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Figure 11-11

MCGUIRE-1 CY-1 ASSENBLY RADIAL POUERS CALCULATED VS KEASURED
41,59 EFPD  SOIFP CONTROL BANK D AT 201 STEPS WITHDRAUN
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Figure 11-12

NCBUIRE-1 CY=1 ASSENULY RADIAL POUERS CALCULATED VS MEASURED
48.75 EFPD  SO0LFP CONTROL BANK D AT 201 STEPS WITHDRAUN
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Figure 11~-13

ACGUIRE-1 CY-1 ASSEMBLY RADIAL POWERS CALCULATED VS MEASURED
59.37 EFPD  SOXF® CONTROL BANK D AT 201 STEPS WITHDRAUN
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Figure 11-14

NCBUIRE~1 CY=1 ASSEMBLY RADIAL POWERS CALCULATED VS MEASURED
75.38 EFPD  SOXFP CONTROL BANK D AT 198 STEPS WITHDRAUN
H 6 F E b c B A
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Figure 11-15

MCGUIRE-1 CY=1 ASSEMBLY RADIAL POVERS CALCULATED VS MEASURED
80.46 SFPD  751IFP CONTROL BANK D AT 213 STEPS WITHDRAUN
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Figure 11-16

MCBUIRE=1 CY-1 ASSEMBLY RADIAL POVERS CALCULATED VS MEASURED
91.54 EFPD  7SIFP CONTROL BANK D AT 213 STEPS WITHDRAWN
H 6 F E D c B A
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Figure 11~17

MCBUIRE-1 CY-1 ASSEMBLY RADIAL POWERS CALCULATED VS MEASURED
104,47 EFFD  SOZFP CONTROL BANK D AT 215 STEPS WITHDRAWN
H 6 F E D ¢ B A
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Figure 11-18

NCBUIRE-1 CY=1 ASSEMBLY RADIAL POWERS CALCULATED VS MEASURED
112,05 EFPD  SOXFP CONTROL BANK D AT 215 STEPS VITHDRAUN
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Figure 11-19

NCGUIRE=-1 CY=1 ASSENBLY RADIAL POVERS CALCULATED VS MEASURED
115,649 EFPD  75XFP CONTROL 54%K B AT 217 STEPS WITHDRAUN
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Figure 11-20

MCGUIRE-1 CY-1 ASSEMBLY RADIAL POVERS CALCULATED VS MEASURED
116.71 EFPD  SOXFP CONTROL BANK D AT 180 STEPS VITHDRAWN
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Figure 11-21

HCGUIRE-? CY-1 ASSEMBLY RADIAL POVERE CALCULATED VS MEASURED
122.15 EFPD  73ZFP CONTROL BANK D AT 215 STEPS WITHDRAUN
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FIGURE 11-22

NCGUIRE=1 CY=1 ASSEMBLY RADIAL POVERS CALCULATED VS MEASURED
130.59 EFPD  735ZFP CONTROL BANK D w7 213 STEPS VITHDRAUN
H 6 F E B ¢ B »
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Figure 11-23

MCGUIRE-1 CY=1 ASSEMBLY RADIAL POVERS CALCULATED VS MEASURED
135.44 EFPD  751FP CONTROL BAMK D AT 213 STEPS WITHDRAUN
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Figure 11-24

MCBUIRE-1 CY=1 ASSENBLY RADIAL POWERS CALCULATED S ME’'SURED
139.82 EFPD  SOXFP CONTROL BANK D AT 180 STEPS WITHDRAUN
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Figure 11-25
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NCGUIRE-1 CY=1 ASSENBLY RADIAL POWERS CALCULATED VS MEASURED
141,52 EFPD  SOIFP CONTROL BANK D AT 213 STEPS WITHDRAUN
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Figure 11-26

MCGUIRE-1 CY-1 ASSENBLY RADIAL POUERS CALCULATED VS MEASURED
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Figure 11-27

