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To utilize energy resources as efficiently as possible has
become a necessity today. The purpose of this study is to see
how this can be done by extending burnup in a light water reactor.
Specifically, an in-out refueling scheme might extract the maximum
energy from nuclear fuel during its redidence in the reactor.

In principle, a reactor loading with minimum neutron leakage
and minimum parasitic absorption will best utilize the neutrons.
For this, having more fissions near the center of the reactor will
reduce leakage, and parasitic absorption by control elements could

be reduced by having smaller reactivity changes between reloads.



An in-out refueling scheme, i.e., loading the fresh fuel into the
center of the reactor, moving the older fuel outward and removing the
oldest fuel from the edge, could best utilize the reactivity of fresh
fuel. This is because neutron importance is highest in the center.
Placing control preferentially near the center then requires relatively
less absorption in control elements to achieve a given degree of reac-
tor control. The non-uniform flux distribution, with peaking at the
center, will save neutrons because the fuel assemblies of thLe lowest
neutron production capability are located at the edge of the reactor,
and leakage from these fuels is neither very larze nor very important,

To similate the in-out operation of the reactor in this study,
two computer codes have been established. One is a oite-dimensional
code utilizing two group diffusion equations in an iteration scheme,
and the other is a two-dimensional code using spatial flux synthesis.

Studies have been made of the effects of the in-out refueling
scheme on reactor cycle length, fuel burnup level, power peaking
factor and other reactor characteristics.

Results show that an in-out refueling scheme could have a fuel
burnup benefit over the conventional (out-in) refueling scheme. The
benefit can be up to 13 percent or more, depending on the frequency
of refueling, the fuel design and the reactor size, compared with out-

in refueling under the same circumstances.

The in-out refueling scheme with short cycle length gets part of

its benefit from frequent refueling. However, frequent refueling tends

to expose the fuels at the center of the core to very high power peak-



ing. Peaking is a function of batch size (the smaller the batch size
the higher the peak), and is closely related to the initial reactivity
of the fuel, as well as to the method of fuel management. High power
peaking can be alleviated by confining the reactivity;controlling
absorber to the center of the reactor. Moreover, with this type of
control the cycle length and discharge burnup become larger, for a
given replacement batch size, than for a case in which control is
applied over the whole core.

Enrichment certainly could elongate the cycle length and so the
discharge burnup, but the gain of burnup per enrichment increment de-
creases with enrichment level.

Lattice design could also have some effects on the discharge burn~
up. More moderation of neutroms in a looser lattice increases the
initial reactivity of the fuel, although it speeds up the rate of re-
activity loss per flux-time. The low conversion of the fertile
material in the fuel of a loose lattice does not apparently have as

much influence on the discharge burnup as the initial reactivity does.



Extension of Fuel Burnup in Light Water Reactors

bv Using a Strict In~-Out Refueling Scheme

by

Julian Yu~liang Yen

A THESIS
submitted to

Oregon State University

in partial fulfillment of
the requirements for the
degree of
Doctor of Philosophy

June 1983



APPROVED:

“Redacted for Privacy

Professor of Nuclear Engifieering ,
in charge of major

Redacted for Privacy

“Head of Department of Nuclear Engineering

Redacted for Privacy

Dean of Graduzii)School (7

Date thesis is presented July 12, 1982

Becky Cook and

Typed by for Julian Yu-liang Yen

Donna Lee Norvell-Race



ACKNOWLEDGMENT

Like any other project, this dissertation merged many efforts,
time and help from my colleagues and friends.

I sincerely express my thanks to those decent people at Oregon
State University who have lent their assistance generously and en-
thusiastically to the completion of this paper, especially to the
faculty in the Nuclear Engineering Department and in the Milne Com-
puter Center.

I honestly admit that it would have been impossible for me to
finish this work without help and encouragement from Dr. C. H. Wang,
Dr. B. I. Spinrad, Dr. A. H. Robinson, and Dr. F. T. Lindstrom. Drs.
Wang and Spinrad's invaluable support have won the continuous onnsor-
ship of my work by Taiwan Power Company. Dr. Robinson and Dr. Lind-
strom shared their specialty and helped overcome the many difficul-
ties encountered in the course of this work.

I particularly want to thank Dr. Spinrad, my advisor, for his
patience and the advice he has given me over the years. His mastery
of the subject and his penetrating analytical power have kept my work
continually going on the right track. He not only guided me in my
academic work, but also in my attitude toward my profession and human
relationships. My feelings for him go well beyond respect and love.

I also greatly appreciate Taiwan Power Company for sponsoring

this work. My superior, Mr. P. C. Liu, Director of the Atomic



Power Department, should be credited for supporting the accomplish-
ment of this work.

I owe my family and my wife, Sheue-Yun, very much and I thank
them from the bottom of my heart for their understanding and

sacrifice,



Chapter
1

2

3

TABLE OF CONTENTS

INTRODUCTION Sesees e se ettt iesttts ot anar s ercnnnn

THEORETICAL BASIS tveeeuuesnecsoecaceccnccnnnconnnns

2.1
2.2

2.3

The Fuel Group Constants and the
LEOPARD COde tevivivcevecncececacosnesconcnese
The Theoretical Basis for In-Out
Refueling .oiuinereeeeeeeeonennsoncnccocenoeen
The Maximum Discharge Burnup and
the Self-sustained Lifetime ....veeeeeecceneen

ONE-DIMENSION TWO-GROUP MODEL v vnevnnvnnnnnnnnnn.

3.1
3.2

3.5

Description of the Algorithm .e..cevevenennnse
The Difference EQuUations .....c.ceceeeeencencns

3.238 Neutron flUXeS ..ieeeeceeceocececscness
3.2b Adjoint flUXeS .eveeeeeseeeossnnncenes

The Boundary Conditions ...eieeeeeesceceeennas
The Criticality Calculation ....ceeeevoeececss

3.4@ The critical flUXES ..veevececececenss
3.4b The critical boron concentration

8@ATCH .t itiireeeccconccensoscescescess
3.4¢ The critical flux verification .......

Individual Bundle Burnup Calculation .........

3.58 Burmnup algorithm ....vveennenneneennen
3.5% Approximations made in burnup
calculation ...cieiiiiieeecencenancnn

Equilibrium Cycle Discharge Bumnup ...........
Extension of the Cycle Length by
Coastdown Operation ...eeeeececscenscenescnsss

12
17

26
26
28
28
31

32
34

34
35
38
45
45

49
51

61



Chapter Page

4 TWO-DIMENSION TWO-GROUP MODEL ..oieevececsccsccccces 65
4.1 Description of the Algorithm ....ccececececces 65
4.2 Boundary ConditionS ....cccecesececscncscnanns 71
4.3 The Criticality Calculation ...eeieesesceccescs 72
4.4 Individual Element Burnup and Bundle

Average BUTNUD ....ceteeeecccccccccscassosonee 77
4.5 Equilibrium Cycle Discharge Burnup .......c.... 79

5 CASE STUDIES ..ucuueeerensnnorocccoscnncacennsnnnnns 83

5.1 Effect of Flux Peaking Control ........ceeoo.. 83
5.2 Effect of Bundle Lattice Design
and Enrichment .....c.ceieeeecenccccccscecenes 85

5.3 Effect of Batch SiZe .e..ivevveeeesoccascncnes 88
5.4 Effect of Coastdown OpPeration .......eeeeesees 89
5.5 Effect of Reactor Size on Fuel
Discharge BUIMUP ....veevesececceccnconccocenns 89
6 RESULTS AND DISCUSSIONS .vveveceoroensccncococasnocs 94

6.1 The Discharge Burnup Advantage ........ceeeoe. 95
6.2 Batch Size and Maximum Cycle Length .......... 100
6.3 Enrichment Effects on the Discharge

BUITIUP ceveurcnsscccececesosesescossncacannnss 102

6.4 Effect of Bundle Lattice Design on
Discharge BUIMUP .ivesuvrcscccccescnsecesascee 104
6.5 The Peaking Factor .....eeeseescesececccceeces 104
6.6 Central Zone Reactivity Control ......cceeeeee 109
6.7 Effects of Coastdown Operation on the
Discharge BUIMUP ...vveecsecsccesoenssencosses 111
7 CONCLUSION tececeeencensassssnsssssossonascacsassess 131

BIBLIOGRAPHY ...uuuevnunneennnnneieennenscneesnnnees 136

APPENDICES

Appendix A. Tables of Group ConsStants .......osee. 138
Appendix B. One-Dimension Code .......cceevesvecss 155
Appendix C. Two-Dimension Code ...eoveeveececcecsn 180



Figure
2.1

2.2

2.3
2.4

2.5

2.63

2.6b

2.7
3.1

3.2a

3.2b

3.3a

3.3b

3.4a

3.4b

LIST OF FIGURES

Page
Nuclear Reaction Balance Diagram of U-238 Chain 8
k°° vs. Burnup for Taiwan Power Company and Battelle
Calculat ions 10
k, vs. Bumup for Different Type of Fuels 11
Fuel Fresiness and Obsolescence vs. Burnup 14
BOC and EOC Burnup Distribution for Different
Refueling Frequencies 18
Neutron Balance Relation for Reactor of Zero Leakage
in Continuous Refueling 21
Neutron Balance Relation for Finite Reactor in
Continuous Refueling 22
Neutron Balance Relation for Flat Flux 24
Sketch of the Reactor and Its Parameters 27

BOC and EOC
Oconee Fuel

BOC and EOC
Oconee Fuel

BOC and EOC
Oconee Fuel

BOC and EOC
Oconee Fuel

BOC and EOC
Oconee Fuel

BOC and EOC
Oconee Fuel

Flux Distributions of 3-Zone Cycle for
in In-Out Refueling Scheme by our 1-D code. 39

Flux Distributions of 3-Zone Cycle for
in In-Out Refueling Scheme by AHRCHEB code. 39 a

Flux Distributions of 3-Zone Cycle for
in Out-In Refueling Scheme by our 1-D code. 40

Flux Distributions of 3-Zome Cycle for
in Out-In Refueling Scheme by AHRCHEB code. 40 2

Flux Distributions of 6-Zone Cycle for
in In-Out Refueling Scheme by our 1-D code. 41

Flux Distributions of 6-Zone Cycle for
in In-Out Refueling Scheme by AHRCHED code, 41 a



Figure

3.5a

3.5b

3.6 a

3.6b

3.7

3.7

5.1

6.1

6.2

6.3

6.4

6.5

B-1

BOC and EOC Flux Distributions of 6-Zone Cycle for
Oconee Fuel in Qut-In Refueling Scheme by our 1-D code

BOC and BEOC Flux Distributions of 6-Zone Cycle for
Oconee Fuel in Out-In Refueling Scheme by AHRCHED code.

BOC and EOC Flux Distributions of 9-Zone Cycle for
Oconee Fuel in In-Out Refueling Scheme by our 1-D code.

BOC and EOC Flux Distributions of 9-Zone Cycle for
Oconee Fuel in In-Out Refueling Scheme by AHRCHED code.

BOC and EOC Flux Distributions of 9-zone Cycle for
Oconee Fuel in Out-In Refueling Scheme by our 1-D code.

BOC and EOC Flux Distributions of 9-zonme Cycle for
Oconee Fuel in Out-In Refueling Scheme by AHRCHED code.

Sketch of the Fuel Bundle and Its Parameters

Comparison of Discharge Burnups of In-Cut and Out-In
Refueling Schemes in 1-D and 2-D Calculations for
Oconee Fuels

Discharge Burnups of Trojan Fuels in In-Out
Refueling Scheme

Power Peaking Factors of Oconee Fuels in 1-D
In-Out and Out-In Refueling Scheme and 2-D
In-Out Refueling Scheme

1-D Power Peaking Factors of Trojan Fuels at
BOC for Different Refueling Frequencies in Whole
Core Controlled Case

1-D Power Peaking Factors of Trojan Fuels at
EOC for Different Refueling Frequencies in
Central Zone Controlled Case

Block Diagram of 1-D Code

Block Diagram of 2-D Ccde

Page

42

42a

43

43 a

44

44 a

87

96

103

106

107

108
156

182



Table

- 3.1

3.2

5.1

5.2

5.3

5.4

5.5

5.6

6.1

6.2

6.3

6.4

LIST OF TABLES

Effect of Burnup Step Size on Discharge Burnup,
Burnup Calculations with Burnup Step Size of
1000 MWD/MIU

Effect of Burnup Step Size on Discharge Burnup,
Burnup Calculations with Burnup Step Size of
2000 MWD/MIU

Basic Data for Oconee and Trojan Reactors

Design Data of Trojan, Oconee and Standard
Westinghouse Fuels

Zone Dimension of Reactor

Summary of Case Studies for Trojan Type Fuel
in 1-D Calculations for In-Out Refueling
Scheme

Summary of Case Studies for Oconee Type Fuel
in Both 1-D and 2-D Calculations for In-Out
Refueling Scheme

Summary of Case Studies for Oconee Type Fuel
in Both 1-D and 2-D Calculations for Out-In
Refueling Scheme

Discharge Burnups of Oconee Fuel in 3, 6, 9
Zone Normal Cycle Whole Core Controlled Case
for 1-D Calculations of In-Out Refueling
Scheme

Discharge Burnups of Oconee Fuel in 3, 6, 9
Zone Normal Cycle Whole Core Controlled Case
for 2-D Calculations of In-Out Refueling Scheme

Discharge Burnups of Oconee Fuel in 3, 6, 9
Zone Normal Cycle Central Zone Controlled Case
for 1-D Calculations of In-Out Refueling Scheme

Discharge Burnups of Oconee Fuel in 3, 6 and
9-Zone Normal Cycle Whole Core Controlled Case
for 1-D Calculations of Out-In Refueling Scheme

Page

52

53
84

86

90

91

92

93

112

113

114

115



Table

6.5.

6.6

6.7

6.8

6.9

6.10

6.11

6.12

6.13

6'14

6.15

Discharge Burnups of Oconee Fuel in 3, 6, 9
Zone Normal Cycle Whole Core Controlled Case for
2-D Calculations of Out-In Refueling Scheme

Summary of 1-D and 2-D Calculation Results for
Oconee Fuels

Discharge Burnups of Oconee Fuel in 6~ and 9-Zcne
Normal Cycle Whole Core Controlled Case for
Enlarged Reactor Size in 1-D Calculation

Discharge Burnuﬁs of Oconee Fuel in 6~ and 9-Zone
Normal Cycle Central Zone Controlled Case for
Enlarged Reactor in 1-D Calculation

Discharge Burnup of Oconee Fuel in 6-Zone Coast-
down Operation Whole Core Controlled Case for
1-D Calculation

Discharge Burnup of Oconee Fuel in 9-Zone Coast-~
down Operation Whole Core Controlled Case for
1-D Calculation

Discharge Burnups of All Types of Trojan Fuels in
3-Zone Normal Cycle Whole Core Controlled Case
for 1-D Calculation

Discharge Burnups of Trojan 15x15 3 percent Fuel
in 6-Zone Normal Cycle Whole Core and Central
Zome Controlled Cases

Discharge Burnups of Trojan 1515 3 percent Fuel
in 9-Zone Normal Cycle Whole Core and Central

Zone Controlled Cases

Discharge Burnups of Trojan 17xl17 2 percent Fuel
in 6-Zone Normal Cycle Whole Core and Central
Zone Controlled Cases

Discharge Burnups of Trojan 17x17 2 percent Fuel
in 9-Zone Normal Cycle Whole Core and Central

Zone Controlled Cases

Page

116

117

118

119

120

121

122

123

124

125

126



Table

6.16

6.17

6.18

6.19

A-1

A-2

A-3

A-4

Discharge Burnups of Trojan 17x17 3 percent Fuel
in 6-Zone Normal Cycle Whole Core and Central
Zone Controlled Cases

Discharge Burnups of Trojan 17x17 3 percent Fuel
in 9-Zone Normal Cycle Whole Core and Central
Zone Controlled Cases

Discharge Burnups of Trojan 18x18 3 percent Fuel
in 6-Zone Normal Cycle Whole Core and Central
Zone Controlled Cases

Discharge Burnups of Trojan 18x18 3 percent Fuel
in 9-Zone Normal Cycle Whole Core and Central

Zone Controlled Cases

Group Constants for Trojan Fuel of 15x15 Lattice
Design with 3 percent Enrichment

Group Constants for Trojan Fuel of 17x17 Lattice
Design with 2 percent Enrichment

Group Constants for Trojamn Fuei of 17x17 Lattice
Design with 3 percent Enrichment

Group Constants for Trojan Fuel of 18x18 Lattice
Design with 3 percent Enrichment

Group Constants for Oconee Fuel of 15x15 Lattice
Desigh with 3 percent Enrichment

The Format for Group Constants Stored in TAPEl

The Format for the Initial Loadings of the First
Core Element (IZ,IR)

The Format for the Trial Punctions AT and the
Weighting Functions RT Stored in TAPE3

Page

127

128

129

130

139

142

145

146

149
165

188

188



Extension of Fuel Burnup in Light Water Reactors
by Using a Strict In-Out Refueling Scheme

1, INTRODUCTION

It is always desirable to extract more energy out of nuclear fuel
before it is unloaded from the core. This means more efficient use of
the natural uranium mined. Today, this desire has become a necessity
because of the growing scarcity of uranium and the increasing price of
other energy resources, such as oil.

Current reactor fueling schemes do not stress the efficient use
of uranium. There are still ways to improve the maneuvering of the
reactor so that more energy can be extracted from the fuel.

Fuel performance experience and technological developments made
over the past decades have made this improvement possible within a
reasonable safety margin. It is the objective of this work to study
possible improvements that can be made through modifications in fuel
management schemes. The current light water reactors and their fuels
have been designed to have a one-year refueling period so that a
proper power generation schedule can be set up to meet the seasonal
power demand.

In order to maintain a one-year reactivity lifetime, one-third
of the core has to be replaced with fresh fuel of around three percent
U-235 enrichment each year. Enrichment is kept low so that there will
not be too much excess reactivity in the core, and no localized area
.in the core may have enough reactivity to reach criticality. 1In addi-

tion, the existing fueling schemes tend to load the fuels in such a



fashion as to flatten the flux in the core; this reduces the maximum
power density in the fuel for a given total power so that the fuel
mechanical integrity is easier to maintain.

One of the fueling schemes is called the out-in loading pattern;
in this scheme, when the reactor needs to change its fuel, the fuel
bundles around the center are discharged, those in the middle regions
are moved toward the center and the fresh fuel bundles are loaded at
the periphery of the core.

Another conventional fuel-loading pattern is called the checker-
board pattern., In this pattern, fresh fuel bundles are separated from
each other by used fuel bundles. The fresh fuel bundles sre never
loaded side by side; they are at their closest diagonally, just like
squares of the same color on a checkerboard. When newly loaded, the
fresh fuels are scattered around the periphery of the coré, and moved
inward at next refueling. However, fuel is not used most economically
in these schemes.

Today, as energy resources are getting scarcer, oil prices dras-
tically increasing, and fuel performance experience piling up, it is
becoming more interesting or even necessary to make more efficient use
of natural uranium. The current United States nuclear practice
of using a once-through fuel cycle, and delaying the reprocessing
and recycling of spent fuel, enhances the need to extract as much
énergy as possible from the fuel before it is unloaded. This is

the same as getting as high a burnup in



individual fuel bundles as the reactivity lifetime permits.

To have higher bundle burnup also means that per unit of energy
generated less uranium must be mined and there will be less waste
to dispose. In a light water reactor, there is a finite reactivity
lifetime, and therefore there is a limit to the burnup level the
bundle can reach.

Factors (2) affecting the reactivity lifetime of the core are
the composition of the core (such as the fuel, the parasitic mater-
ial and the control rods), leakage, fast fission and non-uniform
flux distribution. Once the reactor core and fuels have been desig-
ned, the reactivity lifetime of the core becomes a matter of how
these factors are maneuvered. Among these factors, the change in
the composition of the fuel is the one that affects reactivity life-
time most when power is generated. As energy is extracted from the
nuclear fuel, its composition changes. Fission products are created,
fissile and fertile materials are produced and destroyed, and other
nonfissionable isotopes are formed as a result of neutron capture and
fission in fissile, fertile and structural materials of the core. As
a result of these changes in the fuel composition, the reactivity of
the core can either increases or decreases depending on the balance
between fission and nonfission absorption of neutrons by the fuel.
The direction of the reactivity change will then determine the react-
ivity lifetime of the core, either infinite or finite. Control rods
are used to compensate for reactivity change during power generation,

to maintain



the criticality of the core and to shape neutron flux as desired.

The object of this study is to find out how to obtain the highest
bundle burnup, i.e., to reach the longest reactivity lifetime through
the manipulation of these factors that affect the reactivity lifetime.
A strict in-out fueling scheme is hypothetically the one that can
yield the highest eicess reactivity for a fuel of given enrichment and
design. However, in reaiity, the core maﬁagement scheme that can lead
to the highest burnup of the fuel is not necessarily the most economic
way of running a reactor in today's rapidly changing economic
environment. This is because the unit cost of power generated by a
nuclear reactor consists of plant capital, operation and maintenance,
and fuel cycle cost. Good plant economy has to be an optimal combina-
tion of all these component costs. An in-out fueling scheme tends to
have a high peaking factor. This will force the reactor to be run at
a low power level, at the expense of plant economy.

Based on the fact that a finite reactor has a non-uniformly dis-
tributed flux, higher at the center of the reactor and lower at the
edge, it is believed that in-out refueling will make best use of the
high neutron population and neutron importance at the center by load-
ing the fresh fuels into the center and locating the oldest fuels at
the edge. This pattern of loading will worsen the power peaking of
the core. How much gain the in-out refueling will have on fuel dis-
charge burnup and how serious the peaking will be are explored here.
Also considered is the question of how control can be managed to em-

phasize burnup and decrease peaking.



2. THEORETICAL BASIS

2.1 The Fuel Group Constants and the LEOPARD Code

When a reactor generates power, changes in the composi-
tion of the fuels occur. The composition of the fuels can be
reasonably translated into neutrom cross-sections for nuclear re-
actor physics purposes. The changes in the composition of the
fuel are then expressible by the changes in these cross-sections.
They are, in general, neutron energy dependent. However, for sim—
plicity, but with reasonable accuracy, these quantities at many
different neutron energies can be combined into parameters in two
different neutron energy ranges: fast and slow. The physical
quantities thus defined are called group constants. They include
diffusion constant D, absorption cross-section Za, fission cross-

section I_, neutron generation probabilityvzf,removal cross-

£
section Zr, resonance escape probability Pr and infinite multipli-
cation factor k.

When the fuel undergoes fission and generates energy, the group
constants change. The energy the fuel has generated is measured
by a quantity, called burnup, which is defined as the energy gener-
ated per unit weight of the fuel and expressed in Megawatt-days
per (metric) ton of uranium initially loaded, MWD/MTU.

In order to know how these group constants change as the

burnup increases, a computer code named LEOPARD (3,4) is utilized.

LEOPARD is a zero-dimension computer code to calculate the group



6
constants of the fuel at different fuel burnups. It is used to gen-

erate homogenized group constants, in either four energy groups or
two groups, for a unit cell of the fuel. LEOPARD assumes that the
reactor contains a large array of unit fuel cells. Therefore, the
unit cell is representative of the reactor. By calculating the fast
and thermal neutron spectra of many fine groups within the hetero-
geneous cell and using these spectra, LEOPARD will collapse the
energy dependence of the nuclear constants into two groups (one
fast and one thermal) or four groups (three fast and one thermal),
while preserving the correct nuclear reaction rate so that neutron
behavior in the reactor can be approximated more easily by
two-group or four-group diffusion equations without sacrificing
too much accuracy. These collapsed constants are

called group constants. It is because of these group constants

that we become able to model the neutron behavior in a reactor by a

set of diffusion equations described later im Section (3.2). Be-
sides the calculations of the group constants at a particular fuel
burnup, LEOPARD also traces the changes in the fuel composition
dﬁe to nuclear reaction under the neutron flux during a certain time
period,so that another set of group constants which represent the
fuel properties after the change can be generated. Thus, the group
¢constants of the fuel at many different fuel burnup levels are
created by LEOPARD.

LEOPARD considers five sets of nuclides, namely (a) uranium-

238 chain elements through plutonium 242, (b) uranium-235 chain

elements through uranium 236 and ¢fission {¢) promethium 149



and samarium 149, (d) iodine 135 and xenon 135, and (e) one pseudo
lement accounting for all other fission products. These sets of
elements are sufficient to represent the fuel. By tracing the change
of each nuclide for a certain amount of fluence (flux-time), and
solving the nuclear reaction batance equations involving these
elements, the composition of the fuel after the amount of fluence
(flux-time) can be known. LPFOPARD will again calculate another set
of fast and thermal fluxes and generate another set of collapsed group
constan:s'for the new fuel composition (or fuel burnup). For illustra-
tive purposes, the nuclear reaction balance equations of the first set
of elements only are shown in Figure (2.1).

The individual bundle (or zone) fuel burnup calculations are
described in Sections (3.5) and (4.4). In those sections we present
the accounting of the amount of fluence (flux-time) a fuel bundle
(or zone) has received for a given power generation time (or a core
average burnup in MWD/MIU). Knowing the fluence (flux-time) of the
fuel bundle, the composition of the fuel bundle can be known by referr-
ing to the group constants at the fluence (flux-time) generated by
LEOPARD. It is LEOPARD that actually does the burnup calculations.

Group constants at different fuel burnups, obtained by LEOPARD
calculations for five types of fuel bundle design, are given in
Appendix A, Table (A-1l) to Table (A-5). Two versions of LEOPARD, the
versions of Taiwan Power Company, TPC (10) and of Oregon State Univer-
BitY: 0Su (11), were used in generating these group constants. Those

in Table (A-5) are calculated by the OSU version for fuels which are
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designated as Oconee fuel because their fuel pins have the same size
as those of an actual reactor, "Oconee". Those in Table (A-1) to
Table (A-4) are generated by the TPC version for fuels which are
called Trojan fuel for the same reason. Group constants for Trojan
fuels turned out to be pessimistic when compared with group constants
of comparable standard PWR fuels obtained at Battelle Northwest
Laboratory (13). The k_ vs. burnup cun‘res for both Taiwan Power
Company and Battelle calculations are shown in Figure (2.2). As

this figure indicates, the k  values calculated by TPC and Battelle
for identical fuel design have the same zero-burnup value for both
calculations, but those from TPC calculations drop at a faster rate
as the burnup increases. Effects of these pessimistic group constants
will be discussed in Chapter VI. The k_ vs. burnup curves for

Trojan and Oconee fuels, as calculated by the two versions of LEOPARD
respectively, are shown in Figure (2.3). Design features of these
fuels, including standard PWR fuel, are in Table (5.1) and Table
(5.2).

The group constants in Appendix A are calculated under the
assumption that the reactor is infinitely large. Thus, the
multiplication factor is called k-infinity (k) because of infinite
reactor size. It is defined as the ratio of the number of nuetrons
in a generation to the number of neutroms in the previous generation,
or in mathematical form as,

JVE £4dV

- (2.1)
fza dv

k

Because of the infinite size of the reactor in the LEOPARD



105 ¥ ' [ ] l l T
v ; ! j
; S I S .
1.4 , ———m-~— TPC 17x17 2% )
1.3 \__ — l — **™" TPC 17x17 3% .
N Ny ——=°®~ Battelle 17x17 3]
1.2 N, | } ——#— Battelle 17x17 41
j\}\ G A A : ==—**— Battelle 17x17 2% ~
P .
X
1.1)_* ‘\_ \~,,\'
\\\. \‘0..\0 5\*\
1.0 _\$ N o N R B
o L] o \'\
9 \‘\\r\\.1 T e T
. : . "\ ! .\g. x-j\‘ﬂ\ e
L 7] ..""%o. \‘r\“q\ ° “"\X-NM
8 . , .\\. 00 . od _\‘;N ‘-\ *d
O 0 b X ; . . A ——— —— ~®
\'l\ 7\Q«\
7 \1‘ 45.\ \00-\_\.0
[ — PR e e - . - . : ‘4 \lx . ‘-y\ °d
\x(v—-—l_“_'_:-..
.6 . — e a—— e — .
N . - : .
.3
i
I .
1 2 3 4 5 6 7
FIGURE 2.2 kw vs . BURNUP FOR TAIWAN POWER COMPANY x 10“MWD/MTU

. -
AND BATTELLE CALCULATIONS o



1.6

1.5
1.4
1.3
1.2
1.1
1.0

.9

.8

! . X
x—— Oconee 15x15 3%

——~=—Troj an 15x15 3%

n { e -} ~——arx——Trojan 17x17 3% —
\ L — ¢ — Trojan 18x18 3%
\\\3%§?~> , + t —==ée——Trojan 17x17 2% -
\\\\\n R | - ‘ |
I ‘.'_\ \ X, ! : —— e ‘
\\\ \s\x ! ; |
Se =EN x\ > \ ‘ Il r
‘\’\\. A oy | r
! .\ \ . : \‘; i !
' : e, \ \u\ l
l : ; ..\i B W I A . - . o
if L 1) \_\.. '%ut:ﬁ:\’\,
f t T S L . S
I ! \\ . r
{ . - - - -— —4'———*—- —.;—"~!\
| i ' 1l .
| 3 X ]
. | L
2 3 5 6 7

FIGURE 2.3

K, V8. BURNUP FOR DIFFERENT TYPE OF FUELS

x 10" MWD/M?Q

11



12
calculation, the flux is flat everywhere in the reactor. There-

fore, k_, vif, Za, Zf and Pr are all local values. When the
reactor is of finite size, the multiplication factor of the sys-
tem, now called effective multiplication factor, keff or k, can
no longer be as large as k_ due to neutron leakage from the core.

The relation between k and k_ is, according to the one-group

approximations,
K=k, —— (2.2)
1+M2B2
Where M2: The migration area of the neutrons in the reactor,
B2: The reactor geometric buckling,
)2, 2.405) 2
H R / !
R : The reactor radius and
H : The reactor height

k is no longer a local value but a global value because it is
an integrated value over the whole reactor system. Equation (2.2)
is a modified one-group critical equation and is appropriate in
a reactor of large size, such as those under study. Both k_and k

are values assuming no reactivity control in the reactor.

2.2 The Theoretical Basis for In—-Out Refueling

A strict in-out fueling scheme is defined as the following

process. Every time old fuel bundles need to be replaced by fresh
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fuel bundles at the end of each power-generation cycle, the fresh

fuel bundles are loaded into the central region of the core. The
OIL{

fuel bundles in the led core are moved toward the edge of the core

in sequence without any jumping, and the fuel bundles at the peri-

phery of the core are discharged. In light water reactors, the

reason the strict in-out refueling procedure will extract more

energy from the fuel bundles than other refueling patterns can be

explained qualitativelyvy as follows

A nuclear fuel can be considered as having two properties:
freshness and obsolescence. Freshness is equivalent to the vZf
(number of neutrons generated) value of the fuel, and obsolescence
is equivalent to the Za (number of neutrons absorbed) value. When
the fuel is new, its freshness will be at its maximum value
(assuming that the conversion ratio of fissile material is less
than one, which is true for a light water thermal reactor) and its
obsolescence will be at its minimum value. This fact can be seen
by observing the changes in vZf and Za values with burnup, as in
Table (A-1), in the unit cell calculation by the LEOPARD code.
When fuel is put into the core to burn, the higher the burnup
of the fuel, the lower the freshness and the higher the obsoles-

cence will be. This is illustrated in Figure (2.4).

In order to extract more energy from the fuel, the fuel
should stay in the core as long as possible, i.e., as long as the
reactivity of the core can be sustained. The reactivity of the

core is defined as Eil, where k is the effective multiplication
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freshness
\)Zf value

T 7
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FIGURE 2.4 Fuel freshness and obsolescence
vs. burnup

factor of the core, as defined in the previeuws section. Tou have
a higher reactivity, the core should have a higher k or k_ value.

Since k is defined as

fcv2f¢dv
fc(2a¢ + leakage)dV '

k will reach its maximum value if fchfédVisatizs maximum , fciaédv
and fc (leakage)dV at their winimuam.

In light water reactors, a cylindrical core shape is a good
approximation. Therefore, the neutron flux in a critical, uniform
reactor will have the shape of a zero order Bessel function of the
first kind (Jo). It is nmormally true that the radial neutron flux

distribution is a monotonically decreasing function from the
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center of the core toward the edge of
the core. (Here the axial neutron flux distribution is assumed to
be flat.) Then, fcv2f¢dv will have a maximum value if we weight
the maximum vzf value by the maximum flux value, and fc2a¢dv will
have the minimum value if we weight the maximum value of Ea by the
minimem flux value. A strict in-out refueling scheme tries to do
this by loading the fresh fuels of highest vZf value into the
center of the core where flux is at its maximum and by keeping the
oldest fuels of the lowest Xa value at the edge of the core where
flux is at its minimum. Moreover, loading the fresh fuels of high
neutron productivity at the center and the old fuels of low neutron
productivity at the edge will keep the neutron leakage low. . There-
fore, the in-out refueling scheme should have the highest reacti-
vity, and thus will extract more enefgy from the fuel than other
loading patterns.

