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FOREWORD

The Nuclear Fuel Performance Evaluation Project (RP509) is an integral part of the
Electric Power Research Institute's Fuel Performance Program. The work was struc-
tured as a fundamental building block in the EPRI plans to create and demonstrate

a site-based, near-real-time, fully computerized logic system for fuel reliability
tracking and predicting. To accomplish this, the RP509 project results, and those
from other scoping/code-development efforts, have been factored into the Power Shape
Monitoring System (PSMS) project (RP895) work scope and goals; this new three-year
effort was initiated in 1977 with plans to complete the site evaluation at the Oyster

Creek Boiling Water Reactor in late 1979.

This was a POSHO evaluation project, not a model development/improvement effort.
Through the RP509 project, and in addition through other non-EPRI funded work, in-
sights were gained as to model strengths and shortcomings, and Scandpower has in-
dependently carried out model upgrading during the two years required to complete
this evaluation. This study indicates that the POSHO method is useful in its pre-
sent form but shows sufficient error to encourage further improvement. The ulti-
mate value of the method is its promise to improve reactor management and thereby
reduce fuel pin failure and extend the fuel cycle. Accordingly, it will be utilized
as the basis for the initial Fuel Reliability Evaluation Module and further evalu-

ated within the PSMS (RP895) project.

Floyd Gelhaus
Project Manager

iii







ABSTRACT

An evaluation has been made of the ability of Scandpower's empirical fuel perform-
ance model POSHO ("Power Shock") to predict the probability of fuel pin failures
resulting from pellet-clad interaction in commercial nuclear power plants. POSHO
provides an analytical method to calculate the failure probabilities associated with
power level maneuvers for different fuel assembly designs. Application of the
method provides a basis for risk-benefit decisions concerning operational procedures,

fuel designs and fuel management strategies.

One boiling water reactor (BWR) and one pressurized water reactor (PWR) were select-
ed for study to compare model predictions with actual failures, as determined from
post irradiation examination of the fuel and activity release data. The fuel duty
cycles were reconstructed from operating records and nodal power histories were
created by using Scandpower's Fuel Management System - FMS computer programs. Nodal
power histories, coupled with the relative pin power distribution in each node, were
processed by the fuel failure prediction model, which tracks the interaction power
level for each pin group in each node and calculates the power shocks and the proba-
bility for pellet-clad interaction cracks. The results of these calculations are
processed statistically to give the expected number of cracks, the number of failed

fuel pins in each assembly and the total number of failed assemblies in the core.

Fuel performance in the BWR, Quad Cities Unit Two, was calculated by the model in
approximate agreement with the observed performance. Fuel performance in the PWR,
Maine Yankee, was calculated in approximate agreement for two of the three fuel de-

signs. The high failure rate in the third design, Type B fuel, was not calculated

by the POSHO pellet-clad interaction model.

Results from a simple fission product activity release algorithm, developed as part
of this project, were encouraging, but further development of this algorithm is re-

guired for it to be of practical use.
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Section 1

INTRODUCTION

Following earlier problems with fuel in commercial nuclear power reactors, such as
quality assurance in fabrication, hydriding, and densification, which manufacturers
believe now have been resolved, there still remains the statistical phenomenon of
pellet-clad interaction. The phenomenon itself results from the various changes in
geometry of both cladding and fuel pellets associated with pressure changes, temper-
ature changes, linear heat generation rate changes, exposure and cracking and relo-
cation of pellets and is affected by the embrittling effects of irradiation and the
presence of fission products. The results of pellet-clad interaction (PCI) can

lead to cracking and failure of the cladding and release of fission product activity
to the primary coolant. Ingress of water through such cracks can lead to hydriding

or increased stress-~assisted corrosion cracking, with further release of activity.

To reduce the probability of cladding failures resulting from PCI, each of the manu-
facturers specifies limits on the rate of rise of power or linear heat generation
rate. These limitations are functions of time and prior exposure. The result of
these limitations on operating power level, during initial and subsequent power as-
censions, is to impose a reduction in the reactor capacity factor that is reported
to range from one to five per cent for boiling water reactors; somewhat less for
pressurized water reactors. Even when conscientious efforts are made to follow

the manufacturer's recommendations, PCI-type failures still occur. While fuel fail-
ure avoidance involves the direct cost of lost power generation, fuel failures in-
volve costs resulting from increased radioactivity levels, increased post irradia-
tion examination activities, fuel reassembly efforts, and increased storage and in-

ventory requirements.

Scandpower has developed an empirical model, POSHO, for predicting the probability

of PCI-type failures. The model was postulated originally on the basis of phenome-
nological insights gained from the experimental results reported from the OECD Hal-
den Reactor Project. Testing and further development of the model were sponsored by
a group of seven European utilities, referred to by Scandpower as The Utiiity Group

(TUG) .



Initial validation of the model was carried out under the TUG program and the model
was tested against data from both European and U.S. commercial reactor experience,

but at precision categories that were generally at a low level, (i.e., detailed and
complete information on the fuel, its operation and performance were not available).

Further development of the model and development of a larger data base, essential

for statistical treatment of the PCI phenomenon, is proceeding under the second
round of TUG activities, with TUG now expanded to 13 utility members in

Europe.

In early 1975, Scandpower proposed to the Electric Power Research Institute (EPRI)

a project for application and validation of POSHO using U.S. commercial reactor expe-
rience at the category 1 precision level (i.e., with detailed and complete informat-
ion on fuel, operating history and performance). As originally conceived, this pro-
ject also would have sought a very large operating experience and fuel performance
data base. While EPRI was interested in validation of the model, it was thought
premature to create a large data base without a better understanding of what infor-
mation was essential or irrelevant for such a data base. Consequently, it was
agreed that Scandpower would select one boiling water reactor and one pressurized
water reactor, for which commercial operating experience data were available and
suitable for evaluation of the model, and proceed to validate the model at the high-

est category of precision possible.

As a related effort, it was agreed that Scandpower would develop a fission product
release algorithm that would relate observed fission product activity levels to

the incidence of PCI-type fuel failures.

This report is an account of the work done under RP509-1, "Nuclear Fuel Perform-
ance Evaluation," which began in July 1975. It describes the bases and processes

by which the boiling water reactor (BWR Quad Cities Unit Two) and the pressurized
water reactor (PWR Maine Yankee) reactor selections were made, the acquisition of
data, the methods of analvsis, the results of the analyses and the conclusions and
recommendations of Scandpower, based upon this work. Appendices are included that
describe the computer programs used, that provide data sets for Quad Cities Unit Two
illustrating the fuel duty cycle simulation and that provide selected results from

the major events analyzed at both Quad Cities and Maine Yankee.




Section 2

SUMMARY

The calculated probabilities of fuel failure resulting from pellet-clad interaction
events in two U.S. commercial nuclear power plants were compared with actual fail-

ures. The calculations were made using Scandpower's empirical model, POSHO. Actual
failures were determined from post irradiation examinations of the fuel, or deduced

from observed activity release data.

To carry out these studies, one BWR (Quad Cities Unit Two) and one PWR (Maine Yankee)
were selected. Selection criteria included: a minimum of two fuel exposure cycles,
reactor and fuel of current design, operation of the fuel at or near design linear
heat generation rates, normal power maneuvering experience, availability of fuel
characterization data, global and local power history data, activity release data

and results of post irradiation examinations.

Fuel and reactor design data were obtained from the utility or other sources. From
site visits data were obtained on either offgas activity (Quad Cities) or primary
coolant activity (Maine Yankee), post irradiation examinations of the fuel and de-

tailed operating histories.

The actual total reactor power histories were examined to identify events that

could have caused power shocks to the fuel. A simplified reactor power history,
which reproduced the power shocks for these events, was then constructed and simu-
lated with the 3 - dimensional core simulator, PRESTO. Scandpower's FMS program
RECORD was used to provide all nuclear parameters and cross sections used in PRESTO
and relative fuel pin axial power distributions in the fuel for control rods insert-

ed or withdrawn as a function of void (BWR only) and burnup.

The fuel duty cycles were reconstructed from operating data and nodal power his-
tories created using Scandpower's Fuel Management System - FMS. Nodal power his-
tories, coupled with the relative pin power distribution in each node, were pro-

cessed by the fuel failure prediction model, which tracks the interaction power



level for each pin group in each node and calculates the power shocks and the prob-
ability for pellet-clad interaction cracks. The results of these calculations are
processed statisticallv to give the expected number of cracks, the number of failed

fuel pins in each assembly and the total number of failed assemblies in the core.

For Quad Cities, the gross core failure predictions were 34% high for Cycle 1 and 36%
low for Cycle 2. The predicted number for Cycle 1 was 101, with 74 determined to

be failed by ex-core sipping. The predicted number for Cvcle 2 was 60, with 94 deter-
mined to be failed by in-core sipping. In Cycle 1 almost every fuel assembly ex-
perienced a considerable number of relatively small shocks so that the general back-
ground failure probability level was high, but there were no individual assemblies
with outstandingly high failure probabilities - with one notable exception. The ex-
ception was the fuel assemblies adjacent to a control rod that was improperly with-
drawn. Other than the exception, it was possible to predict the locations of fuel
failures in Cycle 1 only in a general way. In Cycle 2 the bulk of the failures was
caused by a few large shocks, rather than many small ones, so that geographic corre-
lation between prediction and observation is quite good. Predictions of the offgas
activity level were very good for the beginning of Cycle 1, but were too low for the
end of Cycle 1 and during Cycle 2. A number of factors may explain this discrepan-
cy - the lack of a "damage accumulation" factor in POSHO, the lack of a burnup de-
pendency in the release model, and other factors that would tend to increase the

escape rate coefficients and give higher release rates for the same failure rate.

For Maine Yankee the predicted total number of failed assemblies for the two fuel
cycles was in good agreement with the sipping results for fuel assembly Types A & C.
The prediction for Type B fuel was nearly the same as for Type A fuel, but the sip-
ping results indicate nearly 10 times as many B assemblies actually failed. The B
fuel was identical in design to the A fuel insofar as the POSHO model is concerned.
The predicted number of failures in A & C fuel for both cycles was 7.7, the ob-
served number of failures was 7 (48 B fuel failures were observed). The discrete
behavior of the Type B fuel could be described by a pellet-clad interaction fail-
ure mechanism with an exponential power level dependence, which would be inconsis-
tent with the current POSHO model. The details of extensive analyses of the type B

fuel performance may be found in Reference (17).

The power shocks to the fuel in Maine Yankee resulted generally from gross power

variations and xenon distribution changes. The magnitude of the calculated assembly




failure probabilities is 5% or less, so that the location of the assemblies that

actually failed could not be predicted. If the actual failures were the result of a
combination of statistically distributed factors, a random distribution of their lo-
cations would be expected. The failed assemblies did, in fact, appear to be randomly

located.

The predicted primary coolant activity levels differed from measured values by a factor
of 25, because of the large actual number of B-type failures. Scandpower calculations
would indicate not more than one pin failed per assembly. Post Irradiation examination
at the end of Cycle 1 of failed A and C-type assemblies revealed one leaking rod in each.

In the two B-type assemblies examined, one had 4 and the other had 11 failed pins.

This study represents the first comprehensive application of the fuel failure model,
POSHO, based on detailed nodal power histories. The fuel performance calculated by
the model was in approximate agreement with the actual performance with the excep-
tion of the Type B fuel in Maine Yankee. The simple model for prediction of fis-
sion product activity release gave results that could be correlated generally with
the calculated fuel failure events, but did not include many factors that are con-

sidered relevant.

For further development and validation of the fuel failure prediction model, the
most important activities would be the acquisition of fuel failure data (post irra-
diation information on failed pins in both PWRs and BWRs) and detailed nodal power

histories.

For beneficial use of the fuel failure prediction technology, the most important
activities would be 1), development of an on-line "shock" monitor, that would
alert the utility operator to the possibility of fuel failures resulting from pel-
let-clad interaction, either in a real-time monitoring mode, or in a predictive
mode (EPRI's project RP 895, Power Shape Monitoring System, is directed at exactly
this goal), and 2), development of a more sophisticated and realistic fission pro-

duct release algorithm.



Section 3

SELECTION OF PARTICIPATING UNITS

The objective of the first phase of this project was to select the reactors and
fuel cycles to be used for evaluation of the Scandpower model for prediction of
fuel failures resulting from power shock events. This selection process was con-
ducted during the Summer and Fall of 1975. Two fuel cycles at a PWR and two cycles

at a BWR were to be selected. The following general criteria were used in selecting

reactors:

° At least one cycle of operation was to be completed by the Fall of
1975.

° The reactor design should be similar to the current product line
of its supplier.

° The utility should be willing to cooperate in this study and to
provide the help necessary in the data-gathering program.

e The design and manufacturing process for most of the fuel used in the
selected cycles should be such that it was relatively free of any
deficiencies expected to cause failures. For example, cycles in which
fuel was known to have failed largely from densification collapses
or internal hydriding should be avoided.

) The nominal operating power of the reactor for the fuel cycles se-
lected should be high enough to produce average and peak linear

heat generation rates (LHGRs) in the range in which pellet clad
interaction (PCI) would be expected.

° The changes in local power that occurred over the course of the
cycles should be typical of those expected in a normal operating
cycle. (Selection of a cycle in which the fuel experienced an un-
usually mild duty cycle should be avoided.)

e The end of cycle exposure for the majority of the fuel should be
high enough that some zirconium enbrittlement would be expected
to have taken place. Reactors with only one completed cycle were
to be avoided because of limited exposure and because first cycle
operation tends to be atypical.

° The data from which local power and changes in local power would
be calculated should be available in an easily retrievable form.

e Data on the actual fuel performance should be extensive and readily
available. Both operational data (for example, steam jet air ejec-
tor offgas activity, in the BWR, and primary coolant activity in
the PWR) and the results of post irradiation examination of the
fuel should be available.



The reactors initially considered are listed in Table 3-1, along with their power
production record. The 22 reactors with greater than 300 full power days of power
production were further considered through a telephone survey which was conducted

to determine the utility interest and the availability of data. Two forms were used
for assistance in this survey; one for each utility and a second for each fuel cy-
cle. Copies of these work sheets are provided as Exhibits 3-1 and 3-2. From the

telephone survey 3 PWRs and 3 BWRs were identified for further study.

Visits were made to the offices of the utilities and to the reactor sites in some
cases. During these visits a first-hand review of the records that would be avail-
able for this project was made. It was found that for all facilities sufficient
reactor and fuel design information was available. It also was determined that the

overall reactor power history data were available in the appropriate detail, but

that the complete history of control rod motion at the BWRs was more difficult to ob-
tain. The lack of complete control rod motion data for a BWR would prevent accurate

calculation of changes in local power.

The availability of information on actual fuel performance varied widely. Online
measurements, such as offgas activity (BWR) and primary system sample activity (PWR)
were taken daily at some plants, but only weekly at others. Variations in sipping
of irradiated fuel included: 100% (in- or ex-core) sipping, sipping of only the
fuel meant for reinsertion and no sipping at all. Most of the PWRs, but none of
the BWRs fell into this last category. A summary of the post irradiation examina-
tion programs is provided in Tables 3-2 and 3-3 for the BWRs and the PWRs, respec-

tively.

The final selection of the BWR was influenced strongly by the availability of re-
cords that could be used to reconstruct the local power history. The necessary
records appeared to have been maintained for the Quad Cities units and they were
available on microfilm. The first and second cycles at Quad Cities Unit Two were
chosen, because of the interesting power shock events and the other considerations

listed in Table 3-4.

The final selection of the PWR was between Maine Yankee and Ginna. Table 3-5 shows
a comparison of the key points in the selection process for each of these reactors.
The first two cycles at Maine Yankee were chosen primarily because of the availabil-
ity of superior post irradiation examination (PIE) data. Coincidentally, EPRI and
Combustion Engineering had conducted a program for hot cell examination of the Maine

Yankee fuel.




Table 3-1

POWER PRODUCTION

FROM

LARGE U.S. NUCLEAR POWER PLANTS

Approximate
Number of Current Full Power Days

Plant Name Fuel Cycle Through June 1, 1975
Oyster Creek 6 1359
Ginna 6 1230
Nine Mile Point - 1 5 1166
Point Beach -1 3 1117
Robinson - 2 3 1041
Monticello 4 944
Millstone 3 911
Dresden - 2 5 811
Dresden - 3 4 720
Point Beach - 2 2 668
Quad Cities - 1 2 652
Quad Cities - 2 2 610
Turkey Point - 3 2 558
Vermont Yankee 4 524
Pilgrim -1 2 512
Surry -1 2 481
Maine Yankee 3 480
Turkey Point - 4 2 426
Surry - 2 2 420
Oconee - 1 2 366
Fort Calhoun 2 314
Peach Bottom - 2 1 308

Fach time new fuel is added or old fuel rearranged a new fuel cycle begins.



Table 3-1 (Cont.)
POWER PRODUCTION

FROM

LARGE U.S. NUCLEAR POWER PLANTS

Approximate
Number of Current Full Power Days
Plant Name Fuel Cycle Through June 1, 1975
Palisades 1 300
Browns Ferry - 1 1 269
Indian Point - 2 1 269
Kewaunee 1 262
Three Mile Island - 1 1 262
Zion -1 1 250
Prairie Island -1 1 242
Cooper 1 215
Qconee - 2 1 188
Arnold 1 187
Peach Bottom - 3 1 146
Zion - 2 1 134
Prairie Island - 2 1 112
QOconee - 3 1 111
Arkansas -1 1 107
Rancho Seco 1 103
Browns Ferry - 2 1 99
Hatch - 1 1 56
Calvert Cliffs - 1 1 55
Cook -1 1 49
Fitzpatrick 1 12

Each time new fuel is added or old fuel rearranged a new fuel cycle begins,

3-4




TABLE 3-2 POST IRRADIATION EXAMIMATION - BWR's

BWRs Other
Unit Cycle No. Sipping Visual EC/UT Hot Cell - Profilometry
Vermont Yankee 1 100% ex core Many bundles & many Rods from 51 leakers & None
rods 8 non-leakers
2 100% ex core Some None None
3 (No PIE - almost entire core replaced with 8x8 fuel)
Dresden 2 1 Some in & ex core 1334 rods 1334 rods None
2 100% in core
Many ex core Rods from 39 bundles Rods from 39 bundles None
3 215 ex core Some bundles, 96 rods 96 rods (509 suspect bundles
discharged w/out exam)
4 100% None None None
Dresden 3 1 100% in and Rods from 103 bundles 4944 rods None
ex core
2 90% in and None None None
10% ex core
3 100% in & ex core None None None
Quad Cities 1 1 100% in & ex core None None None
Quad Cities 2 1 100% Some Some None
2 100% None None None
Millstone 1 1 100% ex core Some Rods from 109 bundles None
2 100% ex core of Some None None
fuel for cycle 3
Pilgrim 1 100% ex core None None None




TABLE 3-2 POST IRRADIATION EXAMINATION (Cont'd)

BWRs Other

Unit Cycle No. Sipping Visual EC/UT Hot Cell - Profilometry
Nine Mile Pt. 1 100% in core Some Rods from 38 bundles None

2 100% in core Some Some Norne

3 100% in core Some None None

4 100% in core Some None None
Oyster Creek 1 100% in core Some Rods from 44 bundles None

2 100% in core Some Some GE fuel None

3 100% in core Some Some None

4 100% in core Some None None

5 100% in core None None None




TABLE 3-3 POST IRRADIATION EXAMINATION - PWR's

PWRs Other EC/UT/Profilometry

Unit Cycle No. Sipping Visual Rot Cell Exams Notes

HB Robinson 2 1 None 100% of bundles - V.T. None NRC will do Hot Cell
work on one assembly
later

HB Robinson 2 2 None Almost 100% * - Some ) scanning

Point Beach 1 1 ~ 76% 100% of bundles~ b " None

2 None Some & some V.T. None except —» W cut one assembly

Point Beach 2 1 None Some None

Surry 1 1 None 50% core some V.T. None

Surry 2 1 None 10 bundles V.T. None Removable rods on some
bundles for later exam

Oconee 1 1 None 100% of bundles 10 bundles NDT Hot cell later - 1 bundle

Some Photos Some 27 scanning

Maine Yankee 1 100% Leakers only Hot cell several rods

Maine Yankee 2 100% Some

Ginna 1 Almost all Some

Ginna 2 Some Most bundles & rods None

from 55 assemblies

Ginna 3 None None None Quick refueling, no PIE
Ginna 4 None Some None
Ginna 5 None Test 4 bundles None
Turkey Pt. 3 1 None Some None
Turkey Pt. 4 1 None Some V.T. None

Note: V.T. = vidiotape



TABLE 3-4 - BWR - QUAD CITIES - UNIT TWO

- EXCELLENT RECORDS SYSTEM

- TWO CYCLES COMPLETED

- DAILY OFFGAS ISOTOPIC ANALYSES

- ONLY TWO FUEL TYPES (7X7 AND 8X8)

- SHOCK EVENTS REASONABLY IDENTIFIABLE
- AVERAGE BURNUP ~~ 10,000 MWD/T

- 100% SIPPING AND SOME PIE

- ALL SPENT FUEL AVAILABLE FOR
ADDITIONAL PIE




DATA TYPE

TABLE 3-5 ~ COMPARISON OF PWR CANDIDATES

MAINE YANKEE

GINNA

DESIGN AND MANUFACTURING

POWER HISTORY

FUEL EXPOSURE
POWER CHANGES

LOCAL POWER RECORDS

PIE

PRIMARY COOLANT ACTIVITY

TODINE
GASES
"LET-DOWN" MONITOR

SUSPECTED CAUSE OF FUEL

FAILURE

(NO DISCERNABLE DIFFERENCES HAVE

BEEN IDENTIFIED)

ONE FULL CYCLE,

ONE SHORT CYCLE,

BOTH LIMITED TO

LESS THAN FULL POWER
(75-80% MOST OF TIME)

~ 10,000 MWD/T

FIRST CYCLE -
CRDs AND BORON,
SECOND CYCLE -
BORON ONLY

HOURLY LOGS,
IN-CORE FLUX MAPS

100% EX-CORE
SIPPING, SOME
ROD-BY-ROD,

SOME HOT CELL

5 DAYS A WEEK
NOT ANALYZED

HYDRIDING AND PCI

THREE CYCLES,

THREE YEARS,

ALL BUT 4 MONTHS

AT 83% POWER OR LESS

~-25,000 MWD/T

CRDs AND BORON
ALL CYCLES

HOURLY LOGS,
IN-CORE FLUX MAPS

SOME VISUAL,
SOME PIE
ON TEST FUEL

ONCE A WEEK
3 DAYS A WEEK
YES

UNKNQOWN
PCI SUSPECTED




Exhibit 3-1 Telephone Survey Work Sheet - Utility

EPRI  PHASE 1

Utility Name:

Address:

Phone:
Plants:

Contacts:
(Names § Titles) Ext.#

Is this utility interested in participating in the program of testing the
Scandpower model?

Would they be interested in a Fuel Technology meeting to discuss the goals
of the EPRI program and the ScP model, etc?

Who would attend such a meeting from this utility?




Exhibit 3-2

EPRI  Phase I Page ~ of

FUEL EXPERIENCE QUESTIONNAIRE

Plant
____Full Power Days thru
Utility BWR - PWR MiWth
Date of Commercial Operation No. of Assemblies
Cycle #
Source of Information:
Fuel Fabricator § Type:
Dates of Operation: through

1. Availability of:
a) Fuel Design Data:

b) Fabrication Procedure § Control Data:

c) Power History Data:

d) Fuel Performance Data:

Primary System Activity or offgas data

Sipping - in core/ex core (% of core)

Visual Examination - Bundles , Rods

E/C or UT - Rods

Hot Cell - Number of Rods

2. Describe Power History - (Base Load - Load Follow)

3. Describe Local Power Control - (Follow PCICMR's?) (CRD Motion at Power?)

4. Describe Fuel Performance (Few or Many Failures? - Cause Determined or
Suspected to be - ?)




Section 4

ACQUISITION OF DATA

DEVELOPMENT OF THE QUESTIONNAIRE

After selection of the units and fuel cycles, the next phase of the work involved
the collection of the fuel and reactor design data needed to predict the fuel per-
formance and the collection of the fuel performance data necessary for comparison
with the predictions. The initial task was the preparation of the composite ques-
tionnaire to be used in the data-gathering work. The questionnaire was compiled

from material previously developed by Scandpower and modified on the basis of ekperi—
ence during the earlier data collection campaigns when the fuel failure prediction

model was being tested against European and U. S. reactor experience.

The composite questionnaire, which is provided in its entirety in Appendix E, con-
tains five main parts plus sections for figures, tables and exhibits. The five sec-

tions cover:

e The identification of fuel types and core location for each cycle,

. The design and manufacturing data for each fuel type,

] Reactor design information needed to perform the core follow cal-
culations,

. The detailed operating history for each cycle, and

° The fuel failure and inspection information summary.

APPLICATION OF THE QUESTIONNAIRE

The questionnaire was used only as a guide in the data acquisition phase. It was
sent to each of the selected utilities prior to the office and site visits so

that they might be able to plan for these visits and to have some of the appropri-
ate records readily available. The questionnaire also was used as a check list for
the data collectors. Because of the vast differences in format between the ques-
tionnaire and the plant records, it was not feasible to obtain complete information

for many sections of the questionnaire.



Quad Cities Unit Two

The 3 main objectives of the data-collection work during the Quad Cities site visits

were to:

° Obtain the offgas history,
° Obtain the post irradiation examination records, and

o Obtain detailed information on the operating histories.

A very comprehensive record of the offgas history was obtained, including isotopic
analysis of the 6 principal constituents, on an almost daily basis. These records
were used in the fission product release algorithm phase of the work and also were
reviewed to determine any trends that could help identify periods of the operating

history where shocks to the fuel occurred.

The available fuel inspection records consisted solely of the sipping results. An
examination of selected assemblies and fuel rods was conducted by GE following
Cycle 1 and has been documented in a proprietary, therefore unavailable,GE report.

(NEDM-21136 Jan. 1976, Quad Cities Unit 2 End of Cycle 1 Fuel Inspection Report.)

The records of the detailed operating history were by far the most voluminous and
the most difficult to obtain and to assemble in a useable form. The first set of
records reviewed to obtain the power history was a monthly plot of the gross genera-
tion rate, megawatts electric, as a percentage of 850 MWe vs. time, with several
points plotted each day. Many of these plots contained notes describing the reac-
tor operation. These plots proved to be a valuable road map to the operating his-
tories. The initial selection of the events to be analyzed was determined by re-
viewing these plots. BAnother record that helped in identifying events of interest
was the compilation of notes maintained by the reactor engineer during the operating

periods when the fuel preconditioning limits were exceeded.

Identifying the dates of the events was the first step in the actual power shock -
failure prediction work. The second step was to review the detailed operating his-
tory to determine what power changes were made, what rates of change were used and
how the changes were made. Of particular concern, and the most difficult to obtain,

were the records of control rod drive movements.

All of the operating records for Quad Cities are maintained on microfilm. These

include the alarm logs, the average power range monitor (APRM) rod block monitor,




and the offgas activity level chart. The APRM rod block monitor charts provide
a continuous record of the reactor power level and at the same time may record a
significant change in local power caused by control rod drive movement. The APRMs

are an average of many local power range detectors.

The rod block monitor signal is representative of the local power range monitors
that surround the selected control rod. The local power range monitor (LPRM) sig-
nals are initially normalized to the APRM signal. Control rod drive motion that
significantly affects the local power is then recorded as a variation in the APRM
signal. It was originally thought that the record of these strip charts could be
used to identify the time and, to a limited extent, the significance of control rod

drive motion.

This approach, in practice, turned out to be impractical. The following actions
all produce similar indications on the Average Power Range Monitor-Rod Block Monitor
(APRM~RBM) strip charts:

° Selection of a control rod drive to display the output signals in the

LPRM instrumentation strings adjacent to the drive selected at the oper-
ator's console.

° Selectiagn of a contrxol rod drive for a fully withdrawn or fully
inserted control red to permit the application of hydraulic pres-
sure to increase cooling water flow.

° Exercising of a control rod drive (CRD) to check its functional ability.

Tracking down the real source of these signals in the alarm typewriter output proved
to be a monumental task, since for the first year or so the alarm typewriter pro-

duced tens, if not hundreds, of pages of output per day.

The initial solution to the problem of identifying CRD moves was simply to use the
Pl edits* from the process computer which were periodically available and to assume
that the changes in fuel assembly power levels were caused by control rod moves

that were conducted in accordance with the preconditioning recommendations. As will
be discussed in Section 6 of this report, this initial assumption led to poor geo-
graphic resolution of the failure predictions and a second data acquisition cam-

paign was conducted. During the second campaign additional information on CRD

A Pl edit is a printout from the process computer used with GE BWR's that tabu-
lates the results of the primary system heat balance and other calculations.

Of special interest to this study were the control rod drive position maps
provided by this edit.




moves, particularly during 1974, was obtained from a combined review of the reactor

engineer's and the reactor operations logs.

Examples of additional material obtained during the second Quad Cities campaign in-
clude:
° Two detailed reports on the operations during the rod withdrawal

error of September 21, 1973 and the fuel failure event during the
startup of Cycle 2, May 22, 1975,

) Core maps showing the calculated fuel bundle exposures for the
beginning and end of each Cycle (these printouts by the process
computer are called E-buns). These were used as a check of the
ScP calculations.

) Core maps showing the calculated bundle power for various times
for plant control during the first 2 cycles (these printouts by
the process computer are called P-buns). These also were used
as a check of the RECORD/PRESTO calculations.

° Tip traces early in each cycle with the associated heat balances.

The data obtained and their application to the analysis of the first 2 cycles of

Quad Cities Unit Two operation are discussed in Section 6.

MAINE YANKEE

With a few notable exceptions, the data collection program for the first 2 cycles
at Maine Yankee was a repeat of the Quad Cities program. The most important dif-
ference was the ease with which the control rod drive positions at Maine could be
tracked. The control rods are operated in groups and each rod within the group is
always positioned within one step (3/4") of the other rods in the group. The group
positions are automatically typed on the NUCLEAR LOG every hour. Scanning these
logs proved to be an effective way to determine control rod motion and since this
same log also recorded the reactor power it was possible to decide at once if the

rod motion was of potential significance from the power shock point of view.

Other differences at Maine were that, rather than offgas data, primary coolant
activity was obtained, particularly the I-131 and I-133 concentrations. These were

based on the daily sample analysis.

Post irradiation examination results consisted of sipping data and the hot cell

work reported in Reference (17).

Supplemental data from Maine Yankee included primary coolant boron concentrations
at various exposures throughout the first 2 cycles and power distribution calcula-
tions based on incore instruments. Both of these were used to verify the calcula-

tions of RECORD-PRESTO.




MANUFACTURING DATA

For both Quad Cities and Maine Yankee the fuel was considered to have been manufac-
tured as designed. An indepth review of the manufacturing records could not be ac-
complished, because of the proprietary nature of this type of information and the
difficulty in retrieving it for fuel that was manufactured several years ago. For
the analysis of Quad Cities we do not believe that this limitation affected the pre-
dictions; however, the results from Maine Yankee indicate a possible manufacturing
difference between fuel types of nearly identical design. These results are dis-

cussed in Section 7.



Section 5
METHODS OF ANALYSIS
THE FUEL PERFORMANCE MODEL

ScP's fuel performance model, POSHO, (1)* calculates the probability of failure of

a fuel rod resulting from pellet clad interaction during a "power shock." The model
employed in this study is, basically, the operational version of POSHO as it exist-
ed at the end of 1975. It was postulated originally on the basis of phenomenologi-~
cal data from the Halden Reactor Project and was developed and adjusted on the basis
of experience from European and U. S. light water reactors. The model requires, as
input, information about the nodal power shocks created in the reactor core during
operation. In this study the power shock information was obtained by simulating

the reactor nodal power history with Scandpower's Fuel Management System, FMS. (2).
In an operating plant, the nodal power history may be obtained on line from the

process computer,

The basic assumption in the POSHO model is that the reason for failure is local clad
over-straining, resulting from stresses produced in the clad by thermal expansion of
the UO2 during positive local or total power changes. Stress corrosion, as a major
contributing factor in the failure process is not explicitly considered by the

POSHO model. 1In many experiments, the time of failure has been taken implicitly as
the time of activity release. However, internal pressure sensors used in fuel rods
at the Halden Test Reactor have detected pressure increases inside the rods when
cracks first occurred, without accompanying activity releases for more than a week.
Analysis of the test conditions (e.g., higher external rod pressure), and recent
experiments indicate that many PCI cracks do not release activity until an inter-
vening power cycle has occurred. Thus, a still undetermined fraction of PCI fail-
ures occurs sometime prior to detection of coolant activity rise, and, in fact,
failures have been observed to occur during the power increase without associated
activity release. POSHO assumes that failure occurs at the time of the power shock,
or within a few hours of the shock. POSHO will underestimate the effect of a shock

of low magnitude if the failure is chemically assisted.

* References are provided in Section 9.




Thermal expansion of the UO2 pellets is transmitted to the cladding only if the
linear heat generation rate (Q) exceeds the interaction threshold level (Qo) for
which the fuel expands radially to contact the cladding. The value of Qo is, how-
ever, a dynamic quantity which changes throughout the operating cycle, mainly de-

pendent on the actual power Q relative to Qo'

The tracking of QO with time is done by two functions which simulate the important
slow dimensional change processes. These two correlations have been synthesized

from in-core fuel deformation measurements at Halden.

The "fuel conditioning correlation" is used when the local power, Q, is greater
than the interaction threshold power, Qo. The clad is then in hoop tension and

the fuel is subject to a radial compressive load which tends to compact the pellets.
Under these circumstances, Qo increases, approaching Q as a limit if Q is held con-
stant. The "fuel deconditioning correlation" is used when the operating Q is less
than the interaction threshold, Qo, which means that there is a radial gap between
the fuel and the clad. 1In this situation, the fuel is assumed to relocate outwards,

reducing Qo’ which approaches Q as a limit if Q@ is held constant.

Figure 5-1 illustrates how the interaction threshold power density, Qd moves toward
the local power, Q, for a section of a fuel rod where considerable power shock has
occurred during two events. The power shock for any event is defined as the maxi-

mum value by which Q exceeds Qo'
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Figure 5-2 pictorializes the process by which failure probability is found in
POSHO. The coordinates of the interaction threshold, Qo' and the shock magnitude
AQ=(Q - QO), locate the probability of failure for the fuel segment in question.
The solid lines, with reference labels (:) to (:) , show how the locus of failure
probability moves during the event of Figure 5-1 with conditioning taking place.
The vertical dashed line shows the locus of failure probability if the power rise

were instantaneous.

For an instantaneous power rise, from 100 W/cm to 350 W/cm the power shock, Q - Qo'
would be 250 W/cm (since QO = Q = 100 W/cm initially). For this shock the prob-
ability of failure would be approximately 5 x 10_4. For a real shock ascension the
value of Qo would increase during the time the power shock was taking place. This
is represented by the heavy solid curve between points (:) and (:) . Thus, the
power shock is less than the total power change; in this case the power shock is
200 W/cm, and the probability of failure is reduced to approximately 5 x 10-5.
While the power, Q, is constant between points (:) and (:) at a level of 350 W/cm,
the interaction threshold power, Qo' increases to approximately 250 W/cm. Since
the power shock for this event if defined as the maximum value by which the power,
Q, exceeds the interaction threshold power, QO, the probability of failure for this
event is associated with the 200 W/cm shock (i.e., 5 X 10—5) and does not change
regardless of the time spent at the increased power level, If the power ascension
were slower than depicted, then the probability of failure would be less, since Qo
would be increasing over a longer period of time. Point (:) indicates the value of
the interaction threshold power, Qo’ reached at the time the power, Q, was reduced

to zero from point (:) (350 W/cm) .

For a complex power maneuver, involving an irregular power ascension, with periods
of power decrease or constant level, the POSHO model used in this study required

the construction of a simplified approximation to the actual power history.

The family of probability lines is specific to a particular fuel design with a par-
ticular specific power and exposure. The probability line pattern changes dynami-

cally during a cycle with burn-up.
The failure probability lines have, so far, been calibrated to a number of BWR

operating cycles. PWR cycles have been checked, but failure data are inadequate

since sipping is normally not performed.

5-4
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FUEL DUTY CYCLE ANALYSIS

The analysis of a cycle starts with the determination of events that are helieved

to have produced power shocks. Examples of such events are:

° Changes in total power
° Control rod motions
o Shift in power distribution caused by increase or decrease in the con-

centration of xenon or other poison

A simplified total power history, which reproduces the power shocks during all of
the identified events is then constructed and the nodal power histories are simu-

lated with PRESTO.

Actual and simulated reactor power history plots are shown in Figures 6-8, 6-9,

7-5 and 7-6.



The fuel performance model, POSHO, has been integrated into Scandpower's Fuel Man-
agement System (FMS) in a subsystem called the Fuel Duty Cycle Analysis (FDCA).
(See Figure 5-3.) The function of the FMS program RECORD, within this sytems, is
to provide the axially integrated, relative pin power distribution in the fuel as-
sembly, (i.e., the integrated power for each fuel pin divided by the average fuel
pin power for the fuel assembly), for the control rod in/out conditions and as a
function of void (BWR) and burnup. In addition, RECORD furnishes all nuclear para-

meters and cross-=sections used by the simulator PRESTO.

RECORD treats the fuel assembly reactor physics in great detail and accounts for
all lattice heterogeneities found in today's light water reactor (LWR) assembly de-

signs, such as burnable poison (B,C) shim rods, Gd-containing fuel rods, rodded

4
blade cruciform control elements and rod cluster control elements.

PRESTO is a three-dimensional LWR core simulator, utilizing a nodal core subdi=-
vision for the calculation of power- and exposure distributions. The underlying
neutronics model is derived directly from 2-group diffusion theory.(3) This direct
method generally is considered superior to conventional nodal-coupling methods.

The function of PRESTO within the FDCA system is to provide detailed, 3-dimensional
power distributions as input to the power shock generation module. More detailed

descriptions of the computer programs RECORD, PRESTO and FDCA, are given in Appen-

dix A. A functional diagram of the FDCA system is provided in Figure 5-3, in which

P = nodal power

void coefficient

Q
I

o_= exposure weighted void coefficient
b = burnup

¢ = control fraction

Relative pin power distributions are combined with the nodal power distribution and

the actual total core power history, as represented by the modeled power history,

to produce a continuous power history for three (PWR) or four (BWR) groups of pins
in each node. The pin groups are selected so that the ratio of pin powers with
control rods inserted to pin powers with control rods withdrawn, within a group, is
the same, within + 5% (PWR) or + 20% (BWR). Examples of these ratios given in
Figures 6-15 and 6-16. The corresponding PCI interaction level and power shocks
are calculated during each power ramp and stored in a permanent file, the AQ,Q

file, together with the actual power history. For the quarter core simulation of
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Quad Cities Unit Two with 24 axial nodes in each assembly and 4 pin groups, this

represents over 68,000 data records for each time span.

FUEL FAILURE PROBABILITY INTEGRATION

For each pin group in each node, the probability for fuel failure is evaluated by
the POSHO model. The crack probabilities are integrated for each pin group in the
assembly to give the expected number of failed pins and assemblies for each event

and as a function of time.

Failure probabilities are integrated, using standard probability theory formulae

and assuming independent failures:

The failure probability, Pk, for pin section k is given by

o - 1. e—kk.AQ
=
where
Xk = failure probability per unit length for section k.
AL = section length (node height).

The failure probability, Pi, for the whole pin is:

KMAX
p, = 1-1I(1-"P)
i k=1 k

where KMAX is the number of axial nodes in the assembly.

The failure probability, Pm, for pin group m, containing Nm pins is:

N

p = 1-(-p)"
m 1

where it is assumed that the pin probabilities, Pi' are equal, for the Nm pins

making up the group.




where it is assumed that the pin probabilities, Pi, are equal, for the Nm pins

making up the group.

The assembly failure probability, PZ’ is

NG
m:l

with NG pin groups in the assembly.

The expected number of failed assemblies, NAC, is:

where LMAX is the total number of assemblies analyzed.

The expected number of cracks, NC , in section k of a pin is:

k
NCk = Xk.AZ
For pin group m, this is:
KMAX
NCoo= N k_Z_ (Xk.ASL)

The expected number of cracks, NCQ, in the assembly is:

NG
NCZ = I NCm
m=1



and for the whole core:

LMAX
NC = I NC
2=

Correspondingly, the number of failed pins may be calculated from the pin failure

probabilities.

Accumulation of probabilities over a number of events, j, is obtained by:

where Pacc is the probability accumulated over JMAX independent events.

FISSION PRODUCT RELEASE ALGORITHM

Activity Release. Transport Mechanisms and Interpretation of Measurement.