MCGUIRE-1 CY=-1 ASSEMBLY RADIAL POWERS CALCULATED VS MEASURED
150,19 EFPD  SOIFP CONTROL BANK D AT 215 STEPS VITHDRAWN
H 6 F 1 D ¢ B »
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Figure 11-28

NCGUIRE-1 CY-1 ASSEMBLY RADIAL POMERS CALCULATED VS HEASURED
162.76 EFPD  SOIFP CONTROL BANK D AT 215 STEPS WITHDRAUN
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Figure 11-29

NCGUIRE-1 CY=1 ASSEMBLY RADIAL POVERS CALCULATED VS NEASURED
173.34 EFPD  SOIFP CONTROL BANK D AT 213 STEPS UITHDRAUN
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Figure 11-30

NCGUIRE-1 CY=1 ASSENBLY RADIAL POVERS CALCULATED VS MEASURED
185.580 EFPD  SOXFP CONTROL BANK D AT 215 STEPS WITHDRAWN
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Figure 11-31

NCGUIRE=1 CY=1 ASSENBLY PEAK AXIAL POWER - CALCULATED VS MEASURED
1.28 EFPD  3OIFP CONTROL BANK D AT 213 STEPS LITHDRAUN
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Figure 11-32

NCGUIRE-1 CY~-1 ASSEMBLY PEAK AXIAL POVER - CALCULATED VS MEASURED
5.27 EFPD  JOZFP CONTROL BANK D AT 170 STEPS WITHDRAUN
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Figure 11-33

NCGUIRE-1 CY-i ASSENBLY PEAK AXIAL POVER - CALCULATED VS MEASURED
7.70 EFPD  ABIFP CONTROL DANK D AT 200 STEPS WITHDRAUN
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Figure 11-34

MCGUIRE-1 CY-1 ASSEMBLY PEAK AXIAL POVWER - CALCULATED VS MEASURED
11.42 EFPD  ABIFP CONTROL PANK D AT 164 STEPS WITHDRAUN
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Figure 11-35

NCBUIRE-1 CY-1 ASSENBLY PEAK AXIAL POVER - CALCULATED VS MEASURED
37.10 EFPD  SOXFP CONTROL BANK D AT 186 STEPS WITHDRAUN
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Figure 11-36

NCGUIRE-1 CY-1 ASSENBLY PEAK AXIAL POVER - CALCULATED VS MEASURED
41.59 EFPD  SOIFP CONTROL BANK D AT 201 STEPS UITHDRAUN
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Figure 11-37

NCGUIRE-1 CY-1 ASSEMBLY PEAK AXIAL POVER - CALCULATED VS MEASURED
48.75 EFPD  SOIFP CONTROL BANK D AT 201 STEPS VITHDRAUN
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Figure 11-38

MLGUIRE=1T CY=1 ASSENBLY PEAK AXIAL POWER - CALCULATED VS MEASURED
$9.37 EFPD  SOIFP CONTROL DANK D AT 201 STEPS VITHDRAUN
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Figure 11-39

MCOUIRE-1 CY-1 ASSEMBLY PEAK AXIAL POVER -~ CALCULATED VS MEASURED
75.38 EFPD  SOIFP CONTROL BANK D AT 198 STEPS VITHDRAUN
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Figure 11-40

MCGUIRE-1 CY~1 ASSENBLY PEAK AXIAL POUER - CALCULATED VS MEASURED

80.46 EFPD  75IFP CONTROL BANK D AT 213 STEPS VWITHDRAUN
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Figure 11-41

NCGUIRE-1 CY=1 ASSEMBLY PEAK AXIAL POVER - CALCULATED VS MEASURED
91.54 EFPD  7SIFP CONTROL BANK D AT 213 STEPS WITHDRAWN
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Figure 11-42

NCGUIRE-1 CY-1 ASSEMBLY PEAK AXIAL POUER - CALCULATED VS MEASURED
104,47 EFPD  SOXFP CONTROL BANK D AT 215 STEPS VITHDRAUN
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Figure 11-43