The same conclusion can also be derived from perturbation

theory in reactor physics (5). 1In one-group perturbation theory,

the reactivity of the perturbed reactor is

! w(GEvaJ—GEaMdV

Etk - _Core

p= 7 = (2.8)
k 7;orewvzf¢dv

where k' = the effective multiplication factor of the perturbed

reactor;
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k = the effective multiplication factor of the unper-
turbed reactor;
S§Z_ = the perturbation in the macroscopic fission cross-
section Xf due to burnup;
62‘ = the perturbation in the macroscopic absorption cross-
section 2‘ due to burnup;
Y = the adjoint neutron flux;
¢ = the neutron flux, and

V = the number of neutrons generated per fission.

Since the neutron flux and the adjoint neutron flux are both
monotonically decreasing functions along the radius of the reactor
core from the cenfer toward the edge of the core (indeed, iﬁ one-
group theory, their shapes are identical), and since the denomina-
tor i3 slowly varying, the reactivity will have a maxi-
mum value if the fuel bundles with higher fission cross-section
relative to an arbitrary reference value (e.g., the value at zero
fuel burnup) are put in the center of the core, and the fuel bun-
dles with higher absorption cross-section relative to a reference
value (e.g., the value at zero fuel burnup) are put around the
edge of the core. This demonstrates qualitatively that a strict

in-out refueling scheme will yield the highest reactivity lifetime.
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2.3 The Maximum Discharge Burnup and the Self-sustained Lifetime

We know from the previous section that an in-out refueling
could yield the highest reactivity lifetime for a given design of
fuel. It then becomes interesting to know under what conditions the
fuel could reach its maximum discharge burnup and what the maximum
discharge burnup should be.

According to our analysis, when the refueling frequency in an
in-out refueling scheme is continuous the fuel will reach its maxi-
mum discharge burnup. And this maximum discharge burnup will very
much depend on the burnup value at which the k, of the fuel drops
below 1. The analysis is as follows.

In the in-out refueling scheme, as refueling becomes more fre-
quent, the cycle length of core will decrease because a smaller
amount of fresh fuel is introduced into the core at each reload and
the burnup increment for each zone will become smaller and smaller.
But the discharge burnup will become larger and larger, with the
gain in discharge burnup being roughly proportional to the difference
of the reciprocal of the number of refueling batches, A(—%—),where N
is the number of refueling batches (19). The BOC (Beginning of cycle)
and IOC (End of cycle) burnup distributions for different refueling
frequencies will then approach each other as Figure (2.5) shows.

In the extreme case of continuous refueling most of the energy
output is generated by the fuel in the earliest zones and only a
little by the rest of the fuel in other zones. But because of the very

limited amount of fuel introduced into the core at each refueling,
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the burnup increments in the early (i.e., most recently loaded) zones
are small. ICOnsequently, the burnup distributions at BOC and EOC are
very much the same and continuous as showm in Figure (2.5). The
discharge burnup will reach its limit in the continuous refueling case.
Its value can be derived in the following way; it can be different for
different types of fuel. At EOC, the k of the reactor should be equal

tol, 1.e.,

JVEfddv -1
/(Za¢ + leakage)dv

k =

or

f<?§§¢ -4 - leézag%> dv = 0 ’ (2.5)

Since [ lS%EEES dv 1is proportional to (1 + M?B?) and M?B? in a
reactor is approximately a constant, Equation (2.5), after combined

with Equation (2.1), can be written as

f(k—c (1 + M2B%)-1)¢dv = f(k ~c1-1)ddv = 0 , (2.6)

where ¢ is the proportional constant, cy = c(1l + M2B2). Equation
(2.6) 1is a neutron balance relation in the reactor at its EOC. This
balance relation, when shown grﬁphically, is illustrated in Figures
(2.6). Figure (2.6-1) 1is the case when the reactor is large

enough so that the outermost fuels in the continuous refueling scheme
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have burnups so high that they become a black body to the neutronms,

i.e., no neutrons from the interior leak out from the core. 1In this
case the leakage term c; in Equation (2.6) is zero. The neutron
balance will be that the neutrons generated around the reactor cen-
ter, represented by the shaded area, in the left, between the ¢ curve
and the k_¢ curve, are equal to the neutrons needed by the fuels
close to the edge of the reactor, represented by the shaded area in
the right. The highest burnup at the edge of the core ( or the

far right) in Figure (2.6-1) is the maximum discharge burnup one can
expect to reach in a continuous refueling scheme. This neutron
balance is equivalent to having a zero integrated productivity over
the time from zero burnup to the maximum discharge burnup, with the
productivity defined as the difference in neutron gain and loss per

umit of fluxtime.

When the reactor is of finite size, a certain fraction of neu-
trons leak from the reactor. The c; constant in Equation (2.6) can
no longer be zero. The neutron balance is then like that in Figure
(2.6-2). 1In this figure, the shaded area is now between ka¢ and
(1 + c;)¢ curves rather than k_¢ and ¢ curves as in Figure (2.6-1).
The area is smaller than that in the non-leakage case and the highest
burnup is also lower. Knowing that the leakage is higher for a re-
actor of higher M? and B2, it would be beneficial to design a reactor
of lower M? and B2, as far as discharge burnup is concerned. From
Figure (2.6-1), it is noted that the higher and longer the k_ of the

fuels remains above 1, the larger the shaded area in the left,
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therefore the higher the maximum discharge burnup. For example, if
a fuel has a fertile to fissile conversion ratio greater than 1, the
maximum discharge burnup of the fuel theoretically can be infinite.

Since it is hard to know the maximum discharge burnup from Fi-
gures (2.6-1) and (2.6~2), an approximation will be made. As a
first approximation, if the flux is assumed to be umnity everywhere
in the reactor, i.e., no leakage, the maximum discharge burnup
will be the maximum burnup when the shaded area above the k@ = 1
line in Figure (2.7), is equal to the shaded area below the k_ =1
line. This approximate maximum discharge burnup is called the
self-sustained lifetime of the fuel, because in a time domain, this
burnup is the lifetime the fuel can conceptually reach by itself.
In other words, the fuel will have its self-sustained lifetime when
the extra neutrons the fuel produces before its k, falls below 1
are preserved and used to sustain 1its productivity during the period
when its k_ is less than 1. Thus, in this case the shaded area in
the left in Figure (2.7) is equal to the shaded area in the right.
This self-sustained lifetime is equivalent to the maximum burnup the
fuel can reach in a uniformly graded fuel management scheme (2). 1
this sclhteme, the fuels in any small region are mixed and have a
continuous degree of burnup from zero to the maximum; and all
these fuels are exposed to the same flux, for the localized flux
disturbances due to various burnups are small, These require-
ments of uniformly graded fuel management are the smae as the

assumptions made in defining a self-sustained
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lifetime of fuel. For the fuels under study, the sustained life~-
times obtained from Figure (2.3) are 61000 MWD/T for Oconee 15x15
three percent enrichment fuel, 45000 MWD/T for Trojan 15x15 three
percent enrichment fuel, 41000 MWD/T for Trojan 17x17 three percent
enrichment fuel, 36000 MWD/T for Trojan 18x18 three percent enrich-
ment fuel and 22000 MWD/T for Trojan 17x17 two percent enrichment
fuel. 1In the above, all the numbers for Trojan fuels are based on
Leopard calculations by TPC's version, but the number for Oconee

fuel is from the 0.5.U. version.
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3. ONE-DIMENSION TWO-GROUP MODEL

3.1 Description of the Algorithm

In order to get a quantitative sense of the advantages and
the disadvantages that a strict in-out fueling scheme can have, a
one-dimension two-group diffusion code and a two-dimension synthe-
sis (6,7) code have been established to simulate the behaviors of
a pressurized light water reactor. A sketch of the reactor and its
associated parameters is given in Figure (3.1). In both codes, the
group constants, such as Za absorption cross-section, vZf product
of v and Zf macroscopic fission cross-section, D diffusion co-
efficient, Zr removal cross-sectionm, Pr resonance escape probabi-
lity, and K_ the infinite multiplication factor for different
bundle burnup used in the diffusion equations, are pre—obtained

from the unit cell calculations by the LEOPARD code as described

in Section (2.1). In the one~dimension two-group diffusion
calculations, the critical neutron flux and a critical boron

control absorber concentration are first found through inner and

outer iterations of the two-group diffusion equations (see Section
(3.2)). An inner iteration is one sweep of the flux iteration thr-
ough all spatial points.‘ An outer iteration is one loop of inner

iterations at the same reactor phréical condition. Detailed descri-
ptions are presented in Appendix B and C. Once the critical flux is

obtained, a burnup step (power generation) fcllow using this
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critical flux. A burnup step is a power generation process for a
given time period in which the energy is created by the fuels due
to fissions. The fuels at different locations in the core are ex-
posed to the different levels of the critical neutron flux just com-
puted and undergo different rates of fission. Hence, the amount of
energy generated is different for the fuels at different locations,
and so each will have its own burnup. Their average over the core
is called the core average burnup. It is a measure of the energy
the core generated during the burnup step. Both the core average
burnup and the individual bundle burnup are in units of Megawatt-
days per tonne of uranium fuel, MWD/MTU. Detailed calculation pro-

cedures for the individual bundle burnups are presented in Section

(3.4). Because of the generation of power, due to ﬁuclear reactions,
the fuel composition changes. The group constants of each fuel
bundle are then revised according to its corresponding burnup --
which in this work is the zone average burnup~--to reflect this
change. Another critical flux and burnup calculation is then
carried out. Such a process will repeat and repeat until the

end of the cycle is reached. Detailed descriptions of the proce-

dure follow.

3.2 The Difference Equations

3.2.1 Neutron fluxes

The set of diffusion equations used to solve for the neutron

fluxes is:
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<v12f1¢1 + szfz¢2 =0 (3.1)

L P I
Bﬁ&.¢2 +.£sél.¢1 =0
2

. (3.2

fast group neutron flux;

the thermal group neutron flux;

the fast group macroscopic removal cross-section
(the sum of a fast group macroscopic absorption
and slowing down cross-section);

the thermal group macroscopic absorption cross-
section

the number of neutrons generated per fast and
thermal fission, respectively;

macroscopic fission cross-sections of fast and
thermal groups;

the fast and thermal group diffusion coefficients;
the resonance escape probability from fast group
to thermal group, and

the criticality eigenvalue. )

This set of diffusion equations when applied in an infinitely

high cylindrical geometry is:
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2,1 T L
3% L1 3¢ _a o* + kI];I (\:lzfl‘b‘ + "zsza =0 (3.3)

g2 r 9dr D,

and

3262 1 3¢z z rza

3¢ ,1 -—-2- ¢z+—1-¢‘-0 (3.4)
arz r at z .

Here, r ias the radial distance in cylindrical geometry and
the axial direction length of the reactor is assumed to be infinite,
When the central difference forms (8,9) of 3% and —% are used,
and the successive overrelaxation iterative methzz (8,9) is em-

ployed, the finite difference approximation of Equations (3.3)

and (3.4) becomes:

z v I
1 - - 2( a3 _ £il)41 Ar
4 a1 <1+A’ (D; D, ))4’1 n ( Zr)

1 (-2
(¢i+l n Q<¢i+1,n+1 ¢;.+1 n) + (1-21': ) :ll‘-l,n

szf 2 ’
+ —2 ¢ Ar® . (3.5)
k1:1Dl i,n
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T
2 . 32 a2 2 Ar) {2
i,n+! (1 + D2 At) ¢i,n + (]'+2r> (¢i+1 o7
2 - a2 (4 A\,
+ Q(¢i+1,n+l d,:H-x,n)) + (1 2r)¢i-1,n

P I ¢;
+%—ﬂ Ar? (3.6)

where i : the radial location
Ar : distance between mesh points in radial
direction, Ar = hr
n : iteration step

¢i n’¢ : consecutive values of ¢ at i location
]

i,n+

Q : overrelaxation factor.

3.2.2 Adjoint fluxes

The set of equations for adjoint fluxes is:

21 _ 1 .1 1 2 o

D75y zallp + Y \hzfl‘b + zalpi_l') 0 3.7
292 _ 2 .1 1.

D¢y Zazw + * vzzfzw 0 (3.8)

After several steps of derivation, the corresponding

difference equations are:



1 2{_ay vlzf: 1 2
wi,n+1 = - | 1+Ar D, U]

knD1 i,n
+ ( A) (w‘ + Q! - ! )>
2 i+;,n i+, n+1 i+1,n
p 2
+ {1 _‘1’1-1 n 1)1 <= Vi a (3.9

and

T
2 - - a2z |2 Ar) (2
¥i net (“Arznz Yin® (“ 2z (yi+1.
L Qeur, L - g2 9 + (1- A—‘> y?
i+ n+1 i+ ,n 2r -1,N

Ar? (3.10)

The variables and constants have the same definition as in

Section (3.2.1).

3.3 The Boundary Conditioms
Equations (3.5) and (3.6) can be solved for critical fluxes
¢! and ¢2 by a successive displacement overrelaxation iteration
method with the following boundary conditions,and the same boun-
dary conditions were used for the adjoint fluxes.

At the edge of the core, the boundary condition is

4 _29
Ar d ’
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where d is the extrapolation distance at the free surface, 2.8 cm
for fast flux and 0.666 cm for the thermal flux. (Note: The
extrapolation distance in diffusion theory is 2xD. The diffusion
coefficient, D, is 1.4 cm for fast neutron flux and 0.333 cm for
thermal flux as obtained from the LEOPARD output; therefore, the
extrapolation distance is 2.8 cm for fast neutron fluf and 0.666
cm for thermal neutron flux.)

At the center of the core, Y6 = 0 at r = 0 is used. When
this boundary condition is applied to Equations (3.5) and (3.6),
the finite difference forms of Equations (3.5) and (3.6) can be

written as

1 - ! 2 A2 :
b, D41 * ,n+l'é‘;— (Zax ——f-’> ¢!

B knbl 0,0
Arz\)zz
+——2 ¢ a | (3.11)
2k"Da o
and
2 - Arzzf ) ArzPer .
¢o,n+1 N ¢1,n+1- 2D, ¢°.n + Zﬁ;_—$-¢o,n+1 (3.12)

Equations (3.11) and (3.12) are obtained by multiplying Equations
(3.3) and (3.4) by 2mr, integrating from O to r (here r = Ar),
rearranging the result into difference form.

Successive overrelaxation is also used for the fluxes at the

center. That is,
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¢°’n+1- ¢°’n + Q(¢,,n+1 - ¢°’n) is used as the

starting point for the next iteration, where Q is

an overrelaxation factor betweem 1 and 2.

3.4 The Criticality Calculation

3.4.1 The critical fluxes
To start the flux iteration, initial guesses of the fast
and thermal neutron fluxes of the shape of the zero order Bessel

function of the first kind Jo are used. They are

1 2.465!‘ :
¢ = 4C'J°< R ) (3.13)
and
2 o eey [2.4057)
¢ c Joc—jr——> (3.14)
where 4 = an initial approximation of the ratio of the fast

flux to the thermal flux from the LEOPARD run.
C= a conscaﬁt chosen 30 that the fission rate over

the whole reactor is approximately correct.

This paper also includes some 1-D calculations for an out-in
refueling scheme, a refueling process that is the opposite of the
in-out refueling scheme. A detailed description of ar out-in
refueling scheme is given in Section (5.3). When the out-in re-

fuelingAscheme is under study, the initial guesses are ¢’ = 4C
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and ¢ = C, rather than those of Equations (3.13) and (3.14),

for the actual fluxes in an out-in refueling scheme are not at all
well approximated by Jo Bessel functions. The flat initial guesses
¢! = 4C and ¢ = C are better, and save computer time in flux

iterations.

From equations (3.5) and (3.6), fluxes at neutron generation n+l
can be obtained from fluxes at neutron generation n. In this study,
the iteration begins at the edge of the core and continues toward

the center of the core.

The convergence criterion of the iteration is

lf¢;+1dv-f¢;dv

jcui| = | <107% (3.15)

. . . n .
The iteration scheme for the eigenvalue k is

1 ’ ™ 2
fvizf1¢nd‘ + Jv,Ig,00dv

X "1 - Z
fvlzflén_1dv + fvz.,fz ey

n n=1

- (3.16)

k

3.4.2 The critical boron concentration search

Since this paper includes the study of the effects of reac-
tivity control on discharge burnup and power peaking, the flux
calculations described in Section {3.4.1) will search for the criti-
cal boron concentration, namely, the boron macroscopic absorption
cross section, Z: (critical), needed to bring the reactor to cri-

tical condition, i.e., k = 1 and CH1l < 10" %5, The scheme established
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for Z: (critical) search is followed.
As shown in Section (3.4.1), once the rough k value of the
reactor is found after several iterations, the amount of leakage
the'reactor has can be estimated through the definition of k,

JVE_¢dv

Leakage = " ﬂ:a¢dv (3.17)

In order to bring the reactor to a condition k = 1 by adding
boron, Equation (2,3) can be modified by incorporating Equation

(3.17) into it and setting k = 1, and be written in the form as,

fv2f¢dv

- JVLleddv

k (with boron) = 1 3
k (without boron)+ fza bdv

1 fv2f¢dv

B_ - \
or za a k (without boron)’ [édv (3.18)

Because in our iteration processes, the fluxes and k eigenvalue
are both gradually converged quantities, the X: value obtained
through Equation (3.18) is only an approximate value of 22 (cri-
tical). Repeated adjustments have to be made to reach to Z:
(critical) value. The adjustment process is simply the repeated

application of Equation (3.18). In mathematical form, it is

B B B B
Z.(critical) - QIZ"l + lel.z + QlZ"n

=<1 “a,g (3.19)
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where m = the number of loops of outer iterations needed to
reach critical boron concentration (see Appendix A),
four or five loops are usually needed.
Ql = a convergence factor in helping reaching a right

boron concentration.

B
Eg 118 the first estimation of boron concentration needed in the
9.

first outer iteration when no boron is presented in the core, 82
?

is the second estimation of boron needed in the second outer iter-
ation after 83 is added to the core, E: 313 the estimation after

sl »

Z: . + Ef is added, etc. Equation (3.19) i3 the scheme used in
’ 22

this study.

The effect of the B-10 solution is reflected in the change of
the thermal neutron absorption cross-section Zh(z82 with B-10 is
equal to 2.2 without B-10 plus 22 ). Searching for a critical

B-10 concentration is called outer iteration. Once a B-10 concen-

tration, not necessarily the critical value at the early itera-
tions, is estimated, the group comnstant 8‘2 for each fuel bundle,
in equations (3.5) and (3.6) is revised according to the amount of
B-10 added, an& then another inmer iteration is initiated. Tpe
inner and outer iterations will proceed back and forth until a

critical condition (i.e., the B-10 concentration at its critical

value, CH1 < 105, kx = 1) is reached.
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3.4.3 The critical flux verification

The iteration processes just described, used to obtain
critical fluxes, are notorious for their slow convergence. Some-
times, even though the convergence criterion Equation (3.15) is
met, the flux has really not converged to its critical shape. To
be cgrtain that the iterations in our 1-D code will yield flux of
right shape, some flux calculation results, from both our 1-D code
and an independent 1-D code, called AHRCHEB (14), for the same
core conditions, are plotted in Figures (3.2) to (3.7) for com-
parison. AHRCHEB is a one-dimension code for reactor criticality
calculation. It utilizes the simultaneous solution method (15)

rather than the iteration method in solving for the critical

fluxes. Curves in Figures (3.2.1) and (3.2.2) are the flux shapes,
by our 1-D code and AHRCHEB 1-D code respectively, of a 3-zone
reactor for an in-out refueling scheme, and those in Figures (3.3.1)
and (3.3.2) are the flux shapes also of a 3-zone reactor, but for
an out-in refueling scheme. Figures (3.4.1), (3.4.2), (3.5.1) and
(3.5.2) are for 6~zone reactor and Figures (3.6.1), (3.6.2), (3.7.1)
and (3.7.2) are for 9-zone reactor. As these figures have
demonstrated, fluxes by both calculations are in good agreement.
However, since AHRCHEB 1-D code is superior to our 1-D code,

with respect to computation time and stability, AHRCHEB is used to
calculate the equilibrium discharge burnups for each study case.
Our 1-D code is used to generate the trial and weight functions

needed for 2-D calculations in Section (4.1).
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3.5 Individual Bundle Burnup Calculation

3.5.1 Burnup Algorithm

As the reactor reaches its critical condition, the fuels
will be burned under the critical fluxes for a pre-selected time
step BUC in units of MWD/MTU of core average burnup. That is to
say, the fuels in the core Qill be exposed to the critical fluxes
and undergo fissions for a time period so that the integral of
fluence (flux-time) times fission cross section over the core
volume, after division by the total uranium weight in the core, 1is
equal tb the pre-selected core average burnup BUC MWD/MTU. Cor-
responding to this core average burnup BUC MWD/MTU, the portion of
energy contributed by each zone is the integral of fluence times
fission cross section over the zone volume. This zone integral,
after division by the weight of uranium in the zone, is the zone
average burnup.

To find this zone average burnup is actually an allocation pro-~
cess and is done by Equation (3.20), which follows. After the zone
average burnups of each zone are found, we then could find new sets
of group constants at the new burnup levels, as precalculated by LE-
OPARD. As described in Section (2.1}, it is LEOPARD that actually
calculates the fuel composition change due to fissions. The operat-
ions described in this section are simply to account for the amount
of fluence each zone has been exposed to. Based on these fluences,
the group constants which reflect the changes of fuel composition

are found from LEOPARD calculation results.
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Using the new sets of group constants for each zone in the
core, new critical fluxes are found bv repeating the processes
in Section (3.4) and the core is burned for another burnup time
step BUC. In this way, the core is burned in a discrete fashion.
The step size (BUC) can be large or small. A step size of Qpproxi-
mately 1000 MWD/MTU, a trade-off between computer time consumption
and accuracy of the result, is normally used in this calculationm.
The core cycle lifetime is the period from the beginning of the
cycle, BOC, when the fresh fuel bundles are loaded to the end of
the cycle, EOC, when the reactor can no longer be critical. EOC
here is reached when the 8-19 concentration (or equivalent I:
value) remaining in the core to keep the core in critical condition
is zero and no excess reactivity is left in the core. The core cycle
lifetime is approximately proportional to the magnitude of the B-10
concentration needed at BOC for a critical core.

In this study, the core is burmed to EOC in four or five time
steps. For each time atep, the individua} zone average burnup can be

calculated as

_BI (zone average burnup of I zone, in MWD/MTU)

- PI : D
TI"
BUC BUC
i} PI 5 T i} PI 3 Vc(core)
VI (zone) VI (zone)

Vc (core) T
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PI * BUC

* * 2.
L 2zn-Je-nfecac-p " (N °hr)® - cCAL
zone 1

i I 2meJeni (Zfl¢l(J)+£fz¢2(J))] * m(N*hr)? - BUC
- one I

Y T o2mezend [T 2meJend (5. o'(I)4T ¢’(J)J
zone I core f1 £

NEeBUC . I T (I 44T, 62(D))
- zone I ! £2 (3.20)

2 I Je T Je(I, ¢Y(D+Z. $2(
zone 1 core f1 f2 @

where J : the radial coordinate within zone I or core;
P_ : the power generation rate in zone I, in Mt;
T_ : the uranium weight in zone I, in tonne;
T : the total uranium (U0,) weight in the core, in
tonne;
P : the reactor thermal power, in MWt;
BUC : the time step, MWD/MIU;
D : equal to Egg * T, step size corresponding to BUC,
in day;
N : the total number of mesh points along the core

radius;
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zon§ I : the summation over the zone 1;
corg : the summation over the whole core;
Y : the recoverable energy per fission, 3.2 * 107!7
lﬂl;ec, and
CAL : thé core active length, in cm.

V_(core) : the volume of the whole core, in cn’;

vl(zone). : the volume of zone I, in cm®.

Therefore, for every zone, there ‘13 a zone average burnup
corresponding to each core average burnup step size. Note that
this zone average burnup as obtained through Equation (3.20) is
the zone volune average of the various burmups within the zone.
Instead of summing up these various burnups within the zone
separately step after step for finding the cumulative burnup, we
apply the zone average burnups for each zone after each Step.
Justification of this approximation is given in Section (3.5.2). At
the end of each burnup time step, the group constants for each zone
then have to be revised according to the cumulative burnup for each
zone. The group constants for different cumulative burnups are
generated by the LEQPARD unit cell code. By repeating the burnup
steps until BOC, each zone will accumulate an individual burnup
value. The fuel bundles in the highest burnup zone will then be

discharged from the core, and fresh fuel bundles will be loaded into

the core. The highest burnup is called the discharge burnup.
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3.5.2 Approximations made in burnup calculation

There are two major approximations that have been oade in
the burnup calculation, and their possible influences on the accur-
acy of the burnup must be discussed, _

First, the burnup level in & zone is alvays assumed to be
constant. The zone-average fluence is used to calculate a single
burnup for the zone, and this burnup is applied throughout the
zone to get new group constants (see Equation (3.20)). Secomd,
the critical flux shape is assumed to be constant over the burnup
step, being the critical flux shape calculated at beginning of
the burnup step. These appr;:ximtiona are made to simplify the’
calculations and save computation time. They may cause some devia-
tions on the calculation resultsfrom their actual values. However,
these deviations would not be large enough to destroy the signifi-
cance of the calculation results for the following reasons. With
regard to the first assumption, we realize that in either in-out
refueling or out-in refueling the burnups will not be constant in
a zone. However, when we move fuels from one ;ane to another, we
will put the least burned assemblies from one zone into the place
of another zone vhere we eipcct .thc most burnup will occur in the
next cycle, and conversely. Over time, we can expect the burnups
within a zone to flatten out. The calculations done by Equation
(3.20) are just to simulate such a case. Indeed, flux in a zonme
varies less the more zones there are, so the approximation -

should work less well for the three-zone cases. Checking the flux
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distributions in Figures (3.2) through (3.7), we could find the
worst flux variations occur in the outermost zone in three-zone
case, about t 20 percent about the mean, But there, the burnup
is small and therefore the inhomogeneity is not serious in any
case. The first approximation is justified.

With regard to the second approximation of assuming constant
flux shape over a burnup step, it has been a standard practice
long being used to simplify the calculation (18). In general,
flux shape is constrained by global considerations, such as total
leakage and relative reactivity of regions, and is insensitive to
details., Burnup change within a zone during a burnup step would
not affect the flux shape much. This can be verified from the
fact that the change in flux shape is small even between the BOC
and EOC, as shown in Figures (3.2) through (3.7).

‘ Begides, there exists a burnup compensation effect between two
consecutive burnup steps that could help reduce the deviation the
approximation might cause. The overburn in one area, where flux
is relatively high and iz assuming to be continually high during a
burnup step, will cause the flux in the same area to be relatively
low and be compensated by underburn during the next burnup step, and
vice verss. Of course, this compensation effect can only reduce
the magnitude of deviation. Ideally, the burnup step BUC should be
taken as small as possible, and the critical flux used in burnup
calculation should be that at the mid-way point of the burnup step’

rather than that at the beginning of the burnup step. To see how much
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effect a large burnup step could be on the equilibrium discharge
burnup (see Section(3.6)), two burnup calculations for the same
condition are performed, one with fine burnup step size and
another large burnup step. Results, as shown in Tables(3.1l) and
(3.2), convince us that the second approximation would not cause

much deviation on discharge burnup.

3.6 Equilibrium Cycle Discharge Burnup

An equilibrium cycle is a reactor operation in which
for-every consecutive cycle, the amount of energy generated, the
level of the discharge burnup, and the cycle length are all con-
stant. When a reactor is new and is just starting up, the fuel
bundles of the very first core are all fresh. A transition
period, about 3 to 4 cycles, is usually needed before an equili-
brium cycle can be reached.v This is generally true for different
refueling patterns. The one-dimension two-group code which is
established in this study to simulate the power generation in a
strict in-out refueling scheme also needs 3 or 4, or even more
cycle iterations in order to get an equilibrium cycle. To limit
the number of simulation cycles of burning before an equilibrium

éycle is obtained, two convergence processes are used.



TABLE 3.1 Effect of Burnup Step Size on Discharge Burnup,

Buraup Calculations with Burnup Step Size of

1000 MWD/MIU
__gli‘;-g 0 MWD/MTU BOC 1000 M¥D/MTU 2000 MWD/MIU
7one Nn | Initial Load | power P Mid-exposure | Power Peak Mid-exposure | poyer Pegk |
1 0 4.972 5040 4.738 9840 4.502
2 22300 .811 23100 .945 24030 1.061
3 27550 .156 27710 .217 27930 286
4 29140 .044 29180 .070 29250 .103
5 29780 .013 29790 .023 29820 .037
6 30040 .004 30045 .007 30050 .011
= He 3000 /MU 4000 MD/uTU 5012 . M4D/MTU EOC
.::r.TNo Mid-exposure | poyer Peak| Mid-exposure | p ... peak || Final Burnup | Power Peak
1 14400 4,097 18550 " 3.682 22210 3.231
2 25070 1.234 26290 1.361 27670 1.465
3 28220 .407 28640 .542 29230 .691
4 29350 .171 29520 .260 29800 .372
5 29860 .069 29930 .116 30060 .178
6 30060 .022 30080 T .039 30130 .063
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TABLE 3.2 Effect of Burnup Step Size on Discharge Burnup,
Burnup Calculations with Burnup Step Size of

2000 MJD/MrU

e

0 MWD/MTU BOC

2000 MWD/MTU

4000 MWD/MTU

Zone Mo | Infitial Load | Power Peak Mid-exposure | poyer Peak Mid-exposure | Power Peak
1 0 4.972 10080 4.422 19040 3.612
2 22300 .811 23890 1.104 26070 1.385
3 27600 .156 27910 .307 28540 .564
4 29200 .044 29280 .113 29510 .274
5 29800 .013 29830 .042 29910 .123
6 30000 .004 |l 30010 .013 30030 .042
[ Step 4970 MwD/mry EOC
Zone No|lFinal Burnun |[Power Peak
1 22490 3.327,
2 27410 1.451
3 29130 .658
4 29790 .344 )
5 30050 __-162 | L
6 30080 .057

39
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A. Manually adjust the initial loadings of the cycle

At the end of every power generation simulation cycle, the
initial loadings of the next cycle will be determined manually by
human judgment, dependingcn the cycle length, the initial loadings

and the final bundle distribution of the current cycle.

B. Automatically adjust the initial loadings of the cycle

It is obvious that when an in-out refueling scheme is followed
and the equilibrium stage'is reached, the distribution of the bun-.
dle (or zone) burnups will monotonically increase from the center
toward the edge of the core. Therefore, in the convergence process
of equilibrium cycle for an in-out refueling scheme, the core
should have an initial loading of fuel such that the bundle burn-
up distribution along the reactor radius is lowest at the center
of the core and increasingly higher toward the edge of the core.

A quick convergence toward the equilibrium cycle burnup distribu-
tion can be obtained from the individual zone average burnup incre-

ments of its preceding cycle. The follovihg relation was used.

n
IL n
At e S (3.21)
t s g0 ™1 Excs

GCae
-
s
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wvhere ILi = the initial loading in i zone of the a+;th cycle,

in MWD/MTU; IL? and IL?+1 are zero because

fresh fuels are loaded into the first zone (the

center zone) for each refueling;

BT = the individual zone average burnup increment of

the i zone in the nth cycle, in MWD/MIV;

COREB" = the actual core average burnup of the nth cycle

with initial loadings n.‘i’, in MWD/MTU;

EXCB" = the expected equilibrium cycle core average burn-

up,
NBn n
I (IL, + J.B)

j=y 3 i,
(NB)?

this ratio will be derived later, and

NB = the number of burnup zomes.

