
OF THE 
7-- 

ATOMICS INTERNATIONAL 1000 MWe 

$"i-'$ FAST BREEDER REACTOR - 

PREPARED BY: -REACTOR ENGINEERING DIVISION 

CHICAGO OPERATIONS OFFICE 

U. S. ATOMIC ENERGY COMMISSION 

JULY 1966 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



L E G A L  N O T I C E  
Thb report M pwprsd M .a rcaount of demment  apmnored work. Neithr the Unibd 
Btrtslr, nor the Commtnfon, nor ury per- 8efimg aa bbbsrlf of the Comml~on: 

A. M&em any warrmty or reqwmont.tloa, e x p r d  or implied, wkth mrpsot to the accu- 
racy, ma@e&nea, or uwfolears of the infomution acmt8lned in tbir report, or that the u88 
of my informrtion, rgpuatuti, 1~8tho& or procew dl.clo.ed in thl8 report m y  not h&Wge 
privawy ownedri'ghts; or 

B. bsumen any lbbiltties wlth mpect to ftte we of, or for dmuga reMllttng from the 
we of my taiorm9tioe, appmturr, metbod, or proc8.e direlomedl In thie report. 

AD used In the above, "per.oll acthg on kh.U of Uls C~mmi .n lon~~  inolud~ my em- 
ployee or contnctbr of tbs Colami~ba,  or employee of such contnctar, b tbe extant tb.t 
NC)I emproyea or contrautar of the Commiatsbn. or employ& of rueh CanPWWr vepu8.. 
dhmmhatee, or provider .cce8~ to, rqy information purewmt ta hi. employment or aontrmt 
with i b  annmbion. or bl. employment wtth such m a a t o r .  

Printed in USA. Prlee $3.00 . Available from the CleaJriD@boase for FederoS 
SEienUflo and Teuhnical Information, National E m u  a i  Standards, 

U. 6, DepsLGtment af Commerce. Springfield, VI~gtnia 22151 



COO-285 
Reac to r  Technology 
UC-80 
TID-4500 (48th Edit ion) 

AN EVALUATION 

of the 

ATOMICS INTERNATIONAL 1000 MWe 
. ., . . , . < .  

PREPARED BY: REACTOR ENGINEERING DIVISION 
CHICAGO OPERATIONS OFFICE 
U. S. ATOMIC ENERGY COMMISSION 

JULY 1966 



::. . 
CONTRIBUTORS 

. . 
. I  . 

., .,. 
. E d i t i n g .  

C.  F i e s  . . . .  
J 

Reactor  Phys ics  

. . & - LASL 

H . .Hurmne.l . . M. B a t t a t  
K. P h i l l i p s  Go' Best 

. . B. Carmichael 
D. Dudziak 
W. Hannyn 
R. La Bauve- 

C.. F i e s  . . G .. . . Ragan 
J .  V i g i l  

Fue l  and M a t e r i a l s  

ANL - 
J. Ayer 
R. Dunworth 

8 .  

J .  Handwerk 
C. Reinke 

AEC - 
J. P u r c e l l  

AEC - 
, r . . . : . .  

A. Hosler  



TABLE OF CONTENTS 
. , 

Section 

.Introduction and Summary 

Summary : 

Corngarison Data 

Nuclear Characteristics 

Introduction . . 

Page 

1 -'1 

1- 1 

3 .2  Comparison of Nuclear Parameters -3-1 

3 . 3  Sodium Void Effect 

Genera 1 +3 

Complete ~0i.d. of -the Core Region -3-3 - 
Blanket Only .Voiding , -3-4 

Boppl er E f f e c t  3-7 

Breeding Ratio 73-9. 

Other Nuclear Parameters 

Fuel Loading 

Peak to Average Power --2': 

Control. -%I? - 

.POwer Fraction and Mediit~i. ieutron Energy 3-33 

Other Comments 

Nuclear Data and Procedures 

Cross Sections 

, Geometric Representation 



iii I 

Section . . .  
. . . .  . . I .  

'7 !. . . .. .. 

4.0 Fuel and Materials 

4.1 Fuel 

Appendix A - .  Inferred t reed in^ ~a ti; ~ontribu'tions 

. I 

Appendix B Model Used for LASL Review Calculations 

Appendix C Model Used for ANL Review Calculations 

Appendix D Sodium Void Corrections - Four Original 
1000 MWe Design Studies . . 

Appendix E ~ormalized Fuel 'Cycle Costs ..' . . .  

Appendix F ~r'rata to COO-279 



Table No. 

1.1 

, i v  ' 

LIST OF TABLES. 

Comparison of A 1  and  valuators ' Nuclear 
Parameters  

Recalculatsed Puel..Cycl.e Costs,. :.; -. : .:::'. 1.. , 

C h a r a c t e r i s t i c s  of Reference.Designs 

domparisnn df A 1  Se l ec t ed  Measures 
of  Mer i t  a s  Reported i n  Design S tud ie s  

Sodium Void E f f e c t  f o r  t h e  A 1  1000 MWe 
Design 

Doppler Coef f . ic ien. t  f o r  . the A 1  1000 
MWe Design 

Breeding Parameters  f o r  t h e  A 1  1000 MWe 
Design 

. Page 

1-4 

Cont r ibut ions  t o  t h e  A 1  Net Breeding Gain 3 -5 . 3-11 . 

3 -6 LASL Comparison of Various Representa t ions  3 - 16 

3.7 ANL Methods of  Obtaining C r i t i c a l i t y  3-18 

A - 1  Es t imat ion  o f 'Breed ing  Ra t io  Used i n  A 1  
Economic Evalua t ion  

B - 1  A 1  1000 MWe FB:st..~ea:~tdril~a:lcwlBtional Model B-3 
Mixture Number D e n s i t i e s  . ; 

B-2 Region Mixtures f o r  Various Ca lcu la t ions  . . -  B-4 

0-3 k;' Rod and Na Void ~ d r t h s  I B-5 

B -4 'k; Rod and Na Void Worths c a l c u l a t e d  by 
DTF Usan Hansen-Roach Cross s e c t i o n s  
and PuL3% X's 

2.39 
D-1  Comparison of Pu .: : . .  F i s s i o n  Cross Sec t ions  D-3 

TI-2 Adjustments t o  ANL Ca lcu la t ions  f o r  Complete D-4 
Voiding of Sodium from Core, % A k  

E-1 Data f o r  Fuel  Cycle Cost Ca lcu la t ion  E-3 



LIST OF FIGURES 
. . 

Figure No. Page - 

2.1 Reactor Core Arrangements - Four 1000 MWe 
Design Studies 2 -7  

3 .1  React iv i ty  Change vs Percent Void A1 1000 
MWe Design 3 -6 

B- 1 A1 1000 MWe Fast Reactor Calculational 
Model B -2 



1.0 .INTRODUCTION AND SUMMARY 

1.1 Introduction 

In January 1964, four 1000 MWe conceptual designs of a Liquid Metal Fast 
Breeder Reactor (LMFBR) were submitted to the AEC by Allis-Chalmers Manu- 
facturing Company (A-C), Combustion Engineering (CE), General Electric 
Company (GE), and Westinghouse (W). ('1 An evaluation of these four studies 
was performed for the AEC by Los Alamos Scientific Laboratory (LASL) and 
Argonne National Laboratory (ANL) with the results published in COO-279. (2) 

The conclusions drawn from these reports proved the feasibility of this 
type of reactor but no final decisions could be made regarding the selec- 
tion of an ideal design. 

\ 

In June 1965, Atomics International (AI) completed a conceptual design 
of a 1000 MWe LMFBR with the results published in ~AA-~~-11378.(~) The 
A1 ground rules were similar to those of the four previous studies, but 
the A1 study did contain some notable differences; the sodium outlet 
temperature was decreased and private ownership of fuel was assumed. In 
addition, A1 had,access to the previous studies and was not operating under 
similar project schedule and financing arrangements. 

This report is an evaluation of the A1 design and is to supplement the 
results published in COO-279. The report discusses the similarities and 

rn differences between the A1 design and the previous four designs. Also, 
the results of a review of certain nuclear properties of the A1 'study, 
as well as the results of a recalculation of some of the nuclear proper- 
ties considered in COO-279 pertaining to the first four design studies, 
are given. A summary of the important results of this evaluation is 
given in Section 1.2. 

The calculations and comments reported in this review are made to further 
the understanding of and assist in comparison of the nuclear and other 
parameters. No implication regarding the accuracy of any parameter is 
intended. 

1.2 Summary 

.The evaluation is summarized by answers to the following-questions: 

(1): What are the similarities and differences between the present concept 
and the previous 1000.MWe studies? 

The design is a modular configuration. The comparison with the pre- 
vious design studies is illustrated by'the following: 

. A-C . - CE'. - GE . - W . - A1 

Geometry : 'And'ular . Cylindri- -Pancake . Modular Modular 
. cal 

. . 
Fuel : Oxide : Carbide ,,:.Oxi.de ' . Carbide.. .. Oxide 

Moderation: . .Nil Nil Be0 C in '. .. C in 
Uniform .Blanket . Blanket 



-The -geometry does not strongly in£ luence the materials selection. 
'~eometrically, the A1 concept is similar to the Westinghouse 
.(W) design. we our distinguishing features between the A1 and I?! 
designs are: (1) the degree of-.blanket moderation, (2) the degree 
of blanket power and module-to-module coupling, (3) the volume of 
the fast core in each module, and (4) the use of ten modules by 
.A1 and six modules by'y. 

A discussion of the quantitative significance of these features 
is given in Section 3.0. 

(2) Does the concept have a potential for significant advantage over 
* tha other concapto? . 

Considering those aspects in which this concept differs from the 
previous four studies, some advantages are obtained. By using the 
small core volume of 327 liters per module with the high 25% 
fraction of fissile plutonium, the maximum void effect in the core 
region is kept below $1.00. The high blanket Doppler of 
-0.016 T dk/d~ is useful in limiting the consequences of accidents 
involving a power rise in the blankets. The average enrichment 
of the inner radial blanket regions at equilibrium is 3.5% and 
the discharge enrichment is approximately 6%. This enrichment, 
combined with the graphite moderator, results in 40% of the total 
power coming from the blankets. The high blanket power allows 
the use of a smaller number of modules and a total coae volume of 
3,270 liters. The radial blankets achieve an average burnup of 
49,000 MWD/MT. (The A1 study gives fuel exposures in MWD/T where 
T is metric tons.) The fabrication and reprocessing contributions 
to fuel cycle costs are materially reduced as a result of this 
extended burnup. 

(3) Has review of the study identified any new problem areas that were 
not previously identified? 

The use of spectral coupling emphasizes the need for improved 
techniques for calculating space- and energy-dependent fluxes. 
The procedures and spectrum used to produce blanket cross sections 
become increasingly important as the blanket power fraction is 
increased. 

The Doppler effect is concentrated in the blankets with a relatively 
small Doppler in the core due to its high enrichment. While this 
may be a tolerable situation due to the high blanket power fraction 
of 40%, it complicates the accident analysis. The postulated power 
split between the core and blanket as tha accident progresses 
determines the Doppler feedback. 



The review c a l c u l a t i o n s  i n d i c a t e  t h a t  a  p o s i t i v e  void c o e f f i c i e n t  
e x i s t s  i n  t h e  r a d i a l  b l anke t s  under c e r t a i n  cond i t i ons  a s  d iscussed  
i n  Sec t ion  3.3.  The void e f f e c t  behaves d i f f e r e n t l y  i n  t h e  r a d i a l  
b l anke t s  than i n  t he  co re .  The i n i t i a l  vo id  i n  t he  b l anke t  pro- 
duces a  nega t ive  r e a c t i v i t y  change and becomes p o s i t i v e - a s  the  100% 
void  cond i t i on  is  approached. 

. (4) ' Does the  s tudy res.olve,. o r  c o n t r i b u t e -  s u b s t a n t i a l l y  t o  t he  
r e s o i u t i o n . - o f ;  anp .ou t s t and ing  problems? 

,>.. . 

The A 1  concept  has  a.maximum void e f f e c t  of l e s s  than $1.00 i n  
t he  co re  whi le  main ta in ing  a  breeding r a t i o  of a t  l e a s t  1.2. 
The A 1  des ign  supplements t h e  W concept and provides f u r t h e r  
evidence t h a t  a  compromise can be obta ined  between breeding r a t i o  
and void  e f f e c t  wi th  t h e  modular concept .  

The s t a b i l i t y  o  coupled system has  been considered i n  gene ra l  
, terms by Avery . f49 Atomics I n t e r n a t i o n a l  has  extended and u t i l i z e d  
t h e  Avery approach t o  i n v e s t i g a t e  t h e  k i n e t i c  behavior  of a  modular 
concept .  This  a p p l i c a t i o n  i s  a  s i g n i f i c a n t  c o n t r i b u t i o n  t o  t h e  under- 
s tanding  of t h e  p re sen t  and s i m i l a r  concepts .  

(5) How.did t h e  e v a l u a t o r s l ~ n u c l e a r -  parameters.  compare wi th  t h e  A 1  va lues?  

