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ABSTRACT 

Deta i led core management arrangements are developed requ i r i ng  

fou r  operat ing cycles f o r  the t r a n s i t i o n  from present three-batch 

loading t o  an.extended burnup four-batch p lan f o r  Zion-1. The 

ARMP code EPRI-NODE-P was used f o r  core modeling. Although t h i s  

work i s  prel iminary,  uranium and economic savings dur ing the 

t r a n s i t i o n  cycles appear o f  the order o f  6 percent. 
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1 .0  INTRODUCTION 

The p r imary  o b j e c t i v e  o f  t h e  program i s  tb develop d e t a i l e d  

f u e l  management procedures f o r  t r a n s i t i o n  t o  extended burnup s t r a t e g i e s  

f o r  t y p i c a l  LWRs, i n c l u d i n g  t h e  r e i n s e r t i o n  o f  spent f u e l  f rom t h e  

s to rage  poo l .  Extended burnup management o p t i o n s  a r e  a l s o  be ing  ex- 

ami ned. The work i s  ' i n tended t o  serve as background f o r  u t i l i t y  

management i n  e v a l u a t i n g  t h e  extended burnup 0ptio.n and p lann ing  

demonstrat ion programs t h a t  cou ld  1  ead t o  commercial i * a t i o n .  

Two fea tu res  o f  t he  program a r e  impo r tan t  i n  p r o v i d i n g  t h e  des i r ed  

a p p l i c a b i l i t y  t o  r e a l - l i f e  s i t u a t i o n s .  F i r s t ,  r e l o a d  c o r e  des igns a r e  

be ing  developed f o r  an ac tua l  r e a c t o r  r a t h e r  than  f o r  a  h y p o t h e t i c a l  

one. Second, c a l c u l a t i o n a l  methods used t o  determine a c c e p t a b i l i t y  

o f , l o a d i n g  p a t t e r n s  a r e  s i m i l a r  t o  those used commerc ia l ly  f o r  t h i s  

purpose. 

The f i r s t  f e a t u r e  has been s a t i s f i e d  by bas ing  t h e  p resen t  PWR 

s tudy  on t he  Commonwealth Edison Zion-1 P lan t .  I n  t h e  case o f  t h e  

second f ea tu re ,  PWR core  model ing procedures us ing  t h e  Advanced Recycle 

Methodology Program (ARMP) a r e  be ing  u t i  1  :zed. These procedures have 

been developed f o r  t h e  E l e c t r i c  Power Research I n s t i t u t e  t o  p r o v i d e  

s tandard c a l c u l a t i o n a l  approaches f o r  t h e  u t i l i t y  i n d u s t r y  t h a t  a r e  

acceptable t o  t h e  Nuclear  Regu la to ry  Commission f o r  l i c e n s i n g  purposes. 

I n  t he  p resen t  work, t h e  three-d imensional  co re  s imu la to r ,  EPRI-NODE-P, 

which i s  p a r t  o f  t h e  ARMP system, serves a; a  p r imary  t o o l .  

C e r t a i n  approx imat ions were made, as w i l l  be descr ibed,  i n  t h e  

core  model ing t o  exped i te  o b t a i n i n g  an i n i t i a l  s e t  o f  t r a n s i t i o n  cyc les .  

A1 though these approx' imat ions a r e  app rop r i a te  i n  l i g h t  o f  t h e  l i m i t e d  

resources a v a i l a b l e  and t h e '  o b j e c t i v e s  o f  t h e  s tudy,  model ing i s  be ing  

improved by c o n t i n u i n g  e f f o r t s  t o  improve t h e  con f idence  l e v e l  o f  t h e  

resul t s .  



Commonwealth Edison Company s t a f f  a r e  coopera t ing  i n  t h e  s tudy  

by  p r o v i d i n g  h e l p f u l  guidance. However, t h e  r e s u l t s  presented here 

.were developed independent l y  so t h a t  t hey  c o u l d  be made g e n e r a l l y  

a v a i l a b l e  w i t h o u t  compromising p r o p r i e t a r y  r e s t r i c t i o n s .  Also, 

s i n c e  t h e  ARMP code modules a r e  p r o p r i e t a r y ,  t h e y  a r e  descr ibed  i n  

o n l y  general  terms. 

2.0 CORE MODELING METHODS 

PWR co re  a n a l y s i s  makes use o f  m.ult igroup, two-dimensional 

f i n i t e  d i f f e r e n c e  d e p l e t i o n  codes o f  t h e  PDQ-type and nodal methods 

t o  desc r i be  three-d imensional  and t he rmp l -hyd rau l i c  e f f e c t s .  Con f i -  

dence in the nodal representation strongly depends upon normalization 
w i t h  PDQ-type r e s u l t s .  

1 The Advanced Recycle Methodology 'Program (ARMP) i s  a system o f  

codes whit-h can s imu la te  a l i g h t  water  r e a c t o r  (LWR) core  i n  t h e  

va r i ous  c o n f i g u r a t i o n s  encountered throughout  mu l . t i - cyc le  ope ra t i on .  

The s i m u l a t i o n  i s  done w i t h  t h e  nodal co re  EPRI-NODE-P f o r  p ressu r i zed  

wa te r  r e a c t o r s  ( PWRs) which per forms g loba l  r e a c t o r  a n a l y s i s  by 

s imu l taneous ly  s o l v i n g  f o r  t h e  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  and 

t h e  threc..dimensional  co re  power, tempcraturc ,  vo id ,  xenon, and ex- 

posure d i s t r i b u t i o n s .  

ARMP system suppor t  codes a r e  used t o  generate t h e  necessary 

cons tan ts  (commonly r e f e r r e d  t o  as "B" cons tan ts )  f o r  t he  nodal code. 

There a r e  two d e p l e t i o n  codes EPRI-CELL and CPM which bo th  use 

m u l t i g r o u p  t r a n s p o r t  theory .  The former i s  a one-dimensional c e l l  

code w h i l e  t h e  l a t t e r  i s  a two-dimensional assembly code. The code 

combinat ion,  PDQ7-II/HARMONY, i s  used f o r  two-dimensional d i f f u s i o n  

t h e o r y  assembly and core  c a l c u l a t i o n s  us ing  two groups and has a 

f l e x i b l e  r e p r e s e n t a t i o n  o f  t h e  d e p l e t i o n  dependent c ross  sec t i ons .  

A l s o  used a r e  f i l e  management and process ing codes such as NUPUNCHER, 

EPRI-FIT and SUPERLINK-P. These va r i ous  code modules a r e  l i n k e d  

t oge the r  i n  a complex p rocess ing  sequence. 



I n  b r i e f ,  t h e  group cons tan ts  generated by EPRI-CELL a r e  used 

as i n p u t  i n t o  PDQ7/HARMONY, which combines t h e  c e l l s  i n t o  an a r r a y  

d e s c r i b i n g  a qua r te r  assembly. The assembly i s  dep le ted  and data 

a r e  gathered on t h e  behav io r  o f  t h e  averaged assembly as a f u n c t i o n  

o f  temperature,  so lub le  boron concen t ra t i on  and exposure e.g., kin, 
vCf '  *pxenon9 'PB-l O '  e t c .  These data a r e  then  f i t t e d  w i t h  po l y -  

nomials and t h e i r  parameters y i e l d  t h e  "B" cons tan ts .  These con- 

t a n t s ,  ob ta ined  f o r  each d i f f e r e n t  assembly t ype  i n  a r e l o a d  core,  

a r e  subsequent ly used t oge the r  w i t h  severa l  o t h e r  a d j u s t a b l e  para- 

meters  i n  EPRI-NODE-P, which couples t h e  assembl i e s  t oge the r  t o  

model co re  behav io r  i n  t h r e e  dimensions. 

I n  t h e  p resen t  PWR work, t h e  "B" cons tan ts  f o r  assembl ies 

w i t h o u t  burnable p o i  son (BP) rods  were generated us ing  s tandard 

procedures. Seven s e t s  were generated cove r i ng  t h e  enr ichment 

range from 2.25 t o  4.1 w/o U-235. However, t h e  PDQ-7lHARMONY 

d e p l e t i o n  s teps were ,somewhat l onge r  (5000 vs 2000 MWD/T) than.  

recommended f o r  des ign purposes t o  reduce computing cos ts .  .L inear  

i n t e r p o l a t i o n  was used f o r  i n t e rmed ia te  enr ichments.  

