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A FUEZ CYCLE ECONo1\/IIC .&N&YSIS OF OXIDE FUELED POFIER &ID 

PROCESS HEAT PWR's FOR SWWATER DESALINATION 

E. P. Rahe, dr. 
J. E. Jones,  Jr. T. '6. Robin 

ABSTRACT 

Economic s t u d i e s  were condv-cted t o  determine minimum 
equ-i l ibr i inm f u e l  cyc le  c o s t s  f o r  two oxide fue l ed  PWR con- 
cep t s .  Each r e a c t o r  i s  t o  be  used t o  genera te  steam f o r  a 
s ingle-purpose d e s a l i n a t i o n  p l m t .  The two r e a c t o r  c o r r e p t s  
s t u d i e d  were a commercial "product. l i n e "  power r e a c t o r  and a 
lower temperature  process  h e a t  reac tor . .  
based on economic ground x l e s  be l i eved  t o  be r e p r e s e n t a t i v e  
f o r  r e a c t o r s  going "on-l ine"  i n  t h e  1980%. 

Fuel cyc le  cos t s  were 

The s tudy  i n d i c a t e d  tha,%? f o r  a p x b l i c l y  owned r e a c t o r  
u t i l i z i n g  a p r i v a t e l y  owned 75,000 Mwth capac i ty  f a b r i c a t i o n  
p l a n t ,  eqdi l ibr ium f u e l  cyc le  c o s t s  of 0.348 mi l l s /kwhr ( t )  and 
0.324 mil l s /kwhr ( t )  could be expected from commercial power and 
process  h e a t  r e a c t o r s ,  respec t ive ly .  These c o s t s  are based on 
a n  ore cos t  of @ . O O / l b  U,@, a s e p a r a t i v e  work charge of $26/kg 
U and a t a i l s  of 0 .20 w/o 236U. For a p r i v a t e l y  owned r e a c t o r  
u s ing  t h e  same fab r i ca t ion - rep rocess ing  complex, corresponding 
fue l  cyc le  c o s t s  are .385 and "367 mi i l s /kwhr ( t )*  If t h e  re- 
a c t o r  i s  p u b l i c l y  owned and t h e  complex i s  p u b l i c l y  owned with 
a 15,000 Nwth indizstry capac i ty ,  eqv,il.ibriwn f u e l  cycle c o s t s  
a r e  0.402 and 0.381 mi l l s /kwhr ( t ) ,  r e s p e c t i v e l y .  

INTRODUCTION AXD SUMMABY 

Economic s t u d i e s  were conducted t o  determine. minirmm eiqa.ilibri.:xn 

f u e l  cyc le  c o s t s  for two oxide fue l ed  PWR concepts .  

concepfx s t i tdied were a commercial " p m d w t .  l ice" power r e a c t o r  and a 

lower temperature  process  h e a t  r e a c t o r .  

genera te  steam f o r  a singl.e-purpose desalinatAon p l a n t .  

costs  genera ted  i n  t h i s  stndy f o r  t h e  commercial power react,or are ~tro 

be used.  i n  an  o v e r a l l  e c o n m i c  eva lua t ion  of cusren.t, PWR concepts.  

e v a l m t i o n  will. became a re fe rence  for comparison w i t h  a.dva,nced r e a c t o r  

concepts .  

Tk 2.wo reactgoy 

Each r e a c t o r  i s  t o  be used t o  

The fuel .  cyc1.e 

This 

The l o w m  tempera tme  process %ea+; r e a c t o r  w a s  i.nves-tf.gat?d 
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'LO determine t h e  e x t e n t  of f u e l  cyc le  c o s t  savings t h a t  can be  r e a l i z e d  

by t ak ing  advantage of t h e  decreased temperature  and Doppler r e a c t i v i t y  

e f f e c t s  i nhe ren t  i n  t h e  concept.  The r e a c t o r s  were s i z e d  t o  genera te  

prime steam f o r  a water p l a n t  capable  of producing approximately 550 MGD 

of f r e s h  w a t e r .  The f r e s h  w a t e r  product ion w a s  i d e n t i c a l  f o r  each concept, 

a l though t h e  r e a c t o r  r a t i n g  in thermal  megawatts i s  h ighe r  f o r  -"he process  

h e a t  reac. tor .  

be r e p r e s e n t a t i v e  of r e a c t o r s  going on- l ine  i n  t h e  1980 ' s .  

Hie l  cyc le  c o s t s  were based on grou-nd r u l e s  be l i eved  t o  

The Westinghouse Diablo Canyon f u e l  element design w a s  chosen as 

t h e  re ference  conf igu ra t ion  f o r  both r e a c t o r s  (. 

Lo-fuel r a t i o  and enrichment f o r  t h e  power r e a c t o r  concept i n d i c a t e d  

. t ha t  t h e  minimum f u e l  cyc le  c o s t  w a s  achieved f o r  a d-esign i d e n t i c a l  t o  

Westinghouse's proposed Diablo Canyon r e a c t o r .  The r e a c t o r  develops 

3250 Mwth a t  a system p res su re  of 2250 p s i a  and an  average coolan t  

temperature  of 5'75°F. 

wi th  a, c l a d  th i ckness  of 0.0243-in.  and are se t  on a square p i t c h  of 

0.563-in. 

33,100 Mwd/Toni?e burnup. 

f inanced  h igh  capac i ty  (75,, 000 Mwth) f a b r i c a t i o n  p l a n t  and a 10 Tonnes/day 

mult ipurpose reprocess ing  p l an t ,  t h e  power r e a c t o r  has  f u e l  cyc le  c o s t s  

of 0.360 and 0.348 mi l l s /kwhr ( t )  (10.55 and 1 0 . 2 0  $/106BTLJ) f o r  t h e  old 

and r e c e n t l y  r ev i sed  AEC sepa ra t ive  work charges,  r e spec t ive ly .  

Var ia t ion  of -:ne water- 

Fuel rods c o n s i s t  of 0.3669-in.  diameter p e l l e t s  ,, 

The equi l ibr ium feed  enrichment of 3.3 w/o 235U produces 

For a p u b l i c l y  f inanced  r e a c t o r  and p r i v a t e l y  

A s i m i l a r  parametr ic  a n a l y s i s  w a s  conducted f o r  t h e  process  h e a t  

r e a c t o r  concept.  

t e m  p re s su re  of 500 p s i a  and a n  average coolan t  temperature  of 355°F. 

Fuel rods c o n s i s t  of c .48-in.  diameter  p e l l e t s ,  with a 0.024-in.  c l a d  

th i ckness  and a r e  se t  on a square p i t c h  of 0.632-in.  The equi l ibr ium 

feed  enr ichnent  of 2.8 w/o 235U prodixes  28,900 Mwd/Tonne burnup. 

a pubLicly owrzed r e a c t o r  and. priva.t;ely owned f a b r i c a t i o n  and process ing  

p l an t s ,  t h e  p rccess  h e a t  r e a c t o r  has  f u e l  cyc le  c o s t s  of 0.335 and 0.324 

mi l l s /kwhr( t )  (9.82 and 9.50 #/L@BTU) f o r  t h e  o1d an.d recent1.y r ev i sed  

s e p a r a t i v e  work charges,  r e s p e c t i v e l y  . 

The process  h e a t  r e a c t o r  develops 4307 Mwth a t  a sys-  

For 

Two Gther  ecsnomic condi t ions  w%re i n v e s t i g a t z d .  m e s e  were : 

(1) A pl ' ivetely f inanced  r e a z t o r  wit,?? p r i v a t e l y  f inanced  fabri-  

c a t i o i  and reprocess ing  p l a n t s .  For both concepts,  f u e l  cyc le  c o s t s  
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w e r e  about 12% h ighe r  than  f o r  t h e  p d b l i c l y  owned r e a c t o r  p l a n t  u s ing  

t h e  same f a b r i c a t i o n  and reprocess ing  p l a n t s .  

( 2 )  A pu.blicly f inanced  r e a c t o r  with p u b l i c l y  financed, low 

capac i ty  (l5,OOO Mwth) €ab r i ca t ion  and reprocess ing  p l a n t s .  

c o s t s  w e r e  18$ h ighe r  than  those  f o r  t h e  p u b l i c l y  f inanced  r e a c t o r  

u s ing  t h e  h igh  capac i ty  p r i v a t e l y  f inanced  process ing  p l a n t s .  

Fue l  cyc le  c o s t s  were calculated-  f o r  all. economic condi t ions  us ing  

Fuel cyc le  

both  o l d  and r e c e n t l y  r ev i sed  AEC s e p a r a t i v e  work charges.  

ECONQMIC GROUND RULES 

The f u e l  cyc le  c o s t  minimizat ion f o r  bo th  power and p m c e s s  h e a t  

r e a c t o r  concepts  w a s  based on g r o m d  r u l e s  which are be l i eved  t o  be 

r e p r e s e n t a t i v e  of economic condi t ions  i n  t h e  1980’s. 

sets of economic conditTons were i n v e s t i g a t e d  for each concept.  These 

cond i t ions  a r e  : 

Three d i f f e r e n t  

Condi t ion I 

A p u b l i c l y  f inanced  r e a c t o r  p l a n t  u t i l i z i n g  an  o f f - s i t e ,  p r i v a t e l y  

f inanced  fabricatior-reprocessing p l a n t  complex. 

reprocess ing  p l a n t s  are a t  t h e  same s i t e  and are c e n t r d l y  l o c a t e d .  

The f a b r i c a t i o n  p l a n t  i s  capable  of suppor t ing  a 75,000 P4wth i n d u s t r y  

of t h e  same r e a c t o r  type  as s tud ied .  

The f a b r i c a t i o n  and 

The reprocess ing  p l a n t  i s  mul t i -  

purpose and r a t e d  a t  10 tonnes/day of heavy metal. 

Condi t ion I1 

A p r i v a t e l y  f inanced  r e a c t o r  plan% u t i l i z i n g  t h e  same f a b r i c a t i o n  

and r ep rocess ing  p l a n t  complex used i n  Condition I. 

Condition 111 

A p u b l i c l y  f inanced  r e a c t o r  p l a n t  u t i l i z i n g  an  on - s i t e  p u b l i c l y  

f inanced  f ab r i ca t ion - rep rocess ing  p l a n t  complex. Z”ne f a b r i c a t i o n  and 

reprocess ing  plants are bot21 located at, the reactor site. The fabri- 

c a t i o n  p l a n t  i s  capable  of suppor t ing  a 15,000 M~hh i n d u s t r y  of t h e  

same r e a c t o r  type a,s s tud ied .  

tonneslday of heavy metal. 

reprocess ing  p l a n t  i s  rated at 0.6 
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T'he publ. icly owned r e a c t o r  i s  cha rac t e r i zed  by a 7% f i x e d  charge 

rake  on deprec i a t ing  c a p i t a l  and a 576 f i x e d  charged rate on non-deprec- 

i ab ing  c a p i t a l  investment.  The present-worth d iscount  f a c t o r  i s  4%. 
A p r i v a t e l y  owned r e a c t o r  i s  assumed t o  have a 1 2 %  fixed charge rate 

on dep rec i a t ing  c a p i t a l ,  a 10% f i x e d  charge ra te  on non-depreciat ing 

c a p i t a l  investment, and a 6% present-worth d iscount  f a c t o r .  Pub l i c ly  

owned c e n t r a l  p rocess ing  and f a b r i c a t i o n  p l a n t s  are cha rac t e r i zed  by 

a 7.7% f i x e d  charge rate on c a p i t a l  investment while  p r i v a t e l y  owned 

p l a n t s  are assumed t o  have a 22% fixed-charge rate. 

A r e a c t o r  p l a n t  f a c t o r  of 0.90 w a s  assumed f o r  a l l  cond i t ions .  

The f u e l  cyc le  c o s t  minimizat ion f o r  both r e a c t o r  concepts w a s  based 

only on Condj-tion I. The f u e l  cyc le  c o s t s  f o r  t h e  o t h e r  two condi t ions  

were c a l c u l a t e d  f o r  t h e  minimized l a t t i c e s  which were s e l e c t e d  us ing  

Condition I. 

The r e a c t o r s  a r e  assumed t o  begin opera t ion  i n  t h e  pe r iod  1980 

t o  1985 us ing  u n i r r a d i a t e d  f u e l .  

brium cycle  basis as i f  t h e  1985 condi t ions  p reva i l ed  throughout t h e  

p l a n t  l i fe t ime.  Plutonium i s  assumed t o  be r e s o l d  without  r ecyc le .  

The f u e l  cyc le  c o s t  i s  reso lved  i n t o  t h e  fo l lowing  components: 

All c o s t s  are computed on an  e q u i l i -  

1. Makem Uranium i s  t h e  c o s t  of t h e  f eed  f u e l  a t  t h e  f eed  enr ich-  

ment. 

a n  assumed s e p a r a t i v e  work charge of $3O/kg U, and an  optimum t a i l s  

concent ra t ion  of 0.2594 w/o  236U. Fuel  cyc le  c o s t s  were a l s o  ca lcu-  

l a t e d  with the r e c e n t l y  r e v i s e d  sepa ra t ive  work charge f o r  t h e  re ference  

designs minimized us ing  t h e  old p r i c e  schedule .  The r e v i s e d  schedule  

a s sumes  a s e p a r a t i v e  work charge o f  $26/kg U, and a t a i l s  concentrat i .on 

of .20 W / O  235.Li . 

!%e c o s t  i s  c a l c u l a t e d  us ing  an  assumed ore  c o s t  of $8.00/lb U,%, 

' B e  c o s t  of conver t ing  U,@ t o  UFG i s  assumed t o  be 

$1.35/kg u- 
2 .  Uranium Credi t  i s  t h e  c r e d i t  f o r  t h e  uranium discharged from 

t b e  r e a c t o r  a t  t h e  end of the f u e l  res idence .  The c o s t  v a s  c a l c u l a t e d  

0x1 the  same b a s i s  desc-ribed above wikh no pena l ty  f o r  236U content .  

3. Plzt,ociwn Credit is th:? c r e d i t  for f i s s i l e  pliltoniwn dis- 

charged at t h e  end of t h e  rue.', res idence .  F i s s i l e  pl.irtoniun i s  valued 

a t  -5/6 of tke val.ue of 90% ei?ri.ched xx-a!?.ium, i . e . ,  $ 9 . 7 6 / ~  PV.. The 

,plu.i;onim. vakie  under the new AEC s e p a r a t i v e  work charge and t a i l s  



enrichment i s  $9.08/gi Pu. 

c a l l e d  t h e  ' 'net f i s s i le  burnup cost" f o r  t h e  cyc le .  

The sum of  t h e  f i rs t  t h r e e  components i s  

4. P r o c e s s i n g i s  t h e  c o s t  o€ reprocess ing  spent  f u e l .  Uranium 

i s  discharged from t h e  reprocess ing  p l a n t  i n  t h e  form of UFG and tine 

assumed c o s t  of conver t ing  uranyl  n i t r a t e  t o  t h e  f l u o r i d e  i s  $l.35/kg. 

Losses are assumed t o  be 0.25% p e r  pass .  

n i t r a t e  form. 

considered n e g l i g i b l e .  

Plutonium i s  s o l d  i n  t h e  

I n t e r e s t  on working capi ta l .  i nves t ed  i n  process ing  i s  

5 .  Fabr i ca t ion  i s  t h e  c o s t  of f a b r i c a t i n g  f eed  f u e l .  The c o s t  

of conver t ing  UF6 t o  UO, povder i s  inc luded  i n  t h e  f a b r i c a t i o n  c o s t .  

Uni t  f a b r i c a t i o n  c o s t s  are c a l c u l a t e d  us ing  t h e  FABCOST' computer code. 

The p r i c e  of f a b r i c a t e d  f u e l  i s  assumed t o  remain cons tan t  throughout 

t h e  p l a n t  l i f e .  Uranium l o s s e s  are assumed t o  be 0.2% p e r  p a s s .  

6. I n t e r e s t  on Fabr i ca t ion  i s  charged on c a p i t a l  i nves t ed  i n  

t h e  f a b r i c a t i o n  of t h e  f u e l  e lements .  The i n t e r e s t  i s  c a l c u l a t e d  i n  

t h e  same manner as t h e  inventory  charge on f u e l .  

assumed t o  d e p r e c i a t e  l i n e a r l y  wi th  t i m e  over t h e  pe r iod  o€ i r r a d i a t i o n .  

7., 8., 9. 9 are 

The f u e l  elements are 

i n t e r e s t  charges on c a p i t a l  i nves t ed  i n  t h e  f i s s i l e  materials r equ i r ed  

i n  t h e  f a b r i c a t i o n ,  i r r a d i a t i o n ,  and process ing  ~f t h e  f u e l .  Ownership 

of f i s s i l e  and f e r t i l e  materials dur ing  f a b r i c a t i o n  and process ing  as 

w e l l  as when on- s i t e  a t  t h e  r eac to r ,  i s  considered t o  be ves t ed  i n  t h e  

r e a c t o r  p l a n t .  For core  inventory  charges,  changes from i n i t i a l  t o  

f i n a l  va lues  are assumed t o  occur l i n e a r l y  wi th  time dur ing  i r r a d i a t i o n .  