Argonne c r o s s  : s e c t i o n s  and. codes : were used .to. ca l c .u l a t e  t h e  nuc lea r  
parameters  of AI I s .  design.  With A 1  ' s .  geometry and composition, t he  

, k  t a l c u l a t e d .  by ANL was ohiy .0.;.94; . This  was. n o t  . ' su rp r i s ing  a s  t h e  
c o m p a r i s o n ~ c a l c u l a t i o h s  performed i n ' R e f ,  13 ind ica t ed  t h a t  A I 1 s  

. es t ima te s  of c r i t i c a l  mass were, s u b s t a n t i a l l y  below those of ANL. 
Reference. . l4 .  shows t h a t  t h e  reason f o r .  t h i s .  d i f f e r e n c e . ' i n  k is.. due 
t o . t h e .  d i f f e r e n c e s  i n  Pu-239 and U-238 c r o s s ~ s e c t i o n s .  

The method of i nc reas ing  k ' t o  make the  r e a c t o r  c r i t i c a l  was en la rg -  
. i n g  t h e  c o r e  r a d i u s  from'. 28.5' cm t o  33.3 cm - o r ,  f o r  o t h e r  ~ c a l c u l a t i o n s ,  
i nc reas ing  the  f i s s i l e  c o n t e n t . o f  plutonium from.23.2% t o  26.8%. . T h i s  
change in '  t he  A 1  c.omposition and geometry .makes comparison. of t h e  ca l cu -  
l a t e d  r e a c t o r  parameters more d i f f i c u l t .  However, any . impor tan t  
d i f f e r e n c e s .  would.. s t i l l  be . appa ren t .  

Table 1.1 compares che important nue l e a r  parameters.  The eva lua to r s  
' .numbers take  i n t o  account t he  v a r i a t i o n . i n  t h e  parameters .due  t o :  

1. . T h e  method- of i nc reas ing  k  t o  make !he r e a c t o r . c r i t i c a l . w i t h  
. ANL' , s . c~os~s . s ec t i o r i s .  

2. The, e f f e c t . -  of 2-D. gepmetry using-LAsL. '~ .:2-D. codes.  



3. The e f f e c t -  of '  u s i n g . . d i f f e r e n t  methdds o f '  calcu1,at ing, t he  ANL 
g r a p h i t e  c r o s s .  secgions-.  . .  

, . 

The yar ia t iox i  of  t he  A 1  .Doppler va lues .  c o n t r i b u t e s  . t o .  t h e  .uncer ta in ty  
of t h e  p o s i t i v e  Pu-239 contr ibut ion. '  a s .  explafned. .  i n  ..Sec$ion .3.4. 

. . 

' - Table .  I.1 
. . 

. . 
Compar'ison . of A1 ..and Evalua tors  ' Nuclear '  Parameters . 

. . 

. NUCLEAR' PARAMETER .. .. .. .. A 1  - Evalua tors  

. A k  Sodium' Vbid (100% - C o r e  yoid)  % , . < -..25- . . -.49 f .12 

dk . x 103 + ,9 
Doppler  ( co re ) :  . -1.84- . -  .46 . -1.80 -..I8 

~ o p ~ l e r  (Core and Rad ia l  ' ~ l a n k e t s )  
dk 3 . . - x 10 . d t  

Breeding R a t i o  

(6)  How; do t h e  economics of t h e  f i v e  des igns  compare, wh'en eva lua ted  on 
. a  c o n s i s t e n t  b a s i s ?  . 

The f u e l  cycle . ,  c o s t s  of t he  f i v e  des ign  - s t u d i e s .  were.  r e c a l c u l a t e d  
us ing  a . c o n s i s t e n t .  s e t  o f '  ground r u l e s . i n c l u d i n g . p r i y a t e  ownership 
of fue.1. The r e s u l t s  a r e .  shown i n  Table , l . .2.  F u r t h e r  d e t a i l s  on 
the a s s m p t i o n s -  and c a l c u l a t i o n s .  a r e .  included i n  Appendix E. 

Table 1 . 2  

Reca lcu la ted  Fue l  Cycle Costs  

F a b r i c a t  ion  . .  .504 .458 .816 .626 ..423 

Reprocessing '. .271 .. .240 ..276 ..264 ..252 

PU 1Aventory .603 .633 ,427 .249 .426 

Shipping .. ..052 .040 ,054 .044. '-036 

F a b r i c a t  ion  - Charge .. 081 . .092 . ..090 . ..058 . .060 

.- Pu C r e d i t  ( ,320) ( .549) (..2.19) (..387) ( .280) 

T o t a l  1 .191 . ,914 .  1.444 ,854 - .917 
. . 



(7) How have r e c e n t  ref inements  t o  c r o s s  s e c t i o n  d a t a  a f f e c t e d  the  r e s u l t s  
fiiven i n  COO-279? 

It i s  now be l ieved  t h a t  t h e  ANL c a l c u l a t i o n s  used t o  modify the  sodium 
vo id  e f f e c t ,  a s  given i n  Table 3.$ of COO-279, were t o o  nega t ive .  The 
Pu-239 f i s s i o n  c r o s s  s e c t i o n s  used were t o o  l a r g e  a t  low e n e r g i e s  as i s  
f u r t h e r  explained i n  Appendix D. Based on the  l a t e s t  Pu-239 d a t a ,  ANL 
e s t i m a t e s  t he  fol lowing v a l u e s  f o r  complete vo id ing  of sodium from t h e  
c o r e  : 

% A k  100% Na Void 
Design Study COO-279 Refined 

AC, 

CE 



2 .0 COMPARISON DATA 

F igures  2.1 and 2.2 show t h e  r e a c t o r  co re  arrangements of t h e  four  prev ious  
s t u d i e s  and t h e  A 1  s tudy ,  r e s p e c t i v e l y .  Table 2.1 g ives  t h e  c h a r a c t e r i s t i c s  
of ' the  f i v e  r e f e rence  des igns .  A r t  n a r r a t i v e  of t h e  f o u r . p r e v i d u s  des igns  .' 

i S  given i n  Sect:ion 2.0 of  COO-27gf4? and w i l l  n o t  be repea ted  he re .  

The A 1  des ign  employs t e n  small  c o r e s  i n  an arrangement shown i n ' F i g u r e  2.2. 
Each core  has  a  diameter  of 1.87 f e e t  wi th  an  a c t i v e  h e i g h t  of  4.2' f e e t .  These 
c o r e s  a r e  fue l ed  wi th  oxide f u e l  a s  a r e  a l l  b l anke t s  ' in t h e  r e a c t o r .  Each c o r e  
i s  surrounded by annular  r i n g s  of b l anke t  and g raph i t e .  F u r t h e r ,  t h e  g r a p h i t e  
r i n g  i s  surrounded by more b1,anket m a t e r i a l  which i s  shared by ad jacen t  modules. 

.An-.l8-inch a x i a l  b l anke t  i s  included i n  t he  des ign .  The e n t i r e  t en  module 
assembly i s  surrounded by a  r i n g  of g raph i t e  followed by a  f i n a l  r i n g  of b l anke t  
assemblies .  For fy  c o n t r o l  rods  a r e ,  used i n  t h e  r e a c t o r ,  T h i r t y  rods  a r e  
l oca t ed  i n  t h e  g r a p h i t e  reg ion  t o  t ake  advantage of t he  low energy f l u x  and 
one rod i s  l oca t ed  i n  t h e  c e n t e r  of each co re .  
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Table 2.1 

C h a r a c t e r i s t i c s  o f  Reference Designs 

I. General. 
1 Breeding R a t i o  

2 
Doubling Time 

Sodium Void Wo'rth (100% c o r e  voided) 
1 

Sodium Void Worth (100% core  voided) 
2 

Maximum R e a c t i v i t y  ( c e n t r a l  Na 'void)' - 
Doppler Coef f i c i en t  

1 

Fuel Cycle c o s t s 2  ( p r i v a t e  ownership) 

S p e c i f i c  Power 

Core U+Pu Ceramic 
1 

Core F i s s i l e  2 

1 
Power Densi ty  Core 

Core Power 
1 

S i z e  

Reactor Diameter 

Reactor Height 

Vessel  Diameter 

Vessel  Height 

Temperature . 

Core I n l e t  

Clad Peak 

Fuel Peak ' 

Core O u t l e t  

Yrs. 

Yo AlC 



Table 2.1 (Continued) 

Fuel Bond 

Coolant 

Sodium Flow 

Core Velocity 

Loop Pressure Drop 

Control 

No. of Units 

Material 

Follower 

Helium 

&/~r x 10- 
6 

' 114 

ft/sec 10 

psi 90 

CE - 
Sodium 

113.6 

2 0 

59.8 

12 

B4C 
UC 

GE - 
Helium 

95.4 

11.1 

40 

85 

B4C 
Na 

Sodium 

2 1 

B4C 
Voids + Na 

A 1  - 
Helium 



Table 2.1 (Continued) 

11. ~ompos i t i o n  and Dimens ions  

Core Act ive  Height f t  

Blanket Thickness f t  

C o r e F i s s i l e M e t a l L o a d  kg 

Fas t  Core Load Metal kg 

Blanket Load Metal kg 

Core Load Ceramic kg 

Blanket Load Ceramic kg 

Core Volume l i t e r s  

Fuel F r a c t i o n  
5 70 

Sodium Frac t ion  % 

S t e e l  F rac t ion  ' % 

- 111.- 

Fuel Pi'n Clad O.D, i n .  

Clad Thickness i n .  

Sodium Bond Gap i n .  

P e l l e t  O.D. i n .  

P e l l e t  I .D .  i n .  

CORE & AXIAL BLANKET 
A- C CE - GE - A 1  w .  - 

RADIAL BLANKET 
A- C CE GE - - -  W - A 1  

Compartment Length i n .  3 102 9 6 12 

~ c t i v e  Core Height i n .  48 3 0 24 75 50 . 
Active Blanket Height in .  6 36 3 6 24 18  72 54 3 6 & 6 0  8 7 5 0 

Gas Reservoir  i n .  6 15 36 Vented 2 1 8 18  13  

Over-a l l  Pin Length in .  72 102 96 . 102 113 72 63 64 102 



IV. Assemblies 
I 

Assembly Across Flats 

Triang. Pitch of Pins 

Pins per Assembly 

Assemblies in Region 

Total Pins in Region 

Core Enrichment Av. 

Pellet Fabrication 

Table 2.1 (Continued) 

CORE & AXIAL BLANKET 

A- C CE - GE - W - A1 
- 

in. 4.45 6.241 8.75 5.104 4.875 

in. 0.375 0.468 0.338 0.426 . 0.356 

no. 123 169 470 120 168 

no. 49 8 157 225 252 180 

no. 61,254 26,533 105,750 30,240 30,240 

% 20.8 13.0~ 18.0' - 15.7 25.0 

Extruded Cast Pressed Pressed Pressed 

RADIAL BLANKET 

A-C - CE GE - W - A1 

0.69 0.539 0.565 0.496 0.418 

37 127 208 9 1 126 

858 156 108 357 504 

31,709 19,812 22,464 32,487 63,504 

0.3 0.3 0.3 0.3 3.5 
* * .* Pressed * 

Material Oxide Carbide Oxide Carbide Oxide * ~r * Oxide * 
Density % 95 ' 

 ensi it^ gm/ c c 10.4 

conductivity B T U / ~ ~ -  ft-'~ 1.6 

Stoichiometry ' 

V. Power and Flux \ 

Power, Av. MWt 2,125 

Lineal Power', Av. KW/ft 8.6 

Lineal Power, Max. KW/ft 13.1 

Peak to Av. Power 1.52 

Median Fission Energy kev 190 
7 Av. Neutron ~ifetime' x 10 sec '. 3.7 

Effective Delayed ~eutson Fraction1 .0032 

Core Pin Length ft 245,000 

Blanket Pin Length f t 30,600 

*Same as core 



Table. 2.1 (Continued) 

CORE & AXIAL BLANKET RADIAL BLANKET 

A- C - GE CE - W - A1 - A- C CE GE W A1 - - 
VI Stress 

Clad Stainless Steel 316 19-9DL 316 316L 3 04 

Gas Release % '75 11 ' 70 3 0 .  100 . 

Stress Thermal, Max. psi' 22,400~~ 22,000 21,000 ' 18,000~~ 16,900 

Stress Pressure, Max. psi 12,000 6,000 8,600 Vented Vented 

Yield Stress (Room Temp.) psi 30,000 33,000 30,000 30,000 

1000 hr. creep rupture l2 psi 12,000 13,000 9,000 15,800 

Fuel Pressure Drop psi 6.5 16.1 2 5 35.5 
2 Heat Flux Av. ~~lJ/hr-ft x ,373, 1.22 1.0 0.52 0.60 
2 

Heat Flux Max. ~~LJ/hr-ft x .57 1.87 1.14 1.26 0.83 
2 0 

Gap Factors ~~LJ/hr-ft - F 1,000 <4,000 -1,500 
1 VII Cost 

Fabrication $/kg 350 124 143 200 26114 5 0 7 8 7 5 60 69 

Fabrication $/assembly 12,300 15,500 20,400 24,800 17,160 5,060 14,000 14,200 9,550 
- 6 

Fabrication $/core x 10 6.14 2.43 4.60 6.24 3.09 4.34 2.18 2.22 3.41 

Fabrication 

Fabrication 

'per contractor calculations 'zoned 

2 ~ e r  evaluator calculations 10~s;imated 

3~ncludes axial blanket ll~ncludes control assemblies 

40pera t ing 1 2 ~ t  1400°F 

5~ncludes void ' ' 
131ncludes control rod region 

'~ncludes Be0 14Fas t Region 

71ncludes cermet 

8Data from errata to final rkport 
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3.0 N U C ' ~ R  CHARACTERISTICS 

. . 
3.1 In t roduc t ion  . , 

. . . . . I  . 