For t h e  p r e l i m i n a r y  s tudy  descr ibed  i n  t h i s  r e p o r t  pe r i od ,  i t  

was assumed t h a t  t h e  a d d i t i o n  o f  LBP t o  an assembly a f f e c t e d  o n l y  

t h e  v a r i a t i o n  o f  kw w i t h  exposure and t h e  v a r i a t i o n  o f  kw and M 
2 

w i t h  temperature.  The t r a n s p o r t  code, CPM, was then  used t o  desc r i be  

these v i r i a t i o n s  and a t a b l e  o f  s u i t a b l e  "B" cons tan ts  generated f o r  

va r i ous  combinat ions o f  enr ichments and numbers o f  BP rods  used i n  

an assembly. A1 though t h i s  approach i s  crude, i t  was f e l t  t o  be 

adequate f o r  p r e l i m i n a r y  work. Improvements i n  t h e  LBP model ing a r e  

c u r r e n t l y  underway making use o f  a d d i t i o n a l  EPRI-CELL and one-quar ter  

co re  PDQ runs.  

Normal i z a t i o n  o f  EPRI-NODE was accompl i shed by comparison w i t h  

f ine-mesh PDQ-7 ' r e s u l t s  and d e t a i l e d  two-dimensional  and a x i a l  

power maps f o r  t h e  Zion-1 f i r s t  co re  h o t  zero power (HZP) case. 

D e t a i l s  o f  t h e  n o r m a l i z a t i o n  procedure a r e  g i v e n  i n  Reference 2. 



The one-and-hal f  group 3-D nodal code SIMULATE has a l s o  been 

implemented and Ys be ing  used f o r  c e r t a i n  s p e c i a l  a p p l i c a t i o n s .  

C u r r e n t l y  a c t i v e  i s  a  two-dimensional assembly model ing program 

whereinsa f o u r  node p e r  asseinbly SIMULATE r e p r e s e n t a t i o n  i s  be ing  

compared w i t h  114-co"re f ine-mesh PDQ-7 r e s u l t s .  

3.0 SAFETY CONSIDERATIONS 

A  nuc lea r  f u e l  r e l o a d  des ign must meet t h e  p l a n t  t e c h n i c a l  

s p e c i f i c a t i o n s ,  p a r t i c u l a r l y  i n  t h e  areas o f  co re  peaking f a c t o r s  

and k i n e t i c  c h a r a c t e r i s t i c s  such as t h e  moderator temperature co- 

e f f i c i e n t  (MTC) and c o n t r o l  r o d  worths.  Extending t h e  burnup o f  

t h e  f u e l  a l s o  r e q u i r e s  cons ide ra t i ons  i n  t h e  area o f  f u e l  performance. 

Core Peaking Fac to rs  

A  ma jo r  p o r t i o n  o f  t h i s  s tudy  i s  d i r e c t e d  toward t h e  e v a l u a t i o n  

o f  t h e  c o r e  peak ing f a c t o r s  f o r  t h e  r e l o a d  des igns under cons ide ra t i on .  

Wi th  bo th  power gene ra t i on  and c y c l e  l e n g t h  f i x e d ,  t h e  o b j e c t i v e  i s  t o  

develop a  l o a d i n g  p a t t e r n  which w i l l  s a t i s f y  t h e  peaking f a c t o r  

c o n s t r a i n t s  p r e s c r i b e d  by t h e  Nuc lear  Regu la to ry  Commission. 

, Core peak ing f a c t o r s  a r e  de f ined f o r  PWRs as f o l l o w s :  

- Maximum heat  f l u x  i n  co re  
= Average hea t  f l u x  i n  core  

- Maximum ( h o t  channel)  c o o l a n t  
F~~ a Average cool  a r e n i i  

Assembly l o c a t i o n  dec i s i ons  a r e  p r i m a r i l y  a f f e c t e d  by t h e  en tha lpy  

r i s e  f a c t o r ,  FA,,, c o n s t r a i n t .  Thus i t  i s  emphasized here. 

FA" can be expressed as 

where H 

I q '  (peak assembly) dZ : 

F : 0 - 
I 

H q '  (avg  assembly) 



$ q1(peak  assembly) dZ z i n t e g r a l  o f  assembly l i n e a r  power 

0 f o r  t h e  assembly c o n t a i n i n g  t h e  r o d  
w i t h  t h e  h i ghes t  i n t e g r a t e d  power, 

H : Core he igh t ,  

q '  (avg)  z Average assembly 1  i near power,, 

: Local power peaking f a c t o r .  Th i s  i s  t h e  maximum 
F ( x * y )  p i n  power t o  average assembly power r a t i o  w i t h i n  

each p a r t i c u l a r  assembly, 

Fu E Unce r ta i n t y  f a c t o r .  

The l i m i t s  on F and FA,, f o r  f u l l  r a t e d  power o p e r a t i o n  a r e  Q 
2.235 and 1.55 r e s p e c t i v e l y . 3  The u n c e r t a i n t y  f a c t o r ,  FU, used i n  

t h i s  s tudy f o r  bo th  F  and FAH i s  8 percent .  Th i s  marg in  i nc l udes  Q 
a heat  f l u x  a1 lowance o f  3  percen t  f o r  manufac tu r ing  t o l e rances  

such as l o c a l  v a r i a t i o n s  i n  enrichment, p e l l e t  d e n s i t y  and d iameter ,  

e tc . ,  and a  5  percen t  heat  f l u x  a l lowance f o r  u n c e r t a i n t y  i n  t h e  

m o n i t o r i n g  system, t h e  c a l c u l a t i o n a l  model, o r  any abnormal e f f e c t s  ' 

such as r o d  bowing. The i n t e g r a l  en tha lpy  term, FI, can be ob ta i ned  

d i r e c t l y  from the  three-d imensional  code, EPRI-NODE-P. 

Nodal codes, however, cannot p r e d i c t  t h e  i o c a l  peak p i n  t o  

average assembly peaking f a c t o r ,  
F(x  ,y) 

, due t o  t h e i r  coarse 

rep resen ta t i on .  D i f f u s i o n  t heo ry  codes such as PDQ-7 a r e  r e q u i r e d  

t o  model q u a r t e r  cores on a  p i n -by -p in  bas i s  t o  g i v e  t h e  l o c a l  

peaking f a c t o r s  d i r e c t l y .  For purposes o f  p l ann ing  assembly p lace-  

ment, a  map was prepared o f  average w i t h i n  assembly peak ing f a c t o r s  

t o  be expected a t  each p o s i t i o n  us ing  da ta  p rov ided  by t h e  Common- 

wea l t h  Edison Company. These va lues were then  combined w i t h  t h e  

FA,, l i m i t  and t h e  u n c e r t a i n t y  f a c t o r  t o  y i e l d  a map o f  average 

assembly power peaking c r i t e r i a  t h a t  cou ld  be compared d i r e c t l y  

w i t h  assembly power va lues ob ta ined  from EPRI-NODE-P. T h i s  map i s  

shown i n  F igu re  1. A somewhat s i m i l a r  approach i n v o l v i n g  a x i a l  

f a c t o r s  was used t o  determine i f  node peaking va lues were w i t h i n  F 
Q 

c o n s t r a i n t s  b u t  i s  n o t  descr ibed  here. 
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Moderator Temperature C o e f f i c i e n t  

The l i m i t i n g  c o n d i t i o n s  f o r  o p e r a t i o n  o f  t h e  moderator  temper- 

a t u r e  c o e f f i c i e n t  (MTC) i s  t h a t  i t  be j u s t  nega t i ve  f o r  t h e  h o t  ze ro  

thermal power c o n d i t i o n  a t  beg inn ing  o f  c y c l e  (BOC) and be a b l e  t o  

s a t i s f y  a 1.6% Ap shutdown marg in  f o r  t h e  r a t e d  thermal  power con- 

d i t i o n  a t  end o f  c y c l e  (EOC) .3 T h i s  means t h a t  t h e  MTC cannot  be 
-4 . more nega t i ve  than  3.9 x 10 apI0F.  The MTC i s  ob ta i ned  from 

EPRI-NODE by  v a r y i n g  t h e  moderator  temperature and comparing ke f f  

w i t h  t h a t  a t  t h e  r e fe rence  temperature.  