Equation (3.21) is used to calculate the initial loadings IL‘;+

for the n+i1th cycle from the individual zone average burnup in-

crements B? of nth cycle obtained from equation (3.20). Factors

cores” IL}p
used in equation (3.21), such as and == help to
n NB-
EXCB n
LB,
J*1 )

accelerate the iteration toward an equilibrium discharge burnup.
These factors are discussed in the following paragraphs.
Assume the zone-average burnups of the initial loadings of

the nth cycle are IL: (vhere i is the zone number and i=; stands

1
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for the innermost zone and NB for the outermost zone; NB is 3, 6,
or 9). With this set of initial loadings, the core can obtain a
core average burnup COREB" in this nth cycle, and the individual
zone average burnup increments corresponding to this core average
burnup COREB" are B?. If the initial loadinga‘ILz are too low
(that is, the individual zone average burnups at the end of the
n-1th cycle are too low, or the discharge burnup of the n-tith
cycle is lower than the equilibrium discharge burnup px8°), the
individual zone average burnup increments B? will tend to increase
and be larger than the equilibrium individual zone average burnup
increments B;. Therefore, the initial loadings IL? have to be
adjusted by the multiplication of factors to reduce the initial
loadings of the n+ith cycle so that the individual zone average
burnups of the n+i1th cycle will approach the equilibrium values.

n
The factor II'NB in equation (3.21) is actually the ratio of

NB-1

.LZ BO

J*1 ]
the initial loading at the outermost zone of the current cycle to
the initial loading at the outermost zone for the subsequent cycle
if the NB-1 subsequent cycles have the individual zone average
burnup increment of B?. This ratio after multiplying by Bg will
give the next cycle an initial loading of proper shape and magni-

tudes. Since Bg has the saeme distribution as the flux, it retains

n
the shape information. The factor Ilys makes an adjustment on the
NB-1 '
.L B9
sz h |
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magnitude of the initial loadings.
COREB"
EXCs"

The factor , 1.e.,

COREB"
N8 n n
L (1L, + jB,)ANB)?
™ J J

makes a further adjustment on the magnitude of the initial load-

ings IL?+1. When the reactor is close to its equilibrium stage,
the sum of the initial loadings ILj and the individual zone aver-
age burnup increment Bj at each zone for cycles approaching the
equilibrium cycle is nearly a constant (i.e., the burnup distri-
butions along the core radius at the end of these cycles are ap-
proximately the same). Therefore, it is reasonable to assume that

the relation

NB n-1, _n-1, ~ NB n n, v ¥8 e e
. IL, +B, ) = . IL, + B,) = ., L (IL. + B})
Jg1 ( ) ) Jgl ( ) J ng ) )

NB
is true. And so the ratio j§1 (IL; + jB?)/(NB)2 is nearly a con-

stant for cycles approaching the equilibrium cycle.

For.cycle n, a ratio designated as EXCB" is called the ex-
pected core average burnup of cycle n because the value of this
ratio is close to the equilibrium core average burnup COREBe, which
is the value the actual core average burnup COREB" is expected to

be if the cycle n is an equilibrium cycle. The expected core



58

average burnup is

NB
EXCB" = 55,(1L? + ng)/(NB)z . (3.22)

In equilibrium condition, ExcB® = cores®. This relation is

derived as follows. For the equilibrium cycle,

it = o.

1
w; = .r8¢
i

2
Ly = .IBS
i"1j
e 3 e
LS = IB°
J*1)

[ Y
e e
1§ = .86
s 3%
* NB-1

e
1 =,TB¢
Lnp Jgu

The initial loading in zone 2 is the zone average incremental
burnup in zone 1. The initial loading in zone 3 is the sum of the
individual zone average incremental burnups in zone 1 and zone 2,

and so on. Therefore,

NB 1 2 3 . NB-1
IS =0+ 385+ 285+ LB+ IBS+ ..., 47 pS
J*1 ] JZ13 v 1 111 1% ) %)
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e e
(NB-1)*By + (NB-2)*B; + ..... + ZBNB—Z NB-1

= NB°B: + NB*B® + ..... + NB*BS_ _ + NBeB
1 2 NB-

e . e
- . *B,
1 NB  j%, J BJ

NB
L

e e e e ¢ o€
NB*(B + B, + .....+ B , +B, ) . Bj

e

(Note: for a reactor of NB equi-volumetric zones,

NB

RS

COREB J—J—NB ).
After rearrangement,

M e e

.Z (ILT + j°*B))

cores® = 13— 1 = gxcs® (3.23)
(NB)?

For cycles other than an equilibrivm cycle, there is a corres-

ponding expected core average burnup EXCB as calculated by Equation

(3.22). This EXCB is helpful in accelerating the convergence of

cycle toward equilibrium. The expected core average burnup of a

cycle other than an equilibrium cycle is always closer to COREB®

(or EXCB®) than the actual core average burnup of the cycle, This

statement is proved as follows.

For a reactor divided into NB equi-volumetric zones,



&
s

COREB® = T B

[
[T

e

= xcB® = . 1.% + in®
if i 7

=

(NB)®

It then becomes obvious that

NB
ExcB” - ExcB® = P[1L? - 1wf +i(8] - %)
1%1 1 1 1 1

(NB)?

NB n NB . NB a
= L (IL, + B,) -.L (IL, + BS) + L (i-1)(B, - B
13 1 1 13 1 1 1% 1

%)

1

(NB)?

NB n e NB 0 e
= T i(B, -B,) - . (B, -B)
1> 1 1 1=4 1
(NB)?2
NB

60

(3.24)

because .I (ILT + B7) Y.z (ILS + BS) for cycles close to equili-
1% 1 b i%y i i

brium cycle, and also

CoreB" - EXCB" = COREB" - EXCB™ - COREB® + EXCB®
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NB , NB NB NB L
= NB.L B, - (,Z IL.+iB.)- NB.Z B.+ (.I IL.+iB.)
1= 1 1" 1 1 1=y 1 1*1 1 1
(NB)?2
NB n e NB e e NB n
= I (NB-i#1)(B.-B.) + .I (IL.+B>) - .I (IL.+B.)
1= 1 1 1=1 1 1 1=y 1 1
(NB)?
NB . n .
= i£1 (NB-1+1)(Bi - Bi) (3.25)
(NB)?2
NB NB

For cycles with iz132 > i§1B;’ the right sides of equations
(3.24) and (3.25) are all positive, therefore COREB" > EXCB" >

NB NB
EXCB®. For cycles with i§13' < i£13; , the right sides of equa-

J
tions (3.24) and (3.25) are negative, therefore COREB"< EXCB" <
EXCB®. As a result, the ratio of the actual core average burnup
COREB" to EXCBn, indicates whether the actual core average burnup
COREB" is higher or lower than the equilibrium core average burn-
up, depending on whether COREB"/EXCBn is larger or smaller than 1.
By multiplying this ratio into ILn*l, IL™! will become much
closer to its equilibrium value.

Equation (3.21) was used to accelerate the convergence, and

was found effective.

3.7 Extension of the Cycle Length by Coastdown Operation

Once the reactor reaches the end of its cycle at 100 percent
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power operation, the reactor can still be kept critical by gradual-
ly reducing the power level. This type of operation is called
normal coastdown operation. Coastdown operation is possible be-
cause light water reactors are designed to have a negative power
coefficient for safety reasons. The largest contributor to the
negative power coefficient is the negative coolant temperature co-
efficient. When power decreases, the coolant temperature de-
creases and so the reactivity of the reactor increases because of
the negative coolant temperature coefficient. Further decreasing
the coolant temperature by cutting off some of the feedwater heat-
ers can extend the cycle length even further.

The resonance escape probability Pr in the multiplication
factor k_ (k= nEPre) is the factor primarily responsible for
being able to extend the cycle length by changing the coolant tem-

perature. Pr in LEOPARD code is defined as:

z
P = T+ (3.26)

where Zren is the macroscopic neutron removal cross-section from
fast group to thermal group; Z. is the macroscopic neutron absorp-
tion cross-section in the fast group.
After differentiating both sides of the equationm,
(Note: dZa is ignored because Ea would not change much

due to coolant temperature change.)
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(l-pr)

® "F 31 Yren
rem a
(1-P )Z )

T rem rem
I + I T
rem a rem

-p) de
P(1-P) = (3.27)

where

a = the volume expansion coefficient of water, and

p = water density.

In a typical pressurized light water reactor, when the reac-
tor is coasted down from 100 percent to 90 percent, 80 percent,
70 percent,'and 60 percent power, the corresponding core coolant
temperature changes from 586°F to 573.5°F, 561°F, 548.5°F, and
536°F, correspondingly (12).

The resonance escape probability Pr for each power level is

then .

P =P
r

+AP =-P (1-P )e-a-(573.5 - 586)
21 n To To

P =P +AP =-p (1-P )ea-(561 - 586)
T2 To r2 To To
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P =P +AP = -p (1-P )ea-(548.5 - 586)
rs3 ro ry ro To

P =P +AP = -p (1-P )ea+(536 - 586). (3.28)
Ty Tro Ty ro Tro

where

a = 0.001666/°F ,

the volume expansion coefficienf of water for temperatures between

586°F and 536°F under the reactor pressure of 2200 psaia.
Simulation of the coastdown operation of the reactor can be

made by changing the Pr value in the group constants. It has

been carried out only in a one-dimension, two-group calculation.
The equilibrium cycle discharge burnup for the coastdown oper-

ation can also be obtained in the same way as described in Section

(3.64 except that for coastdown operation the end of cycle is ex-

tended to 60 percent power level.
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4. TWO-DIMENSION TWO-GROUP MODEL

In one-dimension calculations, the axial length of the reac-
tor is assumed infinite; therefore, there is no axial leakage of
neutrons. Because of this, one~dimension calculations will over-
estimate the reactivity life time of the core and the burnup level
of the fuel bundles. Therefore, it is necessary to take into ac-
count the axial migration of the neutrons in order to obtain an
accurate determination of the burnup level of the fuel bundles
that a strict in-out refueling scheme can reach. The axial de-
pendence of the neturon flux is evaluated by the "synthesis

method" which is described in Sections (4.1), (4.2), and (4.3).

.1 Description of the algorithm

Because in most cases the flux in a cylindrical reactor is
approximately azimuthally symmetrical, the flux can be adequately
represented by the r-radial and z-axial components. A three-
dimensional problem is therefore simplified to a two-dimensional
one. Even in the two-dimensional case, a pure diffusion calcula-
tion is rather involved and would consume a great deal of com-
puter time, A method called "spa;ial synthesis" is used to avoid
these difficulties. For illustrative purposes, we may use the

sketch of the reactor given in Figure (3.1).
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In spatial synthesis, the flux is represented as a linear com-
bination of the products of radial trial functioms Ti(r) and axial
flux-dependence functions fi(z), assuming that the r-radial and the
z-axial components of the flux are separable. We have used three

such products, thus:
. 3
¢'(r,z) = i§1ri;(r) 'fi(z) (4.1)

and

3
$*(r,2) = I T, (r) £.(2) (4.2)

where

¢'(r,z) and ¢*(r,z) = the fast and thermal fluxes
at location (r,z), respectively;
Til(r) and Tiz(r) = the trial functions for the fast
. and thermal fluxes, respectively,
at radial location r;

i = the index of the trial function
used (3 is chosen for both fast
and thermal fluxes in this paper);

fi(z) = the ith z-component of the flux at
axial location z, which is the
same for both the fast and ther-

mal fluxes.
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The trial functions used in the two-dimension calculations are
the fluxes obtained in the one-dimension calculations. They are
the fast and thermel fluxes in the one-dimension model (1) at the
beginning of cycle with the core slightly supercritical, (2) at
the beginning of cycle with the core critical, and (3) at the end
of cycle with the core critical.

According to two-group diffusion theory, the governing equa-

tion of neutrons is,

Hd = 0 , (4.3)
where,
2 . 1 l,¢
H=
PI D,V% - ¢
r a az
¢l
¢ =
2 .

Since ¢ is synthesized as

s _
¢ = i§1Ti(r)fi(2) (4.4)
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and

s
IHT.£ =0 (4.5)

After multiplying the Equation (4.5) by the radially adjoint
flux i;-of each trial function Ti' i.e., f: s f: , and f;: indi-
vidually, and integrating over the reactor cross-sectional area,

the following set of equations can be obtained.

<F PEfe > 0 (4.6.1)
AR 4.6.
- 3 .

<T, .DHT.f> =0 (4.6.2)

111 rdr
- 3 _
< Ty .I HT.£.> = ( (4.6.3)
i
where
- + +
Tj - le' sz » and < > dr 18 a symbol meaning

integration over the reactor cross-sectional area.

Thus, for example, take Equation (4.6.1) for derivation.
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- L.
< Ty .I HT.f.> = 0.
iy 11
rdr

After expansion,

< itﬂi;f1>rdr + <§:HE2fz>rdr-ﬁ<§tH§3fg>rdr =0 (4.7)

Since H in cylindrical coordinates for a right cylindrical

reactor is

r ——
2
byd _d a . 1, 1, +
r dar Tkt D 022 Zar ¥k rlg, k V2 g,
P I D2d _d L
T & r ar Tar ' 2az “a,
o -t

then further expansion of the first term of Equation (4.7) will

lead to the following result:

<TIHT fy>rdr = Dy £,<T1; Tyy >rdr+ Dy fq<T %%E':‘:T" >rdr

+ + Vlzf
- £1<Tny 2‘ T >rdr + £,<Tp -—;—L Ty >rdr
1 n

\)22

+
+ £,<TH -—Ezl T2 >rdr + £,<Ty, Prza1 Tyy >rdr

+ + 1d d
+ D, f; <T12Ti12>rdr + D3£1<Ty2 Ta i T12> rdr
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+
- < z > = . .
£1<T12 32T12 rdr 0 (4.8)

By doing the same for the second and the third term of the

Equation (4.7), Equation (4.7) becomes

n " " Q11 Q12
Anfy + Ar2fr + Alsfy + = £, + — f,
a
13
+ £y B fy + B f, + ByEy, = 0, (4.9)

where the A's, a's, and 8's are defined below. A general expres-
sion for the Equations (4.6.1), (4.6.2), and (4.6.3) can then be

obtained as

3 3 " I
<Tt THT.f. > , = L (A, f, + 21 f + 8. .£) =0
jJ i¥17171 rpdr 1= ji'1 k i ji'i
(j = 1,2,3) . (4.10)
where
+ +
A,. = D1<T. T, > 4+ Do<T. T. > (4.11.1D
ji j1 11 rdr j2 12 rdr
+
= < > < > . .
h le vlffl T; >rar * szvzzsziz cdr (4.11.2)
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+ 1d d
< = = >
* D2 sz rdr | dr sz rdr

]
N
~3

.o T, >
31231 11 rdr

L
>
<szzazTiz rdr (4.11.3)

The finite difference form of Equation (4.10) is

3 f:(z-hz) - 2£.(z) + f.(z+hz) q..
L, = - = A
R (Az)? 1
+3. . E(]=0 , (j=1,2,3) (4.12)
ji 1

with Az = hz, the distance between mesh points in the z-direction.

It is an eigenvalue equation, with only one independent variable z.

4.2 Boundary Condtions

Because of the synmetry of the flux about the mid-plane of the
core and the vanishing of the flux at the top and the bottom of the
core, the following boundary conditions should be met by the solu-
tions to Equation (4.12).

The boundary conditions are, at the midplane,



£, (+hz) = £, (-h2)
f,(+hz) = £,(-hz)

£, (+hz) = £,(-hz) (4.13)

and, at the end of the core,

o ,
fl(i'*_l Y=o

£ +a,,) =0

ext
, _
£+ Ag) = O (4.14)

where Aext = the extrapolation distance; it is chosen as one uni-
form distance hz between mesh points for the conveni-
ence of calculation, and

H = the height of the reactor.

For a large reactor, small deviations in the extrapolation
distance will not affect the reactor behavior. 1In this paper, the

number of mesh points is chosen so that the hz value is 9 cm, ap-

proximately the upper and lower reflector savings of LWR's.

4.3 The Criticality Calculation

Because of the symmetry of the flux about the midplane, the
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critical fluxes for only half of the core will be solved.
To accelerate the iteration, the successive overrelaxation method
is employed in solving £1(z), £,(z) and f£3(z). The following steps

are used to calculate the critical fluxes.

Step (1)

The governing Equation (4.12), when actually used in iterationm,

is written in matrix form.

2‘.&081,

2A1 3‘(A8)z X

T

2A11-(42)? 2&*031) 2A|3‘(A8)z<‘°¥"su f1(z)

N - e

* £2(2) -

2A21‘(Al)1<gzi’sn) ZAu"(A‘)z(EEL‘ez) uu-(Az)zﬁxk 82

k
2441~(32)? <Ei'1*3n) 2h4,-(A2)? (&&1.3" uls'(&:ﬂ(%‘#ﬂ:) £4(2)



A\x(f\(z
+ Arz [fz(z

- A\;[f;(z

Alef\(z
+ gz [fz(z

+ A:;[fg(z

A;\[fl(z

+ A3 [fz(z

+ A;;[f;(z

~ hz)
~ hz)

- hz)

- hz)
- hz)

- hz)

- hz)
- hz)

- hz)

f\(z
fz(z
£3(z

"
-
—~
N

fz(z
f;(z

51(2
fz(z

£3(z

-

hzﬂ
hzﬂ
hzﬂ

hzﬂ
hzﬂ
hzu

hzn
hzﬂ

hzﬂ
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(4.15

Equation (4.15), in a successive displacement iterative form, can

be simplified and written as

L f?i(z) = R [f?“ (z-hz) + f? (z+hzﬂ

where L =
R =
m,mey] =
Step (2)

the successive m, and m+) iterations,

(1 = 1,2,3) (4.16)

the left-hand side operator of equation (4.15)

the right-hand side operator of equation (4.15)

To begin the iteration of Equation (4.16), the initial guesses of
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£3(z) = £3(z) = £3(z) = 1 and the eigenvalue k = 1 are used.
The right-hand sides of Equation (4.16) become known values if we

utilize the boundary conditions of f(z)'s, as described next.

Step (3)

The iteration begins from the midplane of the reactor toward the
top of the reactor. Because of the boundary condition Equation (4.13),
the right-hand side of Equation (4.16) can be known if we set the
first term equal to the second term which is known from previous
iterations. Iteration can go on toward the edge of the core and
meet the boundary condition (4.14). A standard computer library

subroutine LEQTIF (16) is used in solving Equation (4.15).

Step (4)

Once f?fx(z) at any z is obtained, f?+l(z) is overrelaxed by

the relation
£ (2) = £ (2) + FRXL. (£ (2) - £2 (2)),
i i i i

where FRX1 is an overrelaxation factor.
At the next spatial point, £ (z) is immediately used for solv-
ing £(z). 1In this work, FRX1=1.3 was employed except for the very

first two inner iterations for which FRX1=1 was used.

step (5)

When one pass of an inner iteration is completed, a new eigenvalue
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is calculated

z
f\) f¢m+ldv km

fvzf¢m dv ’

m+1
k =

1

where ¢m+1 is the flux obtained from fm+ (z) according to Equation

(4.4) and ¢m from £ .

-

m+ m+ m+ m, .

Instead of k !, a relaxed k '+ =1%(k * + k ) is used for the
X X X +17

next outer iteration. This relaxed k" * helps converge the

+
iteration and avoid instability in £(2z) that might happen if K"

is far from the correct k.

Step (6)

The flux is considered converged if the criteria

-4

o . dv-Sd dv
n 2 _ <10 is met.

Jo mdv

Step (7)

The core is burned under the converged flux for a burnup step.
After this burnup step, another new converged flux under the new core
condition is calculated and the core is burned again. This process
will go on until the end of the cycle is reached. The burnup algo-
rithm is the same as exhibited in Section 3.4 of the 1-D calculation.
Several burnup steps are needed to reach the end of the cycle. The
finer the burnup step size, the more accurate the burnup calculation.

In our 2-D calculation, the firstburnup step is taken as 2000 MWD/MTU,
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followed by smaller burnup step sizes. By this means, reasonably

accurate results can be obtained at moderate computer cost. The end

of cycle occurs when the converged k falls between 1.0002 and .9998.

4.4 Individual Element Burnup and Bundle Average Burnup

As in the one~dimension burnup calculation in Section 3.4, once

the critical fluxes are obtained, the element and zone (or bundle)

average burmup corresponding to a core average burnup step size of

BUC MWD/MTU can be calculated as follows:

1. The element burnup B(I,Z)

1f we define, E(I,2)

T(1,2)

P(1,2)

v(I1,2)

a fraction of fuel bundle I at axial
location Z, as shown in Figure 3.1.

It is called the fuel element E(I,Z);

the uranium weight of fuel element

E(1,Z), in tonnes;

the power generation rate in fuel ele-
ment E(I,Z);

in MWe;

the volume occupied by fuel element
(E(1,2), in cm®;

the total reactor volume, in cm’;

the total reactor power generation

rate, in MWt;
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T = the total uranium weight in core, in
tonnes;
h, = the distance between mesh points in Z

direction, in cm and

NZZ = the number of divisions in Z direction

for half the core height.

Then, the element burnup B(I,Z) of the element E(I,Z) corresponding
to a power generation period D (or the equivalent core average burnup

step BUC) is

P(I,Z) D (4.17)

B(1,Z) = _ﬁﬁ'i_

Since D = E%E * T and T(I,Z) = YS%*El * T, equation (4.16) becomes

< P(1,2) - BUC - V
B(1,2) P+ V(L,2) (4.18)

Equation (4.18) is the one used to calculate the element burnup B(I,Z),

2. The zome (or bundle) average burnup ZBU(I)

The zone average burnup ZBU(I) is simply the average of the ele-

went burnup B(I,Z) in Zome I.

NzZ
L, B(1,2)

ZBU(I) = z_'u_z'z_ MWD/MTU (4.19)
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By repeating the burnup calculations several times the reactor will
reach to its end of cycle. If the cycle just Tun ig not an equili-
brium one, another cycle with new initial loadings of the core will

follow. The processes in reaching an equilibrium cycle are next.

4.5 Equilibrium Cycle Discharge Burnup

In reality, an equilibrium cycle in which the core average burn-
up and the discharge element burnups remain constant for each cycle
is very difficult to reach, because power generation manipulations,
required to meet the power demand, are hardly the same from cycle to
cycle. The outcome of the manipulations in the previous cycle
affects the behavior of the reactor in the following cycle, thus
making the cycles different from each other. Therefore, an equili-
brium cycle is only a theoretical state of reactor operations. To
simplify the problem, no core manipulation is employed, and all
cycles are to have identical energy demands. Even after ignoring all
the power generation manipulations, searching for an equilibrium
cycle has different methods from the ones used in the one-dimension
case. Basically, they are averaging operations which make use of
relationships inherent in the equilibrium cycle between the intial
loadings and individual bundle incremental burnups. These proce-

dures are divided into four steps.

Step (1)

First, we define ILn(I,Z) = the burnup of the fuel element E(I,Z)



at the beginming of cycle n, it is
called the initial loading of the cors
of cycle a, in MOD/HIU;

l‘(l..".) = the total burmup increment of element

B(1,2) during cycle a, in MWD/MTU;

IL.(I.Z) = the initial loading of core for an
equilibrium cycle, in MVD/MIVU, and

B.(I.Z) = the total burnup increment of element
E(I,2) for an equilibrium cycle, in

WD/ MTU.

In searching for an equilibrium cycle, we begin from the first cycle
vith an initial loading of IL'(I,Z) for each fuel element E(I,Z).
Burn the core until the end of the cycle. As a result of the power
generation in the cycli. each element E(I,Z) gains an increaental
burnup of B!(I,Z) corresponding to the power generated in the cycle.
The superscript ! demotss the first cycle.

8t 2 _
An uitm loading n! (I,2Z) higher or lower than the equilibrium

cycle valus n.‘(x.z) will lead to an incremental element burnup

3'(1,2) lower or higher than the incremental element burnup 3%(I,2)

of the equilibrium cycle. Because the values of B! (1,Z) for the

, first zone of the first cycle are the initial losdings for the

second gone of the secend cycle in the in-out refueling scheme (and
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B}(2,2) + IL‘(Z,Z) are the initial loadings for the third zone of the
second cycle, and so on), a poor guess of the initial loadings
IL(I,Z) will make the reactor cycle lengths for the following

cycles swing above and below the equilibrium cycle length. Thus,

it will be difficult to converge to the equilibrium cycle. In order
to avoid the swing and speed up the convergence, some deliberate
modifications on the initial loadings of the next cycle must be

made based on information from the previous cycle. Taking the

second cycle as an example, the average of 1L'(2,2) and B(1,Z) of
the first cycle instead of only B!(l,Z) is adopted as the initial

loading for the second zone of the second cycle.

Step (3)
The initial loading of the third zone is taken as the sum of
IL'(2,2) and L(IL'(2,2) + Bl(l,Z)) x B}(2,2Z). The same averaging

B*(1,2)
operations are applied to all other zones for initial loadings. That

is .

IL%(2,2) = ILY(1,2) + L4(IL!1(2,2) + B!(1,2)) x B!(2,2)
B1(1,Z)

IL%(3,2) = IL2(2,Z) + %(IL!(2,2) + B1(1,2)) x B(3,2)
B1(4,2)

IL%(4,Z) = IL2(3,Z) + %(IL!(2,2) + B1(1,2)) x Bl(4,2)
B1(1,2)

IL?(NB,Z) = IL2(NB-I,Z) + %(IL!(2,2) + B1(L,2)) x B!(NB,2)

BI(1,2)

where NB the number of zones; and
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ILn(i,Z) = 0 for every cyclen = 1,2,3,... because fresh

fuels axe loaded into the first zone for every cycle.

Ste 4)

With the new initial loadings obtained from Step (2) and Step

(3), another power generation cycle is run.

Step (5) -

Continue repeating steps (2), (3) and (4) until the conditions

of the equilibrium cycle are reached, i.e., until

n™(1,z) = 1L(1,2) and

" (1,2) - B%(1,2).

In this study, a less restricted condition,

NB NZz ntl n+1 n n
12_1 zgl (IL"" (r,2) + B (1,2)~IL (I,Z) - B (I,Z))<S000

MWD/MTU {s used.

The burnups of the outermost elements (B(NB,Z),Z=1,NZZ) are the

equilibrium cycle discharge burnups.
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5. CASE STUDIES AND DISCUSSION

Cases concerning the effects on the equilibrium discharge
burnup, of the way of flux peaking control, the lattice design,
enrichment, coastdown operation, and the batch size of replacement
fuel are under study in this paper.

Reactors employedAfor these studies are reactors of Oconee
and Trojan size. By this, we mean that we did not really study
the Oconee and Trojan reactors, rather we used some of the
characteristics of these reactors to define parameters of very
idealized reactors for study. For this reason, "Oconee" and
"Trojan" as used to describe calculations done here are just short-
hand for referring to these idealized reactors. Likewise, the
fuels designated here as "Oconee fuel" or "Trojan fuel"” are also
idealized fuels with fuel pins of the same size either as actual
Oconee fuel pins or as Trojan fuel‘pins, rather than actual Oconee
fuel or Trojan fuel. As a matter of fact, the Trojan fuels under
study here have a more pessimistic set of group constants than what
ve expected the actual Trojan fuel sgould have, even though both
have the same fuel pin size. (See Section (2.1) Confusions with the
real reactor cases should be awoided. The basic parameters of these

idealized reactors are summarized in Table (5.1).

5.1 Effect of Flux Peaking Control

As discussed before, the in-out refueling scheme has a higher



Table 5.1. Basic data for Oconee and Trojan reactors.

Oconee Enlarged Oconee Trojan
Reactor Radius, cm 163.5 200 170
Reactor Height, cm 366 366 365
Power, MWT 2568 3842 3411

Note:

In this work, when a reactor is loaded with fuels of different lattice
design, the core does not necessarily contain an integral number of
fuel assemblies. Actually, the core, within its radius is fully occu-
pled by fuel rods with rod dimensions and pitch as specified for a
particular lattice. Therefore, the amount of uranium loaded into the
core depends on the number of fuel rods in the reactor volume. The re-

actor is then divided into zones of equi-volume for study. Zone
dimensions are in Table 5.3.
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peaking factor than conventional refueling schemes because fresh
fuels are intentionally loaded into regions of higher flux in

the in-out refueling scheme, and so flux peaking is exacerbated.
Nevertheless, it is always desirable to avoid a flux with too high
a peaking factor. One way to avoid peaking is to derate the reac-
tor system, but it is a costly way; for it will reduce the capa-
city of the system and damage the system economics. An alternate
way to reduce the peaking problem without derating the system is
to confine the control poison, boron, only to the central zone,
where the peaking usually occurs. Therefore, the reactor is
studied under two different kinds of control, i.e., whole core

control and central zone control,

5.2 Effect of Bundle Lattice Design and Enrichment

In addition to the type of coﬁtrol used, fuel bundle lattice
design and enrichment have long been known to be very important
factors in safety and fuel economicsﬂ In order to see how fuels
with different lattice design and different enrichment will func-
tion in the in-out refueling scheme, Trojan fuels of three lattice
designs and two enrichments, i.e., 15x15 with 3% enrichment, 17x17
with 2% enrichment, 17x17 with 3% enrichment and 18x18 with 3% en-
richment, and Oconee fuels of 15x15 with 3% enrichment are studied
in this paper. Bundle design data and the sketches of these fuels

are shown in Table (5.2)and Figure (5.1), respectively.



Table 5.2. Design data of Trojan, Oconee and standard Westinghouse fuels.

Standard Trojan Trojan Trojan Trojan Oconee
PWR 17x17 15x15 17x17 17x17 18x18 15x15
Cold Pallet O.R. cm .4095 .4095 .4095 .4095 .4095 .47
Clad I.R cm .4178 .4100 .4100 .4100 .4100 .4788
Clad O.R cm 4749 .4749 4749 4749 4749 .5461
Cold Pitch cm 1.26 1.43 1.26 1.26 1.19 1.45
w 3
Power Density cm 105.7 102 102 102 102 83,382
Resonance temp °F, 1550 1500 1500 1500 1500 1540
Péllet temp °F. 1350 1500 1500 1500 1500 1500
Clad temp °F, 640 650 650 650 650 630
Moderator temp °F. 590 580 580 580 580 $79.3
Moderator Pressure
Psia 2250 2220 2220 2220 2220 2200
Assembly Pitch
cm 21.5 21.5 21.5 21.5 21.5 21.8
Enrichment % 32 3% 27 3% k)4 3%

98
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In this study, the 15x15 fuel bundle has 225 fuel rods, the 17x17 fuel has 289
rods and the 18x18 fuel has 324 fuel rods. In actual fuel design, because some
control rod thimbles are included, less fuel rods are in the fuel bundle. The

actual 15x15 fuel bundle has 208 rods, the 17x17 fuel has 264 rods. No actual
18x18 fuel has ever been designed.

FIGURE 5.1 Sketch of the fuel bundle and its parameters,

L8
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5.3 Effect of Batch Size

Most current light water reactors have a one-year refueling
period, based on the same period of seasonal power demand. For
reasons of system maintenance and fuel economics, refueling
schemes of different periods, such as 18 months or six months (12)
have been investigated by the nuclear industry. It is the number
of fuel batches (or zones) employed for refueling that has the
major bearing on the length of the cycle period. In view of this,
cases of 3, 6 and 9 zone cycles are analyzed for both Trojan and
Oconee fuel. However, in order to see how much gain in discharge
burnup the in-out refueling can have for different batch size when
compared to an out-in refueling scheme, cases of 3, 6 and 9 zone

cycles in out-in refueling scheme are also studied, but omnly for

' Oconee fuel. An out-in refueling scheme under this study is defined
to be ome such that, when refueliné is required, the fuel bundles in
the innermogt zone are discharged, the fuels in the outer zones are
moved inward in a sequential fashion and the fresh fuelé are loaded
into the outermost zone. It is a pr;cess just opposite to the in-~
out refueling scheme. Although the out-in refueling scheme just
defined is not exactly the same as the standard out-in refueling
scheme (1n which new fuel is added to the outside but all other
fuels are in general shuffled and scattered so that no distinctive
zones can be identified,) these two out-in refueling schemes will

not be very much different as far as discharge burnup is concerned,
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This is particularly the case for our burnup calculations, in which
the burnup of fuels in each zone are homogenized over the zone;

the homogenization of zone burnup has somewhat the same effect as
scattering the fuels throughout the inner zones.

Zone dimensions of reactors are shown in Table (5.3).

5.4 Effect of Coastdown Operation

Coastdown is a strategy very commonly used to meet seasonal
power demands when unexpected shutdowns of the reactor force the
end of normal cycle to coincide with a period of higher power de-
mand and when, therefore, a reactor shut-down for refueling is
inappropriate to maintaining the reliability of the power supply.
Here, because only a general understanding of the effect of the
coastdown operation is needed, the coastdown operation is surveyed
only in one-dimension 9-zone and 6-zone in-out cases for Oconee
fuel.

5.5 Effect of Reactor Size on Fuel Discharge Burnup

Reactors of two different sizes, 'Oconee size and enlarged
Oconee size, ioaded with same type of Oconee fuel were aglso studied
to see the effect of reactor size on fuel discharge burnup in in-out
refueling scheme. Basic data of these reactors are shown in Table
(5.1). Tables G.4), 6.5)and (5.6 are the summary of the cases under

study.



Table 5.3. Zone dimension of reactor.

