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This  report was  prepared by Southern Science Applicat ions,  . 
Inc. ,  (SSA) a d i v i s i o n  of Black & Veatch, as an account of 
work sponsored by the United States Governmen't. Neither t h e  
United States, the Arms Control  and Disarmament Agency, SSA8 
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owned r i g h t s ;  or  (b) assumes any l i ab i l i t i e s  w i t h  r e spec t  t o  
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information,  apparatus ,  method, or process  disclosed i n  t h i s  
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1.0 INTRODUCTION 

This  r e p o r t  is  a summary of tasks performed for the U.S. A r m s  
Control  and Disarmament Agency under Cont rac t  AC7NC114. The 
work is d i r e c t l y  related t o  the  Agency e f fo r t  to  examine 
p o t e n t i a l  a l t e r n a t i v e  f u e l  cyc le s  that  might enhance uranium 
resource  u t i l i z a t i o n ,  minimize plutonium product ion,  and re- 
duce the  weapons p r o l i f e r a t i o n  r i s k  from spent  f u e l  reprocess- 
i n g  or e a r l y  in t roduc t ion  of fas t  breeder reactors. Reported 
h e r e i n  are summaries of va r ious  i n t e r - r e l a t e d  task assign-  
ments, i nc lud ing  

- Fuel  u t i l i z a t i o n  i n  c u r r e n t  l i g h t  w a t e r  
reactors ope ra t ing  w i t h  t he  uranium f u e l  
cyc le ;  

- a l t e r n a t e  f u e l  cyc le s ,  inc luding  t h e  use  
of denatured f u e l  i n  LWRs and of t h e  s p e c t r a l  
s h i f t  concept for r e a c t i v i t y  c o n t r o l ;  

- f u e l  u t i l i z a t i o n  i n  high temperature graphite 
moderated reactors using the  denatured f u e l  
cyc le ;  

- f u e l  u t i l i z a t i o n  i n  heavy water reactors 
Y (CANDU t y p e ) ,  inc luding  t h e  use  of enrich-  

ed f u e l ,  denatured f u e l ,  and r e c y c l e  of 
plutonium and U-233;  

- t h e  tandem f u e l  c y c l e  (recovery of spen t  
f u e l  and f u r t h e r  i r rad ia t ion  i n  a CANDU 

I j  

1 type  reactor) ; 
cd 

- i s sues  i n  the u t i l i z a t i o n  of denatured 
f u e l  i n  LWRs: and 

k 

YJ 

- pre l iminary  conceptual eva lua t ion  of a 
heavy water moderated reactor s u i t a b l e  , 
for use  i n  the United States. 
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I 

1 b 

d 

J 



2 - 0  METHODS OF CALCULATION 

The basic a n a l y t i c a l  tool is a zero-dimensional, multi-group, 
po in t -deple t ion  cell c a l c u l a t i o n ,  employing microscopic 
c ra s s - sec t ions  compiled f r o m  t h e  ENDF/B evalua ted  cross- 
s e c t i o n  set, This  program has  prev ious ly  shown e x c e l l e n t  
c o r r e l a t i o n  w i t h  r e s u l t s  of a large number of cr i t ical  ex- 
periments and wi th  experimental  f u e l  burnup data i n  LWRs. 
S p a t i a l  c a l c u l a t i o n s  were n o t  made; i n s t ead ,  a simple aver- 
age of t h e  k a  a t  t h e  end, a t  One-third, and a t  two-thirds 
of t h e  f u e l  burnup w a s  taken as t h e  core-average k a  . For 
t h e  r e fe rence  PWR, t h i s  y i e l d s  an  end-of-cycle k a  of 1,064. 
For o t h e r  c a l c u l a t i o n s ,  t h e  a t t a i n a b l e  burnyp or t h e  enrich-  
ment r equ i r ed  to  achieve a given burnup w a s  determined t o  
give t h e  same end-of-cycle r e a c t i v i t y .  The approximation 
used h e r e  n e g l e c t s  s p a t i a l  effects, b u t  should give reason- 
able va lues  of t h e  equi l ibr ium f u e l  burnup or enrichment 
requirements.  
and mechanical des ign  of t h e  Indian Point-2 reactor core. 

A l l  c a l c u l a t i o n s  w e r e  based on t h e  geometry 

The i n i t i a l  conversion r a t io  ( ICR)  i s  a simple i n d i c a t o r  of 
t h e  p o t e n t i a l  ra te  of product ion of fissile material i n  an 
ope ra t ing  reactor. Although the i n t e g r a t e d  va lue  of con- 
ve r s ion  r a t i o  over the f u e l  l i f e t i m e  w i l l  d i f f e r  somewhat 
from t h e  i n i t i a l  va lue ,  t h e  d i f f e r e n c e  i s  n o t  large. The 
conversion ra t io ,  however, must be normalized t o  t h e  cr i t i -  
cal  reactor core t o  have any real s ign i f i cance .  Reaction 
rates c a l c u l a t e d  by a point-deplet ion program can be used 
t o  estimate t h e  normalized ICR, assuming ' tha t  thermal 
neutron absorp t ion  is added i n  t h e  amount needed t o  reduce 
t h e  reactor to  a j u s t - c r i t i c a l  state. I n  effect, t h i s  
reduces the thermal neutron group f l u x  t o  achieve c r i t i -  
c a l i t y .  The f a s t  group c o n t r i b u t i o n  t o  r e a c t i v i t y ,  kl, 
is provided by the point-depletion program, and the thermal 
c o n t r i b u t i o n  is then  1-kl for a cr i t ical  system. Relative 
group f l u x e s  are q i v e n  by k l / u C '  i n  t h e  fas t  group ( +I ) 
,and by ( l -ki) /u  xr i n  t h e  thermai group ( $Q ) . With t h e s e  
relative f l u x  va lues ,  the i n i t i a l  conversion ra t io  is  t h e  
rate of neutron cap tu re  i n  fissile material fU-238 and Th-232) 
divided by t h e  ra te  of neutron absorp t ion  i n  t h e ' f i s s i l e  
material (U-23 
as  follows: 

I C R  = 

2 
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where c is t h e  macroscopic cap tu re  or absorp t ion  cross- 
s e c t i o n  i n  t h e  fas t  and thermal groups f o r  U-238 ( c y ) ,  
Thorium-232 , U-233 ( cy )  , and U-235 (c25) Although 
t h e  equat ion  is an approximation, an independhnt check calcu-  
l a t i o n  for  an  e x a c t l y - c r i t i c a l  reactor confirmed t h e  v a l i d i t y  
of t h i s  normalizat ion process.  The i n t e g r a t e d  conversion 
ratio,  def ined  as t h e  time i n t e g r a l  rate of f iss i le  material 
product ion divided by t h e  t i m e  i n t e g r a l  rate of f issi le 
material d e s t r u c t i o n ,  is  computed by t h e  point-deplet ion 
program and p r i n t e d  o u t  a t  each t i m e  step. 

I n  computing resource  u t i l i z a t i o n ,  a 75% p l a n t  factor w a s  
assumed for a l l  cases, and t h e  annual requirements w e r e  
normalized to  a 1000 Mw(e) p l a n t .  The i n i t i a l  loading 
requirement was based upon a simple mixture of one-third of 
t h e  core a t  t h e  equi l ibr ium loading, one-third a t  t h e  U-235 
loading  corresponding t o  one-third of t h e  f i n a l  burnup, and 
one-third a t  t h e  U-235 loading corresponding t o  two-thirds 
of t h e  f i n a l  burnup. This approximation, which is equal  t o  
twice t h e  equi l ibr ium annual loading p l u s  t h e  equi l ibr ium 
discharge ,  n e g l e c t s  t h e  pe r tu rba t ion  due to t h e  a c t u a l  
method used i n  t h e  approach t o  equi l ibr ium. 
r e source  requirement is  then 29 t i m e s  t h e  annual requirement 
p l u s  t h e  i n i t i a l  loading. Total plutonium production i s  30 
t i m e s  t h e  annual  production rate. It should be noted aga in  
t h a t  t h e  va lues  obtained are those  for a 1000 Mw(e) p l a n t  
ope ra t ing  for  30 yea r s  a t  an average p l a n t  f a c t o r  of 75%. 

The 30-year 

Throughout t h i s  r e p o r t ,  f u e l  burnup i n  Mwd/mt refers t o  t h e  
loading  of f u e l  i n  terms of t h e  i n i t i a l  metric tons  of heavy 
m e t a l  ( I m t m ) .  

3 



3.0 FUEL UTILIZATION IN PRESSURIZED WATER 
REACTORS (PWRS) 

A number of calculations were performed to evaluate the long- 
range fuel utilization characteristics and plutonium produc- 
tion in PWRs, using the throwaway fuel cycle (sometimes 
called the stowaway or once-through cycle), as a function of 
enrichment, fuel burnup, and water-to-fuel ratio. Results of 
these calculations are summarized in Tables 1 through 5. For 
reference, similar results for the CANDU reactor, for an 
idealized on-line refueling scheme, are shown in Table 60 

In Table 1, different fuel burnups in the reference PWR are 
achieved by adjusting the U-235 enrichment, assuming the 
same 3-cycle loading scheme used in modern large plants. 
Examination of Table 1 reveals that the 30-year requirement 
for uranium ore decreases as the enrichment (and hence burnup) 
increases. However, beyond an enrichment of 3.2% U-235, the 
reduction of U3O8 requirements is not significant. Net annual 
plutonium production continues to decrease with increasing 
fuel burnup. 

Table 2 shows the effect of increasing fuel burnup without 
changing enrichment. 
only be accomplished by reducing the reactivity margin at 
the end-of-cycle, so as to provide the additional reactivity ' 

needed. Table 2 reveals that substantial improvement in 
resource utilization (and reduced plutonium production) are 
possible if the present .burnup of PWR fuel (approximately 
33,000 Mwd/mtU) could be extended (i.e., by more frequent 
refueling, allowing a PWR to approach on-line refueling and 
reducing the required operating reactivity margin). 
upper limit is the hypothetical idealized on-line refueling 
where no excess reactivity for operation exists  other than 

Such an increase in fuel burnup could 

An 

inherent neutron losses throuah leakaae, Table 3 indicates ---_- -- --- - _ _  - I __ _ _ _  - - - - - - - -~ - 

the optimum in resource utiliGation o&urs for an equilibrium 
enrichment of about 3.2% U-235 (correspondin to current 
designs). It may be noted that the discharg 11-235 enrich- 
ment at the optimum is approximately equal to the usual tails 
enrichment (0.2%) in a diffusion plant, wh 
incentive for uranium recycle. 

For comparison, in the throwaway fuel cycl el utilization 
in CANDU reactors for three different enrichments, assuming a 
hypothetical idealized on-line refueling scheme, are summarized 
in Table 4 0  For the reference natural uranium system, the 
idealized burnup is 10,200 Mwd/mtU in contrast to 7500 to 8500 
Mwd/mtU actually achieved in practice. 