Charges are c a l c u l a t e d  on a simple i n t e r e s t  b a s i s  and assumed holdup 

t i m e s  are presented  i n  Table 1. 

10. Shipping i s  t h e  c o s t  of sh ipping  both f r e s h  and spen t  f n e l  t o  

and from t h e  r e a c t o r  p l a n t .  

sh ipping  i s  considered n e g l i g i b l e .  The u n i t  shipping c o s t s  are as- 

sumed t o  be t h e  sane rega rd le s s  of %he f r e s h  f u e l  enrichment o r  ir- 

r a d i a t i o n  of t h e  spent  f u e l .  

I n t e r e s t  on working c a p i t a l  i nves t ed  i n  

A condensed list of per t inent ,  economic g r o i d  ro les  i s  presznted  

i n  Table 1. 



rn d d e  1. A Condensation of t h e  "1985 Desal inat ion Gromd Rules" 
for Three Economic Conditions 

Condition I Condition I1 Condition I11 

Riel Mater ia l s  

Cost o f  Natural  U,08 , $/lb, 8 .OO 
lJ.3% 

$/kg u 
Cost of Separa t ive  Work, 30.00, 26.00 

Value of F i s s i l e  Plutonium 9.76, 9.08 

Cost of Conversion, U& .--* 1.35 

Cost of Reconversion, UN€I + 1.35 

T a i l s  Concentration, w/o  236U 0.2594, 0.20 

Reactor P l a n t  

l ieactor P l a n t  Capacity Factor,gO 

P r e i r r a d i a t i o n  Holdup Time, 108 

P o s t i r r a d i a t i o n  Holdup Time, 168 

Fixed Charge Rate on Deprecia-7 

$/gm f i s s i l e  PU 

U F ~ ,  $/kg U 

UF6, $kg u 

k 
days 

days 

t i n g  Capi ta l ,  $/yr 

Depreciating Capi ta l ,  $/ y r  
Fixed Charge Rate on Non- 5 

Average Cost  of Money, $/yr 4 

Fuel Fabr ica t ion  P lan t  

Indi is t ry  Served by Plan t ,  75,000 

C o s t  of fie1 Preparat ion,  3.94 
MWth  

UF6 + U02, $/k.gU 
Fresh Riel Shipping Charge, 0.50 

Fixed Charge R a t x  on Cap i t a l  22 

cranium Losses per Bass, w/o  0 . 2  

$/kg T; 

l n v  e s tme n t  , $1 yr 

U 
Opera,-king Days per Year 260 

8.00 

30.00, 26.00 

9.76, 9.08 

1.35 

1.35 

0.2594, 0.20 

90 

108 

168 

12 

10 

6 

'(5,000 

3.94 

0.50 

22 

0.2 

260 

8.00 

30.00, 26.00 

9.76, 9 -08  

1.35 

1-35  

0.2594, 0 .20 

90 

100 

16 0 

7 

5 

4 

15 , 000 
LO. 00 

7 *7 

0.2 

260 
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Table 1 (cont inued)  

Condition 1 Condit ion I1 Condition I11 

Reprocessing P l a n t  

Day, Tonnes/day 
P l a n t  Capacity per  Operating 10 10 0.6 

Operat ing Days p e r  Year 260 260 26 0 
Unil; Reprocessing Cost 10.20 10 .20  34.50 

Uranium Losses p e r  Pass, 0.25 0.25 0.25 

Spent Fuel  Shipping Charge, 3.37 3 937 

( inc lud ing  reconvers ion) ,  
$/kg heavy meta l  

~ r /  o heavy me t a l  

$/kg heavy metal 
I- 
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DESIGW BASIS 

Bclth t?:e power aiid prccess  h e a t  r e a c t o r  concepts were based oil t a e  
a cx?rent "piwdL:.;:t l i n e "  I, 900 Mwe Westinghouse PWB core  conf igura t ion .  

rn'q ,~..e core i.s roughly c y l i r d r i c a l  i c  shape and c o n s i s t s  of i d e n t i c a l  f u e l  

asseniblies c o n t r o l l e d  5 y  rod ::luster c o n t r o l  (RCC) assem'ulies . 
a,il.dition, a soiub1.e nec t ron  poison  (bo r i c  a c i d )  i s  employed f o r  long  

t e r n  r e a c t i v i t y  c o n t r o l .  

c ing  and t o  cor , t rol  shutdown and r e a c t i v i t y  changes a s s o c i a t e d  with 

ope ra t ing  Lrsvlsl e n t s  - The chemical shim i s  ixed f o r  c o n t r o l  of ho t - to -  

co ld  shdxicwn, bui ldcp  o f  xenon ar,d samarium, and r e a c t i v i t y  changes 

a s s o c i a t e d  with tAe dep:letion of f i s s i l e  m a t e r i a l  and 'uuildup of 

fission product  poisons.  

In 

The RCC assemblies  are used f o r  power balan-  

A t y p i c a l  f i i d  assembly c ros s  s e c t i o n  i s  shown i n  Fig. 1 ard 

Fig.  2 i s  an  I sometr ic  view of the assembly. The f u e l  assembly con- 

sis-iis 9f a 1 5  by 15 a r r a y  wi th  204 f u e l  rods,  20 RCC guide thimbles,  

and a c??.t?alljr loca,ted instrLunent tube.  The rods  are l o c a t e d  on  a 

sy~zi-re p l t c h .  

pel..kts, clad with cold-worked Zircaloy-li. t ub ing .  The RCC guide 

.thlrnXes and the  i n s t r m e n t  t;lbe are of stainless s t e e l .  The f u e l  

assemb.1-y i s  can le s s  and s",r:.ict,w-al r i g i - d i t y  i s  achieved by welding t h e  

gu5-d.e .Lhinhks Lo h e  t u p  and bottom nozzles,  and t o  n ine  a x i a l l y  spaced 

Incoce l  egg c r a t e  g r i d s .  A t  the  grled locakions,  each f u e l  rod  i s  sup- 

por.t,ed i~ ti$.;, perpendicdm? d.rirections by f o-rmed s p r i n g  c l i p s .  

A fuel.  rod cor?sists of s l i g h t l y  enr iched  s i n t e r e d  IJ02 

Y9.e LICC assenhlies a r e  i n s e r L e d  i n t o  t h e  fuel assembly guide 

"uimbles. 13 f;ie:. assemblies  where RCC assemblies  w i l l  not he  used, 

fl.0.w i;k!:o!?&: CYPx ix:xed thimbles  i s  rest.Yi :ted by a plug i n  t h e  

2~;pF:r nCr2L2.e * Tr.2 con+--- v_I_ o . ~  -I rod.s are s i l v e r - i ~ . d i i m - c a d m ~ ~ ~ .  a l l o y  sea l ed  

in. s?;atnless si,~:..l. tirbps. 

.-  I cF t , i a l . l ; y ,  t h z  eorrtl w i . 1 1  %hie Loaded with tb.x-ee f i e 1  ba tches  of d i f -  

ferezi:. ~x- i&-w~. t s  . 'E t m : L  r eg ion  w i l l  co:ntain t w c  batxhes ar- 

ra1;gz13 ic a, c:be,.::kzr-k,oz.rd a r r a y  s,nd w i l l .  b e  sZlrYounded by an  ou te r  

rl ka.i;8z!: a Ger~e312y, ar_ inward I.oad.ing 
.> , s ~ . : ~ . ( c ~ L . ~ ~  2-s ?s:;d _for ::?f;?.e.;.Lng or.,~::-~?.i.rd a,? t h e  core a t  a,ppmxlmately 
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Pig .  2. Aa Isometric V i e w  of the Reference PWR fie1 Assembly 



1.1 

one y e a r  i n t e r v a l s .  I n  t h e  e q u i l i b r i m  cycle ,  all of t h e  f eed  f u e l  

r o d s  w i l l  b e  of i d e n t i c a l  enrichment.  Fdel p e l l e t s  w i l l  be 93% of 

t h e o r e t i c a l  dens i ty .  The ground r u l e s  of t h e  s tudy  s p e c i f y  t h a t  t he  

equ i l ib r ium cyc le  average f u e l  bwnup cannot excsed t h e  present ,  day 

des ign  assumption of 33,000 negawatt  days p e r  tonne (Mwd/tonne) . It 

has  been assumed, f o r  purposes of comparison wi th  o t h e r  s tud ie s ,  t h a t  

f u e l  w i l l  be  sca t t e r - r e loaded  uniformly over t h e   hole core .  

During t h e  course of t h e  par3rnetxi.c study, t h e  thermal-hydrali l ic 

cond i t ions  were se t  such t h a t  t hey  were c o n s i s t e n t  with c u r r e n t  des ign  

p r a c t i c e  f o r  r e a c t o r s  scheduled Lo go on- l ine  i n  tbe pe r iod  1970-75. 
I n  t h e  fo l lowing  sec t ions ,  s p e c i f i c  mechanical, nuclear ,  and thermal 

c h a r a c t e r i s t i c s  are p resen ted  f o r  t h e  s e l e c t e d  r e fe rence  cores  of t h e  

power and process  h e a t  r e a c t o r  concepts .  

Power Reactor  Reference Core 

The se1eci;ed r e fe rence  des ign  f o r  t h e  oxide f u e l e d  PWR power re- 

a c t o r  i s  i d e n t i c a l  t o  Westinghous,s's Diablo Canyon r e a c t o r  i n  every 

r e s p e c t  .a  

r e fe rence  conf igu ra t ion  descr ibed  above showed that, t h e  minimam f u e l  

cyc le  c o s t  under 1985 d.esalinat:ion ground r u l e s  was achieved with t h e  

Diablo Canyon core .  Tables  2 and 3 give  a concise  s m a r y  of p e r t i n e n t  

thermal, hydraul ic ,  and rnechaniea.1 des ign  parameters .  P red ic t ed  burnup 

data are presented  i n  Table 4 and equi . l i 'u r ium fuel .  cyc le  costs are 

g iven  i n  Table 5 f o r  t h r e e  sets oP economic ground rules. The core  

l a y o u t  i s  shown i n  F ig .  3. 

Var i a t ion  of both. enriszhment and water - to- fue l  r a t i o  f o r  t h e  

The r e fe rence  core dsvelops ,3250 Mwth a t  2250 p s i a  wi th  coolan t  

i n l e t  and o u t l e t  temperatrxrzs of 539'F and 608"~, r e s p e c t i v e l y .  The 

equ iva len t  core  d i a n e t e r  i s  132.'7 i n .  and t h e  a c t i v e  core  height, i s  

12 f t .  The f u l l  power m a x i m m  c e n t e r l i n e  fuel. temperature  and minin1w.m 

DNBR a t  112% power axe es t imated  by Westi.nghouse t o  D e  4100OF and. 1.30, 

r e s p e c t i v e l y .  These values  a r e  

c o n s i s t e n t  wi th  current, PWR technology and are considered acceptab le  

from. a s a f e t y  standpoint. .  

The core  p re s su re  drop i s  28.8 p s i .  

Erzch. ~IJA. n d  i n  ?h.- bund1.e has UO, p e l l e t s  
of 3.3 w/o 2367 LJ equ i l ib r ium enrichment, w i t h  a 0.3669 i n .  p e l l e t )  diametor, 

and a 0.420 i n .  outsside rod d iamets r .  

of 0.563 i n .  

%le rods are set  or? a sqv.a,r.e p i t c h  

&c:n core  reg ion  w i n . 1  have an  a.vera eqiii1ibritj.m cyc le  
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'&'ale 2 . Thermal. -3'yd-ravlic C h a r a c t e r i s t i c s  
of t,he Power R e a c b r  Reference Design 

IT% r r ra l  ~ O~+;pc-t., Mu 

Notninal Syst;ervi P.iiessixc, p s i a  

Average Specif-i.r- Power, kw/k.g UO, 

Average Heat F.lux, Btu/k!.r/ f t" 

Average Lima?- Heat Ratc, k w / f t  

Hot Chamel  Factors 

Beat, F1u.x 
E:1shalpS' Bi. s e 

D.NB .Ra.t,io a t  Nominal. Condikions 

I3.W R a i i . c  at; 112% Power 

Average Mass Flow Rate, i b s /h r / f t2  

krerage Coo3.a,n% Velocity, ft;/sec 

Core Pressure Drop, p s i  

Nominal. Coolant Inlet  Temp., OF 

Nominal ~ o o l s n t ,  Out le t  Temp., OF 

Average Core Temp. Rise, OF 

Mominal. 0at;let Temp. i n  Eot  C'hannel, 

Ma,xkmm R?ie.l Cecterline Temp. , 
Maxi.mi.m Clad Surface Temp., OF 

OF 

F 

3250 
2250 

32 55 
207, ooo 
6.7 

2.82 
1.. 70 

1.81 

1.30 

2 464 x lo6 
15 * 7 
28.8 

539 
608 

69 
646 

At100 

6 5'7 



Table 3. Mechanical Design Characteristics 
of the Power Reactor Reference Design 

Core 

Equivalent Core Diameter, in. 
Active Core Height, in. 
Total No. of Fuel Assemblies 
Total Uranium Loading, kg U 
Average Moderator Temperature, O F  

Overall Water-to-Fuel Volume Ratio, 

fie1 Assemblies 

No. of Fuel Rods 
No. of Guide Thimbles 
No. of Instrument Tabes 
No. of Inconel Grids 
Ebndle Type 
Pitch (dim. F)", in. 
Brmdle Dimension (dim. G), in. 
3undle Dimension (dim. H), in. 
Bundle Dimension (dim. I), in. 
Bundle Dimension (dim. J), in. 
Biindle Dimension (dim. K), in. 

Fuel Rod 

I_ 

H,O/TJO, 

132 -7 
144 
193 
88233 
575 
1.968 

204 
20 
1 

RCC-Canless 

- 141 
8 I 425 
8.466 

9 

+ 563 

8.506 
.0605 

Pellet Diameter, in. 
Inside Clad Diameter, inc. 
Gritsi.de Rod Diameter, in. 
Clad Thickness, in. 
Diametral Gap Clearance, in. 
Pellet Fraction of Theoretical 
Density, $ 

Pellet Material 
Clad Material 
No. of Rods in Core 

3669 - 3734 
.422 
,0243 
.0065 
93 

U0,-Sintered 
Zircaloy 4 
39372 

a 
Lettered dimensions shown in Fig. 1. 



T a X c  L. LTM-PredFr,f,c-rl 3 ~ r n ~ p  Characteristics 
of t'.e P o w ~ r  RF'ackor Refereice Design 

~c.it;~.a~.. m-richment, w/o  2'3t U- 

D L s c.ha,rgc Exwi c h m e  nt I w/ o a ' u 
Average 3 k I  Burndp, Mwd/Tonne 

a 
F+~.l.l- Power Days per Region , days 

a 
ISraniim Chazged per Region , kg 

a 
IJra.i?iixm Disch.arged per  Region , kg 
Fraction of 235U Discharged., w/o U 

Frac'cion of 23sU Disch.a::ged, w / o  IT 
23 e.... . 

E'ractLon of U Discharged, W/O U 

Fissile Plut,onium P r o d x e d  per 

Di schmrge PhtorLiim Concentration, 

Fraction of 239Pu- Discharged, w/o Pu 

FractLon of 240Pi. Discharged, W/O Pu 

F.ract.ion of 241Pu- Discharged, w/o Pu 

Fraction of 242P~ Discharged, w/o  Puc 

Ecyd31ibriu.m Convers.ion Ratio 

a Region , k.g 

gm Pin/kgU 

3.3 
81- 

331.09 

900 
29rCii 

281.05 

,808 
.476 
98.716 

182.4 

6.21 

54.3 
24.2 

1-5.9 
5 -6 
.563 

a A. :regioc consists ol" o m - t h i r d  of the core.  
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Table 5. Power Reactor Equilibrium Fuel Cycle Costs f o r  Three S*ts of 
Economic Conditions and Two AEC Price Schedules 

Condition I1 Condition I11 b Condition I 

f 
Olde New Olde N e w  Olde New 

f f Cost Componenta 

Schedule Schedule Schedule Schedule Schedule Schedule 

Makeup Uranium 

U Credit  

Pu Credit  

Pr oce s s i ng 

Fabrication 

I n t e r e s t  on Fabrication 

Fabrication Inventory 

Core Inventory 

Prscessing Inventory 

Shipping 

Total ,  mills/kwhr(t)g 

Total ,  b/MBtu 

.351 

-. 035 

-. 076 

.014 

.064 

.#4 

.005 

.027 

.003 

,005 

.360 

10.55 

.332 

-. 035 

-.071 

.014 

.064 

. m4 

,005 

.027 

.003 

,005 

.348 

10.20 

.351 

-. 035 

-* 076 

-014 

.064 

.008 

.010 

. OS5 

.005 

.005 

.400 

11.72 

.332 

-. 035 

-. 073 

.014 

,064 

.mu 

.010 

.053 

.005 

.005 

.385 

11.28 

.351 

-. 035 

-.) 076 

,044 

.091 

.006 

.005 

.027 

,003 

.415 

12.16 

.332 

-. 035 

-. 071 
.044 

.091 

.006 

.005 

.027 

.003 

.402 

11.78 

a 

'Publicly owned reactor  with fixed charge r a t e  on non-depreciating c a p i t a l  of 
P r iva t e ly  owned c e n t r a l  processing and f ab r i ca t ion  plants  with fixed charge r a t e  

A l l  cos t s  a r e  i n  un i t s  of rnills/kwhr(t). 

