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ABSTRACT 

A t e s t  has been performed a t  t h e  Paducah Gaseous D i f f u s i o n  P l a n t  (PGDP) 
i n  connect ion  w i t h  s t u d i e s  f o r  t h e  U.S. Arms Cont ro l  and Disarmament 
Agency on t h e  p o s s i b i l i t y  o f  u t i l i z i n g  measurements o f  t h e  con- 
c e n t r a t i o n s  o f  t h e  minor  uranium i so topes  i n  235U enr ichment  cascade 
e x t e r n a l  streams as a safeguards techn ique (MIST). Th is  i s  t he  f o u r t h  
p l a n t  t e s t  t h a t  has been performed i n  connect ion  w i t h  t h e  M I S T  s t u d i e s ,  
t h e  f i r s t  t h r e e  hav ing  been done a t  t h e  Oak Ridge Gaseous D i f f u s i o n  
P l a n t  (ORGDP). The main o b j e c t i v e s  o f  t h e  t e s t  were t o  measure t h e  i s o -  
t o p i c  compos i t ion  and f l o w  r a t e s  o f  t h e  p l a n t  e x t e r n a l  streams over  a 
p e r i o d  o f  t ime;  t o  des ign an a p p r o p r i a t e  p l a n t  model i n  t h e  manner an 
I A E A  safeguards team might  do i t  and c a l c u l a t e  t h e  i s o t o p i c  composi t ions 
o f  t h e  p l a n t  streams; and t o  compare t h e  c a l c u l a t e d  i s o t o p i c  values w i t h  
t h e  measured ones. 

Dur ing  t h e  39-day p e r i o d  o f  t h e  t e s t ,  t h e  p l a n t  power l e v e l  and t h e  
number o f  stages on stream were inc reased s u b s t a n t i a l l y  so t h a t  two 
q u i t e  d i f f e r e n t  o p e r a t i n g  regimes were experienced. I n  a d d i t i o n  t o  t h e  
feed ing  o f  n a t u r a l  uranium, p a r t i a l l y  dep le ted  uranium was a l s o  fed  t o  
t h e  p l a n t  d u r i n g  t h e  t e s t .  The PGDP c o n s i s t s  o f  two cascades o p e r a t i n g  
i n  an ove r lap  arrangement. It be ing  u n c e r t a i n  whether a p l a n t  ope ra to r  
would be r e q u i r e d  t o  i n f o r m  a safeguards team o f  t h e  ex i s tence  o f  t h e  
two-cascade system, t h e  Paducah p l a n t  was modeled bo th  as a s i n g l e -  
cascade and as a two-cascade complex. 

The s i  ng l  e-cascade model y i  e l  ded 23% t o  23411 c o n c e n t r a t i o n  r a t i  os t h a t  
d i f f e r e d  froin t h e  average measured values f o r  t h e  low power p e r i o d  by 
-0.16 percent  i n  t h e  p l a n t  p roduc t  stream and by +0.86 percent  i n  t h e  
p l a n t  t a i  1 s s t  ream. The two-cascade p l a n t  model y i  e l  ded cor respond ing  
va lues f o r  t h e  low power p e r i o d  t h a t  d i f f e r e d  from t h e  average measured 
va lues i n  t h e  p l a n t  p roduc t  and p l a n t  t a i l s  stream by <0.1 percent .  

The c a l c u l a t e d  235U t o  234U c o n c e n t r a t i o n  r a t i o s  i n  t h e  produc t  and 
t a i l s  streams d i d  n o t  match t h e  average measured va lues i n  t h e  h igh-  
power p e r i o d  as we l l  as they  d i d  f o r  t h e  low-power pe r iod ,  when t h e  
same i s o t o p i c  composi t ion f o r  n a t u r a l  U was assumed a t  bo th  power 
l e v e l s - - t h e  a c t u a l  compos i t ion  o f  t h e  n a t u r a l  U f e d  t o  t h e  l a n t  d u r i n g  
t h e  t e s t  no t  hav ing been measured. R e c a l c u l a t i o n  o f  t h e  23EU t o  234U 
c o n c e n t r a t i o n s  w i t h  another  assumed va lue  f o r  t h e  23411 c o n c e n t r a t i o n  i n  
n a t u r a l  U, t h a t  i s  s t i l l  w i t h i n  t h e  range o f  r e p o r t e d  observed va lues 
f o r  it, r e s u l t e d  i n  b e t t e r  agreement w i t h  t h e  measured p l a n t  stream 
va lues :  +0.7 percent  f o r  t h e  produc t  s t ream and +0.2 percent  i n  t h e  
t a i l s  stream f o r  t h e  s ing le-cascade model and +0.8 pe rcen t  and -0.7 per -  
c e n t  r e s p e c t i v e l y  f o r  a two-cascade p l a n t  model. The reco rd  on sources 
o f  t h e  n a t u r a l  U t h a t  was fed  d u r i n g  t h e  t e s t  suppor ts  t h e  assumption 
t h a t  t h e  average 234U c o n c e n t r a t i o n  i n  t h e  n a t u r a l  U f e d  was p robab ly  
d i f f e r e n t  d u r i n g  t h e  two o p e r a t i n g  per iods .  
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Samples were taken a long each o f  t he  cascades once d u r i n g  the  low-power 
regime t o  o b t a i n  a t y p i c a l  i s o t o p i c  c o n c e n t r a t i o n  g r a d i e n t  f o r  each 
cascade. An e x c e l l e n t  match was ob ta ined between the  c a l c u l a t e d  con- 
c e n t r a t i  on g rad ien t  values and t h e  measured Va l  ues. 
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FOREWORD 

T h i s  document i s  t h e  comp le t i on  r e p o r t  on a p l a n t  t e s t  run a t  t h e  
Paducah Gaseous D i f f u s i o n  P l a n t  (PGDP) r e l a t i n g  t o  t h e  use o f  t h e  
measurements o f  t h e  m i  no r  uranium i s o t o p e  c o n c e n t r a t i o n  i n  cascade 
e x t e r n a l  streams as an enr ichment  p l a n t  safeguards techn ique ( M I S T )  
conducted f o r  t h e  U n i t e d  S t a t e s  Arms Con t ro l  and Disarmament Agency 
under  i t s  Reimbursable Agreement w i t h  t h e  Department o f  Energy 
No. AC7NA309. 
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COMPARISON OF MEASURED AND CALCULATED 
URANIUM I S O T O P I C  CONCENTRATIONS I N  CASCADE STREAMS 

AT THE PADUCAH GASEOUS D I F F U S I O N  PLANT 

INTRODUCTION 

A t e s t  has been performed a t  t h e  Paducah Gaseous D i f f u s i o n  P lan t  (PGDP) 
i n  connect ion  w i t h  a s tudy conducted by t h e  Operat ions Ana lys i s  and 
P lann ing  D i v i s i o n  o f  t he  Oak Ridge Gaseous D i f f u s i o n  P l a n t  (ORGDP) f o r  
t h e  U.S. Arms Cont ro l  and Disarmament Agency on t h e  p o s s i b i l i t y  o f  u t i -  
1 i z i  ng measurements o f  t h e  concen t ra t i ons  o f  t he  m i  n o r  u ran i  um i so topes  
i n  enrichment cascade e x t e r n a l  streams as a safeguards techn ique (MIST). 
Th is  i s  t h e  f o u r t h  p l a n t  t e s t  t h a t  has been performed i n  connect ion w i t h  
t h e  M I S T  study, t h e  f i r s t  t h r e e  hav ing been done a t  t h e  OKGDP. Each o f  
t h e  t e s t s ,  w i t h  the  except ion  o f  t he  t h i r d  one, has had as i t s  major 
o b j e c t i v e  t h e  de te rm ina t ion  o f  how c l o s e l y  t h e  p r e d i c t e d  23% and 23% 
concen t ra t i ons  match measured values. I n  t h e  t h i r d  t e s t ( 1 )  t h i s  ob jec-  
t i v e  was secondary, t he  pr imary  one hav ing been t o  t e s t  an i n d i r e c t  
method f o r  measuring the  uranium i n v e n t o r y  i n  an enrichment cascade by 
t h e  feed ing  o f  a t r a n s i e n t  sp ike  o f  23% t o  t h e  cascade. 
t e s t s  t o  date have been d i r e c t e d  s p e c i f i c a l l y  a t  demonstrat ing t h e  
e f f e c t i v e n e s s  o f  MIST as an a i d  i n  t h e  d e t e c t i o n  o f  a c l a n d e s t i n e  d i v e r -  
s i o n  o f  en r i ched  uranium. 

None o f  t he  

The f o u r t h  t e s t ,  which i s  t he  sub jec t  o f  t h i s  r e p o r t ,  was run a t  t he  
PGDP r a t h e r  than the  ORGDP s ince  the  Paducah p l a n t  i s  comprised o f  two 
over lapped cascades r a t h e r  than the  s i n g l e  one a t  Oak Ridge, thereby  
p r e s e n t i n g  a more complex s i t u a t i o n .  The t e s t  was c a r r i e d  ou t  f o r  a 
p e r i o d  o f  39 days d u r i n g  which the  opera t i ng  power l e v e l  and t h e  number 
o f  stages on stream were inc reased s u b s t a n t i a l l y .  The main o b j e c t i v e s  
o f  t h e  Paducah p l a n t  t e s t  were t o  measure t h e  i s o t o p i c  composi t ion and 
f l o w  r a t e s  o f  t he  p l a n t  e x t e r n a l  streams f o r  a p e r i o d  o f  t ime;  t o  no te  
t h e  magnitudes o f  the d a i l y  f l u c t u a t i o n s  i n  them; t o  c a l c u l a t e  the i s o -  
t o p i c  compos i t ion  o f  t he  streams based on an average p l a n t  f l o w  sheet i n  
t h e  manner an I n t e r n a t i o n a l  Atomic Energy Agency's (IAEA) safeguards 
team might  be expected t o  do i t  w i t h i n  t h e  l i m i t a t i o n s  o f  t h e  Nuclear  
Non-Pro1 i f e r a t i o n  Trea ty  (NPT) ; and t o  see how c l o s e l y  t h e  ca l  c u l  a ted  
i s o t o p i c s  match t h e  measured values. Th is  r e p o r t  descr ibes  the  t e s t  and 
presents  t h e  data c o r r e l a t i o n s  and t h e  r e s u l t s  o f  t h e  mu1 t icomponent 
p r o d u c t i v i t y  c a l c u l a t i o n s  t h a t  were made f o r  comparison w i t h  t h e  
measured i s o t o p i c  concent ra t ions .  
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SUMMARY AND CONCLUSIONS 

A t e s t  has been conducted a t  t h e  PGDP i n  connect ion w i t h  development 
s t u d i e s  on M I S T  f o r  uranium enr ichment p l a n t s .  The main o b j e c t i v e s  o f  
t h e  t e s t  were t o  measure t h e  i s o t o p i c  composi t ion and f l o w  r a t e s  of t h e  
p l a n t  e x t e r n a l  streams over a p e r i o d  o f  t ime;  t o  note t h e  magnitudes of 
t h e  d a i l y  f l u c t u a t i o n s  i n  them; t o  des ign an a p p r o p r i a t e  p l a n t  model and 
c a l c u l a t e  t h e  i s o t o p i c  composi t ion o f  t h e  p l a n t  streams i n  t h e  manner 
an I A E A  safeguards team might  be expected t o  do it; and t o  compare t h e  
c a l c u l a t e d  i s o t o p i c  values w i t h  t h e  measured ones. 

Dur ing  t h e  39-day p e r i o d  o f  t h e  t e s t ,  t h e  p l a n t  power l e v e l  and t h e  
number o f  stages on stream were increased s u b s t a n t i a l l y  so t h a t  t h e r e  
were two q u i t e  d i f f e r e n t  o p e r a t i n g  regimes w i t h  a t r a n s i e n t  p e r i o d  
between them. Two feeds were u t i l i z e d  d u r i n g  t h e  two o p e r a t i n g  p e r i o d s  
i n  d i f f e r e n t  average p r o p o r t i o n s :  one was n a t u r a l  U and t h e  o t h e r  
dep le ted  uranium t h a t  had been withdrawn as t a i l s  f rom t h e  ORGDP. 
Average values f o r  t h e  f l o w  r a t e s  and t h e  i s o t o p i c  c o n c e n t r a t i o n s  o f  
t h e  cascade e x t e r n a l  streams f o r  t h e  i n i t i a l  low-power p e r i o d  and t h e  
f i n a l  high-power p e r i o d  were computed from t h e  measured data, and t h e  
v a r i  a t i  ons o f  t h e  dai  l y  measured Val ues about t h e  corresponding p e r i o d  
average were determined and p l o t t e d  versus t ime. 