4.0 THE ZION REACTOR 

Z ion  U n i t  1 i s  one o f  two, f ou r - l oop ,  1050 MW(e), Westinghouse 

r e a c t o r s  operated by  t h e  Commonwealth Edison Company. The co re  

c o n s i s t s  o f  193 f u e l  assembl ies,  each c o n t a i n i n g  204 f u e l  rods,  

20 t h imb les  used f o r  c o n t r o l  rods  o r  burnab le  po ison  b u t  o the rw i se  

f i l l e d  w i t h  water ,  and one i n s t r u m e n t a t i o n  tube, ar ranged i n  a 15 

x 15 a r r a y  as shown i n  F i gu re  2. Z i on  has four f u l l - l e n g t h  c o n t r o l  

banks, one p a r t - 1  ength c o n t r o l  bank, and four  shutdown banks (see  

F i g u r e  3 ) .  The c o r e  operates a t  an average temperature o f  559°F *\ 

and a p ressure  o f  2250 ps i a .  

F i r s t  Cyc le  

The l i f e  o f  Z i o n  U n i t  1 began w i t h  an a l l  f r e s h  co re  d i v i d e d  

i n t o  t h r e e  equal batches each w i  t h  a d i f f e r e n t  enr ichment  (see  

F i g u r e  4 ) .  The l o a d i n g  was s i x t y - f i v e  assembl ies o f  2.25 w/o U-235 

enr ichment  as r e g i o n  1; s i x t y - f o u r  assembl ies o f  2.80 w lo  U-235 

enr ichment  as r e g i o n  2 assembl i e s ;  and s i x t y - f o u r  assembl i e s  o f  3.30 

w/:o U-235 enr ichment as r e g i o n  3. Region 1 assembl ies con ta i ned  

no burnab le  po ison  o r  source rods.  However, many r e g i o n  2 and 3 

assembl ies con ta ined  v a r i o u s  combinat ions o f  each. I n  a l l ,  t h e r e  

were a t o t a l  o f  twe l ve  assembly t ypes  o r  " c o l o r s " ,  i . e . ,  d i f f e r e n t  

combinat ions o f  enr ichment,  bu rnab le  po ison  and source r o d  load ings,  



Core Baff le  

II - 
, Figure 2: Reactor plan view showing the core location coordirieees 

of the Zion reactor 



I P N R K J H G F  

SIIUTDOWN RANKS ---- 
Sumbol Designation No. of  RCU's a!!!?! 
M ShutdownA 8 A 
SB Shutdown) 8 B 
SC Shutdown C 4 C 
SO Shutdown 0 4 0 

P/L 

E 0 . c  B n 
CONTROL BANKS 

o e s i p n a t t ~  RO. o f  R C C A ' ~  
Control A 4 
Control B 8 
Control . C ' 8 
Control 0 9 
P w t '  Length8 8 

Figure 3 :  Locations of rod c luster  control assemblies by bank de- 
eignat.ion, Zion reactor 



Sr(lb1 Region fnrlchment (w/o) No. o f  Assmblies 
1 1 2.248 65 
2 2 2.789 64 
3 3 1.292 64 

Figure 4: ~ocstions of fuel assemblies by enrichment type. Zion 
Unit 1, cycle 1 



which make up t h e  f i r s t  co re .  Table 1 descr ibes  t h e  con ten t  o f  t h e  

va r i ous  assembly types w h i l e  F igu re  5 shows t h e i r  l o c a t i o n .  

A l l  burnable po ison rods i n  t h e  f i r s t  co re  had a boron l o a d i n g  

of  0.0603 g-B203/cm which corresponds t o  r ough l y  18 w/o B203 embedded 

i n  a  Tempax-like b o r o s i l i c a t e  g lass .  

Most o f  t h e  reg ion-1  f u e l  assemblies were removed a f t e r  t h e  

f i r s t  cyc le ,  which l a s t e d  18  months, w i t h  an average burnup o f  

18,700 MWDJT. The reg ion-2  assemblies remained i n  t h e  r e a c t o r  f o r  

t h e  second c y c l e  and were then  d ischarged a f t w  ach iev ing  an average 

cumula t i ve  burnup o f  about 30,000 MWD/T. I t  i s  these assembl ies 

which w i l l  be r e i n s e r t e d  t o  h e l p  ease t he  proposed t r a n s i t i o n  from 

a t h r e e  t o  four -ba tch  f u e l  management scheme. 

Subsequent Cycles 

The bas i c  f u e l  management s t r a t e g y  f o r  Z ion  has e s s e n t i a l l y  

been t he  a f o r e  mentioned three-batch,  o u t - i n  c y c l e  p l a n  w i t h  t h e  

usual  i n s e r t i o n  o f  64 assembl ies o f  3.2 w/o enr ichment every  12 

months. Cyc le  average burnup was no rma l l y  about 10,000 MWD/T b u t  

w i t h  some v a r i a t i o n  depending upon u t i l i t y  needs and r e f u e l i n g  

schedules. 

Zion-1 i s  c u r r e n t l y  ope ra t i ng  i n  c y c l e  5, w i t h  c y c l e  6  

s t a r t - u p  planned f o r  November 1980. As can be seen from t h e  c y c l e  

5  l o a d i n g  p a t t e r n  i n  F igu re  6, burnab le  po ison rods  a r e  r e q u i r e d  

t o  meet t h e  power peaking s a f e t y  c o n s t r a i n t s .  However, BP rods 

w i t h  boron l oad ings  o f  about 12.5 w/o B203 have been used i n s t e a d  

o f  t he  f i r s t  co re  t ype  18 w/o rods.  I t  has been found t h a t  18 w/o 

rods  r e t a i n  t o o  g r e a t  a  r e s i d u a l  abso rp t i on  va lue  near end o f  c y c l e  

and hence reduce t h e  neu t ron  economy unnecessar i l y .  Therefore,  

except  f o r  n o r m a l i z a t i o n  procedures, a l l  co re  models i n  t h i s  s tudy  

use burnable po ison  da ta  de r i ved  from t h e  12.5 w/o B203 des ign.  



TABLB 1 

Assembly Typee Found in First Cycle 

Enrichment No. BPR No. Source Rode 

2.25 0 0 

2.80 0 0 

Core Inventory 

6 5 

4 

10 

2 

2 4 

2 4 

* 
Aeymmetrically loaded 



R P I I ~ L K J M ~ ~ E D C ~ A  
STANDARII ASSLWLI t S  - SPLCIAL SOURCE BEARING ASSCnOLllS 

Symbol . V P  Rods wr I n s e r t  I I n s e r t s  Symbol / BIP Rods p e r  I n s e r t  I I n s e r t s  
20P 20 30 203 1 9  
16P 

2 
16 24 SPS 12  

12P I P 
2 

18  
9P 9 12 
8P 0 8 

9P 

9P 

9P 

& 

Figure 5: Location of burnable poison assembly inserts by number 
of burnable poieon rode, Zion Unit 1, cycle 1 
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Figure 6 : Zion Unit 1, cycle 5 core reload pattern 



Table 2 g i ves  a  d e t a i l e d  r e l o a d  h i s t o r y  o f  Z ion  U n i t - 1  up 

th rough  and i n c l u d i n g  c y c l e  6 ( t h e  t r a n s i t i o n  t o  f o u r  c y c l e s  i s  

scheduled t o  beg in  i n  c y c l e  7 i n  t h i s  s t u d y ) .  Cyc le  6 i s  an 

es t ima te  made by  Commonwealth Edison s i nce  a t  t h e  titx o f  t h i s  

s tudy,  no d e f i n i t e  l o a d i n g  p a t t e r n  had been developed. Data 

th rough  c y c l e  5  were e x t r a c t e d  from r e l o a d  s a f e t y  e v a l u a t i o n s  p re -  

pared by  Commonwealth Edison. Tab le  2 p rov i ded  t h e  i n f o r m a t i o n  

necessary t o  prepare Table  3 which 1  i s t s  t h e  spent  f u e l  poo l  i n -  

ven to r y  as p r o j e c t e d  a t  t h e  end o f  c y c l e  6. The average cumu la t i ve  

burnups shown i n  Table  3 were d e r i v e d  from i n d i v i d u a l  assembly 

burnup es t imates  supp l i ed  by.Commonwealth Edison. These average 

burnups p r o v i d e  t h e  bas i s  f o r  e s t i m a t i n g  t h e  burnups o f  t h e  r e i n -  

s e r t e d  f u e l  used i n  t h e  t r a n s i t i o n  c y c l e s  t o  be descr ibed .  