4 



table 1 FUEL UTILIZATION FOR LWRs, 3-CYCLE LOADING AT DESIGN !YATERiTO-FUEL 
RATIO, 75% PLANT FACTOR 

E * 1.8% E = 2.4% E - 2.8% E = 3.2% E = 3.6% E = 4.0% E = 4.5% 

litcharge Bumup, FM/kg 

:quilibrium Fisslle 
hrichment. I ttM 

Cycle time, yrs 
Initial conv. ratio 

Integrated cow. ratio 

!nitial Loading l 

Requirements, kg/owe-Yr 
U-235 
ST U308 

c 
equilibrium Loading, 
:g/GWe-yr 

u-235 
ST U306 

!quilibrium Discharge, ' 
rg/GWe-yr, average 

U-235 

Fissile Pu 
U-235 discharge 
enriclnnent 

9nnual Net Requfrements, l 

kg/GWe-yr, average 
U-235 consumed 

U-235 fissioned 
Pu fissioned in situ 

Enrichment require- 
ments, SW 

30-Year Requirements e 

ST U308 
kg Fisslle Pu 

11.5 21.6 27.6 33.0 39.0 44 50.4 

1.8 2.4 2.8 3.2 3.6 4.0 4.5 
1.268 2.382 3.044 3.64 4.301 4.853 5.559 

,647 .578 .546 ,521 .501 .484 .465 
,622 ,596 .581 .567 .558 ,546 .535 

3364 2243 2005 1892 1773 1736 1688 
760 523 473 451 426 420 409 

1354 961 877 839 798 786 772 
306 224 207 200 192 190 187 

656 321 251 214 177 164 144 

295 210 182 164 149 139 128 
. 

.009 .828 ,835 .058 ,845 .845 .9017 

698 640 626 625 621 622 628 
572 521 507 504 499 499 501 
266 294 300 300 302 301 300 

1.35xX05 1.21x105 1.21x105 1.24~10~ 1.25~10~ 1 .29x105 1.32~10~ 

9634 7019 6476 6251 5994 5930 5832 
8850 6300 5460 4920 4470 4170 3840 

1000 Mwe plant operating at a 75% plant factor. 

. 



Table 2 FUEL UTILIZATION, REFERENCE DESIGN WITH EXTENDED FUEL BURNUP 

w 

Discharge Burnup, 
blwd/ kg 

6 

Equi 1 i bri um Fissi 1 e 
Enrichment, % HM 

Cycle time , yrs. 
Initial conv. ratio 
Integrated conv. 
ratio 

Initial Loading 
Requirements , kg/G\+fe-yr 

U-235 
ST U308 

Equilibrium Loading, 
kg/GWe-yr 

U-235 
ST U308 

Equi 1 i bri urn Discharge, 
kg/GWe-yr , average 

U-235 
Fissile Pu 
U-235 discharge 
enrichment 

innual Net Requirements 
<g/GWe-yr , average 

U-235 consumed 
U-235 fissioned 
Pu fissioned in sit[ 
Enri c hmen t requ i re- 
ments, SWU 

30-Year Requirements 
ST U308 
kg Fissile Pu 

Ref 
33,000 
Mwd/mtU 

33 

3.2 
3.64 

.521 

.567 

1892 
451 

839 
200 

214 
164 

.86 

625 
504 
300 

1 . 2 4 ~ 1 0 ~  

6251 
4920 

40,000 
Mw d /m t U 

40 

3.2 
4.412 

.521 

.599 

1793 
428 

692 
165 

121 
142 

.59 

571 
461 

50,000 
Mwd/mtU 

50 

3.2 
5.514 

.521 

.644 

1679 
400 

554 
132 

54.5 
116 

.34 

500 
403 
389 

. 82x105 

4228 
3480 

60,000 
Mwd/mtlJ 

60 

3.2 
6.617 

.521 

.685 

1605 
383 

461 
110 

24 
96 

.18 

437 
353 
434 

: 68x105 

3573 
2880 



Table 3 FUEL UTILIZATION FOR LWRs, ON-LINE REFUELING AT REFERENCE DESIGN 
!+IATER-TO-FUEL RATIO, 75% PLANT FACTOR 

ischarge Burnup. Fkrd/kg 

qui 1 I brium F iss l l  e 
nrichment, I HH 

Cycle tlme, y rs  
I n i t i a l  conv. r a t i o  
Integrated conv. rat10 

n i t i a l  Loading 
equi rements , kglGWe-yr 

U-235 
ST U308 

qui 1 i b r i m  Loading. 
g/GWe-yr 

U-235 
ST U3O8 

qui 1 ibrium Discharge, 
g/We-yr, average 

F i ss i l e  Pu 
U-235 discharge 
enrichment 

nnual Net Requirements, 
g/GWe-yr, average 

U-235 consumed 
U-235 flssloned 
Pu f issloned i n  s i t u  
Enrichment requlre- 
mnts,  SWU 

U-235 

IO-Year Requi rements 
ST U308 
kg F iss i le  Pu 

E = 1.2% 

~ 

6.00 

1.2 
.6618 
.777 
.718 

904 
192 

1729 
367 

1003 
419 

.704 

726 
600 
269 

1.ox1o5 

10,835 
12,570 

E - 1.8% 

26.0 

1.8 
2.868 

.647 
-712 

1020 
230 

599 
135 

112 
178 

,350 

487 
399 
411 

6 . 0 ~ 1 0 ~  

4145 
5340 

E = 2.4% 

42 

2.4 
4.632 

.578 

.702 

1253 
292 

494 
115 

47 
126 

.240 

447 
364 
431 

6 . 2 ~ 1 0 ~  

3627 
3780 

E - 2.8% 

51.5 

2.8 
5.681 

,546 
.695 

1426 
337 

470 
111 

32 
108 

.202 

438 
355 
435 

6.498~ lo4 

3556 
3240 

E = 3.2% 

60.3 

3.2 
6.65 
.521 
.686 

1606 
381 

/ 

459 
109 

24 
96 

.18 

435 
352 
436 

6 .81~10~  

3542 
2880 

E = 3.6% 

69.0 

3.6 
7.609 

.501 

.680 

1784 
427 

451 
108 

18 
80 

.16 

433 
348 
438 

7 .06~10~ 

3559 
2400 

E = 4.0% 

77.0 

4.0 
8.493 

.484 

.672 

1970 
478 

449 
109 

15 
79 

.15 

434 
348 
438 

7 .34~10~ 

3639 
2370 

E 4.5% 

86.5 

4.5 
9.542 

.465 
,663 

2204 
534 

450 
109 

12 
72 

.14 

438 
349 
434 

7 .69x104 

3695 
2160 



Table 4 FUEL UTILIZATION I N  CANDU TYPE REACTORS, ON-LINE REFUELING AT 75% 
PLANT FACTOR 

Ref. 

ischarge Burnup, 
wd/ kg 

qui1 ibr ium F i s s i l e  
nrichment, % HM 

Cycle time, yrs .  
I n i t i a l  conv. 
r a t i o  
Integrated conv. 
r a t i o  

n i  ti a1 Loadi ng 
,equirements , kg/GWe-yr 

U-235 
ST U308 

:qui 1 i brium Loading , 
;g/GWe-yr 

U-235 
ST U308 

:qui l ibr iurn Discharge, 
cg/GWe-yr , average 

F i s s i l e  Pu 
U-235 discharge 
enrichment 

U-235 

4nnual Net Require- 
nents, kg/GWe-yr, 
sverage 

U-235 consumed 
U-235 f i ssi oned 
Pu f iss ioned 5n s i t  
Enrichment requi re  
ments, SWU 

30-Year Requirements 
ST U308 
kg F i s s i l e  Pu 

2.108 

.767 

.800 

7 57 
138 

611 
112 

107 
274 

.13 

504 
424 
457 

0 

3386 
8220 

10.2 

a t  U (0.711%) 

E = 1.2% 

- 

25.7 

1.2 
5.311 

.536 

.754 

1104 
234 

. .405 
86 

10.6 
123 

.032 

394 
330 
522 

2 . 3 5 ~ 1 0 ~  

2728 
3690 

E = 1.5% 

35 

1.5 
7.234 

.465 

.716 

1353 
299 

371 
82 

3. 
92 

.013 

368 
308 
540 

3 . 0 3 ~ 1 0 ~  

2677 
2760 



Table 5 FUEL UTILIZATION IN LWRs, 3-CYCLE LOADING, WATER-TO-FUEL RATIO OF 
1.5, 75% PLANT FACTOR ilsll 

Y 

Y 

m 

rJ 

Y 

Y 

m 

Y 

t 

Ir 

Y 

Y 

bJ 

rJ 

w’ 

J 
I 

w 

Y 

Y 

Discharge Burnup, 
Mwd/ kg 
Equilibrium Fissile 
Enrichment, % HM 

Cycle time, yrs. 
Initial conv. ratio 
Integrated conv. 
ratio 

Initial Loading 
Requirements , kg/GWe-yr 

U-235 
ST U308 

Equilibrium Loading,. 
kg/GWe-yr 

U-235 
ST U308 

Equi 1 i brium Discharge, 
kg/GWe-yr , average 

Fissile Pu 
U-235 discharge 
enri c hmen t 

U-235 

Annual Net Require- 
ments, kg/GWe-yr, 
average 

U-235 consumed 
U-235 fissioned 
Pu fissioned in sit1 
Enrichment require- 
ments, SGlU 

30-Y ear Requirements 
ST U308 
kg Fissile Pu 

E = 1.8% 

7.6 

1.8 
.9864 
.739 

.675 

5375 
1207 

2049 
460 

1277 
420 

1.14 

772 
626 
225 

2 . 0 5 ~ 1 0 ~  

14 , 547 
12,600 

-~ 

E = 2.8% 

~~ -~ ~ 

21.7 

2.8 
2.817 

.630 

.627 

2681 
634 

1116 
264 

449 
263 

1.17 

667 
533 
291 

1 . 5 4 ~ 1 0 ~  

8290 
7890 

E = 3.6% 

31.4 

3.6 
4.077 

.580 

.600 

2314 
556 

991 
238 

332 
224 

1.27 

659 
521 

7458 
6720 

9 

E = 4.0% 

35.9 

4.0 
4.662 

.560 

.589 

2228 
539 

963 
233 

302 
211 

1.33 

661 
520 
293 

1 . 5 8 ~ 1 0 ~  

7290 
6330 



Table 6 FUEL UTILIZATION IN LWRs, ON-LINE REFUELING, WATER-TO-FUEL RATIO OF 1.5 

)ischarge Burnup, 
Iwd/ kg 

:qui 1 i brium F i  s s i  le 
hrichment, % HM 

Cycle time, yrs. 
Ini t ia l  conv. 
ra t io  
Integrated conv. 
ra t io  

In i t i a l  Loading 
lequirements, kg/GWe-yi 

U-235 
ST U308 

,qui 1 i b r i  um Loading , 
kg/GWe-yr 

U-235 
ST U308 

Equi 1 i b r i  um Discharge , 
kg/GWe-yr , average 

Fissile Pu 
U-235 discharge 
enrichment 

Rnnual Net Require- 
ments , kg/GWe-yr , 
average 

U-235 

U-235 consumed 
U-235 fissioned 
Pu fissioned i n  sit 
Enrichment requi rc 
ments , SWU 

30-Y ear Requirements 
ST U308 
kg Fissile Pu 

- 

E = 1.8% 

21.2 

1.8 
2.752 

.739 

.753 

1298 
293 

735 
166 

208 
255 

.528 

527 
425 
404 

7. 33x104 

5107 
7650 

E = 2.8% 

45.0 

2.8 
5.843 

.630 

.730 

1782 
421 

538 
127 

72 
167 

.40 

466 
37 1 
434 

7 . 4 4 ~ 1 0 ~  

4104 
5010 

E = 3.6% 

61.2 

3.6 
7.946 

.580 

.712 

2213 
530 

509 
122 

48 
140 

.37 

461 
362 
436 

4068 
4200 

E = 4.0% 

68.8 

4.0 
8.934 

.560 

.704 

2430 
585 

503 
121 

41 
131 

-36 

462 
362 
436 

8. 22x104 ’ 

4094 
3930 



Tables 5 and 6 summarize s i m i l a r  information a t  a water-to- 
f u e l  ra t io  of 1.5 - a somewhat drier la t t ice  wi th  a h igher  
conversion ratio. Despi te  t h e  improved conversion ra t io ,  
t h e  f u e l  u t i l i z a t i o n  i s  n o t  as good as for t h e  r e fe rence  
design,  l a r g e l y  because of t h e  loss i n  r e a c t i v i t y  due t o  
t h e  d r i e r  la t t ice  ( increased  resonance abso rp t ion  i n  U-238) 
and, consequently,  t h e  h igher  enrichment requi red .  Calcula- 
t i o n s  were n o t  made for a wetter la t t ice  because such a 
l a t t i ce  spacing would r e s u l t  i n  p o s i t i v e  temperature coeffi- 
c i e n t s  of r e a c t i v i t y ,  which would be unacceptable from t h e  
s a f e t y  s tandpoin t .  S imi l a r  r e s u l t s  w e r e  ob ta ined  i n  an 
MIT s tudy  , which showed poorer resource  u t i l i z a t i o n  for  both 
drier and w e t t e r  lat t ices.  Thus, it is  concluded t h a t  t h e  
c u r r e n t  PWR l a t t i ce  spacing is t h e  optimum des ign  (or very 
nea r ly  so) f r o m  t h e  s tandpoin t  of long-term re source  
u t i l i  za t ion  . 
The data summarized i n  Tables 1 through 6 are shown graphi- 
c a l l y  i n  Figs. 1 through 3. 
ment r equ i r ed  t o  achieve a given burnup. 
30-year average resource  requirements ( s tandard  tons  u308) 
as a func t ion  of f u e l  burnup, and Fig. 3 shows t h e  corres- 
ponding f issi le plutonium production. 