The PGDP c o n s i s t s  o f  two cascades o p e r a t i n g  c o n j o i n t l y  i n  an o v e r l a p  
arrangement. Since it i s  u n c e r t a i n  whether t h e  o p e r a t o r  o f  a p l a n t  
such as t h e  Paducah one would be r e q u i r e d  under t h e  NPT t o  i n f o r m  t h e  
safeguards team o f  t h e  ex i s tence  o f  t h e  two-cascade system, t h e  Paducah 
p l a n t  was modeled both as a s i n g l e  cascade and as a two-cascade complex. 
The sing1 e-cascade model y i e l d e d  235U-to-234U c o n c e n t r a t i o n  r a t i o s  t h a t  
d i f f e r e d  from t h e  average measured values f o r  t h e  low power p e r i o d  by 
-0.16 percent  i n  t h e  p l a n t  product  stream and by +0.86 percent  i n  t h e  
p l a n t  t a i  1 s s t  ream. The two-cascade p l  a n t  model y i e l d e d  correspondi  ng 
va lues  f o r  t h e  low-power p e r i o d  t h a t  d i f f e r e d  f rom t h e  average measured 
va lues i n  t h e  p l a n t  product  and t a i l s  streams by <0.1 percent .  

Both p l a n t  models, which were designed t o  match t h e  average measured 
f l o w  sheet f o r  t h e  low-power regime, were scaled up t o  match t h e  
corresponding f l o w  sheet f o r  t h e  h i  h-power regime t o  make t h e  c a l c u l a -  
t i o n s  f o r  comparison o f  p r e d i c t e d  2j5U-to-234U c o n c e n t r a t i o n  r a t i o s  w i t h  
t h e  p e r i o d  average measured values. The match between t h e  two se ts  o f  
va lues was s i g n i f i c a n t l y  poorer  than f o r  t h e  low-power regiine. For t h e  
s i  ng l  e-cascade model t h e  c a l c u l a t e d  Val ues d i  f f e r e d  from t h e  average 
measured value by +2.5 percent  f o r  t h e  p l a n t  p roduc t  stream and by t1.6 
pe rcen t  f o r  t h e  p l  a n t  t a i  1 s s t  ream. The corresponding d i  f f e r e n c e s  f o r  
t h e  two-cascade p l a n t  model were t3.2 percent  and <0.1 percent .  Since 
t h e  p l a n t  power i nc rease  was accompanied by an i nc rease  i n  t h e  number 
o f  stages on-stream and by some f low sheet changes, and s i n c e  t h e  i n i -  
t i a l  choice t o  base t h e  cascade model des ign on t h e  f l o w  sheet f o r  t h e  
low-power regime i s  an a r b i t r a r y  one, a second two-cascade p l a n t  model 
was designed t o  match t h e  average measured high-power p e r i o d  f l o w  sheet. 
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The correspondence between c a l c u l a t e d  and average measured 23% con- 
c e n t r a t i o n s  was n o t  b e t t e r  b a s i c a l l y  f o r  t h e  second model than i t  was 
f o r  t he  f i r s t ,  though t h e  so lved f l o w  sheet va lues n e c e s s a r i l y  matched 
t h e  measured ones cons ide rab ly  b e t t e r .  
c e n t r a t i o n  r a t i o s  f o r  t h e  second two-cascade model d i f f e r e d  froin t h e  
average measured va lue f o r  t h e  produc t  stream by +2.6 percent  and from 
t h a t  i n  t h e  t a i l s  stream by +0.8 percent .  

The c a l c u l a t e d  235U t o  234U con- 

The t e s t  p l a n  d i d  no t  c a l l  f o r  t h e  sampling o f  t h e  n a t u r a l  U t o  be fed 
t o  t h e  p l a n t ,  An average compos i t ion  was assumed f o r  t he  n a t u r a l  feed 
f o r  t h e  t e s t  t h a t  was based on n a t u r a l  U sample data ob ta ined some years  
e a r l  i er .  
i s o t o p i c  r a t i o s  d i d  no t  t u r n  ou t  t o  be n e a r l y  as c l o s e  f o r  the  h igh-  
power regime as i t  i s  f o r  t h e  low-power one, a p l a u s i b l e  specu la t i on  i s  
t h a t  t h e  d i f f e r e n c e  may be due t o  a var iance i n  t h e  composi t ion o f  t h e  
n a t u r a l  U f e d  t o  t h e  p l a n t  d u r i n g  t h e  two per iods.  C a l c u l a t i o n s  us ing  
t h e  23% t o  23% concen t ra t i on  r a t i o  f o r  n a t u r a l  U t h a t  had been assumed 
f o r  t h e  bas i c  M I S T  background s t u d i e s  were then made w i t h  the  r e s u l t  
t h a t  a cons ide rab ly  improved match between t h e  c a l c u l a t e d  and measured 
234U concen t ra t i ons  i n  t h e  p l a n t  w i thdrawal  streams f o r  a l l  t h r e e  p l a n t  
models was obta ined.  Fo r  example, t h e  d i f f e r e n c e  between t h e  two se ts  
o f  values f o r  t h e  h i g h  power p e r i o d  was reduced t o  +0.7 percent  f o r  t h e  
p roduc t  stream and +0.2 percent  i n  t h e  t a i l s  stream f o r  t h e  s i n g l e  
cascade p l a n t  model and co r respond ing ly  t o  a +0.8 percent  and -0.7 per -  
cen t  f o r  t h e  second two-cascade p l a n t  model. Th is  i s  cons idered t o  be a 
s t r o n g  i n d i c a t i o n  t h a t  t h e  average 23% c o n c e n t r a t i o n  i n  n a t u r a l  U fed  
d u r i n g  t h e  high-power regime was l a r g e r  by about 2 percent  than i t  was 
d u r i n g  t h e  low-power one. Th is  a l s o  p o i n t s  ou t  t h a t  one should de te r -  
mine t h e  i s o t o p i c  compos i t ion  o f  a l l  n a t u r a l  U f e d  t o  t h e  cascade d u r i n g  
such a t e s t .  

S ince t h e  correspondence between t h e  p r e d i c t e d  and measured 

Samples were taken a long each o f  t he  cascades once d u r i n g  the  low-power 
regime t o  o b t a i n  a t y p i c a l  i s o t o p i c  c o n c e n t r a t i o n  g r a d i e n t  f r each 
cascade. 
c e n t r a t i o n  r a t i o s  and the  measured values was ob ta ined  a f t e r  small  
reasonable ad justments were made i n  t h e  assumptions rega rd ing  the  
average 234U concen t ra t i ons  p resen t  i n  t h e  dep le ted  and n a t u r a l  feed i n  
t h e  severa l  days immediate ly  p r i o r  t o  t h e  g r a d i e n t  sampling. 

An e x c e l l e n t  match between t h e  c a l c u l a t e d  235U t o  834U con- 
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PADUCAH PLANT DESCRIPTION 

The Paducah p l a n t  c o n s i s t s  o f  two cascades operated c o n j o i n t l y  i n  an 
ove r lap  arrangement. A schematic r e p r e s e n t a t i o n  o f  t h i s  i s  shown i n  
F i g u r e  1. 
duc t  i s  withdrawn, c o n s i s t s  o f  t h r e e  equipment s izes.  Most o f  t he  
sma l les t  s i z e  stages i n  t h i s  cascade form the  purge system; t h e  
remainder o f  these f u n c t i o n s  as p a r t  o f  t h e  i s o t o p i c  en r i che r .  The 
o t h e r  cascade, the  one des ignated  as the  lower  one i n  t h e  f i g u r e ,  i s  
o u t f i t t e d  w i t h  two equipment s i zes ,  t h e  same two l a r g e r  s i zes  t h a t  are 
employed i n  t h e  upper cascade. To e s s e n t i a l l y  maximize t h e  separa t i ve  
e f f i c i e n c y  o f  each o f  t he  two cascades, b locks  o f  stages o f  t he  same 
s i z e  i n  each a re  operated a t  a p p r o p r i a t e l y  s e l e c t e d  d i f f e r e n t  power 
l e v e l s  so t h a t  t h e  cascades a re  i n  e f f e c t  comprised o f  about t e n  square 
s e c t i o n s  r a t h e r  than t h e  maximum o f  t h r e e  t h a t  o therw ise  would be 
a v a i l a b l e .  

The 235U concen t ra t i ons  l i s t e d  i n  t h e  f i g u r e  f o r  t h e  va r ious  feed and 
w i thdrawal  streams o f  t h e  two cascades represent  a t y p i c a l  se t  o f  t a r g e t  
values. The t a r g e t  values va ry  somewhat from t ime  t o  t ime  because o f  
changes i n  demand o r  o p e r a t i n g  f a c t o r s  f o r  t h e  th ree -p l  a n t  complex. 
Corresponding stream f l o w  r a t e s  are  no t  g iven  i n  t h e  f i g u r e  s ince  these 
a re  s t r o n g l y  dependent on t h e  p l a n t  power l e v e l  which i s  s u b j e c t  t o  
occas iona l  changes due p r i m a r i l y  t o  e x t e r n a l  f a c t o r s .  The ac tua l  stream 
r a t e s  and concen t ra t i ons  t h a t  e x i s t e d  d u r i n g  the  t e s t  a re  presented i n  
t h e  s e c t i o n  of the  r e p o r t  d e s c r i b i n g  t h e  measured p l a n t  data. 

The upper cascade, t h e  one from which the  en r i ched  p l a n t  p ro-  

The p l a n t  d e s c r i p t i o n  shows t h e  ex i s tence  o f  a feed stream of dep le ted  
uranium, denoted by FD, t o  t h e  lower  cascade. Th is  happened t o  be t h e  
s i t u a t i o n  t h a t  e x i s t e d  d u r i n g  t h e  t e s t .  Sometimes on ly  n a t u r a l  uranium 
i s  fed  t o  bo th  cascades. The use o f  a dep le ted  feed may serve as a 
s u b s t i t u t e  f o r  n a t u r a l  uranium feed i n  whole o r  i n  pa r t .  Du r ing  t h e  
i n i t i a l  p e r i o d  o f  t he  t e s t ,  n a t u r a l  U was f e d  on ly  t o  t h e  upper cascade 
and d u r i n g  the  f i n a l  p e r i o d  i t  was f e d  t o  both cascades. 
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UPPER CASCADE 

P, 2.0% 23511 SIZE 3 

SIZE 2 

SIZE 2 I 
LOWER CASCADE 

I 

t 
w, .2% 23511 STREAM IDENTI FlCATlON 

P IS THE PLANT PRODUCT 
FN IS NATURAL URANIUM FEED 
FD IS PARTIALLY DEPLETED URANIUM FEED 
W IS THE PLANT TAILS 
PL & W U  ARE THE INTERCASCADE STREAMS 
*NATURAL U (FN) WAS FED TO BOTH CASCADES ONLY DURING 
THE FINAL PERIOD OF THE TEST. 

Figure 1 

SCHEMATIC OF THE PADUCAH PLANT 
AT THE TIME OF THE TEST 
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TEST DESCRIPTION 

SAMPL I NG 

D u p l i c a t e  samples were taken d a i l y  f o r  a p e r i o d  o f  39 days, a t  app rox i -  
ma te l y  t h e  same t i m e  each day, from t h e  p l a n t  product  stream ( P ) ,  t h e  
p l a n t  t a i l s  stream (W) and t h e  two in te rcascade  streams (PL and WU). 
On- l i ne  sampl ing o f  t h e  dep le ted  uranium feed stream t o  t h e  lower  
cascade was not  f e a s i b l e .  Vapor-over-sol i d  samples were taken from t h e  
52 c y l i n d e r s  c o n t a i n i n g  t h e  dep le ted  uranium f e d  t o  t h e  p l a n t  d u r i n g  t h e  
t e s t .  The n a t u r a l  uranium fed  t o  t h e  p l a n t  d u r i n g  t h e  t e s t  was not  
sampled s i n c e  i t  was considered t o  be unnecessary a t  t h e  t ime. 