MCGUIRE=1 CY=1 ASSEMBLY PEAK AXIAL POVER - CALCULATEP VS WEASURED
112,05 EFPD  SOXIFP CONTROL PANK D AT 215 STEPS VITHDRAUN
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Figure 11-44

NCOUIRE=) CY=1  ASSEND.LY PEAK AXIAL POVER - CALCULATED VS MEASURED
115,69 EFPD  75TFF CONTROL DANK D AT (17 STEPS VITHDRAUN
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Figure 11-45

WCOUIRE=Y CY=1 ASSENBLY PEAK AXIAL POVER - CALCULATED VS MEASURED
118,71 EFPD  SOXFP  CONTROL BANK D AT 180 STEPS WITHDRAUN
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Figure 11-46

NCOUIRE=1 CY=1 ASSENDLY PEAK AXIAL POVER - CALCULATED VS MEASURED
122,15 EFPD  735IFP CONTROL DANK D AT 215 STEPS VITHDRAUN
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Figure 11-47

ACOUIRE-T CY~1 ASSENBLY PEAK AXIAL POVER - CALCULATED VS NEASURED
130,59 EFPD  7SIFP  CONTROL DANK D AT 2135 STEPS VITHDRAUN
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Figure 11-48

NCOUIRE=1 CY=1 ASSEABLY PEAK AXIAL POUER - CALCULATED VS MEASURED
135,44 GFPD  735TFP CONTROL DANK D AT 215 STEPS VITHDRAUN
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Figure 11-49

NCGUIRF=1  CY<1 ASSENDLY PEAK AXIAL POVER - CALCULATED V8 MEASURED
139.02 EFPD  SOXFP CONTROL BANK B AT 180 STEPS VITHDRAUN
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Figure 11-50

RCOUIRE=1  CY=1 ASSENDLY PEAK AXIAL POVER ~ CALCULATED VS WEASURED
141,52 EFPD  S0TFP  CONTROL BANK D AT 2195 STEPS WITHDRAUN
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Figure 11-51

ACOUIRE-Y  CY=1 ASSENDLY PEAK AXIAL POVER - CALCULATED VS WEASURED
146,00 EFPD  75FF  CONTROL DANK D AT 2135 STEPS VITHDRAUN
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Flgure 11-52
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Figure 11-53

NCGUIRE-1 CY-1 ASSEMBLY PEAK AXIAL POVER - CALCULATED VS MEASURED
162.76 EFPD  SOXFP CONTROL BANK D AT 215 STEPS WITHDRAUN
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Figure 11-54

NCGUIRE-1 CY-1 ASSEMBLY PEAK AXIAL POVER - CALCULATED VS MEASURED
173.34 EFPD  SOIFP CONTROL BANK D AT 215 STEPS WITHDRAUN
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Figure 11-55

NCBUIRE-1 CY=1  ASSENBLY PEAK AXIAL POVER - CALCULATED vS MEASURED
185.58 EFPD  SOXFP CONTROL BANK D AT 215 STEPS VITHDRAUN
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Figure 11-56

NCGUIRE-1 CY-1A ASSEMBLY RADIAL POVER CALCULATZD VS MEASURED
198.66 EFPD FOZFP CONTROL BANK D AT 217 STEPS WITHDRAUN
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Figure 11-57

MCBUIRE-1 CY-1A ASSENBLY RADIAL POUER CALCULATED VS MEASURED
217.53 EFPD  100ZFP CONTROL BAMK D AT 209 STEPS VITHDRAUN
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Figure 11-58

HCGUIRE-1 CY~-1A ASSEMNBLY RADIAL POVER CALCULATED VS MEASURED
223.33 EFPD  100XZFP CONTROL BANK D AT 211 STEPS VITHDRAUN
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Figure 11- 59

NCGUIRE-1 CY-1A ASSENBLY RADIAL POMWER CALCULATED VS MEASURED
236.23 EFPD  100ZFP CORTROL BANK D AT 211 STEPS UITHDRAUN
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Figure 11-60