S i g n i f i c a n t  improvement i n  resource  u t i l i z a t i o n  is p o s s i b l e  
by any means #at would accomplish some measure of r a p i d  re- 
f u e l i n g  to  approach t h e  i d e a l i z e d  on-l ine r e fue l ing .  Any 
such improvement, r e g a r d l e s s  of p ro jec t ed  p o w e r  demand i n  
t h e  f u t u r e ,  would tend t o  defer a need for  f a s t  breeder 
reactors compared t o  t h e  c u r r e n t  PWR f u e l  c y c l e ,  by an amount 
related t o  t h e  improvement a c t u a l l y  accomplished. 

Figure 1 i l l u s t r a t e s  t h e  enrich-  
F igure  2 shows t h e  

Thorium and Uranium Fueled PWR Systems, MIT Energy 
Laboratory,  MIT-2295T10-06, October 1977. 
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4.0 ALTERNATE FUEL CYCLES 

Severa l  a l t e r n a t e  f u e l  cyc le s  have also been surveyed, 
inc luding  t h e  denatured f u e l  cyc le  i n  both PWRs and i n  t he  
spectral s h i f t  reactor (modified PWR using a variable con- 
c e n t r a t i o n  of heavy w a t e r  t a  compensate for excess  r e a c t i v i t y ) .  
Resul t s  of these c a l c u l a t i o n s  are summarized i n  Table 7. 
Examination of Table 7 reveals that  the denatured f u e l  cyc le  
can effect s i g n i f i c a n t  reduct ions  i n  the re source  requirements 
and i n  the q u a n t i t y  of plutonium produced. However,  the 
spectral s h i f t  reactor concept does n o t  r e s u l t  i n  any s ign i -  
f i c a n t  r educ t ion  i n  resource  requirements or i n  plutonium 
production. General ly ,  a h igher  D20 con ten t  would lead t o  an 
i n c r e a s e  i n  conversion ratio.  However, the  loss i n  r e a c t i v i t y  
( a t  t he  norinal PWR l a t t i c e  spacing) r e q u i r e s  a higher enrich- 
ment t ha t  i n  t u r n  tends  t o  reduce the conversion ratio.  The 
n e t  effect is  only  a s m a l l  i n c r e a s e  i n  conversion ratio,  
Perhaps an  optimized la t t ice  spacing might  improve t h e  f u e l  
u t i l i z a t i o n  c h a r a c t e r i s t i c s  of t h e  spectral s h i f t  reactor 
concept,  b u t  such c a l c u l a t i o n s  were n o t  made i n  the p resen t  
s tudy . 
The denatured f u e l  c y c l e  ( l i m i t e d  t o  20% enrichment of 
uranium i n  U-235) r e q u i r e s  approximately 43% less uranium 
ore than t h e  r e fe rence  PWR f u e l  c y c l e  and produces approxi- 
mately 235 t i m e s  less plutonium. W i t h  U-233 makeup (12% U-233 
f r o m  an unspec i f ied  sou rce ) ,  t he  plutonium production is 
approximately the same as for  U-235 makeup, 

T a b l e  8 summarizes several cases c a l c u l a t e d  t o  i l l u s t r a t e  
the  effect of enhanced burnup (obtained by a h igher  enr ich-  
ment) and of thorium loading i n  a throwaway f u e l  cycle .  
Although there are a l i m i t e d  number of cases shown i n  Table 8,  
it tentatively appears that (1) some improvement in resource 
u t i l i z a t i o n  can be accomplished i n  t h e  denatured f u e l  c y c l e  
by i n c r e a s i n g  enrichment and f u e l  burnup, and tha t  (2) the 
advantage of the denatured f u e l  c y c l e  i s  r e a l i z e d  only i f  
U-233 is  recycled.  The thorium content ,  between 60% and 
approximately 80% ih a throwaway f u e l  cyc le ,  does n o t  s i g n l -  
- f i c a n t l y  affect resource  u t i l i z a t i o n  b u t  does affect t h e  
q u a n t i t y  of plutonium produced. 
no te  t h a t  t h e  discharge U-235 enrichment i s  s u f f i c i e n t l y  high 
t o  warran t  sa lvaging  for either r ecyc le  or use  i n  some other.  
f u e l  cyc le .  

T t  is also i n t e r e s t i n g  t o  
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Table 8 FUEL UTILIZATION IN PWRs WITH THE DENATURED FUEL CYCLE 

scharge Burnup, 
Id/ kg 

luil i brium Fissile 
irichment, % HM 

ii ti a1 Loadi ng 
?qui rements , kg/GWe-yr 

U-235 
ST U308 

qui 1 i brium Loading , 
3/GWe-yr 

U-235 
ST U308 

quilibrium Discharge, 
g/GWe-yr average 

U-235 
U-233 
Fissile Pu 
U-235 discharge 
enrichment 

,nnual Net Requirement 
:g/GWe-yr , average 

U-235 consumed 
Enrichment require 
ments, SGJU 

IO-Year Requirements 
S f  U308 
kg Fissile Pu 
kg U-233 

High Burnup 
(60% Th) 

80 

8 
(20% in U) 

1965 
480 

865 
218 

175 
125 
61 

4.98 
3.56 in U-23 

690 

1 . 9 8 ~ 1 0 ~  

6802 
1830 
37 50 

- 

(60% Th) 
- 

34.8 

4.5 
.1.25% in U) 

2627 
657 

1119 
280 

389 
210 
102 

4.26 
:2.3 in U-23: 

730 

2 . 3 8 ~ 1 0 ~  

8777 
3060 
6300 

(78% Th) 
-~ 

35.3 

4.4 
(20% in U) 

2508 
632 

1080 
272 

349 
253 
66 

7.39 
(5.4 in 0-23: 

731 

2 . 4 7 ~ 1 0 ~  

8520 
1980 
7590 



5.0 FUEL UTILIZATION I N  HIGH TEMPERATURE 
GRAPHITE REACTORS (HTGRs) 

The a t ta inment  of good f u e l  u t i l i z a t i o n  i n  h igh  temperature 
graphite-moderated reactors, as c u r r e n t l y  designed,  makes an 
attractive base from which a l t e r n a t e  f u e l  c y c l e s  can be 
examined. A number of c a l c u l a t i o n s  have been made to  
examine the performance of such cyc le s  u t i l i z i n g  t h e  mechani- 
cal des ign  descr ibed  i n  GASSAR-6* a s . a  basis. 
o p e r a t e s  a t  3000 M w ( t )  w i th  an  ou tpu t  of 1160 Mw(e) .  
f u e l  c y c l e  for  t h e  HTGR described i n  GASSAR achieves  a burn- 
up of approximately 98,000 Mwd/mt wi th  an i n i t i a l  conversion 
r a t io  of  0 . 6 5  (0.68 for  i n i t i a l  core). The i n i t i a l  core i s  

'The reactor 
The design 

loaded w i t h  37;487 kg thorium and 1747 kg uranium; uranium 
t h a t  is  approximately 93% enriched is used as feed f iss i le  
material for  t h e  i n i t i a l  core and reload segments. The use 
of highly-enriched feed material is  n o t  advantageous from a 
n o n p r o l i f e r a t i o n  s tandpoin t ,  so a number of a l t e r n a t e  f u e l  
cyc le s  w e r e  examined. 

A paramet r ic  s tudy  of t h e  effect of thorium c o n t e n t  on con- 
ve r s ion  r a t io  w a s  performed, while  maintaining the re fe rence  
U-235 loading  (4.1 w t % ) .  T h i s  r e s u l t s  i n  a combined varia- 
t i o n  of U-238 and Th-232 and hence, a varying effect on 
resonance c a p t u r e  i n  these fe r t i l e  isotopes. F igure  4 shows 
the effect of this v a r i a t i o n  of t h e  i n i t i a l  conversion ra t io  
and reveals a maximum I C R  of 0.936 a t  a thorium con ten t  of 
about  47  w t % .  The curve shows a r a t h e r  broad maximum wi th  
l i t t l e  v a r i a t i o n  f r o m  t h e  maximum ICR for thorium con ten t s  
of 33 t o  6 0  w t % .  Other  fueP  c y c l e  c h a r a c t e r i s t i c s  for 
vary ing  thorium con ten t  were also obtained from t h e  para- 
metric study. The effect on kq) is shown i n  Fig. 5 as a 
func t ion  of f u e l  exposure. For a l l  cases w i t h  a thorium 
c o n t e n t  less than the reference loading, the reac t iv i ty  does 
n o t  appear t o  be s u f f i c i e n t  t o  a t t a i n  t h e  r e f e r e n c e  burnup. 
I n  a l l  cases, however, t h e  r e a c t i v i t y  curve is f l a t t e r  
towards high burnup than t h e  r e fe rence  case. 
plutonium inventory i n c r e a s e s  s i g n i f i c a n t l y  as t h e  thorium 
c o n t e n t  i s  decreased, s i n c e  t h e  thorium is replaced by 
U-238. F igure  6 shows t h e  fissile plutonium i n v e n t o r i e s  as 

I n  order t o  inc rease  the r e a c t i v i t y  of an HTGR frllel c y c l e  . 

with near-optimum ICR and achieve t h e  r e f e r e n c e  burnup, 

Fissile 

ons of exposure for  var ious  thorium contents .  

* 
GASSAR-6, General A t o m i c  Standard Sa fe ty  Ana 

15  



t h e  i n i t i a l  U-235 enrichment w a s  increased.  For t h i s  a n a l y s i s ,  
a f i x e d  thorium con ten t  o€ 60 w t %  w a s  used. The U-235 enrich-  
ment w a s  increased  u n t i l  t h e  burnup-averaged k q  w a s  equa l  t o  
t h e  r e fe rence  va lue  of 1.0036. This w a s  e s s e n t i a l l y  a t t a i n e d  
( k a ,  = 1.0028) a t  an enrichment of 27.5% (110 kg U-235, 290 kg 
U-238, and 600 kg Th-232 pe r  metric ton of heavy metal). The 
increased  U-235 loading  causes  a decrease i n  conversion ra t io  
t o  0.676. 