I n  a d d i t i o n ,  in,.cascade samples were drawn on one day d u r i n g  t h e  t e s t  a t  
i n t e r v a l s  a long t h e  l e n g t h  o f  each cascade. Fourteen samples were taken 
from t h e  upper cascade and t h i r t e e n  from t h e  lower  one. A l l  o f  these 
sainples, r e p r e s e n t a t i v e  o f  t h e  cascade c o n c e n t r a t i o n  g rad ien ts ,  were 
taken a t  rough ly  t h e  same t i m e  o f  day. 

STREAM RATES AND PLANT POWER 

The average f l o w  r a t e s  of each of t h e  cascade feed, product  and t a i l s  
streams were recorded f o r  each work ing s h i f t  f o r  each day o f  t h e  t e s t .  
The f l o w  r a t e s  o f  t h e  feed streams and t h e  two in te rcascade  streams a re  
measured w i t h  f l o w  meters and t h e  p l a n t  product  and t a i l s  streams by on- 
1 i ne cy1 i nder wei gh i  ngs. The feed r a t e  f l o w  measurements were checked 
and c o r r e c t e d  acco rd ing  t o  feed cy1 i nder  wei gh i  ngs be fo re  and a f t e r  
feeding.  

The t o t a l  p l a n t  power, f o r  both cascades and p l a n t  a u x i l i a r i e s ,  was a l s o  
recorded f o r  each s h i f t  f o r  each day o f  t h e  t e s t .  

OPERATING REGIMES DURING THE TEST 

A s i z e a b l e  p l a n t  power i nc rease  o f  j u s t  under 50 percent  was t a r g e t e d  
f o r  t h e  PGDP on t h e  26th day o f  t h e  t e s t .  Consequently, t h r e e  o p e r a t i n g  
regimes p r e v a i l e d  d u r i n g  t h e  t e s t :  a low power p e r i o d  f o r  t h e  f i r s t  26 
days, a t r a n s i t i o n  p e r i o d  of i n c r e a s i n g  p l a n t  power f o r  5 days, and 
f i n a l l y  a h i g h  power l e v e l  p e r i o d  f o r  8 days. A d d i t i o n a l  stages were 
brought  on-stream d u r i n g  t h e  t r a n s i t i o n  p e r i o d  so t h a t  t h e  number o f  
stages i n  o p e r a t i o n  i n  t h e  f i n a l  p e r i o d  was approx imate ly  13 percent  
g r e a t e r  on t h e  average than  i n  t h e  i n i t i a l  per iod.  F u r t h e r ,  t h e  feed t o  
t h e  lower  cascade f o r  t h e  h i g h  power p e r i o d  was augmented by t h e  add i -  
t i o n  o f  a n a t u r a l  U feed stream, the reby  m a t e r i a l l y  changing t h e  p ropor -  
t i o n s  o f  dep le ted  and n a t u r a l  U f e d  t o  t h e  p l a n t .  
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I S O T O P I C  ANALYSES OF THE SAMPLES 

The 235U c o n c e n t r a t i o n  i n  each o f  t h e  samples was measured i n  t h e  PGDP 
mass spect rometry  l a b o r a t o r y .  A p o r t i o n  o f  each o f  t h e  samples was then 
hyd ro l yzed  a t  t h e  PGDP l a b o r a t o r y  and sh i  ed t o  t h e  Oak Ridge Na t iona l  
Labora to ry  (ORNL) f o r  measurement o f  t h e  855U t o  234U and t h e  235U t o  
236U c o n c e n t r a t i o n  r a t i o s  i n  h i g h  p r e c i s i o n  scans on a three-stage t h e r -  
mal mi s s i  on mass spect rometer. 
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THE PADUCAH PLANT TEST DATA 

PLANT POWER LEVELS 

Two p l a n t  o p e r a t i n g  power l e v e l s  p r e v a i l e d  d u r i n g  t h e  t e s t ,  w i t h  a t r a n -  
s i t i o n  p e r i o d  o f  severa l  days d u r a t i o n  between t h e  i n i t i a l  low power 
l e v e l  and t h e  f i n a l  h i g h  power one. Regular d a i l y  measurements were 
made o n l y  o f  t h e  average d a i l y  p l a n t  t o t a l  power load, which i nc ludes  
a l l  t h e  power f o r  a l l  a u x i l i a r y  ope ra t i ons  and u t i l i t i e s  i n  a d d i t i o n  t o  
t h e  cascade o p e r a t i n g  power. The t o t a l  p l a n t  power i n  t h e  low and h i g h  
power pe r iods  was very steady, v a r y i n g  i n  a range o f  50.3 and 0.1 per-  
cen t  about t h e  r e s p e c t i v e  p e r i o d  average. 

I n d i v i d u a l  cascade c e l l  power l o a d  data, from which one can o b t a i n  t h e  
a c t u a l  o p e r a t i n g  power f o r  each o f  t h e  two cascades, were r e p o r t e d  j u s t  
f o r  t h r e e  days: two d u r i n g  t h e  low power p e r i o d  and one d u r i n g  t h e  h i g h  
power pe r iod .  The power d i s t r i b u t i o n s  i n  t h e  two steady pe r iods  t o  t h e  
two cascades are g iven i n  Table 1, expressed as f r a c t i o n s  o f  t h e  i n i t i a l  
power i n p u t  t o  the  cascade p a i r .  

The values l i s t e d  i n  Table 1 f o r  t h e  low power l e v e l  o p e r a t i o n  a re  an 
average o f  t h e  two se ts  of measurements made on t h e  3 r d  and 15 th  days o f  
t h e  t e s t .  Though t h e  t o t a l  cascade power on these two days d i f f e r s  by 
o n l y  0.8 percent ,  t h e  power l o a d  on t h e  15th day t o  t h e  upper cascade 
was 5.6 percent  l e s s  and t o  t h e  lower  cascade 3.6 g r e a t e r  than what each 
was on t h e  3 r d  day. If these two p a i r s  o f  values can be considered t o  be 
r e p r e s e n t a t i  ve , the  power d i  s t  r i  b u t i  on between t h e  cascades was s i  gn i  f i - 
c a n t l y  more v a r i a b l e  than t h e  t o t a l  cascade power. 

STAGES ON-STREAM 

The number of stages i n  o p e r a t i o n  i n  each cascade was inc reased  a t  an 
i r r e y u l a r  r a t e  throughout  t h e  t e s t  per iod,  w i t h  most o f  t h e  i nc rease  
t a k i n g  p lace  c o n c u r r e n t l y  w i t h  t h e  o p e r a t i n g  power increase.  
v a r i a t i o n  o f  t h e  number o f  stages on-stream i n  each cascade and o f  t h e  
t o t a l  o f  t he  two as a f r a c t i o n  o f  t h e  t o t a l  number o f  stages i n  opera- 
t i o n  on t h e  i r s t  day of t h e  t e s t  a re  presented i n  F i g u r e  2. 
average t o t a  number o f  stages i n  t h e  p l a n t  on-stream d u r i n g  t h e  h i g h  
power regime was 12.6 percent  g r e a t e r  than t h a t  d u r i n g  t h e  low power 
regime; t h e  ncrease f o r  t h e  upper cascade was 14.4 percent  and f o r  t h e  
l ower  one 10.7 percent.  

The d a i l y  

The 

P a r t  o f  t h e  p l a n t  power i nc rease  was then a r e s u l t  o f  a d d i t i o n a l  stages 
be ing  pu t  i n t o  o p e r a t i o n  r a t h e r  than j u s t  an i nc rease  i n  t h e  average 
s tage power l e v e l s .  Th i s  can be seen i n  Table 2. The average power 
i n c r e a s e  f o r  t h e  two cascades was 48.4 percent  bu t  t h e  i nc rease  i n  t h e  
average power l o a d  per s tage was o n l y  31.9 percent.  
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Table 1 

CASCADE POWER DISTRIBUTION 

F r a c t i o n  o f  t h e  I n i t i a l  
Power I n p u t  t o  t h e  Cascade -- P a i r  

Level Level  
Low Power High Power Ra t io ,  

H i  gh/Low --- 

Upper Cascade 

Lower Cascade 

0.464 

0.536 

0.719 

0.765 

1.550 

1.427 

Combi ned Cascades 1.000 1.484 1.484 
- _- - 

Table 2 

DISTRIBUTION OF THE POWER INCREASE 

__I___-__ - 
Power Level  Inc rease (%) 

Aver age Average 
per  Stage L!L--- Cascade 

p-___.__-- 

Upper Cascade 

Lower Cascade 

35.4 55.0 

28.9 42.9 
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PLANT STREAM ,RATES 

Feed Streams 

The p l a n t  was f e d  w i t h  bo th  n a t u r a l  and dep le ted  uranium du r ing  t h e  
t e s t .  The dep le ted  uranium, w i t h  a 235U concen t ra t i on  t h e  order  o f  0.4 
percent ,  had been c o l l e c t e d  as t a i l s  a t  an e a r l i e r  t ime  from the  ORGDP. 
Average f l o w  r a t e s  and t h e  assoc ia ted  s tandard d e v i a t i o n s  were computed 
f o r  t h e  two feeds f o r  each o f  t h e  t h r e e  opera t i ng  regimes. Ra t ios  o f  
t h e  average d a i l y  r a t e  i n  t h e  p e r i o d  t o  t h e  p e r i o d  average were then 
computed and p l o t t e d  as a f u n c t i o n  o f  t ime. F igu re  3 presents  t h e  feed 
da ta  i n  t h i s  form f o r  both feed ma te r ia l s .  The p e r i o d  average feed 
r a t e s  and t h e  s tandard d e v i a t i o n s  o f  t h e  data a re  a l s o  presented i n  
t a b u l a r  form i n  t h i s  f i g u r e .  

Dur ing  t h e  low power pe r iod ,  n a t u r a l  uraniurn (FN) was f e d  on ly  t o  t h e  
upper cascade and t h e  dep le ted  feed (FD) on l y  t o  the  lower  cascade. 
Dur ing  t h e  h i g h  power per iod ,  n a t u r a l  U was fed  t o  bo th  cascades and t h e  
dep le ted  feed s t i l l  o n l y  t o  t h e  lower  cascade. Thus, i n  a d d i t i o n  t o  t h e  
d a i l y  f l u c t u a t i o n s  i n  t h e  r a t i o  o f  t he  feed r a t e s  o f  t h e  two uraniums, 
t h e r e  was a s u b s t a n t i a l  r e d u c t i o n  i n  t h e  q u a n t i t y  o f  dep le ted  U r e l a t i v e  
t o  t h a t  of n a t u r a l  U f e d  t o  t h e  p l a n t  d u r i n g  t h e  h i g h  power regime; t h e  
average r a t i o  be ing  0.687 f o r  t h e  low power and 0.355 f o r  t h e  h i g h  power 
l e v e l .  The d a i l y  v a r i a t i o n s  o f  t h e  FD/FN values w i t h  respec t  t o  t h e i r  
p e r i o d  average values a r e  shown i n  F i g u r e  4. 
t h e i r  r e l a t i v e  ra tes ,  as one might  expect ,  a re  somewhat l a r g e r  than t h e  
f l u c t u a t i o n s  i n  t h e  two streams i n d i v i d u a l l y .  

The d a i l y  v a r i a t i o n s  i n  

Withdrawal S t  reams - 
The r a t i o  o f  t h e  d a i l y  p l a n t  p roduc t  t a k e - o f f  r a t e  t o  t h e  corresponding 
p e r i o d  average f o r  each o p e r a t i n g  regime, and s i m i l a r l y  f o r  t h e  d a i l y  
t a i l s  wi thdrawal  r a t e ,  i s  p l o t t e d  i n  F igu re  5. The p e r i o d  averages and 
assoc ia ted  s tandard  d e v i a t i o n s  a re  l i s t e d  i n  t h e  f i g u r e .  