The fission products are generated within the UO2 matrix in the pellets. The high
temperatures and large temperature gradients within a pellet tend to move the most
volatile nuclides to the grain boundaries and along the grain boundaries to the gas
space surrounding the pellets by diffusion processes. Some fission products will
react chemically with the surroundings, while others will solidify and accumulate
in the colder regions of the fuel. Transport and accumulation of fission products
in various regions of the fuel rods are affected by the decay of unstable nuclides,
forming other isotopes, which in turn may be unstable and undergo decay. In the
gas-space of a leak-tight rod, the accumulation of a radioactive isotope will
approach an asymptotic value if the rod is operated at a steady-state power con-
dition. The concentration of each isotope is then determined by the production
and the decay rates of the specific isotope. When leakage occurs, this steady
state condition is changed, as the hold-up time in the rod is now finite. Different
isotopes are affected differently by a leak, because of the different decay times.
The isotopic spectrum which is released from a leaking rod is a function of the
leak rate and is therefore dependent on the size of the crack. It ranges from an
equilibrium spectrum when leakage is small to a diffusion type spectrum when the

leakage is large (hold-up time depends, then, mainly on the diffusion velocity




within the grains of the UO2 pellets). When a new rod starts leaking, and the
leak is large, the isotopic spectrum will change in a transient manner towards
an equilibrium spectrum. If UO2 material is released to the coolant, the fission

products will be released directly to the water, and a recoil spectrum results.

Activity Release Measurements in Power Reactors

The behavior of fission product gases in both sound and failed fuel during reactor
operation has received considerable attention. In its state-of-the-art report on
the role of fission gas release in reactor licensing, the U. S. Nuclear Regulatory
commission (NRC) cites some 90 references.(4) Much of the work has been concerned
with the release of both the stable and the radioactive gases from the oxide fuel
into the pellet-clad gap. The primary interest of these studies was in the effects
of these gases on the fuel temperature and the fuel rod pressure and on how they

affect the fuel performance during normal, transient and accident conditions.

The study of the release of the radicactive fission gases from failed fuel has re-
ceived renewed attention in recent years in response to regulatory reguirements to
minimize the release of these gases into the environment. The application of the
results of these studies is documented in the various licensing submittals made

by the reactor manufacturers.(5,6,7,8) The pressurized water reactor suppliers

all use some variation of the escape rate coefficient method that relies on the
earlier work at the Westinghouse Bettis Laboratory. In a very general way this
method provides the probability that an isotope produced during fission will escape
to the coolant. Additional information on fuel performance in PWRs sometimes is

. . . . 13 3
obtained from studying the ratio of the concentrations of I . to 113

in the pri-
mary coolant. The boiling water reactor supplier, General Electric (GE), has stud-
ied the releases of radiocactive fission gases from failed fuel as they have been de-
termined from samples taken at the steam jet air ejector (SJAE) for a number of
years.(9) In a BWR it is convenient to use the measurements of isotopes of the noble
gases, xenon and krypton, as they do not react chemically and have a low solubility
in water. Measurements of these isotopes at the SJAE are preferred since the trans-
port time from a leaking rod to the measuring device is significantly lower than the
decay time, except for short-lived isotopes. GE has developed a so-called "diffu-
sion" mixture of isotopes, which is between the equilibrium (or long delay time)
concentration and the recoil (or no delay time) concentration. The release rate of
this mixture is based on diffusion theory and is a function of each isotope's radio-

. . 0.5 . .
active decay constant (A) raised to the one half power (A ). This is between




lambda to the first power for a recoil mixture and lambda to the 0 power for the

equilibrium mixture. GE (10) now uses an empirically determined equation with
0.4
A .

In a PWR, it is more convenient to use the isotopes of iodine with a longer decay
time and a high solubility in the water. The hold-up time in the primary coolant
is relatively large due to the small purification flow, and has to be accounted for
when interpreting the results. During transient operations, iodine activity re-
lease resulting from water flushing large amounts of iodine out into the coolant
may dominate the activity level completely. It is therefore necessary to analyze

results from steady-state operation to avoid large errors.

Thus, the methods in use today (10), (11), (12) do not consider the type of fuel
failures, their location, or the local operating conditions in the vicinity of the
failures. Operator-developed correlations, based on fission product activity mea-
surements and coupled with core duty cycle analyses would tell when, where, and
what type of failure had taken place and would thus help to reduce failures and to
locate failures during refueling outages. The purpose of the fission product re-
lease algorithm study for this project was to make a start toward the development
of methods that would provide the operator with a better understanding of fuel per-

formance from activity measurements made during reactor operation.

The first phase of the work was to conduct a survey of the literature much of which
has been cited above. The other noteworthy references are listed in Section 10,
Bibliography. To obtain additional background on the state-~of-the~art, discussions
were held with each of the reactor suppliers: Babcock and Wilcox, Combustion En-
gineering, General Electric and Westinghouse. Reference was made mostly to testi-

mony at the ALAP hearing and to licensing submittals.

B&W, however, discussed two computer codes that they have under development to track
fission product inventory and to calculate release rates, one for steady state and
one for dynamic conditions. A brief review of these codes, however, indicate that
they would not be directly useful in this phase of the work. In addition to their
code work, B&W has done some development work on on-line primary coolant activity

monitors. (13)

Xenon Isotope Concentration in BWR Offgas

During the course of the search for methods that might provide operators with a

5-12




better understanding of fuel performance during operation, ScP learned of a tech-

nique used at KRB's Gundremmingen Boiling Water Reactor (a 237 MWe dual cycle Dres-
den l-type). (14) At this facility the offgas is analyzed isotopically on a daily
basis. Records are maintained for the total offgas activity (uCi/sec) and isotopic
analysis is done for the 7 principal isotopes. The data are further reduced in an

effort to determine the type of fuel failure.

In addition to the general methods for determining the distribution between recoil
mixtures and equilibrium mixtures, the ratio of Xe133 to Xe135 is calculated for
each sample. For a recoil mixture this ratio would be less than 0.1 and for an
equilibrium mixture the theoretical ratio is about 4 at the SJAE. The expected
value given by GE for a large BWR operating with failed fuel is about 0.4 (15), and

at KRB the ratio was noted to vary from 0.3 to 0.5 with spikes over 1.0.

The most important use made of the xenon ratio at KRB is in determining which areas
of the core contain the failed fuel. Prior to a refueling outage a core map is
marked to indicate the control rods whose motion apparently caused large spikes in
the xenon ratio. The fuel cells containing these rods are then the prime targets
for the in-core sipping program. If the sipping of these cells yields the expected
number of fuel failures, the remainder of the core is not sipped. The Grundremming-
en experience with this limited sipping has indicated that it is as effective as the
earlier total core sipping program. This program is very cost-effective in that

the sipping program is on the critical path for refueling in over 75% of the outages.

In order to learn more of the usefulness of this xenon ratio, the offgas data from
the first 2 cycles at Quad Cities were reviewed and this ratio was calculated for
all samples for which the isotopic analysis was available. The results of these
calculations are shown in Table 5-1. A review of this table shows the normal value
to be in the range of 0.4 to 0.5 with periodic spikes over 1.0. Since the initial
application of POSHO at Quad Cities indicated that not all the events from 1974 had
been accounted for, this table was used in the search for power shock events during
the year 1974. The correlation of the events found with xenon ratios over (or near)

1.0 is shown in the 1974 section of Table 5-1.

It appears that power shocks cause a marked increase in the ratio of these xenon
isotopes, which indicates a shift in the offgas mixture from the recoil towards
the equilibrium mixture. It is not known if this shift is caused from the initia-

tion of new failures, the opening of existing cladding cracks, or simply a change




in the temperature of the fuel in the vicinity of existing cracks. Many other ques-
tions remain on how the ratio changes for a given shock (e.g., when does the change

start; how long does it last; and what peak values are reached?). Answers to these

questions would require acquisition of data on xenon isotope concentrations as a

function of time and power shock history.

The Activity Release Algorithm

In the first attempt at developing a fission product algorithm, emphasis was placed
on the importance of operating conditions in the fuel in the region of the defect.

The general assumptions used in developing the algorithm are as follows:

o The fission product inventory available for release was considered
constant (proportional to the local power level), i.e., depletion
caused by the leakage through a defect was neglected.

° The fission product release rate from the fuel to the gap was con-
sidered to be proportional to a power of the local linear heat gen-
eration rate, i.e., to Q@ , where m is a constant determined empir-
ically.

° The leakage from the cladding was considered to be directly propor-
tional to the calculated local probability for pin failure.

° The calculated results were normalized to plant operating data.

At steady state power operation, the local fission product inventory of a fuel pin

is given by:

where nuclides per cm of fuel pin

a constant

local pin power - w/cm.

The local pin leakage, given a local failure probability, P, is given by:

N
where L = local pin leakage rate - nuclides/sec.
VN = the escape rate coefficient for the Nth nuclide - sec—l.
P = the local pin failure probability

Although Yy is a complex function of diffusion, axial transport resistance and




crack leakage properties, it is assumed to be proportional to an exponential func~

tion of the local power, i.e.,

where K, = a constant

Substituting for vN and N, the local leakage may be expressed as:

+1
L = KkpQ"

The total leakage from one fuel pin becomes:

VA
maXm+l
L . = K PO dz

in
p 2=0

where z is the axial height.

The leakage rate for the entire core is then the sum of the leakages from all pins:

L L, L .
core pins pin

(L)

where the total core leakage - uCi/sec

Lcore
The value of m used in this study is 1.5, so that the total release rate is con-
sidered to be proportional to the local power raised to the 2.5 power. This value
of m was determined from a study of the primary coolant activity at Maine Yankee
during a power reduction in December 1974, and also was used for the Quad Cities

analysis.

Equation 1 may be used directly in the calculation of BWR release rates; however,
in a PWR where the primary coolant iodine concentration is being calculated it is
necessary to consider the accumulation, decay and removal of each isotope whose

concentration is being considered. (16) This was done using the following equation:

I

N, = ‘core
A+ Be
v{ N 8 N)
where
N = fission product nuclide concentration in the

coolant (nuclides/m™)



3
Reactor Coolant System (RCS) volume (m”)

V =

B = purificatjon rate in_the primary coolant purification
system (m”/sec/RCS m)

e = purification efficiency for the N radionuclide

N th
as defined by Eq. (1)

]

L
core 1
An = radioactive decay constant (sec )




TABLE 5-1

QUAD CITIES UNIT TwO
OFFGAS DATA

CYCLE 1 - 1973
Ratio of Xel33 to xe!®
Date Ratio Date Ratio Date Ratio Date Ratio  Date Ratio Date Ratio
“Jan 2 ] 0.60 | May 7] 079 Jur 19] 1.35][Sep 23| 0.30][ Nov 4 | 0.89 |[Dec 12| 0.77
11 | 0.53 9| 0.86 20 | 1.20 23| 1.10 s | 0.64 11| 0.63
] 16 | 1.80 19| 4.05 25| 1.28 24| 0.56 6 | 0.63 12| 0.64
17 | 0.96 21| 0.54 26 | 1.57 25 | 0.39 7 | 0.78 13| o.s0
18|11 23| 0.93|| Aug 6] 1.84 26 | 1.39 8 | 0.67 14| 0.43
22 | 1.67 24| 0.89 7] 0.51 27| 0.6l ~ 9 | 0.68 16| 0.47
24 | 1.12 25 [ 1.19 6| 2.13 28 | 0.s1 10 | 0.63 17 | 0.49
29 |67.00 26 | 0.87 8| 0.61 29{ 0.44 11 | 0.54 18| 0.46
30 | 1.53 27 | 1.14 9| 0.71 30 [ 2,700 12 | 0.60 19| 0.49
Feb 3 | 3.15 27 1.26 || 13] 1.21Jloct 1] 0.51 13 | 0.66 20 | 0.48
s | 6.77 78 | 0.54 14 | 0.94 21 0.35 14 | 1.49 21| 0.56
7 11.60 30 0.81) 16| 0.82 3| 0.49i] 15 | 1.12 22| 0.57
“10 | 6.05 ] Jun 1] 0.72 20| 0.92 4] 0.40 15 | 0.31 23] 1.10
12 |15.50 2 0.95 21 | 0.90 s | o.a9|| 16 | 0.42 24 | 1.38
” 14 | 8.12 3] 0.68 22| 0.91 6] 0.61 17 [ 0.94 25 | 0.87
- 16 |22.20 4| 1.42 23 | 1.02 71 0.50 18 | 2.99 26 | 0.63
20 | 8.46 )| 6] 0.84 24 | 1.21 8| 0.48}] 18 J0.74 27 ] 0.74
T 23 [ o.ed |1 8| 178 26| 1.3 9| 0.45 19 ] 0.40 28| 0.65
27 s | 8| o.78ff 27 ] 5.13 10] 1.s3|f 19 | 0.38 29 | 0.7s
28 | 1.97 || iwioosez|l 281 1.17 11) o.46)] 20 [ 0.70 30 | 0.59
Mar 1 | 1.66 11| 0.93J[ 29| 1.02 12| 0.51 21 | 0.36 31 | 0.62
T v 14 {121 | 30] 0.98 13] 0.89l) 22 |o0.38
T3 19l 147 1.60 31| 1.17 14 | 0.44 23 Jo0.40
T 9 | 1.88 18] 9.85 || Sep 2 | 1.54 15 | 0.46 23 | 0.38
T 12 | 3.7 19 | 1.06 3| 1.87 16 | 0.55 24 [1.51
13 | 3.35 20 | 0.84 4] 1.18 23 | 1.09 25 | 0.46
s 1.2 20 | 1.60 5| 1.43 23 | 0.44 26 | 0.46
19 | 3.52 22 | 1.21 6] 1.67 24 | 0.27 26 | 0.44
20 | 1.99 25 | 2.33 7] 1.79 24 | 0.21 27 | 0.56
23 1 0.81 26 | 0.98 10 | 3.96 25 | 0.24 28 | 0.51
26 | 2.38 27 | 1.49 11 | 1.59 26 | 0.91 29 | 0.48
28 | 2.08 29 | 1.23 12 | 0.93 27 | 0.27 30 | 0.53
30 | 4.03 || Jut 2 | 2.58 13 1 0.73 27 | 0.68|[ Dec 1 [ 0.58
Apr 2 | 3.27 3] 1.43 14 | 0.65 28 | 0.34 2 |0.52
2 | 4.76 5§ 1.31 15 | 0.65 28 | 0.40 3| 0.65
s | 3.27 9 1.51 16 | 0.57 29 | 2.78 4 J0.70
6 | 0.81 9] 1.69 18 | 0.81 30 | 0.47 5 ] 0.59
8 | 1.40 10 | 1.69 19 | 0.83 30 | 0.49 6 | 0.64
10 | 1.86 11 | 1.70 20 | 0.67 Nov 1 | 0.53 7 [ 0.63
12 4.94 12 1.66 21 0.67 2 0.73 9 0.66
13 | 4.36 14 | 1.66 22 [ 1.11 31 o0.88 10 | 0.55
May 1 5.95 16 1.80 22 2.04 4 1.05
3 {10.00 17 | 1.35
5 {0.35 18 | 1.11




Table 5-1 (Cont.)

QUAD CITIES UNIT TWO
OFFGAS DATA

CYCLE 1 - 1974

Ratio of Xe133 to Xe135

Date Ratio Date Ratio
Jan 1 0.61 Feb 22 0.48
2 0,65 23 0.63
4 0.62 24 0.52
71 4.16 | PC. Envelope Exceeded 25 | 0.50
8 0.55 26 0.85
9 0.36 27 0.48
10 0.44 28 0.42
11 0.50 Mar 1 0.42
12 0.59 2 0.92
13 0.51 3 0.48
14 0.48 4 0.52
15 0.45 5 0.84
16 0.55 6 0.45
17 0.55 7 0.44
18 0.62 8 0.39
19 0.68 9 0.47
20 0.55 10
21 0.58 11 0.47
22 0.65 12 0.47
23 0.55 13 0.45
24 0.12 14 0.45
281 7.58 | PC. Envelope Exceeded 15 10.43
29 0.94 16 0.47
30 0.35 17 0.45
31 0.33 18 0.41
Feb 1 0.35 19 0.32
2 0.37 20 0.44
3 0.77 21 0.41
4 0.49 22 0.42
51 0.81 Apr_ 1 | 1.22 | Startup
6 0.48 2 0.37
7 0.63 3 0.38
8! 0.61 4 | 2.33 [ CRD Moves
91 1.00 ICRD Moves Tor Shaping 5 10.32
10 1.23 " " " " 6 0.43
11 0.88 7 0.73
12 0.72 8 0.90
13 0.67 9 0.75
14 0.41 10 0.71
15 0.47 11 0.75
16 0.45 12 0.70
17 0.45 15 2.13 | CRD Moves
18 0.45 16 0.22
19 0.56 17 0.32
20 0.43 18 0.58
21 0.45 19 0.56




Table 5-1 (Cont.)

QUAD CITIES UNIT TWO
OFFGAS DATA

CYCLE 1 - 1974

Ratio of )(e133 to Xe135

Date Ratio Date Ratio
Apr_ 20 0.39 Jun_ 6 0.35
21 0.49 6 0.36
22 0.55 6 0.37
23 0.64 7 0.38
24 0.52 7 0.34
25 0.49 7 0.61
26 0.50 7 0.47
27 0.41 8 0.43
28 0.43 8 0.62
29 0.51 9 0.41
30| 0.46 17 [ 14.63] Startup
May 1 0.44 18 0.89
2 0.48 18 0.34
3 0.46 25 0.20
4] 0.85 | CRD Moves - low Power 26| 0.19
7 0.63 27 0.24
7 0.71 28 0.20
8 0.63 29 0.26
9 0.49 29 0.33
9 0.55 30 0.32
10 0.56 Jul 3 2.38| Startup
11 0.65 4 0.26
12 0.57 S 0.27
13} 0.66 51 0.44
14 0,74 6 0.54
15 | 1.11 Power increase w/flow 71 0.42
16 0.49 8 0.38
17 0.55 9 0.43
17 0.30 10 0.54
19 0.38 11 0.41
20 0.51 12 0.40
21 ] 0.40 13 ] 0.73] MSIV Surveillance
22 0.61 14 0.48
23 0.43 15 0.45
26 | 2.40 Fast return to Power 16| 0.81] CRD Motion Low Power
26 0.70 17 0.17
26 0.32 18 0.69
27 .35 18 0.50
27 0.48 19 0.44
28 0.21 20 0.40
29 0.27 20 0.64
30 0.27 21 0.49
31 0.29 22 0.50
Jun 1 0.33 23 0.56
3 0.50 24 0.47
3 0.55 25 0.51
4 0.33 26 0.55
5 0.45 27 0.60
5 0.52 28 0.51




Table 5-1 (Cont.)

QUAD CITIES UNIT TWO
OFFGAS DATA

CYCLE 1 - 1974

Ratio of Xel33 to Xe135
Date Ratio Date Ratio
Jul 29 0.50 Sep 27 0.30
30 0.47 28 0.19
31] 0.53 29 | 0.19
Aug 1] 0.54 29 | 0.37
2 0.51 30 0.27
3] 1.27] Power reduction § return 30 § 0.40
4] 0.70 w/flow control Oct 1] 0.17
5 Q.41 2 0.25
5 0.37 2 0.48
6 0,39 3 0.23
7 0,350 4 0,28
8 0.49 4 0.36
9 0.60 b} 0.31
10 ¢ 1.29) Same as Aug. 3 61 0.38
11 0.64 7 0,42
12 0.84 8 Q.42
12 0.54 9 0,41
13 0.43 10 0.43
14 0.60 11 0.44
14 0.60 12 0.37
15 0.51 13 0.34
15 0.47 16 0.50
15 0.45 16 0.32
16 0.44 16 0.31
17 0.39 17 0.38
17 | 1.07] Same as Aug. 3 18 | 1.42 | Scram recovery
18 0.52 18 0.37
19 0.49 18 0.49
19 0.54 19 0.37
20 0.38 19 0.35
21 0.54 20 0.26
22 0.50 21 0.44
23 0.47 22 0.32
24 0.47 23 0.37
25 0.57 24 0.50
26 0.49 24 0.33
27 0.85 24 0.41
28 0.50 25 0.44
29 0.51 26 0.50
30 0.47 27 0.48
Sep 8 0.76 | Startup 27 0.43
8 0.33 28 0.50
9 0.39 28 0.43
10 0.30 29 0.46
11 0.38 30 0.58
12 0.41 30 0.46
13 0.59 31 0.49
26 9.53 _Nov 1 0.62




Table 5-1 (Cont.)

QUAD CITIES UNIT TWO

OFFGAS DATA
CYCLE 1 - 1974
Ratio of Xel33 to Xel35

Date Ratio Date Ratio
Noy . 2 0.57 Dec 15 0.48

3 0.52 16 0.41

4 0.40 17 0.55

5 0.39 18 0.42

6 0.41 19 0.43

7 0.42 20 0.45

8 0.38 21 0.45

9 0,36

10 0.39

11 0.34 Abbreviations:

12 0.36

13 0.33 PC. -__Preconditioning

14 0.46 CRD___ - Control Rod Drive

15 0.32 MSIV - Main Steam Isolation Valve

15 0.44

16 1.27 |Pwr.reduction § ret.w/CRD

17 1.30 | CRD withdrawal for shaping

18 0.45

19 0.41

20 0.40

21 0.41

22 0.50

23 0.29

24 0.38

25 0.52

26 0.44

26 0.33

27 0.94 | Small power increase

28 0.55

28 0.41

29 0.44

30 0,38
Dec 1 0.44

2 0.40

3 0.36

4 0.37

5 0.42

5 0.42

6 0.41

7 0.40

8 0.51

9 0.44

10 0.77 | Power decrease § return

11 0.36

12 0.45

13 0.44

14 0.48




Table 5-1 (Cont.)

QUAD CITIES UNIT TWO
OFFGAS DATA

CYCLE 2 - 1975

Ratio of Xe133 to Xe135
Date Ratio Date Ratio Date Ratio Date Ratio
Apr 26 0.06 Jun 12 0.46] |Jul 8§ 1.08 Aug 9 0.41
28 0,00 13 0. 37 : 9 0.42 10| 186.00
30 0,07 13} 18.650 * ; 10 10 3.98
May 1 0.07 14| 16.13§ * | 10 0.48 11 0.45
2 0.09 15| 10.48] * 11| 155.50) % 11 153.33
3 0.05 15| 13.84] * 11 0.38 12 0.42
4 0.08 16 25.63[ * 12{ 310.00]7* 13 0.47
4 0.14 16 0.32 { 12} 233.00"% 13 232.50
6 0.43 18] 51.67]* 12 0.41 13 0.48
7 0.17 19 0.46 13} 312.33 7% 13| 185.60
8 0.13 19 0.39 13 0.40 77 7.65
9 0.16 19| 57.86] * 14 0.44 28 0.28
10 0.04 20 0.39 14] 185.60[ % 28 0.29
11 0,18 21| 147.67] * 15| 154.67[ = 29 0.22
12 0.18 21 0.47 16] 232.25T% 291 157.80
14 0.28 22 0.41 16 0.53 30] 94.38
15 0.21 22] 64.08] % ° 17| 131.86 = 30 0.29
19 0.28 22 0.47 ; 17 0.40 31 0.23
22 1.03 24 0.44 : 18] 185.20|% 31] 195.50
22 1.37 24 | 219.25 | * | 18 0.42 Sep 6] 197.40] *
22 2.30 25 0.49 19 0.71 3 1.55
22 2.13 251 220.00] = 19 5.33 7 0.24 1]
22 1.86 26 0.47 20} 300.00}F 8| 75.13| % |
22 2.23 26| 141,671 * 20 1.03 g 0.23
23 1.31 26 147,000 * 25 2.04 8 0.311 |
26 0,78 27 0.42 25 of 79.13| *
26 0.74 28 0.85 25 9 0.28
26 0.65 281 218.00] * 25 0.47 10 0.32]
27 0.57 29 g.41 | 27 0.43 10 75.50 ] % |
26 0.60 29 71.17[* T 28 0.49 11] 78.881 * |
29 0.84 30 101.25] * 29 0,37 11 0.48
30 1.05 30 0.07 29 0.40 12 0.38
30 0.99 Jul 1 0.48 29] 219.25/F 12 53.00] *
Jun 11162.67 ] * 1]118.001 % 30 0.41 13 0.40
1 0.52 2| 122.14] * 30 103.75]% 13 31.79 | =
2] 97.90 [ = 2 0,45 Aug 1 0.37 13| 57.22] *
2 0,49 3 0,44 1] 152.50]=% T4 0.45
31 60.63]* 31125.00] * 2 0.63 15 0.68 |
5 9.57 1 * 4] 75.00]* 2] 101.63]% 151 38.00) *
5 0.52 5 0.45 ; 3 0.73 16 0.63 1
6 6.37 | * 51 304.67]* | 31 478.001F 16 20.48]| *
7 5.15 ] * 6 0.55 i 4 0.72 17]  23.631 *
8 3.66 1 * 6] 230.50] * 4} 994.004% 17 0.40
9 3.46 1 * 7] 184.00]* 5 0.51 18] 13.29 |«
9 0.25 g 0.48 6] 492,00]F 18 0.52
10 2.85 | * 6] 231.00[ * 6 0.47 19 0.541 |
11 6.00 | * 7 0.54 7 0.36 19| 19.88] =
11 0.81 8| 232.25} * 8 0.39 20 0.52
12) 28.64 ] * g 0.46 8] 188.601 21 0.62
i 9] 206.25[% 22 13,77




TABLE 5-1 (Cont.)

QUAD CITIES UNIT TWO
OFFGAS DATA

CYCLE 2 - 1975
Ratio of Xe133 to Xe135
Date Ratio Date Ratio
Sep 22 0.98
) 231 28,52
) 23 0.49
23]  65.50
4 0.50
24] 72.62
25| 64.91
25 0.58
261 91.88
26 0.49
27| 82.78
27 0.50
28 0.50 -
- 28| 77.40 _
- 29 0.50
29 113.57
_ 30 0.52
30| 63.67 . | . B
Oct 1] 120.71 - T -
- ! 0.50
- 2 144.50 ) o o T
T T 3t 147017 o
T 3 0.58
T T T 2114407
2 0.50 _ - _

These ratios are based on

of a sample taken at the s
are much older than the SJ
probably not of any signif
of fuel performance.

An isotopic analysis
tack. These samples
AE samples and are

hcance in the study




Section 6

QUAD CITIES UNIT TWO

DESIGN AND PERFORMANCE DATA

Commercial operation at Quad Cities 2 started in May 1972. Since May 1973 the
plant has been operated using GE's Preconditioning Interim Operating Management

Recommendations.

On 21 September 1973, the operator inadvertently withdrew a single rod which should

have remained in the core at 33% insertion. The rod was out for 5 hours before it

was reinserted. This event is the most important single event during Cycle 1, from
a fuel model testing viewpoint. At the end of Cycle 1, all assemblies were sipped

ex-core and 74 leaking assemblies were identified and removed.

Early in Cycle 2, the unit was started up after a short (24 hour) outage. The
plan was to come up at 100 MWe/hr to 400 MWe, and then at 50 MWe/hr to 700 MWe, or
to the precondition envelope, whichever came first. Power was then to be increased
at 4 MWe/hr. The rod pattern selected was not appropriate for the core conditions
at the time of restart, because it resulted in exceeding the preconditioning en-
velope. This was not detected at the time, because power distributions provided by
the process computer were not available. Commonwealth Edison's early estimate of
the fuel damage from this event was that as many as 100 assemblies may have failed.
The unit remained derated to about 80% power for the remainder of the cycle. The
cycle ended in the fall of 1975, with a fuel maintenance outage. All assemblies

were sipped in-core and a total of 94 failed assemblies identified.

Descriptions of the design and performance data used in this study are given below.
The initial core loading consisted of 724 fuel assemblies with the same average
enrichment of 2.12% and 7x7 fuel rod arrays. Two rods per assembly contained
Gd203 over the full fuel length. One additional part length gadolinium rod was
used in 312 of the core I assemblies. Dished fuel pellets were used in a total of

461 assemblies.



The cycle 2 reload fuel consisted of 144 8x8 assemblies with an average enrich-
ment of 2.50%. The subdivision of the core loading into fuel types for modelling

purposes is described in this section under the heading Core Model.

Fuel and Assembly Descriptions

° Geometric design data for fuel pellets, rods and fuel
assemblies for the initial 7x7 fuel and the reload 8x8
fuel are given in Table 6-1.

° Corresponding material composition data are given in Table 6-2.

® Arrangements of fuel rod types for each fuel assembly type are
shown in Figures 6-1, 6-2 and 6-3.

Control Rod Design

° A cross-section of the control rod blade is shown in Figure 6-4,
together with a list of the most important dimensions.

Core Design
. Table 6-3 identifies the total number of assemblies, control
rods, heat transfer areas, etc.

° The core layout and fuel type identification for Cycle 1 is
given in Figure 6-5.

o The core layout and fuel type identification for Cycle 2 is
given in Figure 6-6.

) Figure 6-7 is a drawing showing the elevation of relevant
core components.

Nominal Operating Conditions

® Nominal values of core thermal power, coolant flow rate, coolant
sub-cooling, etc., and operating limits are given in Table 6-4.

Operating History

) The gross thermal power production history through Cycles 1 and 2
is shown in Figures 6-8 and 6~9, together with the simplified
power history, as modeled for this study.

® Data sets, giving core averade burnup, heat balance data and con-
trol rod patterns, describing the steady-state core condition on
a number of selected dates through Cycles 1 and 2, are given in

Appendix B.

° Plots of the offgas activity recordings through Cycles 1 and 2
were prepared. Examples of such plots are given in Figures 6-10
and 6-11.

) Figure 6-12 shows the locations of the assemblies identified as

leakers by the sipping analysis for Cycle 1.

° Figure 6-13 shows the locations of the assemblies identified as
leakers by the sipping analysis for Cycle 2.

For more detailed descriptions and drawings of fuel assemblies and core components,

the reader is referred to Reference (15).
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DUTY CYCLE SIMULATION

Nuclear Data Bank Generation

RECORD calculations were performed to generate a complete nuclear data bank, con-
sisting of 2-group macroscopic cross-sections, diffusion coefficients and pin-power
distributions, all as functions of burnup up to 35000 MWD/MTU and for three voids,
0, 40% and 70%.

Separate RECORD calculations were done to determine special model coefficients, as
used in PRESTO for the effects of control rods, Doppler equilibrium xenon and tran-

sient xenon.

Examples of koo versus burnup for each of the three fuel assembly arrangements,
shown in Figqures 6-1, 6-2 and 6-3, are given in Figure 6-14. These curves are

for 40% void.

The subdivisions of the fuel assemblies into pin-groups for the initial 7 x 7 fuel
with 3 Gd pins, and for the reload 8 x 8 fuel, are shown in Figure 6-15 and 6-16.

Four pin groups were used, both for the 7 x 7 and for the 8 x 8 fuel.

Polynomial expansions of the radial pin-group power distributions were generated

as functions of burnup and void for the rod-out condition, by means of the FMS poly-
nomial generator, POLGEN. Ratios of rodded-to-unrodded pin-group power were cal-
culated for the fresh fuel at 40% void, as shown in Figures 6-15 and 6-16, and were

taken to be independent of burnup and void.

Core Model

A 1/4-core model, consisting of 181 assemblies, each subdivided into 24 axial nodes,
was set up for simulation with PRESTO. Four different fuel types were defined for
the initial core in order to distinguish between the dished and undished fuel for
the 2 and 3 Gd pin fuel assemblies, respectively. The fuel type definition and
layout is shown in Figure 6-5. The axial Gd distribution for pin type Gd2 was
explicitly taken into account, however, the 3-inch Gd-free end sections of pin

type Gdl were not accounted for; i.e., the Gd-content was assumed to extend over

the entire length for these pin types.

The second core was modeled with 5 fuel types, where Fuel Type 5 represents the re-

load fuel, as shown in Figure 6-6. Fuel shuffling within the simulated core quad-



rant, as well as asymmetric shuffling across the quadrant symmetry lines, was ac-
counted for. Shuffling from "out-of-quadrant" core positions was simulated by means

of the fuel history "reflection" option, as built into the PRESTO simulator.

The reactor operating condition at a given point in time was characterized by an
"operating condition data set," consisting of a control rod pattern and some key
heat balance data, as shown in Appendix B. Such data sets were constructed from the
station process computer output data files. In-core instrumentation recordings

were used to check the adequacy of the calculated power distributions. The PRESTO

simulator includes a routine for comparison with the in-core fission chamber de-

tectors.

Comparisons with a set of traveling in-core probe (TIP) curves were made near the
beginning of Cycle 1 (BOC-1) and again near the BOC-2. Results of the measured and
calculated TIP traces are shown in Figures 6-17 and 6-18. During the Cycle 1 simu-
lation, the calculated power distributions were also checked versus the evaluated
LPRM recordings from the process computer. An example of this is shown in Figure

6-19.

DUTY CYCLE SIMULATION

The operating history was subdivided into 16 timesteps through Cycle 1, and 6 time-
steps through Cycle 2, for the purpose of representing the fuel exposure distri-
bution. A timestep is characterized by an operating period with approximately the
same rod pattern. During periods of changing core reactivity, the rods may have
been moved a few notches during the timestep. The power distribution is there-
fore calculated at beginning and end of the step. The calculated ke versus ac-

ff
cumulated core burnup through Cycles 1 and 2 is shown in Figure 6-20.

Core power distributions were generated and stored in the data bank for a total

of 46 points in time.




The fuel duty cycle was then simulated by combining these core power distributions
with the pin group power distributions, as obtained by RECORD and the approximated
core power histories given in Figures 6-8 and 6-9, using the FDCA-1 program (see

Section 4). The fuel duty cycle is described by a sequence of events that may have

produced local or global power shocks.

The events were selected on the basis of information on rod motions and reactor
power changes obtained from the operator log books, process computer outputs, etc.

The following were considered as events:

° Reactor operation for fuel preconditioning (precon. ramps).

° Total power increase, where the nature and magnitude of the in-
crease may have produced power shocks,

° Startup with a power distribution different from that existing
prior to shutdown,

° Rod movements at power, and

° Power distribution shifts due to xenon transients.

Rod movements at power were often difficult to describe properly, due to incomplete
data on rod positions as a function of time. For the period prior to May 1973, it
was assumed that the net rod movements, from one operating condition data set to the
next had occurred at power. For the period after May 1973, when the Precondition-
ing Interim Operating Management Recommendations provided by GE (PCIOMR) became ef-

fective, it was assumed that rods were moved at reduced power.

The rod withdrawal event, which occurred in September 1973, was subject to an hour-
by-hour simulation to account for the xenon transient during this event. The fuel
assemblies surrounding the withdrawn rod experienced power shocks that exceeded,

by a factor of 2, any other power shock identified during Cycle 1. The power dis-
tributions in one of these assemblies, before and after the event, are shown in

Figure 6-21.

The start-up event on May 22, 1975, early in Cycle 2, is believed to be responsible
for the bulk of the failures which occurred in that cycle. This event was modeled
in detail, as shown in Figure 6-22, using the xenon dynamics mode of simulation. The
reactor was taken up to 700 MWe, or about 85% of full power, with an adverse bottom
peaked power distribution. (See Appendix C) The bottom peak was especially pro-
nounced in Core Quadrant No. 2, where almost no shallow rods were used to reduce

the power peaking. This quadrant was analyzed separately in order to account ap-

proximately for the asymmetries relative to Quadrant No. 4.




A list of the events analyzed is given in Table 6-5 for Cycle 1, and in Table 6-6
for Cycle 2. Each event is characterized by the reactor power level before and
after the event, the ramp time and type of event, such as total power increase, rod
movement, etc. Detailed power distribution and power shock data for selected events

are given in Appendix C in the form of copies of the computer output listings.

An important part of the duty cycle analysis is to track the interaction power level,
Qo, for each nodal pin group as a function of time. 2an example of this is shown in
Figure 6-23, which illustrates the development of QO for the pin group adjacent to
the control rod (Group 4) in Node No. 6 of Assembly 903 through Cycle 1, together
with the power, Q, and the effective power shocks AQ for this pin group. Assembly
903 was located next to the control rod involved in the rod withdrawal event of

September 1973.

Corresponding values of QO, Q and AQ for all 17,376 pin group nodes in the core guad-
rant considered and for all events analyzed, were generated and stored on a per-

manent file, called the Q-file.

FUEL PERFORMANCE ANALYSES

Failure Prediction

The Q-file, containing the duty cycle history, was processed by the FDCA2/POSHO pro-
gram to obtain the final failure predictions, failure accumulation and the predicted

offgas activity level versus time.

Tables 6-7 and 6-8 list the maximum power shocks, the expected number of cracks,
failed pins and failed assemblies per event for the events in Cycles 1 and 2, re-
spectively. Since some events included rather complex power histories, the simulat-
ed power history was chosen to produce the maximum shock that would be judged to
occur for the event. Figures 6-24 and 6-25 show the accumulated assembly failure
probability distributions in the simulated core quadrant, at the end of Cycle 1

(EOC1l) and at the end of Cycle 2 (EOC2), respectively.

For Cycle 1, the failed fuel assemblies from this gquadrant, as well as from sym-
metric positions in the other quadrants, are identified for comparison. A break-
down of the failed assemblies into fuel types and core quadrants is shown in Table
6-9 for Cycle 1, and Table 6-10 for Cycle 2. The actual number of failed assemblies
(sipping) for Quadrant 4 serves as a basis for comparison with the prediction. For
Cycle 1, a prediction for the full core was made by extrapolation from the 1/4-core

calculation.




For Cycle 2, the large spread in the observed number of failed assemblies per core
quadrant indicates that asymmetric conditions existed. The failure rate in Quadrant
No. 2 was more than a factor of 2 higher than in any of the three other gquadrants.
Hence, an attempt was made to treat this guadrant separately, as described above un-
der Duty Cycle Simulation. The results of this calculation are shown in Figure 6-26.
The extrapolation to a full core prediction was made by multiplying the failures

predicted for Quadrant 4 by three and adding the prediction of Quadrant 2.

The ability of the fuel performance model to predict when the failures occur is il-
lustrated in Figure 6-27 for Cycle 1, and in Figure 6-28 for Cycle 2. The calculat-
ed offgas activity level versus time is here compared to the measured offgas repre-
sented by the sum of six isotopes. Also shown is the accumulated prediction of

number of failed pins. The core-wide distribution of the expected number of failed

pins at EOC-1 is shown in Figure 6-29.

Fission Product Release Calculations

. L 133 135 138
The offgas activity level from the sum of the six isotopes: Xe " Xe 3 , Xe ,

85m 87
r

88 . . .
Kr , K and Kr ~, at the steam jet air ejector (SJAE) has been calculated with

the model described in Section 4.

Based on data from Maine Yankee and Quad Cities, a common escape rate coefficient
(m) of 1.5 was selected to describe the power dependency of the activity release

rate in both reactors.

The calculated activity level is normalized to the activity level following the rod

withdrawal event of 21 September 1973. This event is well defined and gives a major

increase in the number of pins failed. A total of 37 pins is predicted to have failed

as a result of this and prior events. BAgreement with the average offgas level during

the subsequent period of steady-state operation, Step 16, is obtained using a X value
5

in Eq.5 in § 4 of 1.3-10"°. fThis corresponds to an average release rate of 1400 uCi/

sec per pin at 100% power.

The same offgas model was employed in the calculations for Cycle 2. The results for
Cycle 1 are shown in Figure 6-27 and the results for Cycle 2 are shown in Figure
6-28. During the first year and a half of Cycle 1, the predicted offgas activity

is in relatively good agreement with the measured activity and both correlate gquan-
titatively with the calculation of the number of failed fuel pins. Late in Cycle 1

and in Cycle 2, there is very wide scatter in the measured activity levels, which



is typical for this kind of measurement in a BWR, and only gross correspondence

with the calculated number of failed fuel pins.

EVALUATION OF RESULTS

The Power History Data Base

The procedure of the fuel duty cycle analysis for developing a detailed power history
data base relies on the ability of the analytic models of FMS to simulate core per-

formance and the accuracy with which the operating history is simulated.

The ability of FMS to adequately account for the complex effects of power level, flow,
control rod distribution and exposure history on core reactivity is clearly demon-
strated by a nearly constant keff value throughout the two cycles analyzed. The cal-
culated k as a function of burnup is shown in Figure 6-20. This provides an in-

eff
tegral confirmation of the adequacy of the nuclear data base produced with RECORD.

Comparisons between measured and calculated in-core signals show that the PRESTO
simulator adequately reproduces the power distributions in the core throughout the
two cycles. The axial power distributions for ten locations in one gquadrant of the
core, as measured and calculated at the beginning of Cycles 1 and 2, are shown in
Figures 6-17 and 6-~18. The standard deviation between the calculated and measured
local TIP signal was 7-8% for the comparisons shown in these figures. The results
achieved in the core simulation phase of this work may deserve more attention, but
in the context of this work it is sufficient to note these results as a verification
of the adequacy of the simulator in reproducing the actual power distributions in

the core.

Simulation of the operating history for a fuel duty cycle analysis requires, basi-
cally, a normal core-follow analysis to describe the state of the core, as a func-
tion of time, and additional simulation of any operating event which could produce

gross or local fuel shocks during the operating period.