The t rade-off  i n  conversion ra t io  i n  o r d e r  t o  i n c r e a s e  reacti- 
v i t y  i s  p r e s e n t  a t  varying degrees  over  t h e  whole range of 
thorium loadings.  This  can be seen i n  Fig. 7 ,  where t h e  
i n i t i a l  conversion r a t io  is shown as a f u n c t i o n  of thorium 
c o n t e n t  w i th  t h e  c o n s t r a i n t  t h a t  a l l  p o i n t s  s a t i s f y  t h e  
r e fe rence  c y c l e  r e a c t i v i t y .  Comparing t h i s  curve to  Fig.  4 
shows t h e  decrease i n  t h e  i n i t i a l  conversion r a t io  t h a t  
occurs  i n  order t o  i n c r e a s e  t h e  r e a c t i v i t y  t o  t h e  r e fe rence  
value.  F igure  7 also shows t h e  i n t e g r a t e d  conversion ra t io ,  
which is larger than  t h e  i n i t i a l  conversion r a t i o  and, in- 
c r e a s i n g l y  so, as thorium c o n t e n t  increases. The d i f f e r e n c e  
between t h e  i n i t i a l  and i n t e g r a t e d  va lues  h e r e  appears  t o  be 
m o s t  l i k e l y  due t o  t h e  inc reas ing  r e a c t i v i t y  importance of 
U-233 feed  dur ing  t h e  f u e l  cycle .  Since a lower p ropor t iona l  
f issi le inventory can e x i s t  f o r  t h e  same r e a c t i v i t y  as t h e  
U-233 inventory inc reases ,  t h e  improved neutron economy y i e l d s  
a h igher  conversion ra t io .  Both curves also show t h a t  t h e  
r e fe rence  GASSAR f u e l  c y c l e  appears  t o  have t h e  maximum con- 
ve r s ion  ratio.  

Both t h e  i n i t i a l  conversion ra t io  and t h e  i n t e g r a t e d  ra t io  
could differ  s l i g h t l y  f r o m  t h e  va lues  presented  he re  because 
of s e l f - s h i e l d i n g  i n  t h e  f u e l  channels themselves. 
e f f e c t  i s  n o t  considered i n  these  data, b u t  c a l c u l a t i o n s  show 
t h a t  the U-238 resonance i n t e g r a l  may be reduced an es t imated  
5 to 10%. This effect, ,combined with the self-shielding of 
t h e  f u e l  ho le  and a t t e n d a n t  r e a c t i v i t y  effects, . could - inf luence  
t h e  conversion ratio.  

Analyses w e r e  a lso performed t o  determine t h e  f u e l  loading  
for a U-233/natural uranium/thorium f u e l  cyc le .  
c o n t e n t  w a s  aga in  f i x e d  a t  60 w t %  t o  achieve near  opt imal  
conversion. U-233 was assumed to  be r e a d i l y  available f o r  
mixing wi th  n a t u r a l  uranium for i n i t i a l  loading. The U-233 
c o n t e n t  w a s  v a r i e d  t o  achieve t h e  r e fe rence  burnup-averaged 
r e a c t i v i t y ,  and t h e  r e s u l t i n g  f u e l  loading w a s  60 kg U-233 ,  
2.4 kg U-235, 337.6 kg U-238, and 600 kg Th-232 pe r  ImtHM. 
The i n i t i a l  conversion ra t io  for t h i s  case w a s  0.90. Figures  
8 and 9 show ka, and specific masses for i s o t o p e s  of i n t e r e s t  
f o r  t h i s  case. 

This  

The thorium 
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Addi t iona l  ana lyses  of f u e l  c y c l e s  wi th  i n i t i a l  U-233 load- 
i n g  w e r e  also performed t o  i n v e s t i g a t e  t h e  s e l f - s u s t a i n i n g  
r e c y c l e  p o t e n t i a l .  I n  t h i s  case, t h e  d ischarge  U-233 con- 
t e n t  w a s  designed t o  be t h e  same as t h e  i n i t i a l  loading. 
Reac t iv i ty  requirements were s a t i s f i e d  by varying both t h e  
U-233 and U-235 i n i t i a l  loading. Thorium loading  f o r  t h i s  
c y c l e  w a s  aga in  f ixed  a t  60 w t % .  Combinations of U-233 
loading and various U-235 enrichments w e r e  examined to  
a t t a i n  t h e  d e s i r e d  U-233 discharge,  as w e l l  as t h e  r e fe rence  
burnup-averaged k a  . 
58 kg U-235, 313 kg U-238, and 600 kg Th-232 p e r  ImtHM, 
t hese  cond i t ions  w e r e  e s s e n t i a l l y  m e t .  F igures  1 0  and 11 
d e p i c t  p e r t i n e n t  c h a r a c t e r i s t i c s  for t h i s  case.. 

A once-through f u e l  c y c l e  w a s  also examined u t i l i z i n y  en- 
r i c h e d  uranium and thorium. The m a x i m u m  burnup a t t a i n a b l e ,  
cons t ra ined  by maintaining t h e  r e fe rence  case r e a c t i v i t y  
averaged over t h e  complete f u e l  exposure, w a s  determined 
for  t h r e e  U-235 enrichment values  with a f i x e d  thorium con- 
t e n t  of 60 w t % .  
under t h e  given c o n s t r a i n t  are l i s t e d  below. 

For  an i n i t i a l  loading  of 29 kg U-233, 

The cases examined and t h e  burnup allowed 

U-235 

( % I  
A l l o w a b l e  Burnup 

‘(Mwd/ImtHM) . .  Loading (kg/ImtHM) Enrichment 
U-2 35/U- 2 3 8/Th-’23 2 

91/209/600 
110/190/600 
132/268/600 

22.75 
27.5 
33.0 

67,600 
96,400 

136,800 

Figure 1 2  shows k a  as a func t ion  of burnup for t h e  t h r e e  
cyc le s  noted above. Discharge f issi le plutonium inventory 
increases p r imar i ly  due t o  exposure only,  s i n c e  t h e  i n i t i a l  
U-238 inventory d i f f e r s  only s l i g h t l y  f o r  t h e  t h r e e  cases. 

The information developed f r o m  t h e  HTGR analyses  descr ibed 
above w a s  re-evaluated t o  opt imize t h e  f u e l  c y c l e  wi th  even 
b e t t e r  n o n p r o l i f e r a t i o n  f e a t u r e s  and t o  provide f u e l  u t i l i z a -  
t i o n  d a t a  on a basis t h a t  could be e a s i l y  compared t o  o t h e r  
reactor types  and f u e l  cyc les .  
of f u e l  u t i l i z a t i o n  for  a l ternate  HTGR f u e l  c y c l e s  normalized 
t o  a 1000 Mw(e)  p l a n t .  
t h e  re ference  thorium c y c l e  are presented. 

The once-through and r e c y c l e  a l t e r n a t e s  are presented  for  
t h e  case of 20% enrichment i n  uranium, which i s  considered 

Table 9 provides  a summary 

D a t a  for t h r e e  alternate c y c l e s  p lus  

a n  upper l i m i t  for acceptab le  nonpro l i f e ra t ion .  Thorium 
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con ten t  for t h e  t w o  cyc le s  is  20%. A s  noted earlier, t h e  
f u e l  u t i l i z a t i o n  of t h e  re ference  HTGR f u e l  c y c l e  is  q u i t e  
good, b u t  h igh ly  enriched f u e l  material is requi red .  Com- 
pared to the  once-through and r e c y c l e  a l t e r n a t e s ,  the 
re fe rence  c y c l e  i s  more favorable for  resource  u t i l i z a t i o n  
and l o w  plutonium production. 
h igher  i n  the re fe rence  case, however, due to  a l a r g e r  
loading  of thorium. 

The production of U-233 i s  

Table 9 also shows another  a l t e r n a t e  HTGR f u e l  c y c l e  t h a t  
provides  some i n t e r e s t i n g  poin ts .  
con ten t  of 80% and uses  feed uranium of 35% enrichment. 
enrichment i s  greater than  the n o n p r o l i f e r a t i o n  l i m i t ,  b u t  
also much lower than  t h e  enrichment for the re fe rence  cycle. 
Although the  enrichment i s  greater than  the  proposed l i m i t ,  
and would appear t o  have a disadvantage from a nonpro l i f e ra t ion  
s tandpoin t ,  t h e  plutonium production is  much l o w e r  than t h e  
once-through or r ecyc le  a l t e r n a t e s .  
tageous for  nonpro l i f e ra t ion .  This  a l t e r n a t i v e  has  s i g n i f i c a n t  
U-233 product ion,  which i s  about 15% higher  than  the  r e fe rence  
cycle .  This  c y c l e  p o i n t s  o u t  t h e  usua l  c o n f l i c t  of opt imizing 
a f u e l  c y c l e  t o  minimize p r o l i f e r a t i o n  r i s k  whi le  providing 
good f u e l  u t i l i z a t i o n .  However, t h e  graphite-moderated 
system can have a range of reasonable  va lues  for  f issi le 
material product ion t h a t  i s  a t t r a c t i v e  for  n o n p r o l i f e r a t i o n  
aims a s  w e l l  as f u e l  u t i l z z a t i o n .  The opt imiza t ion  of such 
a cyc le ,  then, depends l a r g e l y  on t h e  degree of nonprol i fe ra-  
t i o n  c o n s t r a i n t s  on t h e  front-end versus  t h e  back-end of t h e  
f u e l  cycle .  

T h i s  c y c l e  has a thorium 
This  

T h i s  is obviously advan- 



Y 

Y 

lu 

m 

u 
Id 

w 

Y 

w 

LJ 

Y 

J 
I 

I 

w 

96.4 

4.1 
(92.6% in U) 

780 
198 

303 
77 

-- 

15 
156 

0.5 

8.06 

288 
77 

-156 

2431 
-4680 

-15 
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Annual Net Requirements 
kg/G;lnle-yr, average 

Table 9 FUEL UTILIZATION IN HIGH TEMPERATURE GRAPHITE REACTORS 

Fissile Pu 
Enrichment require- 
ments, SWU 
Enrichment o f  Make- 
up U, % (blending) 

30-Year Requirements 
ST U308 

kg Fissile Pu 
kg U-233 

Discharge Burnup, 

Equilibrium Fissile 
Enrichment, % HM 

Mwd/kg 

Initial Loading 
Requirements , kg/GWe-p 

U-235 
ST U308 

Equilibrium Loading, 
kglGWe-yr 

U-235 
ST U308 
U-233 

Equi 15  bri um Discharge, 
kg/GWe-yr , average 

U-235 
U-233 
Fissile Pu 
U-235 discharge 
enrichment 

U-235 
ST U308 
it-233 

HTGR 
Denatured 
Once-T hru 

98 

16 
(20% in U) 

2:34 
538 

1156 
291 
-- 

504 
76 

215 

10.66 

652 
291 
-76 

-215 

2 . 6 5 ~ 1 0 ~  

20 

8977 
- 2280 
-6450 

HTGR 
Denatured 
U-Recycl e 

98 

16 
(20% in U) 

2134 
538 

1048 
264 
108.7 

472 
112 
216 

9.96 

576 
148 _ _  

-216 

1 . 4 4 ~ 1 0 ~  

51.6 

4830 
-- 

-6480 

HTGR 
Reference 
Th-Cycle 

HTGR 
Denatured 
High Th 

98 

7 
(35% in U) 

1385 
350 

506 
128 
-- 

. 80 ' 

178 
31.8 

7.9 

426 
128 

-178 
-31.8 

1.21X1o5 
, I  

35 

4062 
-5340 

-954 

19 



6.0 FUEL UTILIZATION IN CANDU TYPE REACTORS 

Calculations were performed for various fuel cycles in a 
CANDU-type reactor, 
summarized in Table 10 (see also Table 4 for additional data). 
On the basis of these calculations, the following tentative 
conclusions can be made. 