I n  t h e  usual  ope ra t i on  o f  a gaseous d i f f u s i o n  cascade t h e  produc t  take-  
o f f  r a t e  i s  v a r i e d  t o  ma in ta in  t h e  produc t  concen t ra t i on  on t a r g e t  and 
t h e  feed r a t e  i s  v a r i e d  t o  m a i n t a i n  t h e  t a i l s  c o n c e n t r a t i o n  as c l o s e  as 
p o s s i b l e  t o  i t s  s p e c i f i e d  value. Examination o f  F igures  3 and 5 shows 
t h a t  i n  general  t h e  produc t  r a t e  was t h e  s t e a d i e s t  o f  t h e  f o u r  ex te rna l  
streams. The d a i l y  r a t e s  o f  t h e  two feed streams and t h a t  o f  t h e  p l a n t  
t a i  1s stream e x h i b i t e d  o v e r a l l  rough ly  t h e  same degree o f  v a r i a b i  1 i t y  
w i t h  respec t  t o  t h e  p e r i o d  averages. 

P1 a n t  Mater i  a1 Bal ance - -- 

The d a i l y  uranium m a t e r i a l  balance d isc repanc ies  as a percentage o f  t h e  
d a i l y  feed uranium are  p l o t t e d  i n  F igu re  6. The o v e r a l l  m a t e r i a l  
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balance d iscrepancy f o r  each p e r i o d  computed from t h e  average p l a n t  feed 
and w i thdrawal  r a t e s  f o r  each p e r i o d  i s  a l s o  shown. Though the  d a i l y  
d i sc repanc ies  e x h i b i t  a range o f  t 1 2  percent  t o  -14 percent  o f  t he  feed 
uranium, t h e  o v e r a l l  balance was o f f  on l y  -0.7 percent  i n  t h e  low power 
p e r i o d  and -0.2 percent  i n  t h e  h i g h  power per iod .  
m a t e r i a l  balances were no t  computed bu t  t h e  o v e r a l l  ones were. Table 3 
shows t h e  o v e r a l l  m a t e r i a l  balance descrepancies f o r  t h e  U, 235U and 
234U f o r  t h e  low- and h i  gh-power p e r i  ods. 

The d a i l y  component 

The In te rcascade Stream Rates 

The f l o w  r a t e  data f o r  t h e  two in te rcascade  streams, t h e  produc t  take-  
o f f  from t h e  lower  cascade (PL) and t h e  waste w i thdrawal  from t h e  upper 
cascade (WU) were c o r r e l a t e d  i n  t h e  same way as t h e  p l a n t  ex te rna l  
streams. The data f o r  t h e  PL and WU streams a re  p l o t t e d  i n  F igu re  7. 
The d a i l y  v a r i a t i o n s  o f  these two streams seem t o  be rough ly  t h e  same 
o r d e r  o f  magnitude as t h a t  f o r  t h e  p l a n t  e x t e r n a l  streams. 
t h e r e  i s  s i g n i f i c a n t l y  l e s s  conf idence i n  t h e  v a l i d i t y  o f  t he  repo r ted  
r a t e s  f o r  t h e  i n te rcascade  streams than t h e r e  i s  f o r  t h e  p l a n t  feed and 
w i thdrawal  streams. Flow meters a re  employed t o  measure t h e  PL and WU 
r a t e s ,  w i t h  no s u b s t a n t i a t i o n  from UF6 c y l i n d e r  weighings a v a i l a b l e  as 
i s  t he  case w i t h  t h e  e x t e r n a l  p l a n t  streams. A judgment made by PGDP 
pe rsonne l (2 )  o f  t h e  o rde r  o f  magnitude o f  t h e  e r r o r  i n  t h e  f l o w  measure- 
ments f o r  t h e  two in te rcascade  streams i s  t h a t  i t  may be as l a r g e  as 
t 2 5  percent  o f  t h e  repo r ted  ra te .  

However, 

THE MEASURED I S O T O P I C  CONCENTRATIONS 

Samples were taken d a i l y ,  a t  about t h e  same t i m e  each day, from t h e  
p l a n t  w i thdrawal  streams and t h e  two in te rcascade  streams. I n  regard  t o  
t h e  p l a n t  feeds, samples were taken f rom each o f  t h e  c y l i n d e r s  o f  ORGDP 
t a i l s  (FD) t h a t  was fed  t o  t h e  cascade d u r i n g  t h e  t e s t ,  bu t  none were 
taken o f  t h e  n a t u r a l  U f e d  t o  t h e  cascade. I n  a d d i t i o n  t o  t h e  sampling 
a l r e a d y  mentioned, a se t  o f  about a dozen samples was taken on one day, 
a l l  a t  rough ly  about t h e  same t i m e  o f  day, from each o f  t h e  two cascades 
f rom va r ious  p o i n t s  a long i t s  leng th .  

The 235U concen t ra t i on  and i t s  r a t i o  t o  t h a t  o f  234U and t o  t h a t  o f  236U 
were determined f o r  each sample i n  t h e  PGDP and ORNL mass spect rometry  
1 dbOratOri es , r e s p e c t i  ve ly .  

EXCLUSION OF THE 236U DATA FROM THE CORRELATION 

The 236U concen t ra t i ons  i n  t h e  
p r e c i s i o n  and accuracy o f  t h e  2[36U analyses had t o  be cons idered i n s u f -  
f i c i e n t l y  r e l i a b l e  f o r  meaningfu l  c o r r e l a t i o n s .  The o n l y  i n p u t  source 
o f  236U t o  t h e  p l a n t  d u r i n g  t h e  t e s t  was t h e  dep le ted  uranium, FD, f e d  
t o  t h e  lower  cascade. 
cascade, on l y  6 showed a 23611 concen t ra t i on  g r e a t e r  than 1 ppm; o f  t he  

l a n t  t u rned  ou t  t o  be so d i l u t e  t h a t  t h e  

O f  t he  52 c y l i n d e r s  o f  dep le ted  U f ed  t o  t h e  
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OVERALL 

Table 3 

MATERIAL BALANCE DISCREPANCIES 

The Discrepancy* as Percent 
o f  P l a n t  Feed 

Low Power High Power -- 
U -0.7 0.2 

23511 -0.3 0.5 

234u -0.2 -1.6 
____ 

*The d iscrepancy i s  d e f i n e d  as t o t a l  f ed  minus t o t a l  withdrawn. 
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6 on ly  4 had a concen t ra t i on  g r e a t e r  than 10 ppm and o f  t he  4 on l y  one 
g r e a t e r  than 100 ppm. 
l ower  cascade t h e  produc t  stream from t h i s  cascade e x h i b i t e d  the  l a r g e s t  
23611 concent ra t ion .  
showed a 236U concen t ra t i on  g r e a t e r  than 10 ppm: 
19 ppm on f o u r  consecut ive  da s s t a r t i n g  two days a f t e r  one feed 
c y l i n d e r  c o n t a i n i n  159 ppm 23 6 U was f e d  t o  t h e  lower  cascade. The r e s t  
o f  t h e  t ime  t h e  23gU c o n c e n t r a t i o n  i n  t h e  PL stream was i n  t h e  range o f  
0.3 t o  9.0 ppm. 
dep le ted  uranium feed showed s i g n i f i c a n t l y  lower  236U concent ra t ions .  
The p r e c i s i o n  o f  t he  236U measurements a t  a concen t ra t i on  o f  10 ppm i s  
es t ima ted  t o  be t h e  order  o f  +4  perc n t ,  a t  1 ppm 215 percent  and a t  
0.1 ppm t h e  o rde r  o f  2100 p e r ~ e n t . ( ~ J  Furthermore, t h e  accuracy o f  t he  
measurements a t  these c o n c e n t r a t i o n  l e v e l s  i s  cons idered t o  be probably  
poo re r  than t h e  p rec i s ion .  

A lso,  it was noted t h a t  t h e  p a r t i a l l y  dep le ted  U fed  t o  t h e  p l a n t  was 
i t e  v a r i a b l e  i n  i t s  236U assay from c y l i n d e r  t o  c y l i n d e r  so t h a t  t h e  

BysU concen t ra t i on  i n  t h e  p l a n t  was probab ly  never near s teady -s ta te  
d u r i n g  t h e  t e s t .  For  t h i s  reason and t h e  u n c e r t a i n t  a t tendant  t o  t h e  

f rom t h e  i s o t o p i  c data c o r r e l  a t i  ons. 

Since t h e  dep le ted  uranium was fed  on ly  t o  the 

There were j u s t  f o u r  samples o f  t h i s  stream t h a t  
a range o f  12 t o  

A l l  o t h e r  cascade streams, w i t h  t h e  except ion  o f  t h e  

de te rm ina t ions  o f  very  d i  1 U t e  concen t ra t i ons ,  t h e  23 i! U data were omi t ted  

THE DAILY VALUES OF THE 235U AND 234U CONCENTRATIONS I N  THE PLANT STREAMS 

The measured 235U concen t ra t i ons  and t h e i r  r a t i o s  t o  t h e  234U con- 
c e n t r a t i o n s  f o r  each s e t  o f  d a i l y  p l a n t  stream samples have been p l o t t e d  
i n  t h e  same reduced form t h a t  was used t o  p resent  t h e  stream r a t e  data. 
Thus, t h e  r a t i o s  o f  t h e  measured d a i l y  i s o t o p i c  values t o  t h e  average 
va lue  f o r  t h e  v a r i a b l e  d u r i n g  t h e  g iven o p e r a t i n g  p e r i o d  a re  presented 
i n  t h e  p l o t s .  The p e r i o d  averages f o r  t h e  235U c o n c e n t r a t i o n  and t h e  
2 3 5 U - t 0 - ~ ~ ~ U  c o n c e n t r a t i o n  r a t i o s  and t h e  s tandard d e v i a t i o n s  o f  each as 
a percentage o f  t h e  average va lue are  t a b u l a t e d  on each p l o t .  Except 
f o r  t he  sample data f o r  t h e  dep le ted  uranium feed, a l l  o f  t h e  i s o t o p i c  
da ta  must be considered t o  be p o i n t - i n - t i m e  va lues r a t h e r  than d a i l y  
average values as was t h e  case f o r  t h e  stream r a t e  data. The data 
p o i n t s  i n  t h e  p l o t s  have been connected w i t h  s t r a i g h t  l i n e s  f o r  t h e  sake 
of c o n t i n u i t y ,  w i t h  the  r e c o g n i t i o n  t h a t  samples a t  i n t e r m e d i a t e  t imes 
i f  they had been taken cou ld  have y i e l d e d  i s o t o p i c  data t h a t  cou ld  very 
w e l l  f a l l  above o r  below the  connect ing  l i n e s .  