Zone nuwber 1 2 3 4 5 6 7 8 S
3 zone cycle 94.4 1133.5]163.5
OCONEE
6 zone cycle 66.7 ] 94.41115.6}133.5]149.3}163.5
REACTOR
9 zone cycle 54.5177.1]94.41109.0{121.8]133.5{144,2}154.1|163.5
ENLARGED 3 zone cycle 115.5063. 32000
OCONEE 6 zone cycle 81.6[115.5141.4163.3182.6/200,0
REACTOR
9 zone cycle 166.7} 94.3115.5133.3149.1]163, 3176.4}188.5/200,0
3 zone cycle 98.1 [138.8 |170.0
TROJAN
6 zone cycle 73.5]98.1 120.2 1138.8 |155.2 }170.0
REACTOR
9 zone cycle 56.6 | 80.1 {98.1{113.3[126.7 |138.8 P49.9 160.3 §170.0

Note: The value is the outside radius of each zone in cm.

06



Table 5.4 Summary of case studies for Trojan type fuel in
1-D calculations for in-out refueling scheme.

9 Zone 6 Zone 3 Zone
Normal Normal Normal
15x15 Whole Core Whole Core Whole Core
K} 4
Central Zone Central Zone
17x17 Whole Core Whole Core Whole Core
2%
Central Zone Central Zone
17x17 Whole Core Whole Core Whole Core
3%
Central Zone Central Zone
18x18 Whole Core Whole Core Whole Core
32
Central Zone Central Zone

6



Table 5.5 Summary of case studies for Oconee type fuel in both 1-D and 2-D calcu-
lations for in-out refueling scheme.

9 Zone

6 Zone

3 Zone

OCONEE

REACTOR

SIZE

Whole core con-
trolled in both
1-D and 2-D

Central zone con-
trolled in 1-D only

Coastdown operation

a, Whole core con-
trolled in both
1-D and 2-D

b. Central zone con-
trolled in 1-D only

c. Coastdown operation

a, Whole core con-
trolled in both 1-D
and 2-D

b. Central zone con-
trolled in 1-D only

ENLARGED

OCONEE

REACTOR

SIZE

b.

Whole core con-
trolled in 1-D

Central zone
controlled in 1-D

a, Whole core con-
trolled in 1-D

b. Central zone
controlled in
1-D

Z6



Table 5.6 Summary of case studies for Oconee type fuel in 1-D and 2-D
calculations for out-in refueling scheme.
9 Zone 6 Zone 3 Zone

OCONEE

REACTOR

SIZE

Whole core

controlled

1-D & 2-D

Whole coxe

controlled

1-D & 2-D

Whole core

controlled

1-D & 2-Dp

£6



6 . RESULTS AND DISCUSSIONS i

All the calculation results are summarized in Tables (6.1) to
(6.19). Each table contains the same information for different
study cases. They are the zone average burnup levels and the power
peaking factors at BOC and EOC, and the cycle length. Tables (6.1)
to (6.2) are the results of 1-D and 2-D calculations for Oconee
fuels in whole core controlled cases, at 3, 6 and 9 zone refueling
frequencies, in the in-out refueling scheme. Table (6.3) is the
result of 1-D in-out refueling calculations for Oconee fuels in
central zone controlled cases. Tables (6.4) and (6.5) are the
results of 1-D and 2-D out-in refueling calculations for Oconee
fuels. Table (6.6) is a summary of Tables (6.1) to (6.5). Table
(6.7) to (6.8) are results of the enlarged Oconee reactor in 1-D
calculation for 6-zone and 9-zone normal cycle in both whole core
controlled cases and central zone controlled cases. Table (6.9)
and (6.10) are results of the coastdown cycle for 6-zone and 9-zone
whole core controlled cases respectively for Oconee reactor. Tables
(6.11) to (6.19) are results for Trojan fuels. The discharge burn-
ups and the highest power peaking factors from these tables are
further categorized and plotted into Figures (6.1) to (6.5) for
illustration and comparison purposes. Figure (6.1) is the discharge
burnup for Oconee fuels and Figure (6.2) for Trojan fuels. Figure
(6.3) is the highest power peaking factors for Oconee fuels and
Figures (6.4) and (6.5) are both for Trojan fuels, one for the whole

core controlled case, the other for the central zone controlled case.
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As described in Sections (2.2) and (2.3) and verified by the
results summarized in Table (6.1) to (6.19), the in-out refueling
scheme can best simulate a reactor of zero leakage and thus utilize
the fuels best in the sense of neutron economics. This conclusion,

among others, is explained in the following:

6.1 The Discharge Burnup Advantage

6.1.1 1-D Calculation Results

Figure (6.1) shows that both in-out and out-in refueling
schemes will extract more energy out of fuels, in other words,
higher discharge burnup, as refueling frequency increases. It re-
affirmed the relation that the slope of discharge burnup with re-
fueling frequency, other things being equal, is approximately pro-
portional to -1/N (19), where N is the number of cycles that the fuel
remains in the core before discharge; this is the same as the number
of batches. This is because the amount of control poison that must
be present on the average is roughly proportional to the k change
from BOC to EOC, and the k change decreases as refueling frequency
increases. This figure also indicates that at any given refueling
frequency, the central zone controlled cases yield higher discharge
burnups than the whole core controlled ones, in both an in-out or
out-in refueling scheme. This tendency is already established when
only three batches are used. The discharge burnups of the in-out

refueling scheme in the whole core controlled cases for the same



Discharge burnup
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Refueling frequency in zone (batch) number

FIGURE 6.1 Comparison of discharge burnups of in-out and
out-in refueling schemes in 1-D and 2-D cal-
culations for Oconee fuel.
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refueling frequency are very comparable. Take the 3 zone cases in
Table (6.1) and (6.4) for example. The in-out refueling has a cycle
length of 9600 MWD/MT and a discharge burnup of 28700 MWC/MT, while
the out-in refueling has a cycle length of 9400 MWD/MT and a discharge
burnup of 28400 MWD/MT.

This is mainly because both the in-out and out-in refuelings
have the same batch size of fresh fuels loaded each cycle, and the
cycle length depends very much on the batch size. However, the out-
in refueling scheme needs a relative fresher core than the in-out
refueling scheme, both at EOC and BOC. This occurs because the out-
in refueling scheme has a larger neutron leakage and less utilization
of neutron importance than the in-out refueling scheme. Therefore
when an equilibrium status is reached, the out-in refueling scheme
must have a relative fresh core in order to maintain critical. This
by itself shows that before reaching an equilibrium status the in-out
refueling scheme must already have extracted more energy from fuel
than the out-in refueling scheme. This is due to its inherent
characteristics of low neutron leakage and high neutron importance
at the core center. However, its full potential for increasing
burnup can not be realized if we allow the fuel at the core center to
burn or to use up its excess reactivity in the very early stage of
the cycle (a very high power peaking at the core center) as we did

in the whole core controlled case. The
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in-out refueling scheme, nervertheless, is capable of sustaining

a longer cycle length and a higher discharge burnup for the same
refueling batch size than the out-in refueling scheme if we control
the burnup rate of the fuels at the core center at a lower rate

(a low power peaking at the core center than in the whole core
¢controlled case) as in the central zone controlled case.

This has demonstrated the importance of the proper maneuvering
of the reactivity of the fresh fuels at the core center in an in-out
refueling scheme if a higher discharge burnup is desired. The
calculation results of the enlarged Oconee reactor in Table(6.7)
and(6.8)further illustrate the predominance of the reactivity
effect of the fresh fuels at the core center on discharge burnup.
According to the inference in Section (2.3), a reactor of lower
B2 (or larger radius) should yield a higher discharge burnup than
a reactor of higher B2 (or smaller radius) if other things are
the same. The results in Table(6.7)and(6.8l when compared with
those in Table{6.1)and{6.3)show just the opposite. This seems to
be contrary to our inference. However, if we look at the higher

power peaking of the enlarged Oconee feactor, we then realize that

the faster consumption of the reactivity of the fresh fuels at

the core ceﬁter of the enlarged reactor due to the higher power
peaking is responsible for having lower discharge burnup. In
other words, the power peaking has much more influence than the B2
value on discharge burnup.

It is clear from the results as shown in Figure (6.1) or
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in Table(6.1)to(6.5}that the actual discharge burnups we have

calculated have uncertainties of a few percent. Correspondingly,

we can not draw any conclusions beyond the observation that the
in-out refueling scheme (central zone controlled) for Oconee reactor
leads to about 157 discharge burnup improvement over the out-in
case.

Of course, for getting a real sense of the diséharge burnup

gain one has to compare the 2-D results which take into consider-
ation the axial leakage and the axial-radial flux interaction.
This will be discussed in the next subsection.

As explained in Section (2.1), the group constants of Trojam
fuels are somewhat pessimistic when compared with those of com-
patible Standard PWR fuels. These pessimistic group constants
of the Trojan fuels are considered responsible for the low dis~
charge burnups for all 1-D calculations for Trojan fuels.
Nevertheless, the 1-D calculation results for the Trojan fuels
are still illustrative in many aspects of the in-out refueling

scheme except for the absolute discharge values.

6.1.2 2-D calculation adjustment

Some 2-D calculations for Oconee fuels are made to see how the
axial leakage and the axial-radial flux interaction which are taken into
account in 2-D calculation but not in 1-D calculation will affect the
equilibrium discharge burnup. Results of these calculations are
shown in Tables (6.2) and (6.5) and also in Figure (6.1) and (6.3).
By comparing the 1-D and the 2-D results, several observations could

be made. First, unlike the 1-D calculation, the 2-D calculation results
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indicate a clear benefit in discharge burnup for in-out refueling
scheme over out-in refueling scheme, especially when refueling
frequency is high. Second, the effects of axial leakage and axial-
radial flux interaction are obvious and predominant when refueling
frequency is low. This can be seen from the fact that for both
~in-out and out-~in refueling schemes, the discharge burnups of 2-D
calculations are at their lowest values below the corresponding 1-D
results for 3-zone refueling cases and are getting close to the 1-D
results as refueling frequency increases. Another fact that the core
average exposures of the fuels at BOCand EOC of 2-D calculations are
lower than those of 1-D calculations for both in-out and out-in
refueling schemes reveals also the effects of axial leakage and
axial-radial flux interaction. Third, the importance of power peaking
at the core center to discharge burnup is reemphasized by the following
phenomena. That is, the in-out refueling scheme in 2-D calculations
tend to have lower power peaking than in 1-D calculations. As a
result, the discharge burnup of the 2-D calculation becomes higher
than the 1-D calculation for the 9-zone refueling case while the core
average exposures of fuels at BOC and EOC respectively remain about

the same for both 2-D and 1-D calculations.

.2 Batch Size and Maximum Cycle Length

The cycle length of a one-batch refueling scheme is greater than
for amulti-batch refueling scheme, and is given by the burnupat which

the original reactor is just critical. The highest cycle length will

reach its maximum if the reactor is of infinite size (no leakage) with

one-batch refueling. All fuels in a reactor of infinite size start
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fresh and burn at the same rate because of flat flux. The cycle

will end when all the fuels reach a burnup level such that k_ has
dropped to 1. In this case, the behavior of one individual fuel
sample can be representative of the whole core. The maximum cycle
length can then be known from the k_ vs. burnup curve of the unit cell
calculation as shown in Figure (2.2). For the fuels under study, their
corresponding maximum cycle lengths, that is, the burnup level of the
fuel when {its k°° = 1 in Figure (2.2), are 25000 MID/MTIU for Oconee
fuel, 20000 MWD/MTU for 17x17 three percent Trojan fuel, 15000 MWD/MTU
for 18x18 three percent Trojan fuel and 9000 MWD/MIU for 17x17 two
percent Trojan fuel,

In reality, the cycle length of the reactor is far 1es§ than
the maximm cycle length, partly because of the reactor is not
run with a one-batch refueling scheme and partly because of the
neutron leakage of a reactor of'ginite size.

A proper choice of cycle length should depend on a variety
of factors, such as seasonal power demand, facility inspection
and maintenance scheduling and the fuel cycle cost. Our studies
show that ﬁhe cycle lengths of three, six,nine—batgh, in-out re-
fueling cycles in whole core controlled case are 352, 185, and 129
EFPD (Equivalent PFull Power Days) correspondingly. These are
calculated from cycle length in MWD/MIU, reactor power level in MW,
and fuel losded in MIU. For example, 352 days = [ 9600 MWD/MIU
(cycle length in Table 6.1) x 94.1 MIU (fuel loaded)] + 2568 MWW
(Reactor Power level). The six-batch cycle has a cycle length of

about half a year which could be of interest to the industry
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considering that it is typical for seasonal demand for electricity

to show minima twice a year (spring and fall).

6.3 Enrichment Effects on the Discharge Burnup

As was discussed in Sections (2.1) and (6.1), the group con-
stants of the Trojan fuels used in this study are somewhat pessi-
mistic, therefore the magnitude of the discharge burnups obtained
by 1-D calculations are lower than they should be. But be-
cause these group constants are generated by the same version of
LEOPARD ( 10) and show the same degree of pes#imism. the 1-D cal-
culation results obtained from these group constants will still
be illustrative in a relative sense. These results were summar-
ized in Tables (6.11)to (6.18) or in Figure (6.2).

It 18 clear from this figure that enrichment increase could
improve the discharge burnup. However, the gain in discharge
burnup per wnit enrichment increment decreases as the enrichment
level increases. Although there is no calculation result to
prove this a;tatenent, it can be inferred from the discussion in
Section (2.3), which states that the maximum discharge burnup an
in-out refueling scheme can reach is dependent on the area under
the k_ curve but above the k_ = 1 line in Figure (2.7). As en-
richment increases the effect of enrichmeat on k, decreases as
shown by the .k, curves of the standard PWR fuels for three
different enrichments in Figure (2.1); when this happens, the effect
on the ,.atea mentioned above likewise decreases, justifying our
original statement. This fact 1s also pointed out in reference

(2) from a different point of view.
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Discharge burnup
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FIGURE 6.2 Discharge burnups of all types of Trojan
fuel in in-out refueling scheme.
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6.4 Effect of Bundle Lattice Design on Discharge Burnup

Figure (6.2) also shows that for fuels with the same enrich-
ment, the fuels of loose lattice design can yield higher dis-
charge burnups. This 1s because in a light water reactor, it is
the thermal neutrons that are primarily responsible for causing
fission reactions and among the three lattice designs, the 15x15
fuels have the best neutron thermalization, the 17x17 fuels the
next, and the 18x18 fuels the worst. As a result of this, among
the three percent enrichment cases, the 15x15 fuels exhibit the
highest zero-burnup kbvvalue, and the 18x18 fuels the lowest.
However, we also note from Figure (2.2) that the k, value drops
faster as the fuel burnup increases for the fuels of looser
lattice design, because of the smaller amount of fissile material
converted during power generation. According to the discussions
in Section (2.3), this faster decrease of the k, value of the
looser lattice fuels is harmful to discharge burnup gain., Be-
tween the two conflicting effects on discharge burnup of the
higher zero burnup k_ value and the faster decrease of the k,
value of the looser lattice fuels, our results indicate that it
is the former that has a stronger influence on the discharge
burnup in the in-out refueling scheme--at least within the range

of lattice design changes we considered.

6.5 The Peaking Factor

The crux of the in-out refueling scheme is to load the fresh
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fuel into the region of high flux to fully exploit the high re-
activity of the fresh fuel and the high neutron importance of
the flux at the reactor center. Having a high peaking factor be-
comes na;ural to the in-out refueling scheme. This fact can be
seen from Figures (6.3), (6.4) and (6.5), a summary of the calcu-
lation results in Tables (6.1l) to (6.19), from which we see that
all power peaking factors in the central zone in whole core con-
trolled cases are higher than 1.6, a standard value for the con-
ventional refueling scheme. It can also be seen from Figure (6.4)
that fuels with higher zero burnup k_, value will yield higher
discharge burnup, but also higher power peaking, noting that the
magnitude of the zero bumnup k_ values of all the fuels under
study, from high to low, are in the sequence of Oconee 15x15
three percent fuel, Trojan 15x15 tﬁree percent fuel, Trojan 17x17
three percent fuel, Trojan 18x18Athtee percent fuel and Trojan
17x17 two percent fuel as shown in Table (A-l1l) to Table (A-5) or
in Figure (2.2). Another fact is that the larger the number of
zones, the more serious the peaking problem. For instance, both
the Oconee and the Trojan 15x15 three percent fuels, having the
highest zero burnup k  values among the fuels, exhibit radial
power peaking factérs as high as ¢_.882 and 7,123 respectively in
the 9 zone, normal cycle, whole core controlled case, as shown

in Table (6.1) and (6.13), while the peaking factors for 6 zome
cases are 4.972 and 5.094 as shown in Table (6.1) and (6.12).

The 2-D calculation results in Figure (6.3) or Table (6.2) and (6.5),
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FIGURE 6.3 Power peaking factors of Oconee fuel in 1-D
in-out and out-in refueling schemes and 2-D
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however, show that when the axial leakage is taken into account, the

peaking problem in the in-out refueling scheme is mot as serious

ags in 1-D cases. A survey of the peaking factors in Table
(6.1) to Table (6.19) reveals that in an in-out refueling scheme,
the most serious peaking during a cycle occurs at the reactor
center at BOC when fresh fuels are loaded. This is the reason
that only the peaking factors at BOC were shown in Figure (6.4).
The high power peaking at the reactor center indicates that during
a reactor cycle life, the energy contribution from the fuels occu-
pying the inner half of the core volume amounts to more than 80
percent of the total power output of the core.

In the out-in refueling scheme, the 1-D calculation results
for Oconee fuel, as shown in Figure (6.3) indicate that just as
in the in-out refueling scheme, the power peaking increases with

the refueling frequency, but power peaking magnitudes are much

less than their counterparts in the in-out refueling scheme.

6.6 Central Zone Reactivity Comtrol

In order to reduce the high power peaking, the reactivity
control material is confined to the central zome only.
) Contrary to the whole core controlled case, the worst peak-
ing occurs at EOC rather than at BOC as in the whole core con~
trolled case. Its magnitude is comparable to that of the whole

core controlled case at EOC and is significantly lower than that
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of the whole core controlled case at BOC. Figure (6.5) shows

that the power peaking factors at EOC in the central zone con-
trolled case are lower than 6.0 for all Trojan fuels although still
higher than the 1.6 value of the conventional fefueling scheme. In
addition to this benefit of depressing the power peaking, the . -
central zone reactivity control can also extend the cycle lengths
and therefore :he.discharge burnups, compared to those of the

whole core controlled case. This extension capability can be
explained in two ways. First, in the central zone controlled

case, the neutron absorber is added to the central zone only,

where the neutron importance is the highest in the core. The
number of neutrons absorbed by the absorber in order to keep the
reactor at a critical condition need not be as many as in the
whole core controlled case. Therefore, the central zone con-
trolled case has better neutron econémics and so can have a

longer cycle length. Secondly, because of the lower peak

flux distribution in the central zone controlled case, the fuels

in the central zone have a lesser share of power generation than

than they have in the whole core caﬁtrﬁlled case. This leads to
a result that at EOC the bundle burnup distribution has a shape
lower at the center and highervat the edge when compared with that
of the whole core controlled case. Due to the higher reactivity
of the lower burnup fuels in the center, the reactor can maintain
an end of cycle condition with higher discharge burnup at the edge

thaﬁ the reactor in the whole core controlled case can. This ad-
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vantage of the cycle length extension of the ceatral zone con=-

trolled scheme diminishes as the refueling period approaches

zero (continuous refueling), because the amount of reactivity -

control that is needed decreases.

6.7 Effects of Coastdown Operation om the Discharge Burnup

Only two cases of coastdown operation were studied. They are
9 zone and 6 zone whole core controlled cases for Oconee fuels.
The results are summarized in Tables (6.9) and (6.10). They reveal
that coastdown operation could elongate the total cycle length when
compared with the normal cycle length, but will sacrifice the
length of full power operation. As a result, the plant capacity
factor is drastically reduced. Therefore, it would be unprofitable
to adopt coastdown operation, except when continual power demand
happens to coincide with the end of normal cycle and coastdown
operation becomes necessary in order to meet this demand. Another
adverse effect of coastdowvn operation is the worsening of power

peaking at the central zome at the BOC. This can be seen when
compared to the result in Table (6.1) with that in Table (6.9)

and Table (6.1) with Table (6.10). This is because the coastdown
operation tends to steepen the burnup distribution at EOC, {i.e.,
the fuels near the reactor center having a higher burnup level:

but the fuels close to the periphery of the reactor having an

even higher burnup level for the coastdown case than for the normal
cycle case. Therefore, at BOC the fresh fuels will share even more

pover generation than in normal cycle case.
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6.1 Discharge burnup of Oconee fuel in 3,6,9 zone normal
cycle whole core controlled case for 1-D calculations
of in-out refueling scheme.

15x15 3% 3 zone. , Normal cycle, Whole core controlled 1-D
Zone No.| Initial Load |Power Peak || Final Bumup |Power Peak
1 0 2.230 24000 2,120
2 24000 .248 || 28100 ~.705
3 28100 .021 28700 .174
Cycle length 9600 MWD/MTU
15x15 3% 6 zone. Normal cycle, Whole core coatrolled 1-D
Zone No.]| Initial Load | Power Peak |l Final Burnup | Power Peak
1 0 4.972 b 22300 3.231
2 221300 _.B11 | 22600 1.465 |
3 27600 .15 29200 691
4 29200 044 29800 322
5 29800 ,013 30000 .178
6 30000 .004 || 30200 .063

Cyclé length 5040 MWD/MTU

15x15 32 9 zone. Normal cycle, Whole core controlled 1-D

Power Peak". Final Bumup

Zone No.| Initial Load Power Peak
1 0 6.882 20900 4.426 |
2 © 20900 1.490 27200 2.092 |
3 27200 .396 29500 1.070 |
4 29500 .136 30600 .603
5 30600 .054 31100 .357
6 11100 024 Il 31400 ,223
7 31400 ,011 31500 .134
8 .31500 .005 31600 .071
9 31600 .002 fl 31650 .025

Cycle length 3520 MWD/MTU
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6.2 Discharge burnup of Oconee fuel im 3,6,9 zone norma
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1

cycle whole core controlled case for 2-D calculations
of la-out refueling scheme.

15x15 3% 3 zone. Normal cycle, Whole core controlled 2-D
Zone No.| Initial Load | Power Peak || Final Burnup |Power Peak
1 o 2.564 21000 2.039
2 21000 .353 24300 . 744
3 24300 .079 26000 _ .215
Cycle length 8670 mwp/MTU
15x15 3% 6 zone. Normal cycle, Whole core controlled 2-D
Zone No.! Initial Load | Power Peak|| Final Burnup | Power Peak
1 0 4.225 20000 - 3.084
2 20000 .781 25000 1.406 A
3 25000 .453 27700 .764
4 27700 324 .29400 .444
5 29400 .195 ‘30400 .241
6 30400 -071" | 30700 .087

Cyclé length 5120 MuD/MTU

15x15 3% 9 zone.

Normal cycle, Whole core controlled 2-D

Power Peaklr Final Burnup

Zone No.| Initial Load Power Peak
1 | 0 5.222 | 18800 3.894 |
2 18800 1.155 24300 1.938
3 24300 .670 27500 1.138
4 27500 .574 29900 ~.743
5 29900 .485 31800 .509
6 31800 .384 33100 .350
7 3zlao0 .274 34100 .231
8 34100 .165 34680 .136
9 34680 .064 34900 .052

Cycle length 3880 MWD/MTU
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Table 6.3 Discharge burnup of Oconee fuel in 3, 6, 9 zone normal
cycle central zone controlled case for 1-D calculations
of in-out refueling scheme.

15x15 3% 3 zone.

Normal cycle,

Central zone controlled 1-D

Zone No.| Initial Load | Power Peak || Final Burnup |Power Peak
1 0 1.787 23300 2,307
2 23300 .971 31400 v577
3 31400 .242 33300 .117

Cycle length 11100MWD/MTU

15x15 32 6 zone. Normal cycle, Central zone controlled 1-D

Zone No.] Initial Load | Power Peak|| Final Burnup | Power Peak

1 0 2.726 21300 3.916

2 21300 1.907 31100 1,324

3 31100 .817 ﬂ 35400 .461

4 35400 .358 ﬂ 37500 .193

s 37500 .146 38500 .078

6 39500 .047 || 38700 .025
Cycle length 6400 wmwp/MTU

15x15 32 9 zone. Normal cycle, Central zone controlled 1-D
Zone No.] Initial load | Power PeakH Final Burnup | Power Peak

1 0 3.642 19800 5.286

2 19800 2.709 30600 2.054

3 30600 1.320 35700 .849

4 35700 .644 38000 .396

5 38000 .333 39300 .202

6 39300 .185 40000 W11

7 40000 .100 40360 .060

8 40360 .050 40550 .030

9 40550 .017 40600 .010

Cycle length 4510 mup/MTU
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Table 6.4 Discharge bumup of Oconee fuel in 3,6,9 zone normal
cycle whole core controlled case for 1-D calculations

of out-in refueling scheme.

15x15 32 3 zone.

Normal cycle, Whole core controlled 1-D

Zone No.] Initial Load | Power Peak Final Burnup | Power Peak
1 24000 . 385 28400 .715
2 11000 1.408 24000 1.275
3 0 1.211 11000 1.011

Cycle length 9400 MWD/MTU

15x15 32 6 zone.

Normal cycle, Whole core controlled 1-D

Zone No.| Initial Load | Power Peak|] Final Burnup | Power Peak
1 29500 .189 31000 .459
2 26500 .536 29500 .782
3 22000 1.023 26500 1.103
4 13500 1.613 22000 1.447
5 4700 1.725 13500 1.423
6 .0 .914 4700 .787

Cycle length 5160 MWD/MTU

15x15 3% 9 zone.

Normal cycle, Whole core controlled 1-D

Zone No.{ Initial Load | Power Peak|| Final Burnup | Power Peak
1 31200 .145 32000 .264
2 29900 .327 31200 . 465
3 27700 .594 29900 . 720
4 24200 .952 27700 1.025
5 19500 1.347 24200 1.328
6 13800 1.732 19500 1.608
7 7680 1.824 13800 1.664
8 2400 1.445% 7680 1.337
9 0 .633 2400 .591

Cycle length 3560 MWD/MTU
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Table 6;5 Discharge burnup of Oconee fuel in 3,6,9 zone normal
cycle whole core controlled case for 2-D calculations
of out-in refueling schene.

15x15 3% 3 zone.

Normal cycle, Whole core controlled 2-D

Zone No.] Initial Load | Power Peak || Final Burnup |Power Peak
1 19000 .716 25800 .913
2 8030 ) 1.328 19000 1.215
3 0 .956 8030 .873

Cycle length 8600 wmp/MTU

15x15 3% 6 zone.

Normal ¢ycle, Whole core controlled 2-D

Zone No.{ Initial Load | Power Peak|] Final Burmup | Power Peak
1 25100 .620 28000 .776
2 21000 .825 25100 .899
3 15400 1.138 || 21000 1.115
4 9000 1.393 H 15400 1.309
s 3100 1.322 9000 1.243
6 0 .709 [ 3100 .666

Cyclé length 4600 MWD/MTU

15x15 32 9 zone. Normal cycle, Whole core controlled 2-D

Zone No.| Initial Load | Power Peakjf] Final Bumup | Pover Peak
1 25890 .748 28800 .905
2 24130 .769 25890 .889
3 21880 .872 24130 .942
4 18890 1.032 21880 1.047
5 15050 1.221 18890 1.177
6 10460 1.374 15050 | 1.285
7 5710 1.364 10460 1.258
8 1800 '1.089 5710 1.009
9 ) .509 1800 . 467

Cycle length 3200 MWD/MTU




Table 6.6 Summary of 1-D and 2-D Calculation Results

for Oconee Fuels in MWD/MTU
3-Zone Refueling Cycle Discharge Core Average | Core Average
Length Burnup Exposure BOC o8
1-D In-Out Whole Core Controlled 9600 28700 17360 26930
2-D In-Out Whole Core Cont.mlledl 8670 26000 15100 23766
1-D Out-In Whole Core Controlled| 9400 28400 11666 21133
2-D Out-In Whole Core Controlled 8600 25800 9010 17610
1-D In-Out Central Zone Controlled 11100 33300 18230 29300
Cycle Discharge Core Average Core Average
6-Zone Refueling Length Burnup Expasure BOC Exposure EOC
1-D In~Out Whole Core Controlled 5040 30200 23150 28180 -
2-D In-Out Whole Core Controlled 5120 30700 22080 27200
1-D Out-In Whole Core Controlled 5160 31000 16033 21200
F?n Out~In Whole Core Controlled 4600 28000 12266 16933
[--D In—Out Central Zone Gomtrolled 6400 38700 27400 33916
Cycle ~ Discharge Core Average Core Average
9-Zone Refueling Length Burnup Exposure BOC Exposure EOC
1-D In-Out Whole Core Controlled 3520 31650 25970 29497 -
P-D In-Out Whole Core Controlled 3880 34900 26020 - 29897
E-D OutiIn Whole Core Controlled 3560 32000 17375 20931
P-D Out~In Whole Core Controlled 3200 28800 13756 16956
L-D In-Out Central Zone Controlled 4510 40600 31600 36100
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TABLE 6.7 Discharge burnups of Oconee fuel in 6 and 9 zone

normal cycle whole core controlled case for enlarged

reactor size in 1-D calculation

15x15 32, 6 Zone, Normal Cycle, Whole Core Controlled

Zone No. Initial Load Power Peak|{| Final Burnup owe§eak
1 0 5.255 22800 3.491
2 22800 .637 27200 1.418
3 27200 .085 28300 .603
4 28300 ,018 | 28700 .303
5 28700 .004 28800 ,139
6 28800 .001 28920 .047

cycle length 4820 mwD/MTU

15x15 3%, 9 Zone, Normal Cycle, Whole Core Controlled

Zone No. Initial Load |Power Peak || Final Burnup Powe§eak
1 0 7.481 22500 4.827
2 22500 1.189 27800 2.050
3 27800 .233 29500 .953
4 29500 .063 - 30100 .513
5 30100 .021 ﬂk 30400 .292
6 3¢400 . 008 30600 .178
7 30600 .003 - 30670 .104
8 30670 .001 30700 . 055
9 130700 . 000 130780 .019

cycle length 3420 MWD/MTU
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Table 6.8 Discharge burnups of Oconee fuel in 6 and 9 zone normal
cycle central zone controlled case for enlarged reactor
in 1-D calculation.

-Central zone controlled

15x15 3%, 6 Zone, Normal Cycle,
Zone No| Initial Load Final Burnup | Power Peak
1 0 22300 4.198
2 22300 31700 1.227
3 31700 35200 .369
4 15200 365040 139
S 36500 37100 .052
6 37100 036 I 37200 .016
cycle length 620Q MWD/NTU
15x15 3%, 6 Zone, Normal Cycle, Central Zone Controlled
Z2one No| Initial Load | Power Peald] Final Burnup |Power Peak
1 0 4.082 21500 5.806
2 21500 2.722 31400 1.940
3 31400 1,198 35500 .700
4 35500 .525 37400 .294.
[3 37400 .246 38200 .135
6 38200 .125 38700 .069
38700 .063 38900 .035
38900 .030 39020 .016
39020 .010 39080 . 005
cycle length 4340 MWD/NTU




TABLE 6.9 Discharge burnups of Oconee fuel in 6 zone, coastdown operation,

whole core controlled case for 1-D calculation

Oconee 15x15 3%, 6 Zone, Coastdown Operation, Whole Core Controlled

Zone No.