Results of these calculations are 

- Increased U-235 enrichment and correspondingly 
higher fuel burnup for the uranium cycle results 
in improved resource utilization and reduced 
annual plutonium production, 

U-235 makeup (and U-233 recycle) results in a 
significantly improved resource utilization and 
reduced annual plutonium production over the 
uranium-only throwaway fuel cycle, 
the advantage, recycle of the U-233 is necessary. 

- Enrichment with plutonium (and plutonium recycle) 
will also accomplish significant reductions in 
uranium resource requirements. 

(see Table 11) significantly reduces both the long- 
term uranium resource requirements and the net 
plutonium production. 

Because of the lower enrichment requirements, higher conversion 
ratio, and capability for on-line refueling, CANDU-type reactor 
systems generally show better resource utilization than con- 
ventional LWR systems. 

- The denatured fuel cycle, with either U-233 or 

To realize 

- Enrichment with U-233 in a throwaway fuel cycle 

20 
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e 10 FUEL UTILIZATION CHARACTERISTICS FOR CANDU REACTORS 
VARIOUS FUEL CYCLE OPTIONS 

lischarge Burnup, M / k g  

:qui 11 brium F lss l l e  
:nrichment. X HM 

i n i t i a l  Loading 
tequirements, kg/GWe-Yr 

U-235 
ST u308 
Pu 
U-233 

Equil I br f  un Loadlng 
cg/GWe-yr 

U-235 
ST U3O8 
F iss l l e  Pu 
U-233 

Equilibrium Discharge, 
kg/GWe-yr, average 

U-235 
U-233 
F iss i l e  Pu 
U-235 dlscharge 
enrichment 

Annual Net Requlrements, 
kg/GWe-yr, average 

0-235 
ST U308 
U-233 
F iss i l e  Pu 
Enrichment requlre- 
ments, SWU 
Enrichment o f  Makeup 
U. % (blending) 

ST U308 

kg F iss i l e  Pu 

30-Year Requirements 

kg U-233 

Natural U 

7.5 

-711 

962 
176 

880 
162 

630 
162 

4874 
0 

-11.010 

Enriched V 
(No Recycle) 

16 

1.0 

1146 
233 

573 
117 

58 

205 

,104 

-205 

2.17~10~ 

1.0 

3626 
0 

-6150 

Pu Cycle 

16 

N + .3 

843 
154 
354 

412 
75 

173 

54 

2 18 

,095 

358 
76 

-45 

.711 

2358 
0 

-1350 

Oena tured 
Th Cycle 

U-233 Makeup 

16 

1.46 
(11% i n  U) 

2581 

836 

667 
50 

169 
-50 

0 
7482 

-1500 

Denatured 
Th Cycle 

U-235 Makeup 

16 

1.65 
(13% i n  U) 

1946 
487 

292 
73 

666 

95 
666 
56 

1.37 

197 
48 

-56 

5x lo4 

4.41 

1879 
0 

-1680 

Denatured 
Th Cycle 

Once- through 

16 

1.88 
(20% i n  U) 

2343 
590 

1077 
271 

344 
445 
38 

6.87 

733 
271 

-445 
-38 

2 . 5 ~ 1 0 ~  

20.0 

8449 
-1140 

-13,350 



Table 11 FUEL UTILIZATION I N  NATURAL URANIUM, CANDU-TYPE REACTORS WITH U-233 

1.51.1 Enrichment 

ENRICHMENT 

7 1.2% 
Enrichment 

li scharge Burnup, 
Iwd/ kg 

Lquil ibr ium F i s s i l e  
hrichment, % HM 

Cycle time, yrs.  

I n i t i a l  Loading 
lequi rements , kg/GWe-yr 

U-235 
ST U308 
U-233 

qui 1 i b r i  um Loading , 
g/GWe-yr 

U-235 
ST U308 
U-233 

:qui1 ibr ium Discharge, 
:g/GWe-yr , average 

U-235 
U-233 
F i s s i l e  Pu 
U-235 discharge 
enrichment 

hnua? Net Requirement 
cg/GWe-yr , average 

U-235 consumed 
Enrichment require 
ments, SWU 

30-Year Requi rements 
ST U308 
kg F i s s i l e  Pu 
U-233 

I 
1.0% 

nrichment 

22 

+ ,282 U-233 
5.0 

782 
144 
305 

299 
55 

117 

14 
5 

155 
,034 

.O12 U-233) 

285 

0 

1739 
-4650 

3698 

29 

+ .484 U-233 
6.58 

767 
142 
513 

227 
42 

153 

6 
3 

120 
.02 

.01 i n  U-233 

. 221 

0 

1360 
-3600 

4950 

40 

I + .785 U-233 
9.08 

749 
137 
831 

164 
30 

180 

1 
3 

88 
. O l  

:.004 i n  U-23: 

163 

0 

1007 
-2640 

6051 
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7.0 TANDEM FUEL CYCLE 

During the course of the study, results of prior calculations 
on the tandem fuel cycle were compiled and a paper prepared 
for presentation*at the 1977 Winter Meeting of the American 
Nuclear Society. 
ered the irradiation of spent LWR fuel elements (after re- 
fabrication) in heavy water reactors of the CANDU type. Other 
conceivable tandem fuel cycle concepts include the following: 

This particular tandem fuel cycle consid- 

-Metallic fuel elements irradiated in an LWR 
followed by a second irradiation in an HWR, 

- spent fuel from a spectral shift reactor 

- spent HTGR fuel (refabricated) irradiated in 
irradiated in an HWR, and 

an LWR with a possible third cycle in an HWR. 

The effect of the tandem fuel cycle is to salvage the residual 
reactivity and to effectively extend the fuel burnup by ex- 
tracting additional energy in the second irradiation. 
though a significant period of time will elapse following the 
first irradiation (cooling, refabrication, and second irradia- 
tion), an approximate indication’of the overall average 
resource utilization and plutonium production can be obtained 
by calculating these factors for fuel of a higher burnup using 
the discharge fuel compositions at the end of the second 
irradiation. Table 12 summarizes results of these calculations 
for several tandem fuel cycles that have been investigated. 

Al- 



Table 12 FUEL UTILIZATION IN PRESSURIZED WATER REACTORS WITH THE TANDEM FUEL CYCLE 

i scharge Burnup, 
wd/ kg 

qui 1 i b r i  um Fi ssi 1 e 
nrichment, % HM 

ni tial Loading 
equirements, kg/GWe-yr 

U-235 
ST U308 

quilibrium Loading, 
g/GWe-yr 

U-235 
ST U308 

Iquilibrium Discharge, 
:g/GWe-yr , average 

U-235 
U-233 
Fissile Pu 
U-235 discharge 
enrichment 

\nnual Net Requirement: 
:g/GWe-yr , average 

U-235 consumed 
Enrichment require 
ments, SWU 

30-Year Requirements 
ST U308 
kg Fissile Pu 
kg U-233 

Ref 
PHR 

44.4 

3.2 

1308 
312 

624 
149 

60 
-- 
100 

.33 

564 

4 9.2~10 

4633 
3000 
-- 

Ref PWR 
IFP Cleanup 

49.7 

3.2 

1143 
27 3 

557 
133 

29 
-- 
81 

.18 

528 

8. 3x104 

4130 
2430 
-- 

Denatured 
Fuel 

77.4 

4.5 

1027 
257 

503 
126 

21 
95 
33 

*5.5 

482 

1. 07x105 

3911 
,990 

2850 
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8.0 ISSUES IN THE UTILIZATION OF DENATURED FUEL 
IN LWRs 

8.1 General 

One of the more promising methods of improving resource 
utilization and reducing the proliferation risk from plutonium 
production involves the use of a mixture of uranium and thorium 
oxides as reactor fuel (denatured fuel cycle). By reducing 
U-238 content, the amount of plutonium produced can be corres- 
pondingly reduced, However, the thorium in the fuel results 
in the production of U-233, a fissile material neargy as good 
as plutonium for weapons use, Consequently, it is necessary 
to have some U-238 in the fuel to dilute the U-233 produced, 
thereby precluding its use as weapons material (at least 
without isotope separation, a difficult and expensive process), 
Thus, a compromise is necessary between the reduction in 
quantity of plutonium produced and the percent U-233 in the 
uranium of the discharged fuel. For current LWRS, a reason- 
able compromise would reduce plutonium production by a 
factor of 4 or more, while avoiding the existence of uranium 
enriched to more than 12% U-233 or 20% U-235. Further re- 
duction in plutonium production could be accomplished, but 
only by using fuel more highly enriched in U-233 or U-235. 

Recognizing the potential for improved proliferation-resistance 
by the denatured fuel cycle, it is necessary to consider the 
factors that would affect its acceptance and use by the 
nuclear power industry. These considerations involve technical 
and economic issues, as well as possible incentives that may 
be necessary for adoption of the denatured cycle. Subsequent 
paragraphs present discussions of the initial steps necessary 
to identify the issues and the development program needed to 

Utilization of the denatured U-Th oxide fuel cycle depends on 
the successful identification and subsequent resolution of a 
number of issues. Some of these issues are technical, some 
are non-technical, and all have an economic aspect, To be 
considered by the nuclear power industry, the denatured fuel 
cycle must be economically competitive with the existing fuel 
cycle, either directly or as a result of government incentive 
programs or legislative prohibitions. Consequently, the 
major issue is one of economics. However, there are certain 
issues relating to safety, licensing, and operation that must 
be resolved even if the requisite economic incentives are 
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presen t  or may be reasonably expected t o  e x i s t  i n  the fu tu re .  
There are also sub jec t ive  o r  phi losophical  i s s u e s  t h a t  affect  
the nuclear  i n d u s t r y ' s  p o t e n t i a l  acceptance of an a l t e r n a t e  
f u e l  cycle ,  al though t h e  economic impact of those i s s u e s  can- 
n o t  be quant i f ied .  

The p r i n c i p l e  i s s u e s  i n  t he  u l t ima te  acceptance of t h e  denatured 
f u e l  c y c l e  by t h e  nuclear  i ndus t ry  are discussed i n  more detai l  
i n  t he  following paragraphs. 

8 . 2  Safety/Licensing Issues  

In t roduct ion  of an a l t e r n a t e  f u e l  cyc le  concept (or even the 
in t roduc t ion  of a new f u e l  design within an e x i s t i n g  concept) 
r e q u i r e s  tha t  t h e  s a f e t y  of the new cyc le  be demonstrated both 
a n a l y t i c a l l y  and i n  a p r a c t i c a l  demonstration and prototype 
test program. Generally, the  denatured f u e l  c y c l e  is  n o t  ex- 
pected to  r e q u i r e  p l a n t  modification: t he  safe ty / l icens ing  
i s s u e s  revolve about  t h e  performance c h a r a c t e r i s t i c s  of the 
U-Th oxide f u e l .  The l i cens ing  i s sue ,  next  to  economics, 
w i l l  l i k e l y  be the p r i n c i p l e  underlying reason for  indus t ry  
oppos i t ion  t o  the denatured f u e l  cycle.  
cipated indus t ry  r e s i s t a n c e  t o  a new f u e l  c y c l e  would d e r i v e  
f r o m  a r e luc t ance  t o  become entangled i n  a l i c e n s i n g  process  
that  could involve considerable  unce r t a in t f e s ,  extensive 
t i m e  delays, and unpredictable  expenses, 

Much of the  a n t i -  

There is l i t t l e  i r r a d i a t i o n  experience w i t h  thorium oxide 
f u e l  i n  the United States (only the Indian Point-1 and 
E l k  River first cores), and no i r r a d i a t i o n  data has been 
found on mixed U-Th oxides of t h e  composition t h a t  would be 
employed i n  the denatured f u e l  cycles .  
(e.g., the loss of coolant  ana lys i s )  may be affected by the  
phys ica l  characteristics of the mixed oxide f u e l ,  
more r e a d i l y  apparent,  s a f e t y  concerns inc lude  the p o s s i b i l i t y  
of f u e l  d e n s i f i c a t i o n ,  e u t e c t i c  formation, r a t c h e t i n g  with 
clad, f u e l  swel l ing,  and f i s s i o n  gas  pressure  wi th in  the f u e l  
rods. I n  some cases, where information i s  n o t  a l ready  avail- 
able, a research and development program may be requi red  t o  
measure phys ica l  properties (such as specific heat, mel t ing 
temperature, thermal conduct ivi ty ,  etc.) e U-Th oxide 
f u e l  i n  p e l l e t  form. 