I n  t h e  DePleted Uranium Feed 

The v a r i a t i o n  i n  t h e  i s o t o p i c  data o f  t h e  uranium i n  the  ORGDP t a i l s  
c y l i n d e r s  i n  t h e  sequence t h a t  t h e y  were f e d  t o  t h e  p l a n t  i s  p l o t t e d  i n  
F i g u r e  8. There were r a t h e r  l a r g e  v a r i a t i o n s  bo th  i n  t h e  23% assays 
and the  235U-to-234U c o n c e n t r a t i o n  r a t i o s  i n  t h e  dep le ted  U feed from 
c y l i n d e r  t o  c y l i n d e r  d u r i n g  t h e  low-power per iod .  Furthermore, i t  
appears t h a t  t h e  data averages f o r  t h e  f i r s t  h a l f  o f  t h e  low power 
p e r i o d  are  s h a r p l y  d i f f e r e n t  from t h e  second h a l f  o f  t he  per iod.  
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I n  Natura l  U Feed 

No samples o f  normal feed were taken d u r i n g  t h e  t e s t .  There i s  some 
very  small  v a r i a b i l i t y  i n  t h e  c o n c e n t r a t i o n  o f  Z35U and a s l i g h t l y  
g r e a t e r  v a r i a b i l i t y  i n  t h a t  o f  234U i n  t h e  n a t u r a l  U. Measurements made 
a t  PGDP on 17 ore concent ra tes  from var ious  p a r t s  o f  t h e  wor ld  y i e l d e d  a 
range f o r  235 
0.06 pe rcen t )y4 )  and f o r  234U a range o f  0.00500 t o  0.00539 weight  % a 
ran  e of 7.8 percent ) . (5 )  The average 1SOtOplC composi t ion o f  na tura{  U 
nee ied  t o  make t h e  p r o d u c t i v i t y  c a l c u l a t i o n s  was assumed t o  be t h a t  
determined i n  a se t  o f  samples taken from c y l i n d e r s  o f  n a t u r a l  U a t  t h e  
t i m e  o f  an e a r l i e r  p l a n t  t e s t .  

i n  n a t u r a l  U o f  0.71094 t o  0.71137 weight  % (a range o f  

I n  t h e  P l a n t  Withdrawal Streams 

F igu res  9 and 10 are  p l o t s  showing t h e  t ime  v a r i a t i o n  o f  t h e  235U con- 
c e n t r a t i o n  and * s r a t i o  t o  t h a t  o f  234U i n  t h e  p l a n t  p roduc t  and waste 
streams. The 2isU c o n c e n t r a t i o n  i n  t h e  pl.ant p roduc t  stream was q u i t e  
s teady d u r i n g  t h e  t e s t ,  v a r y i n g  around t h e  p e r i o d  average by l e s s  than 
0.5 percent .  The 5/4* i n  t h e  produc t  v a r i e d  o n l y  by a few ten ths  o f  a 
pe rcen t  more than d i d  t h e  235U concen t ra t i on .  The p e r i o d  average f o r  
t h e  235U concen t ra t i ons  i n  t h e  high-power p e r i o d  was g rea te r  than t h a t  
o f  t h e  low-power p e r i o d  by o n l y  0.3 percent ;  however, t h e  5/4 was 5.2 
pe rcen t  smal le r .  Th is  marked change i n  t h e  5/4 was mos t l y  t h e  r e s u l t  o f  
t h e  reduced r e l a t i v e  q u a n t i t y  o f  dep le ted  U fed  t o  t h e  p l a n t ;  t h e  
average FD/FN be ing  reduced from 0.687 t o  0.355. 

I n  comparison t o  t h e  v a r i a t i o n s  i n  t h e  i s o t o p i c s  o f  t h e  produc t  stream, 
t h e  f l u c t u a t i o n s  o f  t h e  235U c o n c e n t r a t i o n  and t h e  5/4 around the  p e r i o d  
average i n  t h e  p l a n t  t a i l s  s t ream.were q u i t e  l a rge .  The average 5/4 i n  
t h e  t a i l s  a t  t h e  high-power l e v e l  was 3.5 percent  lower  than i t  was a t  
t h e  low-power l e v e l ,  p robab ly  mos t l y  f o r  t h e  same reason i t  was lower  i n  
t h e  p l a n t  product .  

I n  t h e  In te rcascade Streams 

F igu res  11 and 12 are  p l o t s  showing t h e  t ime  v a r i a t i o n  o f  t he  23% con- 
c e n t r a t i o n  and t h e  5/4 values i n  t h e  two in te rcascade  streams: t h e  pro-  
duc t  stream from t h e  lower  cascade (PL) and t h e  t a i l s  stream from the  
upper cascade (WU), r e s p e c t i v e l y .  I n s p e c t i o n  of t h e  p l o t s  and t h e  tabu-  
l a t i o n s  o f  t h e  average va lues f o r  t h e  low-  and high-power per iods  shows 
t h a t  t h e r e  were s i g n i f i c a n t  changes made i n  t h e  t a r g e t  235U con- 
c e n t r a t i o n s ,  an i nc rease  by about 10 percent  i n  t h e  PL stream and a 
decrease by approx imate ly  12 percent  i n  t h e  WU stream. The decrease o f  
16 percent  i n  t h e  5/4 va lue i n  t h e  PL stream i s  p a r t l y  t h e  r e s u l t  o f  t h e  

*The erm "5 4"  w i l l  be used as a shor thand express ion  f o r  t h e  r a t i o  o f  
t h e  255U-to-i34U concen t ra t i ons  i n  most o f  t h e  re fe rences  t o  i t  i n  t h i s  
repo r t .  
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i nc rease  i n  i t s  23511 c o n c e n t r a t i o n  bu t  mos t l y  due t o  t h e  a d d i t i o n  o f  
n a t u r a l  U as a feed stream t o  t h e  cascade, thereby  reduc ing  t h e  propor -  
t i o n a t e  c o n t r i b u t i o n  of t h e  dep le ted  U i s o t o p i c s  t o  t h e  compos i t ion  o f  
t h e  cascade wi thdrawal  streams. W i t h i n  t h e  low power regime t h e r e  
appears t o  be two d i f f e r e n t  t a r g e t  l e v e l s  f o r  t h e  Z35U c o n c e n t r a t i o n  i n  
t h e  i n te rcascade  streams: f o r  about h a l f  t h e  p e r i o d  t h e  235U con- 
cent  r a t i  ons are a1 most cons i  s t e n t l y  lower  than t h e  average values and 
d u r i n g  t h e  o t h e r  h a l f  they  a re  almost c o n s i s t e n t l y  g r e a t e r  than t h e  
average values. These correspond rough ly  t o  t h e  d i f f e r e n c e s  observed 
between t h e  f i r s t  and second ha lves  o f  t h e  low power p e r i o d  f o r  t h e  
dep le ted  U feed (see F igu re  8). 
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COMPARISON OF CALCULATED I S O T O P I C  
CONCENTRATIONS WITH THE MEASURED VALUES 

THE PLANT MODEL BASES 

The c a l c u l a t i o n  o f  t h e  i s o t o p i c  concen t ra t i ons  i n  the  p l a n t  streams 
r e q u i r e s  the  assumption o f  a p l a n t  model. It i s  expected t h a t  t h e  
i n f o r m a t i o n  f u r n i s h e d  by t h e  p l a n t  ope ra to r  t o  an IAEA safeguards team 
would be l i m i t e d  e s s e n t i a l l y  t o  t h e  p l a n t  f l o w  sheet and t h a t  t h e  
i n s p e c t o r s  would no t  have access t o  ac tua l  p l a n t  des ign and performance 
i n f o r m a t i o n  such as t h e  number o f  cascade sec t ions ,  t h e  number o f  
stages i n  each sec t i on ,  t h e  s tage separa t i on  f a c t o r s  and t h e  i n t e r s t a g e  
process gas f l o w  ra tes .  The p l a n t  model developed by a safeguards team 
would have t o  be based on an assumed stage separa t i on  f a c t o r  and t h e  
dec la red  p l a n t  f l o w  sheet. It would t h e r e f o r e  most l i k e l y  be d i f f e r e n t  
i n  design, numbers o f  stages, and i n t e r s t a g e  f l o w  r a t e s  from t h e  r e a l  
p l a n t .  

A bas i c  ques t i on  a r i s e s  i n  s e t t i n g  up a model f o r  t h e  Paducah f a c i l i t y  
as a safeguards team might  do it. That i s ,  would t h e  safeguards team, 
be ing  l i m i t e d  t o  p e r i p h e r a l  access, know o r  be in fo rmed t h a t  t h e  p l a n t  
c o n s i s t s  o f  two over lapped cascades? 
i s  u n c e r t a i n  and the  assoc ia ted  ques t i on  o f  whether t rea tment  o f  t h e  
p l a n t  as a s i n g l e  cascade o r  a p a i r  o f  cascades would make a s i g n i f i -  
can t  d i f f e r e n c e  i n  t h e  p r e d i c t e d  i s o t o p i c  concen t ra t i ons  i n  t h e  p l a n t  
w i thdrawal  streams i s  a l s o  unce r ta in ,  it was decided t o  model t h e  
Paducah p l a n t  both ways; as a s i n g l e  cascade and as two over lapped 
cascades. 

Since t h e  answer t o  t h i s  ques t i on  

-- The Flow Sheet Assumption f o r  t he  P lan t  - Model Design 

The designs o f  t he  p l a n t  models, f o r  bo th  the  s i n g l e  cascade and t h e  
over1 apped two-cascade r e  r e s e n t a t i  ons were based on t h e  average dai  l y  
r e p o r t e d  va lues o f  t h e  23gU concen t ra t i ons  and f l o w  r a t e s  o f  t h e  p l a n t  
streams d u r i n g  t h e  l o w  power ope ra t i ng  regime, t h e  cho ice  between t h e  
two power regimes be ing  a r b i t r a r y .  S ince t h e r e  i s  a small  m a t e r i a l  
ba lance d iscrepancy bo th  i n  U and 235U i n  t h i s  average measured f l o w  
sheet (see Table 3),. the , , ra tes  o f  t h e  two p l a n t  feeds were a d j u s t e d  t o  
c l o s e  t h e  m a t e r i a l  balance f o r  t h e  base f l o w  sheet keeping t h e  p l a n t  
t a i l s  concen t ra t i on  a t  i t s  average measured va lue  o f  0.2016 atom per -  
cent .  On t h e  presumption t h a t  t h e  p r o b a b i l i t y  o f  e r r o r  i n  t h e  measure- 
ment o f  t h e  i n p u t  r a t e  f o r  each o f  t h e  two feeds was t h e  same f o r  both, 
t h e  r a t i o  o f  t he  two feed r a t e s  was kept  a t  i t s  average measured va lue  
f o r  t h e  p e r i o d  i n  a d j u s t i n g  thein t o  c l o s e  t h e  m a t e r i a l  balance. 

The 235U Assay i n  Natura l  -- U 

As has a l ready  been i n d i c a t e d  no samples were taken o f  t h e  n a t u r a l  U 
f e d  t o  the  p l a n t .  
percent  i n  a l l  c a l c u l a t i o n s  i n v o l v i n g  t h i s  parameter. 

The 23511 c o n c e n t r a t i o n  was assumed t o  be 0.7200 atom 
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The Separat ion Fac tor  Assumption 

The stage separa t i on  f a c t o r ,  a , f o r  235U/238U separa t i on  by gaseous 
d i f f u s i o n  was assumed t o  be t h e  p o i n t  t h e o r e t i c a l  value, t h a t  i s  
1.00429. 

SINGLE CASCADE REPRESENTATION OF THE PLANT 

Cascade Model D e s c r i p t i o n  

A squared-of f  cascade c o n s i s t i n g  o f  f o u r  e n r i c h e r  sec t i ons  and two 
s t r i p p i n g  sec t i ons  was designed f o r  t h e  separa t i on  j o b  matching t h e  
a d j u s t e d  average measured f l o w  sheet f o r  t h e  Paducah p l a n t  d u r i n g  the  
low-power per iod .  Th is  i s  a minimum t o t a l  f l o w  cascade f o r  t h e  g iven 
number o f  cascade sec t ions .  The cascade separa t i ve  e f f i c i e n c y  i s  96.4 
percent .  The cascade des ign and f l o w  sheet i s  shown schemat i ca l l y  i n  
F i g u r e  13. A l l  o f  t he  i s o t o p i c  concen t ra t i ons  a re  i n  atom percent .  
The cascade f l o w  sheet stream r a t e s  a re  compared w i t h  t h e  corresponding 
avera e measured ones i n  Table 4. B a s i c a l l y ,  i t  has been assumed t h a t  
t h e  2! 5 U concen t ra t i ons  a r e  c o r r e c t  as measured and t h a t  t h e  s t ream 
r a t e s  a re  l e s s  c e r t a i n ;  and o f  these t h e  feed and t a i l s  r a t e s  are  t h e  
l e a s t  c e r t a i n .  Since t h e  two se ts  o f  values then d i f f e r  on l y  w i t h  
respec t  t o  t h e  stream ra tes ,  t h e  235U concen t ra t i ons  are  no t  g iven  i n  
t h e  tab le .  

The 234U Assay o f  Natura l  U 

No samples were taken and t h e r e f o r e  no de te rm ina t ions  were made o f  t h e  
i s o t o p i c  compos i t ion  o f  t h e  n a t u r a l  U f ed  t o  t h e  p l a n t  d u r i n g  t h e  t e s t .  
It was assumed t h a t  analyses made on samples o f  n a t u r a l  U(6) about t h e  
t i m e  o f  t h e  f i r s t  two M I S T  p l a n t  t e s t s  had e s t a b l i s h e d  the  n a t u r a l  U 
i s o t o p i c s  so t h e r e  was no need t o  sample t h e  normal feed d u r i n g  the  
Paducah p l a n t  t e s t .  The data ob ta ined  from t h e  samples o f  n a t u r a l  U i n  
those two p l a n t  t e s t s  a re  summarized i n  Table 5. 