In the approximation of the operating history shown in Figures 6-8 and 6-9, gross
core power maneuvers are considered to be well represented by the steady-state
power distributions at beginning and end of each timestep shown. During these time
steps, however, single notch withdrawals of rods at power have occurred. Consider-
able effort was expended in the identification of these events. Some uncertainty
is also associated with transient power distributions which may have occurred dur-

ing some of the startup events. This was particularly true for Cycle 1, where




the operating history was quite complex. Cycle 2 represents a much simpler cycle

where the significant events are considered to be well modeled.
In spite of these difficulties, the power history data base, developed for Quad
Cities 2, is considered to be the most comprehensive and accurate data base avail-

able for further development of empirical failure models like POSHO.

Power Shock Calculations

The power history data base was used to model the selected power shock events using
the FDCAl program. Thus the effective interaction level history and effective pow-
er shock at each event were determined. Table 6-7 gives the maximum power shock at
each of these events. The uncertainty associated with the modeling of power
shocks is determined essentially by the uncertainty associated with the calculation
of a change in local power, which is considered to be smaller than the un-
certainty (7-8%) in the power distribution itself. The introduction of the operat-
ing recommendations to maintain power distributions within preconditioning values
has not prevented power shocks from occurring frequently. This result is not sur-
prising, in view of the complexity of the three-dimensional power distribution in a
BWR. More guidance, particularly in the predictive capability of the process com-
puter, is required to enable the operator to do a better job in controlling the

power shape.

Failure Analysis

The gross core failure predictions by FDCA-POSHO, Tables 6-9 and 6-10, show an over-
prediction of the failure rate in Cycle 1, and under-prediction in Cycle 2. For the
two cycles together, the total predicted number of failures is in close agreement

with observations.

As described in Section 4, POSHO has been adjusted to failure data from a number

of operating plants, with an approximate representation of the power shocks develop-
ed in these plants. The detailed representations of power histories for Quad Cities
have shown that the fuel in an operating BWR is subject to a much greater number of
small power shocks than previously assumed. It was thus expected that the general
level of failure prediction would be high in Cycle 1, because of the cumulative ef-
fect of combining the probabilities of failure of a large number of small shocks.

In Cycle 2, this is compensated for by neglecting the influence of previous damage

to 0ld fuel, as discussed below.



The sipping procedure is not perfect; perhaps the ex-core sipping procedure is
about 80% effective. Using this value, we find the "corrected" failure rates in
Cycle 1 to be 74/0.80=92, which would imply that 18 failed assemblies remained in
the core for Cycle 2. The corrected failure rate in Cycle 2 is thus (O?%O - 18)

= 100 failed assemblies, for a corrected total of 192 failed assemblies for the
two cycles. Compared with these values, the over-prediction in Cycle 1 is reduced
to about 10%. There is still, however, an under-prediction in Cycle 2 of approxi-
mately 40%. This is attributed primarily to the fact that FDCA-POSHO does not
account for the cumulative effects of previous power shocks in the fuel's resis-
tance to PCI failures. This effect also has been observed in other applications

of POSHO, and may be a result of previous deteriorization of the fuel cladding and

previous development of incipient cracks.

Looking at the failures for the different assembly types, it is seen that in Cycle
1, Type 2 assemblies have experienced more than twice as many failures on a per-
centage basis, as the nearly identical assemblies of Type 4. Type 2 assemblies are
predicted to have about the same failure rate as Type 4. There is no known design
difference that can explain the better behavior of the Type 4 assemblies relative
to the Type 2 assemblies. It does not seem reasonable that only the power shocks
for Type 2 assemblies have been under-estimated. This difference may, therefore,
come from design or production variables not accounted for in the model, and per-
haps is an illustration of the possible differences which can be expected between
two different batches produced according to the same specifications. In Cycle 2,
this effect has disappeared and/or the damage incurred during Cycle 1 results in a

fuel state giving nearly the same failure rates for the two fuel types.

Assemblies of Type 3 experienced few failures in Cycle 1, but have the highest failure
rate in Cycle 2. One possible reason for this is that they were originally loaded in
the outer ring, and many of them were shifted into the center of the core for opera-

tion in Cycle 2.

Table 6-10 shows the division of the failures in Cycle 2 among the four quadrants.

It can be seen that there is a large difference in the number of observed failures
for the four quadrants. In Quadrant 2, 41 assemblies failed, but in Quadrant 3,

only 15 failed. The power simulation and failure prediction was done for Quadrant 4,
which is reasonably representative for the power history in Quadrants 1, 3 and 4.

A separate analysis was done for Quadrant 2 for the startup event, where a higher

peak was developed in this quadrant, due to an asymmetric control rod distribution.




This improved the prediction for this quadrant, but it remains below the observed

values.

Comparisons between the accumulated number of predicted failed pins and the offgas
activity versus time show a positive correlation for both Cycles 1 and 2. 1In most
cases, the increase in offgas coincides with the time of new failures predicted, or
occurs shortly thereafter. The activity level calculated from the predicted number
of failed pins is generally in agreement with the observed offgas level as a func-
tion of time. There are, however, indications of an over-prediction of the number
of fuel failures occurring during the preconditioning maneuvers, based on the ob-
served offgas activity level changes. A greater effect of preconditioning may be

required in POSHO for slow ramp rates.

Turning, finally, to the model's ability to predict where the fuel failures occur
in the core, it is observed that the picture is somewhat complex. During Cycle 1,
almost every fuel assembly in the central core experienced a considerable number
of shocks and the general failure probability level is high. About half of the
failed assemblies were found in only one of four symmetric positions. There

still remain, however, some locations in the core where symmetric assemblies
have failed in all four quadrants. A better geographic resolution of the loca-

tion of the predicted failed assemblies would have been desirable.

The geographic resolution and correlation with observations is excellent in Cycle 2
in both of the quadrants analyzed. This is due to the fact that in this cycle, the

bulk of the failures were caused by a few large shocks, rather than many small ones.

The same conclusions may be drawn from the "Error Plots" of Figures 6-30 and 6-31.
Here, the observed failure rate for assemblies with predicted failure probabilities
within the same interval is presented. Making allowance for the general low level
of the failure prediction in Cycle 2, there is a strong correlation between predic-

tion and observation for both guadrants analyzed.

The predictions may be used to eliminate "safe" assemblies from the time consuming
sipping procedure. It is, however, important to note that in Cycle 1, where most
of the assemblies received significant power shocks, only about 100 assemblies out

of 720 had predicted failure probabilities of less than 5%. 1In Cycle 2, however,



nearly half of the assemblies could have been eliminated from the sipping process

on the basis of predictions of the probability of failure of 5% or less.

As already discussed, the failure probabilities in Cycle 2 have been calculated as-
suming no effect of previous shocks. The predicted failure probabilities in Quadrant
4 at EOC-2 are presented in Figure 6-32 together with the failure probabilities of
the respective assemblies from EOC-1. It is observed that in no case has fuel failed

in Cycle 2 without receiving power shocks resulting in a failure probability

A correlation which would account for the cumulative effect of power shocks would
provide a multiplicative correction to the failure probability functions. The
damage correction, itself, would be an integral function of power shock history.
This would be in agreement with physical understanding of the failure process and

work is underway along these lines.

Fission Product Release

The predicted offgas activity level shows a reasonable agreement during the first
part of Cycle 1, while there is an under-prediction toward the end of Cycle 1.
There also is a consistent under-prediction of the activity level throughout Cycle 2.
The model over-predicted the number of failed assemblies in Cycle 1. There is,
however, no information about the true number of pins failed during the cycle, and
the predictions may be low. Because of the wide scatter in the measured values,
numerical comparison is difficult. The under-prediction is roughly 50% at the end
of Cycle 1 and the predicted level is very roughly 25% of the measured level during
Cycle 2. A damage correction in the POSHO model probably will result in more pins
failed per assembly. The core was subjected to large local power shocks early in
the cycle, and there also were several rod motions at power later in the cycle af-

fecting fuel which may have had earlier incipient failures.

The present activity release model does not include a burnup dependency. There are,
however, several reasons that call for an increased activity release rate at high
burnup. The fuel pellets become more cracked. Accumulation of fission products

in the UO2 matrix and in the fuel to cladding gap will tend to reduce specific heat
conductivity, and gap conductance. (18) The center temperature therefore increases
with burnup. These factors will tend to increase the escape rate coefficient and

give higher release rates for the same failure rate, in the absence of other

factors (e.g., crud) that would decrease the release rates.
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Fuel pins which have failed early in the cycle will tend to form new cracks, be-
cause subsequent hydriding will weaken the cladding. This also may increase the

release rate.

In Cycle 2, the predictions underestimate the number of failed assemblies and con-
sequently, also the number of failed pins and the resultant offgas activity level.
The algorithm does not consider the activity release from fuel material released

to the primary coolant system from prior failures. This omission contributes to

the under-prediction of that activity. For an under-prediction of failures of 35%,
the actual number of failures would be expected to increase the predicted activity
level by approximately 50%. If the escape rate is increasing with burnup, the large
discrepancy between the measured and the predicted offgas activity level may be

reduced substantially.




TABLE 6-1

GEoMETRIC DESIGN DATA FOR THE INITIAL /7 X / FUEL AND THE
RELOAD 8 X 8 FUEL. (ALL DIMENSIONS IN CM.) QUAD CITIES UNIT TWO

DESCRIPTION INITIAL FUEL RELOAD- 1 FUEL '

Fuel pellet radius .6185/.6198% .5283
Fuel pellet height 2.134 1.067
Dish radius .4826

Pellet - clad gap .0152/.0139 .0114
Clad, inner radius .6337 .5398
Clad, thickness .0813 .0863
Clad, outer radius .7150 .6261
Fuel rod pitch 1.8745 1.6256
Fuel rod array 7x7 8 x 8
QOuter side of fuel assembly box 13.8125 13.8125
Fuel assembly box thickness .2032 .2032
Fuel assembly pitch 15.24 15.24
Thickness of narrow water gap 4750 L4750
Thickness of wide water gap .9525 .9525

*Dished/Undished




TaBLE 6-2

FUEL AND ASSEMBLY MATERIAL COMPOSITION FOR INITIAL AND
RELOAD FUEL. QUAD CITIES UNIT TWO

DESCRIPTION

INITIAL FUEL

RELOAD-1 FUEL

Weight of U0, pr. assembly (kg)

Fuel density (U0,) (g/cm?)

Fuel enrichment, wt % U235 in U
Uranium in fuel (wt %)

Clad type

Clad density (g/cm3)

Material in fuel assembly box
Density of fuel box material (g/cm3)
Structural material

218.1/223.0%

208.383 (Dished)

10.4 10.4
2.12 2.50
88.15 88.15
Zircaloy 2 Zircaloy 2
6.55 6.55
Zircaloy 4
6.55

7 spacers (Zr-4 with

inconel springs)

*Dished/undished



TABLE 6-3

Quap Cities UniT Two
Core DesicN DATA

Total number of fuel assemblies

Number of throttled periphery channels
Total heat transfer area (m?) - Core 1
Heat transfer area per assembly (m?), 7x7
Heat transfer area per assembly (m?), 8x8
Total number of control rods

Control rod pitch (cm)

Core height (active fuel) (cm)

TABLE 6-4
NOMINAL OPERATING CONDITIONS

Core thermal power (MW)

System pressure (psia)

Steam production (kg/sec)

Total coolant flow rate (kg/sec)
Core inlet subcooling (wsec/kg)




TABLE 6-5
DescrIPTION oF EveEnTs - CycLe 1

QUAD CITIES UNIT TWO

Power Level (%) Ranp*
Event Date of Before After Time
No. Event Ramp Ramp Hrs. Description of Lvent
0 BOC(1972) 0 90.2 300. Startup. Rod patt. Al
13/1-1973 0. 90. 120. Rod swap to Bl
23/1 0. 90. 0. Rods moved on power
26/1 0 95.0 120. Startup
20/3 95.6 94.7 2. Rods moved on power
5 7/5 0. 97.6 190. Rod swap to A2 (low axial)
7/5 97.6 98.8 0. Rods moved on power
98.8 94.7 96.
17/5 0. 93.9 76.8 Prccond (high axial)
25/6 93.9 93.9 6. Rods moved on power
10 5/8 0. 93.4 24. Fast startup
8/9 0. 89.6 192. Rod swap to B2 (low sweep)
17/9 89.4 216. Precond. (flat sweep)
21/9 89.4 80.4 0. Rod withdrawal error
21/9 89.4 89.4 4. Max power pecak (Xe-transient)
15 89.4 89.4 72.
0. 90.3 12. Fast startup & rod movement
27/12 53 89.8 115.2 Precond. ramp (B2b)
8/1-1974 93.6 24. Fast startup
12/2 47.5 74.9 76.8 Precond. ramp (B2Zb)
20 12/2 74.9 79.4 0. Rod withdrawal Array 30
13/2 79.4 92.4 28.8 Increcasc to full power
92.4 92.4 6.0 Rods moved on power
5/4 a. 94.5 96. Rod sequencing to Al
6/4 31. 065. 2.4 One circ pump opcrating
25 15/4 0. 98.3 19.2 rast power increasc
15/4 98.3 98.3 0. Rods moved on power
98.3 98.3 12. Rods moved on power
7/5 49. 97.5 120. Precond. Al
27/5 0. 91. 48. Offgas HI HI

(Continued next page)



TABLE 6-5 (continued)

Power Level (%) Reump™
Lvent Date of Before After Time
No. Event Ramp Ramp Hirs. Description of Lvent
30 1/6 0. 82. 12. Iast startup
24/6 0. 89.6 240. Rod swap to Bl
15/7 49. 91. 48, Precond. Bl (low axial)
12/8 47.5 78.5 48. Precond. Bl
13/8 78.5 78.5 0. Rods moved on power
35 72. 90. 24.
13/10 0. 82.5 249. Power incrcasc limits
6/11 62.5 84. 60. Power limited by offgas
22/11 0. 75.7 72. Rod swap to A2
22/11 48. 75. 48. Preccond. ranp
40 28. 67.6 48. One circ. pump oper.

*An effective ramp time is used which is determined mainly from
the ramp rate at high power




TaBLE 6.6 DESCRIPTION OF EVENTS - CYCLE 2

QUAD CITIES UNIT TWO

Power Level (%) Ramp

Event Date of Before After Time
Ne. Event Ramp Ramp Hrs.

1 5/5-1975 0. 80. 120.

2 16/5 S0. 90. 144.

3 22/5 0. 85. 10.5

4 22/5 85. 85.

5 22/5 85. 60. 0.

6 12/6 60. 75. 10.

7 21/7 73 96.

3 14/8 0. 30. 216.

1 Startup CY2 Preconditioning ramp.

2 Preconditioning ramp.

3 Fast startup with high power peaking and asymmetric

rod geometry

4 Rod movements at power

5 Low power operation due to offgas limitations

6 Power increase

7 Startup

8 Startup




TaBLE 6.7

QUAD CITIES UNIT TWO

MAXIMUM POWER SHOCKS AND PREDICTED FAILURES PER EVENT - CycLE 1

FAILURE PREDICTION
EVENT AQmax
NO. (W/cm) Q4 Assys. Pins Cracks
0 0. 0. 0. 0.
125. 0.1 0.1 0.1
175. 0.1 0.1 0.1
125. 0.3 0.3 0.3
225. 0.7 0.8 0.8
5 125. 0.5 0.5 0.5
175. 0 0. 0.
75. 0. 0. 0.
100. 0.2 0.2 0.2
100. 0 0. 0.
10 125. 0.2 0.2 0.2
125, 0.6 0.6 0.6
75. 0.2 .2 .2
350. 3.0 20.5 24.6
50. 0. 0. 0.
15 50. 0. 0. 0.
100. 0.5 0.5 0.5
100. 0.9 0.9 0.9
100. 0.9 0.9 0.9
100. 0.3 0.3 0.3
20 125. 0.1 0.1 0.1
50. 0.3 0.3 0.3
50. 0. 0. 0.
125. 3.1 3.2 3.2
25. 0. 0. 0.
25 100. 5.4 5.5 5.5
125. 0.2 0.2 0.2
125. 0.4 0.4 0.4
100. 1.3 1.3 1.3
50. 0. 0. 0.

*

Assymetric Quadrant 3 and 4 only

(Continued next page)




TaBLE 6-7 (CONTINUED)

(Continued)
FAILURE PREDICTION
EVENT AQmax
NO. (W/cm) Q4 Assys. Pins Cracks
30 50. 0. 0. 0.
100. 1.2 1.2 1.2
50. 0.3 0.3 0.3
125. 3.2 3.4 3.4
125. 0.1 0.1 0.1
35 100. 1.8 1.8 1.8
75. 0.3 0.3 0.3
50. 0.5 0.5 0.5
125, 1.9 2.0 2.0
75. 0.6 0.6 0.6
40 25. 0. 0. 0.




TABLE 6.8

QUAD CITIES UNIT TWO

MAXIMUM POWER SHOCKS AND PREDICTED FAILURES PER EVENT - CYCLE 2

AQmax FAILURE PREDICTION

EVENT (W/cm) Assemblies Pins Cracks

NO. Q2 Q4 Q2 Q4 Q2 Q4 Q2 Q4
1 125. 125. 2.3 2.3 2.4 2.4 2.4 2.4
2 100. 100. 1.7 1.7 1.7 1.7 1.7 1.7
3 175. 175. 12.4 8.1 15.2 9.3 15.2 9.3
4 50. 200. 0. 1.2 0. 2.5 0. 2.6
5 0. 0. 0. 0. 0 0. 0. 0.
6 75. 75. 0.6 0.6 0.6 0.6 0.6 0.6
7 100. 100. 0.7 0.7 0.7 0.7 0.7 0.7
8 50. 50. 0.4 0.4 0.4 0.4 0.4 0.4




TaBLE 6.9

ActuaL AND PrReDICTED FAILURES BY AsseMBLY TYPE AND CORE
QUADRANT - CYcLE 1, QUAD CITIES UNIT TWO

ASSEMBLY TYPE 1 2 3 4 SUM
NO. IN CORE 120 | 192 | 140 | 272 724
NO. OF FAILED 1 2 9 2 7 20
ASSYS. IN 2 3 12 2 2 19
3 2 8 1 6 17
QUADR. 4 2 9 1 6 18
PREDICTION
QUADR. 4 3.0 | 9.7 | 1.0 |12.5 26.6
FAILED TOTAL CORE 9 38 6 | 21 74
PER CENT 7. 19.8 | 4.3 ] 7.7 10.2
PRED. TOTAL CORE 13.6 | 35.5 | 4.0 |47.9 101.0
PER CENT 1.3 | 18.5 | 2.9 |17.6 14.0




TaBLE 6,10
AcTuaL AND PrebicTED FAILURES BY AsSEMBLY TyPE AND CORE
QUADRANT - CYCLE 2,  QUAD CITIES UNIT TWO

ASSEMBLY TYPE 1 2 3 4 5
NO. IN CORE 88 144 132 216 144
NO. OF FAILED 1 2 5 6 5 0
ASSYS IN 2 4 6 16 15 0
3 4 3 3 0
QUADR. 4 1 4 0
PREDICTION 2 2.5 3.7 4.9 6.3 .0
QUADR. 4 1.7 2.9 4.5 5.2 0
FAILED TOTAL CORE 11 18 35 30
PER CENT 12.5 12.5 26.5 | 13.9 0.0
PRED. TOTAL CORE 7.6 12.4 18.4 | 21.9 0.0
PER CENT 8.6 8.6 13.9 1 10.1




TaBLE 6,11

ActuaL AND PREDICTED NuMBER OF FAILED AsSEMBLIES, SuM

oF CycLEs 1 AND 2,

QUAD CITIES UNIT TWO

ASSEMBLY TYPE 1 2 3 4 5 SUM
NO. OF ASSEMBLIES 120 192 140 272 144 868
NO. OF FAILED ASSYS. 20 56 41 51 168
PER CENT 16.7 29.2 29.3 18.8 0.0 19.4
PREDICTION (NO.) 21.2 47.9 22.4 69.8 0.0 161.3
PER CENT 17.7 24.9 16.0 25.7 0.0 18.6
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WIDE-WIDE CORNER

1| 1) 2] 2 2 |1
1| 2]2] 3 3 | 2
2| 2|33 3|3
2 | 3|3 3 61| 3
2 | 5] 3| 3 3 {3
2 | 3] 3 |e1 313
1] 23| 3 5| 2

i / !

e [ Woush | @b, | o

1 1.20 - 5

2 1.70 - 14

3 2.7 - 28

6o 1 247 | 3.0 2

F16. 6,1

FUEL ASSEMBLY ARRANGEMENT FOR
INITIAL / X / FUEL WITH

2 GD-PINS.

QUAD CITIES UNIT TWO

WIDE-WIDE CORNER

1 1 2 2 2 2 1
1 2 2 3 3 3 2
2 2 |Gp2f 3 3 3 3
2 3 3 3 3 |G 1| 3
2 3 3 3 3 3 3
2 3 3 |6pl] 3 3 3
1 2 3 3 3 3 2
Rop ENRICHMENT| w/0 NUMBER
Type w/o U-235 6p,0; OF RODS
1 1.20 - 5
2 1.70 - 14
3 2.47 - 27
Gp 1 2.47 3.0 2
Gp 2 2.47 0.5 1

Fi6. 6.2 FUEL ASSEMBLY ARRANGEMENT FOR
INITIAL 7 X 7 FUEL WITH

3 GD-PINS.
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WIBE-WIDE CORNER

. dens,

3 |4 3| 4 {u | 43 o4 ss
T e ‘”«//Vl’//!/{//ﬁ

3 4 14 414 41 4 4
SENTRALJf

3 I GD 3 I L{ 4 GD 3 4 SUPPORT
2 3 Yy 4 4 4 4 3
- [ S —
$OD E:R[CHMENT w/0 HuMBER S CONTROL BLADE HALF SPAN 12.3825 cM
YPE w/o U-235 6p203 ofF Rops D CONTROL BLADE FULL THICKNESS 7925
1 1.50 - 1 SS  CENTER PIECE HALF SPAN 1,9837
2 1.80 _ P WTH SHEATH THICKNESS 1854
TID TuBE INNER RADIUS 175
3 2.06 - 14 TOD TuBE OUTER RADIUS .2385
y 2.73 _ i P PiTCH OF ABSORBER RODS WITHIN BLADE .Ligsy
: 0 NUMBER OF TUBES PER BLADE 84

Gp 3 2.73 1.5
H,0 - -

Fig, 6,4 CROSS-SECTION OF CONTROL ROD BLADE

F1G, 6,3 FUEL ASSEMBLY ARRANGEMENT FOR THE
(DIMENSIONS IN CM.),

RELOAD & X 8 FUEL.
QUAD CITIES UNIT TWO
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FUEL TYPE IDENTIFICATION

Average
enrichment

2.12
2.12
2.12
2.12

Pellets

UNDISHED

DISHED
UNDISHED

DISHED

No of
Gd pins

Bundle
type

CORE LAYOUT AND FUEL TYPES IN

QUAD CITIES 2 - CvcLE 1.

5

b

Fic

6-28
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FUEL TYPE IDENTIFICATION

Bundle
type

Average
enrichment

2.12
2.12

2
2

1
1

2.

2.

2.50

Pellets

UNDISHED

DISHED

UNDISHED

DISHED

CHAMFERED

No of
Gd pins

CORE LAYOUT AND FUEL TYPES IN

QUAD CITIES 2 - CycLe 2

Fic. 6.6
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| .16 (95)
|_18 (89)
1 20 (83}
1— 22 (77
L 24 (71)
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H— 28 (54)
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|- 36 (35)
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NMYHAHLIM 30v18 T10HLNOD
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XHANT HDOION -

{8¥ HOLON)

3gvg
TOHLINOD

TOP OF ACTIVE FUEL
TYPE GA2 _/— TYPE Gd1l L

A

{142} M

152.40

365.76

121.92

o/

Fic, 6.7

Y

BOTTOM OF ACTIVE FUEL—L

7.62
|
— U02
.
350.52 b
. %] s
(-';‘ / UG, + 05 wt% Gd,0
- 2 oW 2¥3
g %
<
— UO, + 3.0 wi% Gdy03
AN

{ ) INDICATES ELEVATION IN INCHES ABOVE BOTTOM OF ACTIVE FUEL

ELEVATION OF CORE COMPONENTS AND AXIAL

GD-ZONING OF INITIAL FUEL., (DIMENSIONS IN CM)

QUAD CITIES UNIT

TWO

7 X7 ASSEMBLIES




novier ()

1 1

UNIT TWO

JAN FEB MAR APR HAY JUii JUL AUG SEP 0cT NOV DEC

T€-9

poweER (%)

XA STEM 0, /]

JAR [EB AR APR HAY JUil JUL AUG SEP ocT HOV DEC

F16. 6.8 ACTUAL AND SIMULATED REACTOR POWER HISTORY - CvcLE 1, (CONTINUED NEXT PACE) 1972
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100 1+
ﬁr | rj rh"l F‘F_—‘F‘h'_ ] ﬂ ”‘“H{
g s
o 50-L
:
L ﬂ
JAN FEB MAR APR HMAY JUN JUL AUG SEP ) Qv DEC
$0 41 44 T ——s—4¢—5/0 AH ['s ¢ 9 10 —91113?57 16 —¢ 17
100 1
| [
&5 504
S
0
JAN FEB 11AR APR [AY JUN JUL AUG SEP 0CcT HOV DEC
Fic. 6.8 (CONT)  ACTUAL AND SIMULATED REACTOR POWER HISTORY - CycLe 1. 1973

Quap CiTies UniT Two
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7
/0

POWER (

€€-9

POWER (%)

QUAD CITIES UNIT TwO

I
100 + ]
— I |
Hl T fit
3 / d
50 J
0 (l
JAN FEB MAR APR MAY JUR JUL AUG SEP 0cT NOV DEC
——18 ———— 192 2——4-2 {4 $00/07 1—23 —429930¢—— I——4—301+—4-33/35 36 $37—9 ¢39—4-404
100 4 fe—————p— o 38
] | ] | , r
oo
| JAHl b AR APR MAY JUIl JUL AUG SEP ocT NOV DEC
1974

16, 6,8 ACTUAL AND SIMULATED REACTOR POWER HISTORY - CvcLe 1
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9

POWER (7

POWER (i)

QUAD CITIES UNIT TWO

100+
I |
504
0 |
JAN FEB MAR AFR MAY JUN JUL AU SEP 0cT NOV DEC
oo b —— ;
50 4+
0
JAH FEB MAR APR HAY JUN JUL AUG SEP ocT Lov DEC
1975

Fic. 6.9

ACTUAL AND SIMULATED REACTOR POWER HISTORY - (YCLE 2




Jun 73

May 73

Apr 73

Mar 73

Feb 73

Quad Cities Unit 2

% Power
and
Offgas Tsotopes uCi/sec
vs
Time

Jan 73

1Moy 3

—GAS ACTIVITY PLOT FOR INDIVIDUAL

Fic. 6,10 ExaMPLE OF OFF

ISOTOPES.



Jun 73

May 73

Apr 73

Mar 73

Feb 73

% Power 5 offgas (£ 6)

Vs Time
Quad Cities Unit 2

Jan 73

23s/tn

1amog §

Sum oF

Fic, 6,11 EXAMPLE OF OFF-GAS ACTIVITY PLOT,

SI1¥ _[SOINPEQ




QUAD CITIES UNIT Two

|

+1H I+ S Y+

F T T T 4 g g 1+

—— — — — —— —— — — — — — — —
— — — — — — —— — — — ———— R ——

I T R+ g Y

— — e aem . v e weem e e e mm—

— = R T 1 1+ 16+ g T 1Y+ |-

— ——— am—— | cmmm— e emeae e e e at— e——

—— — a— em— — mmp e st e maam wbmem mam —

F T T - 1

+1+ 18T -+

+ 191 Y1+

|
I

v - Assembly contained
failed fuel pin(s)

Fi6, 6,12 LOCATIONS OF FAILED ASSEMBLIES AS IDENTIFIED BY SIPPING
MEASUREMENTS, - CYCLE 1,




QUAD CITIES UNIT TWO

!
n

+ 1+l 41+
————— Quadrant no. 1

[N E R A B N

W - assembly contained
failed fuel pin{(s)

F16. 6,13 LOCATIONS OF FAILED ASSEMBLIES AS IDENTIFIED BY SIPPING
MEASUREMENTS - CYCLE 2,




1.20

115 / N

/ \ — Initial 7 x 7 fuel, 2 Gd. pins

\ —_——— Initial 7 x 7 fuel, 3 Gd. pins
. —_— Reload 8 x 8 fuel, 4 Gd. pins

110

1.05

95

.80

.85

L 1 1 1 ! 1 1 !
8000 12000 15000 20000 25000 30000 35000
MWOITL)

I
4000

Fig. 6,14 K . VERSUS BURNUP AT 40% vOID FOR INITIAL AND
RELOAD FUEL. QUAD CITIES UNIT TWO
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Wide-wide Corner

Wide-wide Corner

& 4 3 3 313 3 ] 313 3 3 3 2 |1 { pin-group no.

4 3 2 2 212 2 | « pin-group no.

g {3 ]2 2] 1}1]1 4|33 |2 o2 [2]1
4 | 3|2 1 111 1 30313 |22 4j2 2 11
30312 1| 1)1]1 312|222 9121)121}1
332 |1 1[1]1 2 21121112
Group No. No. Pins PGR/PQU Group No. | No. Pins PGR/PQU )

1 15 1,38 1 u 1,38

2 10 1.088 2 2 1

3 14 0.93 3 2 0.81

4 10 0,578 4 10 0,529

-
* PGR = pin-group power dens., rod in

PQJ = pin-group power dens., rod out PGR = pin-group power density, rod in

PGU = pin~-group power density, rod out

F16. 6,15 PIN-GROUP DEFINITION AND RATIO F16. 6,16 PIN-GROUP DEFINITION AND RATIO OF
OF RODDED-TO-UNRODDED PIN-GROUP RODDED~TO-UNRODDED PIN-GROUP POWER
POWER DENSITIES, [NITIAL DENSITIES. RELOAD 8 X 8 FUEL.
7 X 7 FUEL.

QUAD CITIES UNIT TWO




AN

l l is QUAD CITIES UNIT 2, TIP SET 01-03-73

& CALCULRTED POS.1e
* REASURED

Y
i

TLATIVE PR OINSITY

C/M= Area under calculated curve
Area under measured curve

bt
«
4

s 1 s
AXIAL HEICHT (NODES)

Fic. 6.1/ EVALUATION OF CALCULATED POWER DISTRIBUTIONS. COMPARISONS WITH
TIP-TrACES - BOC-1,




......

.......

1 L 1 1 1 |
[ 9 12 1] 13 21 24 I
(] \X
N
VAN N
. QUAD CITIES UNIT 2. T1P SET 07-47-7S.
| | * & CALCIRATES rOS. 18
« HERSURCO
| | =
£
E 1.5 4
PERE
74
C/M = Area under calculated curve € .
Area under measured curve
' s . . y y M M M

] “a '8
AXIAL HEICHT (NODES)

Fi1G, 6,18 EVALUATION OF CALCULATED POWER DISTRIBUTIONS. COMPARISONS WITH
TIP-trACES - BOC-2.
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QUADC CITIES UNIT 2. LPRM  08-14~73.

.5
: & CALLULATER rUS. 18
PN © KEHSIRED
2.8
1.5 4
—
< \a\
4
Y
/ ~.
oA
~ ™
3 P \\
e —

» 3 [
FOXCAL TIEIRHT (HOLES)

Fic, 6,19 EVALUATION OF CALCULATED POWER DISTRIBUTIONS. COMPARISONS WITH
LPRM RECORDINGS.,



Kerr

1.00
99
.98

L M
CYCLE 1 —{ CYCLE 2"
1 1 L I 1 1 1 { 1 1 1 1 >
1000 5000 10000

ACCUMULATED BURNUP (MWD/TU)

Fic. 6.20 Kepp VERSUS ACCUMULATED CORE AVERAGE BURNUP.

QUAD CITIES UNIT T¥O

! T 1 ] I
30—
t=4h
t=0,CR t -
: o ROD Witnprawe EveNT - SepTemser 1973

25— F4S Xe TRANSIENT CALCULATION
D
2
5 t=0,CR in
£20
%
3
Q
a
6 1.5
@

CHANNEL 16
~ROD H7 moveD FRoM

8 10 0 Nopes INSERTION

| | |

Fig, 6,21 LOCAL AXIAL POWER DISTRIBUTION DURING

15
Axial node no.

20

ROD
WITHDRAWAL EVENT - SEPTEMBER 1973.

QUAD CITIES UNIT TWO

6-44
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MWe| REACTOR
POWER 1 DATASET QC27505211
1000} 2 " QC27505212
3 " QC27505213
4 " QC27505214
5 " QC27505215
800
4 5
3
600~ 5
1
400
200
| ] | ] ] 1 ]
2 4 6 8 10 12 (PM) HRS

F1G., 0.22 REACTOR POWER VERSUS TIME FOR START UP EVENT ON fway 22, 1975,

rouy 4

REACTOR CONDITIONS REPRESENTED IN THE SIMULATION ARE INDICATED.
QUAD CITIES UNIT Two




400

{Wscm}

w

8

T
10
O

e}
L7 2777400007

1 T2T3T4lsTegl7lgTg

Pin group 4
200
AQ

{w/cm)

100

M T2 3T ToTeT e T7 T8 o o Tzl 1721314 5T 6 17 1813 10711112 (month)
1973 1974

F16. 6.25  Power HISTORY (Q), INTERACTION LEVEL (Q,) AND POWER SHOCK
(@) AS A FUNCTION OF TIME FOR PIN GROUP 4 IN NODE 6 OF
ASSEMBLY 903 - cycLe 1 (1972 nNoT sHowN) ,

QUAD CITIES UNIT T¥O
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SCP - FUEL DUTY CYCLE ANALYSIS RcPCRT - PROGRAM FDCA2

AL R R AR RS A RS R R R R AL R R R S L R S R R R F S RS RS R R R AL A 2 X3

CASE TITLE = F2-0C-01-00 GQUAD CuTIcS - 2 , CYCLE &

FATLURE PROBABILITY IN ASS, * 10d.0

1 2 3 4 5 6 7 8 9 10 11 12 13 16 15
T .. LT L. L T, ma A v T 7
i e 24 19 12, 13 29 31 20 19 21 22.—[ 13 11 U 6 0
— | . ¢ 4——1 | ~ ;
2 r_qq 20 13 12, 14 9 14 16 | 18 10 18 _L‘17 12 | 5 )
n _.I__ L + 1 _!_ 4 + . _|._ _Jr b + _
3L 9® 23 13 15 14 10 11 18 V18 12 o1 15 13 4 0
) = | | ¥ : ~ 4
4 25 2 23 3 4 22 10 14 | 22 4 29 15 ; 10 0
R R IQEIIE
5 | 14 23 | 23 17 | 16 20 21 11 | 13 310 35 20 8 3 0
r T T ¥ 1 L {
6 12 9 12 14 17 8 9 9 , 12 16 24 25 6 1
I T T i S e i B S R S
7 14 11 10 14 14 9 9 18 18 15 | 28 13 2
—4 4 | % < ~ |
8 14 14 18 8 10 17 23 12 | 15 21 17 7 1
T SR Vil R I B AR g e
9 14 18 18 9 9 23 24 17 19 26 ' 14 3 0
- 4 | | | | * 903
16 P‘N 4 9 10 12 11 14 29 21 11 5 1 ® 302
11 13 8 ! s | 13 ! 13 9 ! 11 21 ! 12 5 l 1
12 19 35 V30 11 . 8 7 . & 6 . 4 1 Identification of pos. of
} .Jr N + - _+_ L _I_ failed assemblies :
13 18 37 32 10 | 5 4 2 1 0
’ - [ I
14 }__ 6 6 5 3 2 0 2.quadrant 1.quadrant
15 1 1 I o a I 0
| | |
3. quadrant 4 .quadrant

F1e. 6.24 CoRE-WIDE PREDICTION OF PROBABILITY FOR ASSEMBLY FAILURES. COMPARISONS WITH FAILURES
IDENTIFIED BY SIPPING EOC-1.




8%-9

SCP - FUEL DUTY CYCLE ANALYSIS REFCRT - PROGRANM FQCA2

XX R RS S RS RN R RS RS R R RAE RS RS S AL R R RS R E LN 2

CASE TITLE = F2-nC-02-00 CULD CIVIES - 2 , CYCLE 2, Qu,

FAILURE PROSABILITY IN ASS, * 100.0
1 2 3 4 5 (5} 7 8 9 10 11 i? 13 14 15
T AaT T T

sﬂsi@s@

] 8 ]
94__*_J_

71 8 ' & | 4

|

u+a 0
6 |4 8
9

-
o

|

i
'™
(=)
@®

|

1
[Xe]
[+ ]
(7]

@
o

ULIF\D
T+ T T

!
|

o olo @
s
el

+
4+
L 4

wn
()

b

4 6

T T T T

.

6 7 0 4 0 6 0 2 | o ! 3 0
R R
T (8) 7o e s @ v 7 10 8 93 15 3 0
8 Itw u_i_u c__ll__:s ol@ o_i_ ) 0 T o 0 i
—t ——— —— ———— —1—- -
9 } 10 12 % 12 18 @ +@9 15 | 11 6 3 0 0
10 }_14 o+ s | o_“___ o_l___ 0_i_12 | 0 0
1m0 T @ 1 @ s | 28 1z 7 0 0
12 | 19 o @ 0, 30 0 . 9 0, 1 0 o
l._ _L + 4 + - ._’_ - _l.. - Assembly identified as
13 9 @ : 6 . 9 4 0 ] l 0 failed by sipping.
o | e, 6 s, 1 0
Ol ]
15 0 n_‘l_ 0 7 o+ 0

Fi6, 6,25 ASSEMBLY FAILURE PROBABILITIES FOR QUADRANT 4 - COMPARISON WITH FAILURES IDENTIFIED BY SIPPING EOC-2.
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SCP = FUEL OUTY CYCLE ANALYSIS R PFCxT -~ PRUOGRAM FDCA2

XS E R AR RS R A S R R E RS R R AR SRR R R R X R ER RS IR R RS RS R R R R R R R

CASE TITLE = F2-0C-02-20

FAILURE PRCBABILITY IMN ASS, * 128,43

10
i1
12
13
14

15

1

9

2 3

T_- Q_T‘ 8 j—

Uero CITIES - 2 , CYCLE 2, €2,

4

AS 4]

1C

11

[
w

[To]

4 Q:)+1Z il

i

o

ARBRN :+<;-—+——@:+--zo+i-~ A
ot atet o etatete T b

- gl ettt

LG [t e et e a T T

H betrat Ot gt Sty

-0
_I_

0_%_ 0

0 i 0

F1

G, 5.26 ASSEMBLY FAILURE PROBABILITIES FOR QUADRANT 2 - COMPARISON WITH FAILURES IDENTIFIED BY SIPPING EOC-2.
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Number of failed pins

Off-gas activity (uCi/sec)* 10°

150

L — Predicted
(ActuaL number of pin failures| unavailablel)
100 _
—
so| ~I
0 ¥ o omannel
T T T T - T T T T T T T T T T L
200} |
QUAD CITIES UNIT TWO
—— predicted
100 )—
------- measuregd
) . '..."t__
01.

Fic. 6,27 PREDICTED ACCUMULATED PIN FAILURES AND MEASURED/PREDICTED OFF-GAS ACTIVITY LEVEL VERSUS TIME - CYCLE 1.

——#




Number of failed pins

15-9

Off-gas activity (uCi/sec) -103

100

S0

200

— Predicted

(Acqfual number of pip failurgs unavaijable)
— —
QUAD CITIES UNIT TWO
— predicted
measured

Fi6. 6.28 PREDICTED ACCUMULATED PIN FAILURES AND MEASURED/PREDICTED OFF-GAS ACTIVITY LEVEL VERSUS TIME — CYCLE 2,
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SCP -~ FUEL DJDUTY CYCLE

(2 S X R L P S R P Y N Y R N F T RS T P Y Y Y Y

CASE TITLE = F2-0C-01-00 GQUAD CiTicS = 2 » CYCLE 1

NUMBER OF FAILED FINS

10

11

12

13

14

15

ANALYSIS REPURT = PROGkrAM FDCAZ2

IN ASS. 1lu.

1 2 3 “ 5 N 7 8 9 10 11 12 13 14 15
— _ . _ _ — _ _
[ 89 28 | 21 [ 13 | 313 s | 37 | 23 | 21 | 2 4{ 25 14 ! 12 | e ! 0
L 1 1 1 1
I 1 | i | | I
1084 @ 22 | 14 13 | 16 10 15 16 19 10 11 19 12 5 )
1 892 ®| 26 S 16 | 15 10 12 19 | 19 13 | 11 16 14 “ 0
1 1
l 1 1 1 1 T ' I
28 22 26 14 16 16 24 11 15 25 35 16 11 R 0
— —_ QUSSS WY —t —— [ — RN B __'}_ RN W [ S RN S —— e — —_—— PUSEES — pa—
.15 26 | 26 19 | 18 22 24 12 1w 38 | 43 22 | 3 3 0
I T I i i i !
13 10 13 15 19 8 10 10 13 18 27 29 6 1
|15 12 | 11 15 15 9 | to 19 | 20 16 | 22 1 2
I 1 1 1 l | |
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Section 7

MAINE YANKEE ANALYSIS

DESIGN AND PERFORMANCE DATA

Maine Yankee is an 830 MWe Combustion Engineering, Inc., (CE) PWR, operated by the
Maine Yankee Atomic Power Company. Operation started in November 1972. The initial
core loading consisted of 69 Type A assemblies and 80 Type B assemblies, arranged in
a checkerboard pattern, surrounded by 68 Type C assemblies in the peripheral core
region. Type B, and some of the Type C assemblies, contained burnable poison in

the form of boron carbide shim rods. The initial loading consisted of unpressurized

fuel pins loaded with fuel pellets which were susceptible to in-reactor densification.

