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SUMMARY 

The primary o b j e c t i v e  of t h i s  program is t o  develop and demonstrate a n  im- 

proved PWR f u e l  assembly des ign  capable  of ba tch  average burnups of 45,000- 

50,000 MWdImtU. To accomplish t h i s ,  a number of t e c h n i c a l  a r e a s  must be in- 

v e s t i g a t e d  t o  v e r i f y  accep tab le  extended-burnup f u e l  performance. These a r e a s  

range  from f u e l  c y c l e  and c o r e  phys ics  cons ide ra t ions  a t  h igh  burnup t o  v a r i -  

ous mechanical performance cons ide ra t ions  r e l a t e d  t o  ensuring f u e l  i n t e g r i t y .  

Th i s  r e p o r t  is t h e  f i r s t  semi-annual progress  r e p o r t  f o r  t h e  program, and i t  

d e s c r i b e s  work performed dur ing  t h e  July-December 1978 time period.  E f f o r t s  

dur ing  t h i s  per iod  included t h e  d e f i n i t i o n  of a pre l iminary  des ign  f o r  a high- 

burnup f u e l  rod, phys ics  ana lyses  of extended-burnup f u e l  cyc l e s ,  s t u d i e s  of 

t h e  phys ics  c h a r a c t e r i s t i c s  of changes i n  f u e l  assembly metal-to-water r a t i o s ,  ' 

and development of a des ign  concept f o r  p o s t - i r r a d i a t i o n  examination equipment 

t o  be  u t i l i z e d  i n  examining high-burnup l e a d - t e s t  assemblies .  

An i n i t i a l  des ign  f o r  a high-burnup f u e l  rod capable  of 60,000 MWdImtU rod 

average burnup w a s  der ived  from paramet r ic  s t u d i e s  of key f u e l  rod des ign  

v a r i a b l e s .  I n  t h e s e  s t u d i e s ,  t h e  e f f e c t s  of a change i n  a f u e l  rod des ign  

parameter,  such a s  plerium volume, were inves t iga t ed  t o  determine whether t,he 

change would r e s u l t  i n  a f u e l  performance improvement. The r e s u l t s  of t h e s e  

paramet r ic  s t u d i e s  i nd ica t ed  t h a t  end-of- l i fe  f u e l  rod i n t e r n a l  p re s su re  was 

t h e  burnup l i m i t i n g  r e s t r a i n t  f o r  f u e l  r o d s o f  c u r r e n t  design.  Thus, changes 

i n  t h e  f u e l  rod des ign  t h a t  reduce end-of- l i fe  f u e l  rod i n t e r n a l  p re s su re  were 

pursued. A pre l iminary  f u e l  rod des ign  meeting t h e  des ign  goa l  of 60,000 MWd/ 

m t U  was developed by inc reas ing  t h e  f u e l  rod plenum volume by about 50% and 

inc reas ing  c ladding  th i ckness  by 3 m i l s .  The increased  c ladding  th i ckness  i m -  

proves f u e l  rod r e s i s t a n c e  t o  c r eep  and provides added margin f o r  cor ros ion .  
< 

Deta i l ed  f u e l  management eva lua t ions  were performed which v e r i f i e d  both t h e  

t e c h n i c a l  f e a s i b i l i t y  and t h e  uranium u t i l i z a t i o n  improvement of extended 

burnup f u e l  cyc l e s .  These cyc l e s  covered d ischarge  ba tch  average burnup i n  

excess  of 45,000 MWdImtU. They were s u c c e s s f u l l y  designed t o  s a t i s f y  s tandard  

- iii - Babcock rcl Wilcox 



nuclear  des ign  c r i t e r i a  f o r  uranium re loads .  A uranium u t i l i z a t i o n  improvement 

of 17X r e s u l t e d  from one of t h e  f u e l  management schemes. 

Two approaches t o  changing f u e l  assembly metal-to-water r a t i o s  were i n v e s t i -  

gated.  One approach, decreas ing  f u e l  rod o u t s i d e  diameter  and p ropor t iona te ly  

reducing t h e  uranium loading ,  showed l a r g e  p o t e n t i a l  sav ings  i n  both uranium 

and enrichment requirements  - on t h e  order  of 8% of annual  r e a c t o r  requirements .  

The o t h e r  approach, maintaining p re sen t  f u e l  rod dimensions and reducing t h e  

uranium con ten t  of t h e  rod by d i l u t i o n  wi th  a m e t a l l i c  oxide d id  not y i e l d  fa- 

vorab le  r e s u l t s .  

A conceptua l  des ign  w a s  completed f o r  p o s t - i r r a d i a t i o n  examination equipment 

f o r  examining t h e  high-burnup l e a d - t e s t  assemblies  planned f o r  i r r a d i a t i o n  i n  

t h e  Arkansas Nuclear One, Unit  1 (ANO-1) r e a c t o r .  The conceptua l  des ign  em- 

ploys a  removable system i n s t a l l e d  i n  t h e  cask  loading  p i t  i n  t h e  a u x i l i a r y  

bu i ld ing  at rhe ANO-1 s i t e .  Severa l  s h u l t a n e o u i  o p e r a t i o n s  a r e  allowed w i t h  

t h i s  des ign  i n  o r d e r  t o  o b t a i n  a  l a r g e  number of measurements i n  a  s h o r t  t i m e  

span. 
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ABSTRACT 

The United S t a t e s  Department of Energy (DOE), Arkansas Power & Light  Company 

(AP&L), and The Babcock & Wilcox Company (B&W) a r e  p a r t i c i p a t i n g  i n  an  extend- 

ed burnup program which i s  a p a r t  of t h e  n a t i o n a l  e f f o r t  t o  improve t h e  u t i l i -  

z a t i o n  of uranium i n  l i g h t  water  r e a c t o r s  by inc reas ing  t h e  amount of energy 

e x t r a c t e d  from each ton  of uranium o re .  This  j o i n t  e f f o r t  program inc ludes  

development of f u e l  management schemes and f u e l  assembly des igns  f o r  extended 

burnup. I n  a d d i t i o n ,  t e s t s  of extended burnup f u e l  assembly des igns  w i l l  be 

conducted t o  suppor t  t h e  implementation of extended burnup f u e l  cyc l e s  i n  l i g h t  

water  r e a c t o r s .  

The goa l  of t h e  DOE/AP&L/B&W program is t o  extend t h e  burnup of l i g h t  water  

r e a c t o r  f u e l  assembl ies  beyond p r e s e n t l y . a l l o w a b l e  l i m i t s  t o  t h e  45,000-50,000 

MWd/mtU ba tch  average burnup range. Extending f u e l  burnup from the  c u r r e n t  

l e v e l  of ~ 3 0 , 0 0 0  MWd/mtU t o  t h e  50,000 MWd/mtU l e v e l  would r e s u l t  i n  a 15-20% 

improvement i n  uranium u t i l i z a t i o n .  

During t h e  l a s t  h a l f  of 1978,. d e t a i l e d  f u e l  management eva lua t ions  of extended 

burnup f u e l  c y c l e s ,  paramet r ic  s t u d i e s  of f u e l  rod des ign  v a r i a b l e s ,  phys ics  

ana lyses  of assembly hydrogen t o  uranium atom r a t i o s ,  and des ign  of pos t - i r r ad i -  

a t i o n  examination equipment were conducted. This  r e p o r t  is  t h e  f i r s t  semi- 

annual  progre,ss r e p o r t  f o r  t h e  program.. 

. ... 
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A major new constraint was introduced into nuclear fuel cycle considerations 

as a result of the decision of the United States government to defer indefi- 

nitely the reprocessing of spent fuel and the recycling of plutonium and ura- 

nium. For a number of years the traditional practice in the LWR industry has 

been to discharge fuel after it has been irradiated for three or four cycles 

and has achieved a batch average burnup in the 25,000-33,000 MWd/mtU range. 

The discharge batch average burnup limit of about 33,000 MWd/mtU had been es- 

tablished through economic optimization studies based on the assumption that 

spent fuel reprocessing would make it possible to reclaim and reuse the resi- 

dual. fissile materials that exist in spent fuel. In addition to representing 

an economic optimum, this burnup limit of about 33,000 MWd/mtU has been demon- 

strated over the last decade to be conservative from a mechanical performance 

standpoint and to give ample assurance of cladding integrity and safe operat- 

ing performance. 

In the absence of reprocessing and recycling, however, conventional LWR fuel 

management strategies no longer represent optimum approaches. The industry 

must now assume that residual fissile materials in spent fuel cannot be re- 

claimed and reused. This currently imposed "once-through" fuel cycle has cre- 

ated an economic incentive to look for ways to minimize uranium requirements 

in this new mdde of operation. 

One of the more straightforward and most readily employable means of achieving 

substantial improvements in uranium utilization in LWRs in the near term is ' 

to increase the discharge batch average burnup limit. Engineering project- 

tions have indicated that uranium utilization improvements of 15-20% can be 

achieved when the discharge.batch average burnup is increased from the current 

30,000 MWd/mtU to the 45,000-50,000 MWdImtU range. This improved uranium uti- 

lization results in lower fuel cycle costs and also reduces requirements for 

spent fuel storage. 
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The United,States Department of Energy (DOE) has initiated a research, develop- 

ment, and demonstration effort involving the Arkansas Power & Light Company, 

Duke Power Company, and The Babcock & Wilcox Company. The goal is to demon- 

strate improved,fuel utilization, mainly through the successful operation of 

PWR fuel assemblies t.o extended burnups. 

The overall fuel utilization improvement effort between B&W/Duke/AP&L/DOE is 

divided into two separate but interrelated programs. In one of the programs, 

B&W and Duke are seeking to demonstrate that the batch.average burnup limit of 

current PW assemblies can be safely increased from '~33,000 to ~38,000 MWd/mtU. 
This program, which does not involve design changes in current fuel assemblies, 

but instead will extend the current fuel performance data base, will pave the 

way for the wide-scale implementation of higher batch average burnups beginning 

as early as 1981. This burnup exteasiun will allow substantial improvement 

( f ~ 5 X )  in uranium utilization beginning within 2-3 years. 

In t<e program reported herein, B&W and AP&L are undertaking the development 

and dcmonstration of an Cmproved fuel assembly design that will be capable of 

achieving batch average burnups in the 45,000-50,000 MWd/mtU range. The B&W/ 

AP&L program is a lohger term effort, which is expected to lead to full-scale 

implementation of such higher burnup fuel assemblies by the late 1980's with an 

additional 10 to 1.5% improvement in uranium utilization.' 

This report is the first semi-annual progress report for the B&W/AP&L program 

(contract No. ET-78-C-02-4712). It covers the progress uade between .Tllly 1, , 

and December 31, 1978. 
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cladding, and data are needed to verify that corrosion and hydriding are not 

accelerated at high burnups. Dimensional and structural changes include such 

effects as irradiation growth, fretting, wear, and com$onent relaxation, which 

must be addressed in the design process. Pellet-cladding interaction encom- 

passes a broad category of events involving contact .beiween the fuel pellets 

and the cladding that lead to the loss of cladding integrity through chemical 

or mechanical means. Since the 'availability of aggressive fission products and 

the number of rods experiencing pellet-cladding contact will both increase with 

burnup, attention must be focused on ways to prevent PC1 failures, thereby 

maintaining cladding integrity. 

The practical concerns discussed above are being addressed through a series of 

analytical studies and demonstration irradiations. The aim of these studies 

is to perform the necessary research, development, and demonstration as ex- 

peditiously as possible so that the resource savings potential of extended 

burnup can be implemented in a timely fashion. 

The following section is a brief discussion of the overAll scope of the AP&L/ 

B&W program. 
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3. PROGRAM SCOPE 

As mentioned earlier, the objectives of this program are to develop and demon- 

strate an improved PWR fuel assembly that will be capable of achieving batch 

average burnups from 45,000 to 50,000 MWd/mtU. The successful completion of 

this program will allow substantial uranium utilization improvements to be 

realized in pressurized water reactors. The program is divided into two 

phases : 

Phase I: Development and Design of Extended Burnup Fuel Assemblies 

Phase 11: Fabrication, Licensing, Irradiation and Evaluation of 
~xtended Burnup Lead Test Assemblies 

Phase I comprises the nuclear, mechanical, and thermal-hydraulic analyses re- 

quired to develop and design a PWR fuel assembly capable of burnups in the 

desired range. The major output of Phase I will be a design for the 'improved. 

fuel assembly. In addition, Phase I includes assessments of selected uranium 

utilization improvement options and the design of improved equipment for con- 

ducting nondestructive measurements on extended burnup fuel assemblies. 

Phase I1 of the program includes manufacturi~lg of lead tcst assemblies 

the design developed in Phase I. Phase I1 also includes irradiation and exam- 

ination of the lead test assemblies, which will support the eventual implemen- ' 

tation of a full batch of extended burnup assemblies. 

Work is underway on Phase I of this program, which is divided into three major 

tasks : 

Task 1: Fuel Utilization Studies 

Task 2: Parametric Studies 

Task 3: Engineering and Design of Improved Poolside 
Examination Equipment 

These Phase I tasks are described in detail in section 4. 
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4. PHASE I PROGRAM DESCRIPTION 

4.1. Task 1 - Fuel Utilization Studies 

4.1.1. Objectives 

The objectives of Task 1 are as follows: , 

1. To verify the feasibility of extended-burnup cycles. 

2. To determine the "optimum" fuel burnup based on current fuel 
cycle economics. 

3 .  To examine control techniques for the removal of partial-length 
control rods. 

4 .  To estimate potential uranium yellowcake savings from a program 
of moderator temperature control. 

5. To evaluate~potential uranium yellowcake savings from optimiza- 
tion'of fuel assembly water:fuel ratio. 

6 .  To assess the uranium yellowcake benefits accruing from improved 
utilization of discharged fuel from the initial reactor core. 

4.1.2. Technical workscope 

4.1.261. Subtask 1 ~ -  Optimum Burnup Determination 

Both the feasibility and the economics of extended .burnup fie1 cykles wiil be 

anaiyked thkodgh a sekies of fuel manage&nt evaluations. &el cpkie calcu- 

lations using the PDQ-07 diffusion theory code1 and B&W1s standard two-dimen- 

sional reactor model will be performed to develop acceptable fuel management 

plans for achieving high discharge batch average burnups. The fuel cycle de- 

signs will define enrichment requirements, fuel loadings, power distributions, 

fuel burnup data, selected control rod worths, and isotopics. Using the fuel 

cycle analyses, fuel cycle costs will be evaluated and the optimum burnup de- 

termined. 

4.1.2.2. Subtask 1B-APSR Removal 

The use of anticipatory movements of the full-length control rods (a priori 

control techniques) to dampen xenon, reactivity, and power oscillations caused 

by withdrawing the partial-length control rods or axial power shaping rods 
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(APSRs) will be investigated using the three-dimensional nodal code  FLAME.^ 
FLAME is a Babcock & Wilcox computer code used for licensing analyses of core 

operating limits. Removal of the APSRs is expected to have a reactivity worth 

of 0.3 to 0.5% ~ p .  Therefore, the removal of APSRs near end of a cycle will 

provide a 1-3% uranium utilization improvement. 

A fuel cycle for an operating B&W 177-fuel assembly plant will be selected for 

the analysis. As a first approach, removal of the partial-length control rods 

will be studied near the end of the cycle because the core power distribution 

gcnera3.fg flattens with burnup, thus reducing power peaking and increasing 

margins to design limits. Reactor bower, imbalance, xenon distribution, and 

power peaking will be tracked during the maneuver. 

4.1.2.2. SuLLask 1C - Moderator Temperature Control 

It may be possible to extend cycle lifetime by employing moderator temperature 

increases to reduce reactor power rather than inserting neutron poisons such 

as control rods or soluble boron, which are normally used to accomplish the 

power reduction. An increased moderator temperature can reduce power by 

hardening the neurron spectrum, which results in increased neutron absorption 

in 2 3 8 ~  and increased production of 239~u. The net effect is to shift from 

parasitic neutron absorption to increased plutonium production. 

The advantages nf a program of moderator Leiaperature increases during a fuel 

cycle will he investigated in this subtask. Analyses will be performed on a 

f11rl assembly basis using ,the B&W computer code NULIF to assess the most bene- 

ficial time in life for increased moderator temperature.3 The fuel cycle life- 

times from these studies'will be used to ascertain the potential uranium utili- 

zation improvement available from the increased moderator temperature concept. 

4.1.2.3. Subtask 1D - Reduction of Uranium in Fuel Rods - 

Existing PWR fuel designs were developed assuming recovery of their discharge 

fissile content by reprocessing and recycling. Improvements in uranium utili-' 

zation can be achieved in'the once-through fuel cycle by optimizing the moder- 

ator-to-fuel ratio of the fuel assembly to obtain the maximum benefit from the 

fuel assembly's fissile content during incore residence. 
. . 
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Two approaches to improving the moderator-to-fuel ra.tio 'f.0.r khe2'oiice-through 

fuel cycle will be investigated and the potential uranium..utilization improve- . . - 2 '  , 

ment quantified. 