Both t h e  235U and t h e  234U measurements f o r  Test I were made a t  t he  
ORGDP mass spec t romet ry  l a b o r a t o r y ,  whereas the  235U measurements f o r  
Test  I 1  were a l s o  made a t  t h e  ORGDP l a b o r a t o r y  bu t  t h e  234U measure- 
ments were made a t  t h e  ORNL mass spec t romet ry  l a b o r a t o r y .  Since the  
measurements of 234U concen t ra t i ons  a t  ORNL are  considered t o  be 
somewhat more accura te  o f  t h e  two, t h e  data f o r  Test I 1  were assumed t o  
be r e p r e s e n t a t i v e  o f  t h e  i s o t o p i c s  o f  n a t u r a l  U. The i s o t o p i c  con- 
c e n t r a t i o n s  f o r  n a t u r a l  U used i n  t h e  c a l c u l a t i o n s  f o r  t h i s  t e s t  a re  
l i s t e d  i n  Table 6. S ince these are  somewhat d i f f e r e n t ,  p a r t i c u a l r l y  
f o r  234 
s t u d i e s y j )  t h e  l a t t e r  are a l s o  l i s t e d  f o r  comparison. 

than t h e  values used i n  t h e  M I S T  background i n f o r m a t i o n  
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Table 4 

COMPARISON OF THE FLOW SHEET STREAM RATES 

Average Rates (1 b-moles/day) - 
Cascade Mea s u r e d  

Product  (P) 

Natura l  U Feed (FN) 

Depleted U Feed (Fg) 

T a i l s  ( W )  

F d F N  

M a t e r i a l  Balance Discrepancy, 

U: CF - (PtW), ’% o f  CF 

Model 

52.00 

-- Val ue 

52.00 

137.39 137.2 

94.33 94.2 

179.72 181.0 

0.6866 0.6866 

--- 

-e- 

-0.69 

-0.32 
235U: FNXN t FDXD - (Px + WX,) , 

% of (FNXN + F~xD!  

where x i s  t he  23% c o n c e n t r a t i o n  
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Table 5 

NATURAL U I S O T O P I C  MEASUREMENTS 

-- 
Test  I Test I 1  -- 

Number o f  Cy1 i nders Sampled 82 l o  

Average Concent ra t ion ,  atom % 

Standard Dev ia t i on ,  % of t h e  Average 

Concent ra t ion  Range, atom % 

0.71 986 0.71986 

0.024 0.030 

0.7195-0.7203 0.7197-0.7201 

23% t o  234U Concent ra t ion  R a t i o  

Average R a t i o  135.2 134.6 

Standard Dev ia t i on ,  % o f  t h e  Average 1.7 1.5 

Range o f  t h e  Measured Ra t ios  131.3-141.9 131.4-137.9 
-- -- 

Table 6 

NATURAL U I S O T O P I C S  ASSUMED FOR THE CALCULATIONS 

For  t he  Background 
I n f o  Studies ~- F o r  t h i s  Test 

23511 Concent ra t ion ,  atom % 0.72000 0.71974 

23411 Concent ra t ion ,  atom % 0,00535 0.00546 

23511 t o  23411 
Concent ra t ion  R a t i o  134.6 131.9 
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FN = 137.39 
.7200% 23% 

FD = 94.33 
.4211% 235U - 

P = 52.00, I* 1.9693 % 235U 

N = 107 
L = 5014 

N = 125 
L = 13350 

N = 128 
L = 25010 

N = 272 
L = 40260 

N = 167 

N = 140 
L = 17250 

BASED ON ASSUMED THEORETICAL (a-1) OF :00429 
N = NUMBER OF STAGES 
L = THE STAGE UPFLOW RATE 
STREAM RATES ARE'IN LB-MOLS U/DAY 

Figure 13 
THE SINGLE CASCADE PLANT MODEL 
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Comparison o f  t h e  P r e d i c t e d  and MeasQred I s o t o p i c s  Dur ing  the  Low Power 
Per i  od Usi ng a S i  ng l  e-Cascade P1 a n t  Model _-----_____-_ -- 
The 234U concen t ra t i ons  i n  t h e  produc t  and t a i  I s  streams o f  t he  p l a n t  
model were then c a l c u l a t e d  f o r  t h e  c o n d i t i o n s  o f  t h e  average d a i l y  f l o w  
sheet d u r i n  the  26-day low power pe r iod .  The s tage separa t i on  f a c t o r  
f o r  234U/23811 was assumed t o  be 1.00573. Th is  i s  t h e  t h e o r e t i c a l  p o i n t  
a f o r  these two U i so topes  f o r  gaseous d i f f u s i o n  c o n s i s t e n t  w i t h  the  a 
va lue  o f  1.00429 t h a t  was assumed f o r  t h e  234U/238U separat ion.  
c a l c u l a t e d  235U t o  234U c o n c e n t r a t i o n  r a t i o s  a re  compared w i t h  t h e  
average measured values i n  Table 7. 

The 

The c a l c u l a t e d  5/4 r a t i o s  i n  t h e  produc t  streams match t h e  
cor respond ing  average measured V a l  ues very we1 1 . 
d e v i a t i o n s  o f  t h e  measurements a re  s i g n i f i c a n t l y  l a r g e r  than the  d i f -  
fe rence between t h e  p r e d i c t e d  and average measured values. For t h e  
5/4 data f o r  t h e  produc t  stream t h e  s tandard  d e v i a t i o n  i s  k0.70 percent  
and f o r  t h e  t a i l s  stream i t  i s  k2.1 percent  o f  t he  r e s p e c t i v e  average 
measured values, whereas t h e  c a l c u l a t e d  5/4 va lues d i f f e r  from the  
corresponding average measured V a l  ues by -0.16 percent  and 
+0.86 percent .  

The s tandard 

- S p l i t  o f  the  Low Power Regime i n t o  Two Per iods  

I f  one inspec ts  F i g u r e  8, which i s  a p l o t  o f  t h e  d a i l y  v a r i a t i o n  o f  t h e  
i so top i  c concen t ra t i ons  o f  t h e  dep le ted  u r a n i  um ( t a i  1 s from ORGUP) fed  
t o  t h e  Paducah p l a n t  d u r i n g  t h e  t e s t ,  i t  i s  apparent t h a t  t h e r e  i s  a 
s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  average i s o t o p i c  concen t ra t i ons  o f  t h e  
dep le ted  uranium f e d  d u r i n g  t h e  i n i t i a l  13 days o f  t h e  low power p e r i o d  
from those o f  t h e  nex t  13 days. The corresponding p l o t  f o r  t h e  PL 
stream (F igu re  11) shows a s i m i l a r  bu t  sma l le r  d i f f e r e n c e  and t h e  p l o t  
f o r  t h e  WU stream (F igu re  12) d s t i l l  sma l le r  bu t  d e f i n i t e  d i f f e r e n c e .  
However, n e i t h e r  t h e  p l a n t  p roduc t  nor  t a i l s  stream shows a s i m i l a r  
d i f f e r e n c e .  The c a l c u l a t i o n s  f o r  t h e  low power p e r i o d  were redone, 
w i t h  t h e  f i r s t  26 days s p l i t  i n t o  two per iods ,  each o f  13 days dura- 
t i o n ,  t o  see i f  t h e  match between p r e d i c t e d  and measured i s o t o p i c s  
would be even c l o s e r  than t h a t  a l ready  obta ined.  The changes r e s u l t i n g  
i n  t h e  average p l a n t  f l o w  sheets from the  d i v i s i o n  o f  t he  low power 
o p e r a t i n g  p e r i o d  i n t o  two a re  g iven i n  Table 8. 

The 234U concen t ra t i ons  i n  t h e  p l a n t  p roduc t  and waste streams were 
then  c a l c u l a t e d  f o r  each o f  t h e  two 13-day pe r iods  us ing  t h e  s i n g l e  
cascade p l a n t  model t h a t  had been designed on the  bas i s  o f  t he  average 
f l o w  sheet f o r  t he  e n t i r e  low power o p e r a t i n g  e r i o d  (see F igu re  13). 
These c a l c u l a t i o n s  were c a r r i e d  ou t  w i t h  t h e  295 U concen t ra t i ons  i n  t h e  
feed and wi thdrawal  streams and t h e  r a t i o  o f  the  two feed r a t e s  
s e t  a t  t h e i r  average measured values. Thus o n l y  t h e  c a l c u l a t e d  
concen t ra t i ons  i n  t h e  p l a n t  streams and t h e  stream r a t e s  would d i f f e r  
f rom t h e  average measured values. The p r e d i c t e d  and measured values 
are compared i n  Table 9. 

h5$", 
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Table 7 

COMPARISON OF CALCULATED AND MEASURED PLANT DATA 

S i  ng l  e-Cascade Model 
Low Power Per iod  

Average 
Measured Values C a l c u l a t e d  Val ues ---- 

23511 23511 
Concen t ra t i on  Concent r a t  i on A(5/4Ia 

S t  ream I % )  5/4 (%) 5/4 (%) ---_-------- 
Product 1.9693 126.2 1.9693 126.0 -0.16 

Na tu ra l  II Feed --- --- 0.7200b 134.6b --- 
Depleted U Feed 0.4211 192.3 AMVC AMV --- 
Tai 1 s 0.2016 278.3 0.2016 280.7 +0.86 

aThe c a l c u l a t e d  5/4 minus t h e  average measured va lue as a percentage 
o f  t h e  l a t t e r .  

bAssumed f o r  computation. 
another  t e s t  (see Tables 5 and 6) .  

Value i s  based on measurements made f o r  

CAMV denotes t h e  average measured va lue d u r i n g  t h e  s u b j e c t  t e s t  pe r iod .  
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Table 8 

AVERAGED PLANT DATA FOR SPLIT LOW-POWER PERIOD 
SINGLE-CASCADE MODEL 

Average Measured Values 
I n i t i a l  Next Combi ned 

26 Days 

---- -~- - - -  

13 Days --- S t  ream 13 Days 

Produc t  

Rate (1 b-mol /day)  51.67 52 e 33 52.00 

23511 Conc (atom %) 1.9682 1.9074 1.9693 

5/4 125.9 126.6 126.3 

DeDl e ted  Feed 

Rate (1 b-mol /day)  94.86 93.54 94.20 

0.4540 0.4211 23511 Conc (atom %) 0.3889 

5/4 207.1 180.8 192.2 

T a i  1 s 

Rate (1 b-mol /day)  185.65 

23% Conc (atom %) 

5/4 278.3 278.3 278.3 

175.28 180.96 

0.2011 0.2021 0.2016 

FD/FN 0.6719 0.7021 0.6866 

U M a t e r i a l  Balance 
Discrepancy 
(% of To ta l  Feed) -1.0 -0.37 -0.69 



.. . . . . . . . . . . . . . . .. .. . - . -. . - . 

53 

Table 9 

COMPARISON OF CALCULATED AND MEASURED PLANT DATA 
SPLIT LOW POWER P E R I O D  

SINGLE CASCADE PLANT MODEL 

Cal c u l  a ted  Val ues -____ Averaged Measured Val ues 

Rate 235u Rate A(5/4 ) a  
- S t  ream (1 b-mol /day) (%)  5/4 (1 b-mol /day) 5/4 ( % I  - 

F i r s t  H a l f  - o f  Low Power Per iod  

Product 51.67 1.9682 125.9 51.97 126.3 +0.32 

Natura l  U Feed 141.17 --- --- 142.36 134.6b --- 

Depleted U Feed 94.85 0.3889 207.1 95.65 AM Vc ---  

Tai 1 s 186.65 0.2011 278.3 186.04 284.8 +2.34 

Second H a l f  o f  Low Power Per iod  

Product 52.33 1.9704 126.6 52.26 125.7 -0.71 

Natura l  U Feed 133.23 --- --- 133.01 134.fjb --- 

Depleted U Feed 93.54 0.4540 180.8 93.28 AMVC --- 

Tai 1 s 175.28 0.2021 278.3 174.13 277.7  -0.22 

aThe c a l c u l a t e d  5/4 minus t h e  average measured value as a percentage o f  
t he  l a t t e r .  

bAssumed f o r  computation. 
another  t e s t  (see Tables 5 and 6 )  

Value i s  based on measurements made f o r  

C A M V  denotes the  ,average measured value f o r  t he  s u b j e c t  per iod .  