Of the 217 assemblies, 37 carried fixed power distribution detectors in central
guide tubes. There were 4 detectors axially in each tube. In addition, there were
8 moveable fission chambers. All detectors in the interior (checkerboard) core reg-

ion were located in Type B assemblies.

The reactor was operated at approximately 80% of nominal full power throughout

Cycle 1.

The reactor was shut down for fuel inspection on 29 June 1974. As a result, 72
assemblies were replaced to form Core 1A. The plant returned to commercial oper-
ation on 11 October 1974. The 72 fresh fuel assemblies loaded are denoted as Types
RF0O, RF4 and RFB. The cycle was terminated on 2 May 1975, followed by fuel inspec-

tion of the entire Core 1A loading.
The fuel inspection (wet sipping) of the Core 1 loading identified one Type A, 41
Type B and one Type C assemblies as leakers. Out of the Core 1A loading, three

Type A, seven Type B and two Type C assemblies were found to be leaking.

Descriptions of the design and performance data used in this study are given below.




Fuel and Assembly Descriptions

Geometric design data for the fuel pellets, fuel rods and fuel as-
semblies for the fuel types used in Cycles 1 and 1A are given in
Table 7-1.

Corresponding material composition data and the number of fuel rods
and assemblies of each type are given in Table 7-2.

Shim rod data are given in Table 7-3.

The fuel assembly layout for each type of shim rod arrangement is
shown in Figure 7-1.

Control Rod Design

The design of the Control Element Assemblies (CEA) is shown schemat-
ically in Figure 7-2.

Absorber rod data are given in Table 7-4.

Core Design

Table 7-5 gives the total number of assemblies in the core, dimen-
sions, heat transfer area, flow area, etc.

The core arrangement for Cycle 1, showing the fuel type, layout and
the control rod group definition, is shown in Figure 7-3.

The core arrangement for Cycle 1A is shown in Figure 7-4.

Nominal Operating Conditions

° Nominal values for core thermal power, moderator temperature and

flow rate, are given in Table 7-6.
Operating History

° The gross thermal power production history through Cycles 1 and 1A
is shown in Figures 7-5 and 7-6, together with the simplified power
history, as modeled for this study.

) Lists of operating condition data, giving thermal power, moderator
boron content and rod bank positions for a number of selected dates
through Cycles 1 and 1A, are given in Tables 7-7 and 7-8.

1 - .

) Plots of the I 31 coolant activity level, on a day-by-day basis,
were obtained. Simplified plots are given, together with results
of the calculations, in Figures 7-18 and 7-19.

° Figure 7-7 shows the locations of the assemblies identified as
leakers by the sipping analysis after Cycle 1.

) Figure 7-8 shows the locations of the assemblies identified as

leakers by the sipping analysis after Cycle 1A.




FUEL DUTY CYCLE SIMULATION

Nuclear Data Bank Generation

A nuclear data bank for the Maine Yankee core was generated, using the RECORD code.
This data bank contains pin power distributions, and 2-group macroscopic cross-—
sections and diffusion coefficients condensed from the detailed multigroup calcula-
tions for each fuel type. These data are generated as a function of fuel burnup

and, in the case of a PWR, as a function of boron concentration in the moderator.

The burnup calculations were performed up to 35000 MWD/TU, with an average boron
concentration of 400 ppm. Using, subsequently, a restart option in RECORD, the burn-
up-dependent group data and pin power distributions at zero and 800 ppm boron con-
centration were generated from the 400 ppm éalculations. The RECORD calculations
also include treatment of shim rods which may be present, and the calculation of

depletion of burnable absorber (boron-10) in each such rod.

The main data bank is generated for the fuel at this hot operating condition, with

control elements out. Separate calculations were made with RECORD to determine the
coefficients required by PRESTO to take into account the effects of Doppler coeffi-
cient, variation of moderator density, steady state and transient xenon, and inser-
tion of control elements. Both boron-based and Ag-In-Cd-based control elements can

be treated directly by RECORD.

Figure 7-9 shows curves of k, versus burnup, as calculated by RECORD, for the dif-
ferent fuel types in the Maine Yankee core with 400 ppm boron concentration in the
moderator. An example of pin power distribution for a 1/4-assembly of Fuel Type A
is shown in Figure 7-10. This figure shows also the subdivision into pin groups

for the power-shock model which is used for all the different fuel types. Table 7-9
lists the number of pins per pin group for each assembly type. Table 7-10 gives the

pin-group power distributions for each fuel type analyzed.

Core Model

The operation of the reactor was simulated with PRESTO, using 1/8-core symmetry.
Each of the 217 assemblies was divided into four nodes in the x-y plane and into

24 nodes axially. This results in 2736 nodes in a core octant, including the nodes
on the diagonal symmetry line, in PRESTO. Five different fuel types were defined
for the initial core, using a separate treatment for each number of shim rods in

Fuel Type C (Figure 7-3). The second core (called core 1lA) was modeled with 7



different fuel types where Fuel Type 6 was fresh, without shim rods (FO and FB), and
Type 7 was fresh, with four shim rods (F4 and 2S) (Figure 7-4). The two other fuel
types used in the second core were not taken iuto account, as they appeared in only
one and two of the octants, respectively. Fuel shuffling from inside and outside

the octant was accounted for. Shuffling from outside the octant was simulated by
defining a new assembly, with history from the assembly symmetric to the one shuffled.
Rotation of an assembly was simulated by reordering the four parts into which the

assembly was divided.

The reactor operating condition, for a given point in time, was characterized by
the control rod pattern, the amount of dissolved boron and the reactor thermal power.

Nominal data were used throughout for the coolant flow rate and the core inlet tem-

perature.

In-core instrumentation recordings were used to check the adequacy of the power dis-~
tribution as calculated by PRESTO. The program includes a method of comparison with
in-core, moveable, fission chamber detectors. Results of measured and calculated

fission chamber traces from mid Cycle 1 are shown in Figure 7-11.

The reactor is equipped with a system of fixed, in-core detectors for power distri-
bution monitoring. The process computer program INCA is used to infer power distri-~
butions from the instrument readings. Comparisons between INCA and PRESTO results
are shown in Figure 7-12 for BOCl, in Figure 7-13 for EOCl, and in Figure 7-14 for
BOClA. In general, the agreement between calculations and measurements is satisfac-~
tory. This is particularly true for the assemblies where the instruments are placed.
If the normalization is limited to these assemblies, the difference is within 3-4%
in Cycle 1 and 7-8% in Cycle 1A. The deterioration in the agreement for Cycle 1A

is mainly caused by assymetries in the fuel loading, resulting from the replacement
of fuel assemblies before Cycle 1A. The INCA results which are obtained by mapping

the instrumented readings over the core into one octant, are directly affected by

these non-symmetry conditions.

The operating history was divided into 15 timesteps for Cycle 1 and 7 timesteps for
Cycle 1A. For each timestep, the reactor was assumed to have been operated under
constant conditions, as given in Table 7-6. The resulting reactivity curve is shown
in Figure 7-15. The saw-tooth shape of the curve is due to the application of a

fixed, soluble boron content within each timestep.




The minimum in the reactivity curve, at mid Cycle 1, is probably due to a slightly
too low rate of shim rod depletion in the calculation. Model improvement may be

desired on this point, from a reactor physics viewpoint. For the fuel duty analy-
sis, however, this reactivity deficiency is of little concern. Core power distri-

butions were generated and stored in the data bank at the end of each timestep.

Duty Cycle Simulation

The fuel duty cycle analysis, by means of the FDCAl program, consists of combining
the nodal power distributions from PRESTO with pin-group power distributions from

RECORD and the approximated core power history shown in Figure 4-3. The fuel duty
cycle is described by a sequence of events that may have produced local or global

power shocks. The following were considered as events:

) Start-up with a power distribution different from that existing
prior to shutdown.

e Rod movements at power.
) Power distribution shifts due to xenon-transients.
) Total power increase

Twenty events in Cycle 1 and 8 events in Cycle 1A were selected for this study.

A list of the relevant data describing these events is given in Tables 7-11 and 7-12.

The assembly power distribution after selected events, the average axial power dis-
tribution, the power shock matrix and the associated failure distribution are given

in Appendix C.

A control-rod-induced Xe-oscillation event, of 26 November 1973, was analyzed in de-
tail, using the Xe-dynamics option of the simulator. Another Xe-induced event, of
12 March 1974, was also analyzed in detail. The associated power shocks were not
very marked (see Table 7-13). ©No significant power shocks were generated as a
direct result of control rod motions, except for one event, (No. 7, Table 7-11),
where the reactor was operated with Rod Group 5 withdrawn after a long period of
operation with that group inserted. Rod Group 4 was inserted and withdrawn twice

(Event Nos. 12 and 19), during the latter part of Cycle 1.

The remaining events analyzed for Cycles 1 and 1A were caused by changes in the

total core power level.




FAILURE PREDICTIONS AND FISSION PRODUCT RELEASE

Failure Predictions

The nodal pin-group power density and power shock histories, as generated by the
FDCAl program, were saved on a permanent data file, called the Q-file, for sub-

sequent analyses by the FDCA2-POSHO program.

The latter program was used to generate the expected number of cracks, failed pins
and failed assemblies, including the locations of the failures, for each event
analyzed and accumulated over each operating cycle. The number of cracks, failed
pins and failed assemblies per event, together with the maximum power shock observed
for each event, may be found in Tables 7-13 and 7-14. The end of cycle assembly
failure probability distributions in a core octant for Cycles 1 and 1A, respectively,
are given in Figures 7-16 and 7-17. Also given, are the corresponding "observed
failure frequency" distributions, inferred from the sipping results shown in Fig-

ures 7-7 and 7-8.

The observed failure frequency for a given octant core position is here defined as
the percent failed assemblies out of the total number (maximum 8) of assemblies,

located in symmetric positions over the whole core.

Table 7-15 gives the predicted number of failed assemblies of each fuel type and the
total number for the whole core, in comparison with sipping results for Cycle 1.
Corresponding data for Cycle 1A are given in Table 7-16. Table 7-17 gives a com-

parison of prediction and sipping results for the sum of the Cycles 1 and 1A failures.

Cycle 1 measurements detected 43 leaking assemblies. Out of the 43 failed assemblies,
41 were of Type B, one of Type A and one of Type C. The corresponding predicted num-—
bers were 2.7, 3.1 and 1.8 for Type A, B and C, respectively. Out of the 20 events
analyzed for Cycle 1, none could be singled out as giving larger power shocks to

Type B fuel than to Type A. There are, however, differences in the Types A and B

assemblies as noted below.

Type A Type B
Poison Rods No Yes
Detector String No Yes
Enrichment (wt% U235) 2.01 2.40
Planned Residence in Core (Cycles) 1 2




As shown in Table 7-18, these parameters cause a general decrease (4%) in power for
Type A but a general increase (3%) for Type B during the reactor cycle. (Combustion
Engineering's calculations showa 6% rather than a 3-4% swing.) Having the detector
string in the Type B central guide tube position will replace water, resulting in

a lower center-of-assembly neutron flux than occurs for Type A. For an equivalent
assembly power, this would mean that a slightly higher flux would exist at the four
peripheral guide tube positions in the Type B assemblies. In the rod-by-rod examina-
tion performed as part of the EPRI contract RP586 Task C work scope (Reference 17),
the preponderence of failed rods surrounded these higher power peripheral guide tube
positions. The power sensitivity of the observed phenomenon is obviously very marked,

as was analytically verified in EPRI contract RP397. (See Reference 17)

Figure A-3 of Reference 17 (EPRI NP-218)shows a perforated rod adjacent to the center
guide tube location for Type A assembly A047. The post-irradiation investigation into
the characteristics of this rod indicated an unusually high amount of fuel pellet in-
reactor densification; this phenomenon increases the fuel~cladding gap and is, there-
fore, an alternative process (to higher linear power) for raising the fuel temperature

and initiating the stress corrosion failure process.

Accurate accounting for this failure-initiating temperature inversion requires
code logic which predicts the detail of fission product generation and storage
within the fuel pellets, fission product release, change in fuel-cladding gap
dimension and heat transfer coefficient, and synergistically combines these de-
tails through appropriate fuel-temperature behavioral feedback mechanisms. This
level of detail is not present in the POSHO model used in these studies, and the
Type A - Type B differences which were factored into the analysis were not suf-

ficient to give any discrimination between these fuel types.

It is evident from Figures 7-7 and 7-16 that the Type B failure frequency varies
radially and circumferentially across the core. These assymmetries are quantified

below; the values shown are taken directly from Figures 7-7 and 7-8.




Radial Zone No. Type B

1 13

2 15

3 21.5

4 30.5
80.0

Octant Zone No. Type B

Failed Type B

Fracttion Failed

Cycle 1 Cycle 1A Cycle 1 Cycle 1A
4 2 .307 .500
11 0 .733 0
18.5 0 .860 0
7.5 5 . 246 .164
41.0 7

Failed Type B

Fraction Failed

1 10

2

3

4

5

6

7

8 \J
80

Cycle 1 Cycle 1A Cycle 1 Cycle 1A
5.5 1 .55 .10
5.5 2.5 .55 .25
6 0.5 .60 .05
6.5 0.5 .65 .05
5.5 0.5 .55 .05
3.5 0 .35 0
4 2 .40 .20
4.5 0 .45 0

41.0 7.0

Radial zone number one is at the center of the core, and the octant zones are

counted in a counterclockwise direction starting from core position Y1l.




The regions of highest failure frequency for Type B fuel generally coincide with the
regions of highest radial power, especially when Rod Group 5 is inserted, as it was
for a substantial period of Cycle 1. 1In addition, the radial regions of highest
power will also experience the highest amplitude during Xe-induced oscillations of

the axial power distribution.

Examples of failure probabilities for the xenon events analyzed are shown in Ap-
pendix D, Event Nos. 10 and 16. The l/4-assembly failure probability distribution
for Event No. 10 represents a typical xenon oscillation of the axial power distribu-
tion, following a relatively short period of reduced power operation. Event No. 15
represents a typical xenon oscillation following a reactor startup after a short
shutdown period. The failure distribution in these events, although low, shows a
tendency to favor of ring of assemblies in a radial mid sector of the core, in quali-
tative agreement with the radial profile noted above. The xenon-induced power shock

distributions resemble the distribution of failed assemblies in Cycle 1.

The ability of the model to predict when the failures occur is illustrated in

. . 131 ..
Figure 7-18 for Cycle 1, and Figure 7-19 for Cycle 1A. The calculated I activity
level is here compared to the measured level in the coolant versus time. Note that

the activity level is plotted on a logarithmic scale.

Fission Product Release Calculations

Calculations of the primary coolant 1131 activity were performed using the model
described in Section 4. The primary coolant purification system was operated at a
flow-rate of 110 gpm up to January 1974 when it was increased to 140 gpm for the
rest of the cycle. During Cycle 1A, the flowrate was 110 gpm. This has been ac-
counted for in the calculation. The power reduction in December 1974 has been used
to calibrate the exponent (m) in the escape rate coefficient correlation, yielding
a value of approximately 1.5. This value has been used both for Cycle 1 and 1lA.
There is a large discrepancy in the actual versus predicted number of failed B
assemblies (Cycle 1 and 1A) and, therefore, the calculated coolant activity level
cannot be adjusted to the observed values. A figure of 5xlO3 uCi/ml per failed
pin at full power was used to scale the model at EOCl. The results of the calcula-
tions are compared with the observations in Figure 7-18 and Fiqure 7-19 for Cycles

1 and 1A.




EVALUATION OF RESULTS

The Power History Data Base

The procedure of the fuel duty cycle analysis for developing a detailed power history
base relies on the ability of an analytic model to simulate core performance and the
accuracy with which the operating history can be simulated. Comparisons between
measured and calculated in-core signals and power levels in assemblies where in-~core
monitors were located, show that the PRESTO simulator adeguately reproduces the power
distributions in the core throughout the two cycles. Uncertainties introduced by the
use of 1/8-core symmetry in Cycle 1A, where some assymetries in the loading existed,

are not considered critical in this study.

The data base available at Maine Yankee for simulation of the operating history of
the plant was considered quite satisfactory. The simulation of core burnup and the

power shocks resulting from gross power changes and rod motion were readily accom-

plished. The banked operation of control rods and the lower frequency of rod
motions make simulation of steady state power distributions considerably easier
than in a BWR, such as Quad Cities Unit Two. On the other hand, simulation of
the power shocks resulting from power changes during xenon transients assumes more
importance in a PWR. Significant power shifts were found in the two xenon tran-
sients included in the analysis, but due to the relatively slow ramp rates in
such transients, the consequences in fuel failures were calculated to be small.
The power shocks developed in the events anlyzed at Maine Yankee are, in general,
small, 25 - 50 w/cm, but involve a large part of the core. (See power shock
matrix in Appendix D.) The maximum power shock occurring in the core is less
than 100 w/cm. This is a typical result for a PWR and is considered to be the
main reason why there are, normally, fewer PCI failures in a PWR. (Many shocks
occurred in Quad Cities Unit Two of over 100 w/cm, with a maximum calculated
shock of 350 w/cm.) Operation of a PWR with chemical shim control, rather than
control rods, reduces the frequency of shocks which would result from control

rod motion.

Failure Predictions

The total number of failed assemblies predicted by FDCA-POSHO over the two cycles is
in good agreement with the sipping results for Assembly Types A and C. The predic-

tion for Fuel Type B is nearly the same as for A, but the sipping results show that




nearly 10 times as many B Assemblies actually failed. As discussed previously,
fuel Types A and B are, with respect to the POSHO model, of identical desian.
Because the high failure rate for the Type B fuel cannot be described adequately by
the normal PCI model of FDCA-POSHO, it is of interest to try to determine if these

failures are caused by power shocks or not.

FDCA-POSHO over-predicts the failures in Fuel Types A and C during Cycle 1, but
under-predicts the failures in Cycle 1A. For the two cycles together, the agree-
ment is very good. This is the same trend as for Quad Cities 2, and can be ration-

alized by the same arguments.

The failure prediction level in FDCA-POSHO is expected to be slightly high, since
POSHO has been adjusted to the failure data from a number of operating plants

with an approximated representation of the power distribution history, which

did not account for the large number of small power shocks found in the more detailed
analyses performed for Maine Yankee. The over-prediction in Cycle 1 and under-pre-
diction in Cycle 1A also might be explained if some failed assemblies were not de-
tected by the sipping at EOC-1, but were detected at EOC-1A. The under-prediction

in Cycle 1A may also be attributed to the fact that the POSHO model employed does

not account for the cumulative effect of previous shocks on the fuel's resistance

to PCI failures.

Comparisons between the accumulated number of predicted failed pins and the I 131

coolant activity versus time is difficult, since the activity level is dominated by

the high failure rates in the B assemblies. In Cycle 1, it is observed that the
pulk of these assemblies apparently failed in January and March 1974 and during the

power escalation to 95% power in the beginning of April. In spite of the above
and of the gross under-prediction of failed pins, it is observed that the timing

of predicted failures does coincide with increases in coolant activity.

It has been noted previously that the distribution of the failed B Assemblies at
EOC-1 is not random, but concentrated around a mid-radial zone in the core. The
accumulated failure predictions for Cycle 1 also are slightly higher in this re-

gion. Reviewing the individual events, it is observed that this is mainly caused




by the two xenon events., If one assumes that these events are representative of
similar transients not accounted for, it is evident that the resolution could be im-
proved by including these. The predicted failure frequencies, even including such
additional events, still would not approximate the actual failure frequencies. To
achieve this, the failure model for the Type B fuel would have to have a threshold-

type power level dependence.

The results of the joint EPRI/Combustion Engineering evaluation of fuel rod perform-
ance in Maine Yankee Core 1 has, subsequent to the completion of this analysis, been
made available (17). Combustion Engineering attributes the failures in this
fuel to a "thermal instability mechanism,”" involving:

" ....densification which increased the pellet to clad gap, which in-
creased the fuel temperature, which increased fission gas release,
which reduced gap conductance, which increased fuel temperature,
etc....."

The high fission gas level in the pins and localized stress concentration (PCI) are
then believed to have caused stress corrosion cracking (SCC). The fission gas re-
lease mechanism is triggered at a certain threshold power level and, if a cladding
stress is subsequently maintained, SCC failure results. If such a phenomenon really
did exist, the xenon transients might have produced the crack-initiating power shocks
and thus could explain the non-random distribution of the failed Type B fuel assem-
blies. Additional power shocks would increase the failure probability, but evidently

were not necessary.

Considering the statistical variations in fuel parameters and material properties
alone, a more random distribution of failed B Assemblies might be expected if the
above was the cause of failure. However, the power level in the failed assemblies
was only marginally (10%) higher than in the unfailed assemblies in the central re-
gion of the core. Thus, when combined with the power shocks which tended to produce
a ring zone of higher failure probabilities in the locations of the actual failure
locations, the deductions made from this study are in agreement with the above

explanation.




Fission Product Release Algorithm

The fuel failure predictions for Maine Yankee do not correspond to the sipping re-
sults, because the model does not predict the high failure frequency of the B-type
assemblies. The calculated coolant activity level, based on the predicted number

of failures, is one twenty-fifth of the measured value. Using the observed activity
level and the release algorithm one would calculate that approximately 200 pins fail-
ed in Cycle 1. This result would represent an average of more than 5 pins failed per
failed B-type assembly. The model predicts not more than one pin failed per assembly.
Post-irradiation examination of the failed A-assembly and C-assembly reveals one leak-

ing rod in each. The two B-assemblies that were disassembled, however, had 4 and 11

failed pins (17).

It is seen from a comparison between the measured and the calculated activity level
that the power history data base contains the major events both for Cycle 1 and 1A,
and that the model calculates failures at these occurrences. The model can not pre-
dict the behavior of the Type B fuel. It can be seen, however, that some of the major
events may have triggered the failure mechanism in these assemblies, as the large

coolant activity increases coincide with these events.




TaBLE 7-1

GEOMETRIC DESIGN DATA FOR INITIAL AND RELOAD FUEL.
ALL DIMENSIONS ARE IN CM,

MAINE YANKEE

Fuel pellet radius 0.4820
Fuel pellet length 1.651
Dish radius 0.37
Pellet-clad gap (radial) 0.0108
Clad, inner radius 0.4928
Clad, outer radius 0.5588
Clad thickness 0.0660
Fuel rod pitch 1.4732
Fuel rod array 14 x 14
Assembly pitch, fuel rod to fuel rod 20.2692
Thickness of water gap 0.1524




ST-L

FUEL AND ASSEMBLY MATERIAL COMPOSITION FOR FUEL IN

TABLE /-2

MAINE YANKEE

CycLeEs 1 anp 1A

Fuel type

L A B 1 C2 C3 RFO RF1 RFB AS
Description
Weight of U pr. assembly (kg)| 394.8 358.9 394.8 367.9 358.9 394.8 | 358.8 394.8 383.6
No. of assemblies (Cycle 1) 69 80 24 36 8 - - - -

+*

No. of assemblies (Cycle 1A) 57 24 22(24) 34(36) 8 14(12) | 55(56) | 2(0) 1(0)
No. of fuel rods/assembly 176 160 176 164 160 176 172 176 171
Fuel enrichment (wt% U235) 2.01 2.40 2.95 2.95 2.95 1.93 1.93 2.33 2.01
Uranium in fuel (wt%) 0.8815 | 0.8815 0.8815 0.8815 | 0.881S | 0.8815 {0.8815 |0.8815 0.8815
Fuel (UOZ) density (g/cmS) 10.193 | 10,193 10.193 10.193 | 10.193 | 10.193 | 10.193 [10.193 10.193
No. of shim rods 0 16 0 12 16 0 4 0 5
Clad Zircaloy-4
Clad density (g/mS) 6.55

¥ The numbers in parenthesis are those used in the simulation of Cycle 1A, assumning octant symmetry.




TABLE 7-3

MAINE YANKEE SHIM ROD DATA (See Figs. 7-3 & 7-4)

Active length

Material

Pellet Diameter

Clad Material

Clad Inner Diameter

Clad Outer Diameter

wes B4C in AIZO3 (90% theoretical density):

Fuel Type B

Fuel Type C
Fuel Type RF

3.1166 m
B4C-A1203

0.96266 cm
Zircaloy-4
.98552 cm
1.1176 cm

1.95
0.75
2.83

TABLE 7-4

CONTROL ELEMENT ASSEMBLY DATA (See Fig. 7-2).

ALL DIMENSIONS ARE IN CM.

Part length

Full length
Number 77
Number of absorber elements 5
Type Cylindrical
Radius of element 1.20396
Clad iraterial Inconel 625
Clad thickness 11.7856
Total element lengtin 409.734

8
5

Cylindrical

1.20396

Inconel 625

11.7856
409.734




TABLE /-5
MAINE YANKEE CORE DESIGN DATA

Number of fuel rods (Core 1) 36352
Total number of fuel assemblies 217
Number of control element assemblies (CEA) 85
CEA pitch (cm) 26.39
Hydraulic diameter, nominal channel (cm) 1.3548
Total flow area (m?) 4.9703
Total heat transfer area (m?) 4431.473
Heat transfer area for assembly (m?) 20.4215
Core height (active fuel, cm) 347.218
TABLE /-6

MAINE YANKEE NOMINAL OPERATING DATA

Core thermal power (MW) 2440
Pressure (psig) 2235
Coolant inlet temperature (°C) 281.6
Core bulk outlet temperature (°C) 311.1
Coolant flow through core (kg/sec) 1.5322-10




MAINE YANKEE

OPERATING CONDITION DATA - CvcLe 1

TABLE 7-7

STEP ROD GRCUP SCL.
NO. I'\ND OF SIEP STEP LENGTH PGSITION BCRON | TH. POWER
DATE E(MWD/TU) | aE (MWD/TU) | GR. 4 | GR. S Ppm (MY)
1 1/1~73 759 759 180 180 723 1830
2 1/3-73 1645 886 180 165 751 1830
3 1/4-73 2073 428 139 149 760 1830
4 1/6-73 3335 1262 165 725 1821
5 1/7-73 3804 469 160 750 1443
6 1/9-73 4121 317 6 735 1206
7 12/10-73 4573 452 179 160 748 1873
8 31/11-73 5650 1077 180 20 673 1958
9 31/12-73 6277 627 180 25 660 1964
10 31/1-74 7004 727 166 30 642 1858
11 2/3-74 7786 782 169 10 578 1943
12 5/4-74 8433 647 169 10 528 2193
13 30/4-74 8988 555 178 8 523 1975
14 21/5-74 9485 497 178 8 485 1989
15 28/6-74 10367 882 178 8 432 1960




TABLE /-8
MAINE YANKEE (OPERATING CONDITION DATA, CycLe 1A

STEP ROD GROUP SOL.

NO. END OF STEP STEP LENGTH POSITION BORON | TH. POWER
DATE E(OWD/TU) | sE (MWD/TU) GR. 4 | GR. S ppm (M)
1 7/11-74 567 567 180 161 519 1906
2 8/12-74 1224 657 180 164 515 1912
3 1/1-75 1805 581 180 164 450 2281
4 1/2-75 2337 532 180 164 452 1937
5 1/3-75 2956 619 180 164 417 2051
6 1/4-75 3740 784 180 166 363 2199
7 3/5-75 4500 760 180 166 313 2127
TABLE 7-9

HUMBER OF FUEL PINS PER PIN GROUP IN A 1/U-ASSEMBLY
FOR EACH ASSEMBLY TYPE IN MAINE YANKEE

No. of Pins per Group
Assembly Type

1 2 3

A 11 23 10

B 11 19 10

Cl1 11 23 10

C2 11 20 10

c3 11 19 10

RFO 11 23 10

RF4 11 22 10




TasLe 7-10

PIN GROUP POWER (W/CM) FOR EACH FUEL
TYPE AND FOR THE CONTROL ELEMENT IN/OUT CONDITIONS.

MAINE YANKEE

Pin Group No.
Fuel Control
Type Element 1 2 3
Out 182.2 191.1 209.7
A In 210.1 193.7 173.9
Out 186.4 189.9 207.3
B In 214.9 192.2 171.9
Out 179.8 190.5 214.6
Gy In 207.3 192.8 177.9
Out 178.8 190.5 215.0
Cs In 206.2 192.8 178.2
Out 180.8 189.1 215.0
Cs In 208.5 191.4 178.3
Out 183.19 191.76 207.97
RFq In 211.22 194.06 172.41
Out 185.12 191.05 207.31
RFy In 213.44 193.34 171.86
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TaBLE 7-11
MAINE YANKEE  DEScRIPTION ofF Events - Cycie 1
POWER Level (%) Control Group Rz'lmp

Event Date of Before After Positions Time

No. Event Ramp Ramp Bank 4 Bank 5 (Hrs. Comments

0 BOC 0 75 180 155 120 Startup Cy 1

1 2/7 - 73 50 75 180 160 24 Power increase

2 3/14 0 75 170 160 24 Fast startup

3 4/5 75 75 160 0 0 Bank 5 inserted

4 5/5 0 75 155 24 Fast startup

5 6/10 33 70 160 96 Power variation

6 8/5 0 50 0 0 72 Low power operation

7 10/1 0 81.8 180 160 96 Startup. Bank 5 withdrawn
8 10/27 81.8 73 180 25 72 Power reduction

9 0 77 180 25 24 Fast startup

11/26

10 11/27 - 12/29 61 78 Variable | Variable 3 Xenon transient

11 11 - 74 78 77 180 25 72 Steady power operation
12 1/14- 74 0 84 30 24 Fast startup

13 1/14 - 3/7 10 87 180 30 48 Startup from 10% power
14 3/11 87 79 170 10 72 Steady power operation
15 3/11 - 31 0 83 26 Startup § xenon transient
16 4/5 83 83 33 Steady operation

17 l 4/11 83 91.7 170 96 Power increase

18 4/11 - 5/21 0 92 180 72 Startup

19 5/23 92 78 72 Steady power operation
20 48.5 82 180 10 26 Steady operation




TaBLE 7-12

z¢-L

MAINE YANKEE DescriPTION OF EVENTS - CycLE 1A
POWER Level (%) Control Group Ramp
Event Date of Before After Positions Time
No. Event Ramp Ramp Bank 4 Bank 5 | (Hrs.) Comments
1 10/10 - 74 0 76 180 160 168 Startup Cy-1A
2 11/16 0 76 160 48 Startup
3 12/3 76 86 165 120 Power increase to 86%
4 12/9 0 90.3 8 Startup to 90.3%
5 12/20-2/28-75 90.3 81 24 Steady operation at 81%
6 2/28 0 81 34 Startup
7 3/14 73 87 120 Power increase to 87%
8 4/14 - 5/2 87 78 180 165 48 Steady operation at 78%




TaBLE 7-13
MAXIMUM POWER SHOCKS AND PREDICTED FAILURES PER EVENT - CYcLE 1
MAINE YANKEE

Event AQnax Octant Failure Prediction

No. {w/cm) Assemblies Pins Cracks
0 0. 0 0. 0

1 25. 0 0. 0

2 25. 0 0. 0
3 25. 0 0. 0
4 25. 0 0. 0
5 25. 0 0. 0
6 0 0 0. 0

7 100. 0.2 0.2 0.2
8 25. 0 0. 0
9 75. 0.1 0.1 0.1
10 50 0.1 0.1 g.1
11 25 0 0. 0
12 75. 0.2 0.2 0.2
13 50. 0.1 0.1 0.1
14 25 0 0. 0
15 50. 0.1 0.1 0.1
16 25 0 0. 0
17 25. 0.1 0.1 0.1
18 50. 0.1 0.1 0.1
19 0 0 0. 0
20 25 0 0. 0




TABLE /-14

MAXIMUM POWER SHOCKS AND PREDICTED FAILURES PER EVENT - CycLe 1A

MAINE YANKEE

Cvent AQmax Octant Failure Prediction

No. (w/cm) Assemblies Pins Cracks
1 100. 0.2 0.2 0.2
2 50. 0. 0. 0.

3 25. 0.1 0.1 0.1
4 50. 0.2 0.2 0.2
5 25. 0. 0. 0.

6 25. 0. 0. 0.

7 25. 0.1 0.1 0.1
8 0. 0. 0. 0.




TaBLE 7-15
ACTUAL AND PREDICTED FAILURES BY ASSEMBLY TYPE - CycLE 1

MAINE YANKEE

Assembly Type A B C Total
No. in corc 69 30 68 217

No. of failed assemblies 1 41 1 43

No. of failed assemblies

predicted 2.7 3.1 1.8 7.6

% Failed 1.4 51 1.5 19.8

% Failed predicted 3.8 3.9 2.7 3.5

TABLE 7-16

ACTUAL AND PREDICTED FAILURES BY ASSEMBLY TYPE - CvcLE 1A

MAINE YANKEE

Assembly Type A B C RF Total
No. in core 57 24 64 72 217

No. of failed assemblies 3 7 2 0 12

No. of failed assemblieé

predicted 2.5 .5 0.7 0.0 3.7

% Failed 5.3 29.2 3.1 0 5.5

% Failed predicted 4.4 2.0 1.1 0.0 1.7




TasLe 7-17
ACTUAL AND PREDICTED FAILURES, SUM OF CycLes 1 anp 1A

MAINE YANKEE

CoRE AVERAGE RELATIVE PIN POWERS AND BURNUP PER
ASSEMBLY TYPE FOR CycLE 1 AND 1A (From PRESTO)

MAINE YANKEE

Assembly Type A B C RF
Batch Size 69 80 68 72
No. Failed in Cycles

1 and 1A 4 48 3 0
Prediction

Sum of Cycles 1 and

1A 5.2 3.6 2.5 0.0

TaBLE 7-18

Relative Power

Burnup (MDW/TU)

Assy.

Type BOC-1 | EOC-1 BOC-1A EOC-1A EOC-1 EOC-1A
A 1.095 | 1.053 1.032 1.010 11075 15830
B 1.065 | 1.093 1.055 1.078 11170 15151
C 0.832 | 0.845 0.759 .785 8778 12108

RF 1.190 1.181 5351
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CEA cross section

CEA axial zones
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No shim rod
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Shim rod

D Guide tube for control element

Fic. 7.1 FUEL ASSEMBLY LAYOUT FOR EACH TYPE OF

SHIM ROD ARRANGEMENT,

16 shim rods

1
)
)
—»|Ale
l*ZONE B-»e ZONE C - —»f
Core -
Rod no. Number Location Materials
Full length rods ZONE A B C
g Ag BT B
1 69 All others B B B
g Ag B B B B
S S S S S
2 4 D-4 B B B
S S S S S|
g S B S B S
3 4 C-11 S S S
L-3 A s B s B
Part length rods
S S B B AT A1
P-1 4 L-11 S B Al
L-5 5 s BB Al AL
J S S S Al
pP-2 4 F-6 S B Al
3 S S S Al Al

MAINE YANKEE

*
Ag = Ag-In-Cd

B=B4C

S = Stainless Steel

Al = A1203

F16. 7.2 CONTROL ELEMENT ASSEMBLY DESIGN,




VDOVZLIrX-IO

w

6 15113121109 8 7 6 5 4

IC'I |C2|C2lCI I

21 20 119 18 17

C 1 1 C
Crjc2jc3jca2|B Jc2]|c3]c2 jc
A 4 5 C A
Cijc2|BlA[BJA}BI|A B [C2ICI
5 A 3 3 A 5
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A 2 Pt 2
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5 A 3 3 A S
Ct]C2}B A B A A A B |C2
A C 5 4 A
crijc21B]A|B|AfB A |B |C2[C
Rod Group c 1 1 c
Fuel Type Cifcajc3jca2iBjc2jc3jcajct
1 21¢c2icH
2.01 wtd No Shim rods Rod gr. A - Rod Type 1
2.40 " 6 " o [ A ST (A
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Fic, 7.3 Core ARRANGEMENT - CycLE 1

MAINE YANKEE
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Fa|lFs| B IFa|Fa] B [c2(FB
A Fa4 AF4 | A [FO] A [C2]|C
Fé&4 A |F4 A |F4 A |F4| A JC2
A |F4 A JF4L]| A|FOL A |FOIL B
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H [ch
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L B B A IF4 | A |F4 A A A |[F&] A |F4| A B
M [c2
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y lc4c2k2k1l
A - Partially bumed 2.01 wt$ No shim rods
B - " " 2.40 " 16 " "
Cl- " " 2,95 No ”" "
C2- " " 2.95 " 12 ”" 1
C3- " t 2.95 v 16 ”" "
FO(RFO)- Fresh 1.93 " No " "
F4(RF4)— " 1.93 © 4 " "
FB(RFB)— " 2.33 " No " "
A5- " 2.01 " 5 nwo oo

Fic, 7.4 Core ARRANGEMENT - CvcLE 1A
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F16. 7.7 LOCATIONS OF FAILED ASSEMBLIES AS IDENTIFIED BY SIPPING

MAINE YANKEE

MEASUREMENTS — CYCLE 1,

7-33
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F1G. 7.8 LOCATIONS OF FAILED ASSEMBLIES AS IDENTIFIED BY SIPPING

MEASUREMENTS - cYcLE 1A.
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(:) (2) <:><<~—lPin group no.
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Fic: 7,10 ExavpLe oF 1/li ASSEMBLY PIN POWER DISTRIBUTION, PARTITION INTO PIN GROUPS 1S SHOWN,
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F16. 7.11 EVALUATION OF CALCULATED POWER DISTRIBUTIONS COMPARISON
WITH MOVABLE FISSION CHAMBER TRACES MID CycLe-1.
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INCA 1.22 {1.11*{1.21 |[1.10* | 1.19 | 1.08%| 1.10 | 0.88%
PRESTO | 1.22 |1.10 [1.20 [1.08 | 1.18 | 1.04 | 1.12 | 0.89 | 0.68
0.71

1.20 |1.08% [1.17 1.06%| 1.15 .98% [ 1.09
1.22 11.09 |1.19 1.06 | 1.14 | 1.00 | 1.13 .61%
.63

1.17 [1.06% | 1.17 | 1.05%{ 1.08 .94%
1.20 |1.07 1.16 | 1.02 { 1.08 .94

1.18 1.09%( 1.12 L90% | .73
1.16 1.03 | 1.09 .88 .74

1.15 .99%| 1.00 .58%
1.11 .95 | 1.02 .60

1.07 L74%
1.08 .74

* INSTRUMENTED POSITION.

F16. 7.12 EVALUATION OF CALCULATED POWER DISTRIBUTIONS. COMPARISON WITH
INCA (1n-core) rResuLTs BOC-1,

MAINE YANKEE
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INCA .69 11.02% | 1.08 | 1.11%| 1.12 | 1.08%| .86 .96%
PRESTO!| .73 .96 1.13 {1.09 | 1.14 | 1.02 .89 .95 24
1.04 1.08%| 1.09 | 1.12%{1.10 |1.07* | 1.13 .78
1.09 1.08 {1.15 }1.09 |1.11 {1.02 .15 L64%
1.08 |1.10%|1.12 |1.12%|1.08 | .og% | -3
1.15 | 1.10 .15 | 1.08 .09 .99
1.12 | 1.15% ] 1.11 L03% | .80
1.15 {1.09 |1.12 .00 .83
1.12 | 1.07% | 1.02 .60%
1.11 {1.00 |[1.05 .62
.86 .67%
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INCA .97 1.01%{ 1.10 | 1.11*%} 1.10 | 1.13%|1.12 .96%
PRESTO | .86 .91 | 1.14 |1.06 [1.18 [1.09 |1.06 .90 .70
1.08 | 1.08% | 1.10 |1.00% [1.14 |1.18%* |1.09 -63
.96 | 1.04 |1.19 {1.09 |1.21 [1.19 |1.02 L57%
1.10 | 1.09%|1.13 |1.17*%|1.11 .96% .51
1.21 |1.12 |1.22 |1.12 |1.15 .88
1.11 | 1.18%]1.08 {1.03* | .79
1.34 |1.14 ]1.29 .96 .74
1.08 L95% [ .94 .55%
1.17 .99 .93 .53
.98 .65%
.96 .59
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Section 8

CONCLUSIONS AND RECOMMENDATIONS

This study represents the first comprehensive application of POSHO in a nuclear fuel
failure analysis based on detailed nodal power histories as a function of time. Com-
parison of the results of the analysis with the experience from Cycles 1 and 2 at

Quad Cities Unit Two and Cycles 1 and 1A at Maine Yankee shows that the model can pre-
dict the approximate frequency of failures for the fuel in these reactors, except for
the Type B fuel in Maine Yankee. Prediction of where the failures occur is possible
when the failures are caused by relatively large power shocks (as occurred in Quad
Cities Unit Two, Cycle 2 and during the rod withdrawal event of Cycle 1). If the
failures are caused by a large number of moderate power shocks distributed through-

out the core, actual locations of failures cannot be predicted.