Cer t a in  nuc lea r  p r o p e r t i e s  of  t he  A 1  1000 MWe F e a s i b i l i t y  Study have been 
reviewed. The . i n t e n t  of t h i s  :review i s  two-fold: 

1. To compare <he A 1  nuc lea r  'design wi th  the  previous  four  des igns .  

2. ,To determine how t h e  nuc lea r  parameters  of  AI's des ign ,  u s i n g . A ~ ' s  
c a l c d a t i o n a l  methods, compare wi th  independent meth.ods o f . c a l c u l a t i o n .  

Two independent methods of c a l c u l a t i o n  were used. LOS Alamos S c i e n t i f i c  
Laboratory (LASL) used A I ' s  c r o s s  s e c t i o n s  a s  i n p u t  t o  t h e i r  codes. Both 
1 - D  and. 2-D ca lcuPat ions  were performed us ing  d i f , fu s ion  theory  and t r a n s p o r t  
theory.  The'model LASL used f o r  t h e i r  c a l c u l a t i o n s  i s  explained f u r t h e r  i n  
Appendix B. . 

'Argonne Nat iona l  Laboratory (ANL) used a  completely independent.method of 
a r r i v i n g  a t  c r o s s  sec t , ions  us'ing only  A 1  geometry and composition a s  i npu t  

, One-D d i f f u s i o n  c a l c u l a t i o n s  wer.e performed us ing  ANL c r o s s  s ec t ions  and 
. codes, The ANT, method. .calculated a  k of  .935 t o  -948 depending on the  

g raph i t e  c r o s s  ~ ~ ~ b i o n s  used The" reason f o r  t h i s  discrepancy i n  c a l c u l a t e d  
k i s  tha , t  t h e  Pu f i s s i o n  c r o s s  s e c t i o n s  used.:by ANL were lower than those  

' u s e 3 9 8  . A 1  i n  388 important  energy range ,  whi le  t he  cap tu re  c r o s s  s e c t i o n s .  
o  f  and Pu were h ighe r .  The c r o s s  qec t ions  were compared i n  Ref. 14 .  
The r e a c t o r  was made c r i t i c a l  by vary ing  t h e  c o r e  r a d i u s  and by en r i ch ing  
t h e  co re  reg ion .  The ANT, c a l c u l a t i o n a l  me'thod i s  d i scussed  f u r t h e r  i n  . 

Appendix C. 

. . .. . 
3.2 Comparison of Nuclear P a r a m e t . 6 ~ ~  

The i n t e n t  of t he  design, s tudy  was t o  o b t a i n  a  concept  wi th  s ign i f i can t ly ,+  .:,?: 
improved s a f e t y  c h a r a c t e r i s t i c s  over those  r e a l i z e d  i n  o t h e r  ceramic-fueled 
Pu-U concepts ,  wi thout  undue pena l ty  i n  f u e l  c y c l e  c o s t s . .  The measure of 
m e r i t  ]?roposed (AI, Page 1f1-A-1) included Doppler c o e f f i c i e n t ,  sodium void 
r e a c t i v i t y  e f f e c t s ,  breedimg r a t i o ,  prompt neut ron  l i f e t i m e ,  co re  f i s s i l e  
loading ,  r e g i o n a l  peak-to-average power r a t i o s ,  f a s t - t o -b l anke t  r e g i o n '  

. power, and delayed neut ron  f r a c t i o n ,  

The va lues  r epo r t ed  f o r  each of t h e s e  .measures of m e r i t  a r e  given i n  
Table 3 , l .  Also included a r e  t h e  correspondt'ng ' va lues ,  where a v a i l a b l e ,  
r epo r t ed  i n  each of  t h e ' p r e v i o u s  1000 MWe s t u d i e s .  

The da ta  r epo r t ed  show: some s i g n i f i c a n t  improvements i n  Doppler,  Na void ,  
and prompt neut ron  l i f e t i m e  h a s  been achieved a t  l i t t l e  s a c r i f i c e  i n  breeding  
r a t i o  and f u e l  cyc l e  c o s t s ,  Of t hese ,  t he  prompt neutron l i f e t i m e  i s  d i s -  
missed by A 1  a s  be ing  of sinall consequence (AI, Pages 1 1 1 - A - 1 ,  111-A-2, a n d .  
111-A-3); t h e r e f o r e ,  no a t tempt  has  .been made t o  confirm the  r epo r t ed  d i f -  
fe rence .  The fo l lowing  p a r t s  of t h i s  s e c t i o n  comment on t h e  remaining 
parameters ,  e i t h e r  fn terms of rhe  va lues  ca lcu la ted , .  t h e  procedures  used, 
o r  t h e  s i g n i f i c a n c e  of t h e  r e s u l t s  obtained.  
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Table 3.1 

Comparison of A 1  s e l e c t e d  Measures of Mer i t  
As Reported . i n  Design Studies  

I so thermal  Doppler 
Coef .  (T 103)  

E n t i r e  module 
Core reg ion  

Na Void E f f e c t  
f i n k )  

Core 
Worst c a s e  

Breeding Rat io  

Prompt Neutron 
Li fe t ime (Asec) 

F i s s i l e  Loading (kg)  

Peak-to-Average Power 

Core 
Blanket 

Equi l ibr ium Blanket  
Power F r a c t i o n  

Delayed Neutron 
F r a c t i o n  

( a )  A I ,  Table I I I - B - 1  
(b) A I ,  Table I I - B - 1  ( ~ n i t i a l  loadings)  



3 . 3 ,  Sodium Void E f f e c t  : . .  . - .. . .. . " . , 
. . - .  .. 

' , General -.. - I.I . _  . . . . , . 
A; can be  seen from Table 3.1, the re  i s  an apparent  advantage t o  t h e  A 1  
proposal  with regard  t o  the  sodium void e f f e c t .  The reason .£or  t h i s  seems 
c l e a r .  The co re  reg ion  i s  .comparatively small ;  on ly  327 l i t e r s  per. module 
and t h e  f i s s i l e .  percentage  of plutonium of  t h i s  reg ion  . in  t h e  equi l ibr ium 
condi t ion  i s  25%.* The high f i s s i l e  f r a c t i o n  causes t h e ' , s p e c t r a l  component 
of t he  sodium vo.id t o  remain small (though p o s i t i v e )  .. Th,e smal l ,  volume 
p lus  an LID of 2.25 cause the  core  i ' s lands t o  have a  r e l a t i v e l y  l a r g e  nega- 
t i v e  leakage component. The r e s u l t  i s  a  s i t u a t i o n  where voiding of t he  
core  reg ion  of t h e  r e a c t o r  i s . n e g a t i v e  except  f o r  t h e  maximum pos.it ive con- 

' d i t i o n  0 f . a  c e n t r a l  void where an  e f f e c t  of + 5 3 ~  i s  obtained.  . , . . 

.. . 
complete Void of t he  Core Region 

The r e s u l t s  of t h e  review c a l c u l a t i o n s  a r e  given i n  Table 3.2. The case  
of complete removal of  sodium from t h e  core  reg ion  can be  summarized a s  
follows: 

;- 

(3) ANL -0.38 . t o  -0 -62 

The range '  of  va lues  can be :  expla ined  by: (1)  A 1  c a l c u l a t e d  ' d i f f e r e n t  . . 

values  depending on the  c r o s s  s e c t i o n  methods. used, t h e i r  f i n a l  r e s u l t  
(Table 11-B-1) s t a t e s  t h e  void a s  6 - $ 0 . 7 5  (-0.25 d k ) ;  (2) LASL r e s u l t s  
va r i ed  when t r a n s p o r t  and d i f f u s i o n  theory was used, t ransp0r. t .  theory  gave 
t h e  l e s s  nega t ive  va1u.e of -0.36% A k  and4,(3) wi th  ANL c r o s s  s e c t i o n s  t h e  

- r e a c t o r  was s u b s t a n t i a l l y  s u b c r i t i c a l  (see Sec t ion  3.1),  t h e  range of  void 
e f f e c t s  depends on how the  r e a c t o r  'wa,s brought c r i t i c a l  s i n c e  the  void I 

e f f e c t  i s  a  func t ion  of enrichment and cor6 volume. 
\ _ '. . . 

Based on t h e .  review 'calculatio.ns. ,  t h e  co re  void e f f e c t  c a l c u l a t e d  by A 1  may 
- -  be  s l i g h t l y  pess imis t i c .  The e v a l ~ t o r s h a n  e of va lues  ' f o r  100X:void of  

t he  f a s t  reg ion  c o u ~  be  given a s  - .49 .l2% &whereas the  A 1  va lue  i s  
s t a t e d  a s  <.-.25% . 

* The f i s s i l e  Pu percentage i s  given a s  25% i n  Table 1 1 - B - 1  a s  w e l l  a s  o the r  
s e c t i o n s  of t he  A 1  r e p o r t .  The atom d e n s i t i e s  ( A I ,  Table 111-B-2) g ive  a  
f i s s i l e  Pu pdrcentage of  23.2%. The l a t t e r  va lue  was used i n  t h e  physics  
c a l c u l a t i o n s .  



m .  . ,. 
Blanket  Only Voiding . . 

The s i t u a t i o n  shown i n  A 1  F igu re  111-B-1 i n d i c a t e s  t h a t  a  p o s i t i v e  void 
s i t u a t i o n  might e x i s t  i n  t h e  r a d i a l  b l a n k e t s .  The void worth s t a r t s  going 
p o s i t i v e  wi th  i n c r e a s i n g  r a d i u s ,  e s p e c i a l l y  i n  t h e  o u t e r  r a d i a l  b l anke t .  

Argonne performed volume-wise sodium void ing  c a l c u l a t i o n s . i n  t h e  r a d i a l  
b l a n k e t s .  ~ e m o v a i  of  h a l f  t h e  sodium i n  t h e  b l a n k e t s  gave -0.176% Ak.. 
When a l l  sodium was removed, , t h e  void  e f f e c t w a s  +0.143% A k .  The ANL 
r e s u l t s  a l s o  showed t h a t  t h e r e  was l i t t l e  change i n  t h e  t o t a l  void e f f e c t  
when going from 50% t o  100% void i n  t he  c o r e  p l u s  r a d i a l  b l anke t s .  

The n e t  r e s u l t s  a r e  p o s t u l a t e d  i n  F igure  3.1. A s  t h e  f r a c t i o n  of vo ids  i s  
i n c r e a s e d ,  t h e  f a s t  reg ion  r e a c t i v i t y  becomes more nega t ive  whi le  t h e  
r a d i a l  b l anke t  r eg ions  have a  minimum and make a  p o s i t i v e  c o n t r i b u t i o n  a t  
h igh  void  f r a c t i o n s  . 



Table 3.2 

Sodium Void E f f e c t  f o r  . t he  A 1  1000 MWe 'Design 

x A k  

100% Void 50% Void ' 50% Void 
F a s t  F a s t ,  F a s t  and 

Region Region 'Blanket  

- .25a 
A 1  b - .42 

- .I58 
d d .  
e - .2 73, 

ANL (Large ~ a d i u s ) ~  . - . 380e - .143f - .288f 
-.I23 -.283 

d 
-.258, . . - .405 

d 

ANL ( ~ n r i c h e d )  - .6 2,4e . - .2,35f . .. e - . 415f 
- .208 - .400 

LASL (2-D) 

-.24j 
LASL ' (1-D) k +. 04 

Other ANL r e s u l t s  

50% Na void Blk; on ly  g' -.I76 < .  

100% N a  void Blk. on ly  +pl.43 . , ' 

100% Na void F a s t  and Blk. '' -.423 

a .  A 1  Table 1 1 - B - 1  p. 11-B-2. 

b. A 1  Table 111-B-7 p. 111-B-12 

c .  c o r e  r a d i u s  expanded from '28.5 cm t o  33.3 cm t o  make k = 1. 

d .  ELMOE averaged der f o r  carbon. 