54 

Frorn a comparison of Table 9 w i t h  Table 7 i t  i s  ev iden t  t h a t  s p l i t t i n g  
t h e  low power p e r i o d  i n t o  two does no t  r e s u l t  i n  an improvernent i n  t h e  
match between the  p r e d i c t e d  and measured 5/4 values. I n  f a c t ,  i n  one 
i n s t a n c e  ( f o r  t he  t a i l s  stream f o r  t h e  f i r s t  h a l f  o f  the  p e r i o d ) ,  t he  
agreement between t h e  two Val ues has been s i  gn i  f i c a n t l y  dimi n i  shed. 
Though t h e  average 235U concen t ra t i ons  i n  t h e  dep le ted  U fed  t o  the  
p l a n t  were markedly d i f f e r e n t  i n  t h e  second h a l f  o f  t h e  low power 
p e r i o d  from those i n  t h e  f i r s t  h a l f ,  t h e  e f f e c t  o f  t h e  d i f f e r e n c e s  e v i -  
d e n t l y  was b a r e l y  r e f l e c t e d  i n  t h e  i s o t o p i c  concen t ra t i ons  i n  t h e  
average produc t  and t a i l s  streams f o r  t h e  two per iods.  

Comparison o f  t he  P red ic ted  and Measured I s o t o p i c s  Dur ing  the  High 

I f  t h e  power o p e r a t i n g  l e v e l  i nc rease  i s  implemented by i n c r e a s i n g  each 
o f  t h e  i n t e r s t a g e  and feed stream f l o w  r a t e s  by t h e  r a t i o  o f  t h e  power 
l e v e l  inc rease and t h e  23% concen t ra t i ons  i n  t h e  e x t e r n a l  streams 
remain t h e  same, then t h e  minor  i s o t o p e  concen t ra t i ons  i n  t h e  p l a n t  
p roduc t  and t a i l s  streams would be unaf fec ted .  The 5/4 values pre-  
v i o u s l y  computed f o r  t h e  low power l e v e l  should then app ly  t o  the  h igh  
power l e v e l .  

- Power Per i  od Using a S i  ng l  e d a s c a d e  P1 a n t  Model 
I__-- 

However, i n  t h i s  case, t h e  power l e v e l  inc rease was accompanied by f l o w  
sheet and cascade changes. F i r s t ,  t h e r e  was a 15 percent  decrease i n  
t h e  dep le ted  U feed r a t e  and an i nc rease  o f  about 67 percent  i n  t h e  
n a t u r a l  U feed r a t e  t o  t h e  p l a n t  so t h a t  t h e i r  r e l a t i v e  r a t e s  (FD/FN) 
went from 0.687 i n  t h e  low power p e r i o d  t o  0.355 i n  t h e  h i g h  power 
pe r iod .  Second, the  average 235U c o n c e n t r a t i o n  i n  t h e  dep le ted  U was 
g r e a t e r  by about 7 percent  and t h e  5/4 was lower  by about 6 percent  i n  
t h e  h i g h  power per iod .  T h i r d ,  t h e r e  was about a 13 percent  inc rease i n  
t h e  average number o f  stages on stream d u r i n g  t h e  h igh  power p e r i o d  
over  t h a t  i n  the  low power one, so t h a t  though t h e  o v e r a l l  cascade 
power i nc rease  was j u s t  over 48 percent ,  t h e  average power i nc rease  per  
on-stream stage was on ly  32 percent .  I n  consequence, one would no t  
expect  t h e  5/4 values i n  t h e  p l a n t  p roduc t  and t a i l s  streams i n  t h e  
h i g h  power p e r i o d  t o  be i d e n t i c a l  t o  those i n  t h e  low power per iod .  I n  
addi t i  on t o  t h e  d i  f ferences between t h e  two p e r i  ods a1 ready ment i oned, 
t h e  average 235U concen t ra t i ons  i n  t h e  produc t  and t a i l s  streams were 
s l i g h t l y  h i g h e r  d u r i n g  t h e  h i g h  power p e r i o d  than d u r i n g  t h e  low power 
one. The l a t t e r  d i f f e r e n c e  was no t  o f  a magnitude t o  have more than a 
n e g l i g i b l e  e f f e c t  on t h e  5/4 r a t i o s .  

The average measured f l o w  sheets f o r  t he  two per iods  ( low and h i g h  
power l e v e l s )  a re  shown i n  Table 10. 

The p l a n t  opera tor ,  i t  i s  assumed, would be o b l i g a t e d  under t h e  NPT t o  
i n f o r m  a safeguards i n s p e c t i o n  team of t h e  p l a n t  power inc rease and the  
accompanying f l o w  sheet change, bu t  would no t  be o b l i g a t e d  t o  i n f o r m  
t h e  i nspec to rs  of t h e  i nc rease  i n  the  number o f  stages on stream, and 
would t h e r e f o r e  no t  do so. To per fo rm t h e  p r o d u c t i v i t y  c a l c u l a t i o n s  



Table 10 

AVERAGE MEASURED FLOW SHEETS FOR THE TWO OPERATING POWER LEVELS 

-__ -- 
High Power - -- Low Power --- 

235u 2 3 5 ~  

S t  ream 

Product 

Natura l  U Feed 

Depleted U Feed 

Tai 1 s 

FD/FN 

Rate Concent r a t  i on Rate Concent r a t  i on 
(1 b-mol lday1 (%) (Ib-mol /day1 (%) 

52.00 1.9693 77.46 1.9757 

137.2 ---- 229.0 ---- 
94.2 0.421 1 81.2 0.4526 

181 .O 0.2016 233.2 0.2045 

0.6866 0.3546 

M a t e r i a l  Bal ance Discrepancy 

U: CF-(P+W), % o f  IF -0.69 

235U: C(Fx) - (Pxp + Wxw), 
% o f  C(Fx) -0.32 

-0.15 

-0.45 
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f o r  t he  h i g h  power regime, t h e  safeguards team can a p p r o p r i a t e l y  a d j u s t  
t h e  p l a n t  model it has a l ready  designed, o r  a l t e r n a t i v e l y  i t  can des ign 
a second p l a n t  model, t h i s  t ime  on t h e  bas i s  o f  t he  new f l o w  sheet. 
The f i r s t  o p t i o n  was chosen i n i t i a l l y  as the  s tep  a safeguards inspec-  
t i o n  team would p robab ly  take  i f  i t  makes t h e  assumption t h a t  t h e  power 
t o  each s tage was sca led  up by t h e  same r a t i o .  I n  t h i s  instance,  
however, t h e  i nspec to rs  would know t h a t  t h e  feed mix t o  t h e  p l a n t  
(FD/FN) had been reduced a t  t h e  same t ime,  bu t  p robab ly  would no t  know 
t h a t  t h e  number o f  stages i n  ope ra t i on  had been increased.  

Accord ing ly ,  a l l  o f  t h e  i n t e r s t a g e  f lows i n  t h e  p l a n t  model were 
inc reased by t h e  r a t i o  o f  t h e  
t i o n  was performed w i t h  t h e  Z3gU concen t ra t i ons  i n  t h e  p l a n t  ex te rna l  
streams and t h e  r a t i o  o f  t h e  feed r a t e  o f  t he  dep le ted  U t o  t h a t  o f  t he  
n a t u r a l  U f i x e d  a t  t h e i r  average measured values f o r  t he  h i g h  power 
regime. The produc t  r a t e  ob ta ined from t h i s  c a l c u l a t i o n  was 82.20, 
which i s  s i g n i f i c a n t l y  l a r g e r  than t h e  average measured va lue o f  77.46 
(see Table 10). The l e s s  than p r o p o r t i o n a t e  inc rease i n  t h e  ac tua l  
p roduc t  r a t e  i s ,  o f  course, p r i m a r i l y  due t o  t h e  f a c t  t h a t  t he  b a r r i e r  
e f f i c i e n c y  and t h e r e f o r e  t h e  s tage separa t i on  f a c t o r  i s  an i n v e r s e  
f u n c t i o n  o f  t h e  s tage o p e r a t i n g  pressures. A second adjustment  was 
then made t o  t h e  i n t e r s t a g e  f l o w  r a t e s  by t h e  r a t i o  o f  77.46 t o  82.20.* 
Th is  r e s u l t e d  i n  a p l a n t  model t h a t  gave f l o w  sheet values correspond- 
i n g  very c l o s e l y  t o  those f o r  t h e  h i g h  power regime ( w i t h i n  0.8 percent  
i n  t h e  feed ra tes ) .  

The i s o t o p i c  concen t ra t i ons  ob ta ined  f rom t h e  c a l c u l a t i o n s  w i t h  t h i s  
p l a n t  model were then compared w i t h  the  average measured values i n  t h e  
high-power pe r iod .  The p e r t i n e n t  data a re  presented i n  Table 11. The 
FD/FN r a t i o  and t h e  23511 concen t ra t i ons  o f  t h e  feed and wi thdrawal  
streams were f i x e d  a t  t h e i r  average measured values i n  t h e  
c a l  c u l  a t i  ons. 

ower l e v e l s  and a p r o d u c t i v i t y  c a l c u l a -  

The c a l c u l a t e d  5/4 va lues i n  t h e  produc t  and t a i l s  streams do no t  match 
t h e  average measured va lues i n  t h e  h i g h  power p e r i o d  as w e l l  as they 
d i d  f o r  t h e  low power regime (see Table 7). What t h i s  can be a t t r i b -  
u ted  t o  i s  unce r ta in .  One s p e c u l a t i o n  i s  t h a t  t he  a d d i t i o n  o f  stages 
t o  t h e  p l a n t  and t h e  change i n  t h e  power d i s t r i b u t i o n  t o  t h e  two cas- 
cades, n e i t h e r  o f  which i s  r e f l e c t e d  i n  t h e  p l a n t  model, made the  d i f -  
ference.  Another p o s s i b i l i t y  i s  t h a t  t he  average 2% concen t ra t i on  i n  
t h e  n a t u r a l  U feed was d i f f e r e n t  d u r i n g  the  h i g h  power regime froin t h a t  
i n  the  low power one. 
average 234U c o n c e n t r a t i o n  t o  have been t h a t  which had been used f o r  
t h e  background M I S T  s tud ies ,  namely 0.00546 percent  (5/4 = 131.9) as 

For  example, i f  one a r b i t r a r i l y  assumes t h e  

*The adjustment, more r e a l i s t i c a l l y ,  should be made t o  t h e  stage 
separa t i on  f a c t o r  f o r  each component r a t h e r  than t h e  i n t e r s t a g e  f lows;  
t h e  adjustment  f a c t o r  on (a-1) then  be ing  /77.46/82.20. 
r e s u l t s  v i s - a - v i s ,  t h e  f l o w  sheet and t h e  5/4 values would no t  be 
d i f f e r e n t .  

However, t h e  



Table 11 

COMPARISON OF CALCULATED AND MEASURED PLANT DATA 
SINGLE CASCADE MODEL 

H I G H  POWER REGIME 

Averaged Measured - Values Cal c u l  a t e d  Val ues - 
Rate 235u Rate A ( 5/4 la 

S t  ream (1 b-mol /day) ( X )  5/4a (1 b-mol /day) 5/4 (X) 

Product  77 . 46 1.9757 119.8 A M V ~  122.8 +2.5 

--- 227.34 134.6c --- Natura l  U Feed 228.99 

Depleted U Feed 81.21 0.4526 180.0 80.62 AMV -- - 
.- Ta-i 1 s 233.22 0.2045 268.4 230.52 272.6 +1.3 

-- 
aThe c a l c u l a t e d  5/4 va lue minus t h e  average measured va lue as a percentage o f  
t h e  l a t t e r .  

bAMV denotes the  average measured value. 

CTh is  i s  t h e  va lue assumed f o r  t he  computations. It i s  based on measurements 
made i n  another  t e s t .  See Table 7. 