The first approach involves assessing'the benefits of reducing fuel rod diam- 

eter with a proportional decrease in uranium content.' This assessment will 

identify the enrichment levels, yellowcake requirements, uranium utilization 

improvement, and economics associated with reducing the fuel rod diameter. 

The second approach involves diluting the uranium content of the fuel rod with 

a metallic oxide while maintaining standard Mark B fuel rod dimensions. Outputs 

from the study will be enrichment levels, yellowcake requirements, uranium 

utilization improvement, and economic analyses. 

This subtask quantifies the potential uranium utilization improvement from 

these two approaches to reducing the uranium content of the fuel rods. 

4.1.2.4. Subtask 1E - Improved Utilization of Discharged Fuel 

Fuel management plans that call for reinserting discharged fuel assemblies 

from the first and second batches of fuel for additional irradiation will be 

developed and compared to typical three-batch refueling, which does not include 

reinsertion. The fLel management program to be investigated is shown in Table 

4-1. The PDQ07 diffusion theory computer code and B&Wfs standard two-dimen- 

sional reactor model will be used to develop the fuel management schemes for 

a B&W 205-fuel assembly (FA) core. The fuel management analyses will yield 

enrichment requirements, fuel loading patterns, core power distributions, fuel 

burnup data, and isotopics. The information from the fuel management analyses 

wili be evaluated to determine the uranium utilization and fuel cykle costs 

for both typical three-batch refueling and reinsertion cases. A direct com- 

parison of the uranium utilization will be performed to identify the potential 

utilization improvement from reinserting discharged fuel. 

4.2. Task 2 - Parametric Studies 

4.2.1. Objectives 

The objectives of Task 2 are as follows: 

1. To evaluate the effects of changes in fuel rod design parameters on fuel 
performance. 

2. To develop lead test assembly designs capable of 50,000 MWd/mtU burnup. 
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4.2.2.. Technical Workscope , I ... ._ r ,... . . . . . .  , , I , : ; . .  :. 

under"'thi's task, the inechanical design for high burnup lead te&t.;as,semb:kiesr. 

will be developea. These assemblies will be interchangeable with1the->current 

Mark B 15 x 15 Euel.assemblies. The lead test assemblies will be prototypes-,. :. . 

for subsequent full, batch!impleme.ntation and will provide valuable performance 

data-to assist in licensing activities. 

The'first. four lead test asb&mbli&s are ylamed for insertion in cycle 5 of 

the ANO-1 reactor : (currently scheduled for mid-November 1980) . The design of 

these assemblies will be based on B&W1s existing analytical models, which have 

been verified and updated, based on post-irradiation examinations of fuel assem- 

blies at burnups of approximately 31,000.M?dimtU. Fuel performance data at 

burnups in excess OF 40,000 MWd/mtU are expected in 1980 from the companion 

Duke Power ' ~ o u ~ a n ~ / ~ ~ ~ . , ,  program, "~~alification of the B6W Mark B Fuel Assembly . . 
for High Burnup." These exparimental data will be used to optimize the high- 

burnup lead test assembly designi .-.Thus,' a second set of four lead test assem- 

blies ds planned for ANO-1, cycle-6. 

4.3. Task 3. Engineering and Design of Improved 
Poolside Examination Equipment 

. . 
4.3.1. Objective 

, . 
Thc o b j e c t i ~ e  "1 Task 3 'is t o  design a nondkstructive measurement system for 

characterizing and collecting fuel performance data on extended burnup fuel 

assemblies. 
I .  . .. 

4.3.27. Technical Workscope . .. 

The system to be ddsigned will consist of the following components: 

1. Visual station for periscope observation and photography as well as tele- 

vision, TV-video taping, and length measurement capabilities to determine 

rod and assembly growths. 

2. Gamma scanner capable of full-length isotopic gamna scans of the corner 

rods of fuel assemblies. 

3.  Line scan testing and auxiliaries for dimensional measurements taken on 

individual peripheral fuel rods and full water channel measurements at 

selected axial elevations of a fuel assembly. Measurements on individual 

'rods will consist of diametral profilometry and lateral bow (along face of 

. . . . 
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. . 

assembly). The auxiliaries consist of the measurement heads and asso- 

ciated electronics and recorders for the line scan tester. 

4. Computerized data acquisition system to facilitate the handling, reduction, 

and subsequent analysis of the data generated at poolside (optional). 

5. Crud collection system for sampling crud from selected fuel rods at various 

locations of interest. 

6. Grid spring tester to determine the spacer grid spring loads on fuel rods. 

7. Holddown spring tester to determine irradiation effects on assembly hold- 

down spring load and deflection characteristics. 

Table 4-1. Improved Utilization of Discharged Fuel- 
Fuel Management Program, 205-FA Core 

Three-Batch Refueling 

Cycle No. and planned EFPD 

Batch No. 460 307 307 307 307 307 
No. - FAs 1 4 5 - 2 - 3 - - - 6 - 

Reinsertion of Discharged Fuel 

Cycle No. and planned EFPD 

Batch No. 3 07 307 307 307 307 307 
No. - FAs 1 2 3 4 5 - - - - 6 
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5. PROGRESS TO DATE - TASK 1, "FUEL UTILIZATION STUDIES" 

The work effort during this reporting period has addressed Subtask lA, 
11 Optimum Burnup Determination," and Subtask ID, "Reduction of Uranium in Fuel 

Rods." The progress to date on these subtasks is discussed below. Work on 

the remaining subtasks is scheduled for the following report period. 

5.1. Subtask 1A - Optimum Burnup Determination 

5.1.1. Introduction 

The major emphasis during this report period has been the verification of 

uranium utilization improvement and technical feasibility of extended burnup 

fuel cycles through detailed fuel management evaluations. Fuel management 

plans resulting in discharge batch average burnups from ~34,000 to '~48,500 

MWdImtU were analyzed. The results from the fuel management evaluations con- 

firmed previous predictions of the improvement in uranium utilization as a 

function of discharge burnup. Furthermore, extended burnup fuel cycles were 

successfully designed to satisfy standard design criteria for uranium reloads 

Five fuel management plans for 177-FA (fuel assembly) plants were selected for 

study to determine the technical feasibility of designing fuel cycles with 

relatively high discharge burnups. The five selected combinations of reload 

batch size 'and fuel cycle length were as follows: 

1. 80 fuel assembly feed, 460 EFPD cycle @ 2772 MWt, feed and bleed 

2. 68 fuel assembly feed, 460 EFPD cycle @ 2772 MWt, feed and bleed 

3. 60 fuel assembly feed, 460 EFPD cycle @ 2772 MWt, feed and bleed 

4. 60 fuel assembly feed, 497 EFPD cycle @ 2568 MWt, rodded 

5. 36 fuel assembly feed, 292 EFPD cycle @ 2772 MWt, feed and bleed 

These selections, which were made in conjunction with AP&L, Duke, and the 

DOE, represent a spectrum of fuel cycles that are of interest to utilities 

with operating PWRs. Utilities have been showing a preference for 18-month 

fuel cycles because of their higher annual availability and capacity factor. 

Thus, it was decided to pursue three fuel inanagement approaches to 18-month 
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fuel cycles that would result in discharge burnups in the range of interest, 

i.e., 33,000 to 50,000 MWdImtU. Because annual or semi-annual fuel cycles are 

inherently more efficient from a fuel management standpoint than the 18-month 

cycle, a reduced feed batch for an annual fuel cycle was also chosen for anal- 

ysis. The annual cycle allows replacement of a smaller fraction of the core 

during each refueling, which increases fuel management efficiency. 

To obtain data of generic applicability to B&W 177-FA plants, four of the fuel 

management evaluations were conducted at the maximum licensed power level of 

2772 MWt. For comparison, a fuel management p1an':for operation at. 2568 MWt in 

the "rodded" mode was also developed. 

The 2772-MWt plants operate in a feed-and-bleed mode, which primarily utilizes 

. soluble boron to control reactivity changes. In this mode, control rods are 

. almost fully withdrawn from the core during full power operation. In the rod- 

ded mode, a bank of control rods is deeply inserted during full power operation. 

The "low leakage" or lumped burnable poison (LBP) shuffle scheme was selected 

for the extended burnup fuel tnaaagement evaluations because previous studies 

performed by B&W indicated that a substantial improvement in uranium utiliza- 

tion (%4%) can be achieved with this scheme. In the LBP shuffle scheme illus- 

trated in Figure C-1, fresh fuel assemblies containing LBP clusters are inter- 

operoed in t h e  core inLeriu~ wlL11  the highest burnup fuel. 'The lowest burnup 

fuel from the previous cycle is placed on the core periphery. Radial core 

neutron leakage is thereby reduced relative to the out-in fuel management 

scheme in which fresh fuel is loaded on the core periphery. 

5 I .  2 Design M e t h ~ d ~  and Criteria --- ."--.."-,- 

The diffusion theory program PDQ-7 with thermal-hydraulic feedback was used 

for the detailed fuel management evaluations. l Two-dimensional, quarter-core 

geometry was used with one mesh interval per cell pitch. Two-group neutron 

cross sections used in PDQ-7 are fit as functions of several variables, in- 

cluding 2 3 5 ~  enrichment and fuel burnup in MWdImtU. Because relatively high 

23 5~ enrichments and fuel burnups were projected for the extended burnup cycles, 

the cross section library was expanded to 5.25% 2 3 5 ~  enrichment and 80,000 

MWdImtU. 

Beginning-of-cycle (BOC) isotopics for four of the five fuel management evalu- 

ations were obtained from previously licensed out-in, rodded fuel cycles. 
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Annual cycles employing the out-in shufflk! scheme and the feed-and-bleed mode 

of operation were used to obtain BOC isotopics for the fifth fuel management 

evaluation, the 36-FA feed case. 

For all cases except the 80-FA feed case, the projected equilibrium cycle feed 
- .  

enrichment was loaded for each cycle, the cycle was depleted, and cycle life- 

time was determined. The first two cycles (N+1, N+2) are transition cycles 

from the conventional out-in scheme to the low-leakage shuffle scheme, which 

incorporates high burnup and higher feed enrichments. In the design of an 

actual plant, the feed enrichment of the transition cycles would probably be 

different than that of the equilibrium cycle in order to make the transition 

more gradual and to reduce power peaking. It was decided for this study to 

load the equilibrium enrichment immediately, to reach the equilibrium cycle 

sooner, and to test the ability to control power peaking by shuffling fuel 

assemblies and by choice of 'burnable poison concentrations. The 80-FA feed 

case used enrichments that were varied by cycle to demonstrate the possi'ble 

reductions in power peaking that could be achieved during transition cycles. 

The design criteria used during the fuel management evaluations were (1) a 

maximum radial relative pin power of less than 1.651, (2) a 1.0% Ap shutdown 

margin with the most reactive control rod assumed.stuck out of the core, (3) 

moderator temperature coefficient less than or equal to zero at rated power, 

and (4) a negative power coefficient in the operating range of 15-100% rated 

power. 

The details of the fuel management evaluations and conclusions are discussed 

in the following sections. 

5.1.3. Summary 

The results of the fuel cycle analyses that are of primary interest are the 

uranium utilization, power distributions, fuel burnups, and control rod worths. 

The uranium utilization of a fuel cycle scheme is a measure of how efficiently 

uranium ore is used. Power distributions are required to establish the reactor 

operating limits that could be imposed for a given cycle. Fuel burnups and 

control rod worths are needed to verify that the fuel cycle scheme is within 

the design limits of the'fuel and that adequate shutdown margin is maintained. 

The base case against which various options were compared utilized three- 

batch refueling (hypothetical 59-FA feed), the LBP shuffle scheme, and annual 
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(292 EFPD) fuel cycles at a power level of 2568 MWt. The discharge bat'ch ' :;" 

average burnup for the base case is 27,413 MWd/mtU, and its uranium'util'i'za-: 

tion is 11.73 MW~I~OOO lb U308 (assuming 1% fabrication overage and a 0.5;%":. 

gas conversion loss). 

Table 5-1 shows the uranium utilization for each of the five fuel management 

schemes. As expected, the 36-FA feed case (approximately five-batch refueling) 

~ 5 t h  annual cycles gave the highest uranium utilization, 13.76 MWt/2000 lb U308, 

wliich represents a.l7.3% increase over the base case. Of the 18-month fuel 

cycles, the best fuel utilization was achieved by the 60-FA feed case (approxi- 

mately three-batch refueling). The utilization in :this case was 12.54 M W ~ /  

2000 lb U308, which represents a 6.9% increase over the base case. Thus, a 

substantial improvement in uranium utilization can be realized from extended 

burnup in either annual or 18-month fuel cycles relative to annual, three- 

batch refueling * 

The power distributions for the extended burnup cycles resulted in no sighifi- 

cantly increased peaking for the equilibrium cycle compared to typical three- 

batch fuel management. Therefore, no major restrictions to nuclear operating 

limits for extedded burnup equilibrium cycles are expected. This statement is 

confirmed by the margins to the maximum pin powek peaks displaykd in Table 5-2. 

The 80-FA feed case gave the lowest peaking, even in the transition cycles, 

because the enrichment of the fresh fuel introduced during the transition was 

adjusted to reduce peaking, and there are simply more fresh fuel a s s e m h l i ~ , ~  

ro share power with the 80-FA feed case. The results from the detailed fuel 

lucc~lageluexlt eval~laeions lndicate that power peaking in extended burnup fuel 

cycles can be controlled to within the nuclear design criteria currently ac- 

cepted for light water reactors. Transition cycle power peaking will be more 

difficult to control, but adequate design margin can be maintained by careful 

selection of fuel enrichment and feed batch size. 

Discharge batch average' burnups and maximum FA discharge burnups are given in 

Table 5-3 for each of the five fuel management schemes. The ratio of maximum 

assembly burnup to batch average discharge burnup is higher for extended burn- 

up cycles than it is for the base case. Some reduction in the ratio of maxi- 

mum assembly burnup to batch average discharge burnup can be achieved in ex- 

tended burnup fuel cycle designs by placing more emphasis on equalizing 

discharge burnups dur'ing the fuel cycle desfgn process. 
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The control rod worths and shutdown margins for the extended..bur:ri.u.p fuel 

cycles were not significantly different from the base casc. Tlie equilibrium. , 

extended burnup cycles met the shutdown reactivity margin requirement .of 1.0%-.., 

Ap shutdown margin. Table 5-4 gives the shutdown margin for the equilibrium..,., . - 

fuel cycles. ,. .. 

The detailed fuel management evaluations of various extended burnup fuel cycl'e. 

schemes confirmed that the uranium utilization improvements projected by sim- 

plified reactor models are achievable. Furthermore, the extended burnup cycles 

can be designed within existing design criteria without unduly restricting re- 

actor operating limits. 

Appendixes A through E describe the five fuel management evaluations in detail. 

5.2. Subtask 1D - Reduction of Uranium in Fuel Rods 

5.2.1. Introduction 

Current PWR fuel designs employ cylindrical, high-density U02 pellets. The 

fuel rod design employs as much U02 as possible in the fuel rod to minimize 

enrichment requirements and to maximize plutonium production. This represented 

an optimal approach under .the assumption that reprocessing would be implemented. 

However, under the,assumption of no reprocessing, the uranium fuel assembly re- 

quires reoptimizatibi to more effectively utilize the plutonium in situ as it is 

generated rather than striving for maximum discharged plutonium content. 

Previous analyses have demonstrated that optimum plutonium fuel utilization 

in LWRs requires a greater hydrogen-to-fuel atom ratio (wetter lattice) than 

is required for uranium fuel. Therefore, an increase in the hydrogen-to-fuel 

atom ratio is a means to utilize the bred-in plutonium fuel more efficiently. 

Hydrogen-to-fuel atom ratio changes can be accomplished in several ways. For 

example, it can be accomplished by increasing the lattice pitch without chang- 

ing the rod dimensions. Second, it can be accomplished by reducing the diame- 

ter of the fuel rods, without changing the lattice pitch. Third, it can be 

accomplished by reducing the quantity of uranium in the fuel pellet without 

changing either the rod or assembly dimensions. Of these alternatives, the 

last two could be implemented with the least perturbations on the overall core 

design. Thus, it is the uranium savings that could be achieved by these two 

approaches that is being investigated in this subtask. 
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5.2.2. Reduced-Diameter Fuel Rods . . .  , . 

. . 
The studies described herein show that potentially significant savings in 

-. 

... 
uranium resources and fuel cycle costs can he achieved by reducing the fuel 

rod diameter while maintaining a constant fuel rod pitch. The increased neu-' 

tron moderation from the larger water volume surrounding the reduced-diameter 

fuel rod provides improved neutron thermalization, a softer thermal energy 

spectrum, and a significant reactivity benefit. The net result is that both 

the amount of uranium and the Lotal separative work units are reduced relative 

to the standard Mark B fuel assembly design >?hilo maintaining equivalent energy 

producLlon capability, The maximum potential uraiiium savings occurs at a fuel 

volume reduction of about 25% and is equivalent to;a savings of approximately 

8% o f  the annual yellowcake requirements for three-batch refueling of a B&W 

177-FA plant oparating at 2560 M W t .  Tbe maxLrsun potential front end uranium 

cost savings occurs at a fuel volu~ue reduction of about 15% and is estimated 

to be equivalent to a savings of approximately 6% of the annual uranium mate- 

rial and separative work costs. 