The results from the use of the simple fission product release algorithm to predict
activity levels are encouraging, but further development of the model is required
to provide better accuracy and better information on the time of occurrence of fail-

ures.

Improvements in the POSHO model could be achieved by taking into account the change in
failure probability resulting from power shock history (a cumulative damage factor), by
adjustments based on more detailed information on the location of failed fuel pins

and by a better understanding of the amount of preconditioning of the fuel that takes
place during slow ramp power increases. Improvements in the fission product release
algorithm could be achieved by including a burnup dependency for the release rate and
by considering the activity release from fuel material present in the primary coolant

system as a result of prior failures.

To make the failure model and the fission product release algorithm more effective,
to understand the causes of power shocks that result in fuel failure and to locate
the failed assemblies, it is recommended that 1) the data base be improved by acqui-
sition of additional detailed nodal power histories and, more important, by acquisi-

tion of detailed information on the number of failed fuel pins and their locations;




2) the model be improved to take into account fuel pin shock history and the precondi-
tioning effect during slow power ramp increases; 3) the fission product release algorith
be modified to take into account the deficiencies described above and the possible
better correlations that could result from consideration of specific isotope activity
levels and, 4) the acquisition of detailed data on primary coolant (PWR) and offgas

(BWR) isotopic activity levels as a function of time.
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APPENDIX A
DESCRIPTION OF COMPUTER PROGRAMS

I. THE FUEL MANAGEMENT SYSTEM - FMS

The Fuel Management System (FMS) is a unique
system developed for the specific purpose of meet-
ing utility requirements for in-house fuel manage-
ment analysis. The system consists of a complete
computer program package for analysis, simula-
tion, and optimization of the core performance of
modern Light Water Reactors (LWRs).

Present practices for reactor core analysis rely
heavily on trial and error procedures and the use of
large, general purpose computer programs requiring
many technical experts in various fields to perform
a complete core analysis. FMS overcomes these re-
quirements by providing:

e Integrated computer models tailored to charac-
teristics of LWR cores.

e Standard calculational procedures ensuring ade-
quate treatment of important nuclear and ther-
modynamic effects at various levels of calcula-
tional sophistication.

e A user-oriented system emphasizing automation
with a common data base ta transfer data be-
tween programs and to access previous data.

e A systematic approach for optimal fuel manage-
ment, including an overall optimization model.

Using these features, FMS supports the main
activities of nuclear fuel management as described
in the previous section.

System Descriptions

FMS consists of four major computer programs
— RECORD, FALC, FCS 1!, and PRESTO, which
make use of the principle of superposition to sepa-
rate reactor calculations into local and giobal calcu-
lations. The RECORD program provides detailed
calculations for the local models. The FALC, FCS
Il, and PRESTO programs simulate reactor per-
formance on three separate levels of sophistication.
The DATA BANK provides automated communi-
cation between computer programs.

Each of these programs perform specific func-
tions and is required to permit comprehensive fuel
management analysis.

The RECORD program develops the reactor
physics model of the fuel assemblies. It is a two-
dimensional program which, as a function of burn-
up, develops a neutron energy spectrum for each
fuel pin and coalesces multigroup neutron cross
sections into few group cross sections for fuel
assemblies. The RECORD program is specifically
intended for investigation of fuel assembly design
variations, including fuel enrichment, fuel pin radii,
void fraction, burnable poisons, and plutonium
island designs. Efficiency and high accuracy are
provided by highly developed automation which
requires a minimum of manual data transfer and
computer time.

The FALC program performs investigations and
economic comparisons of fuel cycle alternatives
based on a reactor physics model of the fuel assem-
blies developed by RECORD. The FALC program




develops, by linear programming techniques, opti-
mum fuel loading schedules through as many as 12
refueling cycles for each set of alternatives and
constraints.

FCS Il performs one-dimensional reactor core
simulation. It develops radial or axial power and
reactivity distributions as a function of reactor
burnup based on the two group reactor physics
model of the fuel assemblies developed by
RECORD. FCS Il will also determine fuel cycle
cost based on the isotopic concentrations of the
fuel either calculated by the program or from
input.

The PRESTO program performs three-dimen-
sional reactor core simulations. It develops detailed
power, void, and reactivity distributions as a func-
tion of reactor burnup based on a two group re-
actor physics model of the fuel assemblies devel-
oped by RECORD. it includes integrated thermal-
hydraulics and neutronics models and auxiliary
routines for generating reflector albedos using two-
dimensional fine mesh diffusion theory. PRESTO
also generates data for direct comparison with
plots of traveling incore probes and other incore
detectors.

Optimization

The FMS programs facilitate a systematic ap-
proach to optimum fuel utilization in the core. In
this procedure, the FALC model is used to describe
the reactor throughout several cycles of the reactor
fife. FALC is designed to give fast answers and a
good relative comparison between various fuel
cycle alternatives, based on the present worth
weighted fuel cycle costs. Thus, many alternatives
can be compared before committing a large nuclear
analysis activity to any particular alternative.

Once the choice has been narrowed to a few se-
lected alternatives, the field can be narrowed still
further by surveying the performance feasibility of
the various alternatives. FCS Il is used to investi-

gate the ability of the alternatives to meet cycle
length and power distribution limits.

Complete reactor analysis in three dimensions
can now be performed with PRESTO on the most
attractive alternative for the operating cycle. The
performance of this reactor analysis will attempt to
demonstrate that the proposed alternative is feasi-
ble with respect to power distributions, control,
safety limitations, and ability to sustain full opera-
tion of the reactor through the operating cycle.

This optimization procedure allows alternatives
to be investigated with simple models in the be-
ginning, and more sophisticated models as the
number of alternatives is decreased. The final
answer represents the optimum solution for a given
reactor operating schedule within the constraints
of the reactor operating limitations.

A schematic outline of FMS and the fuel cycle
optimization procedure is shown below. Additional
descriptions of the FMS programs and examples of
their use are given in subsequent sections of this
brochure.

Fuel Allgcation.
1 g/ihc Economic Optimum
Qver Maay Cycles

Data Bank l

Reactivity Distribution.
Record  f—— [ TEE” Feasibitity of
Fuel Cycle Parameters

Nuclear Data I
Generation !
I
Basic Reactor PRESTO gperfatmn Slmupanon_
Physics —1 3.0 etaited Cycle Planning
Power-Contro! Problem
1 )
J L
Local Global
Models Models
FMS—SYSTEM

Schematic Outline of Fuel Cycle Optimization
System and Procedure



RECORD Program

RECORD embodies the local models of the nu-
clear fuel assemblies which calculates the macro-
scopic nuclear constants as a function of fuel burn-
up, void fraction, and exposure weighted void frac-
tion. The macroscopic constants necessary to
describe the fuel assemblies are infinite multiplica-
tion factor, two and five group nuclear cross sec-
tions, and diffusion coefficients. RECORD also cal-
culates the pin power and isotopic densities.

Fuel assemblies may be described as a two-
dimensional square lattice of pins surrounded by a
flow box with adjacent water gaps as shown in
Figure 1. Each pin may have a different fuel or
absorber composition. Control rods may be solid
blade, rodded blade, or rod cluster control. The set
of fuel and absorber materials available are suf-
ficient to describe normal, light water reactor core
materials. Gadolinium and soluble boron can be
included as absorber materials. RECORD is specifi-
cally designed to handle fuel assembly hetero-
geneities, such as variable fuel enrichment, variable
fuel pin radius, burnable poison pins, plutonium
island designs, etc.

The method of solution is illustrated in Figure 2.
In the epithermal range, the neutron spectrum is
calculated for an average pin cell and assumed to
be independent of spacial effects. Recalculation of
the epithermal spectrum at specified burnup vatues
is optional. The microscopic constants are deter-
mined for each isotope and are then combined
with the appropriate isotopic densities at each time
step to produce the macroscopic constants. The
neutron spectrum is calcutated in 35 groups with
the B-1 approximation, applying extended
Grueling-Goertzel slowing down. A modified Dan-
coff factor is applied to the resonance calculations
to account for reduced shielding in edge and corner
pins.

The thermal energy range extends'up to 1.84 eV.
Spectrum calculations are performed in this range
by solving the transport equation with a develop-
ment of the point energy approach. Neutron scat-
tering is described by the Nelkin scattering model
for hydrogen bound in water and the Brown-St.
John model for oxygen. Energy dependent flux
disadvantage factors, determined with a modified
Amoyal-Benoist method, are used with the spec-
trum from the average pin cell to calculate the
region-wise neutron spectra for each pin. This pin
spectra is combined with multi-group material
cross sections to produce the macroscopic con-
stants for the thermal energy range. The thermal
energy calculations are repeated for each burnup
step.
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Figure 1. Typical BWR Assembly
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Figure 2, RECORD Method of Solution




Nuclear constants for control absorbers are deter-
mined using transport theory neutron reflection
and transmission probabilities and include first
order anisotropy and detailed geometrical repre-
sentation.

Step-wise analytic solutions are used for the
isotopic density variations in each fuel pin. Fission
products are treated with eleven explicit fission
products in four chains and four pseudo fission
products. Void fraction, soluble boron concentra-
tion and the power density may be changed for
each burnup step. Control rods, control rod fol-
lowers, and absorber curtains may also be inserted
or removed at each burnup step.

Flux and power distributions across the fuel
assembly are calculated by a 5-group finite differ-
ence diffusion routine employing a modified Wie-
landt technique to give fast convergence. These
neutron fluxes are used to obtain the assembly
averaged macroscopic nuclear constants. For fuel
pins containing gadolinium as a burnable poison,
the effective thermal cross sections are generated
off-line by a special burnup version of THERMOS.
RECORD uses data in the form of polynomial
functions of void and cell surface flux for both
thermal groups. In the epithermal region the pins
are treated as regular pins.

Options
Calculations may be performed either for a
single pin or for a fuel assembly.

Restrictions
Maximum pin array:
Maximum thermal

microgroups:

9x9 (extendable)

15 (extendable)

Running Time

The computer time used by the RECORD
program will vary from case to case. A typical
7 x7 BWR assembly with 22 x 22 mesh points
requires about 35 secands for the initial calculation
and 23 seconds per burnup step when run on the
CDC CYBER 74 computer (approximately equiva-
lent to a CDC 6600).

Programming Language: FORTRAN

Memory Requirements
The estimated central memory required to run
the RECORD program is:

CDC Words
41.000

1BM Bytes

Central Memory 190.000

PRESTO Program

PRESTO is a light water reactor simulator, de-
signed to provide three-dimensional life time his-
tories of power, reactivity, and flow distributions.
PRESTO provides integrated thermal-hydraulics
and neutronics models for this simulation.

Three-dimensional core burnup histories can be
calculated for any sequence of reactor operating
data, including changes in core power and control
rod insertion patterns. Refueling operation, such as
loading of fresh fuel, reloading and discharge of
exposed fuel, and fuel shuffling may be included in
the simulation. PRESTO may also be used to
calculate a generalized Haling power distribution.
The present version calculates the steady state
steam void distribution in the core for the BWR
power range.
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Figure 6. Typical BWR Geometry
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A typical BWR geometrical configuration for
PRESTO is shown in Figure 6. Fuel assemblies and
control rods or control rod banks are individually
represented. Burnable poison curtains positioned
between fuel assemblies and the effect of axially
located spacer grids may be included.

The method of solution is illustrated in Figure 7.
A specially developed two-group diffusion scheme
is used to calculate flux and power distributions in
three dimensions. A finite difference formulation is
used for the fast flux equation; a smoothed asymp-
totic distribution is assumed for the thermal flux.
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Figure 7. PRESTO Method of Solution

The two-group mMacroscopic cross-sections are
provided as fitted polynominals which can be ob-
tained from RECORD. Control rods, absorber cur-
tains, and spacer grids are taken into account by
additional polynomial fits. Equilibrium xenon con-
centration and Doppler effects are obtained as a
function of local power density.

Feedback mechanisms, such as effect of local
equilibrium xenon and Doppler effect, are included
in the power distribution calculation. A Xe-
dynamics routine is available for the analysis of

power distributions following changes in core
power or control rod positions. Core reactivity
may be kept constant with flow control. This
facility makes PRESTO well suited for operations
guidance. If the Xe-dynamics option is selected,
the time dependent Xe and | equations are solved
useing either a constant flux or a linear flux
extrapolation within each time step.

A total of 13 different core symmetry options
are available. These include: Full core, half core,
one quarter core, and one eighth core representa-
tions with either mirror or rotational symmetry
and full or half node boundaries.

A special, fast thermal-hydraulics model was
developed for PRESTO, which uses distributed
power, feedwater enthalpy, pump head, and zone
throttling coefficients. The hydraulics module may
also be bypassed and input void distributions used.

One special feature of the PRESTO program
allows the use of a built-in two-dimensiona! dif-
fusion routine to calculate albedos for the core
boundaries. Another special feature calculates re-
sults for direct comparison with measurements
from incore probes. Both calculated and measured
results can be plotted on the same graph by
PRESTO.

Options
Reactor performance may be simulated in one,
two, or three dimensions.

Restrictions

Maximum number of nodes: 14,400
Maximum number of channels: 600
Maximum number of control rods: 150
Maximum number of channels in

x or y direction: 30
Maximum number of axial nodes: 24
Maximum number of throttling zones: 5
Maximum number of fuel types: 6

Running Time

The computer time used by the PRESTO pro-
gram will vary widely from case to case. A typi-
cal 800 MW BWR quarter core calculation re-
quires about 12 seconds per power-void itera-
tion, and about 60 seconds per power-void itera-
tion is required for the full core representation.
These computer times are for a CDC CYBER 74
computer with 128,000 words of storage (ap-
preximately equivalent to a CDC 6600).

Pragramming Language: FORTRAN

Memory Requirements

The memory required to run the PRESTO pro-
gram varies widely from case to case. Two esti-
mates of these requirements are:

CDC Words IBM Bytes

Quarter core version 52,000 250,000
Full core version 90,000 460,000




II. FUEL DUTY CYCLE ANALYSIS - FDCA

Introduction

ScP has developed an empirical model, POSHO, for prediction of the probabil-
ity for fuel failure in a fuel rod resulting from pellet clad interaction
(PCI) during power ramps of the rod. This model requires as input detailed
information about the "power shocks' created in the reactor core during
operation. Such information may be deduced from information on local pin
powers within the assembly and nodal power distribution as a function of
time. In an operating plant, the latter may be obtained from the process
computer, but it may also be obtained using the reactor simulation capabil-
ity of FMS. The program package FDCA is an extension of FMS, incorporating
POSHO into the overall model, thus being able to predict fuel failures in
the core as a function of time. The FDCA model has been developed as stand-
alone programs for eventual use in another environment than FMS, for example

on the process computer of an operating plant.

The normal mode of application of the FDCA modules within the FMS environ-

ment is described below.

FDCA program package

The following programs are included:

PINGR - calculates average power density (w/cm) for a group of fuel pins
within a fuel assembly based on individual pin power distributions
as calculated by the FMS program RECORD. The pin-group power dis-
tributions are functions of exposure, void, exposure-weighted void
and control fraction. These functions are represented by polynomial
fits using the FMS-module POLGEN.




FDCA1 - calculates "power shocks' (AQ) and ''zero gap power densities'" (P')
for each pin-group of each node in the core based on information
on the reactor state variables (stable conditions) before and af-

ter each "power shock event."

The stable operation periods are normally represented as time
steps or burnup steps in reactor simulation (PRESTO). A simu-
lated event to be treated by FDCAl, is thus defined by the
transition from step j-1 to step j in a series of PRESTO calcu-
lations. Calculational results of FDCAl, for a sequence of

events, are stored on a magnetic tape called the Q-file.

FDCA2 - calculates PCI fuel failure probabilities for a given sequence
of (AQ, Q) distributions as obtained from a Q-file produced by
FDCAl. Such failure probabilities are calculated for each fuel
pin-group of each node. Failure probabilities for pins, assem-
blies and regions and for the entire core as well as expected
number of failed pins, failed assemblies and expected no. of
cracks per pin, per assembly etc. are then calculated. These
quantities are also accumulated in time over a selection of the

time steps contained on the Q-file.

A schematic overview of the FMS/FDCA program system is shown in Fig. 1.
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APPENDIX B
DATA SETS FOR

QUAD CITIES 2 SIMULATION



QUAD CITIES - UNIT 2

ROD PATTERN:
1 2 3 4 5 6 7 8 «Control rod no. - PRESTO
8 13 7 10 +Rod inscrtion - nodes
9 10 n 12 13 IA 15} 16
24 24 21
7 {18 9 |20 {21 (22 |23 |2«
13 8 11 9
%5 |26 [27 28 [29 [0 |3 [
24 20 24
32 133 J3 |35 [36 37 |38
11
39 Js0 [ar 2 (43 as [ ]
21 24 DATASET NO. QC2730103
50 |51 [s2 | ] DATE 01/03/73
ACC. BURNUP 1474 MWD/TU
TH. POWER 2447.8 mw
_ FLOW RATE - 11.234+10%KG/SEC_
SURCOOLING 4.900-10% ;0
TIP SET 1 BOC1 (FIG 6.17)
ROD PATTERN:
1 2 3 4 5 6 7 8 +~Control rod no. - PRESTO
6 12 6 +Rod insertion - nodes
9 10 n 12 13 14 5 16
24 22 20 20
17 8 9 |20 |2v (22 23 |2
14 6 15
% l26 l27 {28 [29 [0 (3 [ ]
o 20 23 9
32 133 |3 (35 [36 137 |38
10 5
39 (40 far Ja2 (43 Jes | ]
20 22 20 DATASET NO. QC2730123
45 /.i;O 47 a8 fa9 [ ] OPR. CYCLE 1
0 for Jsz | ] DATE 01/23/73
15 ACC. BURNUP 1719 MWD/TU
TH. POWER 2445.8 MW
FLOW RATE 11.230-10" KG/SEC
SUBCOOLING 4.868-10% J/KG




QUAD CITIES - UNIT 2

ROD PATTERN:
1 2 3 4 5 6 7 8 «Control rod no. - PRESTO
8 14 8 +Rod inscrtion - nodes
9. o |n. hz 3. & |5 |6
24 24 24 24
17 |8 9 |20 |21 |22 |23 |2
15 8 15 m
% 126 (272 (28 |29 _[30 |;
24 24 24
32 |33 |3 |35 |36 [37 _ 38
8 12 8
39 {40 e fe2 (43 Jea ]
24 24 24 DATASET NO. QC 2730122
45 /.610 67 la8 [a9 [ ] OPR. CYCLE 1
5y, |51 |52 6__[ DATE 01/22/73
ACC. BURNUP 1719 vwp/u
_TH, POWER | _2243.4 MW_
_FLOW RATE____ | 1.235%10%c/sEG
__SUBCOOLING | 4-098-10" y/k¢
ROD PATTERN:
1 2 3 4 5 6 i 8 «Control rod no. - PRESTO
16 2 12 +Rod insertion - nodes
5o |n. |2 |3__|% |5 |6
24 24 2 20
718 _\9 |20 |21 |22 _|23 |2
5 12 7
5, 126 |22, [28 |29 (30 [ []
24 22 22
32 [33_ |3 |35 _[36 [37. |38
16 2 10
39 |40 |41 62 |43 [4b
7 ) 18 ] DATASET NO. QC 2730320
45 |46 |67 fug [a9 ] OPR. CYCLE 1
b DATE
50 |51 [s2 | ] 03/20/73
15 ACC. BURNUP 2536 MWD/TU
TH. POWER 2378.8 MW
FLOWVRATE 1.225‘104KG/SEC
SUBCOOLING 4.742-10% y/KG




QUAD CITIES - UNIT 2

ROD PATTERN:
} 2 3 4, 5 6 7 8 «Control rod no. - PRESTO
16 12 +Rod inscrtion - nodes
9 [0 M hz I3 Juw s e
24 24 2 20
7 8 _ 19 |20 |2t {22 _ |23 e
5 12 5
%5 126 [27 |28 [29 30 [a1 ]
24 22 2
32 (33 (34 {35_ [36 |37 |38
10
38 [0 [ar Ja2 (43 Jae ]
22 2 18 DATASET NO. QC 2730410
50151 [s2 | ] DATE 04/10/73
18 ACC. BURNUP 2874 MWD/TU
_TH, POWER 2378.8 My
_FLOW RATE | 1.225-10%g/src
_SUBCOOLING . _. ,,_11_-7,42'_1(>4_~14ch,
ROD PATTERN:
1 2 3 4 5 6 7 8 «Control rod no. - PRESTO
24 24 22 2 +Rod inscrtion - nodes
9  [wo .n 2.3 (% _|s |6
8 16 5
17 )18 |9 20 |2n |22 |23 |
24 22 22 24

% (26 (27 |28 [29 30, |3 [

16 4 10
32133 [3_ {35 [36_J37 [38
2 22 20
39 |40 [4v fa2 {43 fea []
5 10 DATASET NO. QC 27305071
w5 a6 a7 fag {49 ] OPR. CYCLE 1
2 24 OATE
50 |5 52 : 05/07/73
ACC. BURNUP 2989  MWD/TU
TH. POWER 2450.0 MW
_ FLOW RATE 1.230-10% KG/SEC
SUBCOOLING _a.918-10% J/xg :




QUAD CITIES - UNIT 2

ROD PATTERN:
1 2 3 4 5 6 7 8 +«Control rod no. - PRESTO
24 2 22 29 +Rod inscrtion - nodes
g 0 |n |1z |3 & |’ |6
8 16 5
7_ 8 g 20 |21 22 |23 |
24
(26, [27 |28_ |29 30, |3
16 3 10
3233 {3 {35 |36 _|37 |38
) ) 20
39 40 [ar [e2 (43 Jea [ ]
5 10 DATASET NO. QC 27305072
24 20
so [st [s2 | ] DATE 05/07/73
ACC. BURNUP 2989 mwD/TU
TH. POWER 2481.0 My
CFLow RATE | 1.203-10%c/spc
__SUBCOOLING ,_KLELBJI_Of.JLm |
ROD PATTERN:
1 2 3 4, 5 6 7 8 «Control rod no. - PRESTO
22 7?2 22 22 +Rod inscrtion - nodes
9 10 n 12 13 % 5 16
8 25 5
718 15 |20 |21 |22 {23 |2
2 21 20
% 6. (27 |28 |29 a0 |3 ]
16 10
32133 |3 _[35 [36. |37 |38
22 19 B
39 140 a1 (42 (43 [ad
5 21[] ] DATASET NO. QC 2730510
45 a6 |67 Jas (a9 [ ] OPR. CYCLE 1
2 2 DATE 05/10/73
so |51 |52 | ]
ACC. BURNUP 3037  MWD/TU
TH. POWER 2378.3 MW
_ FLOW RATE 1.225-10" KG/SEC
_SUBCOOLING _ | 4.765-10% y/kG




QUAD CITIES - UNIT 2

ROD PATTERN:
1 2 3 4 5 6 7 8 «~Control rod no. - PRESTO
24 2 2 21 +Rod inscrtion -~ nodes
9 10 1" 12 13 1% 5 16
g9 14
17 18 19 20 21 22 23 24
2 21 19
5 |6, (27 128 -[29 |30 . i3
1 5 3
32 133 {3 |35 [36 |37 |38
21 20
39 [s0_ Jar Ja2__[a3 fas ||
7 13 DATASET NO. QC 2730625
25|46 4719 w49 | ] OPR. CYCLE 1
50 |51 (52 | ] DATE 06/25/73
ACC. BURNUP 3608 MWD/TU
TH. POWER 2358.3 MW
_ FLOW RATE 1.186-10 KG/SEC
__SUBCOOLING | _4.914-10* j/kg |
ROD PATTERN:
1 2 3 4 5 6 7 8 «Control rod no. - PRESTO
U 2 » 21 <+Rod inscrtion - nodes
9 10 n 12 13 14 5 16
9 14
78 19|20 |21 |22 |23 |4
2 22 19
% |26, 127 128, |29 (30 |3n ]
14 4 3
32 133 |3 |35 |36 |37 |38
21 20
39 |40 _ |41 |42 .43 ok
6 3 - DATASTT No. ] € 2730726
45 a6 (67 |48 [e9 | ] OPR. CYCLE 1
2 19 DATE
50 |5t sz | | : 07/26/73
ACC. BURNUP 4110 MWD/TU
TH. POWER 2358.3 MW
FLOW RATE 1.186°10" KG/SEC
SUBCOOLING 4.914°10% J/KG




QUAD CITIES - UNIT 2

ROD PATTERN:
1 2 3 4 5 6 7 8 «Control rod no. - PRESTO
24 2 21 20 +Rod inscrtion - nodes
3 o _m 2z |3 | |’ |6
9 14 7/
78 19|20 |21 122 |23, |2
22 2 21 19
% 6. {27 28_[29 (30 [an [ ]
14 13
32|33 J3%__ |35 |36 |37 |38
21 20
39 |40 |&1 |62 43 a4
A 14 DATASET NO, QC 2730817
AR OPR. CYCLE 1
20 20
50 |51 |52 || DATE 08/17/73
ACC, BURNUP 4283 MWD/TU
TH. POWER 2344.7 MW
_FLOW RATE | 1.218-10%Ke/sic_
_ SUBCOOLING . ___| 4.756°10% J/xG |
ROD PATTERN:
1 2 3 4 5 6 7 8 «Control rod no. - PRESTO
24 21 20 +Rod inscrtion - nodes
g o 0 |2 B % |5 |6
5 16 6 15
7 18 9 |20 |21 |22__ 123 24
21" "1 20
% |26 (27 28 |29 [0 [m ]
16 / 16
32 133 13% |35 36 |37 |38
21 0 o
39 _ a0 a1 a2 |43 |44
5 16 4y — DATASET NO. QC_2730914
45 [46_ |67 fes_ e | ] OPR. CYCLE 1
20 19 DATE
so |51 |s2 | ] 09/14/73
ACC. BURNUP 4797 MWD/TU
TH. POWER 2248.6 MW
FLOW RATE | 1. 142-10% KG/SEC
_SUBCOOLING | a.ssa-10% J/kG




QUAD CITIES - UNIT 2

ROD PATTERN:
1 2 3 4 5 6 7 8 +«Control rod no. - PRESTO
4 24 21 +Rod inscrtion - nodes
g [0 |nw__p2 3 % |5__I6
8
7 8|9 |20 |21 |22 |23 |2
2 21
m_l26 27 J28 [29_ 0 |30 [
13
32 133 3% |35 |36 [37__ |38
21
39 (40 a1 a2 (43 [a4
7 DATASET NO. QC 2730920
45 |46 |47 4521 49 hJ OPR. CYCLE 1
50 [51 (52 | ] DATE 09/20/73
ACC., BURNUP 4797 MWD/TU
TH. POWER | 2245.0 Mw
_FLOW RATE__ | 1.170-10% KG/SEC
_suscooLng | 4.730:10% gjxg
ROD PATTERN:
1 2 3 4 5 6 7 8 +Control rod no. - PRESTO
24 24 21 +Rod inscrtion - nodes
g ho |n__hz [3_ & |’ |6
8 13 8 12
7 18 9 |20 |21 |22 23 |
2 2 21 -
% _le6 |27 |28 {29 |30 |}
13
32 (33 (3% (35 (36 [37._ (38
21
39 _fa0 far _je2 a3 jes ||
7 3 DATASET NO. QC 2730922
45 |46 Anle7 48y, |49 OPR. CYCLE 1
2" |*a
50 |51 |52 DATE 09/22/73
ACC. BURNUP 4895 MWD/TU
TH. POWER 2245.0 MY
FLOW RATE | 1 170-10% KG/SEC
SUBCOOLING | 4,730:10% J/KG
Xe-trans




QUAD CITIES - UNIT 2

ROD PATTERN:
1 2 3 4 5 6 7 8 «Control rod no. - PRESTO
2 20 20 +Rod inscrtion - nodes
g 10 [n._ 2z 3 _ & |B__[6
14 12
77 18 \9 |20 __|21 |22 [23 |2
24 21 20
5._l26 {27 |28 |29 [30 {3 []
13 6 12
32 |33, |3 |35 [36 [37._ |38
i) A\ 19
39 (40 a1 fe2 {43 lae | ]
5 12 DATASET NO. QC 2731221
45 ['620 47 z.ig 49 OPR. CYCLE 1
50 |5t |52 || DATE 12/21/73
ACC. BURNUP 6081 MWD/TU
_TH, POWER 2266.9 MW
CRLow RATE | 1.224-10% kg/sec
__SUBCOOLING ___ | 4.551-10% /x5
ROD PATTERN:
1 2 3 4 5 6 7 8 «Control rod no. - PRESTO
24 27 24 +Rod inscrtion - nodes
3 _ 1o | _ |z 3 & |’ _ |6
13 5 11 5
17 8 19 |20 |20 |22 |23 |2
24 21 21 n
5_ 26 |27 |28 {29 _[30 |3
3 11
32 |33 13 |35 36 |37. |38
24 24 18]
39, |40 |4l |42 |43 |44
g 3 . DATASET NO. QC 2731227
45 /.619 47 48]5 9 ] OPR. CYCLE 1
DATE 12/27/73
50 |51 [s2 | ] _ . ;
ACC. BURNUP 6162 MWD/TU
TH. POWER 2255.3 MW
CFLOW RATE | 1.233-10" KG/SEC
SUBCOOLING _4.488'104 J/KG




QUAD CITIES - UNIT 2

ROD PATTERN:
1 2 3 4 5 6 7 8 «Control rod no. - PRESTO
24 21 24 +Rod inscrtion - nodes
9 10 n 12 13 % 15 16
13 i
7 8 9 |20 |21 |22 |23 |2
24 21 21 n
56 [27,.]28 29, 30 I3
3 1
32 [33_ |3 (35 [36 137 |38
24 21 18 -
39 (40 |41 _ |62 |43 _ |44
9 3 DATASET NO. QC 2740102
45 |46 147 4%5 w ] OPR. CYCLE 1
sg |51 52 DATE 01/02/74
ACC. BURNUP 6321 MWD/TU
TH. POWER 2349.4 MW
_FLOW RATE __ [1.199-10% yg/spc
_SUBCOOLING . M.840-10%  g/kg |
ROD PATTERN:
1 2 3 4 5 6 7 8 «Control rod no. - PRESTO
21 21 21 +Rod inscrtion - nodes
3 o |n 1z 3 |% |5 |6
13 5 11 5
77 D8 P9 |20 |21 |22 |23 |2
22 21 20
% |26 |27 128 |29 [0 |3 [ ]
32 133 |3 (35 [36 [37 |38
21 2] 18
39 _fu0 far ez a3 _fas [ ]
g DATASET NO. QC 2740208
45 |46 4|67 |48 |49 OPR. CYCLE
197 45 H o L
TECER: 02/08/74
ACC. BURNUP 6966 MWD/TU
TH. POWER ) 2217.6 MW
FLOW RATE | 1.232-10% KG/SEC
SUBCOOLING | 4.451°10% _J/KG

B-10




QUAD CITIES - UNIT 2

ROD PATTERN:
[ 2 3 4 5 6 7 8 «Control rod no. - PRESTO
24 24 24 +Rod inscrtion - nodes
9 o m _2 3 _ e s |6
10 3
77 8. 9 |20 |2V |22 |23 |2
2 a1
%5 |26 |27 7 8 (29 30 (3 ]
32 [33_ |3 |[35_ |36 (37 |38
24 24 14
39, (40 4t (62 {43 fes | ]
6 2 DATASET NO. QC 27402121
50 |5 |52 | ] DATE 02/12/74
ACC. BURNUP 7000 MWD/TU
_TH. POWER | 1880.0 My _
_FLOW RATE | 8.870-10° kg/SECG
_SuscooLNG | 5.721:10% J/kg |
ROD PATTERN:
! 2 3 4 5 6 7 8 «Control rod no. - PRESTO
24 24 24 +Rod inscrtion - nodes
g o [n iz |3 % |5 |6
10 3 g9 3
7 8 _ (9 |20 |21 |22. |23 |2
24 18 24
% |26 277 26 (29 [30 {3 L]
32 [33_ |3 [35 |36 |37 |38
24 24 14
39 _ (40 |41 |42 |43 _ |ob
6 2 . DATASET NO. QC 27402122
45 (46 {67 fa8 49 | ] OPR. CYCLE 1
50 5117 52 _]10 DATE 02/12/74
ACC. BURNUP 7000 MwD/TU
TH. POWER 1992.9 MW
_FLOW RATE 8.928°10° KG/SEC
SUBCOOLING 5.721°10% J/KG




QUAD CITIES - UNIT 2

ROD PATTERN:
1 2 3 4 5 6 7 8 «Contrni rod no. - PRESTD
pl 24 U +Rod inscrtion - nodes
9 10 n 12 13 6 15 16
10 3 9 3
17 18 19 2 21 22 23 24
o |° g 2

%5 |26 27 28 129 (30 31

32 |33 34 |35 (36 |37 38

24 24 14
39 (60 e a2 {43 fes | ]
6 2 5 DATASET NO, QC 740214
45 /~617 47 4810 49 __l OPR, CYCLE 1
50 |51 |52 h[ DATE 02/14/74
ACC, BURNUP 7029 MWD/TU
_TH. POWER 2252.3 MW
_FLOW RATE_ 11.202-10% ka/sEC
_ SUBCOOLING.___|4.644°10% 3/kg |
ROD PATTERN:
1 2 3 4 5 6 7 8 «Control rod no. - PRESTO
21 21 21 +Rod inscrtion - nodes
0 | 12 3 e (s |6
10 3 9 3
17 he. 9 Jz20. |2 22 J23 2
24 19 20

5l [274128 J23 f30 |31 H

32 33 34 35 (36 |37 |38 J

22 14
39 {40 Jar fez |43 jas | ]
6 2 5 DATASET NO. oC 740320
45 /.617 47 /.810 9 ] OPR. CYCLE 1
DATE
s o] TE 03/20/74
ACC. BURNUP | 7480  MWD/TU
TH. POWER 2319.9 MW
_FLOW RATE 1.233-10%  KG/SEC
SUBCOOLING __ {4.677°10%  J/KG_

B-12




QUAD CITIES - UNIT 2

ROD PATTERN:
1 2 3 4 5 6 7 8 «Control rod no. - PRESTO
8 3 9 2 +Rod insertion - nodes
9 10 n 12 13 14 15 16
24 20 24
7 _ 118 9. 120 |21 _ |22 |23 _ 14
3 10
5 % |7 2&20 29 301731 N
32 133 |3 [35 136 |37 |38
9 2 6
39 40, 41 (62 _ 143 es [ ]
24 17 DATASET NO. QC_2740405
459 |46 (475 ]4s a8 ] OPR. CYCLE 1
50 {51 sz | ] DATE 04/05/74
ACC, BURNUP 7601 MWD/TU
TH. POWER 2374.1 MW
_FLOW RATE __ {1.238°10* x/sEc
_ SUBCOOLING. | 4.754:10% J/kg
ROD PATTERN:
1 2 3 4 5 6 7 8 «Control rod no. - PRESTO
8 3 9 4 +Rod inscrtion - nodes
9 10 N 12 13 14 5 16
24 20 24
17 18 19 20 21 22 23 24
3 10 2 / .
5 |26 (27 28129 |30 __|3i
21 20
32133 |3 _ |35 |36 [37 |38
9 2 6 |
39 [60 far fe2 143 fea [] -
o 17 DATASET NO. QC 2740415
/.54 RN OPR. CYCLE 1
/
50 |51 (52 | ] DATE 04/15/74
ACC. BURNUP 7671 MWD/TU
_T[[. POWER 23741 MW
FLOW RATE | 1,238-10% KG/SEC
SUBCOOLING J/KG
Xe~trans




QUAD CITIES - UNIT 2

ROD PATTERN:
[ 2 3 4 5 6 7 8 «Control rod no. - PRESTO
8 3 9 2 +Rod inscrtion - nodes
9 1021 n 1220 13 1% 21 % 16
17 18 19 20 21 22 23 24
3 10 2 /

% (26 |27 [28_ {29 [s0__[3n [
2 2 17

32 |33 3 |35 (36 37 |38

9 )
39. 4(} a1 fez o fe3 fas [ ]
1 1 DATASET NO, QC 2740501
45 46 47 48 49 __I OPR. CYCLE 1
2 /
50 |51 |52 | ] DATE 05/01/74
ACC. BURNUP 7937 MWD/TU
TH. POWER 2467.5 MW
FLOW RATE 1.222:10* xo/sec
_ SURCOOLING _ |5.021°10% g/ |
ROD PATTERN:
1 2 3 4, 5 6 7 8 «Control rod no. - PRESTO
5 2 L +Rod insertion - nodes
5 [0 v [z |3 & B |®
24 19 24
7 8 15 —j20 |2 22 |23, |2
2 5 4
x |26, |27 |28_f29 [30,_ (31 ]
19 2
32 f 33 |3 |35 [36_ |37 |38
39 J4Q, |ar Ja2. |43 Jas ] —
hy 12 DATASET NO. QC 2740523
45 |46 “74 48 |49 ] OPR. CYCLE 1
so |51 |52 | | DATE 05/23/74
ACC. BURNUP 8294 MwD/TU
TH. POWER 2447.7 MW
FLOW RATE 1.229-10% KG/SEC
SUBCOOLING | 4.972°10%  J/kG

B-14




QUAD CITIES - UNIT 2

ROD PATTERN:
1 2 3 4 5 6 7 8 «Control rod no. - PRESTO
) 2 4 2 +Rod inscrtion - nodes
9 ] 1" 12 13 14 5 16
Dy 20 2
7 18 9 |20 |21 |22 |23 |2
2 5 2 4 o
% [26.-127 {28 |29 30__|3
207 1% 13
32 |33 {3 |35 |36 |37 |38
4 2 3 N
39 (40 far [a2 143 fes | ]
22 13 DATASET NO. QC 2740607
45 9 46 1.7q 48 (69 | ] OPR. CYCLE 1
50 |51 52 __l DATE 06/07/74
ACC, BURNUP 8456  MWD/TU
TH. POWER 2228.3 MW
_FLOW RATE | 1.175°10° KG/SEC_
_ SUBCOOLING | 4.958°10°  j/xg_|
ROD PATTERN:
] 2 3 4, 5 6 7 8 +Control rod no. - PRESTO
oy +Rod inscrtion - nodes
9 10 N 12 13 14 15 16
21 20 18 20
7 8 19 20 |21 (22 |23 |
3 4 o
% {26 (27 {28 |25 |30 [=;
20 21 20 14
32 (33 {3 [35_1[36 |37 |38
39 j40  [ar fa2 [a3 fus ] -
20 ]7 15 DATASET NO. OC 2740709
45 |46 ; w7 a8 [69 ] OPR. CYCLE 1
o 1o 52 r_‘ DATE 07/09/74
ACC. BURNUP 8628 MwD/TU
TH. POWER 2251.4 MW
FLOW RATE | 1.240-10% KG/SEC
SUBCOOLING 4.691-10% _J/Kke




QUAD CITIES - UNIT 2

ROD PATTERN:
1 2 3 4 5 6 7 8 <Control rod no. - PRIESTO
+Rod inscrtion - nodes
g [0 |n_ |12 |3 |4 |5 6
21 18 11 20
7 18 18 20 |21 (22 (23
4 3 .
2§ 26 |27 |28 (29 130 [|&
0 21 20
32 |33 (3 |35 |36 |37 |38
2
39140 a1 j4a2 |43 |44
20 12 g DATASET NO. QC 2740809
45 las 9 47 las 49 ] OPR. CYCLE 1
s0 (50 [s2 | ] DATE 08/09/74
ACC, BURNUP 9173 Mwp/TU
TH. POWER 2335.7 MW
_FLOW RATE ) 1-225’104KG/SEC_
_SUBCOOLING ,Aﬂ;ﬁgﬁﬁ.mgc_,
ROD PATTERN:
1 2 3 4 5 6 7 8 +Control rod no. - PRESTO
+Rod inscrtion - nodes
g [0 v [z 3 & |5 |6
24 13 6 24
7 |18 ) 19 20 |21 |22 [23 |24
2y (26 2724 28 2924 30 (3 [ ]
32 [33 (3¢ [35 [36 (37 |38
39 (40 a1 a2 fa3_ Jas [ ]
oL 8 3 DATASET NO. OC 2740812
45 o6 (47 [a8 (a3 [ ] OPR. CYCLE 1
50 [0 [s2 | ] DATE 08/12/74
ACC. BURNUP 9203 MWD/TU
TH. POWER 2078.0 MW
FLOW RATE 9.465°10° KG/SEC
SUBCOOLING 5.765:10" _J/KG