IN IT IAL  TRANSITION CYCLE ESTIMATE 

Once t h e  energy requi rements  f o r  a  g i v e n  c y c l e  a r e  determined, 

a  f i r s t  guess as t o  t h e  f u e l  i n v e n t o r y  must be made: T h i s  i s  

usual  l y  accompl i shed  by  u s i n g  1  umped parameter model (,so.metimes 

c a l l e d  t h e  p o i n t  r e a c t o r  model)  which determines t c o r e  average 

km by  w e i g h t i n g  each ba t ch  average kw w i t h  i t s . . r e s p e c t i v e  ba tch  s i z e  

and e s t i m a t i n g  t h e  c y c l e  power f r a c t i o n .  Batch s i z e  and f r e s h  f u e l  

enr ichment ( i n i t i a l  kw) a r e  t r e a t e d  as v a r i a b l e s  and t h e  ba t ch  

power f r a c t i o n  i s  es t imated  from pas t  c y c l e  exper ience.  The end o f  

c y c l e  i s  determined when t h e  co re  average kef f  equals  1  .OO ( o r  km 

o f  1.05) w i t h  zero s o l u b l e  boron. The k f o r  t h e  d i f f e r e n t  en- 
03 

r i chments  found i.n a  r e l o a d  core  a r e  u s u a l l y  taken  t o  decrease 

l i n e a r l y  w i t h  exposure. Thus, by  p r o p e r l y  averag ing  t h e  ba tch  

p r o p e r t i e s  a t  t h e  end o f  t h e i r  p r o j e c t e d  exposure leng ths ,  a  com- 

b i n a t i o n  o f  ba tch  s i z e s  and f r e s h  f u e l  enr ichment  can be found b y  

t r i a l  and e r r o r  t o  p rov i de  i n i t i a l  es t ima te  o f  t h e  r e l o a d  core  

requi rements .  T h i s  approach was used t o  develop i n i t i a l  t r i a l s  

f o r  t h e  t r a n s i t i o n  cyc l es  descr ibed  i n  t h e  n e x t  s e c t i o n .  



TABLE 2 

Reload History for Zfon Unit 1 

I" Cycle 

. Region No. No. Assys in Core Enrichment when 
Fresh, w/o 

1 
nd 2 Cycle 

Re~ion.No. No. Assys in Core Enrichment when 
'Fresh ,w/o 

4 6 0 3.2 

1 

jrd Cycle 

Region No. No. Assys in Core ~nrichmdnt when 
~ r e s h  ,w/o. 

5 64 ' 3.2 

2 

bth Cycle 

Region Ha. - No. A:;&yu in Cure Enrichiii@nt when 
Fresh, w/o 

6 6 0 2,8 



Table 2 continued 

sth Cycle 
Region No. 

1 

6th Cycle 

~egion No. 

No. h a y s  in Core 

No. Aeeys in Core 

Enrichment when 
Fresh ,w/o 

3.2 

Enrichment when 
Fresh, w/o 

3.2 

3.2 

2.80 

2.25 



TABLE 3 

Projec ted  Unit 1 Spent Fuel Pool Inventory 
a t  the  End .of cycle  6* (1981) 

Region No: 

t 1 

7 1  

t 2 

a 
3 

3** 

4 

5 

5 

6 

No. Cycle 
Exposures 

Avg. Cum. Burnup 
i n  MWD/T No. of Assys 

4 4 
21 

59 

5 

60 

4 

60 
1 

6 3 

6 0 

* 
Cycle 6 has been estimated 

** 
Pour region 3 assembliee re- inser ted  i n t o  Unit 2 as p a r t  of Common- 
wealth Edison Cooperation i n  a DOE extended burnup etbdy. 

' ~ u e l  Avi i l ab le  ' for  re- ineer  t ion 



THREE-TO-FOUR BATCi TRANS - ITION --- CYCLES 

Dur ing  t h i s  per. iod, emphasis was g i ven  t o  deve lop ing  a  p re -  

l i m i n a r y ,  b u t  c r e d i b l e  f u e l  management p l a n  f o r  t h e  t r a n s i t i o n  o f  

Zion-1 from a  t h r e e  t o  a  f o u r  ba tch  approach. T h i s  i s  an i t e r a t i v e  

process which r e q u i  r e s  f u r t h e r  r e f i nemen t  . Wi th  t h e  1  umped parameter 

r e s u l t s  as a  t e n t a t i v e  p lan,  i t  i s  nex t  necessary t o  e s t a b l i s h  a  

s t a r t i n g  p o i n t  f o r  t h e  s e l e c t i o n  o f  cand ida te  t r a n s i t i o n  cyc l es .  

On ly  non -p rop r i e t a r y  i n f o r m a t i o n  was u t i l i z e d  so t h a t  t h e  r e s u l t s  

c o u l d  be made genera l  1  y  ava i  1  ab le .  

Development o f  T r a n s i t i o n  Cyc le  S t a r t i n q  Cond i t i ons  

Cyc le  7 was chosen as t h e  s t a r t i n g  p o i n t  o f  o u r  t r a n s i t i o n  

scheme s i n c e  i t  i s  f a r  enough i n t o  t h e  f u t u r e  t o  a l l o w  reasonable  

a n a l y s i s  (around November 1982) and y e t  soon enough t o  pe rm i t  a  

r e a l i s t i c  es t ima te  o f  t h e  exposure d i s t r i b u t i o n s  o f  t h e  once and 

tw i ce -dep le ted  assembl ies t h a t  must make up p a r t  o f  i t s  l o a d i n g  

p a t t e r n  ( r e g i o n s  8  and 7 ) .  As ment ioned be fo re ,  Z i on  1  i s  c u r r e n t l y  

o p e r a t i n g  i n  c y c l e  5 and t h e  d e t a i l e d  l o a d i n g  h i s t o r y  i s  a c c u r a t e l y  

known t o  t h i s  p o i n t  ( see  Tab le  2 ) .  However, t h e  l o a d i n g  i n f o r m a t i o n  

f o r  c y c l e  6 and t h e  assoc ia ted  EOC 'exposure f o r  r eg ions  7 and 8  a r e  * 
n o t  known and must be. est imated.  These es t ima tes  were made by 

u t i l i z i n g  p r o j e c t e d  feed  requi rements  and average EOC ba t ch  exposures 
' 

f rom Commonwealth Edison f o r  c y c l e  6. The feed  requ i rement  p r o j e c t i o n  

was made by c o n s i d e r a t i o n  o f  u t i l i t y  energy needs th rough  t h e  y e a r  

1981; t h e  EOC batch-average exposure i n f o r m a t i o n  was es t imated  f rom 

p rev i ous  Z ion  l oad ings  w i t h  s i m i l a r  feed and c y c l e  l e n g t h  requi rements ,  

see Table  4. These da ta  r ep resen t  Ed i son ' s  guess i n  March 1980 o f  

l i k e l y  ba t ch  i n v e n t o r i e s  a t  t h e  end o f  c y c l e  6 around November 1981. 

Wi th  t h e  ba t ch  average exposures f i x e d ,  t h e  n e x t  s t e p  was t o  

*The c o r r e c t  method t o  es t ima te  t h e  r e g i o n  7 and 8 EOC exposures 
f o r  cyc l es  5 and 6 would be t o  use EPRI-NODE-P t o  f o l l o w  t h e  c o r e  
f rnm t h e  f i r s t  c y c l e  th rough  t h e  s i x t h  c y c l e .  However, due t o  t i m e  
c o n s t r a i n t s ,  a  much more approximate method i s  used which w i l l  be 
descr ibed .  



TABLE 4 

Estimated Cycle 6, EOC.Batchwiae 
Average'.&xposures frim Commonwealth Edison 

Eatimated Average 
Region Enrichment No. Assya. Loaded Batch Exposure (CWDIT) 

. . 