5.2.2.1. Methods of Analysis 

The indicated savings was calculated using the 3&W neutron spectrum and fuel 

depletion computer program NULIF.   he fuel assembly was represented as a 
fuel pi.n coll, with the effects of . t h e  remaining components of the rue1 assem- 

bly (control rod guide tubes, instrument tube, and water) bein.g accounted for 

by appropriate flux and volume wei.gh ti.n.2. 

The NULIF model assumed a fuel rod enrichment of 2.80 wt % 2 3 5 ~  for the stan- 

dard Mark B fuel rods. I ) im~noions  for thc otnndalrd Mark B Iuel rod are given 

in Table 5-5. The fuel burnup for the standard Mark B fuel rod in these calcu- 

lations is 28,915 MWd/mtU at the end of three 308-EFPD cycles. The soluble 

boron concentration was decreased stepwise from 1000 ppmB at the beginning of 

each cycle to 10 ppmB at the end of each cycle. 

The NULIF calculations for fuel rods of reduced diameters used the s2me assump- 

tions of power output, cycle length, and soluble boron concentration as the 

standard Mark B fuel rod. For the reduced-diameter fuel rods, the cladding 

outside diameter and the fuel pellet diameter were reduced proportionally to 

produce a given fuel rod volume reduction. The fuel pellet-to-cladding gap 

cross-sectional area was maintained at the nominal' standard Mark B value. The 
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' 1 '  ,.., ".." '  . .', 
average EOC in£ init& multiplication factor ( K )  f roni ~~ifF''was'.~k-&d.& :he 

. - , . . .  . . 
basis for cycle lifetime' determination. . . .>.__ .. 

5.2.2.2. Results 
. : _ .  .\ 

As fuel volume is reduced, an increase in fuel enrichment.is r e q u i ~ e d  to main- 

tain the same energy production capability. This fuel enrichment is shown as 
# .  

a function of hydrogen-to-uranium atom ratio (H/U ratio) in Figure 5-1. Also 

shown in this figure is the fuel enrichment that would result if the separa- 

tive work units were held constant as the fuel volume was reduced. The dif- 

ference between the two curves in Figure 5-1 represents the enrichment benefit 

resulting from increased neutron moderation due to the additional water volume 

around the fuel rod. Figure 5-2 illustrates the potential separative work unit 

savings as a function of H/U ratio. 

The-net savings in yellowcake is a function of both the enrichment required 

for equal energy production and the fuel rod volume reduction. For a constant 

fuel enrichment, the savings in yellowcake for a given fuel rod volume reduc- 

tion is directly proportional to the volume reduction as shown by the solid 

linc in Figure 5-3. However, since higher enrichments are required for the re- 

duced-diameter fuel rods to maintain equal energy production, the yellowcake 

savings from the fuel rod volume reduction are decreased by the amount of yel- 

lowcake required for the increased enrichment. The net savings in yellowcake 

for reduced-diameter fuel rods is shown as a dashed line in Figure 5-3 over a 

range of H/U ratios from 4.0 to 6.5. The maximum savings occurs at an H/U 

ratio of approximately 6.5, which corresponds to a volume reduction of about 

25%. The maximum potential net savings would be 7.8% of the annual three-batch 

refueling requirements of the reactor. 

The uranium material costs for the standard Mark B fuel rod and for the reduced- 

diameter fuel rods were also compared to determine the reduction in fuel vol- 

ume for which the total dollar savings is potentially the greatest. The dollar 

savings in yellowcake, gas conversion, and separative work units were summed 

to obtain the total potential dollar savings. The total potential dollar sav- 

ings are given as a function of H/U ratio in Figure 5-4. The separative work 

unit dollar savings was based on a.cost of $88.65 per SWU. The yellowcake 

dollar savings was. based.,?on:-a: cost of $43.OO,::.pe,r pound of U308, and the cost of 

converting U308 to U F 6 .  ga,$:was p.r iced at $4; 50-- per;~!;k.ilogr,am of uranium. 

<- 32' :.: 
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The maximum total potential dollar savings i.e., the sum of the yellowcake, 

conversion, and separative work unit dollar savings, cccukred at an H/U ratio 

of about 5.3, corresponding to a fuel volume reduction of around 15%. The 

maximum total potential dollar savings was approximtely 6% 'relztive to the 

standard Mark B assembly uranium material cost. 

The fuel rod volume reduction at which optimum uranium and fuel cost savings 

occur is expected to decrease as burnup and enrichment increase because of the 

lower conversion efficiency fbr smaller rods and because of the additional 

yellowcake requirements for higher enrichments. However, on the basis of the 

study described above, tile use of a reduced-diameter rod appears promising. 

5.2.2.3. Recommendations 

In addition to the evaluation of the effects of fuel volume reductions at 

higher burnups and enrichments, the followihg areas heed to be addressed for 

reduced-diameter IueP rods. 

Initial studies have shown that the moderator temperature coefficient is more 

positive for reduced-diameter fuel rods than for standard Mark B fuel rods. 

Although the moderator temperature coefficient can probably be controlled with 

lumped burnable poison, quantification of the moderator temperature coeffi- 

cient limitation associated with fuel rod volume reduction is needed for evalu- 

ation 01 ~educed-diameter fuel rods in fuel cycle designs that do not use 

lumped burnahle poison and to assess the increase in poison requirements for 

LBP schemes. A more positive moderator Lemperature coefficient at EOC, espe- 

cially in 18-month cycles, could be a beneficial effect because of constraints 

on the allowable negative moderator coefficient. Reduced-diameter fuel rods 

must be irradiated to higher burnups than standard Hark B fuel rods to yield 

the same total energy production. Since fission gas release increases as a 

function of burnup and EOL fuel rod internal pressure is a major concern at 

high burnup, evaluations of the mechanical and thermal characteristics of the 

reduced-diameter fuel rods are needed to compare their benefits at the same 

total energy production to standard Mark B rods. In addition, many of the hy- 

draulic parameters for the fuel rod and fuel assembly would differ from stan- 

dard Mark B values. 

In summary, the use of reduced-diameter rods appears to offer substantial 

uranium and cost savings, and further work might be merited. 
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5.2.3. Fuel Density Reductions 

An evaluation has also been made of the uranium resource and dollar savings 

available from a reduction in fuel density by dilution with a zirconium oxide 

(ZrO ) filler. Although a savings of approximately 2% of the annual yellowcake 
2 

requirements was found, the increase in enrichment needed to maintain equal 

energy production capability would result in an economic penalty. 

5.2.3.1. Method of Analysis 

The B&W neutron spectrum and fuel depletion computer program NULIF was used to 

study the effects of a reduced fuel density.3 The methods used were the same 

as those described in the reduced-diameter fuel rod study in section 5.2.2.1. 

The fuel rod dimensions were those of the standard design, but the fuel volume 

was diluted with zirconium oxide to obtain the desired reduction in fuel den- 

sity. 

5.2.3.2. Results 

As the amount of fuel in the rod was reduced, an increase in fuel enrichment 

was required to maintain the same energy production capability. However, for 

the U02-Zr02 fuel rods, the increase in enrichment required for equivalent 

energy production capability was much larger than for reduced-diameter fuel 

rods. For equivalent energy production, the enrichment and separative work 

units for the U02-Zr02 fuei rods were always greater than for the standard 

Mark B fuel rod. Figure 5-5 shows the relationship between the U02-Zr02 fuel 

rod enrichment and the standard Mark B enrichment as a function of H/U ratio 

for both equal energy production capability and equal separative work units. 

Figure 5-6 displays the increased separative work unit requirements for the 

U02-Zr02 fuel rod for equivalent energy production capability as a function 

of H/U ratio. 

Figure 5.2-7 illustrates the savings in yellowcake for a given fuel density 

. reduction as a function of H/U ratio. The dashed line on Figure 5-7 shows the 

net yellowcake savings for a given H/U ratio of the U02-Zr02 fuel rods. The 

net yellowcake savings for the U02-Zr02 fuel rods is the yellowcake savings 

from the fuel density reduction minus the amount of yellowcake required for 

the increased enrichment to obtain equivalent energy production capability. 

The net yellowcake savings for the U02-Zr02 fuel rod was much lower than that 

for the,'reduced-diameter fuel rod at the same H/U ratio. 

Ba bcock a Wilcox 



Next, the uranium material cost in dollars per assembly for the standard 

Mark B fuel rod and for the U02-Zr02 fuel rod were compared to determine the 

total dollar savings or penalty as a function of fuei density reduction. The 

dollar savings penalties for yellowcake, gas conversion, and separative work 

units were summed to obtain the total pctential dollar savings or penalty. 

The total potential dollar penalty is shown as a function of H/U ratio i.n 

Figure 5-8. The separative work unit dollar costs were based on a price of 

$88.65 per SWU, The yellowcake dollar savings was based on a cost of $43.00 

per pound of U308, and the cost of converting U308 to UF6 gas was priced at 

$4.50 per kilogram of uraniuu. 

There was a net total dollar penalty for the U02-Zr02 fuel rod relative to the 

standard Mark B Iuel rod for all the fuel density reductions investigated. 

Thl~o, a amall advings In yellowcake - potentfafly about 2% of the annual yel- 

lowcake rcqulremrnt - could be obtained fron fuel density reductions, but fuel 

costs would be increased. 

The difference in benefits between the reduced-diameter fuel rod concept and 

the reduced uranium density concept was somewhat unexpected. ~cnce~tuall~ 

each design relied on an increased H/U ratio to effect an inprovement in ura- 

nium utilization. However, the results fron the analysis showed a large utili- 

zation improvement by increasing the H/U ratio for the reduced-diameter fuel 

rod design but only a minimal utilization improvement by increasing the H/U 

ratio for the design with reduced uranium density. 

In evaluating the causes of the differences, the reasons became apparent. 

The economic advantage of the reduced-diameter design was much greater than 

that for the reduced-density design because at the same value of H/U the re- 

duced-density design had twice the change in fuel loading of the reduced diam- 

eter design. Thus, the enrichment requirement change for the reduced-density 

design was at least twice that of the reduced-diameter design. While the in- 

creased enrichment requirement may be linear, the increased enrichment costs 

are exponential. Clearly then, the reduced-diameter design should offer a 

much greater economic benefit than the reduced-density design. 

The greater uranium utilization benefit of the reduced-diameter design must be 

a direct consequence of the physics results. The physics implications are that 

the 'reduced-diameter design must be more efficient neutronically. Consequently, 

if we analyzed both new designs at the same enrichment, the reduced-diameter 
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design should have a higher multiplication rate as a function of H/U than the 

reduced'density design. Figure 5-9 demonstrates that, indeed, the core average 

value of K~ for the reduced-diameter design does show a much greater reactivity 

benefit than the reduced-density design. Thus, the greater uranium  utilization^. 

benefit of the reduced-diameter design is readily understandable. 

Therefore, while it was expected conceptually that both deslgns would show 

significant uranium utilization improvements with an increased H/U, the larger 

water region in the reduced-diameter fuel rod case significantly increased the 

number of neutrons slowing down to thermal energies, resulting in a substantial 

benefit relative to the reduced uranium density design. 
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Feed 
batch 
size 

(b 59 

Table 5-1.- Uranium Utilization - 177-FA Plant, 
15 x 15 Rod Assemblies 

Equil,. Equil . 
Core cycle discharge . Actual (a) U 

power, length, burnup, utilization, 
MWt EFPD MWd/mtu MWY/STU308 

Change in 
uranium 

utilization, % 

(a)~erif ied by completed PDQ analysis of four fuel cycles.. 

(b)~ase case. 

Table 5-2. Margin to Maximum Allowed Pin Power Peak (%) 

Feed Core 
hatch power, - Cvcle margin, % - 
size MWt 1 3 4 5 2~ - - 6 - 

(a)~ase case. 
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. -. . . . 
% . *  v . .. .Table...5-3. .-. . . . .. ... Discha.rge .. .. Burnups . . - . . . . .. .. . 

Feed Core. 
ba tch  power, 
s i z e  - MWt 

Burnup, ~wd/,mtu. . 
Rat id :... 

Maximum maximum 
Batch A assembly t o  avg .  - ,s;: 

;27,413 :. . 30,700 - 1.12 

3.4,770 . 39,552 1.14 . 

40,806 49,967 1.22 

45,891 54,506 1.19 

45,673 55,713 1,22 . 

49,376 51,553 1.04 

( a ) ~ a s e  case .  

Table  5-4. Shutdown Margin 

Feed T r a n s i t  i on  E q u i l i b r i u m  Core 
b a t c h  c y c l e  power, cyc l e  

s i z e  M W t  BOC EOC BOC EOC ..- 

3 6 2772 FB 1.90 1.26 1.83 1.28 

(a)Base case. 
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Table 5-5. Standard Mark B Fuel Parameters 

Total number of FAs in core 

Number of fuel rods per FA 

Number of control rod guide tubes per assembly 

Number of instrumentation tubes per assembly 

Fuel rod outs lde  diameter, in. 

Cladding thickness, in. 

Pellet diameter, in. 

Fuel rod pitch, in. 

Fuel assembly pirch, in. 

Cladding material 

Babcock a Wilcox 



F i g u r e  5-1. Reduced Diameter  Fue l  ~ o d  ~ n r i c h m e n t  V s  
Hydrogen t o  Uranium Atom R a t i o  

.. . ,. .. . . 
HydrogenIUranium Atom Ra t io  

. . . .. : ; :  ... . 
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F i g u r e  5-2. Reduced Diameter  F u e l  Rod S e p a r a t i v e  Work Uni t  
Sav ings  V s  Hydrogen t o  Uranium Atom R a t i o  

4 .O 4.5 5 .O 5.5 6.0 

Hydrogen/Uranium Atom Rat io  
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Figure 5'4. Keduced-Diameter Fuel Rod Potential Dollar 
Savings Vs Hydrogen to Uranium Atom Ratio 

Hydrogen/Uraniuh Atom Ratio 
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Hydrogen/Uranium A t o m  R a t i o  
- ,. ; . .. 7 . 
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Figure 5-6. U02-Zr02 Fuel Rod Separative Work Unit Penalty 
Vs Hydrogen to Uranium Atom Ratio 

. ... 

~ ~ d r o ~ e n / ~ r a n i u p l '  Atom Ra.tio 
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F i g u r e  5-8. U 0 2 - Z r 0 2  Fuel  Rod Economics V s  Hydrogen 
. t o  Uranium Atom R a t i o  

Hydrogeli/Uranium Atom Rat io  
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Figure 5-9. Cycle'Auerage Koo for Constant Fuel Enrichment 
Vs Hydrogen to Uranj,um Atom Raeio 

Hydrogen/~ranium Atom Ratio 
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6. PROGRESS TO DATE - TASK 2, "PARAMETRIC STITDIES" 

6.1. Introduction 

To realize the economic and fuel utilization benefits of extended burnup, fuel 

rods must be capable of operating to extended burnups in a safe and reliable 

manner. . Fuel rods have typically been designed for operation up to 40,000 to 

45,000 MWd/mtU. Extended burnup will require fuel rods capable of burnups of 

up to 50,000 IilWdlmtU. Therefore, fuel rod designs with extended burnup capa- 

bility must be developed and evaluated. 
\ 

Parametric studies were conducted to investigate how changes in key fuel rod 

parameters affect fuel rod performance at extended burnup. These studies, plus 

benchmark irradiation data from post-irradiation examination of current design 

Mark B fuel assemblies, will be used to develop specifications for a fuel assem- 

bly with extended-burnup capability. 

The extended-burnup fuel assembly design will be compatible with existing cores. 

Such core interfaces as reactor internals, adjacent assemblies, incore instru- 

mentation, and control components dictate the fuel assembly outside envelope 

and the lattice spacing. Therefore, the design effort is focused on fuel rod 

parameters, and on strengthening the basic structure of the assembly when need- 

ed. The characteristics of the current Mark B (15x15) assembly, which serve 

as the reference design for the parametric studies, are given in Table 6-1. 

The first extended-burnup design is to be used for four lead-test fuel'assem- 

blies planned for insertion in cycle 5 of the Arkansas Nuclear One, Unit 1 

(ANO-1) reactor. It is expected that cycle 5 will commence in late 1980. 

Post-irradiation data at 40,000 MWd/mtU will not be available until 1980 under 

a companion project eilti'tled, "Qualification of the B&W Mark B Fuel ~ksembl~ 

for ~ i ~ h  Bufnup," "hi& B&w is conducting with Duke Power Company and the De- 
. . .  .. \ ... 

paftment of ~ner~i.9'' '~hus', a conservative approach will be used in the design 
. - 

evaluations for 'tie : initial lead-test assemblies. 

Babcock sl Wilcox 



The manufacture and irradiation of the lead-test assemblies will be addressed 

in Phase I1 of this program. 