MCBUIRE-1 CY-1A ASSENBLY RADIAL POVER CALCULATED VS MEASURED
249.75 EFPD  100XZFP CONTROL BANK D AT 221 STEPS WITHDRAUN
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Figure 11-6i

MCGUTRE-1 CY-1A ASSEMBLY PEAK AXIAL POUERS CALCULATED VS MEASURED
198.646 EFPD FOZFP CONTROL BANK D AT 217 STEPS WITHDRAUN
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Figure 11-62

MCGUIRE-1 CY-1A ASSEMBLY PEAK AXIAL POVERS CALCULATED VS NEASURED
217.53 EFPD  100XFP CONTROL BANK D AT 209 STEPS WITHDRAUWN
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Figure 11-63

MCGUIRE-1 CY-1A  ASSEMBLY PEAK AXIAL POVER - CALCULATED VS MEASURED

223.35 EFPD  100XFP CONTROL BANK D AT 211 STEPS VITHDRAUN

H 6 F E D c B -

S22 8RR RN RRR RN LA RS4RI NERERRESRRALRNESRRNIRAENER SIS NE0S
i 1.32 1.41 » 1.29 » 1.36 = 1.25 » 1.3 ¢ 117 » 50 »
* 1.33 1.49 » 1.32 = 1.4 » 1.28 1.45 » 1.21 97 »
- “ 0 k) ¢ L ] - L ] .
SESSARRRRRRSE RN RN RR ARSI R0 E RPN RSN RRRERRSS LSRRG NNS
. 1.41 » 1.30 » 1.39 » 1.26 # 1.35 ¢ 1.25 ¢ 1.35 » .90 =*
¢ 1,48 * 1.31 = 1.45 & 1,28 » 1.4 & 1,28 = 1,42 93 ¢
s . E s ® e s o B
S22 28000 R RN RRRNRAN RS RN RSN RRRNERRENRRNERERNRNNERNRERNSNNEEBEET NN
¢ 1.28 1.38 = 1.27 & 1,36 = 1.26 1.33 ¢ 1.13 = .83 =
5530 % 145 8 1.28 & 1,43 o 1.2 8 1,40 s 1,13 s .87 =
o E B k] & W - * ]
SR04 82 000800800000 08 080400080 ARRRRERRRENRRRNNNERRERRRNERSRRRRRRNRRENS
* 1.33 1.25 ¢ 1.35 ¢ 1,28 = 1.40 = 1.24 = 1.21 » b4
. 1.42 » 1.27 » 1.42 & 1,30 = 1.47 » 1.25 1.23 » 66 »
] L * L ] . # L » k]
S48 ER 2SR SLACERERRNSRERRSL AL RN ENERNRREERARISERRRIRLHBRERLESRTRRRNTNNNS
* 1.17.'» 1.31 1.24 » 1.39 = 1.40 » 1.32 » 97 ®

® 1,21 8 1.38 ¢ 1.2 ¢ 1,45 o 1.43 ¢ 1,36 » 99 o

* ] 2 e 1 L * .

R R R R AR R R R R R R R R R R R RN R R RN RN RRI SRR R TR R R R R R R Y

+ 1.14 » 1.18 » 1.29 ¢ 1.22 1.31 # 1.19 » b7 »

1.0 ¢ 147 5 1,37 % 1,24 o 1.8 & " 1.2V @& 49 »

- L ] * s = L * L ]

I R R R R R R R R R R R R R R RN R R RN RTINS IR RS R R R ER L LD )

* 1.10 = 1.29 = 1.10 = 1.19 = 96 # 06 #

® 1.12 » 1,35 » 1.11 o 1.23 ¢ .98 » 69

* * - * L . s

I A L R S R R R R R R R R R R R PR R R R R R R R AR R R RS AR R R P RS T )