6 .  - Average of E W E  and 118 der f o r  carbon. 

f .  1 / ~  der f o r  carbon. - , 

g. Core' enrichment increased  from 23.2% t o  26.8% t o  make k = 1. 

h. 2-D CRAM di f fus2on theory.  

i. '2-D DDK t r a n s p o r t  theory. '  

j . 1-D CRAM d i f f u s i o n  theory.  
, . "  . . 

k ,  1 - D  DTF - This  , c a l c u l a t i o n  seems t o  %e ove r ly  s e n s f t i v e  t o  t h e  r e f l e c t o r  
sav ings  used: wi th  a cons t an t  20 cm r e f l e c t o r  sav ings ,  r a t h e r  than' 25 cm 
wi th  Na 'voided, t he  Na void i s  -0.69% A k .  
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. . 3 . 4 ,  Doppler E f f e c t  

Table 3.3 shows t h e  r e s u l t s  of  t h e  Doppler calc.ulations. '~.  These r e s u l t s  may 
be  summarized a s  follows: 

(1)  A 1  quotes  a  Doppler c o e f f i c i e n t  . in  the  core  of  -1.84 + - .46* while ANL 
c a l c u l a t e s  a .  va1ue"of -1.80 + - .18. 

. (2)  A 1  quotes  a  Doppler c o e f f i c i e n t  i n  t h e  core  p l u s  b l anke t  of -16.6 
. ' +_ 1;5..while ANL c a l c u l a t e s  -14.3 + 1.0. 

; The unce r t a in ty  of  the', numbers nay b e  .explained a s  follows: 
. . 

(1)  Throughout t h e  r e p o r t ,  A 1  neglec ted  t h e  p o s i t i v e  f i s s i l e  Pu cont r ibu-  
t i o n  t o  t h e  Doppler c o e f f i c i e n t .  ANL v e r i f i e s  t h a t  t h i s  may i n  f a c t  
be c o r r e c t  b u t  t h e  unce r t a in ty  i n  the  A 1  numbers above take  t h i s  Pu 

, . 
e f f e c t  . in to  account.  

' , , (2) The .ANL va lues  vary  .with the  method. of i nc reas ing  k t o  mak'e t h e  
r e a c t o r  c r i t i c a l . .  

There a r e  some o the r  a spec t s  of t he  Doppler e f f e c t  t h a t  a r e  worthy of  
'comment. .'.The r e p o r t  suggests  a  r e l a t i v e  weighting o f .  t h e  f a s t .  reg ion  t o  
b l anke t  reg ion  Doppler.  e f f e c t '  of 3 t o  1 ( A I ,  Page 111-C-'44). This' i s  
obta ined  from cons ide ra t ion  :Af the  r e l a t i v e  hea t ing  r a t e s  and coolant  flow 
r a t e s  between f a s t  and b lanke t  reg ions  t o  y i e l d  an e f f e c t i v e  Doppler coef -  
f i c i e n t  of -8'00. Elsewhere . i n  t h e  r e p o r t  (page 1 1 1 - B - 1 ,  Page 11-B-2) the  
Doppler coefficient i s  g i v e n . a s  -18.1; t h e  sum of t h e  co re  and b lanket .  
The ques t ion  of r e l a t i v e ' w e i g h t i n g  would have t o  be  s tud ied  i n  'each postu-  
l a t e d  acc iden t  a s  i t  would depend s t rong ly  on the  r e l a t i v e  h e a t i n g  r a t e s ,  
There would a l s o  b e . t h e  added complicati.on of t h e  Doppler .be ing  a s t rong  

, ... func t ion  of  burnup due t o  the  change i n  b l anke t  power. 

' I n  an acc iden t  t h a t  in;olves a temperature excursion r a t h e r  than a  power 
excursion .(e.g. ? l o s s  of  flow)., two e f f e c t s  may l i m i t  t h e  e f f e c t i v e n e s s  
of  t h e  Doppler , c o e f f i c i e n t .  . In  a  temperature excursion i n  ' the  f a s t  reg ion  
only ,  the. Doppler e f f e c t ,  f o r  ' t h e  f a s t .  reg ion  a lone  i s  e f f e c t i v e ,  and f o r  
a  temperature excursion i n  a  ' s ing le  modu~e,.. t h e  r e a c t i v i t y  shar ing  f a c t o r  
( 0.13-AI, Page 111-B-5.) 'must be  app l i ed  f o r  a l l  r e a c t i v i t y  compensations, 
inc luding  the  Doppler e f f e c t  unless  the,'module . . becomes c r i t i c a l  indepen- 
d e n t l y  . 

dk * A l l  Doppler c o e f f i c i e n t  numbers have u n i t s  of T - x 
d t  



Table 3 . 3  

Doppler C o e f f i c i e n t  f o r  t he  A 1  1000 MWe Design 

F a s t R e g i o n .  F a s t a n d B l a n k e t  
Doppler . Region Doppler 

A I ~  
A 1  (Table III-B-5)  

b 

ANL (Large ~ a d i u s ) ~  ' 

ANL ( ~ n r i c h e d ) ~  

a )  A I ,  Table I I - B - 1 ,  pz ' I I -B-2  . 

b)  A I ,  Table III-B-5,  p. III-B-10 where t h e  p o s i t i v e  c o n t r i b u t i o n  of  
Pu-239 i s  t aken  i n t o  account .  

c )  See foo tno te s  c and g ,  Table - 3b2 

d) E W E .  averaged re? f o r  carbon 

e )  Average of 1 / ~  and ELMOE @;; f o r  carbon 

f )  I /E averaged 6,s f o r  carbon 



3;5 Breeding Ratio.  

Atomics I n t e r n a t i o n a l  r epo r t ed  a breeding  r a t i o  of 1.30. This  cons i s t ed  
of a  c o r e  and r a d i a l  b l anke t  contr ibut- ion of 1.07 and an  a x i a l  blank'et 
c o n t r i b u t i o n  of 0.23. These numbers were c a l c u l a t e d  by s t a t i c  phys ics  
c a l c u l a t i o n s  a t  t h e  mid-point of t h e  equ i l i b r ium f u e l  c y c l e  us ing  t h e  
atom d e n s i t i e s  from A1 Table 111-B-2. 

Los Alamos has  used the  da t a  from A 1  Table IV-B-3 t o  determine an  implied 
breeding  r a t i o  of  1.31 a s  explained i n  Appendix A .  The d a t a  i n  A 1  
Table IV-B-3 was used i n  t h e  A 1  economic a n a l y s i s  and was based on burnup 
c a l c u l a t i o n s .  , .  

Table 3.4 summarizes t h e ' r e s u l t s  o f . t h e  review c a l c u l a t i o n s .  The r a d i a l  
b reeding  r a t i o  c a l c u l a t e d  by ANL us ing  an independent s e t  o f .  c r o s s  " s e c t i o n s  
showed good agreement wi th  the  A 1  'value. The r a d i a l  b reeding  r a t i o  (core  
p l u s  r a d i a l  b l a n k e t s  us ing  a  1-D code) gave a  va lue  of 1.06 i n  agre'ement 
w i th  t h e  A 1  va lue  of  1.'07. 1 . . 

, . .  

Los Alamos performed a 2-D'15-group c a l c u l a t i o n  a s  expla ined  i n  Appendix B 
.. with  t h e  breeding  r a t i o  r e s u l t s  summarized i n  Table 3.5. This  c a l c u l a t i o n  

took the  a x i a l  b l a n k e t s  i n t o  account w i t h ' a  r e s u l t i n g  breeding  r a t t o - o f  - __ 
1.25. - 

The va lue  of  t h e  breeding.  r a t i o  depends on some unce r t a in  f . i c toks  
e s p e c i a l l y  wi th  t h i s  complicated modular geometry. . The. reflec'fed boundry 
cond i t i on  (d@/dr = 0 )  es t imates ,  t h e  a c t u a l  s i t u a t i o n  where t h e  o u t e r ' -  
modules o f : t h e  r e a c t o r  a r e  bounded on the  i n s i d e  by i d e n t i c a l  m ~ d u l e s ~ a n d  
on t h e  o u t s i d e  by g raph i t e .  Any leakage over  t he  amount ca l cu la t e iTby  

' t h e  r e f l e c t e d  boundry cond i t i on  (d@/dr = 0 )  w i l l  d e t r a c t  from t h e  breeding  
r a t i o .  Los ~ l a i o s  has  ' ca lcu la ted  t h e  e f f e c t  of  a ' f r e e  boundry and the  
r a d i a l  b reeding  r a t i o  decreased from 1.08 t o  0.72. Any a d d i t i o n a l  leakage,  
however, would be  made up, a t  l e a s t  i n  p a r t ,  by breeding  i n  t h e  p e r i p h e r a l  

. . 
' b lanke t s ,  

. . 
Based on t h e  eva lua to r s  resu1t.s above, t h e  breeding  r a t i o  of t h e  A 1  1000 MWe 
des ign  could be  s t a t e d  a s  1;25 +_ .05. 

I f  t h e  breeding  r a t i o  i s  assumed t o  be 1.2, and i f  t h e  quoted thermal 
performance i s  ach ievab le ,  t he  doubling time a s  def ined  i n  Ref. 2 ,  Table 3.6 
would be approximately 17 yea r s .  This  i s  comparable wi th  what was obta ined  
f o r  t h e  previous  oxide  design s t u d i e s .  



. . Table 3.4 

'. Breeding ~ a r a m e t ~ r s  f o r  . .. t he  A 1  1000 . .. . . MWe . Design' 

T o t a l  Breeding Radial  Breeding Core Conversion 
R a t i o  ~ a t i o ~  Ra t io  

1.30 A 1  ( P ~ ~ ~ : ; . I I I - B - ~  )' . " 1.07 - 
b 

, A 1  (Economics) 1.31 - -41  6 

LASL (2-D) . . 1.24 1 .01  - 

. ' LASL (1-D) : - 1.08 - 

ANL (Large Radius) , - 1.06 . . .  
. . . .444 

ANL (Enriched) - 1.06 . .376 

LASL (Free Outer Bdundry) - 

LASL' (Reflected module, - 
blanket  r e p l a c i n g  
g r a p h i t e  moderator) 

a The breeding r a t i o  c a l c u l a t e d  by a 1 - D  code. The a x i a l  b lanket  
c o n t r i b u t i o n  i s  no t  inc luded .  

b ~ e e  Appendix, A. 



Table 3.5 . 
. .... .- . - 
a 

Contributions to A1 Net Breeding Gain 

, . %  

From ~nferred fro " i! LASL 2-D 
Report . , A1 Economics Reflected 

. (111-B- 6) , (IV-5) . . ~ o d u l e ~  

In ,Fast Reg ion \ - 

.d 
1.07-0.95 

Inner Radial Blanket =0.12 

Outer Radial Blanket 

-.Axial Blanket Over 
J 

' FastRegion 

' Axial Blanket Over 
Inner Blanket 0.23-0.05 

=0.18 

Axial Blanket Over' 
-. Outer Blanket 

Exterior and Peripheral 
.Blanket 

Total 

a 
These figures reflect the -. fiet change in fissile'content in. each region; 
relative to the total fissile loss, Only the.tota1 is simply related .. 
to a breeding ratio, 

b ~ e e  Appendix A. 

C See Appendix B for description of procedures and approximations used in 
review calculations. These figures are based on A1 supplied cross sections 
and compositions. Thus, they evaluate only the effect od using 2-D S cell 
calculations rather than the 'AI'synthesis method. n 

, 
d~hes:e figures represent .the power split (AI, ~ a b G  11-B-1). 

. . 

. .  ' .  . . 



. 4  3.6 Other  Nuclear Parameters  

F u e l  Loading . , 

The r epor t ed  loading  of 2800 kg compares favorably  wi th  the  o t h e r  h igh  
leakage  concepts  (3700 kg) .  The .former f i g u r e ,  however, should be  
. co r r ec t ed  f o r  f i n i t e  geometry. The LASL review c a l c u l a t i o n s  (Appendix B) 
i n d i c a t e  t h a t  t h e  r e a c t i v i t y  allowance f o r  a x i a l  leakage i s  q u i t e  
reasonable .  The r a d i a l  leakage i n t o  t h e  p e r i p h e r a l  b l a n k e t ,  however, 
must b e  considered a s  l o s t ,  i n s o f a r  a s  r e a c t i v i t y  i s  cons idered ,  Thus, 
some weight ing of  r e f l e c t e d  c e l l  and of a  s i n g l e  c e l l  can  be  used t o  
e s t i m a t e  t h e  10-module r e a c t i v i t y .  While no q u a n t i t a t i v e  e s t ima te  has  
been .made, a 10Xlloarliag p e n a l t y  might be  raasnnable ,  I f  t h e  ANL c r o s s  
s e c t i o n s  a r e  used, t he  volume of t h e  c o r e  of each module would have 
b e  inc reased  by 35% t o  o b t a i n  c r i t i c a l i t y .  The same r e s u l t  could be  
ob ta ined  by i n c r e a s i n g  t h e  f i s ' s i l e  percentage of Pu from 23.2% t o  26.8%. 

.Peak t o  Average Power 

The A 1  r a d i a l  power shape f a c t o r s  were taken d i r e c t l y  from t h e i r  r a d i a l  
1-D f i s s i o n  d i s t r i b u t i o n s  (AI, Page 111-B-6). A peaking f a c t o r  of 1.25 
was f a c t o r e d  i n t o  the  b l anke t  power shape t o  account  f o r  t h e  v a r i a t i o n  
i n  enrichment from 0  t o  7% (AI, Table 111-B-19). The a x i a l  power shape 
f a c t o r  of 1,25 was obta ined  from an  a x i a l  1-D d i f f u s i o n  c a l c u l a t i o n  
through t h e  f a s t  r eg ion  of t h e  module. It i s  n o t  c l e a r  t h a t  an allowance 
h a s  been made f o r  power s h i f t s  dur ing  t h e  cyc l e .  