6.2. S~ihtask 2A - Fuel Rod Ancllyscs 

6.2.1. Introduction 

The objective of the fuel rod analyses was to provide guidance in selecting 

t5hanges in fuel rod design that will have a beneficial effect on fuel perfor- 

mance and to quantify the relationship between a design change aiid its effect 

uu performance. Uuring this reporL period, studies were performed in three 

areas: a power history sensitivity study, a fuel temperature and rod internal 

pressure study, and a fuel rod cladding ovality study. The details of these 

studies are discussed below. 

6.2.2. Power History Sensitivity Study 

A primary concern in PWR fuel rod design is the buildup of pressure in the rod 

due to the release of the noble gases xenon and krypton from the fuel pellet. 

Fuel rod power histories have a large effect on fuel rod tdternal pressure be- 

cause both the amount and rate of gas release from the fuel are dependent on 

power level and burnup. Using the standard Mark B fuel rod as a base, the ef- 

fects of various power histories on end-of-life fuel rod internal pressure 

were eval~la ted . 
The analyses were performed using  TACO^^, a fuel rod thermal analysis code 
that includes the effects of cladding creep, fuel densification, fuel reloca- 

tion, and fission gas release. The conservatism of TACO2 for design applica- 

tion has been demonstrated with both thermal and fission gas release Beach- 

mark data. The USNRC is reviewing TACO2 for approval of its use in licenstng 

submittals. 

Three fuel rod power histories were analyzed. The histories are shown in 

Figures 6-1, 6-2, and 6-3. Figure 6-1 is based on fuel cycle data from Mark 

B cores involving fuel rod burnups of up to ~38,000 MWdImtU. The power and 

burnup of individual rods are tracked and plotted through several cycles. A 

design envelope that encompasses all the histories is then drawn; the trend 

of this envelope was extended from 38,000 to 60,500 MWd/mt~ to assess fuel rod 

internal pressure at extended burnup. An end-of-life (EOL) fuel rod internal 

pressure of 2300 psia resulted. 
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For t h e  second power h i s t o r y ,  F igure  6-2, t h e  shape of t h e  envelope was' ad- 

j u s t e d  p ropor t iona l ly  t o  60,500 MWdImtU. An EOL f u e l  - rod i n t e r n a l  pressti;e of 

2500 p s i a  r e s u l t e d .  

I n  t h e  t h i r d  power h i s t o r y ,  i n d i v i d u a l  rod power h i s t o r i e s  from 18-month f u e l  

c y c l e s  were enveloped and extended t o  60,500 MWdImtU. An EOL f u e l  rod i n t e r n a l  

p re s su re  of 2400 p s i a  was ca l cu la t ed .  Re la t ive  t o  t h e  des ign  c r i t e r i o n  t h a t  

EOL f u e l  rod i n t e r n a l  p re s su re  must b e . l e s s  than  system p res su re  (2200 p s i a ) ,  

t h e  r e s u l t s  from t h e s e  s t u d i e s  were encouraging. The c a l c u l a t e d  EOL f u e l  rod 

i n t e r n a l  p re s su re s  were only  modestly g r e a t e r  than  t h e  system p res su re  and can 

be accommodated by des ign  changes, such as an  i n c r e a s e  i n  plenum volume. The 

s tudy  a l s o  showed t h e  s e n s i t i v i t y  of EOL f u e l  rod i n t e r n a l  p re s su re  t o  f u e l  

rod power h i s t o r y .  

6.2.3. Fue l  Temperature and Rod I n t e r n a l  P re s su re  Study 

Using t h e  c u r r e n t  Mark B f u e l  rod descr ibed  i n  Table 6-1 a s  a  base case ,  t h e  

f u e l  rod parameters  g iven  i n  Table 6-2 w e r e  i n d i v i d u a l l y  va r i ed  from t h e i r  

nominal va lues  t o  determine t h e  e f f e c t  on EOL f u e l  rod i n t e r n a l  p re s su re  and 

temperature.  The TACO2 f u e l  rod model i n  conjunct ion  wi th  t h e  f u e l  rod power 

h i s t o r y  shown i n  F igure  6-2 was used f o r  t h e s e  ana lyses .  A s  i nd i ca t ed  i n  Table 

6-2, many f u e l  rod parameters  were s tud ied ;  however, on ly  t h e  parameters  given 

i n  Table 6-3 s i g n i f i c a n t l y  a f f e c t e d  f u e l  rod i n t e r n a l  p re s su re  and temperature.  

The c a l c u l a t e d  dependence of EOL (60,500 ~ ~ d / m t ~ )  f u e l  rod i n t e r n a l  p re s su re  

on degree  of f u e l  d e n s i f i c a t i o n ,  i n i t i a l  f u e l  rod f i l l  p r e s su re ,  i n i t i a l  f u e l  

p e l l e t  o u t s i d e  d iameter ,  and f u e l  rod plenum volume ( t h e  parameters  t h a t  had 

s i g n i f i c a n t  e f f e c t s )  a r e  i l l u s t r a t e d  i n  F igures  6-4 through 6-7, r e s p e c t i v e l y .  

The r e s u l t s  from t h e s e  c a l c u l a t i o n s  can  be  summarized a s  fol lows:  

1. EOL f u e l  rod i n t e r n a l  p r e s s u r e s  increased  a s  i n i t i a l  f i l l  gas  p re s su re  

was increased .  Over t h e  400 t o  500 p s i a  range f o r  i n i t i a l  f i l l  gas  pres-  

s u r e ,  t h e  EOL f u e l  rod i n t e r n a l  p re s su re  increased  by approximately 4  p s i a  

f o r  each p s i a  i n c r e a s e  i n  i n i t i a l  f i l l  gas  p re s su re .  

2. A s  t h e  i n i t i a l  f u e l  p e l l e t  o u t s i d e  diameter  w a s  increased ,  thereby decreas-  

i ng  t h e  pe l le t - to-c ladding  gap, EOL f u e l  rod i n t e r n a l  p re s su re  decreased 

due.  t o  lohek f u e l  temperatures .  
.... , ,  .. ._ . . . . . . . 

3 .  Signific,ant,,',de.creases , . 2  ,:-:'%. i n  EOL f u e l  rod i n t e r n a l  p re s su re  can be achieved 
... 

by i n c r e a s i n g  &he f u e l  rod plenum volume. The minimum pres su re  experienced 
.. ? . _  
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by the fuel rod was not as sensitive to plenum volume changes as was EOL 

internal pressure, indicating that plenum volume could be increased 

without prohibitively affecting the creep collapse resistance of the fuel 

rod. 

4. Increased incore densification of the fuel caused a decrease in end of life 

fuel rod pressure. 

The calculaLe3 varlations in maxiliium fuel temperature versus burnup are shown 

in Figures 6-8, 6-9, and 6-10, respectively, as a function of initial fuel. 

pellet outside diameter, fuel initial density, and degree o£ incore fuel den- 

sificati~~. Tl~e Lulluwlng conclusions can Be drawn from these curves: 
! 

1. Fuel temperature decreased as initial fuel pellet outside diam&ter was in- 

creased due to the reduced pellet-to-cladding gap. 

2. Higher-initial density fuel resulted in lowet fuel temperatures because of 

increased thermal conductivity. 

3. An increase in incore fuel densification caused higher fuel. temperatures 

because of the larger pellet-to-cladding gap. The changes yielding lower 

fuel temperatures (higher initial fuel density and reduced pellet-to- 

cladding gap) would provide greater margin to centerline fuel melt limits 

and improve fuel performance through reduced fission product release. Re- 

duced fission product release will result in lower EOL fuel rod internal 

pressures and possibly less susceptibility to stress corrosion cracking 

(3CC). All rhese effects will have a positive impact on operating limits 

and overall fuel performance. 

6.2 .4 .  Fuel Rod Cladding Ovality Study 

As in the fuel temperature and rod internal pressure analyses, individual fuel 

rod parameters were varied from their nominal values to evaluate the effects 

of such changes on fuel rod cladding ovality. The CROV computer code was used 
? to perform the ovality ~tudies.~. .CROV calculates ovality changes in fuel rod 

cladding due to thermally induced and irradiation-induced creep. 

The parameters that significantly affected ovality were cladding wall thick- 

ness, fuel rod plenum volume, fuel rod initial fill gas pressure, and degree 

of incore fuel densification. The predicted behavior of cladding ovality as 

a function of these parameters is shown in Figures 6-11 through 6-14, respec- 

tively. An examination of these curves. supports the following conclusions: 
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1. Thicker cladding can be used to counteract ovality.:. . .  

2. An increase in fuel rod plenum volume or a decrease in...initkal fill 
gas pressure increased cladding .ovality. 

3 .  Ovality increased as the degree of incore fue1.densification fn- 
creased. 

6.2.5. Preliminary Extended Burnup Fuel Rod Design 

Based on the results from the parametric studies, it was judged that an in- 

crease in plenum volume was a necessary change and that an increase in cladding 

thickness would allow a decrease in fuel rod initial fill gas pressure while 

maintaining* satisfactory creep collapse resistance. Thus, the preliminary de- 

signs described in Table 6-4 were developed as test cases for determining the 

effects of combining several changes. 

The increase in plenum volume was obtained by reducing the fuel column length 
. . and extending the fuel rod length. Thermal and creep collapse analyses were 

then performed for the range of cladding outside diameters, inside diameters, 

.. % 

and wall thicknesses given in Table 6-4. 

The fuel temperatures from the analyses were acceptable. The fuel rod internal 

pressures indicated that EOL fuel rod internal pressure can be maintained with- 
. -. 

= s in acceptable limits by proper selection of initial fill gas pressure and ju- 

.. '. , dicous fuel management. 

Using these temperatures and pressures, a creep collapse analysis was performed 

for each case. A typical EOL creep ovality curve is shown in Figure 6-15. The 

strong interrelationship between fuel rod parameters (cladding wall thickness/ 

fuel rod prepressure and EOL creep ovality) is shown by the curves on Figure 

6-16. By proper selection of cladding wall thickness and fuel rod initial fill 

gas pressure, acceptable creep collapse resistance can be obtained. 

The preliminary fuel rod design given in Table 6-5 was selected for the lead- 

test assemblies based on the results above. The features of this design rela- 

tive to the standard Mark B design are (1) thicker cladding accommodated by a 

change in cladding inside diameter and fuel pellet outside diameter, (2) in- 

creased'fuel theoretical density, and (3) decreased fuel stack height and in- 

creased rod length to give a larger plenum volume. Figures 6-15 and 6-17 

illustrate the enhanced EOL creep resistance.and lower EOL internal rod pres- 

sure, respectively, for this design relative to the standard Mark B. The de- 

sign goal of a 60,500 MWd/mtU capability fuel rod is met by this preliminary 
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. ' .  design. This design is also compatible with manufacturing and. scheduling con- 

straints for ANO-1 cycle 5, which dictate no major modifications to the fuel 

assembly structural cage. 

6.3. Subtask 2B - Basic Structural Component Design 
J 

6.3.1. Introduction 

T11e uljective of rlifs subtask is to design a fuel assembly incorporating the 

high-burnup fuel rod design described in subtask 2A to obtain a fuel assembly 

cnpahlt 01 50,000 hIWd/mcU Burnup. The deslgn effort was divided into two parts: 

(1) reduction and evaluation 01 Iuel assembly operating performance data to 

identify areas in which changes are required to extend the burnup capability of 

the fuel assembly and (2) accommodation of the 'fuel rod design changes from 

subtask 2A. As discussed in section 6.2 of this report, the extended-burnup 

fuel rod design development is currently in progress. Thus, efforts to date 

have Been focused on identifying fuel assembly burnup limits. 

The BdTJ Mark B fuel assembly is shown in Pigure 6-18. The assembly can be con- 

sidered in two parts - the fuel rods and the structural cage. The structural 

cage comprises two end fittings connected by guide tubes. Along the guide 

tubes are the spacer grids, which hold the fuel rods in a coolable array. The 

two end grids are attached to the end fittings by skirts. The upper end fit- 

ting contains a helical hoiddown spring to prevent fuel assembly lift due td 

coolant flow. 

When consideL&ioIi is given ro exposing the fuel assembly to higher burnups, 
.- - .-. - ~ ,  

the critical factors are neutron fluence and residence time. These factors 

cause three different effects on the assembly: material property changes, 

geometry changes, and fatigue. 

6.3.2. Material Property Changes 

The generalized effects of irradiation on the structural metals are to increase 

strength and decrease ductility. For conservatism, stress analyses for the 

structural cage design use the BOL (beginning of life) strengths. For compo- 

nents that may experience plastic strain after significant irradiation, the 

strain is limited by the design to low values to ensure a conservative margin 

allowing for ductility loss. 
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Stress relaxation due to irradiation and to the temperature in theiaterial:.''!' 

under constant stress is a concern for the helical holddown spring. Stress' ' - 

relaxation will cause a loss of free height of the spring'after irradiation. . 
Thus, this effect can result in loss of the holddown force required to prevent' 

fuel assembly lift. As a counter-effect, fuel assembly growth causes greater 

spring compression, which increases holddown force. The net effect is al.most 

no change in holddown force (~1%) at the operating condition. This conclusion 

is based on analysis of the PIE (post-irradiation examination) data obtained on 

the high-burnup lead assemblies at the 30,000 MWd/mt~ point and PIE data from 

other B&W programs and is demonstrated by the holddown force data presented in 

Figure 6-19. 

6.3.3. Geometry Changes 

Growth of Zircaloy under irradiation causes dimensional changes in the fuel 

assemblies, including increases in the length of the fuel rods and guide tubes. 

The allowable length changes impose limits on the fluence (burnups) to which 

the fuel assembly can be exposed. The design interface between the reactor 

vessel internals and the fuel assemblies includes a gap between the upper end 

of the fuel assembly and the upper grid plate of the internals. The gap is 

necessary to accommodate differential thermal expansion and fuel assembly 

growth. Because the fuel assemblies expand less than the internals as the tem- 

perature increases, the gap is smallest at the cold shutdown condition. . . 

Figure 6-20 shows the mean growth curve for fuel assembly (guide tube) growth 

based on a linear least-squares fit of post-irradiation growth data from Mark 

B fuel assemblies with burnups ranging from 0 to 31,000 MWd/mtU. A statisti- 

cal analysis considering the variability in as-built fuel assembly dimensions 

and the variance of the growth data showed that the allowable probability of 

gap closure occurred at a fast fluence of 7.3 x 1021 neutron/cm2 (E > 1 MeV), 

which corresponds to a fuel assembly average burnup of 43,000 MWd/mtU. This 

burnup limitation is conservative: but does establish a bounding limit on fast 

fluence and consequently on fuel assembly average .burnup. Since .the target 

burnup for the lead-test assemblies is 50,000 MWd/mt~, design changes to ac- 

commodate fuel assembly growth will be pursued. 

Collection of growth data at the 40,000 MWd/mtU level is planned in late 1979. 

These data will allow better definition of the burnup limit arising from growth 

considerations. 
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The fuel rods also grow due to irradiation as shown in Figure 6-21. This 

curve is based on PIE data for burnups up to 31,000 MWdImtU. The distance 

between the upper and lower end fittings is greater than the fuel rod length,, 

which provides a gap to accommodate fuel rod growth. The rate at which this 

gap is closed is reduced because the guide tube growth increases the gap. 

The result is that the fuel assembly burnup at which there would be a 0.5% 

probability of gap closure is beyond 50,000 MWdImtU fuel assembly average burn- 

UP * 

6 . 3 . 4 .  Fatigue 

The increased assembly residence time will result in more fatigue cycles. For 

the purpose of determining the number of fatigue cycles resulting from flow- 

induced vibration, residence time is defined as the time in core with two or 

more primary coolant phmis running. Analyses also include Inw cyclo ovento, 

sucll as hearup and cnnlrlhm and head rcmsval. Huwaver, fatigue is not expected 

to be a limiting factor on burnup due to large initial design margins for 

fatigue. 

6.3.5. Preliminary Conclusions 

Based on the PIE data available up to the 30,000 MWdImtU burnup level, it ap- 

pears that fLel assembly (guide tube) growth will be the primary constraint 

thaL wlll limit the standard Mark B fuel assembly burnup. The collection of 

additional high-burnup PIE data ~lanned under this program is expected to 

better def ine  growth limits. 
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Table 6-1. Standard Mark B Fuel Parameters 
~. 

Total number of FAs in core 

Number of fuel rods per FA 

Number of control rod guide tubes per assembly 

Number of instrumentation tubes per assembly 

Fuel rod outside diameter, in. 

Cladding thickness, in. 

Pellet diameter, in. 

Fuel rod pitch, in. 

Fuel assembly pitch, in. 

Cladding material. 
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Table 6-2. Fuel TemperatureIRod Internal 
Pressure Study 

Outer diameter 

Density 

Surf ace ro~~gl~lletib: 

Volume fraction-dished ends 

Radius of pellet dish 

Fuel enrichment 

Dens if icat ion 

Iiiner diameter 

outer diameter 

1b surface roughness 

Length 

Plenum volume 

Rod - 

Fuol column length 

System pressure 

Pin backfill pressure 

Sorbed gas 

Swelling ratr 

Gas release model 
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Table 6-3. Parametric ~emper&ture/~~lfes~ure~~nal~sis 

Fuel pellet density, % TD 

Fuel pellet OD, in. 