516. 
of 224 on c a p i t a l  investment. 
plant  serves a 75,000 Mwth industry.  

on non-depreciating c a p i t a l .  

publ ic ly  owned (7.7$ fixed charge r a t e  on c a p i t a l  investment). 
cat ion p l an t s  serve a nuclear i n s t a l l a t i o n  of 15,000 Mdth). 

separat ive work charge of $30/kg, and optimum t a i l s  of 0.2594 W/O 235U. 

separat ive work charge of $26/kg, and ta i l s  of0.20 w/o 235U. 

Processing p l an t  i s  sized f o r  10 blT/day and f ab r i ca t ion  

Same as Condition I except r eac to r  i s  p r iva t e ly  owned with 1 6  fixed charge r a t e  C 

dSarne as Condition I except processing and f ab r i ca t ion  plants  a r e  on-si te  and 
Processing and f a b r i -  

Costs a r e  based on a n  ore cos t  of $8.00/lb U308, conversion charge of $1.35/kg, e 

'Costs a r e  based on a n  ore cos t  of $$.OO/lb U,og, conversion charge of $1.35/kg, 

gTotal does not necessaxily equal sum of components due t o  roundoff e r r o r .  
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burnup of 33,100 MwdlTonne and a res idence  t i m e  of' 900 €~ll  power days.  

The core  has  an  equ i l ib r ium €uel  cyc le  c o s t  of 0.360 mi l l s /kwhr ( t )  f o r  

ground r u l e s  descr ibed  cts Condition I. '!%e n e t  f i s s i l e  burnup c o s t  

i s  66% of t h e  t o t a l  cyc le  c o s t .  

23% of t h e  t o t a l ,  whi le  inventory  and sh ipping  charges account  for t h e  

remaining 11$. Wken t h e  co re  i m e n t o r y  i n t e r e s t  rate i s  doubled (Con- 

d i t i o n  11) f o r  p r i v a t e  f inanc ing ,  t h e  t o t a l  cyc le  c o s t  r ises  t o  0.400 

mi l l s /kwhr ( t ) .  The use  of an  on-s i te ,  p u b l i c l y  f inanced  f a b r i c a t i o n -  

reprocess ing  complex (Condit ion 111) r a i s e s  t h e  t o t a l  cyc le  c o s t  t o  0.415 

mi l l s /kwhr ( t ) .  This  i nc rease  i s  due s o l e l y  t o  t h e  lower p l a n t  c a p a c i t i e s  

of t h e  on - s i t e  complex. The corresponding f u e l  cyc le  c o s t s  =sing the  

r e c e n t l y  r e v i s e d  MC s e p a r a t i v e  work charge and t a i l s  concent ra t ion  are 

0.348, 0.385, and 0.402 mi l l s /kwhr ( t )  Tor Condit ions I, 11, and 111, 

r e s p e c t i v e l y .  

Process ing  and f a b r i c a t i o n  charges are 

Although a complete systems a n a l y s i s  was not  a p a r t  of' t h i s  p a r t i -  

c u l a r  study, a b r i e f  d i scuss ion  of t h e  water p l a n t  i s  i n  order .  Steam 

from t h e  r e a c t o r  s t e a m  genera tors  go t o  back-pressure t u r b i n e s  coupled 

t o  a vapor compression-vert ical  tube  evaporator  process  (VC-VTE) . The 

VTE i s  assumed t o  have 1 5  e f f e c t s  and a performance r a t i o  of 23.0. 

n e c t r i c a l  gene ra t ion  i s  l imi t ed  t o  on - s i t e  power requirements .  The 

a d d i t i o n a l  t u r b i n e  s h a f t  horse-power from t h e  back-presscre  t u r b i n e  is 

used by a vapor compressor, which pumps steam from t h e  d ischarge  of 

E f f e c t  15 (110'F) up t o  t h e  t u r b i n e  exhaust  temperature  (266'~). From 

t h i s  po in t ,  t h e  steam combines wi th  t h e  t u r b i n e  exhaust  steam and goes 

t o  t h e  b r i n e  h e a t e r  and f i rs t  e f f e c t  of t h e  water p l a n t .  The p l a n t  i s  

capable  of producing about  550 MGD of f r e s h  water. 

A d e s c r i p t i o n  of a n a l y t i c a l  t echniques  and an a n a l y s i s  of near- 

optimum l a t t i c e s  are p resen ted  i n  subsequent s e c t i o n s .  

Process  Heat Reactor Reference Core 

Thermal, hydrau l i c  and mechanical des ign  c h a r a c t e r i s t i c s  of Yne 

%ne process  h e a t  r e fe rence  r e a c t o r  are descr ibed  i n  Tables 6 and 7. 

minimurn f u e l  cyc le  c o s t  f o r  t h e  s p e c i f i e d  ground rules was achieved 

f o r  a core  wi th  2.8 w/o  '"U equ i l ib r ium er,richment and a water - to- fue l  

volume r a t i o  of 1.5. 

whi le  equ i l ib r ium fuel cyc le  c o s t s  f o r  the  t h r e e  sets of ground r u l e s  

are presented  i n  Tdble 9. 

P red ic t ed  burnup data are descr ibed  i n  T a b l e  8 



Ta.bl.e 6. T7.e~al-Hydra:~..l.ic C h a r a c t e r i s t i c s  of t h e  
Process Hea.t Reactor Reference Design 

Tkemal Output, Mw 

Nominal. System Pressure, p s i a  

Average Spec i f i c  Power, kw/kg UO, 

Average Heat Flux, Btu/hr / f t"  

Average Linear  Heat Rate, kw/ft  

Hat, Cizannel Fac tors  

&ai; Flux 
Enthalpy Rise 

DNR Xatio a t  Nominal Conditions 

A-Jerage Mass Flow R a t x ,  1bs /hr / f t2  

Average Coolant Veloci-ty, ft/sec 

Core Pressure Drop, p s i  

Nominal Coolant I n l e t  Temp., *F 

Nominal. Coolant Outlet Temp. , O F  
Average Core Temp. Rise, *F 

Nominal O a t l e t  Temp. i n  H o t  Channel, 

~ax- imm FIEL CenterJ.ine Temp. , O F  

Maxirnrun Clad .  Surface Z'emp., OF 

O F  

4307 

500 
22 -58 
188830 

7.2 

2.82 
1.70 

3 -93 
3.369 x lo6 
16.6 
40.2 

325 
383 
58 

465 

-4100 

496 



Table 7. Mechanical Design Characteristics of the 
Process Neat Reactor Reference Design 

Core 

Equivalent Core Diameter, in. 
Active Core Height, in. 
Total No. of Fuel Assemblies 
Total Uranium Loading, kgoU 
Average Moderator Temp., F 
Overall Water-to-fie1 Ratio, E20/U0, 

Fuel Assembly 

No. of Fuel Rods 
No. of Guide Thimbles 
No. of Instrument Tubes 
No. of Inconel Grids 
Bundle Type 
Pitch (dim. in. 
Bundle Dimension (dim. G), in. 
Bundle Dimension (dim. H), in. 
Bundle Dimension (dim. I), in. 
Bundle Dimension (dim. J>, in. 
Bdndle Dimension (dim. K), in. 

Fuel Rod 

Pellet Diametes, in. 
Inside Clad Diameter, in. 
Outside Rod Diameter, in. 
Clad Tbickness, in. 
Diametral Gap Clearance, in. 
Pellet Fraction of Theoretical 
Density, $ 

Pellet Material 
Clad Material 
No. of Rods in Core 

_I_ 

168 9 
144 
245 
168477 
355 
1.539 

2 04 
20 
1 
9 
RCC-Canless 
.632 
-1275 
9.46 
9.501 
9 * 541 
,0538 

.450 

.4565 
* 5045 
.024 
.0065 
93 

U02-Sintered 
Zirealoy 4. 
49980 

a Lettered dimensions shown in Fig. 1. 
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Table 8. L"M-Predic,ked Bdrnup Characteristics 
of the Process Heat; Reactor Reference Design 

Initial mrichment, w/o 2 3 6 ~  

Discharge Ehrichment, w/o 236U 

Average Fuel Barnup, Mwd/Tonne 
a 

f i l l -  Power Days per Region , days 
a 

Uranium Charged per Region , kg 
a 

Uranium Discharged per Region , kg 
Fraction of '"U Discharged, w/o U 

Fraction of 236U Discharged, w/o  U 

Fraction of 23*U Discharged, w/o U 

Fissile Pl.utonim Produced per 

Discharge Plutonium Concentration, 

Fraction of 239Pu Discharged, w/o Pu 

Fraction of 240P,: Discharged, w/o Pu 

Fi-action of '"Pu Discharged, w/o PU 

Fraction of 242Pd Discharged, w/o Pu 

Equilibrium Conversion Ratio 

Region", kg 

gm Pu/kg U 

2.8 

-67 
28887 
1131 

56159 
53935 
e675 
* 395 
98 - 530 
351.3 

6.27 

58.3 
22.4 
14.6 
'1.7 

' 594 

a A- region consists of one-third of the core. 
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Table 9. Process Beat Reactor Equilibrium Fuel Cycle Costs fo r  Three Se t s  of 
Economic Conditions and Two AEC Price Schedules 

D C a 

f f 

___- 
Condition I Condition I1 Condition I11 

Olde New Olde New Olde New 
Schedule Schedule Schedule Schedule Schedule Schedule 

f Cost Componenta 

~- ~ 

Makeup Uranium 

U Credit  

Pu Cred i t  

h o e s  s ing 

Fabrication 

I n t e r e s t  on Fabrication 

Fabr i c a t  ion Invent or y 

Core Inventory 

Processing Inventory 

Shipping 

Total ,  mills/kwhr ( t  )g  

Total,  b/MBtu 

325 

-. 027 

-. 088 

.01.6 

.059 

.005 

-005 

.033 

.003 

.005 

.335 

9.82 

.308 

-. 027 
-. 082 

.016 

.059 

.005 

-005 

.032 

.003 

.005 

.324 

9.50 

.325 

-. 027 
-. 088 
.016 

.059 

.DO9 

f 010 

.066 

.a5 

.005 

.380 

11.1.4 

.308 

-. 027 

-. 082 

.016 

.059 

.009 

- 010 
-064 

.005 

.m5 

.367 

10.76 

.325 

-. 027 
-. 088 

.050 

.086 

.007 

.005 

.033 

. 003 

.394 

11.54 

,308 

-. 027 

-. 082 

.050 

.086 

.005 

.005 

.032 

.003 

.381 

11.16 

a 

bPublicly rjwned reactor. with f ixed charge r a t e  on non-depreciating c a p i t a l  of 
Pr ivately owned c e n t r a l  processing and f ab r i ca t ion  plants  with f ixed charge r a t e  

A U  costs  a r e  i n  u n i t s  of' mi..Lls/k@tw(t). 

5$. 
of 22$ on c a p i t a l  investment. 
plant  serves a 75,000 Mwth industry.  

on non-depreciating c a p i t a l .  

dSame as Condition I except processing and f ab r i ca t ion  plants  a r e  on-si te  and 
publ ic ly  owned (7.7$ fixed charge r a t e  on c a p i t a l  investment). 
cat ion p l an t s  Cerve a nucl-ear i n s t a l l a t i o n  of 15,000 Mwth. 

separative work charge of $30/kg, and optimum t a i l s  of0.2594 w/o 235U. 

separat ive work charge of $%/kg, and t a i l s  of020 wyo 235U. 

Processing p l an t  i s  sized fo r  10 MT/day and f ab r i ca t ion  

c ,  bame as  Condition I except reactor  p r iva t e ly  owned with lC$ f ixed chsrge r a t e  

Processing and f a b r i -  

eCosts a r e  based on an ore cost  of $8.OO/lb U308, conversion charge of $1.35/kg, 

Costs are based on an ore cost  of $8.OO/lb U30  , conversion charge of $l.35/kg, f 

'Total does not necessar i ly  equal sum of components due t o  roundoff e r r o r .  



22 

The re ference  core  produces 4307 Mwth a t  500 psi.a, wit'n coolan t  

i n l e t  ar,d o u t l e t  temperatures  of 32S0F and 383"~, r e s p e c t i v e l y .  The 

re ference  core  conf igu ra t ion  i s  shown i n  F ig .  4 f o r  a core  with an  

eq l iva l -en t  diameter  of 187.1 i n .  and an  a c t i v e  core  h e i g h t  of 1 2  ft .  

The full power maximum c e n t e r l i n e  temperature  and minimum DNBR are 

est imated by ORNL t o  be  4100'F and 3.93, r e s p e c t i v e l y .  

thermal-hydraul ic  c h a r a c t e r i s t i c  for t h e  process  h e a t  r e a c t o r  design i s  

maxi.mim c e n t e r l i n e  f u e l  temperature .  The temperature  w a s  s e l e c t e d  be- 

cause it i s  r e p r e s e n t a t i v e  of t h e  "s tandard" Westinghouse des ign  tempera- 

t u r e .  

i n  t h e  power r e a c t o r  re ference  design, t h e s e  va lues  are c o n s i s t e n t  with 

c u r r e n t  PWH technology and s a f e t y  l i m i t a t i o n s .  

The l i m i t i n g  

A p re s su re  drop of 40.2 p s i  i s  developed ac ross  t h e  core .  As 

The 2.8 w/o  23"U p e l l e t s  have a 0.45 i n .  diameter and the f u e l  rod 

ou t s ide  diameter  i s  0.5045 i n .  

0.632 i n .  

burnup of 28,900 Mwd/Tonne f o r  1130 f u l l  power days.  

c o s t  i s  0.335 mi l l s /kwhr( t )  under economic Condition I. 

cos't, 62% i s  due to t h e  n e t  f i s s i l e  burnup cos t ,  24% t o  t h e  f a b r i c a t i o n  

and process ing  charges,  and 14% i s  a t t r i b u t a b l e  t o  fuel inventory  

charges and sh ipping .  When t h e  non-depreciat ing f i x e d  charge r a t e  i s  

doubled f o r  p r i v a t e  f inanc ing  (Condition 11) t h e  t o t a l  f u e l  cyc le  c o s t  

rises t o  0.380 mil l s /kwhr ( t ) .  The use  o f  an  on - s i t e  p u b l i c l y  f inanced  

f ab r i ca t ion - rep rocess ing  complex se rv ing  a 15,000 Mwth i n d u s t r y  (Con- 

di:Lim 111) raises t h e  t o t a l  f u e l  cyc le  c o s t  t o  0.394 mil l s /kwhr ( t ) .  

As i n  t n e  power r e a c t o r  study, t h i s  i nc rease  i s  due s o l e l y  t o  tile lower 

p l a n t  c a p a c i t i e s  of t h e  on - s i t e  complex. The corresponding f u e l  cyc le  

c o s t s  us ing  {;he r e c e n t l y  r ev i sed  AEC p r i c e  schedule  are 0.324, 0.367, 
ami 0.381 mills/kwhr (t ) f o r  Condriti ons I, 11, and 111, respec t ive . ly  . 

The rods  are set  on a square p i t c h  of 

Each core  reg ion  w i l l  have an average equi l ibr ium f u e l  cyc le  

The f u e l  cyc le  

O f  t h e  t o t a l  

The 4.30'7 Mwth process  heat, r e a c t o r  produces e s s e n t i a l l y  t h e  same 

q u a n t i t y  of low temperature  (266°F) stem as the  3250 Mwth high 

' tmnperat i re  r e a z t o r  combined with. its vapor compresscr. The process  

heat r e a c t o r  design provides  for t h e  same f u l l  duty wa.ter product ion  

of 550 MGD and. gene ra t i cn  of on - s i t e  pumping power as does t,he h igh  

kmperat:i-.re r e a c t o r .  A s h o r t  back-pressure 1 , z b i n e  i s  used t o  genera te  

t h e  e s t i m a t e d  11.0 Mwe o n - s i t e  piimping and auxi.l.ia.ry power. %e t u r b i n e  
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r equ i rps  steam a t  290°F i n l e t  temperature  and exhausts  steam t o  t h e  WE 

w a t e r  p l a c i  a t  approximately 266"~. 
i n l e t  temperature  of 325°F w a s  s e l e c t e d  as t h e  minimm reasonable  

temperature  f o r  adquate stem genera tor  At .  

Cemperat,ure provides  a 5 8 " ~  temperature  r ise  ac ross  t h e  r e a c t o r .  

The VTE i s  assumed t o  have a r e a c t o r  

The 383'F r e a c t o r  o u t l e t  

A d e s c r i p t i o n  of t h e  a n a l y t i c a l  techniques and an  a n a l y s i s  of 

mar-optimum l a t t i c e s  are presented  i n  subsequent s e c t i o n s .  