Cer t a in  s a f e t y  ana lyses  

O t h e r ,  



8.3 Operation/Performance Issues 

Operation/performance characteristics of the U-Th oxide fuel 
that must be evaluated in assessing the acceptability of the ’ 

denatured fuel cycle include, in addition to in-reactor per- 
formance during the power-production period, all factors re- 
lated to the nuclear fuel cycle. These factors include 

- Uranium and thorium ore availability; 
- conversion to oxide form and suitable blending 

- fuel fabrication: 
- reactor operation; 
- spent fuel storage; 
- reprocessing; and 
- recycle and waste management. 

operations ; 

Within the reactor core, operation with the denatured fuel is 
not expected to differ greatly from corresponding operation 
with conventional uranium oxide fuel, except to the extent 
operations may be affected by the physical properties of the 
mixed oxide fuel, as mentioned above. Presumably, plentiful 
supplies of thorium ore are available. However, there is 
considerable concern about appropriate methods of mixing the 
uranium and thorium oxides - i.e., blending or eo-precipitation 
- to assure a uniform mixture that will not segregate or 
result in unacceptable hot-spots during reactor operation. 
Fuel fabrication techniques must also assure acceptable 
performance characteristics of pressed-and-sintered pellets 
(or vibratory-compacted fuel elements) . 
Storage of spent denatured fuel will not likely differ signi- 
ficantly from storage of conventional uranium fuel. However, 
in chemical reprocessing, it is known that thorium oxide is 
more difficult to dissolve than uranium oxide, so a different 
head-end process (modified Thorex process) than that used for 
the uranium fuel cycle will likely be required. 
to recovery of the thorium and uranium, some plutonium will 
be recovered. Disposition of the plutonium (and fission- 
product wastes if different) must a150 be considered. In 
addition, recycle of the uranium (then containing U-233) 
would impose additional requirements, such as remote fuel 
fabrication facilities as a result of U-232 in the fuel, 
blending with highly-enriched uranium to restore initial 

In addition 
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ha 
reactivity, and the accommodation of increasing parasitic 
absorption due to U-234 and U-236 accumulation. 

8.4 Economic Issues 
M 

u 
Assuming that the technical problems can be solved (it is 
frequently assumed that, with enough money, they can be), 
then the fundamental issue relating to acceptance of the 
denatured fuel cycle by the nuclear power industry is one of 
economics. The economic issues, however, include not only 
the actual costs of the denatured fuel cycle, but also any 
government incentive programs or legislative constraints 
that affect comparative fuel cycle costs. For acceptance and 
introduction of the denatured fuel cycle entirely by the 
private sector, all cost burdens would have to be accepted 
by the industry and the sole incentive would be a reduction 
in the fuel cycle costs. 

Y 

Y 

Y 

M 

Y 

c 
Y 

i M  
i 

At the present time, it is doubtful that the denatured fuel 
cycle could compete economically with the the conventional 
uranium fuel cycle if the total cost burden were to be borne 
by industry. Even in the future, assuming chemical seprocess- 
ing is permitted, it is unlikely that the denatured fuel cycle 
can compete successfully, at least until uranium ore costs 
have risen substantially above present levels. Government 
funding will likely be necessary to support the requisite 
research and development program for the denatured fuel cycle. 
In addition, government incentive programs may be required to 
induce acceptance of the denatured fuel cycle by industry. 
These may be direct subsidies, indirect subsidies in the form 
of cost guarantees or buy-back policies, or legislative 
restrictions - for example, prohibiting recycle of uranium- 
only fuel while permitting recycle of t h e  denatured fuel. 

The principle factors that result in a nominal1 igher cost 
for the denatured fuel cycle include the f 

- Thorium ore mining and procurement; 
- additional cost of blending operations; 
- higher enrichment and SWU requirements for 

’ - greater difficulty of reprocessing fuel con- 
the initial core loading; 

taining thoria; and 
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- remote recyc le  f u e l  f a b r i c a t i o n  and a d d i t i o n a l  
shipping costs r e s u l t i n g  f r o m  t h e  i n h e r e n t  
U-232 contamination and i t s  associated gamma 
r a d i o a c t i v i t y .  

O f f s e t t i n g  t h e s e  factors are t h e  better neu t ron ic  p r o p e r t i e s  
of U-233 (conversion ra t io  and r e a c t i v i t y ) ,  t h e  reduced power 
peaking problems of  recyc led  f u e l ,  t h e  smaller r a d i o l o g i c a l  
hazard of U-233 compared t o  plutonium, improved uranium re- 
source  u t i l i z a t i o n ,  and t h e  reduced r i s k  of weapons p r o l i f e r a -  
t i o n .  

8 . 5  Subjective/Political I s sues  

The s u b j e c t i v e  i s s u e s  a f f e c t i n g  t h e  u t i l i z a t i o n  of a denatured 
U-Th f u e l  c y c l e  l i e  behind t h e  basic ques t ion  - "Why change?" 
I f  t h e  a l t e r n a t e  c y c l e  w e r e  s u f f i c i e n t l y  attractive, economi- 
c a l l y  and t e c h n i c a l l y ,  i ts  inhe ren t  m e r i t s  would cause it t o  
be accepted by t h e  indus t ry .  However, t h e  p r i n c i p l e  attrac- 
t i ve  f e a t u r e  of t h e  a l t e r n a t e  c y c l e  - n o n p r o l i f e r a t i o n  - 
does n o t  n a t u r a l l y  f i t  i n t o  t h e  commercial a rena ,  e s p e c i a l l y  
i n  t h e  case of reactors-for-export ,  where t h e  h igher  cost  ex- 
pected for the denatured f u e l  cyc le  ( i n  t h e  absence of 
government subs id i e s )  could be*a major compet i t ive  disadvantage.  
This  d i f f i c u l t y  is probably compounded by the seeming l ack  of 
confidence on t h e  part  of indus t ry  t h a t  change t o  t h i s  f u e l  
c y c l e  would r e a l l y  have a s i g n i f i c a n t  i n t e r n a t i o n a l  impact on 
p r o l i f e r a t i o n .  Although t h e  indus t ry  realiaes t h a t  an unsu i t ab le  
f u e l  c y c l e  can lead to  p r o l i f e r a t i o n  problems, t h e  experience 
accumulated wi th  t h e  p r e s e n t  uranium c y c l e  is  f r equen t ly  i n t e r -  
p re t ed  t o  i n d i c a t e  reasonable  p r o l i f e r a t i o n  r e s i s t a n c e .  
Furthermore, s i n c e  it is  probably impossible t o  develop a 
reactor system and f u e l  c y c l e  t h a t  is pro l i f e ra t ion -p roof ,  
t h e  basic i n d u s t r y  concept of t h e  problem is a matter of degree. 
Therefore, t h e  basic s u b j e c t i v e / p o l i t i c a l  i s s u e  a f f e c t i n g  
u t i l i z a t i o n  of a denatured U-Th f u e l  c y c l e  is whether t h e  
indus t ry ,  i nc lud ing  t h e  consumer, believes t h a t  t h e  use  of 
t h i s  c y c l e  would have a measurable e f f e c t  on an  i n t e r n a t i o n a l  
p o l i t i c a l  i s s u e  and that t h e  advantages j u s t i f y  any a d d i t i o n a l  
cost. 
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8.6  Resolution and I n i t i a l  Steps 

I n  seeking t o  resolve the  i n t e r r e l a t e d  i s s u e s  discussed above,, 
the  i n i t i a l  steps should include a detailed review to  i d e n t i f y  
those areas i n  which there are substantial d i f f e rences  from 
the e x i s t i n g  uranium f u e l  cycle.  From this survey/ ident i f ica-  
t i o n  stage, it w i l l  be poss ib le  t o  develop a program plan or 
sequence of i n t eg ra t ed  p r o j e c t s  t o  resolve t h e  t echn ica l  i s s u e s  
and t o  establish a responsible  data base for economic projec- 
t i ons .  T h i s  prel iminary survey should be able to  i d e n t i f y  
major l i c e n s i n g  and ope ra t iona l  i s s u e s  t h a t  are s u f f i c i e n t l y  
d i f f e r e n t  f r o m  those of conventional U02 f u e l  cyc le s  to  r e q u i r e  
extensive eva lua t ion  and ana lys i s .  

It seems l i k e l y  t ha t  a t  least t w o  p roof - tes t  i r r a d i a t i o n s  w i l l  
be necessary: a demonstration i r r a d i a t i o n  of three or f o u r  
f u e l  assemblies, followed by prototype i r r a d i a t i o n  of a f u l l  
core loading of U-Th oxide f u e l .  Preceding, and concurrent 
wi th ,  these proof-test i r r a d i a t i o n s ,  a program for  d i r e c t  
measurement of some important design parameters (e.g., thermal 
conduct ivi ty ,  mel t ing poin ts ,  e u t e c t i c  formation, material 
segregat ion,  f i s s i o n  gas release, etc.) w i l l  l i k e l y  be 
necessary.  These i r r a d i a t i o n  tests w i l l  n o t  on ly  provide a 
base of experimental  data, bu t ,  of almost equa l  importance, 
w i l l  a l l o w  some experience t o  be gained i n  t h e  l i cens ing  
process.  

Concurrently,  other R&D projects w i l l  be requi red  t o  es tab l i sh  
costs associated w i t h  are ava i lab i l i ty ,  f u e l  f a b r i c a t i o n ,  re- 
processing, and recycl ing.  These d a t a  w i l l  serve as a base 
for  de f in ing  t h e  denatured f u e l  cyc le  costs and for  iden t i fy ing  
any government incen t ive  programs necessary t o  encourage 
indus t ry  acceptance.  

Some provis ion  should also be included i n  the overall  program 
plan  t o  allow indus t ry  p a r t i c i p a t i o n  and feedback. Surveys of 
indus t ry  a t t i t u d e s ,  and information exchange meetings,  are 
among t h e  poss ib i l i t i es  t h a t  could lead t o  indus t ry  participa- 
t i o n  and support .  
i s s u e s  can be q u i t e  d i f f i c u l t ,  p a r t i c u l a r l y  i f  it is r e a l i z e d  
t h a t  t h e  indus t ry  is inc l ined  t o  t r a n s l a t e  a l l  other consider- 
a t i o n s  i n t o  one of economics. Convincing t h e  nuc lea r  i ndus t ry  
t h a t  the denatured f u e l  c y c l e  could have a posit ive effect on.  
t he  i n t e r n a t i o n a l  p r o l i f e r a t i o n  i s sue ,  and t h a t  the b e n e f i t s  
are w o r t h  t h e  a d d i t i o n a l  expense and i n  
a major task .  