Fuel pellet densification, % TD 

Fuel rod plenum volume, in. 

Fuel rod prepressure, psia 

Table 6-4. Fuel Rod Design Parameters 

Mark-B 
Parameter nominal Case 1 Case 2 

Clad OD, in. 

Clad ID, in. 

Clad thickness, in. 

Clad length, in. 

Pellet OD, in. 

Pellet density, % TD 

Pellet column 
Length, in. 

Rod plenum vol, in. 3 

Case 3 

0.4300 
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Table 6-5. Preliminary Fuel Rod Design 

I n i t i a l  Change from standard 
Parameter design Mark-B design 

Clad OD, i n .  

Clad I D ,  in .  

Clad wal l  thickness,  i n .  

Diametral gap 0.0075, i n .  

P e l l e t  densi ty ,  % TD 

P e l l e t  OD, i n .  
! I 

U02 loading,  g  U02 

uo2 loading,  g  u 
Stack height ,  i n .  

Plenum volume, i n .  

Prepressure,  psl.a . 

Fuel rod length ,  in .  

Tube length,  in .  

None 

~ e c r e a s d  0.006 in .  

Increase 0.003 in .  

None 

Increase  1X TD 

Decrease 0.006 in .  

Decrease %I20 g U02 

Decrease $104 g U 

Decrease $4 i n .  

Increase  $0.486 in .  

Increase  0.5 i n .  

Increase  0.5 .in. 

Babcock & Wilcox 





Figure 6-2. Fuel Rod Radial Peaking Factor Power History 

% e l  Rod Average Burnup, GWd/mt~ 
. . 





Figure 6-4 .  .EOL Internal Rod Pressure V s  
Fuel Dens i f  i c a t  ion 

Fuel ~ e n s i f i c a t i o n ,  % TD 

Figure 6-5 .  EOL Internal Rod Pressure V s  
I n i t i a l  Rod Pressure 

. I n i t i a l  Rod Pressure, ps ia  
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Figure 6-6. EOL Internal ~ o d  Pressure V s  Fuel P e l l e t  
Outside Diameter 

I n i t i a l  P e l l e t  Dia. ,  i n .  
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F i g u r e  6-7. EOL I n t e r n a l  Rod 'Pressure  V s  Rod Plenum Volume 

1300i "\.- Minimum P r e s s u r e  

Xb * 

, Rod Plenum Vo l ume , i n .  
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Figure 6-8. Maximum Fuel Temperature Vs Bu,rnup 
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Figurs 6-9. Maximum Fuel Temperature Vs E,urnup 
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F i g u r e  6-10. Maximum F u e l  Temperature V s  Burnup . . 
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Figure 6-11. Creep Ovality V s  Cladding 
Wall Thickness 

Clad Wall Thickness, i n .  

Figure 6-12. Creep.Ovality V s  Fuel Rod 
Plenum Volume 

Fuel Rod Plenum Volume, i n .  
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Figure 6-13. Creep 0vality.V~ Fuel Rod 
Inftial ~reisure 

Fuel Rod Initial Pressure, psia 
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Figure 6-14. Creep Ovality V s  Fuel 
Densification 

kuel Densif icat ion,  % TD 
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F i g u r e  6-15. Creep Ova l i t y  Vs Burnup 
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Figure:6-16.. EOL Creep Ovalitjr a s  a Function of  
Wall Thickness and Prepressure 

CLAD WALL THICKNESS ('IN , 
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Figure 6-17, EOL Internal  Rod Prcoourc Vs Durnup 
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Figur , e  6-19. Holddown. S p r i n g  N e t  O p e r a t i n g  Force  
. .  ... . . . . - . - .- -- - . . . . . - 
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F i g u r e  6-20. F u e l  Assembly Growth as F u n c t i o n  of 
Assembly Average F luence  

-'' NVT Fluence.(> 1 MeV)  x 10 
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! F i g u r e  6-21. F u e l  Rod Growth as F u n c t i o n  o f  
Assembly Average  F l u e n c e  

Fluence ( >  1 MeV) x NVT 
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7. PROGRESS TO DATE - TASK 3, "ENGINEERING AND DESIGN 
OF IMPROVED POOLSIDE EXAMINATION EQUIPMENT" 

7.1. Introduction 

The nondestructive evaluation of the physical effects of irradiation on fuel 

assemblies provides invaluable fuel performance data for desigr~ verification 

and benchmarking of analytical models for predicting fuel behavior. Special 

equipment is being designed for these nondestructive measurements of the im- 

portant performance characteristics of lead-test assemblies to be irradiated 

in the Arkansas Nuclear One, Unit 1 (ANO-1) reactor. These measurements will 

be performed at the reactor site using the water of either the reactor pool 

or the spent fuel storage pool to provide shielding for the operators. Highly 

specialized, remotely operated equipment is being designed to acquire accurate 

inspection results. 

7.2. Examinat ion Scop 

The following inspections are deemed to be most important in tracking the per- 

formance of lead-test assembly designs: 

1. Visual examination. 

2. Fuel column length and gap formation. 

3. Fuel rod localized bow. 

4. Fuel assembly bow and twist. 

5. Fuel rod diameter. 

6. Fuel rod and assembly length. 

7. Grid spring relaxation. 

8. Holddown spring relaxation. 

9. Crud deposition characteristics. 

These inspections, which address the changes in appearance, mechanical proper- 

ties, and physical dimensions that occur as a consequence of irradiation, are 

based on the experience of the nuclear industry at large and that of B&W at 

the Duke Power Company's Oconee Nuclear Station since 1974. 
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7.3. Design Guidelines 

The ground rules for the development of the post irradiation examination (PIE) 

system are given below. 

1. Applicable regulatory body requirements shall be met. 

2. Requirements for facility modifications to accommodate the system 
Shall be minimized. 

3. The system shall have the capability to perform all of the tests 
listed. 

4 .  The system shall be based on proven technology. 

5. The largest. structural component shall m.easure less than 16 7 5 
feet. 

6. The heaviest structural component shall weigh less than 2.5 tons. 

7. The system shall have independent fuel handling capability. 

8. The data output shali be computer-compatible. 

9. The system design shall consider ease of repair and availability uL 
components. 

10. The system design should provide high throughput (several simulta- 
neous test operations are desirable.) 

11. Interference with normal site operations should be minimized. 

12. ' The system should be-capable of being removed and reinstalled.' 

7.4.1. Operating Location Selection 

The selection of an operating I.ocation for the inspection system that met the 
guidelines given in section 7.3.,involved consideration of many.factors. As 

,vari.oun lacotiono waro considkred, the most frequently encountered constraint 

was interference with some aspect of reactor operations. Few (if any) reactor 

sites incorporated space in the original plant design for a PIE equipment sys- 

tem, and little room is available for retrofitting without some interference. 

The program requirement that fuel inspections be performed on fuel scheduled 

for further irradiation (and therefore during refueling outage periods) makes 

it impractical to install the system in the reactor pool or in the spent fuel 

storage pool because of mechanical interference with the fuel handling mecha- 

nisms. The lack of space around the fuel storage racks further excluded con- 

sideration of the spent fuel storage area. The one underwater space accessi- 

ble to fuel and unused during refueling periods was the cask loading pit, 
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an area.46 ft deep and adjacent to the ANO-1 spent fuel pool (as shown in 

Figure 7-1). 

Other considerations in selection of the inspection area were as follows: 

1. The fuel handling mechanism should be capable of loading and unload- 
ing assemblies either from the inspection equipment or from one or 
more storage positions accessible eo boeh mechanisms7 

2. The fuel handling mechanism should not interfere mechanically with 
inspection equipment during fuel transfer operations. 

3.  Ample space for several instrument racks and an operating crew of 
four to six persons should be available immediately adjacent to the 
underwater inspection location. 

4. The necessary services - electrical power, compressed air, etc. - 
must be available. 

5. The impact of the PIE system on site operations (load limits on 
structures, radiation levels in adjacent areas, etc.) should be mini- 
mized. 

7.4.2. System Description 

As depicted in Figure 7-2, a free-standing underwater structure bearing on 

the load pads in the bottom of the cask loading pit was selected for the PIE 

system. To facilitate its movement, the structure will be modular. A ba.se 

structure will mate'to the existing load pads and will support the remainder 

of the underwater components. The fuel racks and support structure will be 

remotely attachable to the base structure. The support structure will house 

a removable measurement frame which contains the dimensioning equipment and 

will support and position the removable gamma scan station components. It 

will also provide mounting points for the underwater illumination required 

for visual examinations and other visually monitored operations. 

Two other structures located above the water level will work in conjunction 

with the underwater components. The fuel transfer assembly provides the capa- 

bility for vertical and horizontal movement of fuel assemblies from the time 

they are deposited in the fuel storage rack until they are removed by the 

plant fuel handling mechanism. It consists of two hoists attached to their 

separate bridge and carriage structures, which are mounted on a movable gantry 

frame. Thus, transfers between the fuel rack and the measurement positions 

can be made as needed. When the fuel handling machine must travel over the 

cask loading pit, as is the case whenever fuel is ,delivered to or removed 

from the PIE system, the fuel transfer assembly may be rolled out of the way. 
- .  
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A semi-fixed work platform is also located over the underwater structure, but 

at such a level that it does not interfere with the movement of the fuel hand- 

ling mechanism. The work platform serves as a mounting structure for the di- 

mensional measuring head vertical drive unit and as a support for fuel grapples 

and other underwater tooling, as well as an operator's support when manually 

controlled underwater manipulations are required. 

Two transfer hoists operating from a common support structure will move an 

assembly to any of the three test stations. Three assemblies may be subjected 

to different examinations simultaneously. The visual station requires the use 

of a hoist to provide vertical translation of the fuel past the periscope; the 

gamma scan station uses the other hoist in a similar fashion. The measurement 

station holds the fuel assembly in a fixed position, but it must be loaded by 

one of the hoists with the assembly to be inspected before both of the other 

stations are put to use. Accordingly, it cannot be unloaded until one of the 

hoists is free. However, the time required for the battery of tests performed 

in the measurement station negates the inconvenience of not having a third 

hoist. The delays in unloading that station because of a wait to complete a 

gamma scaa or a visual exam are expected to be small. The complexity and 

added expense of a three-hoist system that would provide absolute independence 

of the three test stations were not considered to be justifiable. 

A commercially available underwater periscope mounted in the northeast corner 

of the cask 1oadi .n~  pit and associated lighting completes the list of system 

components installed in fixed locations. A portable underwater TV camera is 
- 

also installed for making videotape records of fuel appearance and operations 

monitoring. 

The system arrangement shown in Figure 7-2 is expected to be representative 

of the final design. The details of components as to size, shape, and con- 

struction are expected to change as the design phase progresses and available 

commercial components are selected to meet performance criteria. 

The capability of the inspection system must be compatible with the type and 

quantity of intended operations. Aetime phasing study was performed listing 

the planned operations to find out whether the intended measurements could be 

obtained in the time available. As illustrated in Figure 7-3, approximately 

36 hours was projected for examination of four fuel assemblies. The locations 

at which the various tests are to be performed are tabulated in Table 7-1. 
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The current system arrangement with an independent fuel assembly translet de- 

vice, interim fuel storage rack, three separate operating stations for gamma 
- . .'. -1-:.:-"**. .... _ _ -.. ,. .._._),_,._,,._ ,",_ 

scanning, physical measurements, and visual examinati.ons, pxus' asso~~aP'~dddsup- 

port structures provides a very flexible system in terms of allowing three . 

parallel operations with little or no interactior~ between them. Independent 

fuel handling capability (once the four fuel assemblies are placed in the PIE 

equipment storage racks) minimizes dependence on ANO-1 station equipment that 

may be in use for other purposes. 

.. . 
Table 7-1. PIE System Test Capabilities 

Locat ion Test capability 

Visual station Visual examination 

Photography 

Video tape recording 

Fuel assembly length (a> 

Fuel rod length (a> 

Grid axial position 

Gamma scan station Axial fission product distribution (b 

Fuel stack height (a> 

Fuel gap location 

Measurement station Fuel rod diameter 

Fuel rod ovality 

Assembly bow and twist 

Rod spacing measurements 

Holddown spring measurements 

Grid spring relaxation 

. i' . 

(a)Using fuel hoist vertical position readout. 
. . 

(b)~orner rods oOly . , .  . . 
,,. 
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Figure 7-1. Cask Loading P i t  Area i n  A u x i l i a r y  B u i l d i n g  

AUXILIARY 
BUILDING 

SCALE: 1"=13' 
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APPENDIX A 

Descript3on of Fuel Cycle Study 

Feed batch s i z e :  36 assemblies 
Cycle length:  292 EFPD 
Power l e v e l :  2772 MWt 
Control mode: Feed and bleed 

In t roduct ion  

The f u e l  management plan described i n  d e t a i l  i n  t h i s  appendix 
was chosen t,o provide f u e l  cycle  da ta  a t  burnups of 48,500 M W ~ /  
m t U  with an annual f u e l  cycle.  This f u e l  management plan loads  
36 f r e s h  f u e l  assemblies per  cyc le  and, thus,  r ep resen t s  a f ive -  
batch reload f o r  a 177 f u e l  assembly core. A s  indica ted  i n  
sec t ion  5.1.3, t h i s  f u e l  cycle  provided a 17.3% f u e l  u t i l i z a -  
t i o n  improvement r e l a t i v e  t o  t h e  base case. 
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1. Fuel Shuf f l e  P a t t e r n  - .-.- 

These cyc l e s  employed t h e  LBP s h u f f l e  scheme, whereby t h e  f r e s h  assemblies  w i t h  

LBP a r e  loaded i n  t h e  i n t e r i o r  of t h e  c o r e  i n  a  broken checkerboard p a t t e r n .  

To adequately c o n ~ r u l  power peaking, it w a s  necessary  t o  e s t a b l i s h  a  f u e l  load-  

i ng  p a t t e r n  t h a t  spread out  t h e  36 f r e s h  assemblies  s o  t h a t  any f r e s h  assembly 

could have no more than  one o t h e r  f r e s h  assembly d i agona l ly  ad j acen t  t o  i t .  

This  f r e s h  f i .~c l  p a t t c r n  w a s  used i n  a l l  six cyc le s .  Once-burned f u e l  was loaded 

on t h e  per iphery .  Table A-1 o u t l i n e s  t h e  f u e l  inventory  p lan  f o r  t h e  36-FA feed  

c o r e  . 
. . 

Cycle 4 ,  t h e  f i r ~ f  t r a n s i t i o n  cyc le ,  was shu f f l ed  from Kancho Scco r . y r l ~  3 a t  

308 Eh'rU.  This cyc le  r equ i r ed  t h e  r e i n s e r t i o n  of 29 twice-burned assembl ies  

from cyc le  2. The c y c l e  4 f u e l  loading  p a t t e r n  and LBP concen t r a t ions  a r e  shown 

i n  F igure  A-1. Cycle 4 was deple ted  t o  267 EFPD and s h u f f i e d  t o  t h e  nex t  c y c l e .  

Cycles 5 ,  6 ,  a.nd 7 ,  which call be thought Of a s  t h e  approach t o  equ i l i b r ium cy- 

c l e s ,  used t h e  same f r e s h  f u e l  p a t t e r n  a s  c y c l e  4. The f u e l  s h u f f l e  and LBP 

concen t r a t ions  f o r  cyc l e s  5, 6,  and 7 a r e  presented  i n  Figures  A-2, A-3, and 

A-4, r e s p e c t i v e l y .  

I n  c y c l e  8 a n  equ i l i b r ium f u e l  loading  p a t t e r n . w a s  e s t a b l i s h e d  f o r  f ive-ba tch  

r e f u e l i n g .  The f u e l  s h u f f l e  p a t t e r n  and LBP concen t r a t ions  f o r  c y c l e s  8 and 9 

a r e  given i n  Figures  A-5 and A-6. 

2 .  Cycle Li fe t ime and Uranium U t i l i z a t i o n  

The cyc1.e l angtha  attained were 267, 268 ,  298, 320, 290, and 290 EFPD f o r  c y c l e s  

4 through 9 . '  These c y c l e s  were run t o  t h e  same EOL e f f e c t i v e  m u l i i p l i c a t i o n  

f a c t o r  (kef f )  u t i l i z i n g  a  cons t an t  feed  ba t ch  s i z e  and enrichment.  A c y c l e  1 0  

l e n g t h  of 299 EFPD was es t imated  from a beginning of c y c l e  10  c a s e  us ing  t h e  

equ i l i b r ium s h u f f l e  p a t t e r n  and t h e  same LBP loading  a s  c y c l e  9 .  When a l l  

t r a n s i t i o n  e f f e c t s  d i e  o u t ,  t h e  p ro j ec t ed  equi l ibr ium cyc le  l eng th  i s  297 EFPD 

compared t o  a  t a r g e t  va lue  of 292 EFPD. 