Core Average Exposure , 

Cycle ' ' (GkDIT) 

17.8  

12 .0  

9.5 

10.0 

10.7 

10.6 (es t imered) 



t r a n s l a t e  t h e m , i n t o  i n d i v i d u a l  assembly average exposures. These 

average assembly exposures were then  conver ted  i n t o  a  twe l ve  node 

a x i a l  exposure d i s t r i b u t i o n  as r e q u i r e d  f o r  use i n  EPRI-NODE-P. 

An es t ima te  o f  t h e  assembly average exposure d i s t r i b u t i o n  was 

ob ta i ned  from a 3.2 w/o e q u i l i b r i u m  c y c l e  study o f  t h e  Z i on  r e a c t o r  

b y  ~ i e c k ~ ,  who used t h e  nodal  code SINULATE t o  o b t a i n  two and 

three-d imensional  power peak ing and exposure ranges o f  t h e  Z i on  

core.  From these  data,  a  norma l i zed  assembly-to-batch exposure 

d i s t r i b u t i o n  was ob ta i ned  f o r  a  t y p i c a l  Z i on  e q u i l i b r i u m  l o a d i n g  

p a t t e r n  and a p p l i e d  t o  c y c l e  6. The r e s u l t s  f o r  t h e  c y c l e  6 

average assembly EOC burnup d i s t r i b u t i o n  a r e  g i v e n  i n   able 5 .  

Burnup d i s t r i b u t i o n s  f o r  r eg ions  1 and 2 f u e l ,  which i s  s l a t e d  

f o r  r e i n s e r t i o n ,  were e s t i  rrated f r o m  .ax i a l  power measurements 

and c a l c u l a t i o n s  f o r  tw ice-burned assenbl i e s .  

The T r a n s i t i o n  Scheme 

The f o u r - c y c l e  t r a n s i t i o n  scheme ob ta i ned  as a  r e s u l t  o f  

d e t a i l e d  three-d imensional  a n a l y s i s  w i t h  EPRI-NODE-P i s  .summarized 

. i n  Table  6. I nc l uded  a r e  t h e  r e g i o n  number o f  t h e  batches, t h e  

o r i g i n a l  feed  enr ichment  o f  t h e  batches, t h e  number o f  assembl ies  

pe r  r e g i o n  and t h e  c y c l e  l e n g t h  o f  each p a t t e r n .  

As can be seen, a  t r a n s i t i o n  t o  f o u r  batches, i n  which a l l  power 

peak ing c o n s t r a i n t s  have been met, can be accompl ished i n  f o u r  c y c l e s .  

However, a1 though t h e  f i r s t  two t r a n s i t i o n  c y c l e s  a re  near  t h e  t a r g e t  

c y c l e  l e n g t h  o f  ahout  10 GWD/T t 0 .2  GWD/T o r  312 t 9 E f f e c t i v e  F u l l  

Power Days (EFPD) , c y c l e s  9 and 10 ( b o t h  10A and 10B) a r e  t o o  - s h o r t  

and t o o  l o n g  r e s p e c t i v e l y .  The l ow  c y c l e  l e n g t h  o f  c y c l e  9 i s  due 

e n t i r e l y  t o  t h e  use o f  r e i n s e r t e d  r e g i o n  2 assemblies. The l a r g e  

number and low r e a c t i v i t y  o f  these  twice-burned assembl ies compared 

w i t h  t h e  once-burned r e g i o n  1 assembl ies t e n d  t o  d r i v e  t he  r e a c t i v i t y  

o f  t h e  co re  down t o  unacceptab le  l e v e l s .  T h i s  s t ~ o r t e n s  t h e  burnup . 

o f  t h e  o t h e r  assembl i e s  the reby  f o r c i n g  t h e  i n t r o d u c t i o n  o f  a d d i t i o n a l  



TABLE 5 

Estimated Regions 7 and 8 
Assembly Expoeures 

Region 7 

Expaartre 
.# in Core (GWD/Tl 

. - 

Region 7 average = 22.457 GWD/T 

Region 8 I 

Exposure 
4 i n  Cora ( r n l D / ~ )  

Region 8 Average - 9814 GWD/T 



TABLE 6 

Transition Scenario from Three to Four Batchee 
ae a Reeult of EPRI-NODE-P Anelyeis 

Cycle 
~ength Fresh Irradiated Irradiated Irradiated Reinserted Assemblies 

, Cycle (CWDfT) Batch 1 Cycle 2 Cycles 3 Cyclee Region 1 Region 2 
6 10.6 8-60/ 3.2 7-681 3.2 6-60/ 3.2 1-5/ 2.25 

Key: Region number -- Batch eize/Initial enrichment 
BOC Exposure (CWD/T) 

* 
Aesembliee removed from this batch would be reinserted in later 
cycles. 



r e a c t i v i t y  i n t o  c y c l e  10 where no r e i n s e r t e d  assembl ies a r e  p resen t  

(observe t h a t  even a t  33,000 MWD/T t h e  r e g i o n  9 assembl ies have 

h i g h e r  r e a c t i v i t y  than  t h e  once-burned r e g i o n  1  assembl ies) .  These 

e f fec ts  d r i v e  t h e  c y c l e  l e n g t h  o f  t h e  l a s t  t r a n s i t i o n  c y c l e  (p re -  

sumably near  e q u j l i b r i u m  c y c l e )  t o  an unacceptably  h i g h  l e v e l .  T h i s  

c o u l d  be abated somewhat by i n s e r t i o n  o f  r e s i d u a l  burnab le  po ison  

rods  i n t o  t h e  once burned fue l .  i n  t h e  i n t e r i o r  o f  t h e  core, however, 

as shown i n  c y c l e  10B, t h e  c y c l e  l e n g t h .  i s  s t i l l  excess ive.  Th i s  

suggests p o s s i b l e  d ivergence o r  o s c i l l a t i o n  o f  t h e  t r a n s i t i o n  scheme. 

However, w i t h .  b e t t e r  mariagement o f  t h e  reg ions  1  and 2 assembl ies 

and the  p o s s i b l e  a d d i t i o n  o f  an e x t r a  t r a n s i t i o n  c y c l e  t h e  scheme 

i s  1  i ke l  y t o  convPrgP. S~rch r ~ f i n p m e n t . s  itre r 1 1 r r ~ n t . 1  y  h ~ i n g  z t l ~ d i ~ d .  

F o l l o w i n g  i s  a  m r e  d e t a i l e d  d e s c r i p t i o n  o f  each t r a n s i t i o n  c y c l e  

and a  d i scuss ion  o f  t h e  problems i ncu red  i n  t h e i r  development. 

F i r s t  T r a n s i t i o n  Cyc le  

The f i r s t  l o a d i n g  p a t t e r n  at tempted was based on t h e  f i r s t  c y c l e  

o f  t h e  p o i n t  r e a c t o r  model i . e . ,  56 f r e s h  assembl ies hav ing  an e n r i c h -  

ment o f  4.0 w/o U-235, accompanied by 9 r e i n s e r t e d  assemblies. A f t e r  

some s h u f f l i n g  ad justments  and t h e  i n s e r t i o n  o f  a  moderate amount 

o f  burnab le  po ison  i n t o  t h e  h i ghes t  peaking f r e s h  assembl i e s ,  a l l  

peak ing c o n s t r a i n t s  c o u l d  be met, b u t  t h e  c y c l e  l e n g t h  was t o o  l o n g  

a t  10.5 GWDIT. Lower ing t h e  feed enr ichment,  by  about 0.3 percent ,  

reduced t h e  core  r e a c t i v i t y  t o  t h e  d e s i r e d  l e v e l  b u t  a l s o  lowered 

t h e  power f r a c t i o n  on t h e  pe r i phe ry  caus ing peaking problems i n  t h e  

i n t e r i o r .  T h i s  necess i t a ted  removal o f  many BP rods which aga in  

r a i s e d  t he  co re  r e a c t i v i t y  and t h e  c y c l e  l eng th .  Rather than  c a r r y  

o u t  a  comprehensive e x p l o r a t i o n  s f  t h e  i n t e r p l a y s  o f  feed enr ichment,  

number o f  loaded assembl i e s ,  assembly l o c a t i o n ,  and burnable po ison  

l o a d i n g  t o  y i e l d  an accep tab le  combinat ion w i t h  lower  en r i cnnen t  feed, 

t h e  4.0 pe rcen t  feed enr ichment was r e t a i n e d  so t h a t  s tudy  o f  subsequent 

c y c l e s  c o u l d  be exped i ted .  Therefore,  a  r e d u c t i o n  i n  t h e  number 

o f  feed assembl ies t o  52 and i nc rease  i n  t h e  number o f  r e i n s e r t e d  

assembl ies t o  13 was found t o  y i e l d  an acceptable arrangment. 