QUAD CITIES - UNIT 2

ROD PATTERN:
1 2 3 4 5 6 7 8 «<Control rod no. - PRESTO
+Rod inscrtion - nodes
5 [0 [ _|2z (3 P4 || |6
24 6 18
7 8. 19 |20 |21 22 (23 |2
% _lee (27 {28 |29 j30 [3 ]
24 24 24
32 (33 [3¢ I35 {36 [37 |38
39 Ja0 Jar fa2 [43 Jes [ ]
24 8 3 DATASET NO. QC 2740813
45 46 47 48 149 __] OPR. CYCLE 1
50 [s1 [s2 | | DATE 08/13/74
ACC. BURNUP 9203  mwp/TU
TH. POWER 2078-03 MW
FLOW RATE 9.465-10" xG/SEC
SUBCOOLING 5.765-10% 1/KG
ROD PATTERN:
1 2 3 4 5 6 7 8 +«Control rod no. - PRESTO
+Rod insertion - nodes
3 o |n |12 |3 D& 5 6
24 24 5 12
17 he g 20 |21 J22 23 24
% |26 (27,128 29, 30 |31 []
1 o 1y
32 33 J3& 35 (36 37 |38
39 140 far fe2 43 jed ] ——
15 5 4 DATASET NO. QC 2741013
45 le6 (67 |48 {49 [ ] OPR. CYCLE 1
)
50 |51 |52 | ] DATE 10/15/74
ACC. BURNUP 9778 MWD/TU
TH. POWER 2153.0 MW
FLOW RATE 1.030-10% KG/SEC
SUBCOOLING 5.349-10% _J/KG

B-17




QUAD CITIES - UNIT 2

ROD PATTERN:
1 2 3 4 5 6 7 8 «Control rod no. - PRESTO
+Rod inscrtion - nodes
9 o |m  nz |3 |4 |’ |6
24 15 5 12
7 |18 ) 15 |20 |21 |22 |23 |2
% |26 [27 |28 [29 [0 [3n L]
22 24
32 (33 |3 [35 (36 [37 |38
39 _Ja0 [ar a2 (43 jas | ]
4 DATASET NO. QC 2741114
45 a6 [47 {48 {49 | ] OPR. CYCLE 1
50 151 = .__l DATE 11/14/74
ACC. BURNUP 10258  mwp/TU
TH., POWER 2245.3 MW
FLOW RATE 1.156-10°KG/SEC
SUBCOOLING 5.107°10% J/KG
ROD PATTERN:
1 2 3 4 5 6 7 8 +«Control rod no. - PRESTO
U 12 0 i <+Rod insertion - nodes
5 o v 2 3 e s |6
2
7.8 |19, |20 |21, |22 (23 |
¥ 16 19
% 26 |27 |28 [29 [0 |31 ]
32 |33 |3 (35 [36 {37 |38
20 19 3
39 a0 far a2 Ja3 jas [ ]
9 DATASET NO. QC 2741122
45 a6 |&7 Ju8 (49 [ ] OPR. CYCLE 1
2 DATE
5o o 2 ] 11/22/74
ACC. BURNUP 10314 MWD/TU
TH. POWER 1899.8 MW
FLOW RATE 9.946-10°KG/SEC
SUBCOOLING 5.133-10% J/KG




QUAD CITIES - UNIT 2

ROD PATTERN:

1 2 3 4 5 6 7 8 «Control rod no. - PRESTO
5 10 3 L +Rod insertion - nodes
9 10 Ll 12 13 14 5 16

17 18 19 20 |2 22 23 24

10 4 24

5 f26 (27 (28 {29 [0 [ | ]

32 |33 34 |35 136 37 (38

3 24 2

39 j40  [4r a2 [43 fas | ]

DATASET NO. QC 2741125

z.52[4 46 o7 j48 [&9 [ ] OPR. CYCLE 1

50 |5 |52 ] DATE 11/25/74
ACC. BURNUP 10346 MWD/TU
TH. POWER 1808.2 Mw
FLOW RATE 7.932 '10§<G/SEC
SUBCOOLING | 6.298:10% 1/kg

ROD PATTERN:
1 2 3 4 5 6 7 8 +Control rod no. - PRESTO
5 19 3 Uy +Rod inscrtion - nodes
9 0 |n 12 3 % s e

12 4 20

% (26 |27 |28 [29 [30 [ [_]

32 _ 133 34 3% (36 |37 38

21 2

39 (40 far Ja2 [a3 Jaa | ]

DATASET NO. QC 2741220

45 a6 [e7 fas Jas [ ] OPR. CYCLE 1

5024 SRR DATE 12/20/74
ACC. BURNUP 10697 MAD/TU
TH. POWER 1697.6 MY
FLOW RATE 6.804° 10°KG/SEC
SUBCOOLING 6.870°10% J/KG




QUAD CITIES - UNIT 2

ROD PATTERN:
1 2 3 4 5 6 7 8 «Control rod no. - PRESTO
1 2 <+Rod inscrtion - nodes
9 10 " 12 13 )IA 5 16
24 15 24
17 l 18 19 20 21 22 23 24
» |6 {27 |28 |29 30 (3 [ ]
14 7
32 [33° (3 |35 (36 (37 |38
39 a0, [a1 fa2_je3 Jae [ ]
24 7 DATASET NO. QC 2750509
45 46 47 48 49 __J OPR. CYCLE 2
2 L]
50 |51 52 _] DATE 05/09/75
ACC, BURNUP 121 MWD/TU
TH. POWER 2031 Mw
FLOW RATE 1.048-10° KG/SEC
 suBcooLING | 4.551°10% 1/kg
ROD PATTERN:
1 2 3 4, 5 6 7 8 «Control rod no. - PRESTO
+Rod inscrtion - nodes
9 10 n 12 13 A 15 16
b 24 23
17 18 19 20 21 22 23 24
5 |26 f2r |28 |29 o {31 |
24 14 2
32 [33 {3 (35 [36 [37 |38
39 |40 far a2 43 a4 [ ]
2 9 DATASET NO. QC2750517
45 46 (67 |48 (49 [ ] OPR. CYCLE 2
s T 152 r—J DATE 05/17/75
ACC. BURNUP 239  MAD/TU
TH. POWER 2358 MW
FLOW RATE 1.200-10% XG/SEC
SUBCOOL ING 4.323°10%  J/KG

B-20




QUAD CITIES - UNIT 2

ROD PATTERN:
1 2 3 6 4 5 6 73 8 +Control rod no. - PRESTO
+Rod inscertion - nodes
9 ho_ v Dz 3  ju_|B |6
24 24 24
17 8 19 |20 |2t 122 |23 e
b
% (26 (22 [28 |29 30 (31 ]
24 24 12
32 [33 [3¢ 35 [36 [37 (38
39 [a0 far a2 {43 Jaa | ]
24 IV DATASET NO. QC 27505211
z.s1 46 a7 las 49 [ ] OPR. CYCLE 2
s[5 Js2 1] DATE 05/21/75 19°hrs.
ACC. BURNUP 264 Mwp/TU
TH. POWER 1406 vw
_ FLOW RATE 6800-2KG/SEC
SUBCOQLING 5.58°10° /G
ROD PATTERN:
1 2 3 4 5 6 7 8 +«Control rod no. - PRESTO
+Rod inscrtion ~ nodes
5 10 |m D2 |3 4 |5 6
24 24 24
7 8 )9 |20 |21 |22 |23 |2
% (26, 127 l28_f29 (30 3 []
24 24
32 33 (3 |35 [36 (37 |38
39 (40 far Je2 [a3 Jaa [ ]
24 6 DATASET NO. QC 27505212
«5 o6 |67 fae (a3 ] OPR. CYCLE 2
45
S CEECE DATE 05/21/75 20" hrs
ACC. BURNUP 264  MWD/TU
TH. POWER 1580 MW
_ FLOW RATE 7300  KG/SEC
SUBCOOLING 5.58-107  J/KG




QUAD CITIES - UNIT 2

ROD PATTERN:
[ 2 3 4 5 6 7 8 «Control rod no. - PRISTO
+Rod inscrtion - nodes
9 [0 v Pz |3 ju |’ 6
21 24 24
17 8 g J20 |21 {22 (23 |24
5 |26, 127 28, [29 [30 [3¢ [
2l o 2
32 {33 {3 135 |36 [37 |38
39 [0 far fa2 (43 fes [ ]
U 2 DATASET NO. QC 27505231
45 46 47 48 49 OPR. CYCLE 2
o s 5z 1] DATE 05/21/75  21%nhrs
ACC, BURNUP 264 MWD/TU
TH. POWER 1707 MW
FLOW RATE 8518 KG/SEC
SUBCOOLING  [5.349-10%  J1/kG
ROD PATTERN:
1 2 3 4 5 6 7 8 «Control rod no. - PRESTO
+Rod inscrtion - nodes
9 o |m P2 3 & 1’ s
21 24 24
7 (18 19 |20 |21 (22 |23 |
% |26, (27 |28, |29 {30 #{z | ]
24 24 6
32 |33 {34 |35 [36 [37 |38 J
39 (40 [41 ja2 |43 jes [ ]
U 2 DATASET NO. QC 27505214
45 (46 |67 [u8 [a8 | ] OPR. CYCLE 2
TR DATE 05/21/75 235 Chrs
ACC. BURNUP 264 MWD/TU
TH. POWER 2125 MW
¥*
Insertion = 2 for quadrant 2. FLOW RATE 1.071-10% KG/SEC
SUBCOOLING 4.884°10% J/KG




QUAD CITIES - UNIT 2

ROD PATTERN:
1 2 3 4 5 6 7 8 «<Control rod no. - PRESTO
+Rod inscertion - nodes
g o |m |12 |3 & |’s |6
21 24 24
7 |18 g (20 {21 |22 23 |%
5 (26 (27 l28, [29 (30 [3t [_]
%y l
32 |33 {3 I35 {36 37 |38 J
35 40y 11 [az, |43 144 N
DATASET NO. QC 2750522
45 46 47 48 49 J OPR. CYCLE 2
50 59 52 __} DATE 05/22/75 OOZOhI‘S
ACC, BURNUP 264 MWD/TU
TH. POWER 2125 Mw
_ FLOW RATE 1.184°10% KG/SEC
SUBCOOLING a.884-10% J/xG
ROD PATTERN:
1 2 3 4 5 6 7 8 «Control rod no. - PRESTO
+Rod inscrtion - nodes
g o _ 1 Pz |3 4 |’s [
7 24 24
7 |18 )9 |20 |21 |22 |23 (2
%5 e 27 |28 [29 30 |3 L]
24 18 4
32 (33 |3 35 |36 [37 |38
39 (40 far fa2 43 Jau [ ]
U i DATASET NO. OC 2750630
«5 [46 [67 |48 (69 | ] OPR. CYCLE 2
DATE
so |51 |52 | ] 06/25/75
ACC. BURNUP 764 MWD/TU
TH. POWER 2024.0 MW
FLOW RATE 1.024°10% KG/SEC
SUBCOOLING 5.279-10%  J/KG




QUAD CITIES - UNIT 2

ROD PATTERN:
1 2 3 4 5 6 7 8 «Control rod no. - PRESTO
+Rod insertion - nodes
9 0 v |2 |3 P4 [’ |6
/ 24 24
7 e g 20 |21 (22 |23 24
5 |26 27 [es_ |29 a0 |a [ ]
24 15 4
32 133 (3 |35 |36 |37 |38
J
39 fe0. [ar a2 [63 Jas | ]
24 4 DATASET NO. QC 2750717
45 a6 |a7 a8 |69 | ] OPR. CYCLE 2
so (51 [s2 [ ] DATE 07/17/75
ACC. BURNUP 1054 MwD/TU
TH. POWER 1936.0 My
FLOW RATE 8940 ¥G/SEC
~SUBCOOLING I/KG_
TIP SET 2 BOC 2
ROD PATTERN:
1 2 3 4 5 6 7 8 «Control rod no. - PRESTO
+Rod inscrtion - nodes
9 10 N 12 13 1A 5 16
/ 24 24
7 18 |19 J20 |21 |22 (23 a4
5 (26, |27 lea_1{29 Js0 |31 ||
IR I
32 (33 (3 |3 [36 (37 |38
39 {40 far fe2 |43 Jas [ ]
24 Uy DATASET NO. QC 2750724
45 a6 Ja7 a8 a8 | ] OPR. CYCLE 2
50 |51 [s2 | ] DATE 07/24/75
ACC. BURNUP 1088 MWD/TU
TH. POWER 1948 MW
FLOW RATE 9211 KG/SEC
SUBCOOLING 5.884°10% _J/KG

B-24




QUAD CITIES - UNIT 2

ROD PATTERN:
1 2 3 4 5 6 7 8 «Control rod no. - PRESTO
1 +Rod inscrticn - nodes
9 o v [z |3 & s |6
5 24 7 24
7 (8 |9 20 |21 (22 [23 |2a
5 426 |27, |28 |2 30 (31 []
2 [P [Py
32 [33 f3& [3® _{38 (37 |38
3960 |&1 |e2 |43 jee [ ]
16 P DATASET NO. QC 2750831
45 46 [a7  Jas Ja9 | ] OPR. CYCLE 2
50 |51 52 __J DATE 08/13/75
ACC, BURNUP 1354 mwp/TU
TH. POWER 1785.0 My
FLOW RATE 8127  KG/SEC
SUBCOOLING 6.581°10" 1/KG
ROD PATTERN:
1 2 3 A 5 6 7 8 «Control rod no. - PRESTO
1 +Rod insertion - nodes
5 (10 |1 h2 (3 x|’ |6
8 24 7 24
7 (18 19 (20 o |22 (23 Jaa
5 6 27 28 [29 o 3 ]
24 15 24
32 |33 {3 (35 [36 [37 |38
2 2
39 40 |41 {42 |43 a4 __]
16 ol DATASET NO. QC 2751003
45 fa6 a7 [as [a [ ] OPR. CYCLE 2
50 [s1 sz | ] DATE 09/30/75
ACC. BURNUP 1752 MWD/TU
TH. POWER 2174 MW
FLOW RATE 1.144°10% KG/SEC
SUBCOOLING 5.502°10°  J/KG




APPENDIX C

SELECTED RESULTS FROM MAJOR EVENTS AT QUAD CITIES 2

Cycle Event no. Date Type of Event

1 6 7/5-1973 Rods moved at power
13 21/9-1973 Rod withdrawal error
23 5/4-1974 Rod swap
25 15/4-1974 Fast start-up
26 15/4-1974 Rods moved at power
33 12/8-1974 Preconditioning

2 3 22/5-1975 Fast start-up
4 22/5-1975 Rods moved at power

For each event:
Page Table content

Assembly power after event

Axial power distribution after event
Peak AQ) assemblywise

AQ-Q matrix

Failure probability map

(7 IR I WS



PR-QC

10
11
12
13
14

15

2

0 PR-QC-12-03

REACTOR CONDITION

05-07-73:0357 AFTER

HYDRAULIC THROTTLING IDENT NUMBERS

2

1

3
1

4

1

S

1

6

1

7

8 9 10 11
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 2
1 1 2

2 2

PAGE

i2 13
1 1
1 }
1 1
1 1
1 1
1 1
1 2
1 2
1 2
2

9

14

$TON INAAH

T 910XD
Z SAILID Qv
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€-D

PR-QC

0 PR-QC-12-03

REACTOR CONDITION

9*#49»»»59»" CORE AVERAGE EXPOSURE.MWD/TU =

CHANNEL PO
1
1 903
2 1250
3 1235
4 854
5 809
6 1067
7 1076
8 837
9 891
10 1251
11 1233
12 835
13 729
14 81e
15 589

Wik DISTRIBUTION,AVERAGE
2 3 4 5
1248 1233 855 810
1253 1232 1189 1112
1232 1221 1188 1127
1186 1186 871 8595
1109 1124 859  89¢
946 963 1156 1257
948 969 1160 1266
1131 1141 874 912
1217 1220 830 896
1286 1278 1228 1189
1261 1255 1200 1151
1153 1146 836 792
1028 1019 709 648
903 879 757 648
600 577 507 420

CHePOW.= 1

6 7
1068 1076
947 949
964 970
1155 1158
1255 1263
1366 1374
1374 1388
1292 1300
1226 1232
1134 1128
1073 1075
1005 1026
809 718
529

05-07~73:0357

«2BT40E+04
noo

8 9

A38 891
1133 1218
1142 1221
873 889
912 RGS
1293 1226
1302 1234
960 918
918 891
1169 1140
1149 1092
999 R9p
668 570

AFTER

10
1247
1284
1275
1224
1186
1133
1127
1167
1138
1102

944

664

11
1228
1258
1252
1195
1147
1072
1074
1146
1090

944

12
832
1151
1144
834
790
1003
1024
998
889

663

PAGE

13
727
1028
1017
707
646
806
717
667

569

14
836
899
876
754
646

527

15
S87
598
575
505

418

*'ON INIAF

9

T 9104
Z SAILID avmd



PR=-QC 2 0 PR-QC-12-03 REACTOR CONDITION 05-07-73:0357 AFTER
avspnwesossssr CORE AVERASZE EXPOSURESMWD/TU = «28740E+04

AVERAGE AXxIAL POW.DISTR.PER THROTL.TYPE

NO. .0 1.0 2.0
BOTTOM

OD~NIUTEWN -~
N
r—

ToP

PAGE

20

E %
g8 2
= 2 9
O m g
. T
o= &=
n
(@)} &~

}




SCP - FUEL DUTY CYCLE ANALYSIS REPORT - PROGRAM FDCA1
P Y T LI L L R T RO E 2 Y N R A P Y R R ey

CASF TITLE = F1-QC~01-0s QUAD CITIES 2 STEP

DOsQ - MATRIX GIVING CM OF ROD PER INTERVAL IN
EXTFAPOLATED TO FULL CORZ,
UPPER INTERVAL BOUNDARIES GIVEN IN W/CM,

TIME STEP NO = 6
rEQES 50. 100, 150, 200. 250,
g
+
2S, 0. 1463, 322478, B43321. 784494,
50, 0. 0. 3205, 5547, 19934,
5. 0. 0. 0. 243R, 0.
100, 0. 0. 0. (UR 3658.
125, 0. 0. 0. 0. 0.
150. 0. 0. 0. O« 1707.
175, 0. 0. 0. 0. 1214,
200. O 0. 0. D 0.
225, 0. 0, 0. 0. 0.
250, O 0. 0. 0e 0.
275, 0. 0. 0. 0. 0.
300. 0. 0. 0. 0. 0.
325. 0. 0. 0. 0. 0.

6 « MAY

DQ AND Q

300,

219539,
16825.
O

2438.

7 - 1973.
350. 400.
32004. 14143,
7071, 4267.
0. 0.
(18 0.
0. 0.
Ne 0.
0. 0.
0. 0.
0e 0.
0. 0.
0. 0.
0. C.
De 0.

450.

S00.

0.

0.

0.
0.
0.

O.

PAGE 7
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SCP - FUEL JUTY CYCLE ANALYSIS REFPORT - PROGRAM FDCAZ PAGE 40

NENRERR AR N EE R AEE AR AR R R NN AR X X LB SR NE RN RN X XL KRB R XX

CASE TITLE = F2-NC~-01-30 QUAC CITIES - 2 4 CYGLE 1

FAILURE PRCEABILITYY IN ASS, * 100.0

1 2 3 4 5 6 7 ] 9 10 11 12 13 1o 15
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 0 3 ) 2 h) b} n 0 0 0 0 0 0 0 0
3 0 g 0 7 ¢ G 0 ¢ ) 5 6 0 0 0 0
4 0 0 0 ) 0 0 3 0 3 9 0 3 o) ) 0
5 0 0 0 0 0 0 0 0 ) 0 ) D) 0 6 ¢
6 0 0 0 0 0 0 0 0 0 0 0 0 0 0
7 ) 0 0 0 0 0 0 0 0 0 0 0 0
8 o ¢ 0 ¢ o g 3 e 0 0 0 n 0
3 9 0 3 9 b 3 h} o) o) 3 9 3 3
10 0 0 0 n 0 0 9 0 0 8 0 0
11 0 ¢ 0 ) 0 0 0 0 3 0 0
12 0 0 0 0 0 0 0 0 n 0 § %?
13 : < 0 0 0 0 9 0 0 2 a
=z [ ]
.O m =3
14 9 3 J 3 b 3 DR =
n
15 0 0 9 o 0 @ ™




SCP - FUEL DUTY CYCLE ANALYSIS wEFCrT - PROGRAM FDCA2 FAGE 4

AR FR RN RRE NN R AN R RF R R AN XX N AR AN X RS RER FR XA A XS RN F LR XX

CASE TITLE = F2-QC-01-(0 CuUAC CiTics - 2 4, CYCLE 1

MAXIMUM VALUE 3F DO IN ASSEMELY

1 2 3 4 5 6 7 A 9 10 11 12 13 14 15
1 0 0 0 1 2 “ 5 € 4 0 0 0 1 0 0
2 1 1 1 2 2 4 6 7 10 10 4 19 19 N 1
3 1 1 1 2 3 5 6 8 12 14 11 27 25 A 1
4 1 2 2 3 9 16 15 8 9 g 0 19 13 ¢ ¢
5 2 2 3 9 21 42 42 21 11 2 5 22 10 0 0
6 4 4 5 16 42 169 171 42 15 1¢ 22 11 0 0
7 5 € 6 1¢ 42 137 139 4?2 15 1< :9 9 0
8 6 0 2 8 21 41 41 21 11 10 3 2 1
9 4 2 2 3 11 14 14 11 11 B 6 b 0

10 13 14 16 21 20 18 15 6 5 5 2 1

11 14 17 22 36 26 21 13 7 5 L 1

12 6 4 8 30 42 24 17 9 5 0

13 b4 1 1 29 1o 9 4 n 0

14 2 4 2 £ y 1 é

15 1 1 1 0 0 8

9

(#1)

T 91010
Z SAILID aQvnd




SCP - FUEL DUTY CYCLE ANALYSIS REPORT - PROGRAM FDCAI PAGE 7

Yz 222 3-2-F-X-2- 22 2-2-L-2-2-2-2-5-X-2-2-2-2-5-2-2-L-X-%-2-2-1 -2 X-2-%-2-2-2-2-2-L 2 -2:-2-3-4

CASE TITLE = F1-QC-01-13 QuUAD CITIES 2 STEP 13 « SEPT 21 = 1973 RWE,

DOeQ - MATRIX GIVING CM OF ROD PER INTERVAL IN DQ AND Q NOTE:
ExTRAPOLATED TO FULL CORE. .
UPPER INTERVAL BOUNDARIES GIVEN IN W/CM. g?ﬁgﬁ?ig;flmlmlremnted
TIME STEP NO = 13 )
saQee 50, 100. 150. 200. 250. 300. 350,  400. 450, 500.
L-3
0Q
k-3
2s. 0. 72847. 692384. 675071. 641909. 339791. 41026. 15301. 0. 0.
50. 0. 610. 37856. 70348. 49378. 16703.  3840. 0. 0. 0.
75. 0. 0. 18715. 22433. 18959. 11278. 0. 0. 0. 0.
100. 0. 0. 8778. 11460. 15362. 7132, 0. 0. 0. 0.
125. 0. 0. 6888. 12314. 5608, S425. 0. 0. 0. 0.
150. 0. 0. 4450, S730. 7498. 2682. 0. 0. 0. 0.
175, 0o 0. 5060. 7010. 5060. 0. 0. 0o 0. 0.
200. 0. 0. 1829. 13350. 2073. 0. 0. 0. 0. o.
225. O. O. 914. 74370 OO (). 0. 0- 00 0. 8
9 &
250. 0. 0. 0. 3840, 0. 0. 0. 0. 0. 0. - g o
g & 3
275, Ne O. 610. 2682, 0. O Ne Oe O O R v
" o
300. 0. 0. 2482, 0. 0. 0. 0. 0. 0. 0.
325. 0. 0. 3780. 0. 0. 0. 0. 0. 0. 0.

— --------------------lIIIIIIIIllIIlIIIIIIIIIIII‘..IIIIIIIII
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SCP - FUZL DUTY CYCLE ANALYSIS REFORT - PROGRAM FOCA2 PAGE 82

AT PR REIEI R R EI R RIS ER S REL R RIS SRR RLS SR PSS R LR R T 23

CASE TITLE = F2-QC-01-00 GUAD C.TIiES - 2 4 CYCLE 1

FAILURE PROBABILIYY IM ASS, * 100.0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1 49 7 0 o 0 0 0 0 0 0 0 U b 0 0
2 99 10 1 0 0 0 0 0 0 0 0 b 9 0 0
3 99 11 1 0 0 0 0 0 0 0 0 0 0 0 0
4 9 1 0 ) 0 0 0 ¢ ¢ G 0 0 u 0 0
5 1 0 0 0 0 0 ) 0 0 0 0 0 0 0 0
g 6 0 o ) 0 0 0 0 0 0 0 0 0 0 0
7 0 0 0 0 u 6 J L 0 0 0 J 0
8 0 0 0 o g o 0 G ) 0 6 0 0
9 ) 0 0 0 0 0 0 0 0 0 0 0 0
10 0 0 6 G v v 0 ¢ ¢ 0 0 )
11 0 0 0 0 J 0 0 0 £ 0 6
12 0 0 0 0 0 0 0 0 0 0
2
X 5 S
13 0 i 0 c v b g 0 6 2 o =
(@] (@]
14 0 0 ) o g B g 5 3
=
15 0 0 0 0 0 @
oo

¢T



0T-2

Scp

CASE TiTLE

MAXIMUM VALUE JF 0Q IN

10

11

12

13

14

15

= FUEL JUTY CYCLE ANALYSIS REFCKRT

Iy S I R F Y VIR P T R Ty ey

F2-9C-01-00

1

324

133

110

33

25

18

14

it

Ji

2

192
134
84
53
X6
25
17

13

n

3
113
133
129

87
59
43
31
21
15

12

[¢))

- PROGRAM FDCAZ2

Quap CuiTiI:S -

ASSENMELY
b 5
78 53
81 49
73 44
57 490
44 33
33 24
24 iR
18 15
14 12
11 10
9 9
8 8
e 7
5 5
L 3

35

31

33

27

23

18

15

13

i

2

?

CYCLE 1
7 8
23 1c
22 1¢
21 1€
19 14
16 13
14 11
13 11
12 10
11 11
11 11
16 17
7 7
n o

19

11

11

13

10

1¢

\n

11

14

-

PAGE 85
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1T-0

PR-QC

Frvutnrnrvasr CORE AVERAGS

CHANNEL POWER

O

1c

11

12

2

1

1049

1065

1092

10093

1162

1156

it11

677

——

0 PE-0C-10-1¢ REACTOR CONGITION,

1113

1132

831

6€3

X

11112

A23

CISTRIZUTION,AVERS

IR

11793

1115

1385

1068¢
1122
1172
1245
1249

1174

1738
a4 0
779

L89

Ge
5

CHaP
€

1161

17

1839
8ag

5935

IXPOSURE MWI/TU =

Waes=

(W]

1
7

1134

Qu/g5/74
+75319E+ 0L

a0
8

16852

1121

1204
1188
113¢

11R5

1212

1195

1138e

1173

1147

108¢
82¢
Bub

1153

N
\0

1191

595

97¢

1157

£38

617

11
1110
R25
27
1108
1129
531
Q08
1CR2
1038
Ra1

€3S

12

1164

1105

1077

1062

1042

1061

aLe

9240

827

615

PAGE

1142

1123

103¢

990

941

873

RAg

622

524

12

1L

100¢C

983

947

882

73C

585

573

489

$°ON IN2AH

€

T 9T0AD
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PR-QC 2 0 PrR-QC~-10-11 REACTOR GONZITICN, 0L/05/74 PLGE 2¢
BE4PF2539%2¢ CCORE AVERAGZ EXPCOSURE JMUWO/TYU = «75319€+ 00
AVERAGE AXIAL POW.LISTRe2Z2 THROTL.TYPE
MOe 43 1.3 2.0
EOTTOM
1 2 1
2 2 1
3 2 1
4 2 t
5 2 1
() 2 1
7 2 1
8 2 1
9 2 1
1C 2 1
11 2 1
v 12 2 1
N 13 2 1
1¢ 2 1
1. 2 1
1¢ 2 1
17 2 1
1 2 1
1« 2 1
21 2 1
23 2 1
2 2 1
2. 2 1
2 1 2 1
TOF 5 %
S8 g
S5 3
s %
[y (3%
(93]
- ——




€1-0

SCP = FUEL JUTY CYCLE ANALYSIS RzZPCxT - PROGRAM FDCAL

LRI S F I R AR RIE N IIE R EI EIE S EEEE R R R R RS L E SR SRS S R TR R R S

CASE TITLE = F1-1C-01-23 QUAL CLTIES 2 STEP

DN,Q = MATRIX GIVING COH JF ERCD PR INTERVAL IN
EXTRAPCLATED TO FULL CGORE,
UPPER INTERVAL BIUNDAXIES GIVEMN In W/CH.

TIME STEP NO = 23
TEQE 50 . 13, 131, 231, 250,
.
ole}
*
25, B. 335923, 1092159.12+1323,2.°3813,
S0. 0., 52608. 274991, 777¢08¢., 740725,
75. 0. 11582, 146304, 3yeB01. 97719,
100. e J. 25847. 158130, 3.0,
125. 3. G, c. ci9c. g.
150. 0. 0 0. J. 0.
175. 0. 2. 0. 0. 9.
200. Do 0. 0. Je 0.
225. 0. 0. 0. 2. 0.
25G. 3. c. o. a. o.
27¢. 3. Je J Je d.
300. 0. 2. Je Joe 6.
325. 0. 0. 0. g, 8.

350, 0. 0. o. G. 0.

23  APRR

09 AND 7

153071,

1028¢40.

1€154.

2082,

G.

0‘

5 - 1974

ROD SZE1.

.

Ne

s -

45,

e
Je
Je
)
).
I
l.
Yo
Je
Je

1,

a

512,

FAGE

T°ON INFAH
T 910XD
7 SAILID avnd

¢z

7




¥1-0

SCP - FUEL BUTY CYCLE ANALYSIS RcFORT ~ PROGRAM FDCAZ PAGE142

2 E RS2 R 2SR R PRI RIS SR RTINS SRR RIS RS RS R R L RS B 22

CASE TITLE = F2-QC-01-00 oOU#D CITIES - 2 , CYCLE 1

FAILURE PROBABILITY IN ASS, * 100.0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1 1 4 5 0 i 7 6 0 0 5 6 0 U 0 9
2 1 0 0 0 g g 0 1 1 0 0 0 0 8 0
3 2 o 0 o 0 0 0 3 3 0 0 0 ] 0 0
4 0 5 5 0 0 3 7 ¢ 0 6 7 0 g ¢ 0
5 0 3 5 0 0 5 7 0 0 s 7 0 0 0 0
6 0 0 0 0 1 o 0 0 0 0 0 9 0 0

7 0 0 0 2 2 ¢ 0 6 0 g ¢ 0 0

8 0 4 7 0 | 6 9 0 0 6 3 0 8

9 0 5 6 0 0 9 9 0 0 10 3 0 0

10 1 0 0 b g N 0 ¢ 0 1 0 J
11 2 0 D 0 0 o 0 ¢ o 0 o
12 1 11 6 0 0 1 0 0 0 0 é
13 2 16 9 0 J y v g 0 5
14 0 1 0 c g g ?
15 0 0 0 0 0 &

T 101D
7 SALLID avnd

4




ST-O

SCP - FUEL DUTY CYCLE

CASE TITLE =

MAXIMUM VALUE J3F

1 2

1 59 8s

2 37 32

3 59 30

4 48 94

S 31 83

6 18 37

4 17 38

8 35 78

9 31 759

19 83 29
11 105 of
12 75 10¢
13 76 119
14 59 53
15 4G 38

F2-QC-01-00

ANALYSIS REPCRT =

o0 IN ASSENMZLY

3

33

21

23

78

73

£7

a7

L

23

51

47

52

31

b
(&%

89
31

28

73

34

a1l

93

92

38

79

29

PROGRAM FpCA2

[ TR PN PR EE YRS R R R R ¥

QUAC CITIcS -

2

L]

SYCLE 1

7 8
80 4o
29 83
33 99
96 49
91 32
35 14
43 19
85 3e
93 0
38 71
27 73
73 49
57 33

83

97

Q7

19

29

("]

“7

77

59

46

33

92

85

43

37

88

11

93

23

27

a2

45

37

e2

78

48

12
43

50

33

4y

24

13

3n

3o

33

13

34

33

64

35

36

17

18

20

14

15

G

nt
-

11
12

13

15

$"ON INIAT

T 910XD
Z SHILID avid

Y4

n




PR-QC
S4ssuxxuxery CORE AVERAGE EXPOSURE,MWO/TU

CHANNEL POWER DISTRIBUTIONs AVERAGE CHePIW,.=

2

0 PR~QC-10-11 REACTOR CONDITION

1 2 3 4 5 6
1 1050 1072 1108 1179 1198 1157
2 1065 815 827 1117 1139 929
3 1098 825 823 1086 1111 913
4 1170 1114 1086 1062 1077 1136
5 1184 1129 1103 1071 10856 1141
6 1132 886 880 1117 1129 93¢0
; 7 1107 880 897 1157 1173 46
8 1079 1113 1153 1231 1246 1206
g 1068 1097 1142 1226 1251 1215
i0 1067 824 844 1146 1179 996
11 1084 822 828 1099 1122 934
12 1133 1101 10A2 1068 1049 1015
13 1122 1123 1394 1010 352 885
14 1005 932 956 891 788 601
15 677 665 636 578 494
-

Su/s15/7%

= «75319E+0 4
1009
7 8 9
1131 1089 1073
913 1121 1097
929 1160 1142
1178 1241 1232
1187 1254 1256
949 1205 1213
953 1190 1197
1193 1198 1187
1200 1187 1176
982 1146 1147
912 1855 1024
957 922 825
702 62¢ 525

10
1077
827
84E
115¢
1187
997
982
1151
1152
1064
889

615

11
1091
822
828
1105
1126
934
911
1059
1034
891

40

12
1128
1091
1073
1066
1045
1003

947
920
826

616

PAGE

1107
1108
1080
1006
945
875
698
623

525

12

14
984
974
943
883
782

597

15
668
656
629
574

490

$TON INTAH

S¢

T T1DKD
7 SA1LID avid
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PR-QC 2 0 PR-GC-10-11 REACTOR CONDITION fu/715/74 PAGE 20
SM4nsurev28y CORE AVERAGE EXPOSURE,MWO/TU = «7531QE+04

AVERAGE AXIAL POW.CISTR.PER THROTL.TYPE

NO. .0 1.0 2.0
80TTOM

OO NOMNS WN P
NN
.-

e

-

o

NN
.

e e

SN
»
~N

.

TOF

$TON INAAH

T 91040
Z SALLID aQvd

S¢




81T-2

SCP -

FUEL JUTY CYC.Z

ANALYSIS REFCRT =

F~2G4aM FD

cay

XS RS RERER NI EES IR KRR S E IR EREEREIEEIE IS IEEEEIE I EI N IR E ISR

CASE TITLE

DQ,Q -

MATRIX GIVIND 0
EXTRAPOLATED T8 FULL CGrE
S

UPPER INTERVAL 32UNLCAKIZ

TIME STEP NO

xeQux 5
»

pDa

¥

25.

Je

0.

F1-9C~-71-25 QUALC C.T.iS 2?2 STEF 26 AFR 15 - 197.
M f 00 FEx InTESVAL IN 0G0 ARD N
GIVEN 4w W/GH,
= 25
1313, 123, 200, 220, 200. 359,
£71109. B7¢6kte. 719303. 2rR3895. a717. Je
133502, £3984642477 323.21 30819, 1oR?E, T
Je¢ 3432641051 8c0s 750354 92384, D
U N, 28335, 79313, 2377 e
0. 0. T g. n. 0,
J. J. J. J. g, D
Se Lo Ue G T U
Je 1 G Je J. Je
d. 1. 1 2. 7. e
0. A i 2. 0. O
0. n, T, 0. 0. 7.
Je v Je Je 0. T
J J. J. Je J. Je

<CoD

WoTHR=AWAL

«5 7, 571,
J. 3
RN O
e 7.
1. .
). T
Te T
e T
Je 3.
e J
Je T
1. T
. .
Je 1.

TTON INAAT
T 91010
Z SAILID aQvd
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6T-D

SCP = FUEL DUTYY CYCLE ANALYSIS RcPCRT -« PROGRAM FOCAZ2

(AR R ER E RIS RS R RIS RS R R 2R 2P PR PRSI E SRR P RS LS R X

CASE TITLE

= F2-QC-01-00

CUAD CLTIES - 2 ,

FAILURE PROBABILITY IN ASS,

10
11
12
13
14

15

1

3

2

5

13

14

3

5

10

11

4

2

* 100.0

CYCLE 1
7 8
6 3
1 2
1 3
6 3
7 3
b 1
1 1
8 3
8 &
1 1
] 1
1 e
0 c

10

11

12

13

14

PAGELSY

15

D°ON INAAT
T 91010
Z SAI111D avmd
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SCP = FUEL DUTY CYCLE ANALYSIS REPORT - PROGRAM FDGA? FAGZ157
XXX XN ARR IR RN FRAFE RN R AN YN AR L AN AR AN E RN RN RER R LY
CASE TITLEZ = F2-AC-01-00 NUAC CIiTifS - 2 , CYCLE 1
MAXIMUM VALUE JF CQ IN ASSEMELY
1 2 3 4 5 6 7 3 3 10 11 12 13 14 15
1 70 72 79 6L 83 74 79 6L 66 74 i7 63 62 51 3u
2 73 53 L7 €7 86 52 51 13 65 50 55 +9 54 sQ 3a
3 89 57 Lis €3 ¢3 51 55 7¢ 74 53 55 49 5. “8 33
4 70 78 €9 5?2 52 69 76 €7 X 73 73 63 61 49 32
5 59 76 69 52 52 70 75 5a 57 73 72 61 58 ut 29
Q 6 37 c1 52 g9 &8 56 57 40 48 g2 62 4l La 32
S 7 41 51 51 7¢ 7c o €2 Lz 47 5@ 56. 29 32
8 59 72 73 €8 68 7y 73 50 61 73 58 “3 3
9 59 73 72 5Q 60 75 76 53 67 76 68 47 ?9
16 5R 50 N €N 51 59 59 sa 65 62 54 33
11 63 €3 53 41 39 51 5) g1 6= 54 43
12 7o 82 AC gs 59 7u Bb 5. L3 w)
13 32 88 8t 70 83 08 52 w2 34 5
1a 69 68 63 57 50 41 ]
15 47 L6 42 31 33 5
&
— ————

T 91040
Z SAILID avnd



12-0

PR-QC

CHANNEL POWER

1

ic
11

12

2

1

1049

1865

1099

1171
11a2
1128
1ig2

1073

1067
1093
1162
115¢
111

677

0 PR-CC-10-11
Vrpxyrxrrras CORE AVERAGE

2

1072

311

11138

1132

881

374

X

1111

R23

1142

837

&21

1081

10w

€31

[Y

1179

1113

1385

13645

1329

1115

1156

12209

5

11292

1172

1245

CISTRIBUTIINSZAVERAGE CH4PIWe=

€

1161

17

19

1143

-----------------IIIIIIIIIIIIIIIIIIIIIIIIIIII‘I'FIIIIIIIIII

KREACTOR CONGITION
IXPOSURE «MWO/TU =

gu/is5774
«75319E+¢C4

1000
7 8
1135 108”5
213 1121
a25 1182
1182 1241
1131 1254
945 1204
953 1188
1135 119¢
1233 11R35
377 1144
238 10683
5% 923
731 52%

1212

1195

1186

108¢

82¢

Ryl

11359

1191

595

g7¢

1157

115¢

e3s

817

11

11190

827

1108

1129

531

ags

1CR2

1038

R

£36G

12
1164
1105
1077
1062
1042
100t

e
9240
827

615

PAGE

132
1142
1123
103¢

932
%1
a873
69¢
622

524

12

14
100¢
S
47
882
78C

585

15
€75

661

1*ON INAAT
T 910AD
7 SHILID avid
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PR-QC 2 0 PR-QC-10-11 REACTOR GCONJITICN bL/45/74 PAGE 2¢C
¥4¥v3e¥Bs¥44 CGORE AVERAGE EXPCOSURE LMUWD/TU = «75319E+04

AVERAGE AXIAL POW,LISTRe?EZR THROTLWLTYPE

¢Z-0

NOe o3 1.0 2.0
BOTTOM
1 2 1
2 2 1
3 2 1
4 2 H
5 2 1
<] 2 1
7 2 1
8 2 1
9 2 1
1¢c 2 1
11 2 1
12 2 1
13 2 1
11 2 1
1 2 1
1¢ 2 1
13 2 1
11 2 1
1« 2 1
21 2 i
21 2 1
2 2 1
21 2 1
2t 2 1
TOF

TTON INAAH

T F1ORD
Z SHILID Qvid

92




£€2-0

SCP = FUEL JUTY CYCLE ANALYSIS REPORT = PROGRAM FOCA1L

YIRS NIRRT S RS N EEE SRS EE S SRR R R SR AR LR EE S S LN EE K ERX ]

CASE TITLE = F1-0C-01-26 OUAD CITICS 2 STEpP

DOyQ - MATRIX GZIVING CM OF KOC Pgr JIHTERVAL IN
EXTRAPOLATED TC FULL CORE.
UPPER INTERVAL 3OUNDARIES GIVEN IN W/CH.