Thus, t h e  i n i t i a l  equ i l i b r ium c y c l e  enrichment e s t ima te  of 4.02 w t  % 2 3 5 ~  f o r ,  

t h e  36-FA feed  was reasonably accu ra t e ,  a l though t h e  d e t a i l e d  f u e l  management 

eva lua t ion  gave a  c y c l e  l eng th  t h a t  was s l i g h t l y  g r e a t e r  than  es t imated .  An 

' equi l ibr ium feed  enrichment of 3.96 w t  % 2 3 5 ~  i s  p ro j ec t ed  f o r  292-EFPD c y c l e s  

based on t h e  r e s u l t s  from t h i s  s tudy .  ' The equ i l i b r ium uranium u t i l t z a t i o n  

would b e  13.76 ~ ~ y / 2 0 0 0  U308, a  17.3% improvement over t h e  three-batch annual  

cyc l e  base  c a s e  us ing  t h e  LBP s h u f f l e  scheme. 
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3. Core Power Diotr ibuLiun 

The maximum al lowable r a d i a l  peak f o r  t h e s e  s tud . ies ,  1;.651, is  based on t h e  

des ign  r a d i a l  peak f o r  t h e  Oconee-class p l a n t s .  A l l  of t h e  36-FA feed  f u e l  

c y c l e s  met t h i s  c r i t e r i o n  f o r  r a d i a l  peaking, a s  shown below. Power d i s t r i b u -  

t i o n s  a t ' b e g i n n i n g ,  middle,  and end of c y c l e  f o r  each cyc le  a r e  given i n  F igures  

A-7 through A-12. 

Maximum 
c a l c u l a t e d  Percent  

. Cycle peak mar g i n  

'4. Burnup D i s t r i b u t i o n  

The burnup accummulated by each ba tch  of f u e l  dur ing  each cyc le  and t h e  d i s -  

charge ba t ch  average burnups a r e  given i n  Table A-2 f o r  t h e  36-FA feed  case .  

The maximum assembly d ischarge  burnup was 51,553 MWd/mtU a t  EOC 9. 

5. Cont ro l  Rod Worths 

The h o t  zero  power (HZP) c o n t r o l  rod p a t t e r n  worth was run  w i t h  t h e  PDQ code 

f o r  BOL and EOL f o r  a l l  cyc l e s .  These worths  a r e  l i s t e d  i n  Table A-3 along 

w i t h  t h e  maximum s tuck  rod worth f o r  cyc l e s  4 and 9 .  

A two-dimensional FLAME model was used a t  BOL and EOL of each cyc le  t o  i d e n t i f y  

t h e  maximum s tuck  rod.  Then t h e  PDQ p a t t e r n  worths and power d e f i c i t s ,  a long  

wi th  t h e  FLAME maximum s tuck  rod worth, were used t o  c a l c u l a t e  a  shutdown mar- 

g i n  f o r  each cyc le .  The cyc le s  w i t h ' t h e  lowest  EOC shutdown margins were se- 

l e c t e d  f o r  f u l l - c o r e  PDQ s t u c k  rod worth c a l c u l a t i o n s  and t h e  shutdown margins 

r e c a l c u l a t e d .  The r e s u l t a n t  shutdown margins a r e  given i n  Table A-3. 
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. 
-Table A-1. Fuel  Inventory P lan ,  36-FA Feed .. .. .:> %,., . ... . 

, : : . ;. 
Cycle 

. . 

Batch 2 .  -. 3 - 4 - 5 - 6 - 7 - 8 - 9 - 
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Table A-2. Fuel Burnup Distribution 

Batch 
average 
burntip 

17589 
23111 
25473 
27094 
34811 
34714 
32893 
32089 
33435 
37969 
35128 
43529 
49857 
43652 
49896 
43266 

(41441)* 
(32812) 

. (31532) 
(21402) 
(20107) 
(13439) 
(12892) 

MWd/mtU by cyc le  

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 Cycle 7 Cycle 8 Cycle 9 
Batch I n i t i a l  No. of 
No. en r i ch '  t assembl ies  

Core 

(Not discharged) 



Table A-3. Control Rod Worths . . 

Cycle 

HZP control  rod w o r t h ~ ,  %Ap 

BOC 7 .31  6 .84  7.03 7.07 6.94 6 .84  

EOC 7.93 7.55 7 .78  7.87 7.64 7 . 5 5  

Max stuck rod worth, %Ap 

BOC 

EOC 

shutdown margind XAp 

BOC 

EOC 
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Figure A-1. Cycle 4 Core Loading Plan 

Weight Percent B4C i n  
BqC-A1203 .of LBP 

Batch 2 - ' 2 9  FA 
2.67 w/o'U-235 

Batch 4 - 56'FA 
3.19 w/o U-235 

Batch 5 - 56 FA 
3.40 w/o U-235 

0 Batch 6 - 36 FA 
4.02 w/o U-235 

. . APSR - Location of Axial Shapil 

i n  
cyc le  

ng Rod, 
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Figure A-2.  Cycle 5 Core Loading Plan 

r Weight Percent B4C i n  
BbC-A1203 of LBP 

9 10 11 12 13 14 15 -. 

previous cycle 

APSR - Location of 
Axial Shaping 

Batch 2 7 1 FA 
2.67 w/o U-235 

Batch 4 - 48 FA 
3.19 w/o U-235 

Batch 5 - 56 FA 
3.04 w/o U-235 

Batch 6 - 36 FA 
4.02 w/o U-235 

Batch '7 - 36 FA 
4.02 w/o U-235 
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F i g u r e  A-3.  C y c l e  6 Core Loading P l a n  

Weight Percent B4C in 
B4C-A1203 of LBP , 

Batch 7 - 36 FA 
4.02 w/o U-235 

Batch 8 - 36 FA 
4.02 W/O U-235 

Ba bcock & Wilcox 



F i g u r e  A-4 .  Cycle 7 Core Loading P l a n  

/- 
Weight P e r c e n t  B4C i n  
B4C-Al.203 of LBP 

i n  
c y c l e  

Ba tch  8 - 36 FA 
4.02 w/o U-235 

Batch 9 - 36 FA 
4.02 w/o U-235 

APSR - L o c a t i o n  of A x i a l  Shaping Rod 
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Figure A-5. . Cycle 8 Core  Loading  P l a l i  

Weight Pe rcen t  B4C i n  
BbC-A1203 of LBP 

Batch 9 - 36 FA 
4.02 w/o U-235 

Batch 10 - 36 FA 
4.02 w/o U-235 

APSR - Locat ion  of  Ax ia l  Shaping Rod 
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Figu re  A-6.  Cycle 9 Core  Loading P l a n  

Weight Pe rcen t  B4C i n  
B4C-A1203 of LBP , 

i n  
c y c l e  

Batch 10 - 36 FA 
4.02 w/o U-235 

Batch 11 - 36 FA 
4.02 w/o U-235 

APSR - Locat ion  of Ax ia l  Shaping Rod 

Babcock & Wilcox 



Figure  A-7. Cycle 4 ,  Core Power D i s t r i b u t i o n  - 36-FA Feed 

Babcock a Wilcox 
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Figu re  A-8. Cycle 5, Core Power D i s t r i b u t i o n  - 36-FA Feed 

0.652 Beginning of Cycle 
0.653 Middle 'of Cycle 
0.659 End of Cycle 
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, 
Figu re  A-9.  Cycle 6, Core Power D i s t r i b u t i o n  - 36-FA Feed 

0.662 
0.682 
0.702 

Beginning of Cycle 
Middle of Cycle 
End of Cycle 
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Figure  A-10. Cycle 7 ,  Core Power D i s t r i b u t i o n  - 36-FA Feed 

Babcock a Wilcox 
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Figure  A-11. Cycle 8 ,  Core Power D i s t r i b u t i o n  - 36-FA Feed 

. . 

0.969 0.766 
0.973 0.799 
0.969 0.819 i-i 

Beginning of Cycle 
Middle of Cycle 
End of Cycle 
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Figure  A-12. Cycle 9, Core Power D i s t r i b u t i o n  - 36-FA Feed 

Babcock & Wilcox 
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APPENDIX B 

Descript ion of Fuel Cycle Study 

Feed batch s i z e :  60 assemblies 
Cycle length:  497 EFPD 
Power l e v e l :  2568 M W t ,  
Control mode: Rodded 

In t roduct ion  

The f u e l  management plan described i n  d e t a i l  i n  t h i s  appendix 
was chosen t o  provide f u e l  cyc le  da ta  a t  burnups of 45,838 ' 

MWd/mtU with an approximately 18-month cycle.  This f u e l  man- 
agement plan loads  60 f r e s h  f u e l  assemblies per  cycle  and, 
thus ,  r ep resen t s  a  three-batch re load f o r  a 177 f u e l  assembly 
core. A s  indica ted  i n  sec t ion  5'. 1.3, t h i s  f u e l  cyc le  provided 
a 6.7% f u e l  u t i l i z a t i o n  improvement r e l a t i v e  t o  the  base case  
and a l s o  o f f e r s  the  increased a v a i l a b i l i t y  p o t e n t i a l  of an  
18-month cycle.  
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1. Fuel  Shuf f l e  P a t t e r n s  

These c y c l e s  employed t h e  LBP s h u f f l e  scheme, whereby t h e  f r e s h  f u e l  assembl ies  

w i th  LBP a r e  loaded i n  t h e  i n t e r i o r  of t h e  c o r e  i n  an approximate checkerboard 

p a t t e r n .  For a 60-FA feed ,  e i g h t  f r e s h  FAs were loca t ed  on t h e  co re  per iphery  

a long  wi th  once-burned f u e l  t o  achieve  a f l a t t e r  c o r e  power d i s t r i b u t i o n .  Table 

B-1 d e s c r i b e s  t h e  f u e l  inventory  p lan  u t i l i z e d .  

Cyc le .5 ,  t h e  f i r s t  t r z n s i t i o n  cyc le ,  was i n i t i a t e d  by s h u f f l i n g  of t h e  f u e l  

i s o t o p i c s  from ANO-1 cyc l e  4 a t  387 EFPD. hixty-four  once-burned and f i f t y -  

t h r e e  twice-burned assemblies  from c y c l e  4 were used i n  c y c l e  5.  The c y c l e  5 

f u e l  l oad ing  p a t t e r n  and LBP concen t r a t ions  a r e  shown i n  F igure  B-1. Cycle 5 

was dep le t ed  t o  469 EFPD and s h u f f l e d  t o  t h e  next  cyc l e .  

Cycles 5,  6, and '  7, which a r e  approaching a n  equi l ibr iu in  cyc l e ,  a l l  u t i l i z e  t h e  

same f r e s h  f u e l  loading  p a t t e r n .  The f u e l  s h u f f l e  p a t t e r n s  and LBP concentra-  

t i o n s  used i n  t h e s e  c y c l e s  a r e  given i n  F igures  B-2 and B-3, r e s p e c t i v e l y .  

2. Cycle Li fe t ime and Uranium U t i l i z a t i o n  

The cyc le  l i f e t i m e s  a t t a i n e d  were 466, 466, 510, and 505 EFPD f o r  cyc l e s  5 

through 8.  These cyc l e s  were run  t o  t h e  same EOL e f f e c t i v e  m u l t i p l i c a t i o n  fac-  

t o r  (k ) us ing  a  cons t an t  feed  ba tch  s i z e  and enrichment.  When a l l  t r a n s i -  
ef f  

t i o n  e f f e c t s  d i e  o u t ,  t h e  p ro j ec t ed  equ i l i b r ium cyc le  l eng th  i s  507 EFPD com- 

pared t o  a  t a r g e t  v a l u e  of 497 EFPD. Thus, t h e  i n i t i a l  equ i l i b r ium c y c l e  

e s t ima te  of 4.106 w t  % 2 3 5 ~  f o r  t h e  60-FA feed  was reasonably accu ra t e ,  a l -  

though t h e  d e t a i f e d ' f u e l  management eva lua t ion  gave a c y c l e  l e n g t h  s l i g h t l y  

g r e a t e r  than  es t imated .  An equi l ibr ium feed  enrichment of 4.085 w t  % 2 3 5 ~  i s  

p ro j ec t ed  f o r  497 EF'PD c y c l e s  based on t h e  r e s u l t s  from t h i s  s tudy .  The equi-  

l i b r i u m  uranium u t i l i z a t i o n  would b e  12.52 ~ ~ y / 2 0 0 0  l b  U308, a  6.7% improve- 

ment over t h e  three-batch annual cyc l e  base  c a s e  us ing  t h e  LBP s h u f f l e  scheme. 

3.  Core Power D i s t r i b u t i o n  

The maximum a l lowable  r a d i a l  peak f o r  t h e s e  s t u d i e s  was a 1 .651 'and  i s  based 

on t h e  des ign  r a d i a l  peak f o r  the Oconee c l a s s  p l a n t s .  A l l  of t h e  60 feed  f u e l  

c y c l e s  met t h i s  c r i t e r i o n  f o r  r a d i a l  peaking a s  shown below. Power d i s t r i b u -  

t i o n s  a t  beginning,  middle,  and end of c y c l e  f o r  each cyc le  a r e  given i n  F igures  

B-4, B-5, B-6, and B-7. 
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Maximum 
c a l c u l a t e d  Percent  

Cyc1.e peak margin 
. . 

4. Burnup D i s t r i b u t i o n  

The burnup accumula t ed  by each ba t ch  of f u e l  dur ing  each c y c l e  and t h e  d i s -  

charge  ba tch  average burnups a r e  g iven  i n  Table B-2 f o r  t h e  60-FA feed  case .  

The maximum assembly d i scha rge  burnup was 55,713 MWd/mt~ a t  EOC 8. 

5.  Control  Rod Worths 

The h o t  zero  power (HZP) c o n t r o l  rod p a t t e r n  worth was run  wi th  PDQ f o r  BOL and 

EOL f o r  a l l  cyc l e s .  These worths  a r e  l i s t e d  i n  Table B-3 a long  wi th  t h e  maxi- 

mum s tuck  rod worth f o r  c y c l e s  5 and 8. \ 

A two-dimensional FLAME model was used a t  beginning and end of each cyc le  t o  

i d e n t i f y  t h e  s tuck  rod of maximum worth. Then t h e  PDQ p a t t e r n  worths and power 

d e f i c i t s ,  a long  wi th  t h e  FLAME maximum s t u c k  rod worth, were used t o  c a l c u l a t e  

a shutdown margin f o r  each cyc le .  The c y c l e s  wi th  t h e  lowest  EOC shutdown mar- 

g i n  were s e l e c t e d  f o r  f u l l - c o r e  PDQ s tuck  rod worth c a l c u l a t i o n s  and t h e  shut-  
( .  

down margins r e c a l c u l a t e d .  The r e s u l t a n t  margins a r e  given i n  Table B-3. . 

Table B-1. Fuel Inventorv P lan  - 60-FA 

Batch 

1 '  

2 

Enrichment 

2.06 

2.75 

3.05 

2.64 

3.01 

3.19 

4.106 

4.106 

4.106 

4.106 

Cycle 

1 - 2 - 3 - 4 - 5 - 6 - 7 - 8 - 

56 5 1 

61 61  

6 0 60 60 

56 5 6 56 

, 56 5 6 5 3 

6 4 64 ' 57 

6 0 60 5 7 

60 60 5 7 

6 0 60 

6 0 
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Table B-2. Fue l  Burnup- D i s t r i b u t i o n  

Batch 
No. 

Core 

I n i t i a l  
en r i ch '  t 

No. of 
assembl ies  Cycle 1 

MWd/mt~ by cyc le  

Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 Cycle 7 Cycle 8 Cycle 9. 

-- -- - - -- -- -- -- -- 
-- 64 20 -- -- -- -- -- -- 
-- -- 10129 -- -- -- -- -- 
8221 -- -- -- -- - - -- -- 
9517 8463 -- -- -- -- -- -- 
7752 9852 10678 -- -- -- -- -- 
-- 12264 15768 -- -- -- -- -- . 
-- 8458 9745 14421 -- -- -- -- 
-- -- 16610 15369 -- -- -- -- 
-- -- 15012 10523 13815 -- -- -- -- -- -- 20855 16347 -- -- -- 
-- -- -- 18366 10986 16146 -- -- -- -- -- -- 21148 17625 -- -- -- -- -- -- 18508 ' 11431 16065 -- 
-- -- -- -- -- 19880 17035 - 
-- -- -- -- -- 20003 11083 - -- -- -- -- -- -- 22428 -- 
-- -- -- -- -- -- 19847 -- 

Batch 
average 

burnup 

17203 
19858 
24983 
26147 
30151 
28282 
28032 
32624 
31979 
39350 
37202 
4 54 98 
38773 
4 6004 
36915 

(31086) 
(22428) 
(19847) 

(Not discharged) 



Table B-3. Cont ro l  Rod Worths 

Cycle 

5  6  7  8  - - - -  

HZP c o n t r o l  rod w o r t h ~ ,  %Ap 

BOC (groups 1-6) 7.47 7.21 7.06 7.14 

EOC (groups 1-7) 8.87 8.74 8.68 8.76 

Max s t u c k  rod worth,  %Ap 

BOC 1.26 -- -- 0.85 

EOC 1.90 -- -- 1.85 

Shutdown margin, %Ap 

BOC 

EOC 

Babcock sl Wilcox 



F i g u r e  B-I.. Cycle  5 Core Loading P l a n  

Weight Percent B4C i n  
B4C-A1203 of LBP. 