The.peak t o  average powers f o r  a  r e f l e c t e d  module a r e  compared below: 

Region A 1  Rcport 2-D SG 1-R Am 

P a s t  1,45 1.41 1.42 

R a d i a l  b l a n k e t s ,  excluding a x i , a l  
r eg ions  1,8ga 1.78 1,79 

A l l  a x i a l  b l a n k e t s  - - ' 2.90 - - 
Rad ia l  b l anke t s ,  i nc lud ing  

a s s o c i a t e d  a x i a l  r eg ions  2.36" 2.83 - - 
a  Inc ludes  peaking f a c t o r  of 1.25 due t o  v a r i a t i o n  of f i s s i l e  P U  from 

0  t o  7%; 
. . 

Contro l  

The A l ,  Table 111-J3-8 suggccts  7% k t o t a l  c o n t r o l  swing i s  needed f o r  
t h e  A 1  core ;  7.7% A k  was c a l c u l a t e d  a s  the  c o n t r o l  worth provided by 
t h e  r e f e r e n c e  conf igu ra t ion .  The 0.13 sha r ing  f a c t o r  (AI, Page 111-B-14) 
imp l i e s  a s i n g l e ,  cen t ra l 'module  has  0.91% A k  c o n t r o l .  Half of  t h i s  
(0.45% A k  o r  Z! $1.3) i s  a s s o c i a t e d  wi th  t h e  c e n t r a l  c o n t r o l  rod ,  so t h a t  
t h e  A 1  s i n g l e  rod c r i t e r i o n  of  Page 11-B-12 i s  n o t  met. The A 1  Table III- 
B-1 l i s t s  a maximum c o n t r o l  rod  worth of $1.27, The comparison of c o n t r o l  



worth wi th  t h a t  a v a i l a b l e  from Doppler (AI, Page 11-B-12) and t h e  func- 
t i o n a l  c o n t r o l  assignments (AI, Page 111-D-12) a r e  based on a  presumed 
adjustment  o f  c o n t r o l  worths ,  so a s  t o  equa l i ze  t h e  worth of f a s t  reg ion  
and b l anke t  reg ion  rods  ( A I ,  Page 111-B-14) and o b t a i n  a  maximum s i n g l e  
rod worth of  =$I .  

Cons idera t ion  of t h e  e f f e c t  on c o n t r o l  rod worth of  sodium void ing  may 
prec lude  t h e  i n d i c a t e d  use  of  r a r e  e a r t h  c o n t r o l  m a t e r i a l  i n  t h a t  t h i s  

' m a t e r i a l  would be  p a r t i c u l a r l y  s e n s i t i v e  t o  t h e  r educ t ion  i n  worth a s  
a  r e s u l t  of s p e c t r a l  hardening. Along the  l i n e  of a l t e r n a t e  c o n t r o l  
m a t e r i a l s ,  t h e  comparison of Ta and BqC on A I ,  Page 111-D-17, i s  con- 
fu s ing .  From the  f i g u r e s  given i n  A I ,  Table 1 1 1 - D - 1 ,  t h e  use of  Ta a s  
a  c o n t r o l  m a t e r i a l  appears  a t t r a c t i v e  r e l a t i v e  t o  f u l l  enr iched  B ~ ~ O C .  

Power F r a c t i o n  and Median Neutron Energy 

' The power f r a c t i o n  and median neut ron  ene rg i e s  a r e  compared below. It 
i s  seen t h a t  t h e  1-D d i f f u s i o n  theory  r e p r e s e n t a t i o n  i s  gene ra l ly  adequate  
f o r  a  s i n g l e  c e l l .  The ANL va lues  a r e  d i f f e r e n t  due t o  i n c r e a s e  i n  
f i s s i l e  Pu from 23.2% t o  26.8% i n  t h e  co re ,  

LA SL 
Fac to r  A 1  Report 2-D SIk ANL 1 - D  

Po,wer ~ r a c  t i o n  
F a s t  Region 
Radia l  Blanket  
Ax ia l  Blanket  

Median Energy of Neutrons producing 
F i s s  i on  ( ~ e v )  
F a s t  Region 0.21. . 0,25 Oi2 7 
Blankets  0.07 0.003 -- 

Other Comments .. . 

.There a r e  a  number of r e l a t i v e l y  minor f a c t o r s  i n  t he  r e p o r t  eha t  d e t r a c t  
, from what i s  o therwise  a  thorough r e p o r t .  ' 

. . 

A d i s t i n c t  confusion i n  terminology i s  apparent .  I n  t he  A 1  repor t , . "Core"  
i s  used t o  r e f e r  t o  t h e  f a s t  r eg ion  and t o  t he  f a s t  and b l anke t  r eg ions  
combined : ( A I ,  Page 111-B-I).. . "Thermal" i s  inappropr ia te '  a s  a  d e s c r i p t i o n  
of  t h e  b l anke t .  "Coupledtt i s  used t o  r e f e r  t o  t h e  coupling between modules 
and t h e  coupl ing  between f a s t  and b l anke t  reg ions .  The change from 'NoFT~' 
(AI, Sec t ions  I and 1 1 )  t o  !'SCCRt' (AI, Sec t ion  111)  presumably i s  wi thout  
t e c h n i c a l  s i g n i f i c a n c e .  T h e ' s i g n i f i c a n c e  of  t h e  term "f lux-trap" i s ' n o t  
i n d i c a t e d .  I n  t h i s  review,, the  f a s t ,  d r i v i n g  (high enrichment) r eg lon  i s  
r e f e r r e d  t o  a s  t h e  " f a s t  region"; t h e  b l anke t  i n c l u d i n g .  t h e  g r a p h i t e  
r eg ion ,  a s  "blanket." "core" i s  used t o  denote the  f a s t  r eg ion  and t h e  
c e n t r a l  c o n t r o l  reg ions .  "Coupling," ' i n  t h i s  review, i s  taken a s  r e l a t i n g  
t o  module-to-module c o u p l i n g ~ o n l y .  



Some confusion a l s o  e x i s t s  i n  i e r t a i n  des ign  d e t a i l s .  For example, t h e  
, con t ro l ,  rod  des ign  r e f l e c t e d  i n  t h e  nuc lea r  des ign  c a l c u l a t i o n s  (AI, 

Table 111-B-2) d i f f e r s  from t h a t  used f o r  c o n t r o l  rod h e a t i n g  c a l c u l a -  
, t i o n s  (cf . ,  A I ,  Drawing 14, F ig .  111-B-15). Table 11-B-1 1 i s t s . r a r e  

e a r t h  b l anke t  c o n t r o l ;  c a l c u l a t i o n s  ( A I ,  Page 111-B-18) a r e  f o r  B4C0 
:The b a s i s  f o r  t h e  atom d e n s i t i e s  f o r  t h e  c o n t r o l  channel  (AI, Table 111-B-2) 
i s  obscure.  

A somewhat-more e x p l i c i t  d i f f e r e n t i a t i o n  i n  t h e  r e p o r t  between 'the re ' fe r -  
ence concept  and var ' ious models used f o r  surveys would have been h e l p f u l .  

The plutonium p r o d u c t i o ~  informat ion  g i v e n . i n  Table 111-B-15 i s  s a i d  t o  
have been used t o  c a l c u l a t e  the f u e l  c y c l e  c o s t s  i n  Sec t ion  IVY Economics. 
The t o t a l  gain i n  f i s s i l e  plutonium given i n  t h e  t a b l e  does n o t  a l l ow a 
t o t a l  depiletion c r e d i t  a s . l a r g e  a s  t h a t  given i n  Sec t ion  I V .  The Cable 
v a l u e s  incl.ude m a t e r i a l '  t h a t ,  would b e  l o s t  dur ing  f a b r i c a t i o n  a n d  r e -  
p roces s ing  (which i s  how the  second foo tno te  of Table 111-B-15 should . 

' r e a d )  and the re£ore ,  i f  l o s s e s  a r e  cons idered ,  t h e  d iscrepancy  between . 
Table 111-B-15 and Sect ion, ,  I V  . i s  g r e a t e r .  

Concerning Sec t ion  I V ;  (1) t h e  a x i a l  b l anke t  f a b r i c a t i o n  c o s t  given i s  
..an incremental  c o s t  added t o  t h e  co re  f a b r i c a t i o n  c o s t ;  (2) no s t a t e -  
ment g iv ing  t h e  out-of-core,  f u e l  inventory  i s  made; (3) t h e  f u e l  exposures 
a r e  i n  me t r i c  tons ;  and (4)' t he  . . f i n a l  f i s s i l e  plutonium' con ten t  r e f e r s  t o  
t h e  d i scha rge  mass. 

3,7 Nuclear  Data and Procedures  

Crass Section: 

I n  c o n t r a s t  t o  t h e  r e v i o u s  fou r  s t u d i e s ,  which used l i b r a r i e s  based'  on 
YOM c r o s s  s e c t i o n s  t h e  A1 p re l imina ry  work used t h e  M i l l s  c r o s s  s e c t i o n  
~ e t ( ~ b ~  wi th  more d e t a i l e d  ana lyses  be ing  based on a  s p e c i f i c  A 1  d a t a  t ape .  
The s p e c i f i c  c r o s s  s e c t i o n s ' u s e d  f o r  t h e  review c a l c u l a t i o n s  a r e  from 
Ref.  11. As i s  i n d i c a t e d  by AI Vol. I.11, a cons ide rab le  amount o f  c a r e f u l  
e f f o r t  has,  .been expended : i n  t he  automating of d a t a  handl ing  procedures .  
For  t h i s  p a r t i c u l a r  concept., t h e  t rea tment  o f  neut ron  s p e c t r a  ,-..and the  
ave rag ing  of c r o s s  s e c t i o n s  over  energy t o  o b t a i n  the group con.s'tants 
a r e  l i k e l y  t o  b of   articular s i g n i f i c a n c e .  This  i s  i l l u s t r a t e d  through- 
o u t  t h e  r e p o r t  r e o g  . , t h e  15/35 group d i f f e r e n c e  (AH, Page 11-B-16), t h e  
s e n s i t i v i t y  of  t he  p red ic t ed  sodium void worth t o  t h e .  a s s o c i a t e d  change 

, i n  spectrum ( A I ,  page 111-B-12)]. 

The spectrum assumed f o r  weight ing of  a l l  except  t h e  g r a p h i t e  r eg ion  i s  
ob ta ined  from a fundamental mode c a l c u l a t i o n  f o r  t he  f a s t  reg ion  composition 
only .  While t h i s  spectrum m y  Le adequate  t o  o b t a i n  a reasonable  e s t ima te  
o f  t h e  f a s t  r eg ion  neut ron  ba lance ,  t h e  b l anke t  spectrum i s  c l e a r l y  and 
i n t e n t i o n a l l y  much d i f f e r e n t .  Because a  major f e a t u r e  of t he  A 1  des ign  
i s  t h e  u t i l i z a t i o n  of moderation t o  e f f e c t  a  change i n  Doppler e f f e c t  and 
t o  a l t e r  the  sodium void  worth,  c a r e f u l  a t t e n t i o n  t o  t he  b l anke t  s p e c t r a  
should have been b a s i c  t o  t h e  s tudy.  The f a c i l i t y  f o r  c o r r e c t l y  t r e a t i n g  



s p a t i a l l y  varying neutron spect ra  i n . s u f f i c i e n t  d e t a i l  t o  al low cal-culation 
of group constants  does not  e x i s t ,  and t h i s  lack of .  c a p a b i l i t y  i s  of some 
concern f o r  a l l  concepts.  surveys of ' the e f f e c t  of d i f f e r e n t  s p e c t r a l  
r ep resen ta t ions  can, however, be used t o  def ine  tihe range of un'certainty 
introduced by t h i s  problem. Such a study i s  no t  included i n  the  A 1  r e p o r t ,  
Fur the r ,  the use of Fe sca t ter ing '  c ross  sec t ions  i n  p lace  of those f o r  
s t a i n l e s s  s t e e l  (AI, Page VII-D-20) i s  probably adequate bu t  does n o t  seem 
c o n s i s t e n t  with the d e t a i l  used i n  weighting. The A 1  s tudy used a f i s s i o n  
.spectrum based on ~ 2 3 5 , ' e v e n  though a spectrum which i s  presumably more 
appropr ia te  i s  a v a i l a b l e  .(cf .' kef  . .-.12.,:' p  . 23). 

. . . . .8 . . .. Geometric Rep~esen ta t ion :  ' . . .  . .  . . . . 