Initial Load +

: *
Power Peak{iMid-Load

Power PeakllFinal Burnup a

| Power Peak |
1 0 5.050 21500 3.907 24600 3.319
2 24600 .765 28900 1.307 30500 1.468
3 30500 .135 31700  .468 32400 .659
4 32400 .035 32900 .205 33100 . 340
5 33100 .010 33300 .085 33500 .159
6 33500 .003 33540 .028 33580 .055

Full power cycle length= ' 4630

MYD/MIU Total cycle length= 5590 MWD/ NMTU |

+ Zone average burnup at the beginning of cycle

* Zone average burnup at the end of full power operation

A Zone average burnup at the end of total cycle

o<1



TABLE 6.10 Discharge burnups of Oconee fuel in 9 zone,

case for 1-D calculation

coastdown operation, whole core controlled

Whole Core Controlled

Oconee 15x15 3%, 9 Zone, Coastdown Operation,

Zone No. Initial Load Power Peak] Mid-Load Power Peak | Final Burnup A Fowery . ak
1 0 7.029 20500 5.004 23400 4.390
2 23400 1.427 28000 2.070 30500 2,120
3 30500 «354 32000 .922 33200 1.075
4 33200 .115 34000 .463 34400 .600
5 34400 .044 34600 «252 34900 «357
6 34900 .019 35100 .147 35300 .224
7 35300 .008 35400 .084 35500 .135
8 35500 .004 35540 .043 35560 -072
9 35560 .001 35580 .015 35600 4-026

Full power cycle length= 3253 MWD/MFU Total cycle length= 3960 MwD/MTU

+ Zone average burnup at the beginning of cycle

* Zone average burnup at the end of full power operation

A Zone average burnup at the end of total cycle
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TABLE 6.11 Discharge burnups of Trojan fuels in 3 zone,

normal cycle whole core controlled case for

1-D calculation

15x15 32‘, 3 Zone, Normal Cycle, Whole Core Controlled

Zone No¢ Initial Load | Power Peakil Final Burnup | Power Peak
1 0 . 2,762 20000 2,236
2 20000 .223 22800 .62
3 22800 015 || 23100 .135

cvcle length 7700 Mup/Mry

17x17 2Z, 3 Zone, Normal Cycle, Whole Core Controlled

Zone No{ Initial Load|Power Peak ||Final Burnup [Power Peak
1 0 2.570 9300 2.189
2 9300 . 380 11200 . 658 |
3 11200 .048 11400 .153
cycle length 3800 MWD/ MTU
17x17 3%, 3 Zone, Normal Cycle, Whole Core Controlled ‘
Zone No| Inital Load |Power Peak || Final Burnup |Power Peak
1 e 0 2.689 17100 2,149 |
2 17100 .286 20000 .686
3 28000 . 026 20400 .164

cycle lengti 6800 MHWD/MEU

18x18 3%, 3 Zone, Normal Cycle, Whole Cor rrolled

Zone Nd Initial Load | Power Peakll Final Bu [Power Peak |
1 N 2.618 2,014
2 13700 .343 2176
3 16100 .039 .210

cycle length 5500 MWD/MrU
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TABLE 6.12 Discharge burnups of Trojan 15x15 3% fuel

in 6 zone, normal cycle, whole core and

central zone controlled cases 123
15x15 3%, 6 Zone, Normal Cycle, Whole Core Controlled
Zone No| Initial Load | Power Peakii Final Burnup | Power Peak

1 0 5.094 - 19200 4.522
2 19200 . 78S 23000 - 1.080 |
3 23000 ' .116 23900 2269 _|
4 23900 .027_ | 241900 ,090
S 24100 .007 24300 031
6 24300 .002 H 24360 .009
u .
i
|
cycle length 4060 MWD/MTU
15x15 3%, 6 Zone, Normal Cycle, Central Zone Controlled
Zone No| Initial Load | Power Peakl] Final Burnup |Power Peak
1 0 ' 4. 344
2 18000 1,203
3 28000 »312 |
4 31590 . .099 |
5 32600 .032
6 33000 .025 33100 .009
cycle length 5520 MWD/MTU




TABLE 6.13 Discharge burnups of Trojan 15x15 3% fuels

in 9 zone normal cycle, whole core and

central zone controlled cases

124

15x15 3%, 9 Zone, Normal Cycle, Whole Core Controlled

Zone No| Initial Load | Power Peaki Final Burnup |Power Peak |
1 0 7.123 © 17900 5.064
2 17900 1.420 22900 2.093
3 22900 .314 24500 910
4 24500 . 091 25200 444
5 25200 .031 25500 .233
6 _25500 .012 25600 132
7 25600 . 005 25700 2073
8 25700 . 002 25750 .037
9 25750 .001 25770 .012

cycle length 2870 MWD/ MIU

15x15 3%, 9 Zone, Normal Cycle, Central Zone Controlled

Zone No| Initial Load [Power Peak ||[Final Burnup [Power Peak
1 0 3.741 17100 . 5.846
2 17100 3.086 ~ 27000 2.031
3 27000 1.291 31000 . .682
4 31000 .505 32700 .254
5 32700 .210 33400 .104
6 33400 .096 |l 33700 047
7 33700 .044 33880 .027
8 33880 .020 33950 .010
9 33950 .006::H 33970 .003

cycle length® 3770 myp/ MTU




TABLE 6.14 Discharge burnups of Trojan 17x17 27 fuels

in 6 zone normal cycle whole core and central

zone controlled cases

17x17 2%, 6 Zone,

Normal Cycle,

Whole Core Controlled

Zone No| Initial Load |Power Peak |[Final Burnup |Power Peak
1 0 4.358 8300 3.871
2 8300 1.157 10800 1.328
3 10800 .318 11700 .474
4 11700 .114 12000 .209
5 12000 . 041 12150 .088
6 12150 !01;%7 12200 .029 |

cycle length 2030 MWD/MTU

17x17 2%, 6 Zone, Normal Cycle, Central Zone Controlled

Zone No| Initial Load |Power Peak {|Final Burnup |[Power Peak
1 0 2.594 8170 3.554
2 8170 1.896 12700 1.471
3 12700 .878 14700 .571
4 14700 .404 15600 .257
5 15600 .172 15900 .108
6 15900 .056 16000 .036

T

cycle length 2660 Mwp/MTU
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TABLE 6.15 Discharge burnups of Trojan 17x17 2% fuels in

9 zone, normal cycle, whole core and central

zone controlled cases

17x17 2%, 9 Zone, Normal Cycle, Wh ntrolled |
Zone No] Initial Load | Power Peak |IF Poyer Peak
1 0 5.914 8250 4.534
2 8250 1.907 ‘11300 2.127
3 11300 .659 12600 1.049
4 12600 .276 13200 .566
5 13200 .127 " 13500 .325
6 13500 . 064 13700 .199
7 13700 .033 13800 .117
8 13800 .016 }3840 .062
9 13840 . 005 13880 .021
cycle length 1540 mwp/lery
17x17 2Z, 9 Zone, Normal Cycle, Central Zone Controlled
Zone No| Initial Load [Power Peak ||[Final Burnup |Power Peak
1 0 3.144 7150 4.338
2 7150 2.728 12100 2.344
3 12100 1.481 14800 1.122
4 14800 .775 16200 .565
5 16200 .416 || 16900 .301
6 16900 .236 17400 : 171
7 17400 .131 17600 . 095
'8 17600 .067 17700 .048
9 17700 .023 17750 . .016
cycle length 1970 yp /ety
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TABLE 6.16 Discharge burnups of Trojan 17x17 32

fuels in 6 zone normal cycle whole core

and central zone controlled cases

17x17 3%, 6 Zone, Normal Cycle, Whole Core Coptrolled
Zone No| Initial Load |Power Peak ] Final Burpup [Power Peagk |

1 0 4.836 16000 3.455

2 16000 . 916 20000 1.444

3 20000 .180 21300 .613

4 21300 .051 21800 . 303

5 21800 .015 21980 .137

6 21980 .004 22100 .047

cycle length 3680 wmup/MTU

17x17 3Z, 6 Zone, Normal Cycle, Central Zone Controlled

Zone No| Initial Load | Power Peakl! Final Burnup |Power Peak |
1 0 2.546 14800 3.952
2 14800 2.070 23500 1,355
3 23500 . 858 27000 .439 |
4 27000 .350 28500 .170
S 28500 134 29000 . 065
6 29000 ,042 29200 .020 |

cycle length 4860 MWD/ MTT
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TABLE 6.17 Discharge burnups of Trojan 17x17 3% fuels

1h 9 zone normal cycle whole core and

central zone controlled cases

17x17 32, 9 Zone, Normal Cycle, Whole Core Controlled
Zone No| Initial Load jPower Peak {{Final Burnup Power Peak
1 0 6.612 14700 4.495
2 14700 1.657 19500 2.141
3 19500 .458 21200 1.056
4 21200 .160 22000 .576
5 22000 .063 22400 .330
6 22400 .028 22600 .201
7 22600 .013 22700 118
8 22700 .006 22800 .062
9 22800 .002 22820 .022
cycle length 2540 MWD/MTU

17x17 3%, 9 Zone, Normal Cycle, Central Zones Controlled
Zone No| Initial Load | Power PeakfFinal Burnup |Power Peak
1 0 3.330 13600 ° 5.151
2 13600 2.904 22200 2,169
3 22200 1.434 26300 . 891
4 26300 .673 28300 .403
5 28300 -331 29300 .195 _|
6 29300 .176 29800 .103 _
7 29800 .092 30000 .054
8 30000 . 045 30200 .026 _
9 30200 . 015 30250 .009
cycle length 3360 Mwp/MPU
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TABLE 5,18 Discharge burnups of Trojan 18x18 3% fuels

in 6 zone normal cycle whole core and central

zone controlled cases

18x18 3%, 6 Zone, Normal Cycle, Wh 0lled ‘
Z2one Nof Initial Load | Power Peakll Final Burnup lPower Peak |

1 0 4.585 12700 3.757

2 12706 1.048 16400 1.372

3 16400 .250 17600 .509

4 17600 .081 18000 .230

5 18000 .027 18200 .099

6 18200 .008 18270 .033

— K

cycle length 3050 ™MWD/MTU

18x18 3%, 6 Zone, Normal Cycle, Central Zone Controlled

Zone No| Initial Load | Power Peakij Final Burnup [Power Peak
1 0 2.509 11600 3.356
2 11600 1.969 18800 -1.592_ |
3 18800 . 897 22000 . 631
4 22000 .404 23400 274 |
5 © 23400 .167 24000 .112
6 24000 .054 124200 .036

i

cycle length 4030 Myp/MTU




TABLE 6.19 Discharge burnups of Trojan 18x18 3% fuels

in 9 zone normal cycle whole core and central

zone controlled cases

18x18 3%, 9 Zone, Normal Cycle, Whole Core Controlled ‘

Zone No| Initial Load | Power Peak{Final Burnup_ |Power Peak _
1 0 6.187 11500 5.249
2 11500 1,797 15400 2.0]1
3 15400 .584 17000 . 856
4 17000 .233 17730 .417
5 17700 .105 18000 .222
6 /18000 .052 18200 2127
7 18200 .026 18300 -.070
8 18300 .012 18400 .036
9 18400 .004 18420 .012

cycle length 2050 .M‘.JD/MTU
18x18 3%, 9 Zone, Normal Cycle, Central Zone Co trolled

Zone No| Initial Load [Power Peak {|Final Burnup |Power Peak
1 .0 3.226 10500 4.936
2 10500 2.715 17200 .2.098
3 17200 1.454 21000 .956
4 21000 .756 23500 .480
5 23500 .405 25000 .254
6 25000 .230 H 25500 .143
7 25500 .128 26100 ,079
8 26100 .065 26200 .040
9 26200 .022 26280 .014

cycle length 2920 MWD/MTU
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7. CONCLUSION

We learn from this study that an in-out refueling scheme is a
natural process that a refueling pattern should follow if the fuel
is going to deliver the most énergy it can during Its residence
time in the reactor. Therefore, from the fuel maneuvering point of
view, we should adopt an in-out refueling pattern in order to make
best use of the fuel of a fixed design. From the fuel design point
of view, we know from the discussion in Section (2.%), although no
particular attemot of proof was made here, that if a fuel is to re-
main longer in the core so that higher burnup level can be oktained,
the fuel should have a high initial k., value and a slowly decreasing
ke against burnup, because Both characteristics will result in a
larger shaded area above k,= 1 line in Figure (2.7) and thus a reac-
tor of longer cycle length can be maintained by the fuel. To have a
higher k_, one could increase the enrichment of the fuel. But to

have a slowly decreasing k., against burnup, the fuel has to have high

high fertile to fissile conversion ratio. This may require a react-
or to be designed so that it could be operated under a higher energy
spectrum, such as the case of breeder reactor, which makes a higher
conversion ratic possible, This is out of our scope, but is mentio-
ned here for reference purposes. A fuel of tighter lattice could
also have a higher fertile to fissile conversion ratio and thus

reduces the k decrease rate against burnup, but it reduces the



132
magnitude of k_ too. These conflicting effects of lattice design

on discharge burnup turn out in our case to lead to the preference

of looser lattice fuel.

As far as the existing light water reactor is concerned, to in-
Crease the enrichment is the option available. However, in today's
energy-scarce economy, the gain in discharge burnup by increasing
enrichment may not be able to offset the energy cost increase needed
for increasing the enrichment. To increase fuel utilization without
incurring energy cost increasefas the enrichment is increased, one
resort would be to manufacture the fuel with a looser lattice de-
sign. A fuel with looser lattice, as our study has demonstrated,
could have a net positive effect on discharge burnup. This is due
to the stronger positive influence of a higher zero-bumup k  over
the weaker negative effect of a lower fertile to fissile conversion
ratio of the looser lattice. This suggestion of using a looser la-
ttice fuel is contrary to the fuel design trend in the past. For
years, fuel designers for the light-water reactors have been prone
to a tighten lattice fuel design, based on the consideration that a
tighter lattice design, such as 18x18 fuel would allow the reactor
to maintain a higher licensed maximum power density with the fuels
at a lower specific power level, thus reserving more Departure from
Nucleate Boiling, DNB, margin ( 21) for heat transfer but bearing a
higher carrying charge of fuel. When whole plant economy is con-
cerned, a higher power density reactor would be more economical, if

the uranium price is 1low. But as uranium price increases,
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a looser lattice fuel could become more attractive, as far

as fuel saving is concerned, even though it may reduce the reactor
power density if a DNB margin must be preserved. It would be there-
fore worthwhile for the light -water reactor owners to consider using
the fueLs of looser lattice design. One more concern could help
justify this suggestion. That is, in a once-through fuel cycle ma-
nagement scenario and a high uranium price market, the loss in
plutonium due to lower fertile to fissile conversion ratio of a
looser lattice fuel could be easily offset by the gain in discharge

. burnup of the same fuel due to better neutron thermalization.

From the viewpoint of refueling pattern maneuvering, the in-out
refueling scheme is the best scheme one ought to follow if a maximum
fuel discharge burnup is desired. Knowing this and also knowing that
very large gains in discharge burnup are available from frequent re-
fueling, an in~out refueling scheme with short cycle length deserves
more study. A short cycle length undoubtedly will reduce plant avai-
lability since more reactor shutdowns are required for refuelings.
This drawback in plant availability, of course, can be minimized and
would not become a big obstacle to the adoption of an in-out refuel-
ing scheme with short cycle length if the refueling time can be re-
duced. In addition to the fuel cost saving, a short cycle length,
such as a six-month cycle, has also some other potential benefits
resulting from considerations of system load requirement, facili-
ties inspection and maintenance planning that are interesting the

nuclear industry.
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The conventional ocut-in refueling scheme has a flatter
power distribution than the in-out refueling scheme; the
reactor can be run at a higher power demsity without risking exceed-
ing the thermohydraulic safety margin when a power excursion happens.

The in-out refueling scheme has a very undesirable character-
istic, namely, a high power peaking. Ia order zo keep a required
safety margin at the hot spot, the high peaking power distribution
in an in-out refueling scheme will force such a reactor to run at a
low power density or derated power level. This, consequently, will
damage the plant econcmy unless the fuel in the core can tolerate a
very high power peaking without losing its physical integrity. To
minizize the disadvantage of the high power peaking, one can suppress
the power peaking at the core center either by clustering the control
rods at the central zome or by mixing the fresh fuels, which suppos~’
edly should be loaded into the reactor central zone ia the in-out re-
fueling scheme, with the fuels of higher burmup, or by the combina-
tion of both. Sowhigh a power peak the fuel can be subject to will
determine the strategy of power control. It is also possible that a
new reactor can be built economically to tolerate higher peaks; for
example, by using large vessels for lower power reactors. TFurther
study is needed in these respects(

As a summary of the above discussions, in view of the definite
gain on discharge burnup by in-out refueling, the lesser geverity of
power peaking in a 6-zone scheme, the advantage of central zone
reactivity control on both cycle length and power peaking and the

matching of the cyclza length of the 6-zone scheme with the 6-month
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cycle operation schedule that is compatible with seasonal electrical
demand loads, it is recommended that further efforts could be con-
centrated on the economic and technical studies of a 6-zone in-out
refueling scheme with the first and second central batches scattered,
and control concentrated in the more reactive zones.
From the results of this study, although the in-out refueling
scheme is very promising in easing the cost of fuel in today's light-
.water reactor, other engineering compromises, such as designing reac-
tors of lower power density and arranging for new control schemes
thét suppress power peaking, are needed. A combination of burnable
poison and careful control rod placement might be useful for control.
Some anticipated future problems may be alleviated by the adop-
tion of in-out refueling. For example, the life span of the reactor
vessel might be improved because there would be decreased neutron
flux and fluence there. Also, improvements in fuel design and
manufacture are in the direction of requiring less DNB margin so

that higher power peaking would be tolerable,
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APPENDIX A

GROUP CONSTANTS OF TROJAN AND OCONEE FUELS



TABLE A-1 Group Constants for Trojan fuel of 15x15 lattice
design with 3% enrichment
[BURNUP INDEX 1 2 3 [) 5 [
BURNUP RANGE
l;;on HUD/1 0.00 20.00 60.00 100.00 500.00) 1000.00
10 NUD/T 20.00 $0.00| 100.00 500.00 1000, 00 2000,00}
D1 1.458149 1.460925 1.463142 1.463543 1.465201 1.446400
D1 345567 L345596 . 365594 . 365566 . 345229 L 364831
La) S681176-02] .58089226-02] .5693756-02} .549203E-02] .564441E-02] .563073E-02
Ta, . 120045 L 119469 119010 118954 . 118845 .118840
v,LE, ~265760E-01] .266953E-01] .267886E-01] .268048E-01] .268674E-01] .269090E-01
V,Lf, L 723682E-01] .738184E-01] .749759E-01] .751825E-01] .759693E-01] .264049E€-01
¥?L 1.351505 1.323745 1.302397 1.298761 1.285038 1.226286
I . 68581 684639 ,68682 .68484 . 68475 .68629
. Tf, L220464E-02] .2207926-02] .220964€-02] .2208756-02] .219842E-02] .217960E-02
Tf2 778921E-01] .781995E-01] . 784443E-01] . 784884E-01} .7846185E-01] .784163E-01
MATERIAL BUCKLING]| .579900€-02] .537870€-02] . 505090E-02] .499440E-02] .478110E-02] ,444340E-02
{(BURNUP THDEX 7 8 9 10 11 12
BURNUP RANGE
ROM NUB/T 2000.00 3000.00 5000.00 7000.00]| 9000. 00 11000.0
10 NUD/Y 3000.00 5000.00] 7000.00 9000.00 11000. 00 13000.0
D, 1.468646 1.421137 1.476158] 1.481392 1.48676  1,492334
D, . 364122 .343514 . 362538 2361290 2361211 .3
Lag .555621€-02] .548157€-02] . 532952€-02] ,$17299€-02| ,502854E-02] 48821 4E -
Tas 118586 118047 116320 .113996 111254 .108
Vi L6, .269032€-01] .270657E-01] .272243E-01] .273875E-01] .275452€-04] ,277029€-01
V3 Lf2 L769364E-01] .772842E-01] .775615€-01] .774215E-01] .769740€E-01] .742921E-01
Keg T.281073 7.245350 1.213180, 1.181408 1.150554  1.120725
Py .68487 .68306 .67878] .62434 .82011] .66624
Tf, .214520E-02] . 211048E-02] . 204174E-02] . 197373€-02| . 190711E-02] .184219€-02
If2 .784258E-01] .780789€-01] ,720353E-01] ,2566405E-01] ., 2405ISE-01] ,222792E-01
[MATERIAL BUCKLING| . 440140E-02] .413350E-02] .361430€-02] .309240E-02] ,252800E-02 -

6ET



TABLE A-1 CONTINUED

RN 13 14 135 14 17 18
BURNUP RANGE J
{FRON mD/T|  13000.00f  15000.00f  17000.0 |9ooo.oo| 21000.00{  23000.00
10 NUD/Tf  15000.00]  17000.00f  19000.0 21000.00]  23000.00  25000.00

D, 1.497841 1.503493““7?56736? 1.515372] 1.51408 1.509074
n, .3604I§ .36014 .359945 .359799 . 359899 .35943
Tal L A7308TE-0 . 2E-02 A43247E-02 .A3J009E-02] .420192E-02 .467793E-02
La2 . 104939 101504 .097957 .094330] . 090668 , 006994
v L, .278501E-01] .279943E-01] .281371E-01] .282746E-01] .284109E-01] .285474E-01
vzLf2 . 754281E-01] ,744237€-01[ .233119€-01] .721206E-01] .708755E-01] .495992E-01
- 1.091800]  1.083854  1.03414 1.009119 .98248 954182
- N 1Y Y L . 65491 .65448] .652;% . 6504
Lf) L 177887E-02] . 171740E-02 . 165788E-02] .160030E-02] .154481E-02] . 149144E-0
Lf, 2703823€-01] .683985E-01] .663558E-01] .642781E-01] .621877E-01] .401049E-01
MATERIAL BUCKLING] . 157680€-02] . 1097350E-02] .818770E-03] .154490E-03f-.309140€-03},774250E-03]
annur INDE 19 20 21 22 23 24
BURKUP RANGE -
|FroM HUD/Y]  25000.00f  27000.00{  29000.00]  31000.00{  33000.00 35000.00}
10 KUD/T}  27000,00f  29000.000  31000.00f  33000.00}  35000,00]  37000.00
DL 1.504143 1.49939%& 1.494260]  1.489444  1.484730]  1,480145
D2 . 359407 .35960 .359621] 359459 359214 . 35927
Lay . 395843E-02] .384377E-02 ,373472€-02] .363120E-02 .353387E-02] .344309E-02|
Lg2 ~.083351 079748 07827 072905 .069484  ,06663¢]
v If) .286839E-01] .208204E-01] .289633E-01] .291031E-01] .292432E-01} .293824E-01
Vo Lf, . 683123E-01] .470344E-01] .657837E-01] .445752€-01] . 634249E-01] .623451E-01]
Keo 9301721 90448 .879150] .854272 .829981 +806439
LTS 54884 . 64741 .64618] 44508 64410 64320
Lf, TAADI0E-02] . 139151E-0F . 134534E-02] .130177E-9 - -
Lf, .9B04B9E-01] .540380E-01] .540901E-01] .522208E-01] .504458E-01] ,487794E-01
[HATERTAL BUCKLING-.123970€E-02}.170390E-02-,219000E-02}F,264440E-02-,313740E-02F-,360660E-02]
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TABLE A-1 CONTINUED

BURNUP INDEX 25 26 27 28 29 30
BURNUP nansﬂ
FROM NuD/ 37000.0 3vooo.ooi 41000.00 43000.00 45000.0 47000.00
10 Nub/ 39000.0 41000,00 43000.00]  45000.00 47ooo.og 49000, 00
D, 1.47608 1.472077 1.468395 1.464800 1.46175 1.459101
D, .33984 .359930| .360016 .36010 .34019 .340290
Tay .335888E-02] .328202E-02 .3212376-02] .315016E-02] .309475E-02] .304503E-02
Laz 0637 061141 098245 2056607,
wWWIf, 2295113E-01] ,296412E-01] .297653E-01] .298897E-01] .300019E-01] .301057E-01
VoLf, <O13481E-01] 604369E-01] .576196E-01] .SBBF41E-01] .562544E-01] .57 693BE-01
ém .78379 762307, .742118] .723419 .706284 L690840
— 64233 44151 264020 263989 .63903 . 63811
Lf, . 118828E-02 L115856E-02] . 1127956-02] .110246E-02] .107988E-02 .106011E-02
Lf, 2472325E-01] .458157E-01] . 445328E-01] .433B45E-01] . 423870E-01] .414751E-01
[MATERIAL BUCKL ING-. 403830E-02}-.447120E-02F . 488250E-02F . 529230E-02F.565930E-02.599550E-02
BURNUP INDEX] 31 32 13 34 35 34
BURNUP RANGE
IFROM HUD/TY 49000.0 51000.00{ 53000.00 55000. 00 57000.00 59000.00
10 NUD/T 51000.0 53000.00| ssooo.oq 52000.000  59000.9: 61000, 00)
Dy 1.456861 1.455034  1.453434 1.452642 1.45205 1.451500
D, .360382 .360473 .360563 360652 .360739 .360809
Ta1 +J00352E-0 .2964467E-02 .293482E-02 .290728E-04 .2883356-04 . 286235E-02
Ta2 L051523] .050255 .049170 .048244 047454 046644
v, LI, .302001E-01] .302848E-01] .303595E-01] .304238E-01] L;o47sog;g1_ng§112g;QL
V2 L, +372002E-01] .567583E-01] .563502E-01] .559559€-01] .555539€ -01] .551534E-01
k .67712 665139 .654875 . 646259 , 639221
P, L6371 .63607 . 63492 .63362 b .
TT, L TOA295E-02 . 102814E-02] . 101542E-02 . 100449E-03 . 995084E - -
I, A0EYBSE-OT] L400241E-01] .394365E-01] .389189E-01] .384536E-01] .379444E-01
[MATERTAL BUCKLING-.629870E-021-.656730E-02F.480030E-02F.699740E-02-.715850E-02. 730550E-02
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TABLE A-2 Group Constants for Trojan Fuel of 17x17 Lattice
Design with 2% Enrichment

FURHUF INDEX | 2 3 4 5 b
BURNUP . RANGE ' ,
FROH HUD/T 0.00 20.00 40.00 100.00 900.00 1000.00]
10 HUb/ T 20.00 60.00 100.00 500.00 1000.00 2000.00
D, 1.398224 1.400718 1.402019) 1.402278 1.403728 1.404847
D, . 398634 398665 . 3984620 .398540 397762 .394883
Lal 559393E-07] .540195E-02] .560459E-02] .560347E-02 L558675E-0 .556118E-02
La2 .104348 .105817 10586 05765 106748 108306
v, rf, T947691E-01] .247040E-01] .249720E-01] .249845E-01 L 250497E-01] .250936E-01
v, If. 576188E-01] .494410E-01] .704737E-01] .707307E-01 722909E-01] . 735604E-01
1.194189 1.1646009 1.151154 . 1.148500 1.1346372 1, 128295
o  LA174G .61828 L6184 61861 41790 61632
vf, L2149176-020 L 215241E-02] .215316E-02 L2152346-07 .214191E-09 .212724E-02
n.f2 776565E-01] .783304E-01] .787354E-01] .788742E-01 L79B467E-01] .807050E-01
(MATERIAL ruckKLING] . 314420E-02 ,270310E-021 ,247280F~07 243150E-02 ,222880F-07 ,210530£ -0
i
BURHUF INDEX ? 8 9 10 11 12
BURNUP RANGE
FRON HUD/T 2000.00 3000.00 5000.00 7000.00 2000.00 11000.900
{10 HUD/T 3000.00 5000.00 7000.00 9000.00 11000.00 13000.00
D 1.40726%5 1.409930 1.415438 1.42093 1.424306 1.420447
D2 L395411 .394220 .392435 .371148 . 390194 . 38247
Lay 550493E-02] .544645E-02} ,532726E-02 521295E-02] .51049CE-02] .500225E-02
Laz L 110301 L11602 112757 1126847 112248 111254
v, hE, L251875E-01] .252708E-01} .254965E-01 256913E-01] .25873SE-01] . 260357E-91
v, rf2 755654E-01] .771744E-01} .794308E-01 B09631E-01 .B19854E-01] .B26434E-01
k.. 1.111472 1.093264 1.057602 1.024508 .994542 L9672
P_ 61221 L60753 L9981k .98954 .58217 L37560
vf, L2096489E-02] L2064602E-02 T700542E-02) . 194822E-02] .189467E-02 .184433E-07
T2 B19396E-01} .827714E-01} .835417E-01 8366B3E-01] .833847E-01) .B2B299E-01
HATERTAL BUCKLINGE  184260E-07] . 155210E-02 948BA0E-03 . 414460F-03}-.106570E-03 LHb9250E-03
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TABLE A-2 CONTINUED

BURNUF INBEX 13 14 19 16 17 18
BURNUF RANGE
|FROH HUD/T 13000.0¢ 15000.00 17000.00] 19000.¢G 21000.00 23000.00
10 KD/ T 15000.00 17000.00 19000.00f 21000.80 23000.09 23000.900
D1 1.414844 1.413577 1.410617 1.407610, 1.4049%¢ 1.40257°8
D2 .388937 . 388527 388217 .3879%3 . 3878348 .387733
La} JAP0527E-07) L4B1349E-07] . 472647E-03] L46450BE-00] . 456795E-07] L 449551E-02
Lay 109945 .108434 106799 L105087 103340 101597
vy Lf, L26189BE-01) .263332E-01] .264675E-01] L266015E-01] .267242E-01] .268410E-01
voLf, 830376E-01] .832361E-01] .B32918E-01] .B832444E-01] .831301E-01] .B829718E-01
ke, .942410 219454 898177 878391 . 859847 842503
Pr .06983 96477 54027 539630 L09273 94953
£y A79730E-02) A733IFE-02) JA71206E-02] L167375E-02] L183799E-02] . 160478E-02
L LB2075TE-01 fﬁf?44¢£ 01] .B13210E-01} .793410E-01] .783890E-01] .774293E-01
hIERIAL BUCKLINGE.100969E-03).142100E-02} . 180440E-02}-,219490E-02}-.2549460E-021. 286790E-02
HURNUF - INDEX 19 20 21 22 23 24
{BURNHUF RANGE
FrOY HUD/T 25000.90 27000.00 29000.09 31000.00 33000.00 35000.00
10 U/ T 27009.00 29000.00 31000.00 33000.00 35000.00 37000.00
D1 1.400335 1.398259 1.326600 1.394935 1.373494 1.392135
D2 387869 387441 . 387640 3874660 .387697 .3d77 46
Xal <A42775E-02) L 436463E-02] LA30582E-02] .425181E-02 L420224E-02] .415497E-02
ai 099885 .098228 096645 095159 L7375 .072483
v;&f‘ J269524E-01] L270387E-01) J271532E-01] L272476E-01] .273372E-01] . 274214E-01
v,Lf, JB27932E-01] .B26114E-01) .B24404E-01] .B822924E-01] .B821720E-01] .820829E-01
K, 824197 .810880 796459 JB2FG4 770308 .7F8894
Py .94643 -34400 34154 .03932 33723 3528
v A97404E-02] 154574E-02] L 151965E-0 . 1495720E-02 . 14742%E-02 I4547|E"02
Lf2 SF6A991E-0Y JPGA123E-01] LP47792E-01] L7A0104E~01 L7II0OE0E-01] L 724743E-01
HATERTAL BUCKLING-.320100E-05]- . 351 970E-02F.379140E-0- . 408430E-0-. 43220002}, 455730E-02
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TABLE A-2 CONTINUED

[RURRUF INDE 25 24 a7 29 29 39
[RURNUF RANGE
RO HUD/T 37000.00 39000.00 41000.00 43000.0¢ 45000.00 47000, 00
10 HNn/1 32000.09 41000.00 43000.00 45040.00 47000.09 49600.090
D1 1.39097¢9 1.390004 1.388959 1.388271 1.387759 1.3873%7
D2 . 387806 .387877 .387945 . 338022 . 380104 . JSB1E3
Lal ANISBIE-07] L407B56E-02] L 404520E-02] L401455E-02] .398774E-02] L 394330E-07
Ya2 LUPTS09 090247 .087294 L088441] .097484 .087202¢
Wi LE, LEFO0NTESOU L27SFEEE-01] J276544E-01] L277219E-01] L277449E-01] L 278434E-01
Vatfa LBI0TLTE-0T] LBT7990E-01] LB8199727E-01] .820121E-01] .820341E-01] .820565E-01
K 747463 737232 FA7799 LA19449 /11079 703842
P ] .33337 .93156 .22782 .92809 324637 02444
Lf,y L143708E-07] J142120E-02 . 140707E-0 . 139438E-0 . 138303E-02] 137291E-02
Lfa S2093E-01] L716108E-01] L711738E-01) .707874E-01] L704533E-01] .701564E-01
HATERIAL BUCKLINQ-, 47925606021, 5005208 0701, 522520F - 7~.540&7SE~02—.SSBSBQE-Q”'.‘7A‘3“F -2
EURNUF INDEX 31 32 33 34 39 34
"ILURNUP RANGE] -
FRON HWb/ i 49000.00 51000.00 33000.09 530G0.09 57090.00 52000.4D
70 ' MWD/ ] 31000.00 33000. 920 95000.00 570090.00 27000.090 51900, 99
D1 1.38721 1.28719¢ 1.387334 1.38768% 1.388207 1.138517
D2 . 38827 .38634§ . 3884485 . 388567 358477 388794
§314 c394124E-02 L392123E-07 .390290E-02 . IBESTIE-0 .384971E-07] .385453E 02
Laz 085433 085914 .083453 LOEG034 Q04650 034282
Wi Lfy L278FP5E-01) L279472E-01] 279922001 .2B0337E-01) . 280485E -01] .2805726-01
VoLf, -B20865E-01] LBI0A5LE-01] .8197729E-01) L8185 0E-0t] .B146421E-01] .8133355- 01
k. 497295 EXAERY .484304 651837 6781179 475198
Py L0225Y La2d 31930 L1742 31549 31347
L, L 136385E-00] L130570E-02 L 134832E-0 134455002 . 133527E-00] L 132230607
Lf, <B9BEBIE-01) L690375E-01f L493924E-01] . 691493E-01] .48BRL7GE-01] . 485L07E- OI
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TABLE A-3 Group Constants for Trojan Fuels of 17x17 Lattice
Design with 3% Enrichment