Batch 6 - 64 PA 
3.19 w/o U-235 

u Batch 7 - 60 FA 
4.106 W / O  U-235 

APSX - Location of Axial Shaping Rod 

Babcock & Wilcox 



F i g u r e  B-2. c y c l e  6 Core Loading P l a n  

Weight Percent B4C i n  
B4C-A1203 o f  LBP 

Batch 8 - 60 FA 
4.106 W/O U-235 

APSR- Location of Axial Shaping Rod 

Babcock a Wilcox 



Figure 3-3. Core Loeding Plan For Cycles 7 and 8 

Weight Percent B4C in 
B4C-A1203 of LBP 

Cycle 7 Cycle 8 

1-1 Batch 7 - 57 FA Batch 8 - 57 FA 

Batch 8 - 60 FA Batch 9 - 60 FA 
4.106 W/O U-235 4.106 w/o U-235 

Batch 9 - 60 FA Batch 10 - 60 FA 
4.106 w/o U-235 4.106 w/o U-235 

Babcock & Wilcox 



Figure  B-4. Cycle 5 Core Power D i s t r i b u t i o n  - 60-FA Feed, Rodded 

8 9 1 0  11 12 1 3  14  15  

~ e g i n n i r i g  of Cycle 
Middle of Cycle 
End of Cycle 
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Figure  B-5. Cycle 6 Core Power D i s t r i b u t i o n  - 60-FA Feed, * ~ d d d d d  

Babcock a Wilcox 
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0.565 
0.431 
0.496 

Beginning of Cycle 
Middle of Cycle 
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Figure  B-6. Cycle 7 Core Power D i s t r i b u t i o n  - 60-FA ~~i5d:,''kodclecl 

Bobcock & Wilcox 
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Figure  B-7. Cycle 8 c o r e  Power D i s t r i b u t i o n  - 60-FA Feed, Rodded 

Babcock & Wilcox 
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APPENDIX C 

Descr ip t ion  of Fuel  Cycle Study 

Feed ba t ch  s i z e : ,  60 assemblies  
Cycle l eng th :  . 460 EFPD 
Power l e v e l :  2772 M W ~  
Control  mode: Feed and bleed 

The f u e l  management p lan  descr ibed  i n  d e t a i l  i n  t h i s  appendix 
was chosen t o  provide  f u e l  c y c l e  d a t a  a t  burnups of 45,838 MWd/ 
m t U  w i th  a n  approximately.18-month cyc le .  This  r u e 1  management 
p l an  loads  60 f r e s h  f u e l  assembl ies  per  cyc l e  and, thus ,  repre-  
s e n t s  a  three-batch r e load  f o r  a  177 f u e l  assembly core .  A s  
i n d i c a t e d  i n  . s ec t ion  5.1.3, t h i s  f u e l  c y c l e  provided a 6.9% 
f u e l  u t i l i z a t i o n  improvement r e l a t i v e  t o  t h e  base c a s e  and 
a l s o  o f f e r s  t h e  increased  a v a i l a b i l i t y  p o t e n t i a l  of a n  18- 
month cyc le .  
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1. Fuel Shuf f l e  P a t t e r n s  

These c y c l e s  employed t h e  LBP s h u f f l e  scheme, whereby t h e  f r e s h  f u e l  assembl ies  

wi th  LBP a r e  loaded i n  t h e  i n t e r i o r  of c o r e  i n  an  approximate checkerboard pat-  

t e r n .  For t h e  60-FA feed ,  e i g h t  f r e s h  f u e l  assemblies  were loca t ed  on the c o r e  

per iphery  a long  wi th  once burned f u e i  t o  ach ieve  a f l a t t e r  c o r e  power d i s t r i b u -  

t i o n .  Table C-1 g ives  t h e  f u e l  inventdry p lan  used. 
I 

Cycle 5 ,  t h e  f i r s t  t r a n s i t i o n  cyc le ,  was i n i t i a t e d  by s h u f f l i n g  t h e  f u e l  i so -  

t o p i c s  from ANO-1 cyc l e  4  a t  387 EFPD. Sixty-four  once-burned and f i f t y - t h r e e  

twice-burned aasemblics  from cyc le  4  w e r e  used i n  cyc le  5.  The cyc le  5  f u e l  
! 

loading  p a t t e r n  is  shown i n  ~ i g u r e  C-1, which g ives  t h e  LBP concen t r a t ions  f o r  

cyc l e  5.  Cycle 5 was dep le t ed  t o  430 EFPD and s h u f f l e d  t o  t h e  next  cyc l e .  

Cycle 5 ,  6, and 7,  which a r e  approaching an  equi l ibr ium c y c l e ,  a l l  u t i l i z e  t h e  

same f r e s h  f u e l  loading  p a r t e r n .  The f u e l  s h u f f l e  p a t t e r n  and LBP concenfra- 

t i o n s  used i n  these cyCl&s &re gfven i n  ~ i g u i e s  C-2 arid d-3, t e s p e c t i v e l y .  

2. Cycle L i f e t ime  and uranium U t i l i z a t i o n  

The c y c l e  l i f e t i m e s  a t t a i n e d  were 430, 427, 474 ,  and 476 EFPD f o r  cyc l e s  5 

through 8. These c y c l e s  were r u n  t o  t h e  same EOL e f f e c t i v e  m u l t i p l i c a t i o n  

f a c t o r  (kef f )  u s ing  a  cons tan t  feed ba t ch  s i z e  and enrichment.  When a l l  t r an -  

s i t i o n  e f f e c t s  d i e  o u t ,  t h e  p ro j ec t ed  equ i l i b r ium cyc le  l eng th  i s  463 EFPD cgm- 

pared t o  a targrt va luc  of 460 EFPD. Thus, t h e  i n i t i a l  equ i l i b r ium cyc le  esti- 

mate of 4  . I06 wt % 2 3 5 ~  f o r  t h e  60-FA feed was reasonably a c c u r a t e ,  a l though , 

t h e  d e t a i l e d  f u e l  management eva1.uation gave a cyc le  t h a t  was s l i g h t l y  g r e a t e r  

than  es i tmated .  An equ i l i b r ium feed enrichment of 4.079 w t  % 2 3 5 ~  i s  p ro j ec t ed  

f o r  460 EFPD c y c l e s  based on t h e  r e s u l t s  from this sfudy.  T l ~ e  e q u i l i b r i u u  

Uranium u t i l i z a t i o n  would b e  12.54 MWy/2000 l b  U 0  a  6 . 9 %  improvement over  
3 8' 

t h e  three-batch annual  cyc l e  base case  us ing  t h e  LBP s h u f f l e  scheme. 

3.  Core Power D i s t r i b u t i o n  

The maximum a l lowable  r a d i a l  peak f o r  t h e s e  s t u d i e s ,  1.651, is  based on t h e  

des ign  r a d i a l  peak f o r  t h e  Oconee-class p l a n t s .  A l l  of t h e  6 0 - ~ A . f e e d  f u e l  

c y c l e s  met t h i s  c r , i t e r i o n  f o r  r a d i a l  peaking a s  shown below. Power d i s t r i b u -  

t i o n s  a t  t h e  beginning,  middle, and end of c y c l e  a r e  given i n  F igures  C-4 

through C-7 f o r  each cyc le .  

Babcock a Wilcox 



Maximum 
c a l c u l a t e d  Percent  

Cycle peak margin. 

4 .  Burnup D i s t r i b u t i o n  

The burnup accummulated by each ba tch  o f  f u e l  dur ing  each cyc le  and t h e  d i s -  

charge ba t ch  average burnups a r e  given i n  Table C-2 f o r  t h e  60-FA feed  case .  

The maximum assembly d i scha rge  burnup was 54,506 M~d/mtU a t  EOC 8. 

5. Cont ro l  Rod Worths 

The h o t  zero ~ b w a r  (HZP) c o n t r o l  rod p a t t e r n  wi th  w a s  run  wi th  PDQ f o r  BOL and 

EOL f o r  a l l  cyc l e s .  These worths a r e .  l i s t e d  i n  Table C-3 along wi th  t h e  maxi- 

mum s t u c k  rod worth f o r  c y c l e s  5 and 8. 

A two-dimensional FLAME model was used a t  t h e  BOL and EOL of each c y c l e  t o  

i d e n t i f y  t h e  maximum s t u c k  rod .  Then t h e  PDQ p a t t e r n  worths  and power d e f i c i t s ,  

a long  w i t h  t h e  FLAME maximum s tuck  rod worth, were used t o  c a l c u l a t e  a  shutdown 

.margin  f o r  each cyc le .  The cyc le s  wi th  t h e  lowest  EOC shutdown margin were 

s e l e c t e d  f o r  f u l l - c o r e  PDQ s tuck  rod worth c a l c u l a t i o n s  and t h e  shutdown mar- 

g ins  r e c a l c u l a t e d .  The r e s u l t a n t  shutdown margins a r e  given i n  Table C-3. - 
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Batch 

Table C-1. Fuel Inventory Plan - 60-FA Feed, 
Feed and Bleed 

Cycle 

~ n r  ichmen t - 1 - 2 - 3 - 4 - 5 - 6 7 - 8 - 

Babcock a Wilcox 



Table C-2.  F u e l  bur nu^ D i s t r i b u t i o n  

Batch 
No. 

C '  . 1 A  

. . 1B 
1 C  .. 
2 
3 
4 
5A 
5B 
6A 
6B 
7A 
7 B 
8A 
8B 
9A 

h 
9B 

1 .  10A 
.U-l 10B 

I n i t i a l  
en r i ch '  t 

2.06 
2.06 
2.06 
2.75 
3.05 
2.64 
3.01 
3.01 
3.19 
3.19 
4.11 
4.11 
4.11 
4.11 
4.11 
4.11 
4.11 
4.11 

Core 

(Not discharged) 

No. of 
assembl ies  

50 
5 - 
1 

61 
60 
5 6 
3 

53 \ 

7 
57 
3 

5 7 
3 

5 7 
3 

5 7 
3 

57 

M ~ d / m t ~  by cyc le  

Cycle 1 Cycle 2 Cycle '3  Cycle 4 Cycle 5 Cycle 6 Cycle 7 Cycle 8 Cycle 9 

Batch 
average 

burnup 



Table C-3. Control Rod Worths 

Cycle 

HZP control rod worth~, %Ap 

BOC 

EOC 

Max stuck rod worth, %Ap 

BOC 

EOC 

Shutdown margin, %Ap 

BOC 3.48 -- -- 3.55 

EOC 1.59 -- -- 2.20 
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Figure C-1'. Cycle.5 Cdre Load-ing Plan 

Weight percent B ~ C  i n  
B4C-A1203 of LBP c lus ter  

1 

in 
cyc le  

n Batch 5 - 53 FA 
3.01 w / q  U-235 

Batch' 6:- 64 FA 
3.19 w / ~  U-235 

Batch 7 - 60 FA 
4.106 W/O U-23.5 

APSR - Location. of axial 
shaping rod. 
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- .. 
F igure C-2.' Cycle  6 C q e  Loading Plan 

Weight percent B4C i n  
B4C-A1203 of  LBP cluster 

/ 

APSR - Locat ion  of a x i a l  
shaping  rod  

[? Batch 6 - 57 FA 
3 . 1 9  x i 7 . U - 2 3 5  
Batch 7 - 6 0  FA 
4 . 1 0 5  wlo 3-235 

Batch 8 - 6 0  FA 
4 . 1 0 6  w/o  7-'?5 

i n  
c y c l e  

power 
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~ i ~ u i e  .C-3. c o r e  Loading Plan  For Cycles 7 and 8 

Weight pe r cen t  B4C in e 

B C-A1 0 of LBP c l u s t e r  
4 2 3  

i n  
c y c l e  

APSR-Location of a x i a l  
power shaping  rod 

Cycle 7 Cycle 8 

O ~ a t c h  7 - 57 FA Batch 8 - 57 FA 
4.106 W/O U-235 4.106 W/O U-235 
Batch 8 - 60 FA Batch 9 - 60 FA 
4.106 W/O,  U-335 4.106 W / O ,  U-?35 
Batch 9 - 60 FA' Batch 10-  60 FA 
4.1,6 "10 U-235 4.106 W/O U-235 
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Figure  C-4. Cycle 5 Core Power D i s t r i b u t i o n  - 60 Feed, Feed and Bleed 

Babcock a Wilcox 
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Figure  C-5. Cycle 6 Core Power D i s t r i b u t i o n  - 60 Feed, Feed and Bleed 
( 
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Figu re  C-6. Cycle 7 Core Power D i s t r i b u t i o n  - 60::Feed~:jFeeA '-2nd ' ' ~ l e e d  

Beginning of Cycle  
1 Middle of Cycle 
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Figure C-7. Cycle 8 Core Power Distribution - 60 Feed, Feed and Bleed 

Beginning of Cycle 
Middle of Cycle 
End. of Cycle 
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APPENDIX D 

Descr ip t ion  of Fuel  Cycle Study 

Feed ba t ch  s i z e :  68 assemblies 
Cycle length :  460 EFPD 
Power l e v e l  :. 2772 MWt 
Control  mode: Feed and bleed 

In t roduc t ion  

The f u e l  management p l a n  descr ibed  i n  d e t a i l  i n  t h i s  appendix 
was chosen t o  provide  f u e l  c y c l e  d a t a  a t  burnups of 40,448 MWd/ 
m t U  w i th  a n  approximately 18-month cyc le .  This  f u e l  manage- 
ment p lan  l o a d s  68 f r e s h  f u e l  assembl ies  per  cyc le .  A s  i nd i -  
c a t e d  i n  s e c t i o n  5.1.3, t h i s  f u e l  c y c l e  provided a 3.4% f u e l  
u t i l i z a t i o n  improvement r e l a t i v e  t o  t h e  base c a s e  and a l s o  
o f f e r s  t h e  increased  a v a i l a b i l i t y  p o t e n t i a l  of a n  18-month 
cyc le .  
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, .. . 
1. Fuel  ~ h u £ f l e  P a t t e r n s  ' 

These c y c l e s  employed t h e  LEP s h u f f l e  scheme, whereby t h e  f r e s h  f u e l  assembl ies  

wi th  LBP a r e  loaded i n  t h e  i n t e r i o r  of t h e  c o r e  i n  an  approximate checkerboard 

p a t t e r n .  For t h e  f i r s t  cyc l e  of t h e  68-FA feed ,  e i g h t  f r e s h  f u e l  assembl ies  

were loca t ed  on t h e  c o r e  per iphery .  I n  t h e  subsequent c y c l e s  of  t h e  68-FA feed  

case ,  no f r e s h  f u e l  assemblies  were s i t u a t e d  on t h e  c o r e  per iphery  and the cqui- 

l i b r ium load ing  p a t t e r n  w a s  eatabl i s l i ed .  Table D-1 g ives  t h e  f u e l  i nven to ry  

p l an  u t i l i z e d .  

Cycle 5, the f i r s t  t 2 a n s i t i o n  cyc le ,  w a s  i n i t i a t e d  by s h u f f l i n g  t h e  f u e l  i s o -  

t o p i c s  from AWO-I cyc l e  4 a t  387 EFPD. Stxty-four  nrisd-burlled and f o r t y - f i v e  

twice-llurncd esuenblies from cyc le  4 were u t i l i z e d  i n  c y c l e  5. The c y c l e  5 

f u e l  loading  p a t t e r n  and LBP concen t r a t ions  a r e  shown i n  F igure  D-1. Cycle 5 

was dep le t ed  t o  450 EFPD agd shu f f l ed  t o  t h e  next  cyc l e .  

Cyclcs 5 ,  6,  and 7, which a r e  approaching an equ i l i b r ium cyc le ,  a l l  u s e  t h e  

same f r e s h  f u e l  loading  p a t t e r n .  The f u e l  loading  p a t t e r n  and LBP concentra-  

t i o n s  used i n  t h e s e  cyc l e s  a r e  given i n  F igures  D-2 and D-3, r e s p e c t i v e l y .  

2. Cycle L i f e t imes  and Uranium U t i l i z a t i o n  

The c y c l e  l i f e t i m e s  a t t a i n e d  were 450, 453, 476, and 469 EFPD f o r  cyc l e s  5 

through 8 .  These c y c l e s  were run  t o  t h e  same EOT, e f f e c t i v e  m u l t i p l i c a t i o n  

f a c t o r  (kpff) us ing  q cnns t an t  feed ba tch  s i z e  and enrichment.  When a l l  t r an -  

s i t i o n  e f f e c t s  d i e  o u t ,  t h e  p ro j ec t ed  equ i l i b r ium c y c l e  l eng th  is 469 EFPD com- 

pared t o  a  t a r g e t  v a l u e  of 460 ERn.  Thuo,  lie i n i t i a l  equ i l i b r ium c y c l e  e s t i -  

Mare of 3.803 wt % 2 3 5 ~  f ~ r  t h e  68-FA feed  was reasonably accu ra t e ,  a l though 

t h e  d e t a i l e d  f u e l  management e v a l u a t i o n  gave a cyolc  1.cugrh t h a t  was s l i g h t l y  

ereafar tllan e9t imated.  An equ i l i b r ium feed  enrichment of 3.738 w t  % 2 3 5 ~  i s  

p ro j ec t ed  f o r  450 E E D  cyc le s  based on  t h e  r e s u l t s  from t h i s  s tudy .  The equi-  

l i b r i u m  uranium u t i l i z a t i o n  would be 12.13 blWy/2000 l b  U308, a  3.4% improvement 

over t h e  three-batch annual  c y c l e  base  c a s e  us ing  t h e  LBP s h u f f l e  scheme. 