- 87 » .87 = .81 o .63 * CALCULATED

B 91 e .88 = .85 = .65 » MEASURED

L ] 2 s 3 *

L R AR R R R R R R R R R R R R R R R R R R RS R R R L L)




Figure 11-64

NCGUIRE-1 CY-18  ASSEMBLY PEAK AXIAL POVER - CALCULATED VS MEASURED

236.23 EFPD  100TFP CONTROL DANK D AT 211 STEPS WITHDRAUN

H 6 F £ D c B -

t‘t‘tt‘t‘l.‘0t“.‘t‘.“‘.OO‘OO‘OO0.“00..00.0...'0“0‘““0.0‘...‘0‘»‘0#“0“4.‘t
. 1.29 » 3% » 1.27 » 1.34 = 1.24 » 1.32 » 1.17 » 50 =#
s 1,32 » 1.47 $.21 @ 1.42 ¢ 1.27 1.4 » 1.20 » 96 »
« v L ] - ] s t ] K
‘0..0‘0?‘0“0‘0‘..“"tt.‘“O00.0.0..‘.00.0‘0...‘0““"“.'O“OO‘O‘0.00““O“‘.
. 1.39 » 1.28 » 1.37 » 1.25 » 1.33 1.24 » 1.34 » 50 »
‘ 1.4 1.30 » 1.4 » 1.27 » 1.41 » 1.27 1.41 » 93 o
o * L ® v £ * N Al
‘t.t‘t‘.ttt.“.‘t“‘.‘..‘.“‘.‘t“‘.t“..t““‘.“.O.t.‘t.l.t“t“t‘.lt‘at“‘.att
N b2 ¢ 1.36 & T.26 ¢ 1,34 o 1.2 » 1.32 ¢ 1,12 = 83 »
¢ 1,28 1.42 » 1.27 1.41 » 1.2 ® 1.38 = 1.12 » 87 »
. - B ® - % * * K
‘0‘.totoott.0‘.O‘t““.t“.“.“.".“t..kottO‘.‘Ol““‘..“‘....‘.‘tt‘O“t‘..t‘t
- 5.30 % 1,23 ¢ 1.5 % 1.3% O 1,38 +# 1.2 & 1.20 ¢ b4 #
. 1.41 » 1.26 » 1.40 » 1.29 » 1.45 » 1.24 1.22 b6 »
. L * = * 5 . v .
“0'0c0t‘t‘t“..tO‘0“‘.‘0...00“00..".‘0“0."‘...‘..'0“...“.‘O..‘...‘t‘.““
o 1.18 1.30 ¢ 1.2 ¢ 1,38 1.38 » 1.31 » 97 »

’ .21 ® 1.36 1.25 o 1.44 1.41 1.34 » 98 »

B 3 £l . L3 v + e
O‘0.0.“O‘.‘0.0..‘l.‘.t‘t...l‘...‘.“.....0.0.‘0‘.O.““O#ll....““t“

i 1.15 » 1.18 + 1.29 & 1,22 1.30 = 1.16 +# 47

z 1.19 1.19 » 1.36 » 1.23 » 1.34 » 1.20 » 49 o

* 3 k] b ] 3 Al ]
Oltt0.0t“t‘.tOOOOt.OOOOt'.‘tl.“.t.“‘O..t““...“““"O‘O““#!O“‘

¥ Y510 1.30 o 1.0 & 1,19 o 56 » NYAR

¢ 1,12 & 1,34 o 1.11 & 1,22 98 » 49 »

T = » L] . < £l
0.0t‘..lt.lOOO“"‘O‘O“...“"‘..‘.““l"t‘t“.‘t“tt“tt“

& .88 = .88 » 82 » .64 & CALCUL.TEP

& A 89 » 86 » .45 » MEASURED

L s ® = »