[RURNUP THDEX 1 2 3 3 5 s
BURNUP RANGE
FRON HUD/T 0.0 20.00 40.00 100.00 500.0 1000.00
10 W/T 2o.o§ 40.00 100.00 $00.00 |ooo.oj 2000.00
D1 1.39394 1.396215] _ 1.397544] __1.397775] _ 1.399100  1,400147
D2 L39778 .39777 .397718 .397650 396979 .396204
Y S767T13E-02] . 703413E-02] .703953E-02] .703798E-02] .701551E-02 .698234E-02
Taz .15033 149391 .148903 .148925 14953 .150398
ViLE, TZA5474E-01] .246741E-01] .247490E-01] . 247610E-01] .248247E-01] .248690E-01
Vo LE, .8B1508E-01] .902568E-01] .915647E-01] 918141E-01] .932B20E-01] .943555E-01
% T.78557 T.256364]  1.239348]  1.236700] _ 1.22322 1.214513
— T, .58450 .58735 .58777 .58778 .58739) .58442
Tty .27 3104E-02] .273642E-02] .273843E-02] .273751E-02| .272542E 04 .270834E-02
Ti, _T04975E+00] . 105587€+00] . 105991E+00] . 106094E+00] . 106815E+00] . 107407E+00
WATERTAL BUCKLING| . 466880E-02] .420940E-02] ,395030E-02] ,370980£-02] ,370300E-0 L 356830E-02]
URAUP TNDEX 7 8 7 10 1 12
BURNUP RANGE
FRON HUD/T 2000.00 3000.00 5000.00 7000.00 9000.000  11000.00
10 HUD/T 3000. 00 5000.00]  7000.00 9000.00]  11000.000  13000.00
Y 1.40214 T.404324]  1.408791]  1.413353] __ 1.417748] _ 1.422207
D2 RELLH RLkvAE .391908 .390537 .389473] . 388439
Ta; ETT7AE-07] .6BI928E-02] . 649182E-02] . 654645€-02] . £403B5E-02] . 626514E-02
Taz 15173 .157587 2153173 152815 151811 150335
L TIATS07E-01] . 250373E-01] . 252130E-01] .253853E-01] . 255423E-01] . 256899E-01
VoLfa L959744E-01] . 972958E-01] .991947E-01] . 100464E+00] . 101254E+00f . 101680E+00
1.198992]  1.182760]  1.150420]  1.120084]  1.091751  1.085493
""‘%; .58378 58063 .57388 .56738 .56142 .55608
TEy 357300E-02] . 263740€-02] . 2565326-07] . 249709€-02] .242977E-02] . 236471E-02
5, - T0B224E+00] . 108754E+00] . 10912BE+00] . 108931E+00] . 108333E +00] . 107442E+00
HATER AL BUCKLING] .332530E-02] . 306760E-02 .254810E-02] . 203450E-02

156660E-02 .1124B0E-02
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TABLE A-3 CONTINUED

(FURWUF TNDEX 13 11 15 15 17 18

|nunuur RANG

FROM HUD/T 13000.00 15000.00 |7ooo.oo| 19000.00 21000.0 23000.00

10 ¥uD/1 . 15000.0 17000.00 19000.00 21000.00 23000.00 25000.00
D; 1.426373 1.430547 1.433356 1.430468 1.427662 1.424978]
Dy .387981 .387446 .387064 . 386754 . 386527 .386363
Tal ST3050E-02] .S99941E-02] .587246E-02] .574856E-02] .562838E-02 .551146E-02]
Ya, .148499 .146382 .144048] 141541 . 138904 . 136172
v, Lf, .258299E-01] ,259588E-01] . 260844E-01] .261993E-01] .263121€-01] .264207E-01
Vo LE, TOTB20E+00] . 101731E+00] . 101459E+00] . 101039€+00] . 100503E+00 . 998756E-01
k. 1.041048]  1.018125 996522 L 975997 956429 937677
P L55132 .54707] 54330 53992 . 53691 .53422
TE, L230194E-02] .224102E-02] .218286E-02f .212634E-02] .207193E-02 .201952E-0
rfa 108330E+00] . 105049E400] . 10364CE+00] .102132E+00] . 1005S4E+00] .989267E-01

A ? - 1 -03F.7287106-04F . 424530€-03F.772550E-03-. 11 0940E-02)

BURNUP TNDEX 19 20 21 72 23 24

BURNUP RANGE :

FROM ND/ 1] 25000.00 27000.00 29000.00 31000.00 33000.00 35000.00

10 HUD/T 27000.00 29000.00 31000. 00 33000.90 35000.000  37000.00
D1 1.42241; 1.419980] 1.417395 1.415062 1.41281 1.410657
Dz . 384254] .3B86192 38610 . 386181 . 386221 . 386286
Tay .939845E-0 .526885E-02] .518344€-0] .508157E-02] .A96374E-0 .489006E-02
Taz . 133373 . 130537 . 127688 . 124844 122034 119277
v LE, <265257E-01] L266271€E-01] .267323€-01] .268311E-01] .269278E-01] .270226E-01
V, L, <991784E-01] .984307€-01] .976491E-01] .968456E-01] .96033%E-01] .952239E-01
Koo L 919641 902244 895469 .869222 .853511 .838334|
P, 53182 52947 L5207 53503 . 52444 52302
v, JA98911E-0 . 192070E-02] . 187446E-0 .183020E-02] . 178800E-0 .174791E-02
vf2 «922698E-01] .956007E-01] .939345E-01] .922837E-01] .906609E-01| 89077 2E-01

[HATERIAL BUCKLINGH, T434T0F-02F  175310F -0 , 208360F 04 .7 39400E-02F, 249R00E -0F -

991



TABLE A-3 CONTINUED

feurnur INDEY 25 26 27 28 29 30
[BURNUP RANG
FROM nun/i 37000.000  39000.00  41000.00 43000.000  45000.0 47ooo.oq
10 KWD/ 39000.00f  41000.00f  43000.00 45000.90{  47000.0 49000.00
D1 1.408592 1.406628 1.405013 1.403399  1.401907 1.400580
2 .384370 L 386471 . 366587 L 38471 . 386850 .386994
-—-—ﬁ ) 48007 1E-07 . A71578E-02 . 463494E-0 ,A55099E-02] .4487576-07] .442083E-0)
a5 145980 113983 111476 .109084 1068100 . 104460)
v, Lf, «271154E-01] .272063E-01] .272871€-01] .273710E-01] .2745156-01] .275283E- 01
Va2lf, 944234E-01] .936379E-01] .928708E-01] . 921258E-01] . 913993E-01] .906877E-01
k. 823700 .809478 796114 . 783260 L 771067 259577
Py 52148 L5204 .51920) 51604 5148 L5157
vf, T7O9GRE-02] 167 ATTE-C] . 164029E-00 . 140849E-02] . 157919E-02 JNSS171E-02
T, 8704136 -01] .BA0L0TE-01] .B44377E-01] .832B58E-01] .B819975E-01] .807745E-01
MATERTAL BUCKLING-.328670E-02F.357060E-02).38224CE-0 . 408110E-02}.432800E-0F, 4548200E-02
[EURNUP INDEX 3 32 33 34 15 36
[kURNUP snuoa - ‘
FRON nUD/ 49000.00]  51000.00f  53000.000  55000.000  57000.00] 59000.00
10 NUD/ 51000.000  53000.000  55000.004  57000.00 s9ooo.oi 41000.00
D1 1.399430 1.398471 1.39747%) 1.39487 1.39649 1.396342
D2 307144 . 387304} . 38746, .387437 .387814] .387997
Tag AISB0TE- D0 L A29972E-02] L424565E -0 LA19502E-02) .A14781E-02] . A10367E-02
" La, 0087 100,41 178769 L057310 .095760] . 094309
viLfy 276012E-01] .276700E-01] L277410E-01] .278018E-01] .278574E-01] .279073E-01
VoLf, -BYYBATE-O1] . BYIE17E-01] .8856.72€-01] .878250E-01] .870413E-01] .861975E-01
ke .748832 738877 729754 .721487 .114098 707453
Pﬁf‘ .51453 51333 51207 51074 50934 .50782
Lf, <JG2621E-02 L150258E-0 . 148082E-00 . 146041E-02f . 144192E-02 . 142459E-02
Lf, 796140E-01] .785112E-01] ,774592E-01] .764459E-01] .754632E -01] . 744981E-01
HATERTAL BUCKLING-.478170E-02F.498590E-02. 5195906 0. 5370606-02 . 5524506 -0, 56421 0E-02

{7



TABLE A-4 Group Constants for Trojan Fuels of 18x18 Lattice
Design with 37 Enrichment

BURNUP INDEX 1 2 3 A 3 4
BURNUP RANGE .
IFROM YA 0 20 60 1560 500 1099
10 NUD/T 20 83 169 500 1000 2009
D, 1.360430 1.362210 1.3631764 1.363037 1.344577 1.345520
D, 417045 414981 418878 L A16774 LAT5313 414770
Tai L767491E-00] .788972E-00] .787565E-02 .769N53E-02] .7 a/649E-02 .7 &6480rr-01
La2 NEEE 163845 63367 . 163453 4R47E 1464306
W, LE, L2343020-01] . 235550861 L 23621 CE-01) . 236305 e-01] L 234697 2E-010] L 23741 E-01
v, Lf> 558136E-01] .9826776-01| .776399E-01] .999315E-01] .101915E+00] . 10351 2E+00
:1; .239058 1.210271 1.175544 1.193222 1.180005 T 171201
n .5299¢ .53080 53121 55147 L53057 .52725
Tfy L2987/ 2E-02] L299586E-00] . 299806E-07 .77/ 24E-02| . 29B424E-07| .297034E-03
Tf, A el Ge+00] 121856 +00] L122373E+00] L 122537E+00] L 123504c+00] L1247, GF+09
NATERIAL BUCKLING] .35.740E-02] .342530E-07 . 370020E-02] . 3144306-02] . 2251 10E-02] . 282490E-07]
BURNUP INDEX| 7 d e 11 12
BURNUP RANGE :
lrrON NUB/Y 2000 3000 5600 2059 9900 11000
Iro NUD/Y 3639 5000 70ud 9000 110990 13094
D) C1.367a8A 1389401 R NI 1.3870114 1.38547%
D2 412836 LA11259 .40837 .106874 105334 IR
al LASBSBIE-0Z] LFS2213E-02] L733980E-0 72407260 LM 15a0e-0d] LA01ET1E-02
Ta2 L16704% 471149 173968 IJUUu‘ 176313 176347
ViLf, CIYBIINE-09] L 2I9TICE-01] L2411 35E-01] L 24287 IE-0] L 214496201 L 24554 4E-01
Vo Lf, L106024E404] L10B157E+00] L 111440+ ) .113.Jee+oo .11q375h+)0 Li17384E+00
Keo 1. 155411 1.13352 1.106907 1.0/ 160 i .0950374 1.025947
Py 52578 52151 01330 50584 45370 A9247
Lf, _793047E-07] . 290312E-0.] . 2835396-07] 277012600 . 270768E-00] 3446wt 05
Lf, Ci26781EV 00 2B1FTE+00] L 1T005TE+00] 13110 Evuy] . 101759E+00] . T31945E+00
(HATERIAL BUCKLING .25/ 70E-0.4 .230090E-02 1791 10E-0.] .130510E-02 .847540E-54] . 443400E-0]]

871



TABLE A-4 CONTINUED

—
E-4
—
()
-

-~
-
=~
-
[=s]

BURNUF TNDEX] 13

BURNUP RANGE]
[FRON HUB/Y 13000, 44 15000.907 17000.02 19600, ¢ 21000.05
10 LU YA 15000, 47 17200.2° 19000.9¢ 21090.04 23000.¢C¢
Dy 1.3689707 1.3882243 . 380944 1.383277 1.381982
D, L0323 L40045¢ L4018 9 401 490877
Lay HF0092E-0] L46789412-0F L448237E-0 L4578B0E -4 J3E
La2 A7 654 L7580 LRI 73740 L2728
Vit 2A73GE -0 L24B5A4E 0] L2497 41E-DY L250845E-03] (251834E -0
v LT, LA1BE28E40 JH193FI0407) L1200320E40 Y L1I04BNED]] 1207875400
" 1.0037%7 58329 L8430 214758 L238I00
Py L4871 L2214 A8 LA75ad L7000
LIy L299052E-0 L2535470-00 J248321E-0 L 243354E- 0 L2364BDE-CY) .
Ir, LAITHYOELD 13155600 1311086 +GY L 130489E+00) 129756300 UG L:
[MATERIAL DUCKLING .542840E-01 . 2735000 03-.4240906-07-.939390E-03)-. 1235306021,

URNUP INDEY 19 20 2i 22 23 24
BURNUP RANGE '

FROM wuB/Tp 25000.0d  27000.09  29000.0¢ 33000,02 07
10 WWD/T]  27000.04  29900.5Y  31000.0¢ 35000, 00 .
™ 1.378687]  1.3.& 1.3758571 1.37202]
D2 _ L40027 | 350 379914 375705
Ta — LB2BBA9E-C | 515676007 LA11172E-00 SF48691E-C7
Taz == R e 156700 163301
vy LEy .253 L2547530-01] L 255623E-01 257243
V,LE, T2T0ACE+0] 171634010 L 120741EF0C 208578460
Kea 70014, 553, .873071 LB
P, 45371 _ih L 45557 4%
vE, L229448E-0 | 205040054 L2211976-02 213450
vF2 12B07BE 100} 1271580100 1262026100 124230F
[HATERTAL BUCKLINGI-.178310E-0.] .205043¢ 21 . 2312206 -0 2789207

67T



TABLE A-4 CONTINUED

BURNUP INDEX 25 24 27 2§ 2 30
BURNUP RANG
FROM NUD/ 37000.00 39000.07 41009.0¢ 47000,

10 HUD/ 39000.0:]  41090.00]  43000.0¢ 19
T, ' T.367077 ] 1.369201
T, 370060 37571C
Tay (5792/CE 0| 565360897
Lay 158167 L 15450¢
N 259G17C-CI| .2601415-01
v Lf, 1157450 1 0(] 1176605400 11901454 C%
" 815437 505427 L7347E7
P 1485° 14490 41373
Lf, TT03E13% 07 200577E 07 15495 1E-07] 1523
Lf, TA7783E e | L TT1 T8 T 00| L 1203256146 REFT A T
[KATERIAL BUCKUING-. 373470 0| .344530E 02]-.36275CE-04)- L400270E -07) 417610k 2.

BUENYF INDEY 31 32 23 34 24 3
BURNUP RANGE
FEOM MU/ 49000.¢ G164¢.0 53000.407 a7000,
10 KuD/T 51000.9¢ 33003.00 35008, 9% 39000,
D, 1.256%10 10345408 1.3566475 1.26070
D, LA00040 ALY LAE0316 4 4008
la) . LaA0764E-0) JG352832-07) 530041567 L5800 5 L320187E-C
Laz REEE 14371 AA727 REE BREENN
v, Lf, L202662E -0 L245T01E 1] J263751E-01] L 264201 47219k
valf, ATBIR0C ) NPT EEE 0] JIP2PGE R0 LT 1E45FE SATEQ3EE
k_ FI00 Le2iTE ENELT LS 4207
P REIER 43717 13724 A2 AL
Lf; B9 SE-00 ST 2 -5 LiB339%C 181421¢€
Lf, ATEES7E 0L E DEFCE] L1395 0 L1305
HOGTEETAL BUCKLINGE- . 434010C -<7}-. 449410200 CE-0-. 4770000 -00)-. 4870000 -

0s1



TABLE A-5 Group Constants for Oconee Fuels

Design with 3% Enrichment

of 15x15 Lattice

[FURNUF

INDE 1 2 3 4 ] [
{BURRUP RANGE
FRON HUB/1 0.00 20.00 60.00 100,00 600,00 1000.09
10 HUD/T 20.00 60.00 100.00 400,00 1000.00 2000.900
n 1.442540 1.444910 1.446200 1.446400 1.447450 1.448580
D2 387959 .387952 .387899 .187834 . 387050 . 386470
La, LO3IFNI7E-02] L634337E-02] L 634723E-02] L 634601E-02) 63241402 ,630374E-02
zﬂi 134770 134060} 133770 133833 . 134407 1345590
v Lf,; L249636E-01] .250817E~-01] .251441E-01) .251533E-01} .252139E-01] .252413E-91
Vv Lf, 797444E-01] .B14723E-01] .B24313E-01] .826208E-01] .841004E-01) .B48/81E-01
k_ 1.331000 1.303070 1.288550 1.286470 1.22334¢ 1.267710
Py 63781 . 63850} .63881 63881 L63831 43763
f, L246100E-02] .2446517E~02] .246652E-02] . 246572E-02] 245311 9E-02 . 244211E-02
Lf, L092622E-01] .549621E-01] .548215E-01] .548245E-01] .S49709E-01) . 551034E-01
HATERIAL BUCKLINGl .525547E-02 .484733E-021 .463286E-02) .460220E-02 . 440858E-02] ,432945E-02
EURNUF INDEX 7 8 9 10 1 12
EURNUF RANGE
FROH HUD/T 2000.00 2800.00 3000.00 50900.00] 6500.00 8000.00
10 HUB/T 2800.00 3090.09 5000.00 $600.00 8204,00 1QQQQ AL
D, 1.450500 1.452100 1.4525300 1.456600 1.469000 LA4L2959
D, . 385207 .384330 384130 . 182430 . 4813469 , 320590
Xa} L624953E-02] L420408E-02] .619266E-02] L607367E-02) .597801E-02 .567447E-02
Ya, 37170 . 138080 .138270 139330 . 139480 139240
v, Lf, .~J3133E 01] 25370 E-01] .253B59E-01] .255338E-01] L256511E-01) .2H7505E-01
v,Lf, LBEA53SE-01] .875180:-01] .877454E-01) .B964B1E-01} .907223€-01) .?14044E-O1
k_ 1.254390 1.243040 1.240120 1.211560 1.189140 1.170399
P_ L 63544 43330 63278 62698 422349 LS1B55
Lf, L241IS4E-02] L239024E-02] . 238442E-02] L 232535E-02 ’”76’4F -0 L 223857E-00
. Lf, 953122601 L553708E-01] .553737E-01) .5514526-01] . 547519E-01 54??0/!*”1
HATERIAL AUTTSTE-0Y L 394151602 .389741E-02] . 345940£-07 .3109UUE -0 281293E-9

BUCKLING

IsT



TABLE A-5 CONTINUED

BURNUP INOEX 13 14 15 14 17 14
EUrnur RANGE]
FROH HWD/T] 10000.00 12000.00 14000.00 r40090.09 18000.00 20000.00
0 HUD/T, 12000.00 14000.0G 16000.00 16000.00 20000.69 22000.9¢
D, 1.467100 1.47127¢ 1.475200 1.47923¢ 1.485189 1.387159
Ny 379707 379000, . 378440 378000 377452 377380
Tay 977728E-00) L364257E-0 JHS5018E-02] 54407460 .533440L-02] L5201 27E-02
lgs . . 138394 137139 135540 L1337 1\ 131489 129325
v?éf}l . L2588 1E-01] .260175E-01) .241374E-01] .26251,E- 243511E-01] 254471E-01
v Lf, LI20356E-01] .923422E-01] .224485E-01 .9734J3E 0| L2209145-0) (2127183E-01
%H 1.143000 1121150 1.098649 1.0772%¢ 1.0546989 1.037540
r 61352 60870 60490 .00123 99792 L9574
If, L2T8253E-020 .212825E-0 L207552E-02 . 202458E-02 197543602 . 192010F-02
. If, O30060E-01) .5259%9E-01) .516103E-01) .5054619E-01] .494731E-01) . 423489E-01
HATERIAL BUCKLING .240573E-02 .200725E-02 184314602 129321602 ,956220E-07 . 427039€ -0
LURNUF INDBEX 19 20 21 22 23 24
BURHUF RANGE]
FEON HUB/T 22000.0¢ 24000.00 26000.0¢ 28000.04 30000.490 32600, 9¢
1o HUD/1 24000.00 26000.00 28000.09 30000.00 320900.04 314999.9¢
1 1.491000 1.495000 1.472490) 1.489810 1.487250 1.4842049
D1 377173 377024 37691 376847 374802 3746794
Lay Lol IVI2E-02) JG03454E-0 JA941462E-07 L A45099E-0 4744361 -07] . 4431 35E-07
La, L2725¢ 24717 122534 120138 L1724 LA15820
v, Lf, (606630 -01] L256645E-01] L267563E-01] .24B4cVE-0Y L 2AVISIE-01) L 270208F 0]
Valf, TI2018E-01] LS07147E-01] .901249E-01) E%4%%1E-0Y LBRE504E-0 . 231900E-01
k| V.OTHYOU 1.000970 .983474 L aYEY 700867 (235301
1% .39224 .38980 L9B8758 28557 0374 L98294
(Ef,y 882526020 (183879E-02] . 179479E-01 . ?bﬂ{dE 0 1218300 . 143183E-02
rf2 LAZ2INGE-01) L 461017E-01) (449783601} . 4304 8E-01) 4278281 -0} 41 7235E-01
HATERTAL BUCKLING .317167E-03] .799391E-05.281370E-08-.5656% 1E-04-  B482/0E-03-  112237F-07

TSt



TABLE A-5 CONTINUED

EByEHuP INDEX 23 2 a7 21 A9 30
EURHUR RANGE
CROM Hun/1 34060.00 36000.00 38000.00 42000, 01 G000, 80 44909.00
[0 HUb/1 35000.00 38000.00 40000. 00 42000, 0¢ 1&000 ¢o 530?0 a0
)] 1.48247¢ 1.480240 1.47794¢ 1.5225930 1.4.74500 472940
D2 . 374807 . 376839 . 376887 L3894 .’f’O(% .5?/04?
Lay SA50194E-00] L 452826E-0 L A45464E-0:] . a385500-00] L4540 LATNANeE-DD
Lla, 113040 110773 108573 OGRS 04354 L102247
Wi, SAP1039E-01 L271B44E-01] L272477E-01] L 274448000 ’411WE 01 L2 876E-01
V. Ef, LBIGI71E-00 (B4BAF2E-01] BA22N15E-01) 825061 E-01] 848357601 . 821795E-01
k. L92029% .905854 892013 L BN ’61111 LON0567
P:%i . 580352 .37908 L3777 L/ 641 RGN L7374
if, A64718E-02] N461437E-02] LIGBISTE-0 L 155440€-0 15294260 .IbOOOlL 92
7f, LA06YZAE-01] L 397088E-01] LABZEI7E-01] .3785820-01) 34675 2E-01) L 357677E-0
BHATERTAL BUCKL TG . 139433E-02F-.183962E-02}-. 170408E-02 ., 21378 36-00F . 2904 32E-00- . 247874E-02
KURHUP THOEX X 32 33 14 39 34
JHURNUF RANGE
FROH HUD/T 46000.00 48000, ¢ 30000.00 22005000 34000.90 34000.00
Fi HUD/1 48000.00 20000, Gy 32000, 0¢ 54000, 00 34000,00 08009.00
D, 1.4.7158%) 1.470000 1.449103 1.45850% LA67911 1.468123
D, §2210¢ 37713y LA72720 377200 . 377240 . 377289
Lap SATBAEYE-O) L4111 740E-0.0 L 404250E-0:] 397475602 .390746E-02] , 383540E-97
ay 079 L09784% 075433 L9357 .09138% 089275
T CA7GS8BE-01) L276392E-01] LAPPISEE-01] L277934E-01] L27B657E-01] .279451E-01
v, Lf, LBIA5A/E-01] JB27128E-01] .B821988BE-01] .813345E-01) .807376E-01] .800789E-01
%n 437340 8:1‘ | 808443 795327 .781072 L F67542
r L2364 L7135 L7004 .54879 L96751 L6623
Lf; 13475460 144232E“02 SAAV378E-0 L 137898E-02) L 134945E-02 L 142484F-02
Lf2 300750001 L 340987E -01) L 331424E-01] . 322753E-01] . 312448E-01] .303345E-01
HATERTAL BUCKLING-, 290893E-02-.3143926-02]-. 342015E-0- . 3487 724E-02F.3917626-02) . 41 74 31E-02

€ST
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APPENDIX B

DESCRIPTION OF THE ONE-DIMENSION

CODE USED IN THIS STUDY
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APPENDIX B

Description of the One-dimension

Code Used in This Study

B.I. BLOCK DIAGRAM

The block diagram on which the one-dimension code is established
is shown in Figure (B-1). Block (1) is the initial loadings of the
core for the very first cycle in searching for the equilibrium cycle.
Based on the burnup levels of these initial lqadings at each zone of
the core, the corresponding group constants of each zone can be ob-
tained from the local file in Block (4). The code will then begin the
inner iterations starting frpm the initial flux guesses in Block (2).
The routes A-B-C-A-B-C and A-B-D-E-C-A-B-D~E-C are the routes for
inner iterations in which the fluxes solved in one loop of inner
iteration are the initial flux guesses for the next loop of inner
iteration, while the physical conditions of the core remain unchanged.
The reason to have two passes A-B-C-A-B-C amd A-B-D-E-C-A-B-E-C is
that in the first pass when L2<LLL, the k eigenvalue is kept constant
and so the possible irregularity of the initial flux guesses will die
out without causing inconsistency to the k eigenvalue in the second
pass when LLL<L2<L3. After L iterations, block (5) will check
whether the integrals of the fluxes in loop L3-1 and L3 are within a
pre-set convergence limit (equation 3.15). If the fluxes do not con-
verge, the physical conditions of the core will be changed. Here the
thermal absorption cross sections of the fuels in the whole core (in

whole core controlled case) or of the fuels in the central zone only

(in the central zone controlled case) will be changed by adjusting
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the boron content in the fuels. The amount of adjustment is propor-
tional to the magnitude of the k eigenvalue after L3 inner iterations.
After the physical conditions of the core have been changed, another
series of inner iterations will start all over again. The pass D-Block
(5)=-Block (6) in which adjustment of the core physical condition is
made is called the outer iteration. By repeating inner iterations and
outer iterations several times, a proper critical core condition
(critical boron concentration) can be found and the converged critical
fluxes are obtained. These critical fluxes will be normalized to the
power of the core in Block (7). Using the normalized critical fluxes,
the individual zone average burnup, corresponding to a core average
burnup step whose size is determined by input parameters described
in the next section, can be calculated according to Equation (3.20).
Block (8) and Block (9) will do these burnup calculations. The physi-
cal conditions of the core, namely, the group constants of each zone,
will change due to this burning of fuels. The boron concentration
required to keep the core critical will no longer be as much as before
the burnup step. Another loop of inner and outer iterations has to be
made to find another set of critical fluxes for the core with changed
physical conditions. Once these critical fluxes are found, another
burnup step follows. After several burnup steps, the core is con-
sidered to have reached the end of its cycle when the critical boron
concentration needed no longer exceeds a small pre-fixed amount or
the k eigenvalue without boron is less than 1 but greater than .9998.

The end of cycle is guarded in Block (8). After the end of normal

cycle, the cycle will be checked for whether it is the equilibrium



158
cycle or not in Block (10) by comparing the end-of-cycle zone average
burnup distribution of the cycle with that of the previous cycle. If
the end-of-cycle zone average burnup distributions for three consecu-
tive cycles are nearly the same, it is considered that the equilibrium
cycle has been reached. In case of coastdown operation, the cycle can
be extended by changing the resonance escape probability according to
Equation (3.27) after the end of its normal cycle. This is done in
Block (11). As in a normal cycle, after the end of the coastdown
cycle, an equilibrium check will be made in Block (10). If the cycle
is not the equilibrium cycle, another cycle of search for equilibrium

will begin with a new set of initial loadings.

B.2. INPUT FORM
This code is developed for CDC 3300 CYBER 70 computer through
terminal mode 43 (Basic KSR). Input data are loaded through the
terminal rather than through the paper card decks. Once the code is
compiled and loaded for execution, the terminal will print out the
following Variables'sequentially. Necessary values of these vari-
ables must be loaded to proceed with the calculation.
KB : The maximum number of burnup index of group
constants in Tape 1.
P : The reactor rated power, in MWT.
T : The total weight of the uranium fuel in the core,
in metric tonne.
CAL : The active reactor height, in cm.

CR : The reactor radius, in cm.
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NORE

NPTN

MORA

<1

<1
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The number of mesh divisions along the reactor
radius.
The distance between the mesh points, in cm.
The number of zones, of either equal volume or
equal pitch.
When NORE <1, the code will stop at the end of
Cycle 1, no equilibrium cycle search is attempted.
When NORE <1, the code will continue to run after
the end of the cycle until an equilibrium cycle is
reached. The code will stop searching if L7
(defined later) reaches its maximum.
NPTN 1, the initial flux guesses are those in
equations (3.13) and (3.14).
NPTN 1, the initial flux guesses are constant.
When MORA <1, the shuffle pattern and the initial
loadings of the next new cycle can be adjusted
manually in searching for an equilibrium cycle.
The terminal will print out a series of variables
(CBSI(1), I=1,15), the initial loadings. Proper
values of these initial loadings must be loaded in
order to proceed with the search of equilibrium
cycle.
When MORA 1, the initial loadings of the new cycle
is adjusted automatically by the code according to

Equation (3.11) in Sectiom 3.5, Section B.
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4 or 6 The maximum number of the reactor power generation

10

25

10

cycles the code can run in searching for an equili-
brium cycle. This is to limit the execution time of
computer in case the equilibrium cycle cannot be
The maximum number of outer iteratioms in searching
for critical borén concentration. L1 is set at 10
here. The number of actual outer iterations needed
is usually less than 10. A convergence criterion
will automatically terminate the outer iterations
when the criﬁical boron concentration is reached.
The maximum number of inner iterations for each
outer iteration. L3 inner iterations are run before
checking the convergence of the flux.

The number of inner iterations before checking the
eigenvalue k. To have LLL inner iterations before
beginning the calculation of the ratio knﬂ/kn will
avoid the disturbances that might be encountered in
evaluating the ratio if the initial guesses of the
fluxes are poor. LLL:should always be less than L3.
When MDISB <1, the reactor is divided into regions
of equal pitch.

When MDISB >1, the reactér is divided into regions

of equal volume.

ND1=1 if the first central zone is controlled. NDL=2
if the first and second central zones are controlled

, etc. In whole core controlled case, ND1=NB.
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J=1,...NB,..15 The zone-wise burnup distribution at the end of the

CBSI(J)

J=1,...NB,..15

mz,m,ﬂu},

DIB

previous cycle. If the current cycle is the very
first cycle in searching the equilibrium cycle, a
zone wise end-of-cycle burnup distribution for a
fictitious previous cycle is guessed. It is used

as a reference to see if the current cycle will or
will not lead to the equilibrium end-of-cycle burnup
distribution by comparing total difference between
;21 EBURN(J) of the previous cycle and ;gi EBURN(J)
of the current cycle. When the difference is less
than DIB (defined later), the cycle is considered

as converged to equilibrium. The maximum number of

regions into which the core can be divided is 15,

The initial loadings of the first cycle. A good
guess will reduce the number of cycle iterations

needed to reach an equilibrium cycle.

BW2, the core aver-ge burnu, step size in MWD/MTTU,
When the reactor is in the earlier stages of its cyol
cycle, large core average burnup step size is employed
pPloyed. BW2 is taken as 2500 MWD/MTU.

BPHM 1is a value ( or the Boron concentration in

PP ) corresponding toZ: .

In whole core controllsd in-out refueling case,

vhen the boron concentration needed to keep the

reactor critical is larger than BFPM {=400), the



KCD ; 1,2,3,4,5

CcTM(1),CTM(2),
cT™(3),CTM(4),
CTM(5):
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core average burnup BW2 is taken; otherwise a

smaller core aversage burnup step ie taken.

In central zone controlled 4m-out refueling caeg,
BFPM is 800. In whole core controlled out-in
refueling case, BPM is 200,

BW3 is a factor to determine the core average
barnup ltip sizes when the emd of cycle is negr.
BW3=.8 is used,

DIB , when the difference of the total sums of the
two consecutive cycle

DIB=3000 MWD/MIU. When the difference of the total
sums of the EOC burnups between two consecutive
cycles is less than DIB, the cycle is considered
as ap equilibrium cycle.