3. Core Power D i s t r i b u t i o n s  

The maximum allowabite r a d i a l ' ? e a k  f o r  t h e s e  s t u d i e s ,  1.651, is  based on t h e  

des ign  r a d i a l  peak f o r  t h e  Oconee-class p l a n t s .  A l l  of t h e  68-FA feed  f u e l  

cyc l e s  met t h i s  c r i t e r i o n  f o r  r a d i a l  peaking, a s  shown below. Power d i s t r i b u -  

t i o n s  a t  t h e  beginning,  middle, and end of c y c l e  f o r  each c y c l e  a r e  given i n  

F igures  D-4 through D-7. 
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Maximum 
' c a l c u l a t e d  Percent  

Cycle peak margin" 

4. Burnup D i s t r i b u t i o n s  

The burnup accumgulated by each ba tch  of f u e l  dur ing  each cyc le  and t h e  d i s -  

charge ba t ch  average burnups a r e  given i n  Table D-2 f o r  t h e  68-FA feed  case .  

The maximum assembly d i scha rge  burnup was 49,967 MWd/mtU a t  EOC 8.  

5.  Control  Rod Worths 

The h o t  zero  power (HZP) c o n t r o l  rod p a t t e r n  worth was r u n  wi th  PDQ f o r  BOL 

and EOL f o r  a l l  cyc l e s .  These worths a r e  l i s t e d  in Table D-3 along wi th  t h e  

maximum s t u c k  rod worth f o r  c y c l e s  5 and 8.  

A two-dimensional FLAME model was used a t  t h e  BOL and EOL of each cyc le  t o  

i d e n t i f y  t h e  s t u c k  rod of maximum worth. Then t h e  PDQ p a t t e r n  worths and power 

d e f i c i t s ,  a long wi th  t h e  FLAME maximum s t u c k  rod worth, w e r e  used t o  c a l c u l a t e  

a shutdown margin f o r  each cyc le .  The c y c l e s  w i th  the  lowest EOC shutdown mar- 

g i n  were s e l e c t e d  f o r  fu l l - co re  PDQ s t u c k  rod worth c a l c u l a t i o n s  and t h e  shut-  

down margin r e c a l c u l a t e d .  The r e s u l t a n t  margins a r e  given i n  Table D-3. 

Table D-1. Fuel  Inventorv P lan  - 68-FA Feed 

Cycle 

Batch Enrichment 1 - 2 - 3 - 4 - 5 - 6 - 7 - 8 - 
1 2.06 5 6 5 1 

2 2.'75 61 ' 61 

64 64 37 

68 68 4 1 

6 8 6 8 4 1 

6 8 6 8 

68 
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Sable D-2. Fuel Burnup Distribution 

MMd/mtU ,y cycle Batch- No. of average 
e 1 C:~cle 2 Cycle 3 Cycle 4 CYCLE 5- Cycle 6 Cycle 7 cycle' 8 cyc le  9 . burnup - 

Batch 
No. 

1 A  
1 B  
1 C  
2 
3 
4 
5A 
5B 
5C 
6A 
6B 
7A 
7B 
8A 
8B 
9A 
9B 

lOA,  
1 0 ~  

I n i t i a l  
enr ich ' t  

2.06 
2.06 
2.06 
2.75 
3.05 
2.64 
3.01 
3.01 
3.01 
3.19 
3.19 
3.80 
3.80 
3.80 
3.80 
3.80 
3.80 
3.80 
3.80 

Core 

(Not discharged) 



T a b l e  D-3. Control Rod Worths 

C y c l e  

5 6 7 8 - - - -  

HZP control rod worth~, %Ap 

BOC 

EOC 

Max stuck rod worth, %Ap 

BOC 

EOC 

Shutdown margin, %Ap 

BOC 

EOC 
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Figure  D-1. Cycle 5 Core Loading Plan  

W t  % B4C i n  B4C-Al203 / of LBP C lus t e r  

Power Shaping Rod 

Batch 5 - 45 FA, 
3.01 w t  % 2 3 5 ~  

Batch 6 - 64 FA, 
3.19 w t  % 2 3 5 ~  

Batch 7 - 68 FA, 
3.802 w t  % 2 3 5 ~  
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Figure D-2. C y c l e  6 C o r e  L o a d i n g  Plan 

W t  % B 4 C  i n  l34C-A1203  

/ 14 

of LBP 

8 9 10 11 12 13 15 

Batch 5 - 4 FA, 
3.01 w t  % 2 3 5 ~  

Batch 6 - 37 FA, 
3.19 w t  % 2 3 5 ~  

Batch 7 - 68 FA, 
3.803.wt % 2 3 5 ~  

~ a t c h  8 - 68 FA, 
3.803 w t  % 2 3 5 U  

Power Shaping R 
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Figure D-3. Cycle 7 and Cycle 8 Core Loading Plan 

W t  X B4C i n  B4C-A1203 
of LBP 

8 9 10 11 12 13 15 

Locat ion 

APSR: Location of Axial 

Cycle 7 Cycle 8 

~ a t c h  7 - 41 FA, Batch 8 - 41 FA, 
3.803 W L  % 2 3 5 U  3.803 w t  % 2 3 5 ~  

Batch 8 - 68 FA, Batch 9 - 68 FA, 
3.803 w t  % 2 3 5 ~  3.803 w t  % 2 3 5 ~  , 

Batch 9 - 68 FA, Batch 10 - 68 FA, 
3.803 w t  % 2 3 5 ~  3.803 w t  % 2 3 5 ~  
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Figure D-4. Cycle 5 Core Power Distribution - 68-FA Feed 

Beginning of Cycle 
Middle 'of Cycle  
End of Cycle 
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Figure  D-5. Cycle 6 Core Power D i s t r i b u t i o n  - 68-FA Peed 

Babcock & Wilcox 

0 
0.602 1 Beginning of Cycle  
0.610 
0.649 

Middle 'of Cycle , 

End bf Cycle 



Figure  D-6. Cycle 7 Core Power D i s t r i b u t i o n  - 68-FA Feed 

Beginning of Cycle 
Middle of Cycle 
End of Cycle 

Babcock & Wilcox 



Figure D-7. Cycle 8 Core Power,Distribution - 68-FA Feed 

Babcock & Wilcox 

0 
0.544 
0.593 
0.656 

Beginning of Cycle 
Middle of Cycle 
End of Cycle 



APPENDIX E 

Desc r ip t ion  of Fuel  Cycle Study 

Feed ba t ch  s i z e :  80 assembl ies  
Cycle length :  460 EFPD 
Power l e v e l :  2772 MWt 
Control  mode: Feed and bleed 

In t roduc t ion  

The f u e l  management p lan  descr ibed  i n  d e t a i l  i n  t h i s  appendix 
was chosen t o  provide  f u e l  c y c l e  d a t a  a t  burnups of 34,382 MWd/ 
m t U  w i t h  a n  approximately 18-month cyc le .  Th i s  f u e l  management 
p l an  l o a d s  80 f r e s h  f u e l  assembl ies  per  c y c l e  and, thus ,  repre-  
s e n t s  a two-batch r e load  f o r  a 177 f u e l  assembly core .  A s  in -  
d i c a t e d  i n  s e c t i o n  5.1.3, t h i s  f u e l  c y c l e  y i e lded  a 4.2% f u e l  
u t i l i z a t i o n  l o s s  r e l a t i v e  t o  t h e  base  case .  

Babcock a Wilcox 



I. Fuel  Shuf f l e  P a t t e r n s  

These cyc l e s  employed t h e  LBP s h u f f l e  scheme, whereby t h e  f r e s h  assembl ies  w i t h  

LBP a r e  loaded i n  t h e  i n t e r i o r  of t h e  c o r e  i n  a  checkerboard p a t t e r n .  For t h e  

80-FA feed ,  17  f r e s h  f u e l  assembl ies  were loca t ed  on t h e  co re  per iphery  a long  

wi th  once-burned f u e l .  Table E-1 o u t l i n e s  t h e  f u e l  inventory  p l an  u t i l i z e d .  

Cycle 4 , . t h e  f i r s t  t r a n s i t i o n  cyc le ,  was i n i t i a t e d  by shuff l - ing  of t h e  f u e l  

i s o t o p i c s  from Oconee 2 cyc l e  3 a t  308 EFPD. Forty-one twice-burned f u e l  as- 

semblies  and f t f t y - s i x  once-burned assemblies  from cyc le  3 were u t i - l i zed  i n  

cycle 4 .  The cyc le  4 f u e l  loading  p a t t e r n  and LBP concen t r a t ions  are shown i n  

Figure E - 1 .  Cycle 4 was deple ted  t o  400 EFPD and s h u f f l e d  t o  t h e  next  c y c l e .  

Cycles 5, 6,  and 7 were loaded us ing  t h e  same f r e s h  f u e l  p a t t e r n  a s  c y c l e  4 .  

The f u e l  s h u f f l e s  and LBP concen t r a t ions  f o r  c y c l e s  5,  6,  and 7 a r e  presented  

i n  F igures  E-2, E-3,  and E - 4 ,  r e s p e c t i v e l y .  The d e s i r e d  cyc le  l i f e t i m e  of 460 

EFPD was ar,taing$ i n  a Ial three uyclcs .  

2. Cycle Li fe t imes  and Uranium U t i l i z a t i o n  

The c y c l e  l i f e t i m e  a t t a i n e d  were 396, 450, 462, and 460 EFPD f o r  cyc l e s  4 

through. 7 .  These c y c l e s  were run  t o  t h e  same EOL e f f e c t i v e  m u l t i p l i c a t i o n  

f a c t o r  (k ) us ing  a  cons t an t  feed ba t ch  s i z e .  When a l l  t r a n s i t i o n  e f f e c t s  
e f f  

d i e  o u t ,  t h e  p ro j ec t ed  equ i l i b r ium cyc le  l e n g t h  is  462 EFPD compared t o  a far- 
ge.t va lue  u1: 460 EP'YU. ' Thus, t h e  i n i t i a l  equ i l i b r ium cyc le  e s t ima te  of 3.46 

w t  % 2 3 5 ~  f o r  t h e  80-FA feed  was reasonably accu ra t e ,  a l though t h e  d e t a i l e d  

f u e l  manae~mpnt e v a l u a t i o n  gave a cycle l e n g t h  t h a t  was s l i g h t l y  g r e a t e r  t han  

e s t ima ted .  An equ i l i b r ium feed  enrichment of 3.445 wt % 2 3 5 ~  i s  p ro j ec t ed  f o r  

460 EFPD c y c l e s  based on the r~si1lt.s from this s tudy .  The equ i l i b r ium uranium 

u t i l i z a t i o n  would be  11.24 MWy/2000 l b  U308, 4.2% lower than  t h e  three-batch 

annual  cyc l e  base  c a s e  us ing  t h e  LBP s h u f f l e  scheme. 

3 .  Core Power D i s t r i b u t i o n  

The maximum a l lowable  r a d i a l  peak f o r  t h e s e  s t u d i e s ,  1.651, is based on t h e  

- des ign  r a d i a l  peak f o r  t h e  Omnee-class p l a n t s .  A l l  of t h e  80-FA feed  f u e l  

cyc l e s  met t h i s  c r i t e r i o n  f o r  r a d i a l  peaking a s  shown below. Power d i s t r i b u -  

t i o n s  a t  t h e  beginning,  middle, and end of cyc l e  f o r  each c y c l e  a r e  given i n  

F igures  E-5 through E-8. 
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Maximum 
c a l c u l a t e d  Percent  

Cycle peak margin.  

4 .  Burnup D i s t r i b u t i o n s  

The burnup accummulated by each ba t ch  of f u e l  dur ing  each cyc le  and t h e  d i s -  

charge  ba t ch  average  burnups a r e  given i n  Table E-2 f o r  t h e  80-FA feed  case .  

The maximum assembly d i scha rge  burnup was 39,552 MWd/mtU a t  EOC 7.  

5. Cont ro l  Rod Worths 

The h o t  zero power (HZP) c o n t r o l  rod p a t t e r n  worth was run  w i t h  PDQ f o r  BOL 

and EOL of a l l  cyc l e s .  These worths  a r e  l i s t e d  i n  Table E-3 a long  wfth t h e  

inaximum s t u c k  rod worth f o r  c y c l e s  4 and 7 .  

A two-dimensional FLAME model was used a t  t h e  BOL and EOL of each c y c l e  t o  

i d e n t i f y  t h e  s tuck  rod of maximum worth. Then t h e  PDQ p a t t e r n  worths and power 

d e f i c i t s ,  a long  w i t h  t h e  FLAME maximum s tuck  rod worth, were used t o  c a l c u l a t e  

a shutdown margin f o r  each cyc le .  The c y c l e s  wi th  t h e  lowest  EOC shutdown mar- 

g i n  were s e l e c t e d  f o r  f u l l - c o r e  PDQ.stuck rod worth c a l c u l a t i o n s  and t h e  shut-  

down margins r e c a l c u l a t e d .  The r e s u l t a n t  shutdown margins a r e  given i n  Table 

E-3. 
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Table E-1. Fuel Inventory P lan  - 80-FA Feed 

Cycle . '  
! 

Enr ichrnen t . - 1 - 2 3 - 4 - 5 - 6 - 7 - 

Babcock & Wilcox 



Batch 
No. 

1 A  
1B 
2 
3 
4A 
4B 
5A 
5B 
5C 
6A 
6B 
7A 
7B 
7 C 
8 
9 

m 
I 
cn Core 

I n i t i a l  
en r i ch '  t 

2.06 
2.06 
2.75 
3.05 
2.64 
2.64 
2.53 
3.03 
3.03 
3.22 
3.22 
3.31 
3.62 
3.62 
3.53 
3.38 

Table E-2. Fuel Burnup Distribution 

No. of 
MWdlmtU by c y c l e  

assembl ies  C y c l e 1  Cycle 2 C y c l e 3  C y c l e 4  Cycle 5 Cycle 6 Cycle 7 C y c l e 8  Cycle 9 

Batch 
average  

burnup 

21664 
15352 
24633 
29536 
30934 
19939 
27635 
22755 
33326 
31311 
36338 
35621 
30560 
39004 

(30727) 
(16526) 

(Not discharged)  



Table E-3. Control Rod Worths 

. . 
Cycle 

4 . 5  6 7 - - - -  
HZP kontrdl rod worth~, X A ~  

BOC 

EOC 

Max stuck rod worth, %Ap 

BOC 

EOC 

Shutdown margin, %Ap 

BOC 

EOC 
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F i g u r e  E-1. Cycle  4 Core Loading P l a n  
, . . .. .., . . -. 

Weight Percent B4C i n  
B4C-A1203 of LBP Cluster 

Batch 5A--4 FA 
2.53 w/o U-235 

Batch 6--80 FA 
3.22 W/O U-235 

APSR - Location of Axial Shaping Rod 
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Figure  E-2. Cycle 5 Core Loading, Plan 

/-- 
Weight percent B C i n  

4 B4C-A1203 of LBP Cluster 

i n  
cyc le  

Batch 78--36 FA 
3.306 w/o U-2 35 

Batch 7B--44 FA 
3.622'w/o 0-235 

APSR - Location of Axial Shaping Rod 

Babcock a Wilcox 



Figure E-3. Cycle 6 Core Loading P l a n  
,.. 

r- Weight percent B C i n  
4 B i C - U , O ,  of LBP Cluster 

i n  
cycle 

Batch 7A--36 FA 
3.306 W / O  U-235 

. 

Batch 7B--44 FA 
3.622 W/O U-235 

Batch 8--80 FA 
3.53 W / O  U-235 

APSR - Location of Axial Shaping Power 
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F i g u r e  E-h. Cycle 7 Core Loading Plan 

Weight Percent of  B C i n  
4 B4C-U203 o f  LBP Cluster 

Batch 9--80 FA 
3 . 3 7 6 ~ 1 0  U-235 

APSR - Location of Axial Shaping Rod 
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Figure  E-5. Cycle 4 Core power D i s t r i b u t i o n  - 80-FA Feed 

I 

0.526 Beginning of Cycle 
0.511 Middle of Cycle 
0.598 End of Cycle 
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Figure  E-6. Cycle 5  Core Power D i s t r i b u t i o n  - 80-FA Feed 

Babcock & Wilcox 
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0 . 3 8 8  1 Beginning of Cycle  
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Figure  E-7. Cycle 6 Core Power D i s t r i b u t i o n  - 8 0 - k ~  Peed 

Beginning of cyc l e  
Middle of Cycle 

0.551 End of Cycle 
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Figure  E-8. Cycle 7 Core Power D i s t r i b u t i o n  - 80-FA Feed 

Babcock & Wilcox 
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