CAZCUL.UIONAL MEI"ODS 

Reactor  P lys i c s  

'Iae c a l c u l a t i o n a l  method s e l e c t e d  f o r  both t h e  power and process  

h e a t  r e a c t o r  s t u d i e s  cons i s t ed  of t h e  use of GAM-13 and THERMOS4 t o  

compute a se t  of s e l f - s h i e l d e d  c ross - sec t ions  f o r  use i n  LTP,  a 

multi-group, zero-dimensional, dep le t ion  code f o r  t h e  equi l ibr ium 

f u e l  cyc le .  

code. 

for t h e  spa t ia l ly-averaged ,  energy-dependent f l u x e s  i n  either tine P1 o r  

R1 approximations.  Within t h e  reso lved  resonance region, rod  geometry 

e f f e c t s  are es t imated  by t h e  NR or  NRIA approximations, according t o  

t h e  methods developed by A d l e r ,  Hinman and Nordheim.G R e v e n  energy 

groups were employed, with a lower cut -of f  of 1.86 ev .  

boundaries are def ined  i n  Table 10 .  The Dancoff c o r r e c t i o n  f o r  t h e  f u e l  

F a s t  group c ross - sec t ions  were prepared us ing  t h e  G-4M-I 

GAM-I i s  a multi-group code t h a t  so lves  t h e  Boltzinann equat ion  

Tne group 

rods w a s  

where 

c -  
c =  

-f z: 

v =  
m 

R =  
C 

es t imated  by Sauer ' s  method,7 us ing  t h e  equat ion 

Dancoff c o r r e c t i o n  f a c t o r  

macroscopic scat te-cjng c ross - sec t ion  of t h e  moderator 

p~llet dime t e r  

moderatcr- to-f l ie l  volume rati o 

clad-$o--f llel Tiol-lEle r a % i O  

D -fm = mcar; ellord 12ng-tl.l of moderator 



Table 10. Energy Group 
Boundaries f o r  t he  
Cal cul at i onal Model 

Group Lower Energy 
Boundary, ev 

GAM-I 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

THEFNOS 

12 
1 3  
14 
15 
16 
17 
18 
19 
20 
21 

1000000 
80000 
9120 
215 
78.9 
29.0 
13.7 
8.32 
5.04 
3.06 
1.86 

1.44 
1.125 
1.00 
055 
* 30 
-25 
.18 
.10 - 05 
.005 



The effectl.vt- mear ;  chord l eng th  of tine f u e l  i s  given by t h e  equat ion  

The thermal. group c ross - sec t ions  were preapred by -the THERMOS code. 

TIIERMOS so lves  the one-dimensional Boltzmann ecpa t ion  f o r  energy and 

space dependent f luxes  i n t e g r a l  t r a m p o r t  rneth0d.s. The Nelkin 

s c a t t e r i n g  k e r n e l  was e~nipl-oyed for hydrogen s c a t t e r i n g ,  while  a f r e e  

gas riiodel (Brown-St,. Jolir,) was m e d  for all. o t h e r  s c a t t e r s .  The 

thermal. energy range was def ined  with t e n  energy grov;ps. Cross- 

s e c t i o n s  from GAM and TEERMOS Were inpu t  t o  t h e  LTM code. LTM ca lcu-  

l a tes  the A!.el. compositZon and a s s o c i a t e d  res idence  - t i m e  f o r  a r e a c t o r  

ope ra t ing  on a graded exposure eqQi.l-ibrium f u e l  cyc le .  Die c a l c u l a t i o n  

i s  space-independent and neutron leakage  i s  accounted f o r  by t h e  i n -  

c l u s i o n  of a buckl ing  t e r n .  The file1 res idence  t i m e  c a l c u l a t e d  i s  

t h a t  time a t  which t h e  t i m e  i n . t e g r a l  of neutron product ions d iv ided  

by t n e  time i n t e g r a l  of n m t r o n  l o s s e s  equals  one, o r  some o t h e r  spec i -  

f i e d  k va lue .  1-i; i s  a,ssixned t h a t  c o n t r o l  poisons a r e  cons tan t  with 

time. LYM a l s o  performs t h e  s i m p l e - i n t e r e s t  f ine1  cyc le  c o s t  c a l c u l a t i o n  

f o r  a given se t  of economic ground rules. 

ef f 

T h e  b a s i c  d a t a  employed i n  t h e  c a l c u l a t i o n  were r e p r e s e n t a t i v e  of 

the  entire fiiel assemhliy and -the su.rrounding w a t e r  gap between assemblies .  

Volume f r a c t i o n s  were c a l c u l a t e d  f o r  t h i s  assembly and eqz iva len t  p i n  

c e l l  drimensions were fo:i.cd such that ,  t h e  H,O/ITO, and H,O/Zr vol~une r a t i o s  

f o r  5 s i n p l i f i e d ,  cy!.ir?drical ?in c e l l  were i d e n t i c a l  t o  -the o v e r a l l  

r a t i o s  f o r  %he fasl assembly. Stiriictu_ral material (excl-usive of t h e  

fuel clad) was homogeneotisly inzli ided i n  t h e  water surrounding t h e  f u e l  

rod .  'The TdERMOS m6d.e:. t h e r e f o r e  consisted of t h e  f u e l  pel le i ; ,  t h e  

radial pe l l ek  ga..p, t h e  el.add.2yig thickness and a surrou.nding of 

honogcn,Eo;;.sly nixed. water a:rd s ' G X . Z C ~ , ~ , L ~ ~  . 



Because LTM i s  a graded exposure code it i s  necessary 50 i n s e r t  a 

t ime-constant  c o n t r o l  poison t o  account for t h e  f a c t  t h a t  f u e l  i s  loaded 

d i d c r e t e l y  r a t h e r  t han  cont inuously.  The d e p l e t i n g  and non-depleting 

poisons were i n s e r t e d  i n t o  LTM by spec i fy ing  a € r a c t i o n a l  c o d x o 1  ab- 

so rp t ion .  The code w i l l ,  t hen  i terate on boron concentratAon i n  o rde r  

t o  f i n d  t h e  concen t r a t ion  t h a t  g ives  t h e  s p e c i f i e d  absorp t ion .  Poison 

w a s  added u n t i l  t h e  LTM-predicted burnup equa l l ed  t h e  Diablo Canyon de- 

s i g n  burnup of 33,000 Mwd/Tonne. 

richment, res idence  t i m e ,  and p lu toni im concent ra t ions  were compared t o  

Westinghouse p r e d i c t i o n s  t o  check t h e  v a l i d i t y  of' t h e  method. h 

average poison c o n t r o l  f r a c t i o n  of 8.13% provided t h e  b e s t  agreement t o  

Westinghouse p r e d i c t i o n s .  This  va lue  w a s  t hen  used i n  t h e  parametr ic  

s t u d i e s  of bo th  t h e  power and p rocess  h e a t  r e a c t o r s .  

Burnup parame t e r s  such as final en- 

Table 11 p r e s e n t s  a comparison between t h e  Westinghouse des ign  and 

LTM p r e d i c t e d  burnup parameters .  Westinghouse p r e d i c t i o n s  f o r  t h e  Diablo 

Canyon r e a c t o r  were publ i shed  i n  R e f .  8 f o r  t h e  f i r s t  t h r e e  cores .  Equi- 

l i b r i u m  i s  reached dur ing  t h e  f o u r t h  core  b u t  reasonable  e x t r a p o l a t i o n s  

o€ t h i r d  core  burnup data can easily be  made. 

between t h e  p red ic t ed  va lues  of f i n a l  enrichment arid f i s s i l e  plutonium 

product ion .  The LTM va lues  of both parameters are lower than  va lues  

p r e d i c t e d  by Westinghouse This  may b e  a t t r i b u t e d  t o  d i f f e r e n c e s  i n  

resonance t reatment ,  d i f f e r e n c e s  i n  c ross -sec t ions ,  and t o  t h e  cons tan t  

poison approximation. Due t o  t h e s e  d i f f e rences ,  t h e  uranium c r e d i t  

p r e d i c t e d  by LTM w i l l  be  .010 mil l s /kwhr ( t )  lower than  wolnld be p re -  

d i c t e d  us ing  Wes-tinghouse des ign  values ,  t h e  plutonium c r e d i t  w i l l  be  

.004 mills/kwhr( t )  lower, and t h e  core  inventory  w i l l  be  .008 mills/ 

kwhr( t )  lower.  

c o s t s  .006 mil l s /kwhr ( t )  h i g h e r  t han  would be p r e d i c t e d  us ing  Westing- 

house des ign  information.  This  disagreement i s  less than  Z $  of t h e  

t o t a l  f u e l  cyc le  c o s t  and i s  t h e r e f o r e  n e g l i g i b l e .  For purposes of 

comparison with o t h e r  ORNL s t u d i e s ,  equ i l ib r ium f u e l  cyc le  c o s t s  f o r  

the selected re fe rence  design5 w e r e  c a l c u l a t e d  using r e s u l t s  of t h e  

computer code TONG. Tne r e s u l t s  are prescntc3d i n  Appendix A. TOKG i s  

a p o i n t  d e p l e t i o n  code capable  of c a l c u l a t i n g  r e a c t o r  core  h i s t o r i e s  of 

mul t iba t ch  co res .  

A minor d i f f e r e n c e  exists 

The n e t  e f f e c t  i s  t h a t  LTM w i l l  p r e d i c t  f u e l  cyc le  
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Table 11. Comparison of Equilibrium Cycle Burnup Data 
Predic ted  by Westinghouse and ORNL 

Par  met e r 
ORNL Resul ts  We s t inghous e 
Using LTM Design Pre-  

Code d i c t i o n s  

a 
Uranium Charged p_nr Region, kg 

Uranium Discharged per  Region, kg 

Uranium Burned Duriilg Residence, kg 

I n i t i a l  a36U ESnrichment, w/o 

F i n a l  236U Ehrichment, w/o 

F i s s i l e  Plutonium Discharged pe r  

F i n a l  F i s s i l e  Pu Concentration, grn 

F u l l  Power Days pe r  Region, days 

Average f i e 1  Burnup, Mwd/Tonne 

Discharge F rac t ion  of 239Pu, w/o 

Discharge Frac t ion  of 240Pu, w/o 

Discharge Fraction of 241Pu., w/o 

Discharge Frac t ion  of 242Pu, W/O 

Region, kg 

h / k g  IJ 

2 9411 
28111 

1300 

3 - 3 0  

.81 

182.4  

6 .21  

898 

33000 

54.3 
24.2 

15.9 

5.6 

29O7Ob 

27794b 

3. 3Ob 
. 92b 

190. 5b 

1276b 

6 .55b 

886" 

33O0Ob 

56 .Oc 

23.7c 

5 .3c 

15 .Oc 

a 

bEquilibrium cycle  d a t a  was ext rapola ted  from i n f  orrnation 

A region comprises one-third of t h e  core .  

p ih l i shed  i n  Ref. 8. 

c 
Reference 9. 



Thermal Hydraulics - -- 
Die thermal-hydraul ic  c h a r a c t e r i s t i c s  of t h e  power arid process  

10 
h e a t  r e a c t o r s  were analyzed ,x-ing %he C f W - 1 I  code. I n  i t s  o r i g i n a l  

form CAT-11, developed by Westinghouse, i s  v a l i d  wi th in  t h e  pressgre 

r m g e  of 1,000 p s i a  t o  2,300 p s i a .  ?"ne p r i n c i p a l  ou tputs  of t h e  code 

are t h e  a x i a l  v a r i a t i o n s  of t h e  DJTS r a t i o ,  t h e  core  pressure drop, and 

t h e  temperature  d i s t r i b u t i o n  i n  both  t h e  h o t  and no-mal channels .  For 

reg ions  of subcooled and bulk  b o i l i n g  i n  t h e  hot chanr_el, CAT-IL v a r i e s  

t h e  h o t  channel flow r a t e  u n t i l  the pres su re  drops i n  t h e  h o t  arid normal 

channels  are equal ized .  Phys ica l ly ,  t h i s  r ep resen t s  a cross-f low between 

the h o t  channel and i t s  neighbors .  

I n  t h e  power r e a c t o r  thermal-hydraul ic  stud-y, t h e  r e s u l t s  of Yne 

CAT-I1 a n a l y s i s  of t h e  Diabl.0 Canyon r e fe rence  core  were compared and 

normalized t o  Westingholxe's p r e d i c t e d  r e s u l t s  for t h e  core .  The nor- 

ma l i za t ion  f a c t o r s  f o r  t h e  minimum DNBR, core  p re s su re  drop, a,nd maximum 

f u e l  c e n t e r l i n e  temperature  were t h e n  a p p l i e d  t o  CAT-I1 p r e d i c t e d  r e s u l t s  

f o r  t h e  of f -des ign  cases .  This procedure w a s  necessary for s e v e r a l  

reasons  a F i r s t ,  t h e  c a l c u l a t i o n a l  procedures  a v a i l a b l e  a t  @E.XL were 

not, t h e  same as employed by Westinghouse f o r  t h e  Diablo Canyon design,  

Also, s i g n i f i c a n t  i n p u t  in format ion  such as Westinghouse '8 assumed h o t  

channel f a c t o r s  a.nd a x i a l  power d i s t r i b u t i o n  were no t  a v a i l a b l e  and 

ORNL a s sanp t ions  w e r e  r equ i r ed .  I n  l i g h t  of t h e s e  d i f f e rences ,  the 

ORDL calcul .a t ions f o r  t h e  Diablo Canyon core  should not  be expected t o  

produce answers i n  f u l l  agreement with r epor t ed  des ign  va lues .  The 

p r e d i c t i o n  of r e l a t i v e  changes, however, i s  ex-pecte3 ta he accura,te 

Ta'ole 1 2  p r e s e n t s  a com.pa:rison betwween Wes tirighouse and @ E W  p r e d i c t e d  

the rma l -hydrad i  c charac t e r i s  tie s 

The agreement. between pressulse drop and c l a d  s a r f a c e  t,zmperature 

i s  good. However, t h e  c a l c z l a t e d  va lue  f (3r t b e  c e n k r l i n e  temperat,:.i.se 

i s  h ighe r  than %ha t  r epor t ed  by W?sti.nghouse No eq l .anaLioa  has  been 

found. f o r  t h i s  d i f f e r e n c e ,  Since the condi.tion.s f o r  t h e  I)i.ab:l.o Ca:c?.yon 

rea@ t o r  arz  accept,a?YLe, ORNL cal. LatLons  of t e m p e r z t u r e a  less tha:!!. 

476ZoF w i l l  i n d i  ca%e des igns  t,5at a r e  also acceptabla ,  relat,I:Je t o  

Dia,blo Canyon. 'Ilhe D N 3  rat,ios a r e  also n9L i n  agrcmwnt. T3a  prima,ry 
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Table 1 2 .  Coinparison of Westinghouse Thermal-Hydraulic 
Design Values With ORNL Estimates 

Westinghouse ORNL 

Pressu re  Drop, p s i  28.8 28.8 

Maximum Clad Surface Temperature, F 657.0 656.2 

Maximum Cen te r l i ce  Temperature, OF 4 1 0 0  4'76 2 

Minimum Dl!iB Ra t io  1.81 1 . 4 2  



reason  i s  t h a t  t h e  DPJB c o r r e l a t i o n  used by ORNL was d i f f e r e n t  from t h a t  

used i n  t h e  Westinghouse des ign .  CAT-XI employs t h e  W-2 c o r r e l a t i o n  

while  Diablo Canyon w a s  based on t h e  W-3 c o r r e l a t i o n .  I n  add i t ion ,  t h e  

axial h e a t  flux p r o f i l e  w a s  not  t h e  same as used by Westinghouse. 

The maximum f u e l  c e n t e r l i n e  temperature  normalizat ion f a c t o r  deve- 

loped  i n  t h e  power r e a c t o r  s tudy  w a s  a l s o  used i n  t h e  low temperature  

s tudy.  

channel  temperature  t o  wi th in  +50°F - of the power r e a c t o r  c o r e ’ s  maximum 

c e n t e r l i n e  temperature  of 4100’F. The code then  searched for a coolant  

f low ra te  t h a t  precluded void  formation a t  t h e  h o t  channel e x i t .  Be- 

cause t h e  o r i g i n a l  ve r s ion  of C A T - I 1  i s  v a l i d  f o r  t h e  p re s su re  range of 

1000 p s i a  t o  2300 p i a ,  it w a s  necessary  t o  modify t h e  burnout, p re s -  

s u r e  drop and h e a t  t r a n s f e r  c o r r e l a t i o n s  i n  t h e  code t o  account f o r  

t h e  500 p s i a  system p res su re  of t h e  process  h e a t  r e a c t o r .  