Several  geometric r ep resen ta t ions  were used i n  obta in ing the  r e s u l t s  
' repor ted  .(AI, Page 111-B-3) . . I n ,  general ,  thesei 'were wel l  chosen. Cer ta in  
of the  approximations involved were checked by simple comparisims [s4 versus 
d i f f u s i o n  t h e o r y  (AI, pagevll-D-I)].  . . . . . ._ 

These ca lcu l&t ions  have been extended somewhat by LASL. - The .two spdcif  i c  
r ep resen ta t iona l  approximations questioned were the  a x i a l  2 -D e f f e c t s  with-  
i n  a  given' c e l l  and the  poss ib le  Sn e f f e c t  on con t ro l  rod worth:. Table 3.6 
summarizes the  r e s u l t s '  o~ ' a  s e t  of I- and 2-D problems, using ' d i f fus ion  
theory (CRAM) (7) and an Sq approximation (DDK, DTF) (839) Tdat a s ing le -  
r e f l e c t e d .  module. comparable A 1  d i f f u s i o n  theory r e s u l t s  a r e  a l s o  shown 
i n  Table 3.6. It i s  c l e a r  t h a t  no s i g n i f i c a n t  d i f f e rences  a r e  seen f o r  any 
of these  representa t ions .  



. . 
Table 3.6 . . 

LASL Comparison of Var iousRepresen ta t ions  

2D CRAM 
* 

DDK - 1 - D  CRAM - DTF 

Reference k  1.0109 1.0157 1.0078 1.0224 1.000 

Na Void E f f e c t  -0.6 .-0.36 -0.24 , +O .04 . -0.63 
(% Ak)  

Cen t r a l  Control  Rod 4.6 4 . 4 .  . 4.7 4 . 8  4.4 
8 

Worth ( % b k )  

* These f i g u r e s  a r e  obtained using a  20 cm r e f l e c t o r  savings wi th  
Na p r e s e n t ,  25 cm wi th  Na voided. The DTF case  wi th  a  cons tan t  
20 cm r e f l e c t o r  savings y i e l d s  a  -79%Ak Na void ,  r a t h e r  t han  the  
+0.04%Ak. 



. . .  

The geometry and composition if t h e  A 1  design had t o  b e  varied:when.'ANL 
cross '  s e c t i o n s  were used (see.Appendix C ) .  The k c a l c u l a t e d  by ANL'.varied 
from .935 t o  .948 depending on t h e  method used t o  average t h e  e l a s t i c  
removal c r o s s  s ec t ions .  Table 3;7 gives  t he  geometr ical  and composi t ional  
changes employed t o  b r i n g  t h e  r e a c t o r c r i t i c a l .  



Table 3.7 

AM, Methods of Obtaining C r i t i c a l i t y  

. . 
Method of,  Averaging 

Graphi te  E l a s t i c  ELMOE Average of ELMOE 1 ' "  

Removal Cr0s.s Sec t ions  ' and 1 / ~  

Method of Obtaining Core Core Core Core Core Core 
C r i t i c a l i t y  F i s s i l e  Radius F i s s i l e  Radius F i s s i l e  Radius 

Content Content Content 

F i s s i l e  Percentage 26.8 , 23.2 26.5 23.2 .26.2 23.2 
a t  C r i t i c a l i t y  

Radius of Core 28.5 . 33.3 28.5 33.0  28.5 32.6 
a t  C r i t i c a l i t y  (cm. 

Radius of Module 
. . 

56.6 61.4 56.6 61:1 ' 56.6 60.7 
a t  C r i t i c a l i t y  ,cmj 



Atomics International appears to support the conclusion in COO-279,,that no 
clear-cut choice .can be made at this time between the oxide and carbide 
fuel. Atomics International states that the oxide fuel appears to have the 
best near-term potential for economic operation of a fast reactor while the 
mixed carbide fuel with a sodium bond appears to have the best long-term 
potential .for low fuel cycle costs. 

The reference fuel of the AI.study consists of.86% dense pellets having 
a composition of 60% UO - 40% PuO and an O/M ratio 0% 2.01. The thermal 2 2 
conductivity and melting point values selected by A1 for this hyper- 
stoichiometric fuel appear to be high. Atomics. Internati.ona1 used a value 
of 0.033 watts/~rn-~~ for the thermal conductivity of the mixed oxide fuel; 

0 however, for UO a value of 0.02 wattslcm- C is generally used. The solu- 
2 tion of plutonium oxide in the UO the influence of irradiation : 

2 (lOO,OOO.MWD/MT), and the excess oxygen should lower the thermal conductivity 
0' 

of the fuel.. A more conservative value such as 0.01 watts/cm- C would seem 
to be more agpropriate. Atomics International has selected a value of 
4900°F (2105 C) as the melting point of the mixed oxide fuel. This melting 
point value would represent the starting material; however, it will be 
reduced by fission product buildup. Insufficient data are available con- 
cerning the properties of the mixed oxide fuel. Therefore, many of the 
pertinent values of the mixed oxides are assumed to. be similar to those 
of U02. The melting point of unirradiated UO is agout 5 0 0 0 ~ ~  (2870~~). 
The melting point of UO is reduced to 4800~~~(2550 C) after 45,000. MWD/T,. 2 
and to 44'50°F (24550C) .after 100,000 MWD/T. If these ratios are applied 
to the A1 fuel which contains 40% Pu02, approximately half of the fuel will 
be molten. If the lower thermal conductivity value is used, 'extensive 
melting of the fqel may take place. 

-:? 

The A1 report is not clear as to the extent that the blanket fuel element' 
stability was consddered. The blanket region takes an added importance 
because of its high power densiby, extensive burnup, and nonvented fuel 
design. Based on the corrosion data presented on Page III-D-30, the clad 
thickness may be reduced to 5 mils at the end of the blanket life. 

4.2 Other Materials 
9 

The.value of 15,800 psi for the creep.rupkure.,strength of Type 304 .SS in 
the A1 report is based on a 1000-hour test. The.temperature is not given. 
The fuet.:.element is expected to last 16,200 hours (22% months). The creep 
rupture strength values of Type 304. SS .(ASTM 124 Rev. ) £.or 10,000' hours 
are 15,000 psi at 1200°F.and 9,000 psi at.130Cl0F. Extrapolation of the 
10,.000 hour values to 16,200 hoinrs would redu'ce the creep strength values 
to 60%. These va1.ues should again be reduced by 25% to allow for irradia- 
tion damage. 
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The 15,000 cycles in fatigue as shown on Page 111-D-31 for the thermal 
stresses calculated should be lowered because of slow fatigue cycles.. 
Superimposed on these thermal stresses is the.differentia1 expansion 
strains from oxide-cladding interactions (Page 113-D-33), and even. a . , 
small cyclic strain of 0.5% would seriously limit the number of cycles. 

The chemistry of the Type 304 SS was not specified in the A1 report. 
It is impoftant that the boron cont.ent.as well as the amounts of ferrite- 
and austenite-forming elements be specified. The -carbon content and 
grain size of the steel should also be specified. 

The A 1  design shows no reflector around the reactor core. Consequently, 
the pressure vessel will be subjected to a considerable flyx of neutrons 
over the 35-year life of this vessel. The chemistry of the Type 304. SS 
should be given considerable attention in order that severe embrittle- 
ment of the steel does not result. The locatiorsof the welds on the 
inlet and outlet sodium nozzles are not known. The placement and type 
of thermal shields .used in these areas are important. 

The combination of carbon steel and stainless steel in the sodium system 
should be given further review since the stainless steel may become 
carburized by the combination at the operating temperatures. 

A considerable development effort may be required before any assurance 
can be gained on the satisfactory performance of the B C control rods, . 4  
under the expected reactor operating conditions. The compatibi.lity of 
the B C and stainless steel will need to be determined., 

4 



APPENDIX A 

INFERRED BREEDING'RATIO CONTRIBUTIONS 

. Atomics International Table IV-B-3 contains sufficient data. to obtain esti- 
mates of the effective breeding ratio contributions of the various regions. 
In Table A-1, certain relevant factors from A1 Table IV-B-3 are repeated; the 
fissile contents reported are tanslated to kg. The fissile destruction by 
reg.ion is estimated, assuming 1.1 g fissile destruction per MWD. The life- 
times gkven then permit estimates of production and destruction of fissile 
material per year.   his destruction rate is proportional to the power by 
region. 

At this point, it is necessary to define an integral breeding ratio. The 
convenient definitions of integral breeding ratio (~ef. 10) are not strictly 
equivalent to the differential definition stated in the four ,reactor study 
.ground rules. The breeding ratio here is calculated from 

.BR = Net Fissile Produced + Fissile ~estruction = Total Fissile Produced 
Fissile Destruction Fissile Destruction 

The destruction of fissile material is estimated from the power extracted as 
being 806 kglyear. The regionwise contributions shown in Table A-1 are net 
Pu produced in that region per total Pu destruction for the entire system. 



Table A-1 

Est imation of Breeding Ra t io  Used i n  A I  Economic Eva lua t ion - '  

Fas t  ' Inner  Outer . 

Region (Axial) Blanket (Axial)  Blanket , (Axial) , Exte r io r  
~ x ~ o s u r  e? 

(WD/ kg : 99 5.5 48.1 5.0 37.4 4.2 59.4 

Power (Mw: * 1388 

Loading 8010 
(kg U + Pu:* 

I n i t i a l  F i s s i l e *  27.3 
:a/?: 

F i n a l  F i s s i l e *  22.63 
(a/o: 

I n i t i a l  F i s s i l e  2187 
<kg: 

F i n a l  F i s s i l e  . 1600 
(kg : 

Life t ime (yr;* 1.96 

Net ~ r o d / y r  -300 8 7 193 61 91 2 6 5 2 
;kg' 

Breeding Gain - .37 0,11 .24 0,08 0.11 0.03 0.06 
( P a r t i a l ;  F i s s i l e  
Des t ruc t ion  = 
806 kg /y r )  

(Axial)  Pe r iphe ra l  

6.2 2.4 

14 12 

5560 12400 

TOTAL BREEDING RATIO: =: :I. 31 

*As g iven  i n  A 1  Table IV-B-3 



APPENDIX B 

MODEL 'USED .. . FOR .LASL 'REVIEW 'CALCULATIONS 
, - ::. > . . . . .. . >  

Figure B-1 is a schematic representation of the model, including zone numbers. 
Table B-1 presents the various material mixtures used, while Table B-2 identifies 
each region with its mixture in the given classes of calculations. Note from 
Table B-2 that for the reference case (i.e., control rod up and Na in), regions 
1-6 have mixtures identical to those given for these regions in AI; Table 111-B-2, 
and that in the 2-D reference case, region 7 is identical to region 1. Also, 
the mixtures of regions 9, 10, and 11 are the same as for regions 3, 4, and 6, 
respectively, with the following exceptions: Total heavy atoms (including 
fission product pairs) are kept the same in the above corresponding regions, 
while the 275 kg of Pu-239 in the axial blankets* is divided between regions 9, 
10, 11 in proportion to the top leakages calculated by AI; (I1) 1/0.564/0.286. 
The ratio of fission proauct pairs to Pu-239 for these regions is the same as 
this ratio for the radial blankets (regions 4 and 6). The remaining U-238 in 
each axial blanket region was then determined so as to conserve heavy atoms. 

The results of the various k calculations are summarized in Table B-3, along 
with the resultant Na void and rod worths: As :may be seen in the table, both 
1-D and 2-D calculations were performed in diffusion theory using.CRAM and S n 
transport approximation, using the S4 options of DTF .and DDK. Fractional 
fission neutron yields (Ref. 12, page, 20) in each group (x's) for U-235 were 
used in thesecalculations in order to be consistent with' the A1 calculations, 
although they may not be the most appropriate available data for Pu-fueled 
reactors. The A1 cross section set'was used for the'review calculations. 

Some of the DTF calculations in Table B-3 were, for comparison purposes, repeated, 
using the Hansen-Roach cross section set (12) and Pu-239 xs s ('Ref. 12, Page 23). 
Also, for comparison purposes, an S8 calculation was performed for the reflected 
reference case. The results are shown in Table B-4. .It is apparent that little 
is gained by going from the S4 to S8 'approximation. ''The control'rod worth was 
quite insensitive to the cross section set and x ' s  used, although the Na void 
worths show some change. 

One significant difference is present in the review calculations performed. In 
the previous review, an attempt was made to describe the entire system in two- 
dimensianal calculations. The A1 design, however, has two significant features 
which made this more difficult. The first is the strong and important variation 
in spectrum between regions; the second is the strong coupling among modules. 
Each of these features tends to make the approximate procedures used in the previous 
review less applicable for the A1 concept. The attempt in this review has been 
directed more toward evaluating specific effects, placing more reliance on certain 
A1 calculations. It is thus even more basic here than in the previous review to 
consider relative rather than absolute results in formulating conclusions. 

*Note that, this..value (Ref. 11)-supersedes the value 163 kg Pu given.0~ 
AI, Page 111-B-6. 



f o r  1 - D  model,, bLckling he igh t  = 171 cm f o r  Na i n  [ = 181 cm f o r  Na ou t  3 

I e .  
(N) + Zone Number N 

. .. 