The l o a d i n g  p a t t e r n  f o r  t h e  f i r s t  t r a n s i t i o n  c y c l e  i s  shown i n  



Figure  7 w i t h  one-ei ghth core  syrlllnetry assun~ed. i4oralal i z e d  power 

maps for  BOC, the  dep le t i on  s tep  w i t h  h ighes t  peaking, and EOC 

a re  shown i n  Figures 8  through 10. 

The o n l y  core l o c a t i o n  present ing  d i f f i c u l t i e s  f o r  t h i s  c y c l e  

was p o i n t  14D where a  f r e s h  f u e l  assembly was i n s e r t e d  on the  p e r i -  

phery. Th is  p o s i t i o n  cannot suppor t  BP rods s ince  c o n t r o l  rods 

must be i n s e r t e d  i n  t he  assembly th imbles.  Twelve poison rods 

were i n s e r t e d  i n  t he  ad jacent  assembly, 14E, t o  b r i n g  the  peaking 

down t o  acceptable l e v e l s .  I n  moving from BOL t o  xenon equ i l i b r i um,  

t h e  power was found t o  increase by about 7 percent  i n  t h e  i n t e r i o r  

and be reduced by 7 percent  on the  per iphery  o f  the  core.  This  

e f f e c t  was a n t i c i p a t e d  i n  p lann ing  t h e  core management. 

Second Transi  -. t i  on Cycl e  

I n  the  second t r a n s i t i o n  cycle, assemblies o f  h igh  r e a c t i v i t y  

a re  i n s e r t e d  i n t o  t he  i n t e r i o r  o f  t he  core  f o r  t he  f i r s t  t ime.  . 
~l thoug.h t h e  peaking i s  gene ra l l y  h igher  i n  t h e  i n t e r i o r  compared 

w i t h  the  f i r s t  t r a n s i t i o n  cyc le ,  t h e  r e i n s e r t i o n  o f  twenty-n ine 

reg ion  1  and f o u r  reg ion  2  assemblies he1 p  p rov ide  an acceptable 

p a t t e r n  as seen, i n  Figures 11 through 14. 

The feed batch s i z e  f o r  t h i s  c y c l e  i s  48 assemblies, hav ing 

an enrichment o f  3.7 w/o U-235.  The c y c l e  leng th  i s  a j u s t  

acceptable 13.3 GWD/T. The reg ion  9 assembly i n  p o s i t i o n  9G 

caused peaking problems u n t i l  i t  cou ld  be surrounded by h i g h l y  

exposed reg ion  8  and 1  f u e l .  Fresh assemblies i n  p o s i t i o n s  13C 

and 14D caused peaking concerns, bu t  were brought under t h e  l i m i t s  

by i n s e r t i o n  o f  comparat ive ly  few BP rods and t h e  placement o f  

h i g h l y  exposed f u e l  i n  t h e i r  v i c i n i t y .  

Dur ing t h i s  opera t jng  c y c l e  t he  reg ion  1  f u e l  assemblies 

achieved an.average exposure o f  rough l y  27,000 MWD/T, an inc rease 

o f  8000 PlWUI'l". The f o u r  r e g l o n  2 assen~bl ies achieved' an EOC 
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Figure 7 : ~ i r s t  tranei tion cycle (cycle 7) .  loading pattern. 
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Figure 8: First traneition cycle (cycle 7).  beginning of life 
(BOC), boron PPH - 1129. 6 
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Figure 9 : ~ i r e k  transition cycle (cycle 7) ,  location qf. maximum 
peaking, core average exposure - 7.0 CWDIT. 
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Figure 10:. Firet transit ion cycle (cycle 7).  end of cycle (EoC), 
core average exposure - 10.0 O/T. . . 
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Figure 1 1 : Second tranei tion cycle (cycle 8). loading pat tern. 
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Figure 12 : Second traneition cycle (cycle 8). beginning of cycle 
(BOC) , boron PPM = 1165. , '  
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Figure 1 3 : Second tranei t ion cycle (cycle 8). xenon equi l ibri  urn 
.power map and location of trraximurn cycle peaking, boron 
PPM = 880, core average exposure 0 .1  CWD/T. 
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Figure 1 4 : Second tranei tion cycle (cycle 8) P end 'of. c ~ c l e  (EOC) * 
core average expoeure - 10.3 CWD/T@ 



burnup of 39,000 MWD/T -- an increase of 9000 MWD/T. I t  should be 

noted t h a t  only 3 once-burned region 1 assemblies now remain in the  

spent fuel pool. 

Third Transi t ion Cycle 

The t h i rd  t r an s i t i on  cycle ,  shown i n  Figures 15 through 18, 

was host t o  a substant ia l  r e inse r t ion  of region 2 fuel (44  assemblies). 

Unlike region 1 fue l ,  which could be represented as one exposure, 

the twice-burned region 2 '  fuel varied g rea t ly  i ri individual exposures. 

Thi s somewhat compl icated the  fuel management probl em f o r  th i  s cycl e .  
I t  was necessary t o  divide the  avai lable  region 2 assemblies i n to  

several s imi la r  exposure groups and choose one assembly from each 

group f o r  re inse r t ion  i n to  a quar ter  core. In t h i s  way approximate 

eighth-core symmetry could be maintained. The batch s i z e ,  enrichment 
and burnable poison rod loadings a r e  the  same as in t r ans i t ion ,  

cycle  2. However, the  cycle length i s  shor t  by 500 MWD/T. Use of 

region 1 assemblies in  t h i s  cycle and region 2 assemblies in the 

previous cycle could help a1 l ev i a t e  t h i s  problem. 

Fourth Transi t ion Cycl e 

The fourth t r an s i t i on  cycle is  very s imi lar  t o  the past two 

cycles except t h a t  no re inser ted  assemblies were used t o  lower 

core r e ac t i v i t y .  As a consequence, the  cycle length fo r  the f i r s t  

t r i a l ,  designated as 10A, i s  very long a t  11.3 GWD/T. The cycle 

lcngth was shortcncd by the inse r t ion  o f  O depleted burnable poison 

rods ( B P  rods t h a t  have been depleted in the reactor  fo r  one cycle)  

i n t o  each region 11 (once burned) fuel as~emhly and a ~~rhr;t.snt.isl 

inse r t ion  of fresh.burnable poison rods i n to  the  fresh region 12 

assemblies. Although reduced t o  10.5 GWD/T,  a substant ia l  improve- 

ment, the cycle length i s  s t i l l  long; a l so  some re-shuffl ing was 

required t o  meet the cdns t ra in t s  on F This c l e a r l y  suggests the Q ' 
need for  be t t e r  fuel management in the  ear l  i e r  t r an s i t i on  cycles.  
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Figure 1 5 : Third traneitdon cycle (cycle 91,  loading pattern. 
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Figure 16:  Third transit ion cycle (cycle 9 ) .  beginning of cycle 
(BOC), boron PPM - 1113. 
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Figure 17: Third transition cycle (cycle 9).  xenon equilibrium 
power map and location of maximum cycle peaking, boron 
PPM = 819, core average exposure - 0.1 CWD/T. 
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Figure 18: Third t raneit i o n  cycle (cycle 9).  end of cycle (EOC), 
core average exposure = 9.5  CWD/T. 



The power peaking f o r  t h i s  c y c l e  (10B) i s  shown i n  F igures  19 

th rough  22. 