Resolution of t h e  subjective or p o l i t i c a l  

ce, w i l l  be 
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9.0 HEAVY WATER REACTOR DESIGN 

9.1 In t roduc t ion  

A t  t he  r eques t  of the Agency, Southern Science performed a 
pre l iminary ,  conceptual  design of a heavy w a t e r  reactor that  
might be l i censed  i n  the  United States, I n  order to  achieve 
the good f u e l  u t i l i z a t i o n  obtained i n  the  Canadian p res su r i zed  
heavy water reactors (CANDU), the  i n v e s t i g a t i o n  centered  on 
the  heavy w a t e r  moderated, heavy w a t e r  cooled concept. 
Probably the  m o s t  l i m i t i n g  r e s t r a i n t  placed on a U.S. heavy 
w a t e r  reactor is t h e  conclusion t h a t  a p res su re  tube-p ig ta i l -  
header arrangement (as i n  the  CANDU reactors) is unacceptable; 
it is  fe l t  tha t  t he  f a i l u r e  of a s i n g l e  p i g t a i l  would r e q u i r e  
an acc iden t  a n a l y s i s  based on the  assumption tha t  t h e  s i n g l e  
f a i l u r e  i n i t i a t e s  a propagating f a i l u r e  of a l l  p i g t a i l s  
associated w i t h  one end of the  reactor. 
t h e  assumed consequences of a p i g t a i l  f a i l u r e  make acceptance 
of the CANDU system unce r t a in  i n  the United States, Southern 
Science proceeded to cons ider  many heavy w a t e r  reactor des igns  
t h a t  have been proposed or u t i l i z e d ,  i n  an attempt t o  ob ta in  
a hybrid des ign  t h a t  might be acceptab le  for cons t ruc t ion  and 
ope ra t ion  i n  t h i s  country.  Some of the basic cons ide ra t ions  
i n  t he  eva lua t ion ,  and the conceptual  des ign  t h a t  r e s u l t e d  
f r o m  t h a t  eva lua t ion ,  are presented i n  t h e  fol lowing sec t ions .  

On the basis t h a t  

9.2 B a s i c  Considerat ions 

9.2.1 C o r e  Arrangement 

B o t h  h o r i z o n t a l  and v e r t i c a l  o r i e n t a t i o n s  of f u e l  w i th in  t he  
reactor core w e r e  considered,  and it w a s  concluded t h a t  a 
v e r t i c a l  o r i e n t a t i o n  would most nea r ly  resemble the t y p i c a l  
l ayou t  seen p resen t  i n  U.S. commercial nuc lea r  power p l a n t s .  
Consequently, the vertical  o r i e n t a t i o n  w a s  adopted. Con- 
s i s t e n t  w i t h  t h e  access requirement for on- l ine  r e f u e l i n g  
for  maximum resource  u t i l i z a t i o n  and optimum economics, the  
vertical f u e l  rods w e r e  grouped i n t o  assemblies, w i t h  t h e  
assemblies separated by moderator, as i n  the  CANDU reactors: 

S ince  it had been concluded that  a p i g t a i l  arrangement could 
no t  be u t i l i z e d ,  the CANDU ca l andr i a  arrangement, i n  which 
the  moderator is cool, w a s  no t  deemed usable .  Ins tead ,  an  
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arrangement in which the fuel columns are surrounded by 
process tubes that are immersed directly in the moderator 
was adopted. Consequently, although there is flow separa- 
tion, there is no insulation between the primary coolant 
and the moderator: thus, energy will be transferred to the 
moderator as well ad deposited in it, and it will operate at 
"warm" temperatures as compared to the "cool" moderator in 
CANDU plants and the "hot" moderator in LWRs. 

The fuel will be slightly enriched in order to obtain a 
longer lifetime than that achieved in the CANDU plants, and 
the spacing of the process tubes will likely be somewhat 
smaller than the lattice in the Canadian plants, in order 
to obtain a negative power coefficient of reactivity in the 
U.S. plant. 

With the vertical arrangement of the process tubes in the 
reactor, the only way the Canadian bi-directional push- 
through method of on-line refueling can be accomplished is 
by having bottom access to the fuel positions. This means 
opening a process tube (or its extension) at the bottom, 
consequently risking a loss of primary coolant from the 
bottom of the tube in the event of a poor refueling-machine 
connection. 
able to licensing authorities. Therefore, it was decided 
that the process tubes would be accessible for refueling only 
from the top ends. 

With one-end-only refueling access, the refueling machine 
tends to become very complicated. This complexity is in- 
creased by considering such possibilities as partial-length 
fuel bundles, axial shuffling of the fuel, or any operation 
involving the removal and replacement of a component of the 
fuel column. In view of the inherent complication of a one- 
end refuel ing machine and the relatively small gains f r o m  
the bi-directional push-through mode, it was decided that 
the fuel for the reactor would simply be inserted, irradiated, 
and removed, with no shuffling or repositioning within the 

Such an arrangement would likely not be accept- 

core. 

With the in-out arrangement, the use of full-length bundles 
is indicated. With full-length bundles, fabrication costs 
are lower and end-peaking in the core is avoided, In addition, 
fission gas spaces can be provided at the ends of the fuel 
rods, above and below the active core region. Frequency of 
fuel manipulation is decreased. For example, with an aver- 
age specific power of around 20 Kw/kg, and a fuel enrichment 
sufficient to give a fuel exposure of around 22,000 MWd/mtU, 
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the f u e l  lifetime i n  t h e  core is  1100 days. I f  one assumes 
t h a t  t h e  p l a n t  produces around 600 Mw(e) ,  then  the  reactor 
w i l l  probably r e q u i r e  around 350 t o  450 process channels.  

L For a core l i fe t ime of 1100 days, then, one channel must be 
unloaded and loaded each 2% or 3 days. Such a schedule w i l l  
n o t  place unreasonable requirements on t h e  r e f u e l i n g  machine 

Ir and other components i n  the  r e f u e l i n g  system. 

On the basis of the above cons ide ra t ions ,  a conceptual design 
of a heavy water reactor for use  i n  the United States w a s  
developed. That  design i s  described i n  t h e  fol lowing sec t ions .  

u 

G' 9.3 Nuclear Steam Supply System Conceptual Design 

d 9.3.1 Phys ica l  Arrangement 

As stated above, t he  u s e  of p i g t a i l s  and headers, similar to 
the arrangement used i n  t h e  CANDU p l a n t s ,  is considered un- 
acceptable i n  t h i s  country.  Consequently, t h e  t r u e  pressure-  
tube concept,  us ing  s m a l l  pressure-containing components, 

concept,  which, because o f  t he  large l a t t i c e  spacing i n  a 
D 2 0  reactor, r e q u i r e s  a very large p res su re  vessel. 
the conceptual  des ign  presented here i s  adaptable  t o  p r a c t i -  
c a l l y  any s i z e  reactor, t h e  development of the  concept w a s  
based on the p o s s i b i l i t y  of designing p l a n t s  t o  produce as 
l i t t l e  as  500 or 600 M w ( e ) .  Even a t  t h a t  power level,  t h e  
vessel requi red  for  the heavy w a t e r  reactor exceeds present 
capacities for f a b r i c a t i o n  and shipment of t r a d i t i o n a l  steel 
vessels. I n  view af t h i s ,  t h e  vessel selected for  t h e  con- 
c e p t u a l  design is made of prestressed concre te  (a PCRV - 
prestressed concrete reactor vessel). 

d 

Y is unacceptable.  This  l eaves  for  cons idera t ion  the  vessel 

Although 
W 

L 

u 0nce.one makes the dec i s ion  t o  u t i l i z e  a PCRV, the  next  con- 
s i d e r a t i o n  is whether or n o t  t o  cons ider  an i n t e g r a t e d  nuc lear  
steam supply system: 
the primary system are housed wi th in  a s i n g l e ,  large, pre- 
stressed concre te  vessel. I n  t h e  case of t h e  heavy water 
reactor, t h e  use  of a ve ry  compact system is  ind ica t ed  i n  
order t o  reduce the  inventory  of heavy water and, con- 
sequent ly ,  t h e  cost of the power produced by t h e  p l a n t .  
of the advantages of t he  PCRV i n t e g r a t e d  concept is t h a t ,  with 
proper design, it should be possible t o  achieve a system 
tha t  r e q u i r e s  only a r e l a t i v e l y  s m a l l  heavy water inventory.  
I n  view of these cons ide ra t ions ,  it w a s  concluded t h a t  t he  
i n t e g r a t e d  p l a n t  concept,  u t i l i z i n g  the PCRV, would be used. 
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A review of t h e  basic in tegra ted-p lan t  arrangements i nd ica t ed  
t h a t  t he  one-above-the-other arrangement of major components 
(reactor, pumps, steam gene ra to r s )  proposed by the  French i n  
gas  cooled reactor des igns  some yea r s  ago w a s  n o t  desirable 
for  a heavy water system. German and B r a z i l i a n  des igns  w e r e  
also unacceptable,  although each incorporated some f e a t u r e s  
t h a t  w e r e  deemed u s e f u l  i n  a heavy water p l a n t .  
arrangement w a s  considered t o  be t h a t  adopted by General A t o m i c  
for i t s  HTGR designs.  
vertical cy l inde r ,  w i t h  a x i a l  "holes" for  the major components 
of the  nuc lear  steam supply system. Such a design lends  it- 
self t o  the  use of a top-act ing r e f u e l i n g  machine, and also 
permi ts  u s e  of a containment bu i ld ing  of reasonable  s i z e .  
In a d d i t i o n ,  t h e  seismic response of the v e s s e l  is  good com- 
pared to  the ta l le r  c y l i n d e r s  proposed by others. 

The gene ra l  arrangement of the  U.S. heavy water reactor design 
is  shown i n  Fig. 13. 
cal  reactor core is  located on the c e n t e r l i n e ' o f  the PCRV. 
S i x  steam gene ra to r s  are spaced a t  equal  r ad i i  around the 
core, w i t h  a primary coo lan t  pump located beneath each steam 
genera tor .  
t i o n  is  n o t  a t r u e  s e c t i o n ,  as it shows only one of t h e  steam- 
genera tor  p o s i t i o n s  i n  order to  inc lude  a p o r t i o n  of the  re- 
f u e l i n g  system i n d i c a t e d  i n  t h e  l e f t  p a r t  of the PCRV. The 
r e f u e l i n g  machine is  located above t h e  reactor, as shown i n  
t h e  i l l u s t r a t i o n ,  and the  t r a n s f e r  of spen t  ( i r r a d i a t e d )  f u e l  
t o  s t o r a g e  is accomplished through the use of the equipment 
shown a t  the  l e f t  of t h e  i l l u s t r a t i o n .  Refueling ope ra t ions  
are described i n  later paragraphs. 

The best 

The GA design is b a s i c a l l y  a short ,  

The c e n t e r l i n e  of the vertical, c y l i n d r i -  

The vertical  s e c t i o n  represented  by the i l l u s t r a -  

i 

d 
Primary system p ip ing  c o n s i s t s  of short runs  and is housed 
wi th in  t h e  PCRV. Moderator and primary coo lan t  f l o w  paths 
w i l l  be described i n  the next  s e c t i o n ,  b u t  it should be 
noted here that primary coo lant  i n l e t  and outlet pipes are 
above, or a t  the top of,  t he  core reg ion ,  prec luding  t h e  
d ra in ing  of coo lan t  from t h e  fuel assemblies i n  the even t  of 
a p ipe  or nozzle  leak. As t h e  i l l u s t r a t i o n  shows, there is  
an access g a l l e r y  beneath each primary coolan t  pump. There 
are s i x  such g a l l e r i e s ,  each extending r a d i a l l y  i n  the PCRV 
suppor t  and located beneath a pump pos i t i on .  A c o n t r o l  
system equipment space is  provided beneath the  reactor, and 
a p o r t i o n  of t h e  r e f u e l i n g  system extends i n t o  the  PCRV d suppor t  region. 