TIME STEP NO = 286
rEQEr S0. 100. 150, 2C1., 250,
-
oaQ
»
25. 0., 239512, 492801, 6805257,1717975.
S0. g. 6o L4Buc3, 51572, 28346,
75. J. J. 3292. 13777. 369<2.
100. 0. G Ge 2743 2742,
125. 2. 0. c. 3232, 4333,
150. 0. 0. n. Te 0.
175. 0. J. 0. Je 0.
200, 3. 0. 9. 0. 0.
225. J. g. TS de G,
250. Je Je J. J. J.
275, 0. 0. 0. 9, U
300. 0. 0. 0. Je 0.
32¢., 0. 3. N, . 0.
35C. 0. 0. 0. J. 0.

26 APR 15 - 197+

D AnD O

3ng.

662823,

1109¢,.

7742,

350,

eN833.
9632,
0.

g.

ROD WITHNRAWN.

L'-jY]‘

Je

1.

Yo

£.d.

PAGE

T°ON INIAT
1 91080
Z SAILID Qv

92
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¥¢-0

SCP - FUEL DUTY CYCLE ANALYSIS REPORT - PROGRAM FOCA2 PAGEL60

IS TP PRI RS S S RIS RIS R R AR S P22 S S22 R R R R R 2 L 2 R R 2

CASE TITLE = F2-0C-01-00 GQUAD C.TiEsS - 2 4 CYCLE 1

FAILURE PROBABILITY IN ASS, * 100.0

1 2 3 4 5 6 7 8 9 1c 11 12 13 14 15

1 0 ¢ 9 ] 0 0 ] 0 0 0 0 1 0 0 0

2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 )

3 0 ] 0 0] v u 0 ] 0 0 0 h] 0 0 0

4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

5 0 0 0 0 0 0 0 0 ) 0 0 ) 0 0 )

6 0 o 0 0 h] 0 0 0 0 0 0 2 0 0

? 0 0 0 ] 2 o 0 0 0 0 0 0 0

8 0 0 0 0 0 0 9 0 0 0 0 0 0

9 0 0 0 ] b 0 0 0 0 0 0 0 0
10 0 0 0 0 0 0 0 0 0 0 0 b
11 0 0 0 9 0 0 9 0 0 0 0
12 b 0 0 0 g ] 0 o 0 0 E
13 4 0 0 0 b ) 0 0 ] i
14 0 0 0 0 y 0 2
15 0 0 0 0 ] X

T 910D
7 SAILID avnd




S2~D

= . W

SCP - FUZL DUTY CYCLI ANALYSIS REPURT - PROGRAM FDCA2 PAGELE 2

[ Ny I RN N Y I Y R S P R R RN S

CASE TITLE = F2-QC-01-00 OQUALD CIT.ES - 2 4 CYCLE 1

MAXIMUM VALUE J3F DO IN ASSENMRLY

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1 0 1 1 5 7 1 3 € 15 32 €6 78 6a 54 30
2 1 9 0 0 0 0 0 c 13 21 43 67 71 u8 23 |
3 0 0 0 n 0 0 0 - 3 12 23 34 18 34 18
W 0 1 1 0 1 1 2 3 5 9 13 18 2 1 1
5 2 1 1 0 0 1 1 1 3 é 7 “ 0 0 0
6 i) 3 o 3 g ¢ 0 9 0 1 1 0 0 0
7 1 0 0 3 g 3 3 2 2 9 0 3 )
8 5 6 5 2 1 1 1 n 0 1 1 g 0
9 15 11 8 5 2 2 1 0 9 1 1 0 8
10 30 21 11 & 3 0 0 0 9 0 0 1
11 65 42 22 1. 5 1 0 n 9 0 0
12 121 69 34 17 7 3 1 3 ) 2
13 122 73 39 219 8 “ 2 . o g g
14 72 L9 30 1€ 8 4 3 2 E
Z B oM
15 35 24 19 11 5 e =
n
b

9z




PR=-0QC 2 0 REACTOR CONDITION 08/12/74
rdepssaunars CORE AVERAGE EXPOSUREvwD/TU = «91738E+04
CHANNEL POWER DISTRIBUTIONSAVERAGFE CHe.POW.= 1000
1 2 3 4 S 6 7 8 9
1 1103 1207 1260 1252 1285 1356 1376 1335 1299
2 780 1125 1192 1639 1089 1304 1335 1230 1192
3 765 1038 1163 1028 1053 1272 1306 1198 1169
4 1042 1118 1155 1157 1186 1263 1279 1243 1222
5 1025 1051 1114 1086 1110 1194 1204 1137 1130
6 723 1027 1040 755 765 1078 1080 776 773
a T 722 1028 144 753 762 1068 1069 761 758
é 8 1014 1109 1135 1087 1097 1169 1166 1091 1069
9 1926 1127 1174 1159 1175 1221 1223 1174 1133
10 743 1079 1154 1066 1080 1214 1219 1133 1064
11 755 1084 1158 1054 1071 1185 1175 107¢ 973
12 167 1146 1177 1160 1142 1129 1065 960 828
13 1193 1121 1129 1106 1061 973 174 669 S4A
T« 980 979 959 936 854 664
15 671 657 651 509 534
-

10
1258
1223
1209
1221
1182
1091
1064
1107
1091
1001

852

608

11
1151
1092
1082
1152
1165
1133
1101
1066

997
8585

61s

12
962
694
699
99g

1067
1047
993
923
815

602

PAGE

13
827
573
586
863
923

874

12

1a
719
660
663
727
714

574

15
437

a47n

456

428

$"ON INdAH

T 91010
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Le=2

PR=0OC 2 0 REACTOR CONDITION 08/12/74
sounapaenssr CORE AVERAGE EXPOSURE sMWD/TU = «91738E+04

AVERAGE AxIaL POwW.DISTR,PER THROTL.TYPE

NO. o0 1.0 2.0

BOTTOM

(N

WXL ~N NS W -
AV}
—

—
'
[AS AV AVE V]
N e e

PAGE

20

T°ON INAAT
T 410X
Z SHILID Qv
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SCP = FUEL DUTY CYCLZ ANALYSIS REFCRT = FROGRAM FCCA1 FACT 7

[ E XY RSEYE RIS RS SR I NI AR RS R RS R ER RS I R E R EE L EE R RS

CASE TITLE = F1-QC-01-33 QuAr CITizS 2 STEP 33 AUG 12 = 1974,

DQy,Q - MATRIX GIVING CM OF RGCf Pck InTERVAL Iwn 00 AMN O
EXTRAPOLATED TO FULL CORE,
UPPER INTERVAL BOUNDARIZS Giveh IN W/Ci,

TIME STEP NO = 33
ryQr> 50. 1cc. 15C. 211, 2¢0. 200, 350, utg, 4573, SN,
L
DQ
F
25, 0. 1224€9, 256581. 554065, «71300, 17314, 2632, 9. J. 2.
50. 0. 72664, 243596, 312115, 234574 321198, 43830, 3. Je Je
75, 0. 8352, 134473, 238902, 170536, 214213, 265138, 0. Je T,
100' 00 00 '!0 76Sbbo 126065' nggSo 4511. 00 Joe D
125, Je 0. 3. Jo 36759, 342¢0. Ne T T, Je
10, 0. Ce C. Je 0. Ce 0. Co Je T
175. g. 0. ag. e Jde Je Je Je Je Je
200. [ 38 118 0. 1. a. 2. 0. T J e
225, D IS 0. e 0. 0 AR Je Je D
2
)
250. g, 0. 0. 3, 0. 0. o. (. ). 7. § Q g
oNe]
275. 8. Ue Co . 0. Qe e LN J. N .(ZD EE
IR
330, J. Je J. 3, 3. J. Je Do Yo T v
() 0o
W
325. 0. 0, 0. Joe . S Ja Je Je e

350. 0. g. g. e 0. e 2. Je Je Yo




6C-0

SCP - FUEL DUTY CYCLSE ANALYSIS RcPORT - PROGRAM FDCAZ PAGE202

(AL A A R R RAX R R R RS RS AL BRI R R RIS X SR SR SRS X X B X2

CASE TITLE = F2-QC-01-00 GQUAD CITizS - 2 4 CYCLE 1§

FAILURE PROBABILITY IN ASS, * 100.0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1 0 0 0 0 1 g 11 2 1 1 ] 0 0 0 0
2 0 0 0 0 1 1 1 1 2 ) 1 ) 0 0 o |
|
3 0 0 0 0 h] 0 0 2 2 2 2 0 0 0 0 |
4 g 2 4 0 g ] 0 ¢ 2 4 6 3 1 ) 0
5 0 3 A o v o o o 2 7 9 9 3 0 0
6 0 0 0 0 B 0 0 o 0 5 14 13 2 0 |
|
7 0 0 0 e v h 0 ¢ 0 u 11 8 0 |
\
8 0 0 0 o J 1 2 1 2 L 5 3 0 }
9 0 0 0 ) 0 1 2 3 o 4 2 1 0
10 0 0 0 G J 1 2 16 8 4 1 b
11 0 0 o 0) G o 2 11 4 1 0
12 0 1 0 0 0 0 0 1 1 0 % 2 |
\
13 0 0 0 0 v o v : 0 3 2 E ‘
Z [ — |
R Ot 3
14 0 0 0 g h v N
(€]
15 0 0 0 0 J o N



SCP = FUEL DJUTY CYCLZ

CASE

TITLS

ANALYSIS REPURT =

I I R NI R T R Y TPy S Y YT Y )

F2-3C-01-G0

QUAL CiTIcS -

MAXIMUM VAL_UE OF 0O IN ASSENMELY

1 2 3 ) 5 o
1 43 L7 52 R 78 107
2 32 47 €0 bu 67 82
3 43 53 53 Se 59 65
L 62 102 133 et 55 e2
Q 5 61 101 1€2 61 54 od
S 6 39 S€E 57 Lo 41 58
7 30 Lt 45 3E 44 o7
8 39 44 LB 645 59 103
9 39 Gi 46 L6 59 103
10 31 Le L8 1 52 72
11 40 53 59 £2 54 61
12 61 103 102 63 55 o7
13 67 100 100 67 S5¢ 50
14 54 €n 59 €1 e 395

15 33 4t 33 < 28

A

PROGRAM FDCA?2

» CYCLE 1

7 8
107 87
84 70
68 67
65 66t
6 6¢
62 56
71 61
104 81
104 8%
79 101
71 9
61 70
45 T

73

65

84

8¢

73

70

89

813

161

9]

71

43

10
71
73
8¢

110

112

131

72

548

11
hS
71
a9
110
11y
114
1¢9
v

e3

12

51
68
R
138
136
101
93
75

54

13
33
3L
53
73
93
18
77

58

14

24

13

31

62

€2

15

13

22
37

42

PAGE205
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- -----------------------q.l'-I-II--
PR-QC 2 0 PR-QC-21-03 Xz CYNAMICS CALC.CONJITION 5/21/7% PAGE 15
¥4¥22¥2¥04%% CORE AVERAGE ZXPOSUREGZMWI/TU = «85921Z404
CHANNEL POWER OISTRIBUTION,AVERAGE OH.POW.= 10020

1 2 3 b E 6 7 a 9 10 11 12 13 14 15
1 LY 300 989 1002 1642 961 1079 110¢ 1212 1064 1162 1164 1221 aus 64¢
2 833 705 64l 1042 338 7590 ‘F70u 115 1047 834 812 1228 118%€ 1052 591
3 988 6Ll 642 325 935 677 705 103 1254 768 4-765 1096 1082 932 EoL
& 1006 1044 929 1135 162t 1107 1C34 1293 12197 1262 1125 1286 115& 977 £32
5 1042 338 936 102% 1033 1000 1081 1245 1239 1210 1169 1140 1627 762 LiS
6 962 749 677 1110 1046 817 78% 1323 1266 1308 1113 1206 963 58¢
7 10790 699 +~704 1935 108¢% 785 R43 1257 1281 12527 1074 991 B77

8 1092 1143 1032 1302 1256 1343 125 1485 1328 1433 1129 1919 532

O

1193 1029 1050 1211 1266 1307 1325 134 1392 1211 1038 77R L72

10 1042 819 755 1278 1256 1446 , 1383 1456 1224 1147 847 543

'
—

-
11 1131 773 756 1132 1219 12?6 1183 1167 1055 _S Y 5R0

12 1127 1201 1486 1291 11e’ 1252 1037 1354 7937 €60
12 1191 1163 10671 1155 1534 3982 705 £01 LAY

14 920 103¢ 917 96 759 579

:"ON INTAd
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-2 XY 2222 X222 AL N2 02282022 N2 0 RTRR-2-2-0 T -F LR 8]

CASE TITLE = F1-QC 02-03 QUAD CITIES 2 » CYCLE 2 STEP 3

UNsQ - MATRIX GIVING CM OF ROD PER INTERVAL IN DQ AND @
eXTRAPOLATED TO FULL CORZ.
UPPER INTERVAL BOUNDARIES GIVEN IN W/CM,

TIME STEP NO = 3
4 () 88 S0. 1060, 150. 200. 250. 300. 35¢0. 400. 450, 500.
L-3
DQ
E-3
25. 0. 64562. 632277. 830153. 102657, 1829. 62724, 0. 0. 0.
50, 0. 2926. 77724. 381366. 377160. 15484. 38588. 0. 0. 0.
Q 75. Oe 853. 40356. 186111. 428183. 199461. 29200 6279. 0. 18
w
it 100. 0. 0. 2743. B82174. 154290. 324917. 69129, 1829, 0. 0.
125, Oe Geo 0. 3536. 4511. 56571. 66020, 1829. 0. 0.
150, 0. 0. 510. 0. 1219. 4938, S5l8&2, 0. 0. 0,
175, 0. 0. 0. 0. 1219, 4755, 1707. 0. 0. 0.
?00. 0. 0. 0. 0. 0. 0. 0. 00 0. 0. %
5
225. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. Z
- e Q
250, 0, 0. 0. 0. 0. O 0. O. 0. 0. - %
w23
2750 0. 0. o. 0. o. 0. 0. 0- 0. 0. g Q(
td 3
o) —
300. 0. 0. 0. 0. 0. 0 0. 0. 0. 0. %E ™t
N
325, O 0. 0. O Oe Oe O O 0. O %
[\
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CASE VTITLE = F2-QC~0z-C0 CUED CITIzS = 2 4 CYCLE 24 Q2

FAILURE PROSBABILITY IM ASS, * 130.0

1 2 3 4 5 © 7 8 9 ic 11 i2 13 1s 15
1 0 0 0 1 1 2 1 £ 2 7 2 23 3 4 0
2 0 c 8 (il i G 0 ¢ s ¢ 2 ) 6 ¢ ¢
3 o g 0 { 1 J 1 7 7 1 2 9 11 2 0
4 1 C 1 a 2 4 6 ¢ 11 0 20 p] 2 0 0
5 1 1 1 2 3 4 5 g 24 31 18 17 5 M e
6 2 0 0 ht 3 4 2 g 26 0 32 i 2 e
7 1 1 1 ] 9 3 3 14 4? B2 20 6 ]
8 4 0 6 0 9 J 13 C 4 C 20 4 0
9 2 € 7 11 z8 44 32 31 12 27 10 d 0
190 & 8 2 it 16 0 6€ e 2¢€ 2 1 J
11 3 1 3 18 2e 32 25 12 9 1 C
12 9 ¢ 9 c 29 d 7 e 1 0
13 3 s 11 2 o 2 0 2 0
14 5 0 3 c d d
is 0 0 3 ¢ J
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REBEENXEX N RE R RXR R XX R NE FU SR E IR R RN XSS X XA RENKENR NN RN

CASE TITLE = F2-0C-02-00 AUAC CiTiES - 2 4 CYCLE 2, N2,

MAXIMUM VALUE OF DQ IN ASSEMELY

1 2 3 L 5 6 7 A 9 1011 12 13 1t 15

1 53 5. &  6R 74 o 81 81 97 a2 ¢8  11¥ 153 73 23

2 54 0 50 ¢ c2 0 83 16 78 0o A7 33 105 0 16

3 B4 43 47 €3  es 59 66 81 82 78 8t 93 89 77 0

4 70 9 65 19 72 1 81 &7 99 53 97 58 18] ¢ 2

5 75 63 6L 77 75 74 85 103 131 131 <9 93 8. 43 2

3 €9 0 63 5 7o o 82 9 107 74 104 i3 85 5

7 81 66 6 79 89 A3 93  10¢ 108 167 97 72 a7

8 82 9 79 €7 10~ 7t 105 79 110  7u¢ 102 1 19

9 97 73 83 e 1Je  1¥R 111 116 117 101 €5 49 0

10 83 0 80 52 195 78 153 77 13« 133 56 3

11 38 87 81 et  fgo 104 101 93 A7 5¢ g

12 3 35 93 61 97 38 77 0 5t 0 %
13 152 104 ¢4 102 8o 8c 3 2 9 &
14 75 ¢ 78 < 4t 2 ;
15 19 &3 15 3 3
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0 PHr-QC-21-03 Xt DYNAMATCS CaLC,CONDITION 5/22/75 002V
sttt aassr CORE AVERAGE EXPOSURF«~wD/TU

2
965
7589
719

1084

1177
1140
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566

3
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713
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682
7Q1l
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743

CHANNEL POWER DISTRISUTIOMsAVERA

4
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Y2222 2-0-F- 22222222 L A-2-2-2- -2 L0 2-2-2-2-2-2-2-2-2-2-2-2-2-2-2--2-3-3-2-3-X-2-F-F .1

CASE TITLE = F1-QC 02-03 QUAD CITIES 2 s CYCLE 2 STEP 3

UQeQ - MATRIX GIVING CM JF ROD PER INTERVAL IN DQ ANN Q
EXTRAPOLATED TO FULL CORE.
UPPER INTERVAL BOUNDARIES GIVEN IN W/CM,.

TIME STEP NO = 3
sa08s S0, 100, 150, 200. 250, 300. 350, 400. 450, 500.
-]
0Q
E-3
2s. 0. 86380, 850511, 775777. 75225. 34199. 55047, 0o 0. 0.
s0. 0. 1707, 146792. 710855. 467015. 54315, 37186. 1890, 0. 0.
7s. 0. 0. 31943, 176967. 454R84. 2446389, 23774. 2499, 0. 0.
100. 0. 0. 0., 65288, 91501. 218298. 49560, 610. 0. 0.
125, 0. 0. 0. 2682, 9266. 42733. 30175. 0. 0. 0.
150. 0. 0. 0. 1463. 1219. 2926.  304R. 0. 0. 0.
176, Oe 0. 0. Oe 610. 1219. 1707. O 0. Oe %
200. 0. O' OI 0. 0. 0. 0. 0. 0. 0. Z
e o
225, 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. " . g
(@3]
250. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. e q
o @3
275. 0. 0. 0, 0. 0. 0. 0. 0. 0. 0. g ~ 3
N
300. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. g
325, 0. 0. O 0. 0. 0. 0. 0. 0. 0. =
IS0, n, 0, 0, N, n, N n, 0. 0. 0.
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I Z X R E N A RS RTINS R R RESE RSP RISIE R ERRRR SRR R R RS R R R R R P

CASE TITLE = F2-QC-02-00 OQUfD CITIES - 2 , CYCLE 2, G4,

FAILURE PROBABILITY IM ASS, * 1(0.0

1 2 3 4 5 6 7 8 o 10 1t 12 13 14 15
1 1 1 0 2 1 2 1 5 2 5 2 16 2 3 0
2 1 0 0 0 1 g 0 0 3 0 1 9 4 0 0
3 0 0 0 1 1 9 0 3 2 0 0 3 4 2 0
4 3 0 1 0 2 0 3 0 2 0 2 3 1 0 0
5 2 2 2 4 4 3 2 2 1 1 1 1 1 0 0
6 " 0 1 0 4 0 0 0 1 0 A 0 0 0
7 1 2 1 7 10 2 1 2 2 4 3 1 0
8 8 e 10 ¢ 10 0 7 0 3 0 1 3 0
9 10 41 15 13 36 20 11 3 2 1 2 0 2
19 11 0 4 0 e & 59 0 a 1 c y 3
8
11 5 2 s 2z 35 38 25 10 5 ¢ 0 =
&
12 17 0 14 0 29 g 8 i 1 e w22
B3
13 4 8 19 2 8 3 0 c 0 2 o5
g N
14 9 0 5 0 1 0 % N
15 0 0 0 0 2 N
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CASE TITLE = F2-QC~02-00 OQUAC CLTIES - 2 + CYCLE 2, 04,

MAXIMUM VALUE OF DO IN ASSEMELY

1 2 3 4 5 & 7 8 9 10 11 12 13 14 15
1 65 64 73 7¢ 31 €9 82 78 92 7¢ 91 136 146 €8 21
2 6i 0 53 G €8 0 62 10 69 0 7¢ 29 95 0 15
3 75 52 £6 &7 c8 59 60 69 65 55 57 73 73 85 [\
4 80 0 73 25 75 0 70 47 63 2 57 24 73 e “
5 85 72 72 83 77 79 70 73 55 S0 49 45 47 27 0
6 79 ] 73 9 78 U 63 3¢ 52 3 66 ] L5 10
7 91 75 73 as G1 79 73 70 51 1130 %3 46 13
8 92 17 85 71 107 b7 91 52 es 0 52 ) <)
Q 108 18 a1 104 1087 10¢ 101 9 85 60 41 27 1
149 93 0 &3 ST 109 78 1506 6t 34 74 31 0
i1 109 9¢ 89 1C0¢ 1Je 148 99 &3 77 48 0 5
12 103 by 103 69 133 42 79 2 47 J Z
13 163 112 101 112 Cu 91 45 ¢ 4 -
W
14 R4 ] a7 0 51 1
15 25 50 21 e 0 %
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CR=GC 2 0 2R=0QC=21-04 QUADRANMT 2 $/22/75%
wRwgerdereds CORE. AVERAGE EXPOSURFE«vWD/TU = «A5931E+04
CHANMEL POWER DISTRIBUTIONSAVERAGE CH.POW.= 1000
1 2 3 4 5 6 7 8 9
1 1016 969 1050 1042 1060 969 1074 1083 1192
l 969 731 719 1684 959 755 700 1141 1032
3' 1051 721 709 350 952 630 701 1030 1044
4 1059 1087 964 11537 1032 1107 1029 1293 1208
5 1070 953 955 1036 1037 995 1076 1245 1252
) 976 757 683 1109 1003 811 780 1329 1296
g 7 1072 700 702 1028 1075 777 836 1259 1309
8 1087 1134 1u23 1287 1239 1324 1251 1476 1333
9 1183 1019 1037 1194 1246 1285 1305 1328 138]
10 1030 808 743 1257 1234 1419 1357 1431 1205
11 111k 762 T4 1112 1196 1202 1159 1144 1034
12 1111 1183 1u6bs 1257 1145 1236 1014 1036 771
13 1174 1145 1053 1129 10183 960 hRL 535 4hy
14 905 1012 901 Y46 743 565
15 570 56#% b4a2 511 439
-
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CASE TITLE = F1-QC 02-~04 QUAD CITIES 2 » CYCLE 2 STEP 4

LQRsQ - MATRIX GIVING CM OF ROD PER INTERVAL IN DQ AND Q
EXTRAPOLATED TO FULL CORZ.
UPPER INTERVAL BOUNDARIES GIVEN IN W/CM,

TIME STEP NO = 4
saQs S0. 100, 150. 200. 250. 300. 350. 400. 450. 500.
-]
Da
-4
2S5, 6. 101011, 698419, 935370. 369235. 140086. 35052. 3597. 0. 0.
50. 0. 0. 0. 14691. 21763. 11400. 2987. 0. 0. 0.
75. O 0. 0. 0. O. 0. Qe 0. 0. 0.
0
& 100, 0 0. 0. 0. 0. 0. 0. 0o 0. 0.
125. O. oo 0. 0. 0. O O 0. Oe 0.
150. O 0. O. O 0. 0. 0. 0. 0. O
175. O 0. 0. O 0. O 0. 0. 0. 0.
200. 0. 0. 0. o. 0. 0. 0. 0. 0. 0. 5
225, 0. 0. 0. 0. 0. D 0 0. 0. 0. =
Z
ESOD 00 Oo o- 0. 0- no 0. O. 0. O. .O ,8
275, 0. 0, 0. 0. 0. 0. 0 0. 0. Oe ~ 9 5
O O
B 3
300. 0. 0. 0. 0- 0- 0. 0- 0. 0- 0. O —_
SN a
385. 00 Oo o. 0. Oo 0. O. 0. 0. 00 % [\)
350. O 0. 0. 0. 0. (118 Oe O 0. 0.
No
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(XX Z A E RS R R R EE REZ SRS EEE LRI E R PR EEL RS PSSR R R R R LR R Y

CASE TITLE = F2-0C-02-50 fUAD CITIZS - 2 4 CYCLE 2. Q2.

FAILUKE PROBAEILITY IM ASS, * 100.0

1 2 3 4 5 6 7 A 9 10 11 12 13 14 i<

1 0 0 0 c J ¢ ! 0 0 0 1} J 3 G 2
2 0 ¢ 0 0 0] g 0 c 0 c o J G 0 D
3 0 e 0 0 J il Y 0 it c 0 d 0 e c
4 0 0 0 Y g 0 0 ¢ £ i\ G d 3 ¢ 2
5 o 8 ] g il 0 it 0 i c 1 Q 0 0 g
6 0 ¢ 0 g a g 0 6 t 0 0 ()] 0 e

7 0 0 0 C J y 3 € t e i 3] 3

8 b 0 0 C g i 0 g G 0 G J d

] 0 0 0 0 d J 0 0 c " 0 J 0
10 0 t J { u v U ¢ " L ¢ J
11 0 g g c U ™ a c e c 0
12 0 0 0 ¢ ] u 0 c 0 ]
13 8 tH 9 t J . d € 0
14 U] ¢ 0 s G G
1t 0 Y 0 ¢ 0
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LR R R R I R I R R I R P Y N S VR Y NN Y PP Y NP R P RN Ry,

CASE TITLE = F2-7C-02-00 NUAC C,.TIES - 2 , CYCLE 2, 02.

MAXIMUM VALUE OF 00 IN ASSENMELY

1 2 3 L 5 6 7 8 9 19 11 12 13 1t 15
1 1 1 2 0 0 0 6 7 19 g 16 10 11 A .
2 1 0 2 0 0 0 5 0 9 0 11 0 12 0 3
3 2 2 2 n 0 2 6 a 11 12 13 13 12 10 0
4 9 6 g C Y 0 8 0 15 0 17 0 16 0 o
5 0 0 0 0 2 5 12 14 19 23 24 29 16 12 0
6 0 0 0 0 3 0 11 0 23 12 34 0 17 8
7 1 0 1 3 4 6 11 1 23 38 33 23 12
8 1 0 2 n 5 0 19 0 19 2 24 0 7
9 2 1 2 3 5 6 3 11 16 17 17 13 0
10 1 0 2 ) 4 3 3 i 11 14 11 9
11 1 2 2 3 o 5 6 7 5 8 D 1
12 1 9 2 0 3 0 4 9 5 0 3
13 1 1 1 2 2 3 1 0 9 % Q
14 1 n 1 0 1 0 ~ %E
15 ) 2 2 ) 3 Eg
wn
ro
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-2 -1 2222 2- X2 2-2-X- 22222222222 2-2-2-2-L-2-2-2-F-2-L-2-L-5-2-X-2-2-2-2-1-2-5-J

CASE TITLE = F1-QC 02-0s4 QUAD CITIES 2 ¢ CYCLE 2 STEP 4

UN«Q - MATRIX GIVING CM OF ROD PER INTERVAL IN DQ AND Q
ExTRAPOLATED T0 FULL CORZ=,
UPPER INTERVAL BOUNDARIES GIVEN IN W/CM,

TIME STEP NO = 4
sspes 50, 100,  150.  200.  250.  300.  350.  400.  450.  S00.
#*
DQ
<+
25. 0. 39258, 178552. 134844. 142585. 106840. 125882, 39624.  GA8E. 0.
50. 0. 0. 0. 0. 8656, 35540. 22799. 0. 0. 0.
75, 0. 0. 0. 0. 9266. 9874. 1829, 0. 0. 0.
100. O. 0. 0. 0. Al“S. 91“. 0. 0. O. 0.
ldso 0. 0. 0. 0. 0. 610. 91“. O. 0. 0.
150, 0. 0. 0. 0. 1463, 0. 0. 0. 0. 0. :
175. 0. 0. 0. 0. 1463. 0. n. 0. 0. 0. 5
200, 0. 0. 0.  Alo. 0. 0. 0. 0. 0. 0. 5 5
.. =
225, 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. ~a B
a O
250. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. PRI
N a
75, 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. & 7
300. 0. 0. 0. o. 0. 0. n. 0. 0. 0. g
.
‘325. 0. 0. o. 0. 0. 0. n. 0. 0. 0.
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¥ Y R I R PRSI YIRS PRI SRR PRV EYRETE T X TP

CASE TITLE = F2-0C-02-00 GUAD CITIZS - 2 » CYCLE 2y QL.

FAILURE PROBABILITY IM ASS, * 1{d.0

1 2 3 4 5 6 7 8 9 1e 11 12 13 14 15

1 0 0 g 6 3 g 2 0 8 0 0 0 ¢ 0 0

2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 g

3 0 0 0 0 J o 0 0 0 ¢ 0 0 0 c 0

4 0 0 0 0 0 0 0 g ) 0 0 2 o G 0

5 0 0 0 g 0 0 0 0 0 0 0 0 0 0 9

6 0 0 0 G 5 G ¢ 0 ) c 12 9 0 ¢

7 0 0 0 0 2 g 0 ¢ 0 91 7 b 0

8 0 0 ¢ 0 0 3 0 0 0 0 0 2 0

9 0 0 0 C J “ 0 G ¢ 0 o B 0 2

10 0 o 0 ¢ B g 0 ¢ 0 g D J Z

11 0 0 0 0 0 G 0 C 0 0 0 3
oA

12 0 o 0 ¢ ¢ 0 G 0 c .95

S o

13 0 0 0 0 p g 9 0 0 o B8
[l ] %

14 0 0 0 0 0 0 s 0

15 0 0 0 ¢ J %
o~
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S R RNy Ry I Y I Y ISR Y SIS ¥

CASE TITLE = F2-7C-02-30 QUAC CITIES - 2 , CYCLE 2, 4.

MAXIMUM VALUE 237 CQ IN ASSEMELY

1 2 3 4 5 3 7 8 9 10 1 12 13 1t 15
1 2 2 15 9 0 0 0 0 0 0 0 0 0 0 0
2 3 J 13 0 0 0 0 0 0 0 0 0 0 n ]
3 17 15 5 ¢ ] b J C 3 3 6 “ 2 0 0
4 0 0 3 3 J J h] 5 12 14 23 14 9 3 1
5 0 0 0 0 0 0 2 12 27 51 50 29 1% 7 0
6 0 0 0 0 0 0 5 19 51 41 98 0 286 A
7 0 0 0 0 0 0 4 19 59 182 20 53 14
8 0 G 2 ' 0 0 2 11 27 4¢ 53 0 7
9 1 4} 3 3 ] b J 4 13 21 23 17 n
10 0 0 9 1 ¢ 6 0 7 4 < 9 J
11 1 0 0 0 0 0 0 0 0 2 0 %
5
12 1 0 9 0 0 0 n n 0 n Z
. (=
12 2 1 ] 1 0 n 0 9 0 =
~ 2
o 0
14 b d 3 3 b J i
2w H
15 0 0 a i : »
T % >
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APPENDIX D

SELECTED RESULTS FROM MAJOR EVENTS AT MAINE YANKEE

Cycle Event no. Date Type of Event
1 7 1/10-1973 Startup Bank 5 withdrawn
10 26/11-1973 Xe-transient
12 1/1-1974 Fast startup
1A 1 10/10-1974 BOC ZA Fuel shuffled
4 9/12-1974 Startup to 90.3% power

For each event:

Page Table content
1 Assembly power after event
2 Axial power distribution after event
3 Peak AQ assemblywise
4 AQ-Q matrix
5 Failure probability map



PR=MA 1 1 MAINE YANKZE ¢STEP 7+S5EPT.1 = OCT,.12-73 PAGE 12
sagauspraers CORE AVERAGE EXPOSURE«MWD/TU = «4099AE + 04

CHANNEL POWER DISTRIBUTIONSAVERAGFE ChH.POW.= 1000
1 2 3 4 5 6 7 8 9 10 11 12 13 la 15 16 17

1 1133 1051 1046 1122 1129 1040 1040 1119 1123 1050 1059 1142 1149 1031 94 952 S84

2 1126 1124 1044 1040 1115 1115 10640 1045 1128 1134 1065 1061 1275 1172 948 573
3 1122 1041 1038 1113 1113 1037 1040 1122 1127 1055 1055 1261 1136 937 563
" 1114 1112 1035 1034 1111 1111 1034 1036 1117 1113 1176 1005 698 385
5 1110 1032 1031 1106 1104 1025 1020 1037 10SA 10A3 756
6 1106 1104 1026 1023 1094 1080 979 920 97 653
7 1101 1026 1021 108Y 1072 951  &71 901 S75
3 1099 1095 1009 981 1146 1026 862 537
9 E § 1192 996 956 1089 929  64?  35&

52%
10 & & 5 1193 1115 1008 717

rr
-

11 9856 730 4an
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soppenasnens CORE AVERAGE EXPOSUREWMWD/TU = «45437E+04
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SCP = FUEL 2UTY CYCLE Awnl YSIS RECORT

S 4 4 36 S 3 5 ST 4R 4 S 4 4F 4% I 82 3 42 4 4l E 0t 3 4r e gh
MATHMEE vyanKEF = CYCLF]

NASE TITLE = Fl=My (l=27

Uite@ = MoTRIX GiVING £ 08

L TRFAPOLATED TO FuLy CoR=.
JPPERP INTERVAL ROUYLU-IES
Tivg <TEP NO

3 3 5% 3 50

RO PER IS TE~Ya Ir

Glves I w/Cme

S YL oG, 159, 200, 250,

"

T

i+

25, 0o Te G219515. Ylbade, 335256,
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P T T TP T T TR LR R Y PN L E 2 T
CASFE TITLE = F2-MY-01 MAINE YANKEE CYCLE 1

FATLURE PROBABILITY IN aSSy = 100,0

1 2 3 4 ) 6 7 8 9 10 11 12 13 14 15 16 17
1 S 3 1 0 0 0 1 1 1 2 4 & 7 3 1 1 0
2 1 1 1 0 1 1 1 1 2 3 4 4 7 4 1 0
3 1 1 1 1 1 1 1 2 2 3 3 6 3 1 0
4 1 1 1 1 1 1 2 2 2 2 4 1 0 0
5 1 1 1 1 1 2 2 2 1 2 n
& 1 1 1 2 2 1 1 1 1 0
7 1 1 2 2 2 1 1 1 0
A 2 2 2 2 3 ? 0 )
9 E E 2 2 2 3 1 0 0
3 3 &
z B <
10 e mE 9 é ? n
( PO
&
~J

11 & 0 0
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X 2R R R-R-2-R-A R L-R-L-F--X-3-2-°2-2-2-%-2-2-2-L-X:3-L-T-X-T-F-F-2-F-T-F-E-3-F-2-2-

CASE TITLE = F2-My-01 MAINE YANWEE CYCLE 1

MAXMUM VALUE OF DG IN ASSEMBLY

1 2 3 4 5 6 7 8 9 10 11 12 13 l4 15 16 17
1 57 48 35 28 25 26 29 31 35 43 51 72 73 56 47 45 0
2 38 32 29 26 26 28 33 37 40 46 5¢4 57 62 54 44 0
3 30 28 27 27 28 33 37 39 43 49 50 57 50 39 0
N 27 27 29 31 32 35 40 43 44 L4y 52 45 26 0
5 27 30 32 33 36 40 42 41 4] 46 33
6 30 32 36 39 39 40 41 39 42 26
7 34 38 4] 41 41 41 35 35 0
IS 39 4] 45 45 52 45 34 0
9 % E A 49 45 52 43 3 0
59 &
55 g
14 e B 79 74 4R 24
t
-
11 65 22 U
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supgasoaaaas CONE AVERAGE EXPOSURE«MaD/TU = e SOKNTE+C4

CHANNEL POwbEr DISTRINOTION AVERADE CHaFUWe= 1000

} ? 3 4 5 6 7 u 9 10 11 12 13 ls 15 16 17
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CX-2°F-2-2- 22 2-2- 22 X-2-2-2-2-L-2-%-2-F-2-K- 2-2-2-2-2-2-2-FX-F-L:X-2-X-L-2°3-2-3-2-X-2-X-2-%--3-3

CASE TITLE = F2-My-01 MAINE YANKEE CYCLE 1

FATLURE PROBASBILITY IN ASSy # 100.0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
1 0 0 0 0 1 1 1 1 1 0 0 0 0 0 0 0 0
2 0 0 1 1 1 1 1 1 1 0 0 0 1 1 0 0
3 1 1 1 1 1 1 1 1 1 0 0 1 1 0 0
4 1 1 1 1 1 1 1 1 1 0 1 0 0 0
5 1 1 1 1 1 1 1 1 0 1 0
o 1 1 1 1 1 1 0 0 0 0
7 1 1 1 1 0 0 0 0 0
A 1 1 0 0 1 0 0 0
9 g E 0 0 0 0 0 0 0
333
z B <
10 & b 0 0 0 0
s %
wy]
11 = 0 0 0
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R Y T TR R R L L L T LT R R R e S g
CASE TITLE = F2-MY=01 MAINE YANKEE CYCLE 1

MaxIMUM VALUE OF DQ IN ASSEMBLY

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
1 17 28 32 33 34 36 37 35 34 33 30 25 24 24 28 30 15
2 30 32 35 36 36 36 36 36 33 31 30 29 37 35 30 15
3 33 36 36 36 36 37 36 34 33 32 32 38 35 28 0
o 4 35 36 37 37 36 35 35 35 33 32 38 34 21 0
S~
}_‘
5 36 37 37 36 35 36 a5 33 32 36 27
6 36 36 37 36 34 33 33 32 34 22
7 36 36 35 33 32 32 30 31 16
A 34 33 33 32 37 36 27 0
9 é 9 %‘ 31 29 28 33 29 17 0
(@)
5 Ex
10 - Hg 29 27 26 16
m
e
<o

11 22 1
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P A A e A A A R R R R A S T AT R R T W S A A b

TASE TITLE = Fl=MY (Q1l-12 MAINEE YauKE: = CYCLE1 = STEP 12

MAINE YANKEE
Uireid - Mi‘TIrfIX GIVIN"\S C‘“L 9-‘ ROD RPER TMTERVAL I DO aNDY 0 CYCLE 1
EPIZSJ?h;i?I’RSSL’SS?E;sm» I[N W/Co. EVENT NO.: 12
Pive STEP NO = 17
$aE S50, 1uG. 15u. 200G, 250, 300, 350, 400 450, 500 550, 600, 650,
"
29, Ne BG572,25358(09,5823304. 433056, Ve Ne O 0. O 0o 0. 0.
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100, e Je O e 0. N, N e Ne O U 0. 0. Ue
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B g S L 2 2 Y T AL R r R g e Y L 5
CASE TITLE = F2-MY-01 MAINE YANKEE CYCLE 1

FAILURE PRORABILITY IN ASS, # 100.0

1 2 3 4 5 6 7 8 s 10 11 12 13 14 15 16 17
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0
2 1 1 1 1 1 1 1 1 1 1 1 1 2 1 0 0
3 1 1 1 1 1 1 1 1 1 1 1 2 1 0 0
4 1 1 1 1 1 1 1 1 1 1 1 1 0 0
5 1 1 1 1 1 1 1 1 1 1 0
6 1 1 1 1 1 1 1 1 1 0
7 1 1 1 1 1 1 1 1 0
A 1 1 1 1 2 1 0 0
9 % z 1 1 1 1 0 0 0
97
Z & o=
10 oo % 2 1 0 0
wsl

T

11 0 0 0
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R A A R R R b R R R R R R R YRR R R N TR ur ey

CASE TITLE = F2-MY-01 MAINE YANKEE CYCLE )

MAXTMUM VALUE OF DQ IN aSSEMBLY

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

1 51 43 33 29 27 28 28 27 28 32 37 61 60 33 31 30 18
2 33 30 30 29 26 26 28 29 29 31 38 35 39 34 25 15
3 29 29 28 26 26 28 29 28 29 32 32 35 31 23 9
4 27 26 23 28 26 27 29 30 28 27 32 29 18 0
5 26 27 28 26 27 29 29 27 26 30 23
6 26 26 28 28 27 27 28 28 29 20
7 27 28 29 28 28 29 27 27 17
4 28 29 31 31 34 3¢ 22 )

5 E

2 Q&
9 Z ‘E‘ e 3n 35 34 33 2R 15 0
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1v - tr 71 N 32 21
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11 S4 19 0
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PR -2 2-2 X 2-2-2-2- 1 202X 0 22NN L R-2- E- 1118 0 Ry R e Y I L Ty MAINE YANKEE
= Fl- - .
CASE TITLE Fl1-MY 02-01} MAINE YANXEE CYCLE 1A STEP 1) CYCLE 1A
EVENT NO.: 1
URsQ - MATRIX GIVING CM OF ROD PER IMTERVAL IN DO AND Q
exTRAPOLATED TO FULL CORZ,
UPPER INTERVAL BOUNDARIES GIVEN IN W/CM,
TIME STEP NO = 1
O *E 50. 100. 150, 200, 250. 300, 350. 400. 450, 500, 550, 600. 650.
%
00
i+
25, 0. 189281, 600014.2258810. 4407, (18 0. 0. 0. 0. 0. 0. 0.
50. 13441. 0. 995190 18730. 00 0' ()o 00 00 0. 00 0. 0.
75, 16857, 94200, 0. O 0. O« 0. 0. 0. C. 0. 0. Q.
100. 0. 108192, 0. O 0. (U 0o 0. 0. 0. 0. 0. 0.
125, 0. 0. 0. (U 0. Ne 0. Q. 0. 0. 0. 0. 0.
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250. 0. 0. 0. Oe 0. Ne 0. 0. 0. 0. 0. 0. 0.
275, 0e O 0. O (U Ne Oe 0. 0. O, (UR 0. 0.
300, D (U 0. 0. Qe 0 O (U 0. 0. 0, 0. O
325, Ne 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
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[ Y Y I Ry Y Y YRS S

CASE TITLE = F2-MY-01 MAINE YANKEE CYCLE 1A

MAXIMUM VALUE O0F DQ IN ASSEVMELY

1 2 3 " 5 6 7 8 3 10 11 12 17 1z 1c
1 ] G 2 ¢ G “ 5 0 b} 10 9 23 1a Q 0
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¥IpfdSrrdensr CORE AVERAGE ZIXPCSUREJMWEG/TU = «30282E+04

CHANNEL POWER DISTRIBUTION,AVERAG: CH.FPIW.= 1000
2 3 4 5 6 7 R 9 10 11 12 13 14 15 1é 17
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R TR R E-X-R - 2R -2 2 R -E- 222X TR 2 -2k -2 A k- R-R-X-1-X-2-F-3-2-X-F-X-2-L-3-F-3-2-]

CASE TITLE = Fl-MY 02-04 MAINE YANKEE CYCLE 1A STEP 4,

MAINE YANKEE
CYCLE 1A
JO«Q = MATRIX GIVING CM OF ROD PER INTERVAL IM DG AND Q EVE
=xTRAPOLATED TO FULL COR=. NT NO.: 4
UPPER INTERVAL BOUNDARIES GIVEN IN W/CM.
TIME STEP NO = &4
wRQ#H S0. 100, 150. 200. 250. 300. 350, 400. 450, S00. 550, 600. 650,
3
b]a}
4
25, 4958,1170390.,2179153,3687891.2534358, 68309, 0. O 0. 0. 0. (VIS 0.
50, O 0. 83072. 307168, 213740. 46274, Oe O 0. O 0. O 0,
5, O 0. 0. 0O 0. 0. O 0. 0. (18 0. 0. 0,
tgo, G 0. 0. 0e (3% O Ne O 0. (18 0. {1 0.
125. {1 0. 0. O O O O O 0. 0. 0, O 0.
‘50. 0' 00 O. 0. O. 00 0. 0. 0. o. 00 0. 0.
175. 0‘ 0. 0. O. o. 00 0. 0- 00 0. 00 0. 0‘
/UO. 0- 00 Oo Oo 0. Ne 0. 00 Oo 0' 0. 00 0.
225, Oe 0. 0. 0. 0. 0 De O 0. 0. 0, 0. 0.
PSO. OC 0- 0. 0- 00 0- Oo 00 00 0. 0. 00 o‘
275, 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. Oe 0.
300, 0. 0. 0. O. O. 0. 0. 0. 0. 0. 0. 0. 0.
325, 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
50, n, 0. 0. n, 0. n, AR Ne 0, 0. 0, O 0.
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SCP - FUEL DUTY GCYCLE ANALYSIS RiFCRT = PROGRAM FDCA2 PAGE. 26
LE IS E R R E R R E R RS SRR YRR SRS SR R NPTV ISRYEFEFT PSS NEE Y]
CASE TITLE = F2-MY-(1 MAINZ YANKEE CYOLZ 1A
MAXIMUM VALUE JF DO IN ASSEMELY
1 2 3 . 5 6 7 8 a 10 11 12 13 14 15
1 22 22 23 ta 24 25 25 2¢ 25 25 26 22 23 26 24
2 23 24 27 27 2c 25 26 25 24 26 27 25 28 25
3 2 27 27 25 25 9 24 25 26 26 2w 26 24
. 27 20 24 24 25 25 24 24 25 21 2¢ 23
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i SCANDPOUER

APPENDIX E

DESIGN AND CORE OPERATIONS QUESTIONNAIRE
FOR
FUEL DUTY CYCLE ANALYSIS

Section 1.  Fuel Type and Location Definition by Operating Cyclc.
Section 2. [Fuel Failure and Inspection Information Summary by Cycle.
Section 3. Technical Information for Simulation of Core Performance
Section 4. Operating History by Cycle.