Figure  B-1 ATOMICS .~N'&F&ATIoNAL 1000 MWe FAST REACTOR 

CALCULATIONAL MODEL 



Table B-1 

Material 

fop. pairs 

U- 238 
Pu- 239 
Pu-'240 
Pu- 241 
Pu- 24.2 

. f.p, pairs 

A1 1006 MWe Fast Reactor.Calculationa1 Model 

Mixture Number Densities 

Mixture 

A B' C ; : D : iE F ,G . H I 

. 5 '  

JrMixtures B1 and B2.are the DTF calculated new heavy atom number 
densities determined by a concentration search on Pu-239, -240, 
-241, -242, and f.p. pairs holding total heavy atoms (including 
f. p. ' pairs) constant . 
6. The figure given in Table 111-B-2 for the inner blanket appears 

to .be in error. 



Region 

Table B-2 

Region Mixtures  f o r  Various Ca. lculat ions 

Cont ro l  kod up 
. 1 - D  2-D 

Control  Rod Down 
1 -'D 2-D 

(a) I n  t h e  c a l c u l a t i o n s  wi th  Na o u t  of  regions.  1, 2, a'nd 3 ,  t h e  

c o n t r o l  r o d : i s  up and t h e r e  i s ,  o f  cou r se ,  zeri, Na number . ' 

d e n s i t y  i n  . these  reg ions .  

(b) H a l l - d e n s i t i e s  wcre used f n r  t h e  withdrawn c o n t r o l  rod t o  

account f o r  r e f l e c t e d  r eg ion  symmetry (with r e s p e c t  t o  Z = 0) .  



. . . . . . . , :  . -  2 . . . , .  .- . . . 
. . Table Br5 . . , , . . . . . . . . . .  . . . . . .  . 

. . . . .  . . _, , . ' .. 
+ .. 

. - .k: Rod andNa  'void ~ o r t h s  ' :. . . .  , . 

-. : . . .  . . .  

[using A1 Cross Sec t ions ,  U-235 X'S] 
. . 

Condit ions Outer B.C. 1 - D  Resu l t s  f-D Resu l t s  
(a) (b ) c m ' :  : - .  DTF - C R A M  - DDK .- 

Reference R 1.0078 1.0224 1.0109 1.0157 
Case F 0.9075 0.9293 

Na out. o f  R 1.0054 
Regions 1, 2, & 3 F 0.8910 

Control  Rod R 0.9610 
Down 

Graphi te  Replaced R 
by Radia l  Blanket F  

Graphi te  Replaced R 1.0062 
by Radia l  Blanket ,  F  0.9056 
Na o u t  of  Regions 
1, 2 ,  & 3 

F  Na Void Worth (A k )  

Control  Rod Worth R 0.0468 0.0477 0.0461 0,0444 .. 

( d k ) .  

(a)  Unless e x p l i c i t 1 y : s t a t e d  o the rwi se ,  Na i s  assumed i n . e n t i r e  module 
and c o n t r o l  rod i s  assumed t o  b e , u p .  

. . 

(b) R = r e f l e c t e d ;  i..e., d@dx: = 0 

F ' =  f r e e ;  i . e . ,  @ = 0 a t  ex t r apo la t ed  boundary i n  d i f f u s i o n  theory  
(CRAM); and vacuum c o n d i t i o n  (no r e t u r n  f lux )  i n  S  t r a n s p o r t  
approximation (DTF and DDK). n  



Throughout t h i s  review, " f a s t  region" is  used t o  r e f e r  t o  reg ion  ( 3 )  i nd i ca t ed  
on Fig .  B - 1 .  The term "core" i s  used t o  inc lude  the  f a s t  reg ion  and c e n t r a l  
c o n t r o l  r eg ions  ~ e ~ i o n s  e l ) ,  (2), and ( 3 )  of F ig .  8-0 . "Blanket" is used 

I t o  r e f e r  t o  any or a l l  of t h e  b lanket  reg ions  ind ica t ed  i n  F ig .  B - 1  @egions 
( 4 ) ,  ( 6 ) ,  ( 9 ) ,  ( l o ) ,  and ( 1 1 3  p lus  t h e  g raph i t e  (5) .  "Coupling" i s  used t o  
r e f e r  t o  module-to-module coupl ing  only.  



Table B-4 

k; Rod and Na Void Worths Calcula ted  by DTF, 

239 * t i  Using Hansen-Roach Cross Sec t ions  and Pu 

~ o n d i  t ion  Outer B.C. '! s 
. -n- k. .- 

Ref l ec t ed  4 0.9842 

Reference Case , Ref lec ted  8 0.9830 

Na o u t  of reg ions  Ref lec ted  4 .  0.9889 

1, 2, & 3 Free 4 0.8825 

Control  Rod Down Ref l ec t ed  4 0.9367 

Na Void Worth (Ak) Ref l ec t ed  4 +O. 0047 

Free 4 -0.0070 

Control  Rod Worth ( Ak) Ref lec ted  4 0.0475 



APPENDIX C 

MODEL USED FOR ANL REVIEW CALCULATIONS 

The geometry and compositions used f o r  t h e  ANL review c a l c u l a t i o n s  were taken 
from A 1  Table 111-B-2. To achieve c r i t i c a l i t y ,  two methods were used: 

(1 )  The core  r eg ion  r a d i u s  was increased  by 4 .5  cm. 

(2') The enrichment of t h e  f a s t  r eg ion  was increased  from 23.2% t o  26.5% of 
f i s s i o n a b l e  t o  t o t a l  heavy atoms. 

Radial  1 - D  c a l c u l a t i o n s  were performed using a  r e f l e c t e d  boundry cond i t i on  
(d0/dr  = 0 ) .  An a x i a l  r e f l e c t o r  sav ings  of 20 cm was used i n  t h e  r eg ions  wi th  
sodium and 22.5 cm was used i n  t h e  reg ions  of 50% sodium void.  

F i s s i o n  and cap tu re  c ros s  s e c t i o n s  were generated by t h e  Argonne c r o s s  s e c t i o n  
2 code MC . This  code c a l c u l a t e s  c r o s s  s e c t i o n  f o r  0.25 l e tha rgy  groups, which 

were then  co l l apsed  t o  t h e  26 groups used i n  t h e  c a l c u l a t i o n s .  F i s s i o n  and 
cap tu re  c r o s s  s e c t i o n s  above 25 kev were assumed independent of temperature 
and composition. Below 25 kev resonance i n t e g r a l  c a l c u l a t i o n s  were performed. 
Goldstein-Cohen i n t e r p o l a t i o n  was used between narrow and wide resonance ca lcu-  
l a t i o n s  and he t e rogene i ty  was taken i n t o  account by equivalence theory .  F lux  
c o r r e c t i o n  f a c t o r s  were used t o  provide a n  approximate f e r t i l e - f i s s i l e  over lap  
c o r r e c t i o n .  

Light  element s c a t t e r i n g  c r o s s  s e c t i o n s  were generated wi th  t h e  ELMOE code. 
Transport  and e l a s t i c  removal c r o s s  s e c t i o n s  f o r  vo id ing  sodium were obta ined  
by s u b t r a c t i n g  t h e  app ropr i a t e  macroscopic c r o s s  s e c t i o n s  f o r  t h e  voided case  
from those  f o r  t he  unvoided case  and d iv ided  by t h e  atomlcc of sodium voided. 

Blanket homogenized macroscopic c r o s s  s e c t i o n s  were obtained by running ELMOE 
wi th  B~ = 0 add i n p u t t i n g  t h e  f i s s i o n  spectrum source of t h e  f a s t  reg ion .  

Three d i f f e r e n t  carbon e l a s t i c  s c a t t e r i n g  c r o s s  s e c t i o n s  were used: 

( 1 )  The s c a t t e r i n g  c r o s s  s e c t i o n  averaged over t he  ELMOE spectrum. 

( 2 )  'The s c a t t e r i n g  c r o s s  s e c t i o n  averaged over a  1 / E  spectrum. 

( 3 )  An a r i t h m e t i c  average of t he  two cases  above. 



APPENDIX D 

SODIUM VOID .CORRECTIONS - FOUR ORIGINAL 

1000 MWe DESIGN STUDIES 

It i s  now bel ieved t h a t  t h e  ANL c a l c u l a t i o n s  used t o  modify t h e  LASL 
c a l c u l a t i o n s  i n  COO-279 gave t o o  negat ive  a  sodium void e f f e c t  because of 
t h e  use of va lues  of t he  ~u~~~  f i s s i o n  c r o s s  s e c t i o n  t h a t  were t d o  l a r g e  
a t  low ene rg ie s ,  p a r t i c u l a r l y  between 1 and 4  kev. The va lues  used a r e  
i n d i c a t e d  i n  Table D - 1 .  Also iven  a r e  t h e  ANL c r o s s  s ec t ions (14 )  used i n  
t h e  comparison c a l c u l a t i o n s  (139 presented  a t  t he  October 1965 Fas t  Breeder 
Conference a t  Argonne, t he  c ros s  s e c t i  ns  used by A I ,  and Los Alamos c r o s s  
s e c t i o n s  from the  P e t r e l  bomb t e s t .  (153 The l a s t  numbers a r e  very rough a s  
they  r ep resen t  a  s i g h t  average of da t a  w i th  cons iderable  f l u c t u a t i o n s ,  but 
they  do i n d i c a t e  t h a t  t h e  va lues  used i n  t h e  o r i g i n a l  ANL c a l c u l a t i o n s  i n  
t h i s  range a r e  undoubtedly too  high.  While t h i s  discrepancy should not  
s i g n i f i c a n t l y  a f f e c t  o the r  q u a n t i t i e s ,  i t  l eads  t o  t o o  negat ive  a  sodium 
void e f f e c t  because it inc reases  low energy neutron importance and thereby  
reduces t h e  energy v a r i a t i o n  of t h e  importance func t ion .  On the  o the r  hand, 
i t  i s  q u i t e  poss ib l e  t h a t  t h e  ANL c r o s s  s e c t i o n s  a r e  t o o  low below about 
500 ev,  which produces the  oppos i te  e f f e c t .  This  i s  probably l e s s  impor tan t ,  
however, than  the  e f f e c t  mentioned previous ly .  This  i s  balanced by the  f a c t  
t h a t  t h e  ANL October 1965, ~u~~~  f i s s i o n  c r o s s  s e c t i o  s  ' n  Table D - 1  were 
prepared not  t ak ing  account of t he  da t a  of P .  White, ?16f accord ing  t o  which 
t h e  c r o s s  s e c t i o n  i n  t he  energy range 20-100 kev i s  cons iderably  lower than  
shown i n  Table D - 1 .  The use of t h e  White da t a  would cause t h e  sodium void 
e f f e c t  t o  be more p o s i t i v e  by the  order  of 0.5% k f o r  complete expuls ion  of 
sodium from t h e  r e a c t o r  co re ,  while  a  reasonable e s t ima te  of how much more 
negat ive  t h e  void e f f e c t  could be a s  a  r e s u l t  of h igher  f i s s i o n  c r o s s  s e c t i o n s  
i n  the  energy reg ion  below 500 ev  i s  about -0.5% k .  

It has been s t a t e d  r epea t ed ly  t h a t  t h e r e  is  cons iderable  u n c e r t a i n t y  i n  sodium 
void e f f e c t  c a l c u l a t i o n s  because c r o s s  s e c t i o n  u n c e r t a i n t i e s .  It has been 
found t h  t n c e r t a i n t y  i n  t he  Pu2" f i s s i o n  c r o s s  s e c t i o n  i s  p a r t i c u l a r l y  
s e r i o ~ s . ~ l ~ y  However, it  i s  be l ieved  a t  ANL a t  t he  present  t ime t h a t  t h e  
sodium uoid e f f e c t  should have been c a l c u l a t e d  t o  be more p o s i t i v e  than  was 
ind ica t ed  by t h e  ANL c a l c u l a t i o n s  i n  COO-279. Adjustments t o  t he  sodium 
void e f f e c t  f o r  complete void ing  of t he  core  based on comparison of ca l cu -  
l a t i o n s  us ing  t h e  o r igdna l  ANL c r o s s  s e c t i o n s  and those  of October 1965, a r e  
given i n  Table D-2. 

Because t h e  ANL c a l c u l a t i o n s  were previgus ly  found t o  be i n  reasonable  
agreement w i th  those  of t h r e e  of t he  c o n t r a c t o r s  be fo re ,  e v i d e n t l y  they  a r e  
now i n  disagreement.  I n  t he  case  of GE, t h i s  i s  probably c o n s i  
disagreement found i n  t he  October 1965 comparison c a l c u l a t i o n s .  

tr9:r4yith the 
I n  t h e  

comparison c a l c u l a t i o n s ,  t h e  ANL r e s u l t s  were much more p o s i t i v e  than  those 
obtained by A 1  w i th  the  same c r o s s  s e c t i o n s  used i n  t h e  present  ~ t u d y . ( ~ ~ , ~ ~ )  
Th i s  disagreement i s  r e f l e c t e d  t o  some e x t e n t  i n  t h e  r e s u l t s  of t he  e v a l u a t i o n  
c a l c u l a t i o n s ,  but  t he  d i sc repanc ie s  a r e  r e l a t i v e l y  smal l  i n  t he  p re sen t  ca se  



because of t h e  low r a t i o  of f e r t i l e  t o  f i s s i l e  mater'ial employed by A 1  i n  t h e  
co re  r eg ions .  