The h e a t  f l u x  w a s  a d j u s t e d  t o  keep t h e  normalized maximum 

Burnout Cor re l a t ion  

The c o r r e l a t i o n  used t o  c a l c u l a t e  t h e  burnout  h e a t  f l u x  w a s  ob- 

t a i n e d  by Macbeth i n  1962.’’ 

equat ions  each of which p r e d i c t s  t h e  burnout  f l u x  a t  seven corresponding 

p res su res  ranging from 1 5  t o  2700 p s i a .  

of t h e  given pressures ,  lizear i n t e r p o l a t i o n  i s  recommended. 

This c o r r e l a t i o n  c o n s i s t s  of seven 

For a p res su re  between any two 

The gene ra l  burnout equat ion  i s  i n  t h e  form 

( q” max )=  At - $ C i  D (L) [. - HE] 

106 lo6 

where 

D i s  t h e  

Hf i s  t h e  

P i s  t h e  

i i s  t h e  

equ iva len t  diameter i n  inches  

s a t u r a t i o n  en tha lpy  a t  P Rtu/lb 

p re s su re  i n  p s i a  

p re s su re  equat ion  index  

i’ 

i 

(5) yz i 

(5) y6 
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i i i i i i  
and yo, yl, y2, y3, y4, y6 are c o r r e l a t i o n  cons t an t s  given i n  R e f .  11. 

This  c o r r e l a t i o n  w a s  based on u n i f o m l y  hea ted  round tubes .  

p r e s e n t  app l i ca t ions ,  t h e  equ iva len t  diameter w i l l  be  based on t h e  

hea ted  pe r ime te r .  

I n  t h e  

The DNB r a t i o  i s  def ined  as t h e  r a t i o  of t h e  burnout h e a t  f l u x  t o  

some h e a t  f l u x  t h a t  i s  c h a r a c t e r i s t i c  of t h e  system and l o c a t i o n  of 

i n t e r e s t .  The previous ly  descr ibed  equat ion  w a s  used t o  p r e d i c t  t h e  

burnout  h e a t  f l u x .  For the  system h e a t  f lux ,  two p o s s i b i l i t i e s  were 

considered i n  CAT-11. 

h e a t  f l u x  up t o  t h e  l o c a t i o n  i n  ques t ion  and t h e  second i s  t h e  l o c a l  

h e a t  f l u x .  The reason f o r  us ing  two procedures i s  t h e  u n c e r t a i n t y  i n  

t h e  e f f e c t  of t h e  non-uniform a x i a l  h e a t  f l u x  i n  t h e  r e a c t o r .  The 

lowest  DNB r a t i o  c a l c u l a t e d  by t h e s e  procedures  w a s  used f o r  design 

purposes.  

The f i r s t  p o s s i b i l i t y  i s  a n  equ iva len t  average 

P res su re  Drop Cor re l a t ion  

The CAT-I1  p re s su re  drop c o r r e l a t i o n  f o r  s i n g l e  phase flow was 

no t  changed. For subcooled bo i l ing ,  however, t h e  p re s su re  drop due t o  

f r i c t i o n  w a s  c a l c u l a t e d  as suggested by Mendler, e t  a l . l a  

f a c t o r  i s  c a l c u l a t e d  as fol lows:  

The f r i c t i o n  

where 

T i s  t h e  bulk  temperature  B 
i s  t h e  s a t u r a t i o n  temperature  

Tsat; 
f ri.s t h e  f r i c t i o n  f a c t o r  

i s  .the i so thermal  f r i c t i o n  f a c t o r  
f i s o  

and 

where 

P i s  t h e  system pressure ,  p s i  

h ?LS t h e  s i n g l e  phase h e a t  t r a n s f e r  c o e f f i c i e n t .  
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Although t h e  above equat ion  i s  s t r i c t l y  a p p l i c a b l e  t o  p re s su res  above 

800 p s i a ,  t h e  c o r r e l a t i o n  i s  adequate  f o r  p re s su res  as low as 4-00 ps iaO1* 

For bulk  b o i l i n g  a t  overpower. condi t ions ,  t h e  homogeneous method 

of c a l c u l a t i n g  p res su re  drops w a s  used.  This  method assumes t h a t  t h e  

s l i p  r a t i o  i s  1.0 and t h a t  the  p r o p e r t i e s  r equ i r ed  i n  c a l c u l a t i n g  t h e  

p r e s s u r e  drop are determined by averaging t h e  p r o p e r t i e s  according t o  

t h e  weight f r a c t i o n s  of t h e  two phases .  

water between 400 and 1000 p s i a  and found t h e  p r e d i c t i o n s  t o  be  adequate .  

Dinos14 t e s t e d  t h i s  model f o r  

Heat Trans fe r  Coef f i c i en t  

The h e a t  t r a n s f e r  c o e f f i c i e n t  w a s  c a l c u l a t e d  by a n  equat ion  sug- 

ges t ed  on page 678 of Ref. 15. 
v o  .8 

h (Btu /hr / f t2  ) = l7O(l + low2 2; - lo-' t2 ) - 
Do - 2  

where 

t i s  t h e  bulk temperature  i n  OF 

V i s  t h e  v e l o c i t y  i n  f t / s e c  

D i s  t h e  equ iva len t  diameter i n  inches  

POWER FLEXCTOR PARAMETRIC S'I'IJDY 

Fuel  Cycle Economics 

Resu l t s  of t h e  power r e a c t o r  paramet r ic  s tudy  are p resen ted  i n  

F ig .  5 and i n  Tables 13  and 14  f o r  economic Condition I .  The water- to-  

UO, volume r a t i o  was v a r i e d  from 1 . 4  t o  2 . 3  by changing t h e  p e l l e t  

diameter while  ho ld ing  l a t t i c e  p i t c h  cons t an t .  

2 .8  and 3.8 w/o 236U were i n v e s t i g a t e d .  

Enrichments between 

From Fig .  5,  it i s  obvious t h a t  t h e  c o s t  minimum i s  broad wi th  

r e s p e c t  t o  both enricbxnent and water - to- fue l  r a t i o .  

vary  by only Z-3$  wi th in  a range of +20$ from t h e  optimum water - to- fue l  

r a t i o  and a l s o  by 1-2$ w i t h i n  t h e  range of -1-0.5 w/o enrichment f o r  a 

g iven  water - to- fue l  r a t i o .  

w i d e  d i f f e r e n c e s  i n  i n d i v i d u a l  cyc le  cost components, these differences 

tended t o  o f f s e t  each o t h e r  and r e s u l t e d  i n  l i t t l e  v a r i a t i o n  of t h e  

t o t a l  cyc le  c o s t .  

d i f f i c u l t  t o  determine t h e  t r e n d  of' minimum c o s t  enrichment wi th  t h e  

Minimum cyc le  c o s t s  

- 
- 

Although t h e  paramet r ic  v a r i a t i o n  provided 

The l a c k  of v a r i a t i o n  i n  t h e  f u e l  cyc le  c o s t  made it 
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vs. Enrichment for Four Power Reactor Lattices. 



Table 13. Equil ibr ium Fuel Cycle Cost Data f o r  Four Power Reactor  L a t t i c e s  

Case l Case 2‘ Case 3 Case 4 

P e l l e t  Diameter, i n .  

Nominal (Actua l )  Q v e r a l l  H,O/UO, volume 

Cost Components, mi l l s /kwhr ( t )  

%ti0 

Makeup Uranium 
Uranium Credit, 
Plutoniua Credit  
Processing 
Fabr ica t ion  
I n k r e s t  or\ Fab r i ca t ion  
Fabr ica t ion  Inventory  
Core Inventory 
Processing Inventory 
Ship ping 

~ o t a l  ~ u e i  Cycle cos t ,  
mills/kvhr(t) 

Cycle Cost, 

0.3516 
2.25 (2.263) 

0 345 
-0.028 
-0 + 068 
0.013 
0.064 
0 004 
0 005 
0.025 
0 I 002 
0 e 004 

0 e 366 

19-73 

0.3669 
2.0 (1.958) 

0 e 351 
-0 a 035 
-0 076 
0 a 014 
0*064 
0.004 
0.005 
0.027 
0.003 
0 005 

0 - 360 
10.55 

0.374 
-0 6 054 
-0.090 
0.016 
0.066 
0 e 004 
0 006 
0 D 032 
0.003 
0 e 005 

0.361 

10.58 

0.4047 

1.4 (1.378) 

0 * 459 
-0.116 
-0 2-17 
0 019 
0.072 
0 D 004 
0.007 
0.042 
0.005 
0 IO06 

0 380 

11.14 

a 
Dlzel cycle c o s t s  arf: based on a s e p a r a t i v e  charge of $3O/kg U, optimum t a i l s  of .2594 w/o a35U, 

eowers ion  charge of $1.35/kg U, and a n  ore c o s t  of $8.OO/lb g3&. 
b 
g?~.blicly owned r e a c t o r  wi th  fixed charge rate on non-depreciat ing assets of 5% and a d iscount  rate 

of 4%- P r i v a t e l y  owned c e n t r a l  p rocess ing  and f a b r i c a t i o n  p l a n t s  wit,h f i x e d  charge rate of 22% on 
c a p i t a l  investment.  
indus t ry .  

Process ing  p l a n t  i s  s i z e d  f o r  10 MT/day and f a b r i c a t i o n  p l a n t  serves a 75,000 M w t h  

C 
Case 2 i s  typical of t h e  Diablo Canyon L a t t i c e  Configurat ion.  



Table 14 .  Mechanical and Burrxp Data for Four Power Reactor  L a t t i c e s  

Case 1 Case 2* Case 3 Case 4 

Pi tch ,  i n .  

P e l l e t  Diameter, i n .  

Clad Thickness, i n .  

Outside Dime te r  of Rod, ir,. 

Buiidle Cross-Section Dimension, i n .  

Nmiinal (Actural)  Overa l l  H,O/UO, Rat io  

fimber of Bundles 

Nmber of Fuel Rods 

Ac-cive Core Height, i n .  

E q ~ i v a l e n t  Core Diameter, i n .  

I n i t i a l  Uranium Loading, kg 

F i n a l  Uraniurri Loading, kg 

Inisuial  Emichment, w/o 2 3 6 ~  

F i n a l  kr ichment ,  w/o  236U 

Burnup, Mwd/Tonne 

Fuel Residence Time, f u l l  power days 

F i n a l  F i s s i l e  Pu Concentration, 

EqGilibrium Conversion Ra t io  

Fabr ica t ion  P lan t  Throughput, 

Processing P lan t  Throughput, 

Fabr ica t ion  Unit Cost, $/kg 

gm Pujkg U 

Tonneslyr 

Tonnes/yr 

0.563 
0.3516 
0.0243 
0.4067 
8.466 
2.25 (2.263) 

193 
39372 
144 

132 *7 
81024 

77277 
3.4 
0.74 
35009 
874 
5-90 

0.5447 

30 * 56 

29 35 

53.54 

0 9 563 
0.3669 
0.0243 
0.4220 
8.466 
2.0 (1.968) 

193 
39372 
144 
132 *7 
88233 
84315 
3 -3 
0.81 
33109 
900 
6.21 

0.5629 

32 -31 

31 .io 

50.58 

0.563 
0.381~5 
0.0243 
0.4396 
8.466 

1-7 (1.673 
193 
39372 
144 

132 -7 
96893 
92909 
3.2 
0.94 
29850 
891 
6.59 

0.5841 

35 -84 

34.59 

47.24 

0.563 

0.0243 
0.459 
8.466 
1.4 (1.378) 

193 
39372 
144 

132.7 
107341 
103419 

3 -3 
1.31 

25309 
837 
7-30 

0.6062 

0.4047 

42.27 

41.01 

43.59 

*Case 2 i s  t y p i c a l  of t h e  Diablo Canyon L a t t i c e  Configurat ion.  
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wa.ter-to-f?lel r a t i o .  For a l l  water-to-fi;lel r a t i o s  s tud ied ,  f u e l  cyc le  

c o s t s  tended t o  minimize around 3.3 w/o 2!56U. 

Achievable b.;rniip and d ischarge  plutonimn concent ra t ion  followed 

p r e d i c t a b l e  t r ends  with respecl; t o  changes i n  enrichment and water- to-  

f u e l  r a t i o .  Achievable burnup inc reased  almost l i n e a r l y  with en r i ch -  

ment and decreased with decreas ing  water - to- fue l  r a t i o s .  Discharge 

plutonium concent ra t ions  inc reased  with decreas ing  water - to- fue l  r a t i o s .  

As  t h e  wa te r - to - fue l  r a t i o  decreases ,  t h e  neutron spectrum hardeiis, 

and t h e  fas t  e f f e c t ,  thermal. u t i l i z a t i o n ,  and resonance absorp t ion  i n  

238U i n c r e a s e .  A l l  of t h e s e  tend  t o  i n c r e a s e  t h e  conversion r a t i o ,  

however t h e  o v e r a l l  r e a c t i v i t y  decreases .  The n e t  r e s u l t  of these 

e f f e c t s  i s  t o  decrease t h e  burnup f o r  a given enrichment.  

An a n a l y s i s  of t.he z f f e c t  of t h e s e  t r e n d s  on t h e  f u e l  cyc le  c o s t  

componen-fr,s fo l lows  . For t h e  same enrichment, t h e  fo l lowing  changes 

occur  as t h e  wat>er-to-fuel r a t i o  i s  decreased.  

1. The n e t  f i s s i le  burnup c o s t  (U makeup c U c r e d i t  I- Pu c r e d i t )  

decreases .  While t h e  uranium makeup component of t h e  n e t  f u e l  cos t  

i nc reases ,  dae t o  a h ighe r  uranium throughput,  t h e  plutonium and 

d r a n i m  c r e d i t s  i n c r e a s e .  me inc reased  f i s s i l e  material c r e d i t  i s  

ca-xsed by the harde r  spectrum and an  i n c r e a s e  i n  resonance absorp t ion  

and thermal u t i l i z a t i o n .  

2 .  Fab r i ca t ion  c o s t s  gene ra l ly  inc rease  because t h e  c o s t  i n c r e a s e  

due t o  t h e  h ighe r  throughput tends  t o  over - r ide  t h e  lower u n i t  c o s t  of 

t h e  l a r g e r  diameter  p e l l e t s .  The u n i t  f a b r i c a t i o n  c o s t  i s  a power 

func t ion  of plaxt throughput,  b u t  t h e  range of throughputs  of i n t e r e s t  

i n  t,he stbJdy are bnlow Lhe "kr-ee" of th: c o s t  ve r sus  throughput curve.  

Conseqdently, ail i n c r e a s e  i n  throughput does n o t  prodlnce a s i g n l f i c a n t l y  

lower u n i t  c o s t .  

3. FEel inventory  charges i n c r e a s e  due t o  t he  l a r g e r  co re  uranium 

loading  and lower s p e c i f i c  power. Also, more f i s s i l e  plutonium i s  

prcdhced from t h e  ha rde r  spectrum system. 

For p r a c k i c a l  p~sposes ,  the f u e l  cycle costas  f o r  t,%e I. .97 8,O/UQ, 

l a t t i c e  (Case 2 )  a n d  t h e  1 -67  Y,O/UQ, lattice are i d e n t i c a l . ,  

lower n e t  f i s s i l e  c o s t  of the 1.67 FT,Q,hkO, l a t t i c e  (Case 3 )  i s  o f f s e t  by 

higher inventory  charges associaLed with a longe r  res idence  t i m e  a n 3  

The 



h ighe r  f i s s i l e  inven-Lory. Fabr i ca t ion  c o s t s  w e r e  i d e n t i c a l  f o r  both 

lat 'Lices.  

becalase t h e  thermal-hydraul ic  c h a r a c t e r i s t i c s  were more c o n s i s t e n t  with 

p re sen t  design p r a c t i c e .  This  des ign  i s  i d e n t i c a l  t o  Westinghouse's 

proposed Diablo Canyon r e a c t o r .  The c o s t  minimization showed t h a t  t h e  

Diablo Canyon r e a c t o r  has  a f u e l  cyc le  c o s t  of 0.360 mi l l s /kwhr ( t )  

(10.55 #/106BTU) f o r  a p u b l i c l y  f inanced r e a c t o r  p l a n t  and p r i v a t e l y  

f inanced  process ing  p l a n t s  (Condition I ) .  The r e a c t o r  has  f u e l  rods 

conta in ing  0.3669-in. diameter  p e l l e t s  of 3.3 w/o 236U, a c l a d  th i ckness  

of 0.0243-in., and a p i t c h  of 0.563-in.  

Mwd/Tonne f o r  a f u e l  res idence  t i m e  of 900 ful l -power days.  

The 1.97 H2O/UO2 l a t t i c e  w a s  s e l e c t e d  as t h e  r e fe rence  design 

!ibe average f u e l  burnup i s  33,100 

Tne economic minimization w a s  based on ground rul .es  p rev ious ly  

descr ibed  as Condition I. The f u e l  cyc le  c o s t s  f o r  a l l  t h r e e  sets of 

ground r u l e s  a r e  shown i n  Table 5 f o r  t h e  s e l e c t e d  r e fe rence  design.  

Condition I1 i s  def ined  as a p r i v a t e l y  f inanced  r e a c t o r  p l a n t  and t h e  

same fab r i ca t ion -p rocess ing  complex used i n  t h e  minimization s tudy .  