When KCD=1, normal cycle without coastdownm,

KDC=2, coastdown to 90X power level, corresponding
to coolant temperature 573.5°F.

KDCa3, coastdown to 80% power level, corresponding
to coolant temperature 561°F.

KCD=4, coastdown to 70X power level, corresponding
to coolant temperature 548.5°F.

KCD=5, coastdown to 60X power level, corresponding

to coolant temperature 536°F.

CTM(1)=586°F, CTM(2)=573.5°F, CTM(3)=561°F, CTM(4)=

548.5°F, CTM(5)=536°F. ‘fhey are the coolant
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temperatures for 100Z, 90X, 80Z, 70% and 60% power
correspondingly.

WW : 0.001666 The volume expansion coefficient of water. It is
0.001666/°F for coolant temperature between 586°F
and 536°F under the reactor pressure of 2200 psia.

JA : 21 JA 21, when trial functions (real fluxes) and ad-
joint fluxes are needed as input for two-dimension
calculation. The fluxes used as trial functions
are stored in local file TAPE 3.

<1 . JA <1, when trial functions and adjoint fluxes are
not needed.

ENIT, EZIGH
EPPMM, Q,Qt ¢ The fluxes are considered converged if CH! in

equation ( 3.15 ) is less than ENIT. The reactor

is considered critical if the k eigenvalue in
equation (3.16) ;tter boron is added tomthe reactor
is wvithin a range such that k-1 is less than

FIGE. The EOC is reached if the boron concentration
in ppm needed to keép regctor ezitical i- less than
EPPM, Q is the overrelaxation factor in equations
(3.5) and (3.6). Q! is the convergence factor

in equation (3.19). The values used are ENIT=0.00002

s EIGE=0.0004, EPF¥=10, Qu1.7 and Qi=.8
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B.3. GROUP CONSTANTS LIBRARY

TAPEI': A local file i.e., TAPEl, which contains the group constants,
Dy, D2, V1E£y, VoLIE,, Lay, Za2z, k., Pr’ Zfy, and If, for the
fuels loaded in the core at KB different burnup levels, has
to be established. In this study 5 different types of fuel
are under study, that is, fuels of Trojan type with 15x15
lattice 3% enrichment, 17x17 lattice 22 enrichment, 17x17
lattice 3% enrichment, 18x18 lattice 32 enrichment and Oconee
type fuels 15x15 3% enrichment. Therefore, five group con-

stant library files have to be established. The file is set

up in the format as shown in Table (B-1),.



TABLE B-1 .

THE FORMATS FOR GROUP CONSTANTS STORED IN TAPEl.

Grou

Consl:.ante D, D, v, Lf, vy Ef, 251 Z.g

Variable

N BOY(I,1) |BOY(I,2) }BOY(I,3) BOY(I,4) }BOY(I,5) |BOY(I,6)

Format . 1x,F12.6 Fl12.6 El2.6 Fl2.6 El12.6 El12.6
A Ay

Group ' Burnup

Constants ke Pr Lf, Lf, Level

Variable |n5vc1,7) | Bov(1,8) | Bov(1,9) | BOY(1,10)| BS(D)

Nggg » » »

Format F12.6 F12.5 El12.6 El12.6 F8.2

(BS(I) 18 the burnup level,

I=1,45 for 45 different burnup levels in one-dimension code;

I=1,49 for 49 different burnup levels in two-dimension code)

€97
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The outputs from one-dimension calculations are divided into two
groups. OQutputs in the first group are interim calculation results
which are ugeful in judging the correctness of the caiculation and in
making modifications oa the input parameters to speed up the conver-
gence of iterations. Data of this grcup 2re printed out on the ter
minal in the following sequences and forms. The sequence is somewhat
different for normal cycle and coastdown cycle. Data in the second.

group are not printed out on the terminal but stored in a local file,

Tapel.

A. First group output
A-1. Normal cycle

1. Information about cycle 1,2,....
OSSNy

S ol dv

2. Sequence number of outer iteration, m;

S@2-42_ )av J(Zg 64T ¢2)dv

S o2 av Tm _f():ﬂ¢‘ ¢ 2 )dv

1 2
S(Tg dp4Te 02) dv 5 S(Tg 4y (#T o6 ) dv

3. I,

4. Selected mesh point; oritical flux,¢;; ¢: H ¢;_1 : ¢;

¢! (core centers) ¢;(core center)
5. Flux peakings 2 and

! ¢:‘ dv / ¢; dv
dv S dv
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7-2

10.

167
(In central zone controlled case, these ratios are not

necessarily the peak values)

. Flux normalization factor.

Bundle incremental and cumulative burnup corresponding to the
core average burnup step, BUC. |

Zone number; step increment; cycle increment; initial loading,
final bundle burnup; burnup index and bundle power peaking
factor.

Cumulative core average burnup, COREB.

(For every core average burnup step, outputs from step 2
through to step 8 are repeated. At the end of the cycle, the
end-of-cycle outputs of'step 2, 3 and 4 are printed out before
step 9)

Equilibrium cycle convergence factors

Expected core average burnup, EXCB; Sum of current initial
loadings over all zones, CIL; Sum of expected initial load-
ings over all zones; n n-1 , a ratio indicating

NB.COREB+DxB

2.0xp”t

the closeness of the current cycle to equilibrium cycle

and the actual core average burnup of the current cycle,
COREB.

Initial loadings of the next cycle suggested, and final burn-
ups of the current cycle. Zone number I; initial loading for
next cycle; final burnup of current cycle. (For every cycle,

outputs from step 1 through to step 10 are repeated. When an
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equilibrium cycle is reached, the final burnup of the outer-

most zone of the last cycle is the desired equilibrium dis-
charge burnup)

Coastdown cycle

In the case of coastdown operation, additional outputs are
printed out following the end of normal cycle and before the
output in step 9 of A-1l. These outputs are:

Information about ;oastdown operation

Power generation cycle number ; equilibrium cycle number ;
step of coastdown operation ; coolant temperature H
Total cumulative core average burnup steps at beginning of this
coast-down step.

Second group output

OQutputs in this group are the fast flux, slow flux, fast
adjoint and slow adjoint along all radial mesh points for
three different reactor stages. They will serve as the trial
functions and the weighting functions in two-dimension
calculations. The one-dimension code will generate these
outputs only when equilibrium cycle has been reached. They

are stored in a local file Tape3.
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PROGRAN YEN1DN(TAPE!,INPUT,0UTPUT,TAPES1=QUTPUT,
TAPE3)

A ONE DIMENSION TUO GROUP DIFFUSION CODE TO SIMULATE

THE CORE BURNUP WITH DIFFERENT ENRICHMENTS AND REFUELING

SCHEHES

REAL B1,X

INTEGER KB

DIMENSION AJ(13),61(200),62(200),HH1(200) ,HHH1 (200)

DINENSION HH2(200),HHH2(200)

DINENSION E1(200),E2(200),EE1(200),EE2(200),F1(200),F2(200)

DINENSION GOD(49),ULOVE(49)

DINENSION P28(49),PT(49),CTH(5),BP(15)

DIMENSION FKK(15),DD(2,15),LZR(16),EBURNC15),C3S1¢15),CBSE(15)
DIMENSION CCBE(15)

DIMENSION BUC(24),SIGNB1(15),SIGNB2(15),BS(49),NBS(15)
DINENSION B(15),AA(2,15),B8(2,15),£C(2,15),55(15),SN(15)
COMNON/SOURS/SIGN(2,49),SIGNF(2,49),SIGNA(2,49)
DIFC(2,49) ,FKAP(2,49)

COMMON/DAAD/ASY (15),AS52(15),AS3(15),AS4(15),ASS(15)
,AS8(15),A57(15),AS8(15),AS9(15)

PRINTs,"KBs",

READ®, KB

D0 910 I=1,KB :
READ(1,911)DIFC(1,1),DIFC(2,1),SIGAF(1,1),SIGNF(2,1)
,S16A(1,1),S1GA(2,1) ,FKAP(1,1) ,FKAP(2,1),SIGNA(1,T)
,SIGNA(2,1),B5(1)
FORMAT(1X,2F12.4,E12.4,F12.4,2€12.4,F12.6,F12.5,2612.4,F8.2)
CONTINUE

PRINT#,"P2",

READs P

PRINT#,"T=",

READs, T

PRINT,"CAL=",

READ®, CAL

PRINTe,"CR=",

READ®,CR

PRINT#,"N=",

READ®, N

PRINT*,“HR=",

READ®, HR

PRINT#,"NB=",

READ*,NB  ° '

PRINT®, "NORE,NPTH=",

READ®,NORE ,NPTN

PRINT*,“NORA=",

READ®, HORA

PRINT#, “L7=",

READs,L?

- PRINT#,%L1s",

READs,L1



4002

134

13
132

cc

3500

-

PRINTS,"L3=", 170
READs,L3

PRINT#,"LLL",

READs,LLL

PRINT#,“NDISD=",

READs,HDISB

PRINTs,“ND1=",

READs ,ND1

PRINTs, "EBURN(J)=",
READs,EBURN(1),EBURN(2) ,EBURN(3) ,EBURN(4) ,EBURN(S),
EBURN(6),EBURN(?),EBURN(8) ,EBURN(9) ,EBURN(10),
EBURN(11) ,EBURN(12),EBURNC13) ,EBURN (14) ,EBURN(15)
PRINTs,“CBSI(J) =", .
READs,CBSI(1),CBSI(2),CBSI(3),CBSI(4),CBSI(S),
CBSI(6),CBSI(7),CBSI(8),CHSI(9),CBSI(10),EBSI(11)
,CBST(12),CBSI(13),CBSI(14),CBSI(1S)
PRINTS,*BU2,DPPM,BU3, DIB=

READs,BY2,BPPH, V3, DIB

PRINTS,"KCD=",

READS,KCD :
PRINT®,*CTM(1),CTH(2),CTH(3),CTH(4),CTH(S)=",
READ*,CTH(1),CTH(2),CTH(3),CTA(4) ,CTH(S)

PRINTS, "Wu=",

READS , Wy

PRINTS,"JA=",

READS , JA ‘
PRINT#,"ENIT,EIGN,EPPN,0,01=",
READ+,ENIT,EIGN,EPPN,G,01

=2

NCB LARGER THAN 1 BORON 1S ADDED TO 1ST ZONE ,ND1 NO OF ZONES UITH
BORON JA LARGER OR EQUAL TO 1, TRIAL AND WEIGHTING FUNCTIONS,JB=1
SUPERCRITICAL JR=0 CRITICAL

LS=N+1

DO 4002 I=1,kB

PT(I)=FKAP(2,1)

CONTINUE

AF20.05
Aa(.7384Ps1,0E+04%1,0E+13)/ (CR#:428AF $CAL$20041.602)
S=HRes2

IF(HDISB-1)132,132,134

ZR1=N/SQRT(FLOAT(NB))

00 131 I=1,NB

3=l

LZR(JJ)=SART(FLOAT(1))+ZR1+0.5

CONTINUE

H=N/NB

KCK=0

KKK=0

L7 NO OF TOTAL CYCLE ITERATION, KCK NO OF EQUILIBRIUN CYCLE ITERATION

DO 4000 [7=1,L7

URITE(81,5500)17

FORMAT(" INFORMATIONS ABOUT CYCLE *,I3)
IF(KKK.LT.1)60 TO 4003
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cc

4004
4003

cc

811

cc
cC
7001

4001

4005

171

AFTER EVERY COASTDOUN OPERATION TO BESIN A NEU CYCLE (KKK.GE.1)
THE RESONANCE ESCAPE PROBABILITY,STEP OF COASTDOUN KC AND
POYER LEVEL BU7 HAVE TO BE RESTORED TO 100X VALUE

UHEN THERE IS NO COASTDOUN, KKK=0

DO 4004 I=1,KB

60D(1)=PT(D)

FXAP(2,1)=GOD(I)

CONTINUE

K=1
COREB=9.
KC=1
Bu7=1.
STPS=0.
KP=3
APPN=0,
APPH0=0,
APPN1=0,

BUNDLE BURNUP CATAGORY OF INITIAL LOADINGS
D0 811 I=1,NB

CNSE(1)=CBSI(I)

CALL CATEG(CBHSE,BS,NBS,I,KB)

CCBE(I)=0.

CONTINUE

D0 7000 K=1,29
AT THE END OF NORMAL CYCLE (APPM.LE.30) AND BEGINNING OF
COASTDOUN OPERATION (KC.GT.1),ADJUST RESONANCE ESCAPE PROBABILITY

IF(APPH.GT.30.)G0 TO 508
IF(KC.LE.1)GO TO 508
DO 4001 I=1,KB
FKAP(2,1)=0.
YLOVE(I)=PT(])
FKAP(2,1)=(1.04(1.,0-ULOVE(T) )#(CTH{1)-CTH(KC)IsUl) s
1 ULOVE(D)
CONTINUE
URITE(41,%)" INFORNATIONS ABOUT COASTDOUN OPERATION"
URITE(41,4005)17,KCK
FORMAT(" POUER GENERATION CYCLE=",13," ;EQUILIBRIUN CYCLE=",
1 13) :
IKC=KC-1
URITE(41,4008)IKC,CTH(KC)
4006 FORMAT(" STEP OF COASTDOUN OPERATION=",13," ;COOLANT TEMPERATUR
URITE(41,4007)K

4007 FORMAT(™ TOTAL BURNUP STEPS AT THE BEGINNING OF THIS COASTDOUN
t STEP=*,1Y)

508
ce

APPH=0,
APPN0=0.

BUNDLE GROUP CROSS SECTION ASSIGNMENT
PO 100 I=1,NB
AACY, I =(ASI(D)-(1./1.)

1 ¢ASI(1)/AS9(1))/AS7(])



100

444
cc

10

21

cc

cc

cc

ce
1204

1227
1368

138
135

137

80

AA(2,1)=A52(1)/AS8(])
AJ(1)=AS2(1)/ASB(I)
BB(1,1)=(1./1.)8
ASA(1)/7AS7(1)
BB(2,1)=AS1(1)/AS8(I)
DD(1,1)=A53(1)s1./1.
BD(2,1)=AS4(1)s1./1.
cC(1,1)=1/A89(1)
CC(2,1)2FKAP(2,N85(1))

B0 50 J=1,L1

DO 444 I=1,NB

FR(I)=1,

SIGMB1(1)=AS2(I)

CONTINUE

FIRST L3 ITERATION

INITIAL FLUX GUESS

B0 10 I=1,LS

IX=1-1
X=(2.405+1X)}/FLOAT (N)
E1(1)=.8+A*BU7+ (BESSEL (X))
EEN(D)=E1()
E2(1)=,2¢E1()
EE2(1)=E2(I)

L2=0

L2=L2+1

IF(L2.E0.1)G0 TO 1206

60 TO 1348

AFTER LLL INNER ITERATIONS AND IN THE SECOND
EQUILIBRIUM CYCLE (KCK.GE.1), IF TRIAL AMD WEIGHTING
FUNCTIONS ARE NEEDED (JA.GE.1), INITIAL GUESSES OF
ADJOINT ARE SET EQUAL TO NEUTRON FLUXES
IF(KCK.LT.1)G0 TO 1348
IF(JA.LT.1)60 TO 1348

D0 1227 I=1,LS
HH1(1)=E2(])

HHH1 (1)=EE2(])
HH2(1)=E1(I)
HHH2(1)=EE1(])

CONT INUE

R=HR*(N=1)

Ne=1

2F 120,

1F2=0.

NBB=NB

DO 40 I=1,N

L=N+1-1
IF(MDISB-1)137,137,138
IF(L-LZR(NBB-1))135,135,135
NBB=NBB-1

66 T0 136
B1=(FLOAT(I)=1)/FLOAT(M)
IF(B1-18)70,80,80

NB=NB+1

172



70 MHBB=NB-NB+1 173
136 IF(L.GT.1)60 TO 1468
FI(L)=((ET1(L+1)+EE1(L+1))%.5+S#,254CC(1,MBB)+BB(1,MBB)
1 #,5¢(E2(L)+EE2(L)))/(1,+45¢.25¢AA(1,NBB))
G0 TO 1449
1468 F1(L)==(1,+SeAAC1 ,MBB) ) (. SH(ET1(L)*EE1(L)))+.5%((1.-HR/(2.+R))
1 $(E1(L#1)4EET(L#1))+ (1. +HR/ (2. ¢R) )& (E1(L-1)+EET(L=1)))+
2 S#CC(1,MBB)*BB(1,MBB)*#(.S¢(E2(L)+EE2(L)))
1469 EE1(L)=E1(L)
E1(L)=F1(L)
IF(L.GT.1)60 TO 1470
F2(L)=((E2(L+1)4EE2(L+1))%.5+.25+5+CC(2,MBB)+BB(2,NBS)
1 #.S¢(ET(LI+EE1(L)))/(1.4.25¢5%AA(2,HBB))
60 TO 1471
1470 F2(L)==(1.+S*AA(2,MBB) )¢ (,S*(E2(L)+EE2(L)))+.Se((1.~-HR/(2.2R))
1 $(E2(L+1)+EE2(L+1))+ (1. +HR/ (2. 8R) )¢ (E2(L-1)+EE2(L-1)))+5»
2 CC(2,NBB)*BB(2,MBB)*(.S¢(E1(L)+EEI(L)))

1471 EE2(L)=E2(L)

E2(L)=F2(L)

IF(KCK.LT.1)G0 TO 4006

IF(JA.LT.1)G60 TO 6006

IF(L.6T.1)G0 TO 1472

62(L)=((HH2(L+1) +HHH2(L+1) )% ,5+.25+S¢CC(1,NBB)

#BB(1,MBB)*AJ(MBB)*.S¢(HH1 (L) +HHHI(L)))/

2 (1.4.25¢5%AA(2,KBB))
GO TO 1473

1472 62(L)=-(1.45+AA(2,4BB))#( .5+ (HH2(L ) +HHH2(L)))

+.5¢((1.,~HR/(2.$R) ) ¢ (HH2(L+1) +HHH2(L+1))

#01,+HR/Z(2.%R) )¢ (HH2(L-1) +HHH2(L=1) ) ) 45%

CC(1,MBB)#BB(1,MBB)*AJ(MRB) (. S0 (HH1(L)

+HHH1 (L))

1473 HHH2(L)=HH2(L)

HH2(L)=62(L)
IF(L.GT.1)60 TO 1474
G1(L)=((HMI(L+1)+HHHT(L+1)).5+.25¢S+CC(2,NBB)
1 #BB(2,MBB)*.5¢(HH2(L)+HHN2(L))/AJ(NBB))/
2 (1.4.25¢5¢AA(1,NBB))

. GO T0 1475

1474 B1(L)==(1.+SeAA(1 ,KBB))#(,S¢ (HH1(L)+HHHI(L)))

+.5%((1,-HR/(2,#R) ) # (HH1(L+1) ¢HHH1 (L+1))

#(1 +HR/ (2, 8R3)#CHHT (L=1) +HHH1 (L=1)))

+S¢CC(2,MBB)#BB(2,NBB)#(.5¢(HH2(L)+HHH2(L)))

/AJ(HBB)

1475 HHH1(L)=HH1 (L)

HH1 (L) =61(L)

6006 ZF1=ZF1+(DD(1,MBB)SET1(L)+DD(2,NBB)*E2(L)):+HR+R
IF2=1F2+(DD(1,MBB)*EE1 (L) +DB(2,MBB)$EE2(L))*HRR
R=R-HR

40 CONTINUE
EE1(1)=E1(1)
EE2(1)=E2(1)

o Gl N —

-» d N -



EET(N#1)=E1(N+1) 174
EE2(N+1)=E2(N+1)
ET(N+1)=2ET(N)/(1.4(HR/2.8))
E2(N+1)=E2(N)/{1.4(HR/0.44648))
IF(KCK.LT.1)60 1O 3131
IF(JA.LT.1)60 TO 3131
HHH2( 1) =HH2(1)
HHH1 (1) =HHT (1)
HHH2(N#1)aHH2(N+1)
HHHT (N¢1)sHHT (N+1)
HH2(N+1)=2HH2(N) /(1. +(HR/0.4448))
HHT(N+1)=HHT (N) /(1. 4(HR/2.9))
3131 IF(E1(1).LE.0.10E+7)G0 TO 34
DO 234 I=1,NB '
IF(L2-LLL)?72,27,78
78 FK(I)=FK(1)s2F1/1F2
77 AACQY,I)=(ASI(I)-(1./1.)
1 sASI(I)/FK(I))/ASZ7(])
CCa1,D)=1/FK(])
234 CONTINUE
IfF(L2-L3)71,72,72
72 Hi=0,
H2=0.
I1=9.
12=° L ]
R=HR
D0 180 1=2,L5
Z1sZ1eHRs((EET(II+EET(I~1))/2.) R
12=22+¢HRe((EE2(I)+EE2¢(I-1))/2.)*R
HizH1+HRS((EI(I)¢+E1(I-1))/2.)R
H2=H2+HRe((E2(I)+E2(I-1))/2.)*R
R=R+HR
180 CONTINUE
CH=H1-21
CHI=(H1=-21)/H1
CH2=(H2-22)/H2
URITE(S1,1100)J,CH1,CH2,FK(1),2F1,2F2
1100 FORMAT(1X,13,5€10.3)
IF(KCK.LT.1)60 T0 735
IF(JA.LT.1)60 TO 73
IF(JD.LT.1)60 TO 73
JB=0 -
URITE(3,s)" SUP FAST FLUX SLOV FLUX FAST ADJOINT SLOU A
1DJOINT"
URITE(3,S10)PF1,PF2
S10 FORMAT(™ FAST FLUX PEAKING FACTOR=",E10.3,* SLOU FLUX PEAKING
1 FACTOR=",E10.3)
cc THE TRIAL AND UEIGHTING FUNCTIOS FOR 2-D CALCULATION
DO 6005 I=1,LS
CURITE(3,6003)1,E1(1),E2(I),RH1(T) HN2(I)
6003 FORMAT(1X,13,2X,E12.5,2X,E12.5,2X,E12.5,2X,E12.3)
6005 CONTINUE



N RO SN

3133

3422

3000
3003

999

111
321

806
201
50

un

1101
1201

306

304

1302

IF (ABS(CN1)-0.00004)1,1,2 175
IF (ABS(CH1)-0.0001)3,3,4

IF (ABS(CH1)-0.001)5,5,6

IF(CH)9,1,7

IF(CHIP, 1,7

IF(CHI9, 1,7

IF(J.6T.1)G0 T0 3133
PPH=CH1$BU19100.+3650.%C0S ((0.38-CH1+100.)BUO)
CHO=CH1

60 TO 3000

APPH=APPNSCHO/ (CHO-CH1)

0 T0 3003

IF(K.6T.1)60 T0 3422

IF(J.LE.1)60 TO 34
PPH=(APPN-APPNO)$CN3/ (CH3-CH1)
APPN2=APPN

APPN=APPHO+PPN

APPHO=APPN2

60 T0 3003

APPN=APPH+PPH

URITE(41,999)APPH

CH3=CH!

FORMAT (1X,F10.3)
IF(APPN-1.)56666,6648,321

IF (APPN+30.)646, 688, 1

90 201 I=1,NB
SIGHB2(1)=SIGAB1 (1) +APPN1.8738E-05
IF(NCB.LE.1)60 TO 406
IF(I.6T.ND1)SIGND2(1)=SIGNBI(I)
AM(2,1)2SIGNB2(1)/ASB(I)

CONTINUE

CONTINUE
WRITE(61,1111)J,APPN,CH1,CH2,CH
FORMAT(1X,13,2X,F10.3,3E10.3)

0 1201 Is1,NB

11=1820-10
WRITE(41,1101)E1(I1),E2(11),EE1(IT),EE2(II)
FORNAT(1X,4E10.3)

. CONTINUE

IF(KCK.LT.1)60 TO 503

IF(JA.LT.1)60 TD 509

IF(KP.GE.2)60 TO 304

IF(APPH.6E.30.)60 TO 3505

URITE(3,#)" EOC FAST FLUX SLOW FLUX FAST ADJOINT SLOU A

1BJOINT"

60 T0 304
URITE(3,¢)" BGC FAST FLUX SLOW FLUX FAST ADJOINT SLOU A

1DJOINT®

URITE(3,510)PF1,PF2

. B0 1302 I=1,LS

URITE(3,4003)1,E1(1),E2(1) , HH1 (1) ,HK2(])
CONTINUE



305

608

404

cc
403

cc
507
cc
cc
829

408

67
cc
cc

813
814

176
KP=1

PF1 EI(I)O(CROOZ )/(H1%2,)
PF2sE2(1)#(CRee2,)/(H242,)

WRITE(61,608)PF1,PF2

FORMAT(1X,2F10.3)

IF(ABS(APPN)-30)403,403,404

MC(K)=BU2

IF(APPN.LE.BPPN)BUC(K)=BUIeBUC(K- I)*APPHI(APPH! =APPM)

APPN1sAPPN

STPS=STPS+BUC(K)

GO TO 408

KCD NG OF COASTDOUN STEPS KC=KCD=1 NORMAL NO COASTDOUN
IF(KC.GE.XCD)GO TO 597

KC=KC+1

60 T0 7001

EQUILIBRIUM CYCLE INITIAL LOADING AND LENGTH

IF (NORE-1)34,34,829

IF NORE.LE.! END OF NORMAL CYCLE

IF NORE.GT.1 SEARCH FOR EQUILIBRIUH CYCLE

DXB=0.

CFR=(COREB*NB+EBURN(NB) )/ (2. sEBURN(NB))

EIL=0.

EXCB=9.

DO 408 I=1,NB

DXB=DXB+ABS(EBURN(I)-CBSE(I))

EIL=EIL+CCBE(I])

EXCB=EXCB+(CBSI(I)+IxCCBE(I))/(NB=*22,)

CONTINUE

EIL=EIL-CCBE(NB)

CIL=CBSI(NB)

UKITE(61,%)* EQUILIBRIUN CYCLE CONVERGENCE FACTORS"
URITE(41,¢)" EXCB CIL EIL CFR DXB
COREB"

WRITE(41,67)EXCE,CIL,EIL,CFR,DXB,STPS
FORMAT(1X,F10.3,1X,F10.3,1X,F10.3,1X, F8. 3,1X,F10,3,1X,F10.3)
IF(MORA.GT.1)60 TO 812

MANUALLY ADJUST THE SHUFFLE PATTERN AND INITIAL LOADINGS
OF NEU CYCLE IN SEARCHING FOR EQUILIBRIUM DISCHARGE BURNUP
DO 814 I=1,MB

URITE(41,813)CBSI(I),CBSE(])

FORMAT(1X,E10,3,1X,E10.3)

CONTINUE

PRINTs, *CBSI(J)="

READ®,CBSI(1),CBSI(2),CBSI(3),CBSI(4), CBsI(5),CBSI(4),

1 CBSI(?) CBSI(8), CBSI(?) CBSI(IO) CBSI(11) CBSX(IZ),
2 CBSI(Il) CBSI(|4) CBSI(IS)



812

6146
cc
aé

409

703
703

cc
704

cc
401

4444

140
139

"
°

177

60 10 814

NC=HD1+1

BENNY=0,

RATO=.Se(CBSE(1)+C3S1(2))/CBSE(1)

B0 605 I=NC,NB

lElN'tIENIYOCCIE(I 1) y

CBSI(I)= 256 (BENNYS(CIL/EIL+2.oRATO)+CBSI(1)¢(CORED/EXCD))
CONTINUE

30 614 Is1,0M8

C3s1(I)=0.

CONTINUE »

BUNDLE BURNUP DISTRIBUTION OF PRECEEDING CYCLE

30 409 I=1,M8 .

EBURN(I)=CBSE(])

CONTINUE

CORED=0.

KKK=KKK+1

BU72BU7-0.1

URITE(41,9)° INITIAL LOADINGS OF NEXT CYCLE ANB FINAL BURNUPS OF

1CURRENT CYCLE®

URITE(é1,8)" 1  INITIAL FOR NEXT  FINAL FOR CURRENT®
30 703 I=1,MB

URITE(61,7205)1,C381(1),CBSE(])
FORMAT(1X,13,3X,E12.5,6X,E12.3)

CONTINUVE

IF(DXB.LE.DIB)GO TO 704

60 T0 4000

KCK NO OF CYCLES REACH EQUILIBRIUM COMDITION
KCK=KCK+1

IF(KCX.6E.2)60 TO 464

80 T0 4000

-BUNDLE BURNUP

30 4444 121,00
$5(1)=0,

SA(1)=0.

CONTINUE

hs0.

k=1

Vi=0.

39 2203 Is=t,%
IF(NDISD-1)139,139,140
IF(I-LIR(ND))90,%0,%1
B1aFLOAT(1)/FLOAT(N)
IF(31-NB)%0,90,91
NB=ND+1
8S(NB)=1862,-Y1+S5(ND)
FS’(IOOZ.-VZ)OASS(HB)*El(IOl)0(1‘02.-VZ)
SASS(NB)sE2(141)
SH(NB)=SN(NB)+FS
TRaTH+FS

Vi=z]ese2,



2203
cc

2337
cc
cc

233

1301
1203

1204
7000
4000
34
1205
886

777

501
302

927

CONTINUE 178

FLUX NORNALIZATION FACTOR FNOR

FNOR=(P#1.0E+0691.0E+13)/(3. 14188 (HRe%2,)sTH2CAL

$1.6029200.)

URITE(61,2337)FNOR

FORMAT (* NORMALIZATION FACTOR=",F12.5)

PRINT OUT OF STEP INCREMENT TOTAL INCRENENT INITIAL BURNUP FINAL

BURNUP AND BURNUP CATAGORY

URITE(41,235)BUC(K)

FORMAT(® BUNDLE INCREMENMTAL AND CUNULATIVE BURNUP CORRESPONDING

*,/,* T0 INCRENENTAL CORE AVERAGE BURNUP BUC=",F10.3)

URITE(41,%)" 20NE NO STEP INCRENENT CYCLE INCREMENT INITIAL
FINAL CATEGORY  BUNDLE PUR PEAKING®

D0 1203 I=1,ND '

BP(I)=SH(I)sNB/TH

BCI)=((Nes2)sBUC(K)SH(I)/(SS(I)sTH))

CBSE(I)=CBSE(I)+B(I)

CCBE(I)=CCBE(I)+B(I)

CALL CATEG(CBSE,BS,NBS,I,KB)

WRITE(41,1301)1,B¢I),CCBE(I),CBSI(I),CBSE(I),NBS(1),BP(1)

FORMAT(3X,13,4X,F12.3,4X,F12.3,4X,F12.3,4X,F12.3,4X,13,4X,F12.3)

CONTINUE

COREB=COREB+BUC(K)

WRITE(61,1204)COREB

FORMAT(* CUNULATIVE CORE AVERAGE BURNUP COREB=",F10.3)

CONTINUE

CONTINUE

URITE(41,1205)K

FORMAT(1X,I3,14H"END OF CYCLE")

PRINTs,"KKK=",

READs, KKK

sToP

END

SUBROUTINE CATEG(CISE,BS,NBS,I,XB)

DINENSION CBSE(15),BS(49),NBS(49)

CONMON/DAAD/AS1 (15),AS2(15),AS3(15),AS4(15),AS5(15)

1,A56(15),A57(18),AS8(15),A89(13)

CONNON/SOURS/SIGN(2,49),SIGNF (2,49),SI6MA(2,49),DIFC(2,49)

1,FXKAP(2,49)

po 501 KI=1,KB

IKK=K1
IF(CDSE(I)-DS(IKK))302,501,501
CONTINUE

NBS(I)=IKK
IF(NBS(I).6T.1)60 T 927
R3=1,

NAO=NBS(I)

NA1=§

60 TO 729

NAO=NBS(1)

NA1=NBS(I) -1
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RB=(CBSE(I)-BS(NA1))/(BS(NAO)-BS(NAT1))
AST(I)=(1_-RB)SSIGA(T,NAT)+RB*SIGM(1 ,NAD)
AS2(1)=2(1.-RB)ISSIGH(2,NAT)+RBISIGN(2,NAO)
AS3(I)=(1.~RB)SSIGHF (1,NAT)+RB2SIGNF (1,NA0)
AS4CT)=(1.-RB)SSIGNF (2,NA1)+RDBSSIGIF (2,NA0)
ASS(I)=2(1.-RB)SSIGNACT ,NAT)+RBSSIGMNA(1,NAQ)
ASS(T)=(1.-RB)SSIGHA(2,NAT) +RB*SIGNA(2,NAD)
AS7(1)=(1.-RB)SDIFC(1,MA1)+RBSDIFC(1,NAO)
ASB(I)=(1.-RB)SDIFC(2,NAT)+RBSDIFC(2,NAQ)
AST(I)a(1.-RB)SFKAP(1,NAT)+RBSFKAP (1 ,NAOD)
RETURN

END

FUNCTION BESSEL(X) .
BESSEL31.-(X282)/44((X#22)%22)/64~
(((Xs82)882)8(X882))/2304+( ((X832)322)282)/
147434

RETURM

END

179
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APPENDIX C

Description of the Two-Dimension

Code Used in the Study



181
APPENDIX C

Description of the Two-Dimension Code

C.1 BLOCK DIAGRAM

Figure (C-1) is the block diagram of two-dimension code. It
differs from the one-dimension code in several ways. In Block (4),
in addition to the group constants, the trial and weighting
functions, serving as input, have to be included in the two~dimension
calculations. Block (4-1), which Figure (B-1) does not have, is the
place where the elements of the matrix AF = C, Equation (4.14), are
prepared. Since, there is no coastdown option in the two-dimension
code, therefore there is no need for Block (ll). Blocks performing
the same functions as those in the one-dimension code are numbered

the same as their counterparts in the one-dimension code.
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TAPE2 Initial 1
1 Loading C3S1(12,J)
&=}
AF = C TAPE]l 4=2
Prepsration Group Canstante
of AS C
Initial Guess TAPE3 Trial &
of £1(z), fa2(z) Weighting Functions
and £3(z) ’ 3
Solve for
2;:;;(:;(:) outer itsration
R U S b
5 k--fl‘ 6
Check for no fvifén_'. dv a
- ok
convergencs v t.Q‘.dv
yea
critical
7
Flux
normalization
to power
Burnup atep size 8
detarmination and end of cycle
end of cycle check
9
Bumnup calcula-
cion B(1Z,1)
10
Rew initd 1 Check for
B0 squilibrium
cycle

Equilibriua cycls

Y*® ldiacharged buraup

Figute (C-1). Computsr Block Diagram of the Two-Dimension Coda.



c.1

TAPE1

TAPE2

TAPE3

" DATA LIBRARY
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TAPEl is a local file which contains the group
constants D;, D,, v12f1’ szfz, Za1, Zg2» K.»
Prs fo

different burnup levels. It has a format as

and Zfz of the fuels under study for

shown in Table (B-1). TAPEl can be used in both
tﬂe one~-dimension and the two-dimension code.
In searching for the equilibrium cycle, the
initial loadings for every element of the first
cycie have to be identified. A good guess of
the initial loadings will significantly reduce
the number of cycles negded to reach an equili-
brium cycle. The guess of the element initial
loadings, CBSI(IZ,IR), is stored in TAPE2 in a
format as shown in Table (C-1).