The problem w i t h  c y c l e  l e n g t h s  encountered i n  t h e  t h i r d  and 

f o u r t h  t r a n s i t i o n  c y c l e s  suggests r e d u c t i o n  o f  t h e  r e g i o n  9 feed  

enr ichment,  b e t t e r  management o f  t h e  r e i n s e r t e d  f u e l  assembl ies and 

t h e  p o s s i b l e  requi rement  o f  a d d i t i o n a l  t r a n s i t i o n  c y c l e s .  . Any o f  . . . .  .. :. 

these cons ide ra t i ons ,  i f  imp1 emented, would se rve  t o  reduce t he '  

p o t e n t i a l  s e v e r i t y  o f  t h e  power peak ing i n  t h e  r e1  oad core . .  The . . 

t r a n s i t i o n  scheme developed i n  t h i s  p r e l i m i n a r y  s t udy  c o u l d  t h e r e f o r e  . . ' - , .  

be cons idered as a  "wo rs t  case" t h a t  y e t  meets peak ing c o n s t r a i n t s .  

Thus, i t  appears power peak ing problems shou ld  n o t  be p r o h i b i t i v e  

t o  t h e  development o f  a  p r a c t i c a l  t h r e e - t o - f o u r  ba t ch  t r a n s i t i o n  

scheme f o r  Z i on  U n i t  1  . 

Moderator Temperature C o e f f i c i e n t  (MTC) 

The moderator temperature c 0 e f f i c i e n . t  was determined f o r  each 

o f  t h e  t r a n s i t i o n  cyc l es .  As shown i n  Table  7, a l l  c y c l e s  meet 

t h e  necessary c o n s t r a i n t s  o f  a  nega t i ve  MTC a t  BOL, HZP; and an MTC 

more p o s i t i v e  than  -3.9 x a t  EOC, HFP. S ince  the, va lues a r e  

w e l l  behaved, i t  appears l i k e l y  t h a t  MTC c o n s i d e r a t i o n s  shou ld  n o t  

i n t e r f e r e '  w i t h  t h e  development o f  an accep tab le  t h r e e - t o - f o u r  

ba tch  t r a n s i t i o n  scheme. 
, . 

7.0 URANIUM UTILIZATION AND ECONOMICS 

Uranium Resource and Separa t i ve  Work U t i l i z a t i o n  . .  . ,  

By comparing t h e  feed  requi rements  and n e t  energy p r o d u c t i o n  

o f  t h e  t h r e e - t o - f o u r  ba tch  t r a n s i t i o n  c y c l e s  w i t h  those  f o r  a  

r e fe rence  t h ree -ba t ch  e q u i l i b r i u m  c y c l e  case, an es t ima te  o f  t h e  

d i f f e r e n c e s  i n  uranium and sepa ra t i ve  work u t i l i z a t i o n  can be 

made. U t i l i z a t i o n  i s  def ined here  as n e t  energy p r o d u c t i o n  ( e i t h e r  

f o r  a  c y c l e  o r  a  group o f  c y c l e s )  d i v i d e d  by e i t h e r  the  U 0  feed  . .  
.3 8 
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Figure 1 9 : Fourth trans i t  ion cycle (cycle 10~). loading.' 
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Figure 20: Fourth transition cycle (cycle lOB), beginniA& of c y c l e  
and location of maximum cycle peaking, boron PPM = 1127. 
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. Figure 21 : Fourth tranmition cycle (cycle l O B ) ,  xenon equilibrium, 
boron PPH - 834, core average expbeure - 0.1 CWO/T. 
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Figure 22:  Fourth transition cycle (cycle 10~). end of cycle (EoC), 
core average exposure - 10.6 GWDfT. 



TABLE 7 

Cycle 

7 

8 

9 

.10A 

10B 

AP 
BOC, HZP (5) 

AP EOC, HFP (q) 

- 6.1 x - 2.3 
- 7.3 - 2.4 x lo-& 

- 1.0 it 10-4 - 2.5 * 
- 5.8 v low5 - 2.4 x 

-5 
9 2 ; 4  x 10.- -4 - 2.6 x lo- 



requirements,  i . e . ,  GWD/lb U308, f o r  t h e  resource  u t i l i z a t i o n ,  o r  

d i v i d e d  by t h e  feed  sepa ra t i ve  work requi rements ,  i . e . ,  GWDIkg- 

SWU, f o r  t h e  s e p a r a t i v e  work u t i l i z a t i o n .  

As re fe rence ,  a  th ree-ba tch  e q u l l  i b r i u m  .cycl:e:mas s e l e c t e d  

w i t h  a  64 assembly, 3.20 w/o f eed  enr ichment.  The f o u r  r e fe rence  

case c y c l e s  a r e  shown a t  t h e  t o p  o f  Table  8. ' A n  average c y c l e  

l e n g t h  o f  10.6 GWD/T was chosen which i s  c l o s e  t o  p resen t  Z i on  

c y c l e  l eng ths .  Standard c a l c u l a t i o n  approaches were used, except  t h a t  no 

uranium o r  separated work requi rements  were charged t o  t h e  r e i n s e r t e d  

assembl i es. 

The r e s u l t s  f o r  t h i s  r e l a t i v e  uranium and s e p a r a t i v e  work 

u t i l i z a t i o n  s t udy  on b o t h  a cyc l e -by - cyc l e  and an o v e r a l l  t r a n s i t i o n  

bas is ,  a r e  shown i n  Tables 8 and 9 .  An i nc rease  i n  uranium 

u t i l i z a t i o n  i s  observed f o r  a l l  b u t  t h e  f i r s t  t r a n s i t i o n  c y c l e ,  

c y c l e  7. The decrease found i n  c y c l e  7 i s  due t o  t h e  h i g h  en r i ch -  

ment used and t h e  r e l a t i v e l y  l a r g e  feed ba t ch  s i z e  (52 assembl ies)  . 
The s i g n i f i c a n t  i nc rease  i n  uranium u t i l i z a t i o n  found i n  t h e  o t h e r  

. . .  t r a n s i t i o n  cyc l es ,  however, proves t h a t  d e s p i t e  t h e  n e c e s s i t y  o f  

h i g h e r  feed enr ichments,  extended assembly burnup and l owe r  feed 

ba tch  s i z e  requi rements  can l e a d  t o  s u b s t a n t i a l  (5-10 pe rcen t )  

uranium resource  sav ings i n  a  r e a l i s t i c  r e a c t o r  o p e r a t i n g  s i t u a t i o n .  

Due t o  t h e  t l i y t ~  er~r - i ch~ l len t  need o f  c y c l e  7 and t h c  s h o r t  

l e n g t h  o f  c y c l e  9, t h e  s e p a r a t i v e  work requ i rements  f o r  t h e  

t r a n s i t i o n  scheme a r e  inc reased  as a  whole. As can be seen from 

Table  9 ,  t h e  s e p a r a t i v e  work sav ings i n  t r a n s i t i o n  c y c l e s  8  and 

10A o r  10B cannot  q u i t e  make up f o r  t h e  s i g n i f i c a n t  decrease found 

i n  c y c l e s  7 and 9.  The o v e r a l  e f f e c t  i s  a  one t o  two pe rcen t  

decrease i n  s e p a r a t i v e  work u t i l i z a t i o n .  

As can be seen f rom Tab le  10, a r e d u c t i o n  i n  feed  enr ichment  

o f  o n l y  0.1 w/o produces an i nc rease  o f  2  t o  3 pe rcen t  i n  uranium 

resource  u t i l i z a t i o n ,  and a 4 t o  6 percen t  i nc rease  i n  s e p a r a t i v e  

work u t i l i z a t i o n  p rov i ded  a l l  o t h e r  parameters a r e  t h e  same. T h i s  





TABLE 9 

Separative Work Utilization Reeulta 

Cycle by Cycle Basie: 

cycle SWU* tet cycle** SWU Comparison 
Cycle Requirement Energy (cwD/kg-SW) . to 

(kg) (m) Utilization Reference 
- - 

Ref. 182.8 934.1 5.11 1.00 

Overall Baeie: 

Scenario SWU* Net Scenario SWU cornpar ison 
Case Requiremente Energy (GwD/kg-SWU) to ,. 

(kg) (GWD Utilization Reference 

Ref. Scheme 731.2 - 3736..4 . - 5.11 1.00 
TranulLluii 
with ~ O A  7i3.r) 3621.6 5.08 1.01 

Transition 
with 10B 713.0 3560.0 4.99 1.02 

* 
~ncludee a 1.5% lose faction 

* * 
A total cqce tonnage of 88.12 was assumed . ,. 