Tne only d i f f e r e n c e  i n  energy c o s t  between Conditions 1 and I1 are t h e  

i n t e r e s t  charges.  

p l a n t  i s  0.400 mi l l s /kwhr ( t )  (11.72 b/106BTU). 

r e a c t o r  p l a n t  us ing  t h e  o n - s i t e  p i ~ b l i c l y  f inanced  process ing  p l a n t  

(Condition 111) bas a s i g n i f i c a n t l y  h ighe r  energy c o s t  t han  t h e  o the r  

t-wo cases .  This i s  due s o l e l y  t o  .the smaller in&Js t ry  s i z e .  The 

f a b r i c a t i o n  u n i t  c o s t  i s  $72.33/kg compared t o  $50.58/kg f o r  t h e  

75,000 Mwth capaci ty ,  p r i v a t e l y  f inanced  p l a n t s .  The UF6 t o  UO, pre-  

p a r a t i o n  charge, which i s  inc luded  i n  t h e  f a b r i c a t i o n  cos t ,  rises 

from $4/kg t o  about  $lO/kg due t o  t h e  smaller i n d u s t r y  s i z e  and 

small-er p l a n t  throughput .  The u n i t  reprocess ing  c o s t  rises from 

$11-.55/kg t o  $34.50/kg when t h e  p l a n t  s i z e  i s  decreased.  

d i t i o n  111, t h e  f u e l  cyc le  c o s t  i s  O . k ? O  mil l s /kwhr ( t )  (12.31 f i / l O ' ~ B T u ) .  

The f u e l  cyc le  c o s t  f o r  t h e  p r i v a t e l y  f inanced  r e a c t o r  

The p u b l i c l y  f inanced  

For Con- 

fie1 cyc le  c o s t s  Ln Table 5 izre based on t h e  "36U p r i c e  schedule 

used f o r  t h e  minimization s tudy .  The schedule assumes a s e p a r a t i v e  

work charge of $3O/kg and an  optimwn t a i l s  concentratAon of 0.2594 

w/o 23E11J. 

schedule w a s  published, based on a s e p a r a t i v e  charge of $26/kg U and 

a 0 .20  W/O '"U t a i l s .  The re fe rence  des ign  f '1 .1 .d  cyc l e  c o s t s  f o r  t h e  

Shor t ly  a f t e r  t h e  s tudy  w a s  completed, a r ev i sed  AEC p r i c e  
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t h r e e  economic cond i t ions  were re -eva lua ted  t o  r e f l e c t  t h e  new s e p w a t i v s  

work charge and ta i l s  concent ra t ion ,  and are also presen ted  i n  Table 5.  
w- ~n-. cyc le  c o s t s  ob ta ined  by us ing  t h e  nL2w v a l x e s  a r e  3$ -Lo 4% l o v e r  

t h a n  t hose  obta ined  from t h e  o l d  valtdes. 

Thermal-Hydraulics 

The results of t he rma l -hydrml ic  s t u d i e s  f o r  near-optimkr power 

reacbor  l a t t i c e s  are p resen ted  i n  Tablo 15. The l i n s a r  h e a t  rate w a s  

held cons t an t  Tor a l l  cases .  The near-optimam l a t t i c e s  are t h e  same 

a s  t hose  descr ibed  i n  t h ?  previous s e c t i o n .  

%hi: core  p re s su re  drop, t h e  thermal-hydraul ic  c h a r a c t e r i s t i c s  do no t  

vary s i g n i f i c a n t l y  between t h e  t h r e e  l a t t i c e s  a t  e i t h e r  100% o r  ll2$ 

cf fo.11 power. C a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  maximum c e n t e r l i n e  f u e l  

temperatfire v a r i e s  by only - +5G°F from the  r e fe rence  design value,  while  

thF: Walter-to-fuel r a t i o  i s  v a r i e d  by +15$. For t h e  sam? element, p i t ch ,  

',he f u e l  tempera ta re  inc reases  as t h e  p e l l e t  diameter  decreases .  This 

i s  due -I;o t h e  s l i g h t l y  h ighe r  h e a t  flux of Lhe smaller diameter  rod, 

caus ing  l a r g e r  temperature  drops ac ross  t h e  c l a d  and coolan t  f i l m .  

A t  1 1 2 %  power t h e  s e l e c t e d  r e fe rence  des ign  has  a m a x i m u m  c e n t e r l i n e  

temperature  of 445G°F. 
between l a t t i c e s  at, bo th  power cond i t ions .  

diameter  L a t t i c e  (Case 1) has  s s l i g h t l y  lower D3B ra2;fo due t o  i t s  

h ighe r  h e a t  f l u x .  'Be r e fe rence  des ign  has  a minimum DNBR of 2.30 a t  

112% power. Both t h e  maximm c e n t e r l i n e  f u e l  temperature  and minimwn 

DlUBR are c o n s i s t e n t  wi th  c u r r e n t l y  accepted  des ign  p r a c t i c e .  The 

szlectzd r e fe rence  design has  a maximum l i n e a r  h e a t  rat? of  18.9 kw/'ft. 

For  a l l  designs,  coolan t  water e n t e r s  t h e  core  a t  539°F and i s  d i s -  

charged i n  t h e  normal channel a t  608'F. 
u m e  i s  646°F. 

t h e  COY? with approximately 5.55% qtiaJity for a i l  near-optimum des ign  

cases. 

of 1.75 acd an  a x i a l  peak-to-average of 1.61. 

With t h e  except ion  of 

- 

The minimum D I D  r a t i o  also  ails t o  d i f f e r  

The 0.3516 i n .  p e l l e t  

The ho t  channel  e x i t  tempera- 
L I n  t h e  hot, channel a t  112% power, t h e  coolan t  l eaves  

A l l  cases  w e r e  m n  w i t k  a n  assumed r a d i a l  pcwer peaking facLor 

The od.y s u b s t a x h i a l l y  differen% c h a r a c t e r i s t i c  between design 

cases  i s  t h e  core  preSsi!r+ drop. To o t h e r  c h a r a c t e r i s k i c  r t p r e s e n t s  a 

s i g Q i f i r a n t  v a r i a t i o n  i n  %he thermal-hydraul ic  desi  ga. A s  t h e  p e l l p t  



40 

Table 15. Thermal-Hydraulic Data f o r  Three Power Reactor L a t t i c e s  

Case 1 Case 2 Case 3 

Pitch,  i n .  0 563 
P e l l e t  Diameter, in. 0.3516 

Outside Rod Diameter, i n .  0.4067 
Overal l  H,O/UO, Rat io  2.263 
Thermal Output, Mw 3250 

Nominal System Pressure,  p s i a  2250 

Average Spec i f i c  Power, kw/kg UO, 

Clad Thickness, i n .  0.0243 

35.74 
Average Heat Flux, Btu /hr / f tz  2.148 x 18 
Maximun Linear  H e a t  Rate, k w / f t  18.9 
Peak-to-Average Power Rat io  2.82 

DNB Ra-tio a t  Nominal Conditions 1.79 
DNI3 Rat io  a t  112% Power 1.27 
Average Mass Flow Rate, l b s / h r / f t 2  2.426 x 106 

Average Coolant Velocity,  f t / s e c  15 .o 
Core Pressure Drop, p s i  25.8 
Nominal Coolant I n l e t  Temp., OF 539 
Noiainal Coolant Outlet  Temp., OF 608 
Average Core Temp. Rise, O F  69 
Nominal Out le t  Temp. i n  Hot Channe1,OF 646 
Maximum Fuel Center l ine  Temp., OF A150 

Maxiiiim Clad Surface Temp. , O F  657 

0.563 
0.3669 
0.0243 
0.4220 
1.968 
3250 

2250 

32.55 
2.070 x io6 
18.9 

1.81 
1.30 

2.564 x 18 

2.82 

15.85 
28.8 

539 
608 
69 
644 
,4100 

657 

0.563 
0.3845 

0.4396 
1.673 
3250 

2250 

29.89 
1.98'7 x 10' 
18.9 

0.0243 

2.82 

1.83 
1-33 
2.751 x loG 
17.0 

33.2 
539 
608 
69 
61-16 
A050 

657 



d i a m t e r  i s  inc reased  i n  o rde r  to decrease the  watm-to-f-cei  r a t i o ,  

the  c9re pressu.re drop i n c r e a s e s .  

25% as the water - to- fue l  r a t i o  i s  decreased by 15%. 
mczrily in f luenced  by two f a c t o r s .  %en the p e l l e t  diameter i s  in- 

creased  wi thout  a n  ioc rease  i n  Yhe p i t c h ,  the f low v e l o c i t y  must i n -  

c r ease  t o  main ta in  ,the same coo-lant flow rate.  Since t h y  pressure 

drop v a r i e s  as t h e  sqaare of t h e  ve loc i ty ,  a small. i n c r s a s e  i.n v e l o c i t y  

can prodice  a s u b s t a n t i a l  i nc rease  i n  pressure drop. Secondly, t h e  

inc reased  pellet diameter  resul;ts i n  a l a r g e r  rod contact, area, wi th  

respec-l t o  the volme of t h e  coo lan t .  

of t h e  channel  decreases .  I lke t o t a l  system p r e s s i n e  drop should i n -  

c r e a s e  by almos% 10% i f  t h e  l a r g e r  diameter  p e l l e t  i s  used. Since t h e  

fuel cycle  c o s t s  are iden.t l .ca1 f o r  t h e  r e fe rence  des ign  a,nd t h e  Case 3 

design, t h e  Diablo Canyon d e s i g r  w&s s e l e c t e d  as the r e fe rence  desi.gn on 

t2.e b a s i s  of a lower pvmping c o s t .  

The pressme drop r i s e s  by almost 

~e r i se  i s  pri- 

That is, t h e  hydrau l i c  diam5ter 

PROCESS REXf REACTOR PARAlWRzC S T i D Y  

Resu l t s  of tAe proc\?ss h e a t  r e a c t o r  parame.tri.c st,.udy are presented  

i n  F ig .  6 and i n  Table 16 and 17. 
frm 1 . 2  t o  2 . 0  and the enrichment from 2.3 t o  3.3 w/o a36TJ dur ing  t h e  

course of t h e  s tudy.  Allowable pel.1et d i a x e t e r s  f o r  a giver1 water-to- 

f u e l  r a t i o  were d e t e m i n e d  from t he  t Jhemal-bydraul ic  acaly-sis - 
Fig.  6 it can be seen t h a t J  as i n  the power r e a c t o r  study, t h e  c o s t  

m i n i m a  i s  broad with r e s p e c t  t o  bo% enrlchment and water - to- fue l  

r a t i o . ,  

to-fuEi3. r a t i o  and a r a t i o  of 2 .0 .  

fuel. r a t i o  gene ra l ly  -vary by 3% wi.thi.n t h e  range o f  2.3 t o  3.3 IT/. 

a3sU. Individual.  fuel  c y c k  c o s t  components v a r i e d  s i g n i f i c a n t l y ,  

w5.th.ln %he range of water-t;o-f::el r a t i o s  and err:i.c'nm?nts s t d i e d  - 
Eolowever, t he  v a r i a t i o n s  te ided :;.a of fs3t eacl:. o the r  axd. res,:::l.bed i n  

l i t , t l e  varlation i n  tke i;ot<al cycle  costs. 

D.e water-to-fuel. r a t i o  w a s  v a r i e d  

From 

M i n i m i m  cyc le  c o s t s  vary by cn ly  3% between t h e  optimum water- 

Cycle c o s t s  for a givzn  water-t,o- 

rpl? .--..L, e. h ighe r  water density i n  th.e p r c c m s  heat. r e a c t o r  r e s u l t i n g  from 

th3 lower temperat , l re  tends to lower t*he optlmzur! B,O/ilQ, voli~me r a t i o  

i n  order t o  preserve apprcx:imately t h e  same ii: t o  rj- a t o h  ratio. 
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vs. Enrichmeni I"or Four Process Hest Reactor Lattices. 



Table 16. Equil ibr ium F ~ e l  Cycle Cost Data for Five Process  Eeat  Reactor  L a t t i c e s  

Case 1 Case 2 Case 3 Case 4 Case 5 

P e l l e t  Diameter, i n .  

Nominal (Actual)  Overall H,O/UO, 

Cost Components, mills/kwhr( t ) 
Rat io  

Makeup Uranium 
Uranium Cred i t  
Plutonium Credit 
Processing 
Fab ri e a t  i o n  
I n t e r e s t  on Fabr i ca t ion  
Fabr ica t ion  Inventory  
Core Inventory 
Processing Inverztory 
Shipping 

Tota l  Fuel  Cycle Cost,a3b 
mil ls lkwhr (t ) 

Total. Fuel 
#/l@ Rtu 

Cycle Cost, 

0.45 

2 . 0  (2.046) 

0.311 
-0.011 
-0.068 
0 e 014 
0 - 053 
0.005 
0 005 
0.030 

0.005 

0.345 

0 002 

10.11 

0 * 31-3 
-0.016 
-0.076 
0.015 
0.055 
0.005 
0.005 
0 031 

0.005 

0.338 

0.002 

9.91 

0.50 

1.5 (1.539) 

0.325 
-0.027 
-0.088 
0 e 016 
0 * 059 
0.005 
0.005 
0 * 033 
0.003 
0.005 

0.335 

9.82 

0.50 

1 .5  (1.537) 

0,317 
-0 023 
-0.085 
0. or6 
0.053 
0.005 
0.005 
0.040 
0.002 
0.005 

0.336 

9.83 

0.50 

1 . 2  (1.237) 

0.359 
-0.052 
-0.109 
0.019 
0 e 060 
0 * 005 
0.005 
0.044 w 

0.006 

0.340 

e 
0.004 

9.96 

a 
Fidel cyc le  c o s t s  are based on a s e p a r a t i v e  charge of $3O/kg U, optimum ta i l s  of .2594 w/o  236U, 

conversion charge of $1.35/kg U, and an  o re  c o s t  of $8.OO/lb U3G. 

ra%e of 4$. 
on c a p i t a i  investment .  
Mwth indus t ry  * 

'Publicly owned r e a c t o r  wi th  fixed charge ra te  on non-depreciat ing assets of 5% and a d iscount  
P r i v a t e l y  owned c e n t r a l  p rocess ing  and f a b r i c a t i o n  p l a n t s  with fixed charge rate US 22% 

Process ing  p l a n t  i s  s i z e d  f o r  10 MT/day and f a b r i c a t i o n  p l a n t  s e rves  a 75,000 



Table 17. Mechanical and Burnup Da%a for Five Process  Heat Reactor  L a t t i c e s  

Case 1 Case 2 Case 3 Case 4 Case 5 

Pi tch ,  i n .  0.687 
P e l l e t  Diameter, i n .  0.45 
Clad Thickness, i n .  0.024 
Outside Diameter of Rod, i n .  0.5045 
Bdncile Cross-Section Dim. ,  i n .  10.366 
Nominal (Actual)  Overa l l  H20/U02 2.00 (2.046) 
Rat io  

Nmber of Bundles 

Xmber of F'ilel Rods 

Active Core Height, i n .  

Equivalent Core Diameter, i n .  

I n i t i a l  Uranium Loading, kg 

F i n a l  U r a n i m  Loading, kg 

I n i t i a l  Enrichment, w/o 236U 

F i n a l  mrichment,  w/o  2 3 6 ~  

Burnup, Mwd/Tonne 

€ h e 1  Residence Tine, 
full power days 

Flml F i s s i l e  Pu Concentration, 
gm Pu/kg U 

Equ-SLbrizn Conversion Ba t io  

Bib r i c a-t i on P l m t  Tar caghput 
Tomes/yr 

Tomes/  ys 
Processing P lan t  Tmougkput, 

Fs:,2yicaxioc .~:?i% C ; > s t ,  $/~g 3 

245 
49980 

183.1 
16847'7 
161168 

3.0 
0.52 

33045 
1291: 

5 -43 

144 

0.5465 
44.97 

41.30 

41 = 47 

0.660 
0.45 
0.024 
0.5045 
9.961 
1-75 (1.732) 

245 
49980 
144 
175 -9 
16847 7 
161412 

2.9 
0.58 

31352 
1227 

5.88 

3 - 5705 
45.19 

$3.61 

41.4-3 

0.632 
0.45 
0.024 
0.5045 
9.541 
1.50 (1.539) 

245 
49980 
144 
168.5 
168477 
161817 
2.8 

0.68 
28887 
1131 

6.27 

3.5944 
49.10 

47.46 

40. 73 

0.701 0.662 
0.50 0.50 

0.026 0.026 
0 5585 
io. 576 9 991 

0 * 5585 

1.50 (1.537) 1.20 (1.237) 

241 
49164 
144 
1.85 -3 

l%356 

204600 

2.8 
0.64 

29570 
1429 

241 

49164 
144 

175.0 
204600 

197345 
2 -7 
0.85 
24914 
1204 

6.18 6.66 

0 * 5936 0.6235 
47.35 56.91 

46.33 55 27 

37 r 25 35-75 
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The v a r i a t i o n  of ind iv idua l .  c o s t  cmponer?_ts w:.th wat-m-to-fuel  

r s L i o  i.s similar t o  that ,  descri5ed. p rev ious ly  f o r  t h e  power r e a c t o r  

cos-!! st;l.d.y. 

de-reases, f i s s i l e  inventwry charges ineyeasp, a,nd the fabr iea- t ion  c o s t  

increases s l i g h t l y  'These var ia t , ions  t,end t o  p r o d w e  a minimun cyc le  

c o s t  f o r  a water - to- fue l  r a t i o  of' 1.5 
has  a w a t e r - t o - f w l  r a t i o  of 1.5, a p e l l e t  diameter of 0.45-in., a clad 

thickness of 0.024-in., and a p i t c h  of O.632-in. 

rc?ini.aum f u e l  cyc le  of 0.335 mi l l s /kwhr ( t )  (9.82 $/106BTIJ) occurs 

at 2.9 w/o 

28,900 Mwd/Tonne with a fwl res idence  tixe of 1.131 days.  