The reactor c o n t r o l  system i tself  i s  n o t  shown on the draw-  
ing.  
vertical c o n t r o l  rods, h o r i z o n t a l  c o n t r o l  rods, skewed c o n t r o l  

I 

Li 

The system could c o n s i s t  of combinations of the' following: i '  
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rods (as i n  the Seimens des igns ) ,  c o n t r o l  chains ,  hydraul i -  
ca l ly-ac tua ted  b a l l  c o n t r o l  systems, s o l u b l e  poison, or mod- 
erator poison. In t h i s  design,  "moderator" poison would 
a c t u a l l y  be primary-coolant poison, b u t  the term moderator 
poison is  used t o  imply a chemical, such as cadmium s u l f a t e ,  
i n j e c t e d  for  the purpose of s h u t t i n g  down t h e  reactor as com- 
pared t o  t h e  u s e  of s o l u b l e  boron for shim con t ro l .  Note tha t  
a moderator dump f e a t u r e  is  n o t  included, inasmuch as the 
system operates a t  a p res su re  of approximately 100 atmospheres. 

The f u e l  is located i n  process  tubes ,  one of which is  shown 
i n  t h e  drawing. Others are ind ica t ed  by s i n g l e ,  vertical  
l i n e s  i n  t h e  core region.  The drawing a lso shows tha t  each 
process tube  is  served by an access tube t h a t  extends o u t  the  
top of t h e  PCRV. 
t h e p r o c e s s t u b e  and i t s  associated access  tube  are n o t  con- 
nected. The f u e l  column w i t h i n  t h e  process  tube  is  supported 
by a pedestal t h a t  extends o u t  t h e  bottom of the  process  tube 
and rests upon t h e  bottom p o r t i o n  of the reactor vessel l i n e r .  
Posit ive f u e l  hold-down i n  t h e  upward-flow reactor is  accom- 
p l i s h e d  by a combination m e m b e r  tha t  also inc ludes  a f l o w  
orifice and i s  located near  t h e  bottom of the  access tube,  
extending downward i n t o  t h e  process tube. Above the orifice/ 
hold-down m e m b e r  i n  t h e  access tube  i s  a sh i e ld  plug. The 
i n s i d e  diameter  of t h e  access tube  i s  g r e a t e r  than  t h e  o u t s i d e  
diameter of the process tube,  permi t t ing  o f f - l i n e  replacement 
of t h e  process tube  during t h e  pro jec ted  l i fe t ime of t h e  p l a n t .  

Moderator heat exchangers are located ad jacen t  t o  t h e  core 
and reflector reg ion ,  as shown on t h e  i l l u s t r a t i o n ,  and an 
end sh ie ld  is  located immediately above t h e  core. The end 
sh ie ld  consists of a l t e r n a t e ,  h o r i z o n t a l  l a y e r s  of steel  
and D20. An i n l e t  plenum for the primary coolan t  D 2 0  is 
located a t  the bottom of t h e  reactor, while  an o u t l e t  plenum 
that serves both t h e  primary D20 f l o w  and the moderator D20 
f l o w  i s  located above t h e  reactor and top shield.  The f l o w  
arrangement is described i n  the next  s ec t ion .  

9.3.2 Moderator and Coolant Flow 

A simplified f l o w  diagram for the nuclear  steam supply system 
is  shown i n  Fig. 14.  Most of the flow from the  primary cool-. 
a n t  pumps is directed t o  t h e  r e a c t o r  i n l e t  plenum, from which 
it e n t e r s  t he  i n d i v i d u a l  process tubes  ( f u e l  channels) .  The 
process tubes  are orificed a t  the  o u t l e t  ends t o  achieve a 
radial  match of channel power and coo lan t  f l o w .  

I n  order t o  avoid thermal expansion problems, 
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A portion of the pump output is directed through the modera- 
tor heat exchangers and then enters the moderator. This 
flow, which is'probably around 10% of the total reactor flow, 
is subcooled in the moderator heat exchangers to achieve a 
relatively low temperature for the warm moderator employed 
in the design. After traversing the moderator region and 
the end shield region, the moderator D20 is combined with 
the primary coolant DzO in the reactor outlet plenum. The 
hot D20 flows from this plenum to the steam,generators. By 
using the moderator heat exchangers, the moderator is opera- 
ted at a temperature below that of the primary coolant, 
while at the same time the moderator heat exchangers serve 
as economizers for the feedwater flow. The feasibility of 
mixing the outlet flow from the moderator with that from the 
fuel channels is an economic matter beyond the scope of this 
conceptual design work, but it does not appear that an undue 
penalty in mixed outlet temperature is incurred by this 
approach. If the penalty is, in fact, substantial, a modera- 
tor cooling circuit independent of the primary coolant loop 
can be used. In any case, an economic evaluation will al- 
most certainly indicate the desirability of operating the 
moderator at a temperature lower than that of the primary 
coolant. 

At a nominal D20 system pressure of 100 atmospheres, primary 
coolant enters the process tubes at a temperature of approxi- 
mately 2900C and leaves at around 310°C. Moderator inlet 
temperature is about 210°C, and the exit temperature before 
mixing with the D20 from the process tubes is around 26OoC. 
With'a feedwater temperature of about 180°C, steam is pro- 
duced at 60 atmospheres and 275OC. 

9.3.3 Refueling System and Refueling Operations 

As stated earlier, full-length fuel elements are used. When 
refueling of a lattice position is undertaken, all of the 
fuel (one assembly) in that position is removed and replaced, 
with no shuffling attempted. 

The refueling machine, which is located above the reactor, is 
mounted on a carriage which, in turn, is placed upon a trans-. 
verse carriage, as shown in Fig. 13. The limits of movement 
of,the combined carriages is sufficient to enable the re- 
fueling machine to be positioned above any reactor access 

.tube,'the transfer machine (shown in Fig. 13), or the new-fuel 
supply equipment (not shown). The refueling machine is a 
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pres su re  v e s s e l  t h a t  con ta ins  a s t o r a g e  t u r r e t  that  rotates 
about a vertical  a x i s ,  a guide-tube assembly, and a tool- 
p o s t  assembly. The guide tube,  t h e  tool  pos t ,  and any 
selected one of t h e  t u r r e t  s to rage  p o s i t i o n s  are a l igned  with 
a p o r t  i n  the bottom of t h e  machine. 
coupl ing assembly (nozz le) ,  which is  used to  effect a leak- 
t i g h t  seal  between t h e  r e f u e l i n g  machine and the end of an  
access tube,  the transfer-machine tube,  or  the new-fuel 
supply equipment. The r e f u e l i n g  machine i s  f i l l e d  with 
heavy water and is  maintained a t  reactor coo lan t  p re s su re  by 
a helium gas system. 

The t r a n s f e r  machine, located wi th in  t h e  PCRV, provides 
temporary storage and cool ing  for  spen t  or defective f u e l  
elements t h a t  are i n  t r a n s i t  from t h e  reactor t o  the  s p e n t  
f u e l  pool. 
vertical storage p o s i t i o n s ,  t h a t  rotates about a vertical 
ax i s .  The storage tubes  i n  t h e  t u r r e t  can be a l igned  wi th  
t h e  e x t e r n a l  tube t h a t  extends upward for access by the re- 
f u e l i n g  machine, or w i t h  the  tool  p o s t  and bottom-exit 
t r a n s f e r  tube. The t r a n s f e r  machine is f i l l e d  wi th  press- 
u r i zed  helium gas or D20, and i s  provided with a h e a t  removal 
system. 

A r ece iv ing  machine for  s p e n t  f u e l  elements is  loca ted  beneath 
the t r a n s f e r  machine. 
t u r n t a b l e  and can rotate 180° i n  order t o  index to  a p o s i t i o n  
beneath t h e  s p e n t  f u e l  h o i s t .  

The p o r t  leads to  a 

It is  equipped wi th  a heat exchanger. 

The t r a n s f e r  machine con ta ins  a t u r r e t ,  w i th  

The r ece iv ing  machine is  mounted on a 

When a process  tube  is  to  be re fue led ,  the r e f u e l i n g  machine 
is moved t o  a p o s i t i o n  above t h e  new-fuel supply equipment. 
The r e f u e l i n g  machine nozzle  is attached to  t h e  equipment, 
and a new f u e l  element i s  drawn i n t o  a p o s i t i o n  i n  t h e  t u r r e t  
of t h e  r e f u e l i n g  machine. 
tion above the access tube for the specified lattice position. 
The machine nozzle  is  connected t o  t h e  access tube, t h e  
in t e rmed ia t e  space is pressur ized ,  t h e  i n t e g r i t y  of t h e  
connection i s  checked, and the  top o€ t h e  access tube  is 
opened. The r e f u e l i n g  machine then removes t h e  s h i e l d  p lug  
and t h e  orifice/hold-down member from t h e  access tube,  stores 
them i n  an unused p o s i t i o n  i n  t h e  t u r r e t ,  rotates t h e  t u r r e t  
to  a d i f f e r e n t  p o s i t i o n ,  and removes t h e  f u e l  column f r o m  
t he  process  tube. The r e f u e l i n g  machine t u r r e t  p o s i t i o n  
conta in ing  t h e  new f u e l  element i s  rotated u n t i l  it is  i n  
l i n e  w i t h  t h e  access tube, t h e  new f u e l  i s  i n s e r t e d  i n t o  
t h e  process  tube,  t h e  i n t e r n a l s  of  t h e  access tube are re- 
placed,  t h e  tube is closed a t  t h e  top ,  and, fol lowing a 
leakage check, t h e  re e l i n g  machine is  disconnected f r o m  
t h e  access tube. 

The machine then moves t o  a loca- 
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The r e f u e l i n g  machine, conta in ing  the  spen t  f u e l  element, is  
moved t o  a p o s i t i o n  above the t r a n s f e r  machine. 
a procedure s i m i l a r  t o  t h a t  employed a t  the  access tube, t h e  
r e f u e l i n g  machine i s  used to  i n s e r t  t h e  irradiated f u e l  
element i n t o  the t u r r e t  of the  t r a n s f e r  machine. When the 
f u e l  i s  t o  be removed from the t r a n s f e r  machine, the machine 
t u r r e t  is  rotated to  a l i g n  t h e  f u e l  element w i t h  t he  tool 
post and t h e  bottom-exit t r a n s f e r  tube. The r ece iv ing  machine 
is  a t t a c h e d  t o  the bottom of t h e  t r a n s f e r  tube,  and t h e  
irradiated f u e l  element is lowered i n t o  t h e  r ece iv ing  machine. 
The r e c e i v i n g  and t r a n s f e r  machines are disconnected, the 
r e c e i v i n g  machine rotates 1800 about  i ts  ver t ical  a x i s ,  and 
t h e  s p e n t  f u e l  ho is t  l if ts  t h e  irradiated f u e l  from the  
r e c e i v i n g  machine and moves it to  the s p e n t  f u e l  pool. From 
t h a t  pool, t h e  irradiated f u e l  element i s  moved through a 
spen t  f u e l  p o r t  t o  t h e  f u e l  storage pool, which is located 
o u t s i d e  the  reactor containment. 
i n  the  sequence of movements associated w i t h  one f u e l  element. 

Following 

That ope ra t ion  is the  l a s t  
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