For different study cases, either whole core
controlled or central zone controlled, differ-
ent sets of trial functions and weighting func-
tions are needed in the two-dimension code.
TAPE3 is the local file that contains these
trial functions and the weighting functions
generated by the one-dimension code. 1Its for-

mat is shown in Table (C-2).
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C.2  INPUT FORM

Like the one-dimension code, the input data are loaded through
the terminal rather than through card decks. A conversion of the
code has to be made if card deck input is to be used. Free format

is used for real number variables and I-format for integer number

variables.

KB : The maximum number of burnup index in TAPEl.

P : The reactor rated powe£, in MWD/MTU.

T : The total weight of uranium fuels in the core,
in metric tonne.

CAL : The reactor active height, in cm.

CR : The réactor radius, in cm.

N : The number of mesh divisions in radial direction.

HR : The distance between the radial mesh points,
in cm. It is equal to CR/N.

NB : The number of zones radial-wise, either equal
volume or equal pitch.

NZ2 : The number of equal distance divisions in

z-direction for half reactor height.

DRi1, DR2, DRs Initial guesses of £1(z), £2(z) and £3(z) are

correspondingly DRi, DRz and DR3 multiplied dy
cos(z/CAL).

L7,L8 L7 is the waximum number of power generation

cycles for searching an equilibrium cycle. L8
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is the maximum number of core burnup steps in
one cycle. Both L7 and L8 are used to limit
the computer time in case a poor run is made.

L7 and L8 are taken as 4 and 7 respectively

here.
ENIT : The convergence criterion of the inner itera-
tion. The flux {8 considered as convergent if
1
JOIIE8] —valeadl, YAV = [(ViTE180+0,T¢202)dv
. " < ENIT
f(\’lzf1¢m+l + »22f2¢m+l)dv
for outer iteration loop m+1 and m.
NEB,NFB,NOR1,
NOR2 : Factors used in routing the loop of interation.
NEB=1,NFB=1,NOR1=2 NOR2=0,
FRX : Overrelation factor.
S§B1,BW3,BWl,
DFEQ : SBl is the first core average burnup step size

desired. A large first core averagé burnup
step size 18 used in order to reduce the number
of core average burnup steps in a cycle in the
code simulation of reactor power generation.
SB1=4000 MWD/T. Smaller core average burnup
gtep sizes are automatically taken by the code
for the following burnup steps. BW3 is the

factor used to adjust the smaller core average



MDISB

IDGT

IoP

<1

>1

186

burnup s:eﬁ size taken automatically by the
code. The end of cycle is defined as when the
k eigenvalue is in the range of BW1l to .999%.
BW1l is set to a value between 1 and 1.0004.

If the core average burnup step sizes taken
are too large so that the k eigenvalue of core
after the last burnup step is less than .9994,
a smaller BW3 is then used to reduce the core
average burnup step size so that the k eigen-
value will fall into the range of BWL to .9994.
BW3 is taken as .95 in this study. When the
overall difference of the end of cycle element
burnups of two consecuti?e cycles is less than
DFEQ twice continually, the cycles are con-
sidered having reached equilibrium. DFEQ is
taken as 5000 MWD/MTU.

When MDISB <1, the reactor is divided into
regions of equal pitch.

When MDISB >1, the reactor is divided into
regions of equal volume.

Factor needed for the subroutine LEQTIF in
solving Equation (4-14). IDGT = 4 13 used to
control accuracy.

The maximum number of outer iterations in every
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core average burnup step. This is set to pre-
vent the number of outer iterations from going
too high. Convergence of outer iteratioms is
expected to be reached before the number of outer
iterations reaches IOP.

PHO,FPO,SBO  : Factors in editing the output. PHO >1, if the
axial functions £1(z), f2(z), and £3(z) for
each inner iteration are desired to be dis-
Played in the terminal.
SBO >.1.:I.f the element burnups after each core
average burnup step are desired to be dis-
played in the terminal. The element bumups
at the end of equilibrium cycle are always
available in local file TAPE6 no matter what
value of SBO is.
FPO >1, 1f the fluxes, flux peaking factors,
element powers and power peaking:f;c:ors for each
core average burnup step are desired. Data are

stored in local file TAPER7.



;:;:‘ble CcBSI(1Z,1) | CBSI(1z,2) | CBSI(Iz,3) |CBSI(IZ,4) | CBSI(IZ,5)
Format //,20x,E12,5} = E12.5 E12.5 E12.5 El12.5
A -
CBSI(12,6) CBSI(12,7) CBSI(1z,8) | CBSI(1Z,9)
El12.5 E12.5 E12.5 El12.5
Table C-1 . The formata for the initial loadings of the firat
core. element (IZ,IR) (I1Z=1,20; IR-1,6 for 6 zonea
cagse and IR=1,9 for 9 zones case)
::;:‘ble AT(L,1,3) | aT(1,2,0) |RT(1,1,0)  |RT(1,2,D)
Format 6x,E12.5 2x,E12.5 2x,E12.5 2x,E12.5

Table C-2 . The formats for the trial functiona AT and the

weighting functions RT stored in Tape3.

(1=1,3 for three different reactor conditiona ;

J=1, 180 for different radial positiona)

881
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C.4 OUTPUT FORM OF 2-D CODE

Outputs in two-dimension calculations are also divided into
two sets. First set outputs are those displayed on the terminal.
Second. set outputs are those stored in local files-——~TAPE6 and
TAPE7.

A, First Set Outputs :

When input parameters PHO=1 and SBO=1, the outputs appear on

the terminal in sequential order are:
(1) Z-location from the top of the reactor; f1; fa; f3; f1+£,4f;.

(2) Loop number m of outer interationm: k" eigenvalue
8

1 2
- f(vlzfl¢m + v22f2¢m)dv
= 1
f(vlzfld’ﬂ"l + szf2¢2 l)dV

km-‘; neutrons at loop m,

f(szfl¢; + V22f2¢:?dv; neutrons at loop m-1,

1 2
SOiT, 0L )+ vaI, 2 v

(3) Flux normalization factor; core average fast flux; core

average slLow flux; core average power.

(4) Section (element) burnup information:: Section location
2(axial), R(radial); step increment; cycle increment;

initial loading; final burnup; burnup index.
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(5) Bundle burnup informations: Bundle (zone number); step

increment; cycle increment; initial loading; final burnup.

(6) Cumulative core average burnup.

B. Second set outputs

(1) At the end of cycle, the element burnup at the beginning

and end of the cycle are stored in TAPES.

(2) The critical element fluxes, flux peaking factors, element
power, and element power peaking factors are stored ia local

file TAPE7.



C.5 LIST OF 2-D CODE

cc
cc
cc
cc

" PROGRAM YEN2D(TAPE1,TAPE2,TAPEJ,INPUT,OUTPUT,

TAPES1=0UTPUT, TAPES, TAFE?)

A TUO DIMENSION TWO GROUF DIFFUSION CODE TO SIHULATE
THE CORE BURNUP FOR DIFFERENT CORE ENRICHMENT AND
REFUELING SCHEMES,R DIRECTION DIFFUSION , Z DIRECTION

SYNTHESIS

REAL A(3,3),C(3,1),UKAREALY)

INTEGER M,ND,IA,IDGT,IER

DINENSION BOY(10,49),AT(3,2,182),BPPK{10)
DINENSION RT(3,2,182),AE(22,3,3),BETA(22,3,3),RHUA(22,3,3)
DINENSION PHI(10,3,22),A¢3,3),GEU(10),BUC(12),55(10)

~ DIMENSION SH(22,10),E6V(7),BBD(10),BB1(10),B3F(10)
DIMENSION B(22,10),C(3,1),LZR(10),FLX1(182,22)

DINENSION FLX2(182,22),FV1(10,22),FV2(10,22)

DINENSION FT1(10,22),FT2(10,22),PS5(10,22),851(10)
DIMENSION FPFK(1d),PFKK1(10),PFKK2(19),EQB(5,22,10)
DIMENSION CBSI(22,10),CCBE(22,10)
COMNON/THANK/CBSE(22,10),85(49) ,NBST(22,10)

PRINT#,"KB=",
READ*,KB
PRINTS,"P=",
READ*,P
PRINT#,"T=",
READ®,T
PRINT#,"CaL=",
READ+,CAL
PRINT=,"CR=",
READ#,CR
PRINTS,"N=",
READ®, N
PRIAT+,"HR=",
READ+,HR
PRINTS,"RE=",
RELDF, HB
PRINTH,"NZZ=",
READ#,NIZ
PRINT#,"DR1,DR2,DR3=",
RE4D#,DRY,DR2,DR3
PRINTS,"BU1,BU3=",
READ#,BUT,BU3
FRINTS,"L7,L8=",
READS,L7,L8
PRINT,“ENIT=",
READ#,ENIT

PRINT»,"NEB,NFB,NOR1 ,NOR2=",

READ*,NEB,NFB,NOR1,NOR2
PRINT#,"FRX12",
READS,FRX1
PRINT#,"ADISB=",
READS,HDISB

191



PRINT#,*IDGT=",
READ+,1DGT

~ PRINTs,*I0P=",

REcADs, I0P

192

PRINT2,"SB1,DFEQ=",

READ+,5B1,DFEQ

PRINTs,"PHO,FPO,SB0=",

READ#,PHO,FPO,SB0

=1
ND=3
IA=3
INT=3

CC CROSS SECTIONS ASSOCIATED UITH HERMITIAN OPERATOR

201
cc

131
cc

B0 201 J=1,KB

.

READ(1,202)(BOY(I,J),I=1,10),BS())
202 FORMAT(1X,2F12.6,E12.6,F12.6,2E12.4,F12.56,F12.5,2E12.6,F8.2)

CONTINUE

EQUAL VOLUME OR EQUAL PITCH ZONE DBIVISION

IF(XDISB-1)132,132,134
134 ZR1=N/SQRT(FLOAT(NB))-

BO 131 I=1,NB

LIR(I)=SIRT(FLOAT(I))*ZR1+0.5

CONTINUE

INITIAL SEGMENT BURNUP

132 DZI=CAL/(2.3FLOAT(NZZ))

cc
430

207
206
203

N=N/NB

AT(1,1,N+41)=0,
AT(2,1,N0+1)=0, .
AT(3,1,N+1)=0,
AT(1,2,N41)=0,
AT(2,2,N+1)=0,
AT(3,2,N+1)=0,
RT{1,1,N+1)=0,
RT(2,1,N+1)=0,
RT(3,1,H4+1)=0.
RT{1,2,N+1)=0,
RT(2,2,N+1)=0,
RT(3,2,N¢1)20,

DO 205 I=1,INT
READ(3,430)
FORNAT(/7)

DO 206 J=1,M

TRIAL AND UEIGHTING FUNCTION INPUT

READ(3,207)AT(1,1,J),AT(I,2,4),RT(I,1,0),RT(1,2,])
FORMAT(4X,E12.5,2X,E12.5,2X,E12.5,2X,E12.5)

CONTINUE
CONTINUE
DO 203 IZ=1,NZZ

IF(NEB.EQ.1)GO TO 7272

B0 771 J=1,MB
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: CBSI(1Z,J)=0.0
771 CONTINUE
60 70 203
772 READ(2,4002) (CBSI(1Z,4J),JJ=1,NB)
203 CONTINUE
4002 FORMAT(//,20X,9E12.5)
DO 3995 KE=1,L7?
URITE(41,5133)KE
5133 FORMAT(* INFORMATIONS ABOUT CYCLE *,I3)
CC  ZEROING THE SEGMEMT BURNUP CATEG
URITE(41,)® INITIAL LOADING PATTERN®
URITE(61,663)(1,1=1,NB)
6563 FORMAT(® 2 R=",15I3)
DO 211 IZs1,N2Z
DO 212 I=1,NB
NBST(1Z,I)=1
CCBE(1Z,1)=0.
CBSE(IZ,I)=CBSI(IZ,I)
CC UHOLE CORE ELEMENT BURNUP CATEG
CALL CATEG(I,IZ,NB,KB)
212 CONTINUE
URITE(61,767)1Z, (NBST(1Z,1),1=1,NB)
767 FORMAT(1X,13,4X,1513)
211 CONTINUE
COREB=0.
IHH=1
LZ=NZZ+1
D0 2222 1Z=2,L2
SCS=C05(3.141592#(12-2)/ (N22#2.))
PHI(1,1,1Z)=DR1SCS
PHI(1,2,12)=DR24SCS
PHIC1,3,12)=DR3+SCS
2222 CONTINUE
DO 404 K=1,L8
APPH=0.
HOR=NOR1
IHH=0
DO 2121 I=1,NB
3BO(I)=0.
BBI(I)=0.
BBF(I)=0.
BSI(I)=0.
2121 CONTINUE
CC  SCALAR PRODUCTS FORNING THE MATRIX ELENENTS
D0 172 1Z=1,NZL
D8 173 I=1,INT
DO 174 J=1,INT
CC  ZERODING SCALAR PRODUCTS
AE(1Z,1,J)=0.
RHUA(IZ,1,J)=0.



340
339

391
390

N =

NN e Ll D) -

175
174
123
172
777
cc 1

1761

1762
176
cc

BETA(1Z,1,J)=0.

HB=1

BU7=1.

DO 175 IR=1,N

IRR=IR-1
IF(IR.EQ.1)IRR=IR
IF(nDISB-1)339,339,340
IF(IR-LZR(}B))390,370,391
B1=FLOAT(IR)/FLOAT(N)
IF(81-4B) 390,390,391
4B=HB+1

194

RE(IZ,I,J)=AE(IZ,1,J)+(BOY(1,NBST(IZ, NB))*AT(I,1,IR}*RT(J,1,IR)+

BOY(2,NBST(IZ,MB))sAT(I,2,IR)3RT(J,2,IR))+IR (HR»32.)
RHUA(IZ,1,J)=RHBACIZ,1,0)+(AT(I,1,IR) s((BOY(3,NBST(IZ,}B))
/1.)3RT(J,1,IR))+AT(I,2, IR)&((BOY(4,NBST(IZ,NB))
/1.)3RT(J,1,IR)))*IR* (HR+32.)
BETA(1Z,1,J)=BETA(IZ,I,J)-aT(I,1,IR)+{BOY(S,NBST(IZ,H3)))
$RT(J,1,IR) sIR$(HR+#2.)-AT(I,2,IR)*(BOY(6,NBST(IZ,NB)))>
RT(J,2,IR)sIRs(HR++2.)+AT(I,1,IR)*(BOY(S,NBST(IZ,}NB) )+
BOY(8,NBST(IZ,HB)))sRT(J,2,IR)sIRs(HRss2.)+
BOY(1,MBST(IZ,HB))*RT(J,1,IR)*((AT(I,1,IRR)-2.3AT(I,1,IR)+
AT(I,1,IR+1))8IR+(AT(I,1,IR+1)-AT(I,1,IRR))*HR/2.)+
30Y(2,H3ST(IZ,NB))*RT(J,2, IR)*((AT(I,2,IRR)-2.#AT(I,2,IR)+
AT(I,2,IR+1))2IR+(AT(I,2,IR*1)-AT(I,2, IRR) }*HR/2.)
CONTIHUE :

CONTINUE

CONTINGE

CONTINUE

FORMAT{1X,3E10.3)
NITIAL CONDITIONS OF PHI FUNCTIONS

DO 176 I=1,INT

DO 1741 J=1,INT

AECNZZ+1,1,J)=AE(N2Z,1,d)

RHUA(NZZ+1,1,J)=RHYAINZZ,I,J)
BETA(NZZ+1,1,J)=BETA(NZZ,1,I)

CONTINUE

DO 1752 II1=1,10

PHI(II1,I,NZZ+2)=0.

CONTINUE

CONTIRUE
MATRIX ZLENENTS AX=C GENERATION

15=0

FKT=1.

NKi=2

HUU=1,

~ DO 505 IN=1,I0P

9993
9999

IF(1I4.LE.NFB)GO TO 9999
HOR=NCR2

Idt=1HE+1

IS=1I5+1



1

1
ce

cc
cC

777

R

182
a

789

183

184
180

193
192
191

1

IF(RRI.OT.1FKT=1.

L3=#12 ‘ 195
0BG 180 I2=2,L2

122=12

I21=122-1

CENTER=1.

IF(IZ2.6T.2)60 T0 1777

121=122¢1

DO 131 Jait,INT

€(J,1)=0.

DO 182 J8=1,INT
A(J,J8)=(-2.%AE(122-1,J83,J)+(BETA(1Z2-1,J8,J)
+RHNA(IZ2-1,J8,J) /FKT)#(DZs22,)s1,)
C{J,1)=C(J,1)-AE(1Z2,U8,J)sPHI(IHN,J8,122+1)~
AE(IZ1-1,J8,J)+PRI(IHN,J8,1Z1)

CONTINUE

CONTINUE

SOLVE AXaC BY LINEAR EQUATION SUBROUTINE

CALL LEQTIF(A,N1,ND,IA,C,IDGT,UKAREA, IER)
TENPP20.

RLX1a1,

IF(IHN.LE.2)60 TO 989

RLX1=FRX1

DO 183 KI=1,INT

PHI(IHH,KI,IZ2)=PHI(IHH ,KI,IZ2)+RLX1>
(C(KI,1)-PHI(IRN,KI,IZ2))

TEMPP=TENPP+PHI(IHNH,KI,IZ2)

PHICIHN®1,KI,1Z2)=PHI( IHH,KI,122)
CONTINUE

IF(PHO.LT.1)G0 TO 180

URITE(41,184)1Z, (PHI(IHH,KI,1Z2),KI=1,INT),TENPP
FORMAT(3X,13,3X,E12.5,3X,E12.5,3X,£12.5,3X,£12.5)
CONTINUE

GEU(THH) =0.

EIGENVALUE K ITERATION BY COMPAREING NEUTRON
GENERATIONS IN TWO CONSECUTIVE TIHE STEPS

DO 191 IZ=1,NZZ

155=1

DO 192 IR=1,N

IF(IR.GT.LZR(ISS) ) ISS=ISS+1

DO 193 J=1,INT

GEU CIHH) =GEU(IHM) +(BOY(3,NBST(IZ,IS5))#AT(J,1,IR)
sPHI(INH,J,1Z+1)+BOY(4,NBST(1Z,155))+4T(J,2,IR)*
PHI(IHN,J,1Z+1))¢IR¢(HR++2.)DZ

CONTINUE

CONTINUE

CONTINUE

IF(IHH.EQ.1)60 TO 9999

IF(1S.LT.NOR)GO TO 9999

IS=0



33351
303
301

cc
cc

4031

4021

3091

309

406
405

408

FKT1=FKT

FKT=(GEU(IHH) /GEU(IHH-1))+FKT1
FKT=(FKT+FKT1)s.5

K120

URITE(61,3300)

URITE(61,#)" LOOP N; K=(M)/(M-1); NEUTROM AT N
URITE(S1,184)IHH,FKT,GEU(IHH) ,GEU( IHH-1)

URITE(S81,35300)
IF(IHH. LE 4)60 TO 3331
IF(FKT.LE.BU1)GO TO 44

196

; NEUTROM AT M-1°

IF(ABS((GEU(IHH)-GEU(IHH-1))/6EU(IHH) ) .LE.ENIT)GO TO 301

CONTINUE
EGV(K) =FKT
DEN=EGV(K)~1.

CRITICAL FLUX AT EACH SEGMENT , FLUX NORHALIZATION
PEAKING FACTORS

TFV1=0.
TFV2=0.
TFVS=0.
BUC(K)=5B1

IF(K.GT,.1)BUC(K)=BUC(K~1)+BU3s(DEN)/ (EGV(K-1)-EGV(K))

IF(FKT.LT.BYU1)GO TO 44
DO 403 IZ=1,NZZ

YF1=0.

YF2=0.

PPS=0.

voL=90.

HB=1

DO 4031 I=1,INT
PHI(1,1,12)=PHI(IHH,I,12)
CONTINUE

vZ=0.

D0 402 IR=1,N
IF(IR.EQ.(LZR(KHB)+1))GO TO 4921
60 T0 3091

VF1=0.

YF2=0.

PPS=0.

voL=0.

FLX1(IR,12)=0.
FLX2(IR,12)=0.

D0 307 J=1,INT

FLX1(IR,IZ)=FLX1(IR,1Z) +AT(J,1,IR)*PHI(IHH,J, IZ+1)
FLX2(IR,1Z)=FLX2(IR,1Z)+AT(J,2,IR)$PHI(IHH,J,1Z+1)

CONTIAUE
IF(HDISB-1)405,405,404
IF(IR-LZR(NB) ) 407,407,403
B1=FLGAT(IR)/FLOAT(M)
IF(B1-4B) 407,407,408
HB=4B+1
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407 VS=3.141594( (IRsHR)#22,)3DI-V2Z
VOL=VOL +VS
VF1=VF1+VSsFLX1(IR,12)
UF2=YF2+VSSFLX2(IR,I2)
PPS=PPS+USH(FLX1(IR,1Z)*+BOY(9,NBST(1Z,HB))+
1 FLX2(IR,12)BOY(10,NBST{IZ,HB)))
TFV1=TFV1+USSFLXT (IR, 12)
TFV22TFY2+VS#FLX2(IR, 12)
TFYS=TFUS+YSs (FLX1 (IR, 12)3BOY(9,NBST (IZ,N8))
1 +FLX2(IR,12)¢BOY(10,NBST(1Z,HB)))
FY1(NB,12)=VF1/V0L
FV2(¥B,12)=VF2/V0L
PSS(NB,1Z)=PPS/VOL
VZ=3.141592( (IR*HR)$22,)4DZ
402 CONTINUE
403 CONTINUE
FNOR=(P+.5%1.0E+441 ,0E+13)/(TFVS*200.31.402)
TUOL=3.14159#(CR+s2,)8CALS. 5
CAF1=FHORTFV1/TVOL -
CAF2=FHORSTFY2/TVOL
CAPR=FHOR$TFYS/TVOL
WRITE(41,5500)
WRITE(61,%)" NORMALIZATION; CORE AVG F FLUX; CORE AVG S FLUX; COR
1E AVG POWER® -
URITE(41,320)FNOR,CAFY,CAF2,CAPR
420 FORAAT(SX,E10.4,6X,E10.4,6X,E10.4,6X,E10.4)
PRINT(7,2)" FLUX AND PEAKING FACTOR HAP®

B0 1442 J=1,HB

BPPK(J)=0.
1442 CONTINUE

T0 1234 1Z=1,H22
90 1235 J=1,iB
FT1(J,12)=FV1{J,IZ)«FNOR
PFKK1(J)=FT1(J,1Z)/CAFY
FT2(J,12)=FV2(J, 12)+FNOR

\ PFKK2(J)=FT2(J,12)/CAF?2
. P$5(J,12)PS5(J,IZ)+FNOR

PPFK(J)=PSS(J,1Z)/CAPR

BPPK (J)=BPPK(J) +PPFK(J)

1235 CONTINUE
IF{KE.LE.1)60 TO 1234
IF(FPO.LT.1)G60 TO 1234
WRITE(7,1433)1Z,(J,J=1,NB)
URITE(7,1434)(FT1(JS,12),J8=1,NB)

URITE(7,1435) (PFKK1(JS),JS=1,NB)
WRITE(7,1434)(FT2(JS,12),JS=1,NB)

“URITE(7, 1435) (PFKK2(JS) , JS=1, NB)
WRITE(7,13373(PSS(JS,12), 18<1,N3)
URITE&7,1438)(PPFK(JS),JS=1,NB)

1433 FORMAT(® 2=°,13,%; R= = ",10112)



1434
1435
1433
1437
1433
1234

1449

1441
1439

[
3090

4444

130
139

?1
90

2203

6445

5013

FORRAT(™ FAST FLUX",10E12.3)

FORMAT(" PEAXING FACTOR",10£12.5) 198
FORMAT(" THERNAL  FLUX",10€12.5) -

FORMAT(" SECTOR  FOYER",10E12.5)

FORHAT(™ POYER PEAKING",10E12.5)

CONTINUE

Tap=0.

DO 1446 J=1,N3
TBF=T3P+BPPK(J)
CONTINUE

DG 1441 J=1,NB

BPPK(J)=BPPK(J)*NB/TBP

CONTINUE
WRITE(7,1439)(BPPK(JS),J5=1,NB)
FORMAT(™ BUMNBLE PUR FEAXING",10E12.3)

BUNDLE BUANUP CALCULATIGN -SEGHENT-WISE

TTH=0.

DO 4445 IZ=1,NZI

D0 4444 I=1,HB

§StI)=0.

SM(1Z,1:=0.

COMTINUE

M=o,

M3=1

VZ=0.

B0 2203 I=1,N

1F{H¥DIS3-1)139,137,149
IF{I-LZR(4B))Y¥0,50,91

BI=FLOAT(I)/FLOAT )

IF(B;-43)95,90,91

MB=MB+!

SS{HBI=(FLOAT(1) ) 342, -YZ+35(HB)
FS={({FLOAT(I))*52, V2 isFUORS(RBOY(9,NBST(IZ,HB))
*FLX!(I,IZ)*&GY(IO,NBS?(IZ,HB))*FLXZ(I,IZ))
SH(1Z,4B)=5H{1Z,H3)+F3

TH=TH+FS

VI=(FLOAT{I))*32, .

CONTINUE

TIn=TRsDI+TTH

CONTINUE

WRITE(61,5500)

URITE(41,%)" SECTION BURNU? INFORMATIONS®
FGRMAT(/) .

URITE(41,s)" SECTION I R ; STEP INCRE ; CYCLE INCRE ; INITIAL B

fURNUF; FINAL BURNUP; CATEGORY"

IF(SBD.GE.1)60 TO 3013
URITE(41,%)" CHOCSE NOT TO PRINT OUT ,SECTOR BURNUPS AVAILABLE IN

1 TAPES "

DO 1223 IZ=1,H2Z
b6 1203 I=1,NB



1203

1301
3012

501
1223

1223
1224

1204
404
44
1222

4003

B(IZ,I)=((N+x2.)4BUCIK)#SN(1Z,1)2CAL/(SSLI)

trrn:* )) 199
CBSE(IZ,1)=CRSE(IZ, 1) +B(IZ, )

CCBE(IZ,1)=CCBE(IZ, 1) +B(IZ,T)

CALL CATEG(I,IZ,NB,KB}

CONTINUE

DO 501 I=1,N3

IF(S39.LT.1)60 TO S012
MRITZ(41,1301)12,1,3(1Z,1),CCBE(IZ,]),CB51(1Z,1),CBSE(IZ, ),
NBST(IZ,D)
FORMAT(9X,13,1X,13,1X,E12.5,1X,E12.5,2X,£12.5,3X,£12.5,3X,13)
BBD(I)=BBB{(I)+CCBE(IZ,I)

BBI(I}=BBI{I)+CBSI(IZ,I)

BBF(1)=B3BF(1)+CBSE(IZ,I)

BSI(I)=BSI(I)+B(1Z,I)

CONTINUVE

CONTINUE

MRITE(41,5500)

URITE(41,3)" BUNDLE BURNUP INFORMATIONS®

SRITE(&1,3)"™ BUNDLE;STEP INCRE;POUER PEAX;CYCLE INCRE; INITIAL ;
FINAL * '

T251=3.

DO 1224 I=1,NB

I3D=55D(I)/(FLOAT (NZZ))

IBI=BBI{I)/(FLOAT(NIZY)

LEF=EBFLI)/(FLOATINZZ))

ISI=B3I{1)Z{FLOATI(NZIZ))

BPF=231/BUCIY

TISI=T281+2S1

WRITE(41,1225)1,2S1,BPF,2B0,2B81,25F
FORKAT(3X,13,3%X,F9.3,3¢,F9.3,3X,F9.3,3X,F9.3,3X,F?. 3)
CONTINUE .

1251=7251/83

NRITE(61,1111)T2S1 .
FORMAT(1X,"AYERAGE STEP INCREMEWT BURN",1X,F19.2)

CORZ3=COR EB+BdC(K)

WRITE{41,1204)CO0RES

FORMAT(1X,"CORE BURNUP™,1X,F10.2)

CONTINUE

NRITE(41,1222)CORES

FORY AT(lx," TOTAL CYCLE CORE BURNUP *,1X,F19.2

WRITE(4,#)™ EQULIBRIUM CYCLZ SECTOR AVERAGE INITIRL LOABINGS AND

TFINAL 30Rdu93“

SNEZ=<3,

O 4000 1Z=1,M22

CBSICIZ,1)=d.
GRITE(6,3008312,(J,J=1,NB) .
FORAAT(" Z=",13,"; R= *,10112)
WRITZ(6,4012){CHSI(IZ,d),d=1,NB)
WRITE(4,4022)(CBSE(IZ,J),d=1,NB)



4032
5622

32
8i
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FOXMAT(™ INITIAL  LOADIXGS=", 10£12.5)

FORMAT(* DISCHARGE  BURNUF=",10E12.5)

g2 a'xz 1Z,1)=C3SE(IZ,1)
=.SA{CBSE(IZ,1)+CBS1(1Z,21)/CBSE(IZ, 1)

“c 49?7 JK=2,88 .

CBSI(IZ,JK)=CBSICIZ,  K-1)+ABT4CCBE(IZ, JK-1)

- EGB{KE,1Z,JR)=CBSE(IZ,JK)

CONTINUE

IF(KE.LT.2)60 TO 4000

D3 3997 Jn=1,NB
SNEQ=SMEQ+ABS{EBB(KE,I2,J8)~EQB(KE-1,1Z,Ji))
CONTINUE

CONTINUE .

[F(KE.EQ.1)GO TO 3993

URITE(41,3777)SHEQ

FORNAT(™ SUM OF BUNDLE BUINUP DIFFERENCE BETUEEN
PREVIQUS AND CURRENT CYCLES=",E12.3)
IF(SHEQ.LT. 3rEG)GO T0 399%

CONMTINUE

svoP

eNl

SUBRCUTINE CATEG(I,IZ,NB,sB)
CuuHuH/THAﬂK/C3aa(s-,10),33(49),NBST(22,10)
D0 32 Ki=1,KB o

K2=K1

[FICBIE{IZ,1)-BSir]))31,52,82

CONTINUE

NBST(IZ,1)=K2

RETURN

END