As the water - to- fue l  rati.0 decreases ,  the n e t  f u e l  c o s t  

The s e l e c t e d  refe-ence des ign  

The Condition 1 

enrichment- TIE r e a c t o r  has  a n  average fuel buxnup of 

"The remlts  of surveys performed on two p e l l e t  diameters  a% t h e  

optAmmn water - to- fue l  ratio of 1.5 a m  presented  as  Cases 3 and 4 i n  

.i'a'?-es 16 and 17. To remail? wi th in  t h e  a l lowable  core pres su re  drop 

L i m i t s  t h e  p e l l e t  s i z e  can be v a r i e d  from 0.45-in.  t o  0 .52-in.  dim-eter. 

P.esvLt2s p re sen ted  for dianet-ers of 0.4.5-in. and 0-50-i .n.  i n d i c a t e  t h a t  

t h e  p e l l e t  size i s  not  a s i g n i f i c a , n t  f a c t o r  in da5e-rmining the  minimum 

f u d  cyc le  cos t  f o r  t he  opt imm wa-ter-tm-fixl r a t i o .  

produces a sligh3ly highzr i n i t i a l  k 
e.t'.f 

wa,.tier-t.o-ftiel r a t i o  a2.d conseqi,i.ent:Ly g r e a t e r  b ? x m p  

the decrease  i n  tzie vol.ime f r a c t i o n  of +he st - ixtvrai  matecia1 reqxi.red 

w h m  a l a r g e r  p e l l e t  i s  used. 

prodzces a s l i & t l y  more thermalized spectxxm., 

LT resonarce ahso-qt ion of the l a r g e r  p e l . l e t  l . a . t t i ce  al .so inc reases  

rr - -  

The l a r g e r  p e l j e t  

f o r  the s&me enrichment and 

!%,i s i s  due t o  

Tk decrease i n  s t ru .c txra1  abso rp t ion  

'IT:?- s l i g h t  decrease  i n  
2 88 - 
seazti.vi:ty. 

iilen%ical 

pel.l~t sizes  tend to cance l  and both  l a t t i . c e s  apt imize at, t h e  same 

enrickrnerxt. 

d:mp o f  29 psi compared to 40 psi for t h e  0 . , & 5 - i ~ .  p e 2 . e t  diameter 

1.atti.m. 

c~:;a'L t o  the di.fferen.ce In Ar.ei cyci,a e m s ,  between tbe t8w? i a t t , i e e s  ~ 

p a l l e t  d.iarmf,e.~ lat+ 

W t  f i x l  c o s t e  f o r  t h e  two l a t t i c e s  are essentia2.l .y 

Varia.t:ion of i r d . i v i d m l  c o s t  components between %%e two 

The lazger  pel?.e5 d i am;? tc  lattice has a core  pressme 

"??e sesi.ilt;Tng d~Lfferen.c,i I n  p:impirg c m t  i s  estirna,t,ed t o  be 

-the G - 'c5-ia 

reference design beca:i.se it; more n e a r l y  r2presents the  p e l l e t  s i  zc and 

c l a d  t,hi.ckv:ess mos-k sx.i.tabl E t o  presen.i,.-dsy fabr.i,cat;ion eapa;bil.ity . 
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As previously mentioned, the economic optimization was based on 

ground rules described as Condition I. Fuel cycle costs were determined 

for Conditions I1 and 111 for the latkice selected under Condition I 
ground rules. TIe fuel cycle costs for all three sets of ground rules 

are shown in Table 9 for bot'n the old and recently revised AEC separativs 

work charges. 

plant using the same fabrication-reprocessing complex used in t'ne opti- 

mization study. The only difference in energy cost between Conditions 

I and I1 are interest charges. The fuel cycle cost for the privately 

financed reactor plant is 0.380 mills/kwhr(t) (11.14 b/106BTU). As in 

the power reactor study, the publicly financed reactor plant using the 

on-cite publicly financed processing and fabrication plants (Condition 111) 

has R. significantly higher cycle cost than the other two cases. This 

is due to the small industry size. 

compared to &O.TO/kg for the 75,000 Mwth capacity privately financed 
plant. 

fuel-preparation charge for the smaller industry size are identical to 

those reported for the power reactor study. 

Condition I1 is defined as a privately financed reactor 

The unit fabrication cost is $59.73/kg 

Changes in the reprocessing unit cost and in the uF6 to UO, 

Fuel cycle costs utilizing the recently revised AEC separative 

work and tails enrichment values are between 3 and Lt$ lower than 

corresponding costs utilizing the older $3O/kg U and optimum tails 

ground rules. 

Thermal -Hydraul i c s 

The thermal hydraulic studies provided design curves which limited 

the number of lattices that coinld be investigated for the process heat, 

reactor. The design curves are based on a core pressure drop range of 

25-40 psi and a maximum fuel centerline temperature equal to that used 

in current PWR technology ( d - l O O ° F ) .  

Any combination of pellet diameter and overall water-to-fuel ratio above 

curve A will result in a core pressure drop less than 25 psi. Similarly, 

a.ny combination belox curcve R will result in a pressure drop greater 

than 40 psi. 
are -those between t h e  two cu.r.ves. 

The curves are presented in Fig. 7. 

Consequently, the only combinations that can be considered 
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For the basic Westinghouse fuel bundle, the lattice pitch required 

to obtain a specified core water-to-fuel ratio for a given pellet and 

rod diameter may be calculated from 

P = K(Q % + D",) 
where 

P = pitch, in. 

K = a constant dependent on the number of fuel rods and the volwie 

of water displaced by the guide thimbles (K = .7l605 for all 
cases considered) 

(P = desired volume ratio of water-to-fuel 

P 
r 

D = pellet diameter, in. 

D = fuel rod outside diameter, in. 

The equation was derived from available mechanical configuration data 

and is an approximation accurate to +2$ - of tne calculated water-tu- 

fuel. ratio. Therefore, with the use of Vnis equation and Fig. 7, 
lattices can be easily chosen for physics investigation. 

The thermal-hydraulic characteristics of near-optimum lattices 

described in the previous section are presented in Table18. 

ratios for all cases are between 4.0 and 4.5 and departure from nucleate 
boiling is therefore not considered to be a controlling thermal-hydraulic 

design criterion at either 100% or 112% of full power. As described in 

a previous section the linear heat rate and flow rate were adjusted for 

all cases to hold t'ne maximum centerline fuel temperature to a value con- 

sistent with power reactor design technology, i.e., 4100'F. It was as- 

sumed tnat the same peak-to-average power ratio and hot channel factors 

used in the power reactor design were applicable to the process heat 

reactor design. 

higher maximum linear heat rate than used in the power reactor design 

because the coolant temperature is lower. The selected reference design 

requires a maximum linear heat rate of 20.3 kw/ft to achieve a center- 
line temperature of 4100°F while the power reactor is designed Yor a, 

linear heat rate of 18.9 kw/ft, to achieve the same temperature. For 

all near-optiniwn cases, coolant water enters the core at 325OF and 
exiis the normal channel a t  383'F. 
at 465'F, two degrees below the saturation temperature. 

The DNB 

The process heat reactor core can be designed to a 

Coolant in the h o t  channel exits 



Table 13. Thermal-Hydraulic Data f o r  Five Process  Heat Reactor L a t t i c e s  

Case 1 Case 2 Case 3 Case 4 Case 5 

Pitch,  i n .  

P e l l e t  Diarrieter, i n .  

Clad Thickness, i n .  

Outside 

Overall 

Tlierxal 

?doni rial 

Average 

Ase rage 

Maximwn 

- 

0.637 0.660 
0.45 0.45 
0.024 0.024 

G .632 0.701 0.662 

0.024 0.026 0. 026 
0.45 6-50 0.  50 

Rod Diameter, in. 0.5045 0.5045 0.5045 0.5585 0 * 5585 
H,O/UO, Ra t io  2 .o 1.75 1.5 1.5 1.2 

Output, Mw 4307 4307 4307 4307 ‘1307 
System Pressure,  psia 5G0 500 50Q 5co 5 30 

SI;eciI’ie Power, kw/kg UO, 22.6 22.6 22.6 16.6 18 .6 

L;inear Heat Rate, i iw / i ’ t  20.3 20.3 20.3 20.6 20.6 i= 

Heat Flux, Btu/hr / f tz  1.888 x 1 G 5  1.888 x 106 1.838 x l G 6  1.741 x lo6 1.7~~1 x 10‘ 

Peak-to-Average Power Ra t io  

DUB Ratio a t  Nominal Conditions 

Average Mass Flow K a t e ,  lbs /hr / f t2  

Average Coolant Velocity, f t / sec  

Core Pressure Drop, p s i  

Nominal Coolant In l e t  Temp., OF 

Nominal Coolant Ou t l e t  Temp., “F 

kgerage Core Tenp., Bise, ”F 
Nominal Outlet Temp. i n  Hot Channel, 

fi4zximu.m Fuel Center l ine Temp., O F  

2.82 
3.56 
2.610 x 106 
12 .& 
24.8 

325 
383 

55 
OF 465 

4.100 

2.82 

3.73 
2.923 x 18 
14.4 
30.6 

325 
383 

58 
46 5 
A-100 

2 .s2 

3.93 
3.369 x 18 
16.6 
40.2 

325 
383 
58 
465 
A100 

2.82 2.82 
4.20 4.43 

13.8 16.5 
2.313 x 1 G 6  3.352 x lo6  

29.0 40.6 

325 325 
363 383 
5s 58 
465 46 5 
AlGJ - h l G O  

6 



A s  i n  t h e  power r e a c t o r  study, t h e  only s u b s t a n t i a l  d i f f e r e n c e  

between t h e  near-optirnun cases  e x i s t s  i n  t h e  core  p re s su re  drop.  Cases 

3 and 5 have a p res su re  drcrj? of about 40 p s i  while  cases  2 and 4 have 

a core @p of 30 p s i .  Higher p re s su re  drops a r e  caused by a smaller 

flow area, which inc reases  t h e  f l u i d  ve loc i ty ,  and t h e  core  @p i s  

a func t ion  of t h e  square of t h e  v e l o c i t y .  I n  addi t ion ,  t h e  r a t i o  of 

t h e  flow a r e a  t o  t h e  f r i c t i o n a l  con tac t  sur face ,  as cha rac t e r i zed  by 

the hydraul ic  diameter,  i s  smaller f o r  cases  3 and 5. This  se rves  t o  

i i icrease t h e  f r i c t i o n  f a c t o r  and r e s u l t s  i n  a h ighe r  p re s su re  drop. 

Since tlne d i f f e r e n c e  i n  f u e l  cyc le  c o s t  between cases  3 and 4 

o f f s e t  t h e  pumping c o s t  d i f f e rence ,  t h e  0.45-in.  diameter  la t -Lice  w a s  

s e l ec t ed ,  because t h e  p e l l e t  s i z e  more nea r ly  r ep resen t s  present-day 

f a b r i c a t i o n  p l a n t  c a p a b i l i t y .  

CONCLUSIONS 

The oxide fue l ed  YWR study ind ica t ed  -that,  f o r  a p u b l i c l y  owned 

r e a c t o r  u t i l i z i n g  a p r i v a t e l y  owned '75,000 Mwth capac i ty  f a b r i c a t i o n  

p l an t ,  equi l ibr ium f u e l  cyc le  cos'ts of 0.360 mil l s /kwhr ( t )  and 0.335 

mi l l s /kwhr ( t )  could be expected from commercial power and process  h e a t  

r eac to r s ,  r e s p e c t i v e l y .  For a p r i -va t e ly  owned- r e a c t o r  u s ing  t h e  same 

fab r i ca t ion - rep rocess ing  complex, corresponding f u e l  cyc le  c o s t s  are 

0.lcOO mi l l s /kwhr ( t )  and 0.380 mil l s /kwhr ( t ) .  

owned and t h e  on-si-te f ab r i ca t ion - rep rocess ing  complex i s  p u b l i c l y  

owned with a l 5 , O O O  Mwth i n d u s t r y  capaci ty ,  equi l ibr ium f u e l  cyc le  c o s t s  

a r e  0.415 mi l l s /kwhr( t )  and 0.394 mil ls /kwlir( t ) ,  r e s p e c t i v e l y .  For 

conparat ive purposes, vendor-predicted equi l ibr ium cyc le  c o s t s  are 

0.38-0.42 mills/kwhr (t ) and 0.44-0.48 mills/kwhr (t ) f o r  p u b l i c l y  and 

p r l v a t e l y  owned power r eac to r s ,  r e spec t ive ly .  These c o s t  ranges a r e  

based on r e a c t o r s  reaching t h e i r  equi l ibr ium cycle  i n  t h e  e a r l y  1980%. 
Costs generated by t h i s  s tudy  are f o r  r e a c t o r s  going on- l ine  i n  the 

ear1.y 1-980's, and reaching t h e i r  equi l ibr ium cycle  i n  t h e  l a t e  80's o r  

e a r l y  90's. Vendor-predicted c o s t s  f o r  t h i s  time pe r iod  are no t  

ava.i.lable. Other d i f f e r e n c e s  SeLween t h e  generated. COSLS and vendor- 

predi .c ted cost,s are a t t r i b u % a h l e  t o  d i f f e rences  i n  t h e  assumed economic 

groiind rules.  !Phis sLxdy assumed r e l a . t i v e l y  l a x g e  established 

If t h e  r e a c t o r  i s  p u b l i c l y  



f s b r i c a t i o n  and reprocess ing  i n d % t r i e s .  P l l .  c o s t s  quoted a?mw were 

based on a sepa ra t ive  work charge of $3O/kg U and a.n opsJimm tails  of 

0.2594 w/o 236U. 

$%6/kg U and t a i l s  of 0 .20 w/o 235U9 a f u e l  cyc le  c o s t  saving of 3-4$ 
wi.1.I be real ized f o r  all economic condi t ions  

Using t h e  r e c e n t l y  r e v i s e d  separat . ive work chazge of 

A ccmparison of t h e  fuel cyc le  c o s t s  f o r  tLith. reac’tcr concepts 

i n d i c a t e s  t h a t  a saving of 7% can be achieved i n  t h e  f u e l  c o s t  comporel?lt 

of t h e  prime steam c o s t  by us ing  t h e  process  h e a t  reactJoy rather than  

.5he commercial power r e a c t o r  f o r  t h e  prodxct ion  of f r e s h  w a t e r .  

Con.dition I, the net f u e l  c o s t  r e p r e s e n t s  66$ of t h e  t o t . a l  cyc le  cost 

f o r  th .3  power r e a c t o r  b u t  only 62% f o r  the process  h- -at rzac-tor e 

Fa’orication and reprocess ing  charges account f o r  23% and 24-$, r e spec t ive ly ,  

while sh ipping  and inventory  charges are r e spons ib l e  f o r  the  rema..i.ni rig 

11% alzd 2.476- 

For 

A comparison of the  des ign  and c o s t  parameters  between both con- 

c e p t s  i n d i c a t e s  that ,  t h e  c o s t  op t imiza t ion  followed psedic’mb1.e t r e n d s  e 

For exa.mple, the inc rease  i n  i n l t i a l  r e a c t i v i t y  that i s  e q e r i e n c e d  by 

designing t,o lower moderator arid f u e l  temperaty-res can resi:.lt, i n  c o s t  

sa?l-ings p r i m a r i l y  r e f l e c t e d  i n  t h e  n e t  f i s s i l e  bibrEl;.p cost, ( f ced  cost  -+ 
zLranim c red l . t  -I- pl.utonivm c r e d i t )  . Eie lower ternperattnre process  h e a t  

reac+,or requires a lower water - to- fue l  volume r a t i o  and eririchment8 t o  

achieve a reasonably high burnup. The r e a c t i v i t y  gained by t h e  

rnoderat,or and Doppler e f f e c t s  results i n  a lower n e t  f ae l  c o s t  and f.u.el 

cycle c o s t .  Fab r i ca t ion  c o s t  advantages achieved by us ing  a l a r g e r  

p e l l z t  and a h ighe r  uranium throughput are o f f s e t  by t h e  i ,ncrease ii cor? 

i .nventory charges,  caused by the n e c e s s a r i l y  lower spec i f i . c  power. 