Section 5. Manufacturing and Design Data for Fuel Types Employed.

Section 6. Figures: This section is rescrved for insertion of core

maps, plots and other Figures requested in Sections 1 to 5.

Section 7. Tables: This section contains blank tables set up for

tabular information rcquested in scctions 1 through 5.

Section 8.  Exhibits: This section contains samples illustrating the
type of material being requested in certain questions of

Sections 1 to 5.



SECTION 1 - FUEL TYPE AND LOCATION
DEFINITION BY OPERATING CYCLE

1.1 GENERAL INFORMATION

1.2 FUEL IDENTIFICATION

1.3 FUEL LOCATION

1.4 ADDITIONAL OR SUPPLEMENTARY DATA

NOTEG: Tho objectives of this group of ‘data are to:

{dentily which types-of fuel have been employed by some characteristic number
which can be used to locate detailed data in sectionv

Provide means to.trace the locstion history of multi-cycle fuel which has been
shuffled. This is accomplished by some form of science numbering system

Provide cross set.tion showing initial earichment distributions for new fuel in the
various cha.ges
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1.1

1.2

1.3

1.4
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GENERAL INFORMATION

1.1.1 NAME OF OPERATING UTILITY

{a}  Address
{b)  Telephone No.

{c) Name of Nuclear Station

1.1.2 NAME OF PERSON PREPARING RESPONSE

(a)  Office Telephone No.

(b}  Position

{c) Date of Mailing Response

1.1.3 TYPE OF REACTOR

{a) ~ Nssssystem (Firm)
{b) Nominal MWe
{c)  NSSS Suppliers Type ldentified {e.g. BWR- 4)

1.1.4 HISTORICAL DATA

(a}  Date of First Full Power Operation

(b} No. of Completed Cycles

{c) No. of Current Cycle

{d)  Previous Cycles as Below

Cycle No. Date Start Date End

1
2
3

FUEL IDENTIFICATION

1.2.1 PLEASE IDENTIFY TYPES AND AMOUNTS OF FUEL THAT HAVE BEEN EMPLOYED BY FILLING IN

TABLE 1.2.1. PLEASE PROVIDE ASSEMBLY DRAWINGS SIMILAR TO EXHIBIT 1.2.1 IF POSSIBLE.
(INSERT AS FIGURES 1.2.1.1 TO 1.2.1.X)

FUEL LOCATION

1.3.1 PLEASE PROVIDE A CORE MAP FOR EACH CYCLE SHOWING WHICH FUEL ASSEMBLY IS LOCATED
WHERE. USE SEQUENCE NUMBERS AS DEFINED IN COLUMN VII OF TABLE 1.2.1 AN EXAMPLE IS
GIVEN IN EXHIBIT 1.3.1. ATTACH THESE MAPS AS FIGLIRES 1.3.1.(1) = 1.3.1.(x).

{Please provide additional core maps if mid cycle changes in fuel location have occurred).

1.3.2 PLEASE PROVIDE A CORE MAP SHOWING CONTROL ROD CONFIGURATION UPON WHICH CONTROL
ROD POSITION DESCRIPTIONS ARE BASED. EXHIBIT 1.3.2.1 GIVES AN EXAMPLE. INCLUDE THIS
MAP AS FIGURE 1.3.2 OF FINISHED QUESTIONNAIRE.

ADDITIONAL OR SUPPLEMENTARY INFORMATION

1.4.1 IF EFFORT TO PREPARE THIS QUESTIONNAIRE COMPLETELY IS MORE EXTENSIVE THAN CAN
BE ALLOCATED BY YOU AT THIS TIME, COULD WE BE ALLOWED TO VISIT YOUR FACILITY TO
OBTAIN ADDITIONAL CRITICAL DATA VIA DISCUSSIONS AND INTERVIEWS WITH YOUR STAFF?

1.4.2 HAVE YOUR OWN EFFORTS TO LIMIT ECONOMIC RISKS, ASSOCIATED WITH UNPREDICTABLE
FUEL FAILURES, IDENTIFIED USEFUL PUBLICATIONS OR STUDIES WITH A SCOPE OR OBJECTIVES
SIMILAR TO THIS ONE? WOULD YOU RECOMMEND ANY OF THESE AS NOTABLY SUCCESSFUL OR
AS A SOURCE OF IMPORTANT REFERENCE MATERIAL FOR THE CURRENT STUDY

?

E-3
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1.4.3 THERE WILL PROBABLY BE SOME DESIGN AND INSPECTION INFORMATION, REQUESTED HEREIN,
THAT WOULD REQUIRE SOME BREACH OF CONFIDENTIALITY WITH YOUR FUEL SUPPLIER IF
SUPPLIED DIRECTLY BY YOUR ORGANIZATION. WOULD YOU HAVE RESERVATIONS ABOUT OUR
PURSUING ANY OF THESE QUESTIONS DIRECTLY WITH SUPPLIERS? IF SO, COULD

THESE RESERVATIONS BE DEALT WITH BY SUBMITTING TO YOU FOR PRIOR APPROVAL CORRE-
SPONDENCE DIRECTED AT THE SUPPLIER?




SECTION 2 - FUEL FAILURE AND INSPECTION
INFORMATION SUMMARY BY CYCLE

2.1 MACROSCOPIC INFORMATION CHARACTERIZING
PROGRAM

2.2 TABULAR INFORMATION ON FUEL INSPECTIONS

Sheet 1 - Section 2
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NOTE: If complex answers seem desirable, use the footnotes

24 MACROSCOPIC INFORMATION - PROGRAM CHARACTERIZATION
{These answers need not be precise, approximations are sufficient)

2.1.0 HOW MANY FUEL BUNDLES HAVE BEEN INSERTED IN THIS REACTOR?

2.1.2 HOW MANY FUEL BUNDLES HAVE BEEN REMOVED PERMANENTLY?

2.1.3 HOW MANY ASSEMBLIES HAVE CONTAINED AT LEAST ONE LEAKY
ROD (BASED ON SIPPING)?

2.1.4 HOW MANY LEAKY ASSEMBLIES (BASED ON SIPPING) HAVE BEEN
COMPLETELY DISASSEMBLED AND SUBJECTED TO EXAMINATION IN
HOT LABORATORIES?

2.1.5 HOW MANY LEAKY ASSEMBLIES (BASED ON SIPPING) HAVE BEEN
DISASSEMBLED AND SUBJECTED TO EDDY CURRENT AND
ULTRASONIC EXAMINATION IN BASIN?

2.1.6 HOW MANY LEAKY ASSEMBLIES HAVE BEEN EXAMINED WITH
VIDEO OR PHOTOGRAPHIC RECORDS?

2.1.7 HOW MANY LEAKY ASSEMBLIES HAVE BEEN OPTICALLY
EXAMINED WITHOUT VIDEO OR PHOTOGRAPHIC RECORDS?

2.1.8 HOW MANY NON LEAKING ASSEMBLIES (BASED ON SIPPING),

(a) Have been completely disassembled and subjected to metallographic PIE?

{b} Have beoen disassembled and subjected to ultrasonic or eddy current
examination in basin?

(c) Have been disassembled and subjected to visual exam, or profilometry
in basin?

(d) Have been examined superficially with video records kept?

{e} Have been optically examined with no records kept?

2.1.9 IS THERE A REPORT(S) SUMMARIZING THE INSPECTION RESULTS
FOR THIS REACTOR? IF SO, IDENTIFY:

CAN ANY OF THESE BE INCLOSED WITH RESPONSE?

2.1.10 IS THE FUEL INSPECTION PROGRAM:

{a)  Conducted by the fuel supplier under contract _ , or
(b) Conducted by contractors other than the supplier , or

{c)  Conducted by the utilities’ own people _

2111 1F UTILITY PERSONNEL ARE RESPONSIBLE FOR ALL OR PART OF FUEL
INSPECTIONS WHAT FUNCTIONS ARE THEY ABLE TO PERFORM INDEPENDENT
OF SUPPLIERS PEOPLE OR EQUIPMENT
0 Video inspection, undemounted bundle O Sipping a Ultrasonic O Profilometry

" "

O Demounting & © Eddy current O Metallography
visual

O Surface profilometry,
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2.2 TABULAR INFORMATION ON FUEL INSPECTIONS

2.2.1 FOR EACH PLANT SHUTDOWN DURING WHICH FUEL HAS BEEN EITHER REMOVED AND
INSPECTED OR SIPPED IN PLACE WITH THE CONCLUSION THAT FAILURES HAD OCCURRED,
PLEASE COMPLETE TABLE 2.2.1.

2.2.2 FOR EACH ASSEMBLY IN WHICH FAILURE OF AT LEAST ONE PIN HAS BEEN VISUALLY OR
OTHERWISE CONFIRMED, PLEASE COMPLETE A COPY OF TABLE 2.2.2

2.2.3 HAVE ATTEMPTS BEEN MADE TO CORRELATE FAILURE FREQUENCY TO GEOGRAPHIC
LOCATION RELATIVE TO CONTROL RODS OR TO RATE OF LOCAL POWER CHANGE, OR OTHER
FACTORS? ARE THESE STUDIES CONVINCING TO YOU? CAN YOU SUPPLY

COPIES OF REPORTS?

FOOTNOTES

{For use by respondsnt
for additional comments
or information}
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3. TECHNICAL INFORMATION FOR SIMULATION
OF CORE PLRFORMANCE

3.1 General Reactor and Core Description
3.2 Fuel Assembly Description

3.3 Reactivity Control System

3.4  Thermal Hydraulics Data
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3.1  GENERAL REACTOR AND CORE DESCRIPTION
3.1.1 Data:

* 1. Plant thermal power rating - Myt

2. Primary system piping and instrumentation
diagram

3. Final safety analysis report, including:

a. The design basis accident descriptions
b. Plant transient analyses
4. Technical Specifications - for opcration of

the recactor, as sct forth in the operating
license (current version)

* 5. Reactor Heat Balance Diagram
* 6. Design Data:
a. Core dimensions - active length

- equivalent diamcter

b. Heat transfer arca

c. Total weight of UO2 containcd in the
core

3.1.2 Drawings

3.1.2.1 General core arrangcment showing location
of:
* (1) TFuel asscmblics by region or type,
as given in Fig. 1.3.1

* (2) Control rods- indicate control rods
which arc operated as a bank, as
shown in Fig. 1.3.2

* (3) In-core flux dctectors
(4) In-core temperature dctectors
(5) Neutron sourcces
(6) Out-of-core {lux detectors

* (7a) Location of any f{ixed shim, or
burnable poison (PWR)

* (7b) Location of any burnable poison
curtains (BWR)

* (8) Any other non-standard core componcnts
which affect the fuel

*Information required to set up the simulator for the reactor.




* 3.2
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3.1.2.2 Reactor Pressure Vessel - dimensioned
plan and clevation view of vessel showing
as built locations of:
(1) Vessel nozzles

(2) In-corc chambers and temperature
detectors

* (3) Active fuel region (clevation)

* (4) Control rod location at top and bottom
of stroke

(5) Out-of-core detectors (clevation)

(6) Vessel internals

TFUEL ASSEMBLY DESCRIPTION
3.2.1 Design Data - List, by fuel type, the as built
values for each of the following:

(1) Fuel material and weight per assembly
(2) Pecllet diameter )
(3) Pellet stack height and smear density )
(4) Clad Material, O.D. and wall thickness )
(5) TFuel rod pitch

(6) Impurity levels of cladding and fuel in equiva-
lent boron concentrations

as specified in
Table 5.2.1

(7) Weight of heavy metal per assembly by enrichment
(8) Spacer weight by material

(9) Fuel Assembly weight - total

For BWR Only:

(10) Outer dimension of fucl asscmbly box

(11) Fuel assembly box thickness

(12) Thickness of narrow water gap

(13) Thickness of wide water gap

(14) Radius of box comners

3.2.2 Dimensioned Drawing for cach fuel type showing:

(1) Overal dimensions
(2) Active fuel cclumn length and location
(3) Tie plate dimensions

(4) Spacer locations, matcrial
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(5) Flow areas - tie plate, spacer, bare rod

(6) Fuel rod diameter and spacing

(7} Instrument guide tube locations and dimensions
(8) Control rod guide tube locations and dimensions

(9) Initial enrichment distribution (as specified in
Table 5.2.1)

3.2.3 State of fuel from previous cycles - if the simulation
docs not start from the first opcrating cycle:
(1) Axial Exposure distribution for each burncd
asscmbly

(2) Axial Power Distribution for cach asscmbly at
end of its last cycle in corc

(3) Axial Exposurc weighted void distribution for cach
burned assembly (BWR onlv)

3.3 REACTIVITY CONTROL SYSTEM

(1) Control rod drive type, notch length and stroke

(2) Control rod speed-measured values for scram and
normal withdrawal and insertion spceds or times
and maximum allowable scram time

# (3) Soluble poison concentration as function of exposure

* 3.3.1 Control Rod Description, PWR

Dimensioned elevation views showing:

(1) Shape and configuration

* (2) A1l dimensions nccessary to define the location,
size and length of all rods in the cluster of
the RCC _—

* (3) Poisoned zone dimensions and location rclative
to unpoisoned portion of the rod

* (4) Material composition - structural components
and poison

* (5) DPoison density

#3.3,2 Control rod Description, BWR
* (1) Shapc, configuration and axial position rclative
to active fuel

*(2) Cross-section drawing, giving the fellowing
dimensions:

Thickness .
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Thickness of control rod outer clad
Total width of control rod blade (half span)

Radius of boron absorber ( = inner radius of
poison rod)

Outer radius of poison rod pins

Clad thickness of poison rod pins

Pitch of poison rod pins within contrel rod

Number of poison rods in cach control rod

blade

Center piece half span

(3) Material composition ~ structural components
and poison:

Absorber material

Density of absorber material, g/cm3

Weight fraction of absorber isotope (Blo) in
absorber material (84C)

Clad material tubes

sheets

Density of clad material, g/cm3 tubes

sheets

* 3.3.3 Bumable poison (BWR)
3.3.3.1 Curtains (if any)

(1)
(2)

Shape, configuration and axial
position relative to active fucl

Cross-scction drawing,giving following
dimensions and material composition:
Thickness

Width

Effective width of poison arca
Absorber material and composition
Density of absorber material

Weight fraction of absorber isotope
Clad matcrial (if present)

Clad density, g/cm3

E-12
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3.4

3.3.3.2

3.3.4 Burnable
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Burnable poison in fuel:
Poison material

Poison concentration in fucl rods (wt% GdZOS)’
as specified in Table 5.2.1

poison rods (PWR):

(1) Shape, configuration and axial positions relative
to active fuel

(2) Cross-section drawings giving dimensions and

material compositions

THERMAL AND HYDRAULICS DATA

3.4.1 Thermal and hydraulics data, PWR:

(1) Design Data (or actual data if plant is operating)

*a)

*b)

3

Reactor pressure (operating and design) -
in core outlet plenum

Reactor coolant conditions at rated power
1) Total corc flow rate
2) Lffective flow rate for hecat transfer

3) Reactor coolant vessel inlet temperature,
oC

4) geactor coolant vesscl outlet temperature,
C

5) Core pressure drop at rated power and rated
flow

6) Asscombly pressure drop at rated power and
rated flow

7) Assembly pressure drop and uncertainty under
nominal conditions, at lower and upper
nozzle locations, at lower and upper cnd
plate locations, at spacer or grid locations
and between spacers

8) Void distributicen at rated power for
highest power fucl asscmbly

9) Effective Doppler temperature °c) at
rated power

. 0
10) Volumetric averaged {ucl temperaturc (C)
as function of power density
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3.4.2 Thermal and hydraulics data, BWR:

(1) Average {fuel temperaturc as a functions of
average power density around moninal power
(diagram or table)

(2) Hydraulic length per {ucl channcl, m

(3) Pressure in steam dome (uppcr plenum)

(4) Pressure before core inlet (lower plenunm)

Lach type of fuel channel:

(5) One phase inlet pressurc drop coc{ficient

(6) One phase lower and upper grid pressure drop
coefficient

(7) One phase pressure drop cocf{icicent for each
spacer

At nominal operating conditions:

(8) Fraction of power through cladding, %

(9) TFraction of power in bypass f[low, %

(10) Feedwater tenp, °¢c

(11) Total core flow, kg/scc

(12) Bypass flow, %

(13) Plenum-plenum core pressurc drop, bar

(14) Steam quality (weight) at pump inlct, %

(15) Void distribution at rated power for highest
power fuel channel




SECTION 4 -~ OPLERATING UISTORY
BY CYCLE

4.1  Total Power History

4.2 Simulation of Core Performance
(Core Tollow)

4.3 Simulation of Lvents

4 Power Distributions

4.5 Operating Recommenditions
4

.6 Fission Gaos Relcasc Jlistory
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4,1  TOTAL POWER HISTORY

4.1.1

Plcase supply total power vs. timc plot for cach operating
cycle (see exhibit Figurc 4.1.1 for sample}. Using informa-
tion Table 4.1 "Power Shock Severity Scquence' as a guide,
number all these "Events' which may have been significant
with respect to fuel power shocks during each cycle. Mark
cach event on the power time plots of exhibit Figure 4.1.1.
Prcpare a Table of Events (Table 4.1.1).

4.2  SIMULATION OF CORE PERI'ORMANCE (Core Follow)

4.2.1

4.2.2

For cach cycle, provide operating data for a stepwise simula-
tion of core burnup. The actual operating history should be
represented by operating periods averaging a core exposure of
about 1000 MWD/TU. (For the BWR, preferably corresponding to
one rod scquence.) For cach step, provide steady statc operat-
ing data near beginning and end of step (BOS and IOS), which
arc representative for the operating conditions throughout the
step. The information may be supplicd in the form of available
data shecets from the process computer or other sources giving

the {following:

a) Time and cycle burnup (MWD/TU).

b} Heat balance data: ‘Thermal power, total corc flow
rate, feedwater flow and tempcraturc or cnthalpy (BWR),
core inlet enthalpy and reactor pressurc in core outlet
plenum (PWR).

c) Control rod positions.

d} Boron concentration (PWR}.

At beginning, middle and end of cycle, give a complete set
of flux distribution measurcments from the traveling fission
chamber system and the corresponding operating conditions, in

1)

accordance with 4.2.1.

1) o . .
) These measurcments will be used to check the performance of the simulator.
(If required, adjustments may be made in the model to correct for discrep-

ancies between calculated and measuired power distributions.)
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4.3  SIMULATION OF EVENTS

Before and after,"snapshots of operating data surrcunding cach

important event are required. (Lvents are identified on the power-tinme

plots.)

4.3.1 Tor each event, give operating data, as requesicd under 4.2.1,

{for steady state operation prior to cvent.

4.3.2 For cach event, provide a record of rod movements and any
change in the operating parameters of 4.3.1. Give time when
the change took place or if continuous, give time of initiation,

estimated rate of change and final value.

4.3.3 Opcrating data, as requested under 4.2.1, for steady state

operation after cvent.

4.4  POWER DISTRIBUTIONS (if available)

4.4.1 For each total power event, provide: Core maps giving rclative
assembly power values. (Exhibit 4.2.1.1 and 4.2.1.2 of Scction
8 give examples.) Mark cach such pair of core maps with the

nunber of the event they depict.

4.4.2 TFor each local power cvent involving rod withdrawil or local
power change, provide rclative asscmbly power corc maps for
power distributions before and after the event (per exhibits
4.2.1.1 and 4.2.1.2). 1In addition, provide before and after
relative pin power maps (sce exhiibit 5.1.1) frr typical power

distributions in assenbliecs aficcted by the change.

4.4.3 On the power-time plots for cach cvele which dentify cvems,
give a conscrvative estimate (Jow side) Cor the time in vhich
the cvent took place (minuvtes). Consider only the time in

which total or local power was rising.

4.5  OPERATING RECOMMENDATIONS
4.5.1 As progressive recognition of woeaknesses of fue! has eccurred,
various limitations have been placad upen plant oporation gimed

usually at minimizing mcechanical intcraction between fucl gid
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cladding. To allocate fucl failure f{requency data properly,
it must be interpreted in the context of the operating restrictions
in force at the time of failure. In the table below, please
indicate which rules were in force {or ecach cycle and, if possible,

give the number of the document which identificd these rules or

criteria.
Cycle No. Interim Critcria or Operating Recommendations Reference Document
Governing Rate of Power Change, Control Rod Number, if ary

Use, etc. W (Describe in words the key restrictions)

4.6 FISSION GAS RELEASE HISTORY

4.6.1 Total I]%l activity in primary system or off gas vs. timc on
plots for ecach cycle, include as Figurc 4.4.1 in reply.

4.6.2 Calculated 1'131 release rate vs. time on plots for each cycie,

include as Fig. 4.4.2 in reply.

4.6.3 Calculated number of leaky pins vs. tine as Figure 4.4.3 in
reply.  Explain model used for this calculation as attachment

to the Figure.

(1) Thess supplicr originated guides do not legally restrict oparation or affect crerzntees, They are recommendeg ta s2in

oxtia margin, otc., ete. The key aquestion is: Did this particular cycla stay within such a cuidding, and if so, vwetuct ors?

E-18




TABLE 41.1.  TABLE OF EVENTS

REFERRED TO POWER TIME PLOTS OF

FIGURES 4.1.1.__

CYCLE NO.:

FROM (Datsh:

TO (Date):
Event Date of Nature of
No. Occurrences Event

Severity of

Sheet 5 - Section 4

Activity Release Rates

Defore

AZIC‘I‘

FOOTNOTES:

1 From Table 4.5 {(Power Shock Severity Sequence}
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INFORMATION TABLE 4.1. POWER SHOCK SEVERITY SEQUENCE
FROM 1 (WORST) TO 36 (LEAST)

Time at Low Power Prior to Power Increase

1 DAY 1WEEK 1 MONTH 3 MONTHS
28 15 14 13 85- 100
o)
5 LIN. 3 22 5 4 70-100 =
@
< ??
8 34 25 10 1 50 - 100 8
2 e
X ..
o) [o]
S 29 18 17 16 £5-100 hd
"o
g >
[.§]
e 1 HR. 32 23 7 6 70-100 ¢
£ )
. =
E 35 26 1 2 50- 100 T
P &
£ (3]
S 2
= 30 21 20 19 85- 100 G
3 <
£ ©
@ 1 DAY 33 24 9 8 70 - 100 b
E o
-~
36 27 12 3 50 - 100 ©

EXPLANATIONS:

An “event” with some probability of producing power shock failures has occurred each time the LHGR
{local heat generation rate, W/em or kW/ft.) everywhere in the core is raised to a level not reached previously
(or not reachsd for some time previously). The failure-importance of an evant is determined by the amcunt of
fuel involved {cm or ft) and the magnitude of the power shock it has expericnced. Power shoek (A Q/4Q,,, )
is a complex function of the following variables: The magnituds of local power increase (a statistical distribution);
the time in which the power increase took place; end the prehistory of the fuel involved (time at, and level of,
previous power).

An operating cycle is impossible to characterize perfectly with respect to power shock, without microscopic
analysis of evary change involving total power, rod motion, fuel shuffling, and power redistritution during Xenon
transients, 1t is possible, however, at lower precision to account for mzjer shocks received generally or locally by
the fuel and, thereby, predict 80 - €0% of failures which should have oscurred during the cycie undar consideration.
The approach to this problem taken herein is to identify and characterize “important” events which can be character
ized by the time in which they occurred and the power distributions existing before and after the cvents. All of th2

following events are "‘important’” and should be marked on the power-time plots of Figure J.1.1x.:

. Any return to full power after fuel has been rezoned or shuffled into regions of higher relztive
power.
> Any return to full power after control blade {BWR) patterns have been changzd (e.g., after rod

sequencing in BAWR).

There are Lwo types of events whose importance can b2 appraised by reference to the table below: (1) Any

E-20
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Table 4.1 (cont.)

increase in focal power (e.g., caused by rod withdrawal) preceded by a period at lower local power. The tabla

gives the relative scverity of 36 shock situations withou! reference fo the total lenjth of fuel affected. In the

most severe 18 events depicted, 93% of all failures have been produced. The respondent case gauge tha importance
of a particular rod withdrawal by referring to the table. For example: the local powers in the most affected fuel
pin{s) double when Bank D rods are withdrawn from 180 to 200 units {i.e., % power change band 50 - 103}). The
withdrawal took 1 hour, and the rods had been in position 180 for a week previously. Reference to tha tsbl2 shows
{Col. 2, Rows O) that this event has severity position 26 and is not very important. If the rods had been in for a

month, however,{Col. 3, Row 6), this would have been an important event {see No. 11).

In analysing a cycle, the respondent is asked to dscide to which level he will report events. Reporting events
less severe than the 18th in the table above is unnecessary for this tudy. However, reporting only the more severe
events is none the less useful {if detailed 2nalysis of evants below the 6th or 7th severity level is considored
excessively time consuming by the respondent, an appropriate correction factor will be applied to the cycle failure

predictions).



SECTION 5- MANUFACTURING AND DESIGN DATA
FOR FUEL TYPES EMPLOYED

51 IDENTIFICATION BY GEOGRAPHY, ENRICHMENT,
POWER, DESIGN

5.2 DESIGN DETAILS
53 MATERIAL PROPERTIES
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5.1

5.2

53
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IDENTIFICATION OF FUEL ASSEMBILIES BY TYPE, ENRICHMENT SPLIT,
ROD DESIGN SPLIT, POWER DISTRIBUTION

5.1.1 FILL IN A COMPLETE FIGURE 65.1.1 FOR EACH TYPE AND BATCH LISTED IN TABLE 1.21
(a)  Indiagram (a) identify rods that are identical with respect to enrichment, dimension
and burnable poison by letter designation (For sample, sce Exhibit 5.1.1).
{b)  Indiagram (b) give design relative powers of rods with associated control rads out (at zero burnup).
{c}  Indiagram (c) give design relative powers of rods with associated control rods in (at zero burnup).
{d) Indiagram {(d) give design relative powers with associated control rods out {at high burnup).

{e)  Provide any additional data describing relative power shifts during cycle.

DESIGN OF ASSEMBLIES AND RODS

FOR EACH TYPE AND BATCH LISTED IN TABLE 1.2.1 FILL OUT A COPY OF TABLE 5.2.1,
THE COLUMN HEADINGS ARE IDENTICAL TO IDENTIFICATIONS OF IDENTICAL ROD GROUPS

USED IN FIGURES 5.1.1.X,
PROPERTIES GF MATERIALS
5.3.1 IRRADIATED PROPERTIES OF ZIRCALOY EMPLOYED

The local ductitity of irradiated Zircaloy tubing is one of the most critical of the factors determining
wheter PCI failure will occur. Experts disagrez-on the type of test that is most meaningful {tensile, burst,
biaxial, etc.) as a measure of the PCl resistance of local cladding. The stresses involved are complex. Both
biaxial and burst test data app2oar to b more representative than simple tensile data. Fven more important
than the average value of strain to failure is the statistical variation in that valuz. Please attach as

Figures 5.3.1.1 10 5.3.1. X irradiated stress strain data for can materials and treatments employed for

the fuel types that have been used.
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SECTION 6 - FIGURES

This section is reserved for insertion of Figures included in the completed questionnaire by the

respondent. Samples of type of Figures desired are included under the same numbers in Section 8, "Exhibits”.

1.2.1.1 to 1.2.1.X
1.3.1.1 to 1.3.1.X
1.3.2

3.1.11 to 3.1.1.X
3.2.1.1 to 3.2.1.X
3.2.2.1 t03.2.2.X
3.3.1.1 1o 3.3.1.X
3.4.1.1 to 3.4.1.X
3.4.2.1 t03.4.2.X
34.3.1 t0343.X

51.1.1 to 5.1.1.X

Assembly Layout Drawings per Sample of Exhibit 1.2.1.

Core Maps Showing Location of Fuel by Cycle per Sample of Exhibit 1.3.1.
Core Maps ldentifying Control Rod Arrangement.

Power vs. Time Plots

Relative Power Core Maps

Axial Power Distribution

Rod Position Histories

lodine 131 Activity vs. Time

lodine 131 Release Rates

No. of Leaks vs. Time from |44

ldentification of Rod and Power Splits (Blanks Inciuded)




FIGURE 5.1.1 - PICTORIAL DEFINITION OF FUEL ROD SPLIT AND RELATIVE POWER

DISTRIBUTION
(One required for each fuel type and batch shown in Table 1.2.1)

E-25

TYPE DESIGNATION: SERIALNO'S:
saTCH: AVERAGE ENRICHMENT A
A B CDEFGHI!IJI KL MNOPOQ A BCDE FEGHIJ KL MUNDOPNAOQ
- 17 ‘ 17
16 16
15 15
]
14 14
413 13
12 12
1 -1 11
!
: 10 ] 10
9 2
8 8
7 ’ 7
I
(2} i 1 s
5 T 5
! 4 : 4
I 5 —~ 3
)
] 2 v 2
L :
! 1 : 1
] ) I v > —4
Bx8 17x17 8x8 17x17
Fig. 5. 1. La- [Identification of Groups of Rods that Fig. 5.1.1.b- Give Design Relative Powers of Pins
arc identical in Dimension, Furichment, and atl Cycle Start with Control Rods Fully Out
Burnable Poison Content (sce Exhibit 5.1.1 (see Exhibit 5.1.1 for Sample)
Jor Sample) (1)
A BCDEEGHI J K L MNOFPAQ A B CDETFEGHI I KLMNIOTPAO
. 17 17
16 - 1
Yo o 15 : 15
14 : — 14
H ; i
$13 ; 1 13
! i
12 -2
; v i
: ! 11 ; 11
: 1 : B
i ! 1 |
1 1 9 + 9
P !
' 8 : ‘J 8
—1 7 H a 7
i i
T 6 ' 6
i
i 5 5
- - :
T 4 ; i 4
3 | : ’ 3
o2 2
L ! I i } | Y . 1 -——- f a1 1
Bx8 17x17 Bx8 17x17
Fig. 5. 1. Lc - Desian Relutive Powers at Cycle Start. Fig. 5.1.Ld - Design Relative Powers Late in Irradiation -
dAssociuted Control Rods Fully In. Control Rods Out. Burnup MWd/kg
(1) Occivnionally carichment is split axially. It difterences exist, please show as sepurated rod types and define in Table 5.2.1.



TABLEZ2 T  TABULARSUMMARY OF INSPECTICON RESULTS FOR FUEL DISCRARGED AT END OF CYCLE.

Plte of Discharge Operation: From: ;

Sheet
. ! I 11 Y \Y Vi Vil Vil X
Fis( Type and Serial_ IN-EORE SIPPING BASIN SIPPING VISUAL EXAMINATION| INSPECTION AFTER DEMOUNTING GIVE ESTIMATED{IS FURTHER|WHAT 1S FINAL {WHICH OUT-
Numbars of Assemblies BEFORE REMOVAL AFLER DIS%HARGE BE}\:ORE DBEMOUNTING A g c NUMBER OF INSPECTIONJCURRENTLY] DISPO- (SIDE FIRMI(S!
Believed to Contain A B LA B ) © [ ) . FAILED PINSIN {SCHEDULED|BELIEVED {SITION |DOING INSP:
at least 1 Failed Pin Was it Did it show | +vas it Oid it show | Was it{Do TV} Did any Vias it JPertinent {What Type Inspections -
- . R THIS ASSEMBLY [JON THIS CAUSE OF OF ASSYLIWORK?
Done? Failure? Done Failure Done?Tapes | Outside Done?|Report Eddy JUltra-yVisuajHot | Pro- ASSY? THE
TYPE SER.No. Exist? | Rods have Covering |Cur- [sonic Lab/] tile : FAILURES?
ag? ?
Holas? Insp. rent 1 (2 (3)
03]
I
N
[o¢]
<+ i
(1) If not acutally known, indicate bas's for estimate in another footnote below
(2 Interaction, Densification. Hydriding, Muan, Defect, etc.
(3}

Has assembly been (a) rebuilt & rainserted? (b) Removed permanentiv? (¢) Held in Storage?

\



Table 5.2.1. ___

‘%h /

/ !
/ I/ .1’
! /oy '

. ARE
I
Ldi “:'.":r' ....{
F P Dio —
, b= D¢ —-J‘
it Dcg =

DESIGN DETAILS BY ASSEMBLY TYPE

NOTES:

(1)
(2)

(3)

KEY:
m
(2)
(3)
(4)
(s)

Completa this tabie for each fuel typs and batch listed in Table 1.2.1

The columns refer to groups of rods tabulied as identical in Figures
5.1.1.x(a), see rod split tigure.

N . . "
Where an entry is identical 1o one on its Ie’t, left insert ditto mark:

(Table 1.2.1)
___(Table 12.9)

Assembly Type Designation

Batch Identivy e
Average Enrichment
Serial Numbers Covered

Which Figures 5.1.1.x corresponds

————— e e e e

... lvalus of x)

PARAMETER

FUEL ROD GROUP ICENTIFICATION FROM FIG.5.1.1

[

D

E F G H 1 J

Pellet Length

Can, 0.0,

Can 1.D.

Pellet 0.D.

Dianetral Gap

Gap Tolerance, % of Gap

Dish Diameter

Dish Diametral Fraction

Dish Depth

Are both ends dished?

Chamfer Angle

Chamfer Length, Axial

Fue) Density immersion

Fuel Density by Geometry & wt.

Density Tolerance, % of Num,

Fraction of True (Dish

Cylinder Removed by { Chamfer

Sintering Temperature

Sintering Time

Enrichment

Vieight% Gadolinium

Cladding Material, Type

Cladding Material, Spec. No.

s Ctadding Pickied?

Is Insids Sandblasted?

Is Cladding Autoclaved?

Largest Acceptable Defect

Filler Gas Pressure

Free Gas Volume in Rod

Water Limit in Pellets

Water Limit in Whole Rod

Active Fuel Length

15 Enrichment Split Axiatty? 'V

(1}

E-29

1t axial enrichment or poison split exists, give deiails in footnote to section S,




TABLE 2,.2.2 FAILURF DATA FOR ASSEMBLY

TYPE: SERIAL NO.

Sheet of
ABCDEFGHIJKLMNIOPQ 1 GENERAL

17 ’

16 A. Has the assembly been disassembled?
5 . . .

15 B. Or is the examination done on undemounted
14

assembly?

13 v

12 C. Is examination completed, or what else will be
11 done?

1 . .
° D. Are the failed rods listed below the total number
9 . .

of failed rods in the assembly?
8
7 E. If not, give best estimate of total number of
6 faited rods.
5
4
3
2
1
8x8 1757
1. DETAILED RESULTS FOR RODS INSPECTED
TYPE GF EXAMINATION PERFORMED AXIAL AVG. ‘ APPEARANCE
AXIAL FAILURE VISUAL | EDDY DESTRUCTIVE DIAMETER | BURN-UP OF ROD OF FAILUITE
HOD POSITION | POSITION CURRENT | P.LE. Elpaom.o- BLISTER, PCl CRACK, COLLAH

METRY MWD/KG ETC.

gy B-3 | o.4mase\| v Schedvfed |.0025" ]  80.2 Bamboo ridpes, PClcre

i, SUPPLEMENTARY DATA

A.  Suppiy or identify pertinent reports covering the inspection:

B8.  Give power history, (average) along rod and axial distribution for each of the failed rods or the total assembly {use scparate sheet).

€. Give position history of associated control rod({s} (use separate sheet).

© As fraction of actual fucl length from bottom and up

D)

» . . e 1 Telore Jer -
Give largest diametral ridge height (Dmax avg




SECTION 8 - EXHIBITS

Sheet 1 - Section 8

In this section examples are.provided for figures of the type requested in writing in the questionnaire.

The samples are an aid in definition of the material requested and which could equally well be transmitted

in entirely different format.

Exhibit No.

1.21
1.3.1
1.3.21
3.1
3.2.1.1
3.21.2

3.22

Typical Assembly Drawing

Fuel Type Location Core Map - Sampie
Control Rod Layout - Sample

Total Load vs. Time Plot - Sample
Sample 1 of Relative Power Map
Sampte 2 of Relative Power Map

Sample of Axial Power Distribution




EXHIBIT 1.2.1 TYPICAL ASSEMBLY DRAWING
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Exhibit 1. 3.2.1- Control Rod Configuration - PWR
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Exhibit 3.2, 2, ~-Sampis Axial Flux Distribution
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