The adjustment  i n d i c a t e d  i n  Table D-2 now b r ings  the  modified va lue  of sodium 
void e f f e c t  f o r  t he  CE t o  2.9% k ,  i n  reasonable  agreement wi th  t h e  2.4% k  
c a l c u l a t e d  by CE. I n  t h e  o t h e r  ca ses ,  t he  modified sodium void e f f e c t  now 
becomes cons iderably  more p o s i t i v e  than  c a l c u l a t e d  by t h e  c o n t r a c t o r s .  The 
whole process  of a r r i v i n g  a t  t h e s e  numbers was s o  i n d i r e c t  and approximate,  
however, t h a t  t h e  exac t  va lues  quoted should not  be taken s e r i o u s l y ,  p a r t i c u -  
l a r I y  f o r  t h e  purpose of a s s e s s i n g  the  mer i t s  of one des ign  r e l a t i v e  t o  those  
o f  ano the r .  There is s t r o n g  i n d i c a t i o n ,  however, t h a t  t he  c r i t e r i o n ,  f o r  
example, of e s s e n t i a l l y  zero  r e a c t i v i t y  ga in  from vniform sodium voiding from 
t h e  co re  might be hard  t o  meet w i t h  any of t h e  des igns .  This  aga in  p o i n t s  t o  
t h e  importance of be t t e r -  determining what t h e  c r i t e r i a  should a c t u a l l y  be. 



Table D-1 

(a), Comparison of ~u~~~ Fission Cross Sections 

239 . sff of Pu , Barns % .  . 

I . . 

l~sed in ANL Calc. 
- 

I . . . . ANL .. . . 2: 

ig 'COO October ,,,. 19.65;" 
Group I %, . (~=1500bk, dp=400) 

. %  . - . . . 
3.68 Mev 

2.27 

1.35 

0.820, 

0.498 

0.302 

0.183. 

0,110 

0,0674 

0.0409 

0.0248 

15,O kev 

9.12 

4.31 

2.61 

2.03 

1.23 

0.961 

0.583 

. Estimated . 

AI from petrel(15) 

(a) There is some inconsistency in the values of temperature and d , the 
reactor scattering cross section per reacting atom, at which tRe 
fission cross sections tabulated here were, evaluated. This is not 
important for the present discussion, however. 



Table D-2 . . . .  . ... 

Adjustments to ANL ~alculati'ons' . . . . for complete Voiding 

of Sodium from Core, % Q k  
, , 

Adjustment 
.Modified 
2-D Value* 

* ~ o s i  ?-T) cal~ulation of COO-279, modified with. 1-D calculations with 
ANL cross sections. 



APPENDIX E 

NORMALIZED FUEL CYCLE COSTS 

The f u e l  cyc l e  c o s t s ,  a s  p resen ted  i n  t h e  A-C,  W ,  GE, and CE Design S t u d i e s ,  
were given i n  COO-279. The f u e l  cyc l e  c o s t s  f o r  t h e  f i v e  s t u d i e s  have been 
r e c a l c u l a t e d  us ing  a  c o n s i s t e n t  s e t  of ground r u l e s  and a d j u s t i n g  c e r t a i n  c o s t  
components t o  account f o r  d i f f e r e n c e s  between t h e  f u e l  element des igns  and t h e  
f u e l  management programs of t h e  Design S t u d i e s .  The r e s u l t  of t h e  r e c a l c u l a t i o n  
i s  a s  fol lows:  

Reprocessing .271 .240 .276 .264 ,252 

Pu Inventory  .603 .633 .427 .249 .426 

Shipping .052 .040. .054 .044' .036 

F a b r i c a t i o n  Charge .081 .092 .090 .058 ,060 

Pu Cred i t  ( .320) ( .549) ( .219) ( .387) ( .280)  

T o t a l  1 .191  .914 1.444 ,854 ,917 

Fue l  cyc l e  c o s t  d a t a  a p p l i e d  t o  a l l  des ign  s t u d i e s  were a s  fol lows:  

Core burnup, ave. 

P l an t  f a c t o r  

F i s s i l e  Pu va lue  

100 MWD/kg(U + Pu) 

80% 

$lO/gram 

I n t e r e s t  on co re  Pu lO%/year 

Reprocessing p l a n t  Pu c r i t i c a l i t y  l i m i t  67% of  limit 
Reprocessing p l a n t  charge $23,00O/day 

Shipping c o s t ,  co re  & . a x i a l  b lanke t  $20/kg 
. , 

Shipping c o s t ,  r a d i a l  b lanke t  $lO/kg 

F a b r i c a t i o n  c o s t  , Adjusted f o r  de s ign  

Fue l  f a b r i c a t i o n  charge 10% of book . va lue  

Uranium convers ion  $5.60/kg. 

F a b r i c a t i o n  l o s s e s  1 % 

1 x inc luded  i n  t h e  Pu c r e d i t  
Reprocessing l o s s e s  

A c o s t  of $300/kg f o r  core  and a x i a l  b lanke t  oxide f u e l  f a b r i c a t i o n  ($350/kg 
f o r  ca rb ide )  and $70/kg f o r  r a d i a l  b lanke t  f a b r i c a t i o n  was used a s  a base f o r  
determining f a b r i c a t i o n  c o s t  f o r  t h e  i n d i v i d u a l  de s ign  s t u d i e s .  These c o s t s  
were a d j u s t e d  f o r  v a r i a t i o n  i n  p e l l e t  diameter  by assuming i t  would c o s t  



$60/kg t o  p r e s s  core  and a x i a l  b lanket  oxide p e l l e t s  of 0.25-inch diameter  
($68/kg f o r  ca rb ide )  and $14/kg t o  p r e s s  r a d i a l  b lanket  p ins  of 0.340-inch 
d iameter .  F igure  V-4 of t h e  A 1  F e a s i b i l i t y  Study was used t o  d e r i v e  t h e  
p e l l e t  p r e s s i n g  charge f o r  o the r  s i z e  p e l l e t s .  

The c o s t  of encapsula t ion  was assumed t o  be $75/kg f o r  an  oxide core  and 
a x i a l  b l anke t  having 2.2 p i n s l k g  and $17.5/kg f o r  r a d i a l  blanket  p ins  having 
1 . 0  p in /kg .  A p r o p a r t i o n a l  r e l a t i o n s h i p  between t h e  encapsu la t ion  charge and 
p ins /kg  va lue  was assumed. The remainder of t h e  f a b r i c a t i o n  c o s t  was considered 
t o  be independent of f u e l  assembly des ign .  

The r ep roces s ing  c o s t s  assumed mixing of a l l  discharged f u e l .  The reprocess ing  
r a t e  (67% of t h e  u~~~ r a t e )  was c a l c u l a t e d  us ing  t h e  t o t a l  Pu enrichment r g t h e r  
t han  f i s s i l e  Pu enrichment.  The r ep roces s ing  time-was based on t h e  hypo the t i ca l  
AEC r ep roces s ing  p l a n t  descr ibed  i n  TID-7025. 

The out-of-core inventory  was c a l c u l a t e d  on the b a s i s  of 350 days f o r  cool ing ,  
a l l  sh ipp ing ,  r ep roces s ing ,  f a b r i c a t i o n ,  and new f u e l  s to rage .  I n  a d d i t i o n ,  
each  r e a c t o r  was assumed t o  be p a r t  of a . l a r g e  system of f a s t  r e a c t o r s  such 
t h a t  t h e  f u e l  l o s e s  i t s  i d e n t i t y  w i th  t h e  r e a c t o r  once it i s  de l ive red  t o  the  
r ep roces s ing  f a c i l i t y .  While t h i s  is f a r  from t h e  s i t u a t i o n  t h a t  w i l l  e x i s t  
w i t h  t h e  f i r s t  p l a n t s ,  it was used f o r  t h i s  s tudy  because i t  prevents  excess ive  
p e n a l i z a t i o n  of those  p l a n t s  whose f u e l  management programs do not  f i t  we l l .w i th  
t h e  r a t h e r  a r b i t r a r i l y  s e l e c t e d  out-of-core days. (Thus, a  p l a n t  wi th  a  cyc le  

, l i f e  of 180 days and 113 of t h e  core  removed a t  each r e f u e l i n g  has a n  out-of-  
c o r e  inventory  of approximately 213 t h e  in-core  va lue  r a t h e r  t han  an .ou t -o f - co re  
inventory  equa l  t o  t h e  in-core  inventory ,  which would be an  excess ive  penal ty  
f o r  exceeding the  350-day out -of -core  t ime by 10 days.)  

The l a r g e  inc rease  in rile Labr ica t ion  c n s t  f o r  t h e  GE s tudy  is a  r e f l e c t i o n  
of t h e  normal iza t ion  of t h e  f a b r i c a t i o n  c o s t  f o r  p in  diameter  and leagrh a d  
a l s o  t h e  assumption of equal  co re  and a x i a l  b lanket  f u e l  f a b r i c a t i o n  c o s t .  The 
s i g n i f i c a n t  i nc rease  i n  t h e  CE f a b r i c a t i o n  c o s t  i s  the  r e s u l t  of an inc rease  
from $124/kg f o r  co re  and a x i a l  b lanket  f u e l  f a b r i c a t i o n  t o  $314/kg. 

The i n c r e a s e  i n  t h e  r ep roces s ing  c o s t s  t o r  a l l  s t u d i e s  i s  l a r g e l y  a r e s u l t  of 
t h e  $23,00O/day charge f o r  t h e  r ep roces s ing  p l a n t ;  a l s o  t h e  Pu c r i t i c a l i t y  l i m i t  
was based upon the  t o t a l  Pu enrichment r a t h e r  t han  t h e  sma l l e r  f r a c t i o n  of 
f  i s s i l e  Pu i so topes .  

The oasumption o f  p r i v a t e  ownership of nuc lea r  f u e l  r e s u l t e d  i n  an inc rease  
i n  t h e  Pu inventory  charge f o r  a l l  s t u d i e s ,  and i l l  a d d i t i o n ,  f o r  GI7 and A 1  t he  
out -of -core  inventory  was increased  over t h a t  assumed i n  t he  r e s p e c t i v e  Design 
S t u d i e s .  



Table E-1 

Data for Fuel Cycle Cost Calculation 

Fuel Cycle Life, Days 349 74.5 168 228 238 

Fraction of Core .333 .I25 .222 .167 .333 
Replaced/~efueling 

Fraction of Radial B1. .250 .0417 .I25 .I23 .1667/.0769 
Replaced/~efueling 

Core; Plus Axial B1. 6656 2594 7108 5261 4576 
~ischargej~efuel ing ,kg 

Radial Blanket  isc char gel 21692 1163 3076 7019 7363 
Re fueling ,kg 

' -9 
Energy/Cycle, kwhr x 10 6.69 1.43 3,22 4.37 4.56 

Core & Axial Blanket 331 314 . 341 298 3 04 
Fabrication, $/kg 

Radial Blanket Fabrication 54 69 ' ' 66 6 1 7 2 
S /kg 

Fissile Pu, kg/yr 224 2 71 153 384 196 

Ratio, out-of-core to .334 .587 .463 .256 .490 
in-core Fuel j 



APPENDIX F 

ERRATA TO COO-279, "AN EVALUATION OF FOUR DESIGN STUDIES 

OF A 1000 W e  CERAMIC FUELED FAST BREEDER REACTOR'' 

Page 1 -9  The f i r s t  s e n t e n c e  under C . ,  Doubling Time, shou ld  
read :  "The d o u b l i n g  t i m e s ,  i n  y e a r s ,  a s  quoted i n  
t h e  Design S t u d i e s  a r e :  A-C ,  19 .5 ;  CE, 6.2:  GE, 15.8;  
W ,  - 11.7. The d o u b l i n g  t imes  were based on ground r u l e s  
assumed by t h e  c o n t r a c t o r s  and a r e  t h e r e f o r e  n o t  comparable .  
Doubling t i m e s  based on Design S tudy  d a t a ,  bu t  u s i n g  a  
c o n s i s t e n t  c a l c u l a t i o n a l  t e c h n i q u e  a r e  g i v e n  i n  Tab le  3 .6 .  
Doubling t i m e s ,  c a l c u l a t e d  u s i n g  c o n s i s t e n t  p h y s i c s  d a t a  
( a l s o  Tab le  3 . 6 ) ,  a r e  A-C,  30; CE, 7 .2 ;  GE, 20; and 

W ,  - 19." 

T a b l e  2 .1  

Page. 4-5 

The t o t a l  p i n s  i n  t h e  W r a d i a l  b l a n k e t  r e g i o n  (page 3  of 
Tab le  2 .1 )  shou ld  be 32,487,  n o t  19,812.  

The s e v e n t h  and e i g h t h  s e n t e n c e s  under Oxide - Carbide 
Comparison s h o u l d  read :  "Presen t  i r r a d i a t i o n  d a t a  on 
t h e  1 i m i t s . o f  c a r b i d e  f u e l  and on t h e  e f f e c t  of ca rbon  
and uranium-plutonium d i f f u s i o n  a r e  i n c o n c l u s i v e .  
D i f f u s i o n  of uranium-plutonium may. be t h e  i m p o r t a n t .  . . I t  
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