It shoald  be n o k d  t h a t ,  f o r  bo th  concepts,  the emf: miniman i s  

b:road wit,h respec t ,  to enrichment and water - to- fue l  r a t i o .  

(?:?.richen% and r e a c t o r  concept, cyc le  c o s t s  vary  by 3$, with in  +ZO$ - 
of tb? cptimm water - to- fue l  r a 5 i o  For? a glven w a t e r - , t m - f w l  ra i , io  

a n d  concept,? cyc le  cosiis va-ry by 0~1.y 3% w i t h i r :  a. range OP . + c I . ~  -. w/o 
2 36zJ .o-,,, 

For a gi-verl 

.L- om t k e  optirnun enrichment, 

Fos ba th  con.cepts, t k e  f i x e l  cyc l e  c o s t  Sou a pr’iva;t,el.y cwned 

rea-i-xx p l a i 3  i s  12% h ighe r  than  the c o s t  f o r  a, p3.l:: 

-3s i. - c ! g  th.:.: s zme p r  i vat.ely f i  nam ed f a b r i c  at, I on - reprc c :s s s b g  c: oxple x 

.y owned plarit 



The c o s t  d i f f e r e n c e  i s  due s o l e l y  t o  t h e  doubled i n t e r e s t  charges .  

For Lhe p u b l i c l y  owned r e a c t o r  p l a n t  us ing  an  on - s i t e  p u b l i c l y  

f inanced  f ab r i ca t ion - rep rocess ing  p l an t ,  t h e  f u e l  cyc le  c o s t  i s  18% 

h ighe r .  This i s  due t o  t h e  smaller capac i ty  of t h e  f a b r i c a t i o n -  

reprocess ing  complex. Fabr i ca t ion  p l a n t  c a p a c i t i e s  for t'ne complex 

capable of suppor t ing  t h e  15,000 Mwth i n d u s t r y  are one - f i f th  of t h e  

capac i ty  of t h e  75,000 Mwth i n d u s t r y  p l a n t s .  The lower throughputs 

are r e f l e c t e d  through a 45$ i n c r e a s e  i n  t h e  u n i t  f a b r i c a t i o n  c o s t .  

The on - s i t e  process ing  p l a n t  has  only 6% of tlne capac i ty  of t h e  

c e n t r a l l y  l o c a t e d  l a r g e r  i n d u s t i 7  p l an t ,  r e s u l t i n g  i n  a 30% i nc rease  

i n  t h e  u n i t  reprocess ing  c o s t .  
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Appendix A 

RESULTS OF TONG CALCULATliONS FOR THE 
SELECTED REFE€"CE DESIGIVS 

For purposes of comparison with o t h e r  OEIE s tud ie s ,  eydi l ibr j iun 

f u e l  cyc le  c o s t s  f o r  t h e  s e l e c t e d  r e fe rence  designs w e r e  calcvtiated 

us ing  r e c u l t s  of t h e  computer code T0NG.l6 

code capable  of c a l c u l a t i n g  r e a c t o r  core  h i s t o r i e s  of mult;L-batch 

co res .  

microscopic c ros s - sec t ions .  For t h e  p o i n t  d e p h t i o n  ca l cu la t ion ,  j t 

i s  assumed t h a t  t h e  exposure of a sample of material r e p r e s e n t a t i v e  

of t i e  core  average t o  t h e  f lux  necessary t o  develop t h e  average power 

d e n s i t y  w i l l  g ive  a good approximation of t h e  s p a t i a l l y  averaged cyc le  

t ime behavior  of t h e  co re .  

t h e  co re  i s  l a r g e  and r e f l e c t e d ,  as are %he r e fe rence  c o ~ e s .  

'.nt dep le t ion  

GAM-I and THERMOS were used t o  prepare  a s e t  of multigroLp 

Such a c a l c u l a t i o n  i s  r e l i a b l e  only when 

I n  a t y p i c a l  d e p l e t i o n  c a l c u l a t i o n  wi th  t h e  TONG code, i n i t i a l  

nuc l ide  concentza t ions  are s p e c i f i e d  i n  each of %he s e v e r a l  f u e l  batck-.s., 

These concent ra t ions  are averaged, and t h e  p o i n t  e igenvaldc pro'olem 

i s  so lved  t o  e s t a b l i s h  t h e  f l u x e s .  Deplet ion h i s t o r y  I s  foliowed f c r  

each f u e l  ba t ch  exposed t o  t h e  s i n g l e  s e t  of f i l lxes,  which are reca lcu-  

l a t e d  a t  s p e c i f i e d  t i m e  i n t e r v a l s .  

To begin  a cycle,  t h e  f u e l  l oad ing  i n  a newly loaded ba tch  may be  

s p e c i f i e d  o r  a d e s i r e d  mult ipl icatAon f a c t o r ,  k, may be s a t i s f i e d  (czsiially 

wi thout  c o n t r o l  rods )  by adjustment  of one o r  more nuc l ide  conceritration; 

A t  t h e  start  of each d e p l e t i o n  step, a r equ i r ed  k (nea r  u-nity) may be 

achieved by adjustment  of c o n t r o l  rod  poison.  

e s t a b l i s h e d  by e x t r a p o l a t i o n  t o  zero  poison concent-rat ioa a t  a s p e c i -  

f i e d  f i n a l  r e a c t i v i t y .  

The end or" a cyc le  i s  

A t  t h e  end of a cycle ,  material  i n  one zone i s  discharged and rp\- 

processed, and when des i red ,  f u e l  r u c l i d e s  a r e  r&;irned t o  t h e  core  a t  

some la ter  cyc le .  I S  the end of a cyc le  occurs  ai, a t i m e  that excgpds 

a s p e c i f i e d  t o t a l  accumulated time, tlhs r e a c t o r  hfs ' rory  i s  erded-" 

Another option svailab1.e i n  the code was > x e d  t o  pz,.rfo-i tks 

c a l c u l a t i o n s  descr ibed  i n  t h i s  appendix. The method cons is tz i l  oT 

spec i fy ing  t h e  burnup and cyc le  t ime and a l l o w i r g  t - 5 ~  code t o  ad j l i s t  

(by i t e r a t i o n )  t h e  beginning of cyc le  23ci?J concerli-,-rat;i or! i n  c A e r  to 
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meet t h e  d e s i r e d  burnup and cyc le  t i m e .  I n  t h i s  manner, t h e  code w i l l  

achieve t h e  equi l ibr ium cycle  a f t e r  8 t o  9 cyc le  h i s t o r i e s .  

A comparison of: burnup parameters p red ic t ed  by TONG, Westinghouse, 

and LTM f o r  t h e  equi l ibr ium cyc le  i s  presented  i n  Table 19. To achieve 

a given burnup, TONG c o n s i s t e n t l y  p r e d i c t s  a f eed  enrichment 0.5 t o  0.6 

w/o  236U below t h a t  p r e d i c t e d  by LTM and Westinghouse. 

uranium and plu-tonium concent ra t ions  p red ic t ed  by TONG are also lower 

than  those  p r e d i c t e d  by LTM and Westinghouse. 

i n  t h i s  r epor t ,  t h e  LTM p r e d i c t i o n s  of enrichment arid burnup f o r  t h e  

power case  were normalized t o  Westin&ouse p r e d i c t i o n s  at  t h e  Diablo 

Canyon des ign  p o i n t .  The process  h e a t  r e a c t o r  c a l c u l a t i o n s  are a l s o  

normalized t o  t h e  same design p o i n t  through t h e  use  of tlne same f r a c t i o n a l  

c o n t r o l  absorp t ion .  

Discharge 

A s  p rev ious ly  descr ibed  

The disagreement between TONG p r e d i c t e d  values  and LTM-Westinghouse 

p r e d i c t e d  va lues  may be a t t r i b u t e d  t o  two causes .  

r e a l i z e d  t h a t  Westinghouse p r e d i c t i o n s  (and t h e r e f o r e  LTM p r e d i c t i o n s )  

are conserva t ive  for ti?e enr ichnent  r equ i r ed  t o  meet a s p e c i f i c  burnup. 

f i e 1  burnups are warranted and enrichments are n e c e s s a r i l y  p red ic t ed  

h ighe r  t han  t h e  a c t u a l  r equ i r ed  enrichment. From r e c e n t  unpu’dished 

s t u d i e s  performed by ORNL, it i s  es t imated  t h a t  t h e  desrign conservat ism 

i s  on t,he o rde r  of . 2  w/o 236U. 

t o  be caused by a combination of d i f f e r e n t  f i s s i o n  product  t rea tment  

and t h e  neg lec t  of non-deplet ing c o n t r o l  rod poison.  TONG p r e d i c t s  a 

more thermal  spectrum than  e i ther  LTM o r  Westinghouse and t h e r e f o r e  p re -  

d i c t s  a lower 235U discharge  enrichment and lower plutonium product ion.  

F i r s t ,  it must be 

Yhe remaining .3 t o  .4 w/o 236U appears  

TONG has  h i s t o r i c a l l y  p red ic t ed  enrichments 0.5 t o  0.6 w/o 235U 

below Westinghouse p red ic t ions .  I n  R e f .  l7 TONG c a l c u l a t i o n s  i n d i c a t e d  

t,hat, for a Westinghouse design s i m i l a r  t o  t h a t  used i n  t l i s  study, a n  

enrichment of 2.4 W/O 235U w a s  r equ i r ed  t o  produce 24,000 Mwd/Tonne, 

while  Westinghouse p r e d i c t e d  a n  enrichment of 3.0 W/O 235U. 

d i c t i o n s  of t h e  d ischarge  uraniu-m and plutonium concent ra t ions  were 

a l s o  cons iderably  lower than  Westinghouse p r e d i c t i o n s .  

Fuel cyc le  c o s t s  c a l c u l a t e d  on .the basis of TONG r e s u l t s  a r e  p re -  

‘TONG p re -  

sented. i n  Table 20 for t’ne economic condi t ion  previous1.y descr ibed  i r ,  

Condition 1. Tois cond i t ion  assumes pub l i c  f inanc ing  of t h e  r e a c t o r  



Table 19. Comparison of TONG, Westinghouse, and LTM Pred ic t ed  Burnap P a r m e t e r s  f o r  t h e  
Se lee t ed  Power and Process  Heat Reactor Reference Designs 

I. . 

Power Reactor Concept Process  Heat 

Equilibrium Cycle Parameters 
Reactor Concefit 

TOTG LTM Westinghouse TOPG LTM 
Resul ts  Results Resu l t s  Resul t s  Resulxs 

Uraniwr~ charged p e r  region, kg 

Uranium discharged p e r  region, kg 

Uranium barnec dur ing  residence,  kg 

I n i t i a l  2 3 6 ~  enrichment, w/o 

F i n a l  236U enrichment, w/o  

F i s s i l e  plutoniuni discharged p e r  region, kg 

F i n a l  f i s s i l e  FJ concentrat ion,  gm Pu/kg U 

F u l l  power days per region, days 

Average f u e l  burnup, Mwd/Tonne 

Discharge Fraction 01' 239Pu, w/o 

Discliarge Fract ioi i  of '*'Fu, w/o 

Discharge Erazt ior ,  of ''lFu, w / o  

Discharge F rac t ion  of 242P0., w/o 

2 9411 
28048 
1363 

2.78 

. ico 
156.8 

5 *33 
898 

33109 
q. r/ f 
3G.8 

1 4 . 1  

7.4 

2 9411 
25111 
1300 

3 930 
.81 
182.4 

6.21 

898 

33109 
54.3 
24.2 

15.9 
5.6 

2 9070 
27794 
1276 
3.30 

92 

190 5 

6.55 
385 
33000 

56.0 

23.7 
15.0 

5.3 

56159 
53863 
22% 

2.31 

-31 
297.1 
5.29 

1131 

26867 
51.6 

26.7 

1-3.3 
6 .4  

561.59 
53939 
2220 

2 .eo 
.68 

351.3 
6.27 
1131 
28687 

58-3 
22.4 

14.6 
4.7 



Table 20. TONG P red ic t ed  Equi l ibr ium Fuel Cycle 
Costs f o r  Se lec t ed  Power and Process  

Heat Reactor Concepts 

Reference Core 

Cost Component 
Process  
Heat 

Reactor  

Power . 
Reactor  

Makeup uranium 

Uranium c r e d i t  

Plutonium c r e d i t  

Process ing  

Fabr i ca t ion  

i n t e r e s t  on f a b r i c a t i o n  

Fabr i ca t ion  inventory 

Core inventory  

Process ing  inventory  

Shipping 
a b c 

T o t a l  Fuel Cycle Cost  ' 

T o t a l  Ehel Cycle Cost, 

mj.l.l-s/kwhr (t ) 

b/S06 E m  

,266 

- .06s 

- a  004 

. O l 4  

0.64 
.010 

.002 

.019 

.002 

.005 

.316 

9.26 

.238 

- .ooo 
-0.69 

.016 

* 059 

,003 
.011 

.022 

.002 

.005 
_I 

.28G 

8.38 

a 
E'uel cyc le  cos-ts are based on a sepa ra t ive  

work charge of $26/kg U, t a i l s  concen t r a t ion  of 
. 2 0  W/G '"U, conversion charge of $1.35/kg U and 
an  o re  c o s t  of $8.00/lb U,$ . 

bTo-tal does not  n e c e s s a r i l y  equal  sum o f  corn- 
ponents due t o  roundoff e r r o r .  

C 
PiibSicly owned r e a c t o r  with f i x e d  charge ra-te 

on non-depreciat ing assets of 5% and a d iscount  rate 
of 4%. 
c a t i o n  p l a n t s  w i t h  f i x e d  charge rate of 22% on c a p i t a l  
inves'tment. 
and f a h r f c a t i o n  p l a n t  s e rves  a '75,000 Mw(. th)  i ndus t ry .  

P r i v a t e l y  owned c e n t r a l  p rocess ing  and f a b r i -  

Process ing  p l a n t  i s  s i z e d  f o r  10 MT/day 
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plant and private financing of a fabrication plant capable of suFport- 

ing a 7'5,000 Mw(th) industry and a 10 Tonne/day reprocessing plant. 

Tie cost calculation uses the discounted-worth method based on a 4$/yr 

average cost zf money and a 5% fixed charge rate on non-depreciating 

capital. Fuel cycle costs are consistently lower than those predicted 

by LTM fcr the same cases. This is due solely to the lower equilibrium 

feed enrichments, therefore decreasing the net burnup and inventory cost 

components of t h e  total cycle cost. 
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Rahe EF, Jr. + Jones JE, Jr. + Robin TT 

A NE& CYCLE ECONOMIC ANALYSIS OF' OXIDE E'LWl%D POWE3 AND PROCESS HEAT 
RWR'S FOR SEA;W.ATEB D E S U N A T I O N  

Oak Ridge Nat ional  Laboratory, Tenn. 

ORNL-TM-ZOI&J (Jana196g),  59 p, 7 f i g ,  2 0  t a b l e s ,  17 r e f  

Economic s t u d i e s  were conducted t o  determine minimum equ i l ib r ium f u e l  
cyc le  c o s t s  f o r  two oxide f u e l e d  PWR concepts.  &ch r e a c t o r  i s  to be 
used t o  genera te  steam f o r  a s ingle-purpose d e s a l i n a t i o n  p l a n t .  The 
t w o  r e a c t o r  concepts s t u d i e d  were a commercial "product l i n e "  power 
r e a c t o r  and a lower temperature  process  h e a t  r eac to r .  
weTe based on economic ground r u l e s  b e l i e v e d  t o  be r e p r e s e n t a t i v e  f o r  
r e a c t o r s  going "on-l ine"  i n  t h e  1980's. 

Fuel  cyc le  c o s t s  

The s tudy  i n d i c a t e d  t h a t ,  f o r  a p u b l i c l y  owned r e a c t o r  u t i l i z i n g  a 
p r i v a t e l y  owned 75,000 Mwth c a p a c i t y  f a b r i c a t i o n  p l an t ,  equ i l ib r ium 
f u e l  cyc le  c o s t s  of 0,348 m i l l s / k w h r ( t )  and 0.324 mi l l s /kwhr ( t )  could 
be expected from commercial power and process  h e a t  r eac to r s ,  r e spec t ive ly .  
These c o s t s  a r e  based on an o re  c o s t  of  @.OO/lb U,Q, a sepa ra t ive  work 
charge of $26/kg U and a ta i l s  of 0.20 w/o '"U. 
r e a c t o r  using t h e  same f a b r i c a t i o n - r e p r o c e s s i n g  complex, corresponding 
f u e l  cyc le  c o s t s  are -385 and .367 m i l l s / k w h r ( t ) .  
p u b l i c l y  owned and the  complex i s  p u b l i c l y  owned wi th  a 15,000 Mwth 
i n d u s t r y  capaci ty ,  equ i l ib r ium f u e l  cyc le  c o s t s  are 0.402 and 0.381 
m i l l x / k w h r { t ) ,  r e spec t ive ly .  

For a p r i v a t e l y  owned 
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