TABLE 10 

Uranium Reeource and Separative Work 
Utilization ~eeulte fqr a 0.1 w/o ~eduction in 

Traneitfon Cycle Feed Enrichment 

Cycle by Cycle Baeis: 

Reeource Comgarieon SWU Cmpar iron 
Cycle Utillsqtion 'r lr UtiPieatiow c o 

( O / S T  - U30g) Reference (CVDlkg-SW) Reference 

Ref. 4 -  13 -.-...#- "*.,,".- 1, QO 3.11 '.. 1.00 
\ 

7 3.89 1.06 4 . 4 6  1.15 

Overall Basis: 

Resource Comparison SWU Comparison 
Case IItilization to Utilization t o  

( ~ M / s T - . ' J ~ O ~ )  Reference (GWDlkg-SWU) Reference 
- 1. "W... 

Reference 
Scheme 4.17 1.00 5.11 1.00 

Transition 
with 1OA 4.51 0.92 5.27 0.97 

. , Trane.it.ion j . ,  

with 'SOB 4.43 0 .9.3 5.19 0.98 



suggests t h a t  i f  t h e  co re  r e a c t i v i t y  can be kep t  cons tan t  w i t h  an 

enr ichment r educ t i on ,  g r e a t e r  resource  and economic ga ins  can be 

r e a l i z e d .  Exper ience w i t h  t h e  EPRI-NODE-P s i m u l a t i o n  o f  t h e  

t r a n s i t i o n  c y c l e s  has shown t h a t  t h i s  shou ld  be p o s s i b l e  by  r e -  

moving burnab le  po i son  rods  from t h e  r e a c t o r  whi ' le  decreas ing t h e  
. . 

enr ichment.  ~01low' -on e f f o r t s  i n  t h i s  area a r e  i n  p rogress .  

Fuel Cyc le  Cost E s t i m a t i o n  

Fuel c y c l e  c o s t s  f o r  t h e  t r a n s i t i o n  c y c l e  were compared w i t h  

those f o r  a  r e f e r e n c e  th ree-ba tch  f u e l  scheme w i t h  a  d ischarge  

burnup o f  31.8 GWD/T. For t h e  t r a n s i t i o n  cyc l es ,  t h e  d ischarge  

burnup o f  each feed  ba tch  was assumed t o  be f o u r  t imes i t s  f i r s t  

r e s i d e n t  c y c l e  l e n g t h .  Fuel  c y c l e  c o s t  da ta  were taken  f rom 

Reference 5 and a r e  l i s t e d  i n  Tab le  11. No e s c a l a t i o n  was a p p l i e d .  

C a l c u l a t i o n s  were performed f o r  each o f  two d i f f e r e n t  backend 

scenar ios .  The f i r s t  assumes t h e  spent  f u e l  w i l l  be sh ipped t o  

Federal  AFR (away from r e a c t o r )  s t o rage  s i t e s  and permanent ly  

d isposed t he re .  The o t h e r  assumes t h a t  t h e  spent  f u e l  w i l l  remain 

i n  t h e  r e a c t o r  pool  f o r  a t  l e a s t  f i v e  years  and . t hen  sh ipped t o  

f i n a l  d i sposa l  (as y e t  undetermined).  Re inse r t ed  assembl i e s  

i n c u r r e d  o n l y  d i sposa l  cos t s .  

The l e v e l i z e d  cash f l o w  and percentage c o s t  breakdown r e s u l t s  

a r e  shown i n  Tables 12 th rough  14. Fuel  c y c l e  c o s t s  f o r  t h e  t r a n -  

s i t i o n  cyc l es  a r e  lower  by about  6 ' pe rcen t  than  t h o s e  f o r  t h e  

r e fe rence  e q u i l i b r i u m ,  th ree-ba tch  scheme. I t  must be emphasized 

t h a t  because o f  u n c e r t a i n t i e s  i n  t h e  v a r i o u s  c o s t  assumptions, 

these r e s u l t s  a r e  o n l y  in tended  t o  p r o v i d e  r e l a t i v e  val.ues. Other  

assumptions as may be appropriate f o r  a - g i v e n  u t i l i t y  a r e  l i k e l y  

t o  a f f e c t  t h e  comparison somewhat. 

The c a l c u l a t i o n s  were performed u s i n g  PINCAS, a  m o d i f i c a t i o n  

o t  t h e  f u e l  c y c l e  code CINCAS. 6 



TABLE 11 

Assumed Cost Data .(in 1979 Dol.lars) 
(Taken . . from . ~ e ' f  erence 27.) " 

. Annual Present Wo,rth . Rate . 
. ,  . 

Direct Cost Data: 

Uranium Ore $/lb U308 

Uranium Conversion $/lb-U " 2.70 

,Separative Work .$ /.kg-SW 98.00 . , 

Pabricacian $ /kg-U 120.00 

Shipping, Storage and 
Final ~ i s ~ o s a l  of Spent Fuel $/kg with AFR 368.00 

w/o AFR 158.00 

Losses 

U 0 Conversion to UP6 3 8 
~abricat ion 

Taile - 
Lead Time 

Uranium Ore and Conversion 

Enrichment 

Fabrication 

Igg Time 

With AFR 

Without A q  

10 Months 

6 Months 

3 Months 

5 b n t b o  

65 Months 



. TABLE 12 

Levelized Cash Flow -- Overall 
Traneition Scheme Comparieon 

WithAFR . Without AFR 

Caee ~ills/kwh(e) Percent ~ille/kwh(e) Percent 
Decrease Decreaee 

Over Reference8 r 0vii'r Reference 
Case Case 

Reference 6.65 

Transition 
with 10A 6.15 

Transition 
with 10B 6.25 

With AFR 

Case - 
Reference 

TABLE 13 

Levelized Caeh Flow Per Cycle 

Mille/kwh(e) per cycle 

Transit ion with 10A 6.66 5 .99  6 . 4 9  5 .46 

Transition with 108 6.66 5 . 9 9  6 .49  3.82 

Without AFR 
M i l l s / k w ~  per c& 

Case - 7 8 9 10 

Reference 6.02 6.02 6.02 6.02 

Transition with 10A 6.25 5.60 5.67 4.77 

Transition with 10B 6.25 5.60 5.67 5.08 



Cost percentage Breakdown -- Overall1 Coepariron 
" . *  . Y 

Equilibrium 3-Batch Scheme - - - 3  . . . ' I  , ..i 

Ore + Conversion 
Case + ~nrich&erit Fabrication Backend 

With AFR " 75% ; J : a . ' 17% 

Without 

Transit1o.n Scheme (The same for both .the l j l A  ~ n d  tQB C8sr) . ,.*. , . . .. 'I ;;,i :@ . '.* . ",.. .. , i.,. 1 a;.:% . .  .- ??,;; > 8 , : .  ,. ..,. . . , . .  , . 

,:Ore + Converr'ion 
Case ' + ~nrichmen6' Fabrication Backend 

.Y ' . . . ,: . - .  . . * . . . ~. 
With A?R ... , 79% . . ' ' 7 ? .. '19% . .  . 

Without . -. . APR + , r , - .  ,04% 7% . . 9% 



8.0 CONTINUTING TASKS 

Work i s  c o n t i n u i n g  i n  meet ing program o b j e c t i v e s  through 

severa l  immediate t ask  e f f o r t s .  

Cal c u l  a t i o n a l  methods a re .  be ing  improved so t h a t  f o l  1  ow-on 

s tud ies  w i l l  be r e l i a b l e .  Emphasis i s  be ing  g i ven  t o  LBP 

model i ng . 

The p r e l i m i n a r y  PWR t r a n s i t i o n  cyc les  descr ibed  i n  t h i s  r e p o r t  

a r e  be ing  r e f i n e d  w i t h  t h e  i d e n t i f i c a t i o n  o f  a  minimum feed en- 

r ichment  as one ' o b j e c t i v e .  Assoc ia ted w i t h  t h i s  e f f o r t  i s  a  s tudy  

o f  extended burnup e q u i l i b r i u m  cyc les .  

Low-leakage PWR cyc les  and t h e  t r a n s i t i o n  t o  them a r e  be ing  

s tud ied .  
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