3990208888308 RRRRRRERLRRRRENERRRRRNS




Figure 11-65

MCGUIRE-1 CY-1A  ASSEMBLY PEAK AXIAL POUER - CALCULATED VS MEASURED

249.75 EFPD  100XFP CONTROL BANK D AT 221 STEPS UITHDRAUN
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Figure 11-66
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Figure 11-71
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SEQUOYAH 1 CYCLE 1 ASSEMBLY PEAK AXIAL PONER - CALCULATED VS MEASURED
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NCBUIRE=1 CY=1  PDOS7 CALCULATED VS NEASURED ASSEMBLY RADIAL POMERS

PDA#7 - 52.2 EFPD VS, CORE NEAS - 48.8 EFPD
H [ F £ 0 ¢ B

00O..OO...O...‘O‘.‘.‘0.000‘O0.0“O‘O..0.0..00‘0“.0.0"00‘00.0..000.00.‘0‘000.“0
o 1.6 ¢ 1,10 ¢ 1,20 » 1.20 ¢ 1,23 ¢ 1,12 & 1.00 o 48
. 1.12 » 1.09 » 1 1.21 ¢ 1.2 » 1.12 » 1.01 o J1 0
L . . o - o L e
0‘.0..)O‘.‘OOOO..O..O.‘O0.0..n‘....‘.“.“‘.“.O.“‘O.‘OOOuOO‘OO“00.000‘0'.0.‘0.
* 1.18 » 1.12 » 1.23 » 1.18 » 1.15 » 1.00 » T4 »
9 o 1,18 o 1.13 » 1.22 » 1.19 » 1.14 & 1,02 » I3 e
- 3 2 . L 0 - L
00000“0‘0.0‘00.0‘.0O‘l.‘.‘.‘t.‘.000“O.‘OOOOOO‘OOO00.000.000.‘0.0'.“.
. 1.22 » 1.19 » 1.20 » 1.09 » 97 » A3 0
10 » 1.20 1.19 » 1.18 » 1.10 » 97 » A4 0
. . o . - . .
00.0‘0.‘00’000OO0‘0‘0O.“‘000.0.0.00‘OC.OOO“O‘OO..OO‘OO. ehe
. 1.20 » 1.0 « 1,08 » 94 33
11 » 1,19 & 1,08 o 1,07 » J6 » 54 »
N . . L - »
‘000‘.OO0.00000.000‘OO0000.000.0“OOOOO‘OO‘O“O“.‘

s 1,22 92 o 80 »

12 » 1.18 » 92 O 81 »

ks - - L

000“000‘00“0000.0“.“..0‘0“

. 96 0 A6 ¢ CALCULATED

13 » 95 » 46 * NEASURED

L ] L .

SR04 RNANENINS




Figure 11-8]

NCBUIRE-1 ©LY=1  #D@#7 CALCULATED US <EASURCDZ ASSENBLY RADIAL POUERS
PDAS? - 104.4 CFPD VS, CORE REAS - 141.3 CFPD
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Figure 11-82

MCGUIRE=1 CY-1  PDG#7 CALCULATED YS MEASURED ASSEMBLY RADIAL POUVERS
PDA#7 - 156.7 EFPD VS. CORE MEAS - 150.2 EFPD
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Figure 11-83

MCGUIRE-1 CY-1A  PDQ#7 CALCULATED VS MEASURED ASSEMBLY RADIAL POUERS
PDA#7 - 208.9 EFPD VS, CORE MEAS - 198.7 EFPD
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Figure 11-84

SEQUOYAH-1 CY-1  PDGE7 CALCULATED VS MEASURED ASSENBLY RADIAL POWERS
PDE#7 - 103.6 EFPD VS. CORE MEAS - 101.46 EFPD
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Figure 11-85

SEQUOYAH=1 CY-1  PDG#7 CALCULATED VS MWEASURED ASSEMBLY RADIAL POUERS
PDA#? - 155.5 EFPD VS, CORE MEAS - 133.3 EFPD
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Figure 11-86

SEQUOYAH=1 CY-1  PD@#7 CALCULATED VS WEASURED ASSEMBLY RADIAL POVERS
PUQ#7 - 362.7 EFPD VS. CORE MEAS - 378.9 EFPD
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