\ 
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l i s t e d  i n  Table 6, then  t h e  c a l c u l a t e d  5/4 values i n  t h e  product  and 
t a i l s  streams d i f f e r  from t h e  average measured values by t0.67 and 
+0.15 percent ,  r e s p e c t i v e l y ,  which i s  more i n  l i n e  w i t h  t h e  agreement 
ob ta ined  from the  corresponding va lues f o r  t h e  low power p e r i o d  as 
shown i n  Table 7.* 

TWO-CASCADE REPRESENTATION OF THE PLANT 

F1 ow Sheet Assumptions 

The des ign f o r  t h e  two-cascade p l a n t  model was based, as was done f o r  
t h e  s ing le-cascade p l a n t  model, on t h e  average p l a n t  f l o w  sheet f o r  t h e  
low power regime. Since t h e  measurement u n c e r t a i n t y  was considered t o  
be t h e  g r e a t e s t  f o r  t h e  two in te rcascade  stream ra tes ,  t h e  values used 
f o r  t h e  cascade f l o w  sheets were no t  t h e i r  average measured values bu t  
those necessary t o  c l o s e  t h e  U and 23% m a t e r i a l  balances f o r  t h e  
two cascades, on t h e  assumption t h a t  t h e  average measured 235U con- 
c e n t r a t i o n s  i n  t h e  cascades' e x t e r n a l  streams and t h e  p l a n t  p roduc t  
stream r a t e  a re  c o r r e c t .  A lso  t h e  m a t e r i a l  -ba lance-ad jus ted  p l a n t  feed 
r a t e s  p r e v i o u s l y  ob ta ined f o r  t he  des ign o f  t he  s i  ng l  e-cascade p l a n t  
model were assumed r a t h e r  than t h e i r  average measured values.** The 
va lues used f o r  t h e  f l o w  sheet f o r  t h e  des ign o f  t he  two cascade model 
a re  compared w i t h  t h e  cor respond ing  average measured values i n  
Table 12. 

Note t h a t  a cons ide rab ly  l a r g e r  c o r r e c t i o n  was r e q u i r e d  f o r  t h e  i n t e r -  
cascade stream r a t e s  than was necessary f o r  t h e  p l a n t  feed streams f o r  
t h e  s i n g l e  cascade model : t9.5 percen t  f o r  t h e  t o p  w i thdrawal  from t h e  
lower  cascade (PL) and +3.9 percent  f o r  t he  t a i l s  from t h e  upper 
cascade (WU). 

D e s c r i p t i o n  o f  t h e  Two-Cascade Model 

Two squared-o f f  cascades each c o n s i s t i n g  o f  f i v e  e n r i c h e r  sec t i ons  and 
two s t r i p p i n g  sec t i ons  were designed, one t o  do t h e  separa t i on  j o b  f o r  
t h e  upper cascade and t h e  o t h e r  t o  do t h e  one f o r  t h e  lower  cascade of 
t h e  Paducah p l a n t ,  g iven  t h e  assumed f l o w  and c o n c e n t r a t i o n  speci f i c a -  
t i o n s  l i s t e d  i n  Table 12. Each i s  a minimum t o t a l  f l o w  cascade f o r  t h e  
assumed number o f  cascade sec t i ons .  The cascade e f f i c i e n c y  f o r  t h e  
upper cascade i s  95.5 percent  and f o r  t h e  lower  i t  i s  95.1 percent .  A 
schemati c d i  agram showi ng t h e  cascade model s i n  t h e i  r over1 ap arrange-  
ment i s  presented i n  F igu re  14. 

*Subsequent t o  t h e  comple t ion  of t h e  c o r r e l a t i o n s ,  t h e  reco rd  on the  
n a t u r a l  U sources d u r i n g  t h e  t e s t  was examined, and i t  was found t h a t  
t h e  d i s t r i b u t i o n  o f  n a t u r a l  U feed from domestic and f o r e i g n  s u p p l i e r s  
was s i g n i f i c a n t l y  d i f f e r e n t  d u r i n g  t h e  two per iods .  

* *Ac tua l l y ,  t h e  ad jus ted  p l a n t  feed r a t e s  are  j u s t  0.14 percent  g r e a t e r  
than the  averaged measured values. The r a t i o  o f  Fu t o  FN remains a t  
t h e  p e r i o d  average measured va lue o f  0.6866. 
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Table 12 

FLOW SHEET ASSUMPTION FOR TWO-CASCADE PLANT MODEL DESIGN 

Low Power P e r i o d  

Assumed f o r  Cascade Model s Average Measured Values 
23% 23% 

Rate Concen t ra t i on  Rate Concen t ra t i on  
Stream ( lb -mo l /day )  (atom %)  ( lb -mol /day)  (atom %)  

P1 a n t  P roduc t  52 .OO 1.9693 52 .O 1.9693 

P L* 110.52 0.7929 100.9 0.7929 

N a t u r a l  U Feed 137.39 0.7200 137.2 --- 
wu* 195.81 0.4296 188.5 0.4296 

Deple ted  U Feed 94.33 0.4211 94.2 0.4211 

P l a n t  T a i l s  179.72 0.2016 181 .O 0.2016 

~~ ~ ~ ~ ~ ~~ ~ ~~ ~~ 

*These are  the  i n te rcascade  streams. See F i g u r e  1 f o r  t h e  arrangement. 
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UPPER CASCADE 

L = 10840 
N = 112 4 = 275 1 iOWER CASCADE FN = 137.39 PL = 110.52, 

= .7200% 235 .7929% 235U 
L = 32010 

N = 95 
L = 13400 

wu = 195.81, 
.4296% 235U 

N = 53 
L = 4993 
N = 67 

L = 12920 

N = 74 
L = 23440 

BASED ON ASSUMED THEORETICAL (a-1) OF .00429 
N = NUMBER OF STAGES 
L = THE STAGE UPFLOW RATE 
STREAM RATES ARE IN LB-MOLS U/DAY 

N = 289 
L = 36550 

Figure 14 

THE TWO CASCADE PLANT MODEL 

W = 179.72% t .20 1 6% 235U 

FD= 94.33, 
,421 1 % 23% - 
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Compari son o f  t h e  Measured and P r e d i c t e d  I s o t o p i  cs Dur i  ng the  Low Power 
Per iod  Using a Two-Cascade P l a n t  Model 

The *34U concent ra t ions  i n  t h e  product  and t a i l s  streams o f  each o f  the  
over lapped cascades i n  t h e  p l a n t  model were then computed. The ca lcu-  
l a t e d  r e s u l t s  are compared w i t h  the  average measured values i n  
Table 13. The stream r a t e s  obta ined from t h e  p r o d u c t i v i t y  c a l c u l a t i o n s  
are  not  g iven i n  t h e  t a b l e ;  they d i f f e r  s l i g h t l y  (<0.07 percent )  from 
t h e  cascade design values given i n  Table 12. 

The match between t h e  c a l c u l a t e d  5/4 values and t h e  measured ones i s  
e s s e n t i a l l y  exact f o r '  t h e  p l a n t  product and t a i l s  streams. 
probably  s a t i s f a c t o r y ,  i t  i s  not  n e a r l y  t h a t  c lose  f o r  t h e  in te rcascade 
streams. I t i s  not  c l e a r ,  a t  t h i s  p o i n t ,  what t h e  maximum l e v e l  o f  
d i s p a r i t y  between c a l c u l a t e d  and measured values should be f o r  a safe-  
guards team t o  f i n d  t h e  agreement acceptable. 

Though 

Comparison of t h e  Measured and P r e d i c t e d  I s o t o p i c s  Dur ing t h e  High 
Power Per iod - Using - a Two-Cascade P l a n t  Model 

The phi losophy adopted t o  make t h i s  comparison was t o  do i t  approx i -  
mate ly  i n  the way a safeguards i n s p e c t i o n  team might do i t  under t h e  
NPT. On t h i s  bas is ,  i t  was assumed t h a t  the  new power l e v e l  and f l o w  
sheet i n f o r m a t i o n  f o r  each o f  t h e  two cascades are f u r n i s h e d  by t h e  
opera tor  t o  t h e  safeguards team, but  t h a t  no th ing  i s  s a i d  about t h e  
increased number o f  stages on-stream. 

On t h i s  basis,  a l l  o f  t h e  stage upf low r a t e s  i n  each o f  t h e  cascades o f  
t h e  two-cascade p l a n t  model , t h a t  was designed f o r  t h e  f l o w  sheet f o r  
t h e  low power regime, were scaled up by t h e  power inc rease r a t i o  
repor ted  f o r  each cascade. As i s  g iven i n  Table 1, t h e  r a t i o s  are 
1.550 f o r  t h e  upper cascade and 1.428 f o r  t h e  lower  one. 
c a l c u l a t i o n s  were then made f o r  t h e  two cascades o p e r a t i n g  i n  t h e  
o v e r l a p  arrangement shown i n  F i g u r e  14. A l l  o f  the average measured 
235U stream concent ra t ions  and t h e  r a t i o  o f  the  average measured 
dep le ted  feed r a t e  t o  t h a t  o f  the  n a t u r a l  U feed r a t e  were assumed t o  
be c o r r e c t  f o r  the c a l c u l a t i o n s .  The e x t e r n a l  stream r a t e s  and t h e  
234U concent ra t ions  i n  t h e  wi thdrawal  streams are then t h e  so lved 
v a r i a b l e s .  The product  r a t e  obta ined was 80.65, whereas t h e  average 
measured value i s  77.46. As was discussed above (see page 56)  f o r  t h e  
t rea tment  o f  the  s i n g l e  cascade p l a n t  model t h e  over -es t imat ion  o f  t h e  
product  r a t e  i s  most ly  due t o  t h e  f a c t  t h a t  t h e  stage separa t ion  f a c t o r  
i s  an i n v e r s e  f u n c t i o n  o f  t h e  stage power l e v e l .  One can a d j u s t  f o r  
t h i s  e i t h e r  by m u l t i p l y i n g  t h e  stage separa t ion  f a c t o r  f o r  each com- 
ponent by t h e  square r o o t  o f  t h e  r a t i o  o f  t h e  measured product  r a t e  t o  
t h e  c a l c u l a t e d  one o r  by m u l t i p l y i n g  t h e  stage up f low r a t e s  by t h e  
unmodi f ied r a t i o ,  t h a t  i s  by 77.46/80.65. The l a t t e r  o p t i o n  was chosen 
and t h e  three-component p r o d u c t i  v i  t y  ca l  c u l  a t i  on was repeated as a 

P r o d u c t i v i t y  
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Table 13 

COMPARISON OF CALCULATED AND MEASURED PLANT DATA 
Two - Ca scad e Mod e 1 
Low Power Per iod  

._ 

Average Measured Val ues Cal c u l  a t e d  Val  ues 
23511 235u 

Concentrat ion Concentrat ion A ( 5 / 4 ) d  
5/4 (%) S t  ream (%) 5/4 - 0 _lll_ 

P1 a n t  Product 1.9693 126.2 AM V b 126.2 0.0 

PLd 0.7929 175.4 AMV 173.3 -1.2 

N a t u r a l  U Feed -- -- 134.6c -- 0. 72OOc 

WUd 0.4296 197.3 AM V 196.1 -0.6 

Depleted U Feed 0.4211 192.3 AM V AM V -- 

P l a n t  T a i l s  0.2016 278.3 AMV 278.3 0.0 

aThe c a l c u l a t e d  5/4 va lue minus t h e  average measured value as a percen- 
tage o f  the  l a t t e r .  

bAMV denotes the  average measured values f i x e d  f o r  the  c a l c u l a t i o n .  

CThese are the  values assumed f o r  the  computations. 
measurements made i n  another t e s t .  See Table 6. 

They are based on 

dThese are  t h e  in te rcascade streams. 
t i o n s .  

See F igure  14 f o r  t h e i r  connec- 
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check.* The c a l c u l a t e d  r e s u l t s  are compared w i t h  t h e  average measured 
values i n  Table 14. 

The c a l c u l a t e d  5/4 va lue f o r  t h e  p l a n t  product  stream dev ia tes  more 
from t h e  average measured va lue than f o r  any o f  the  o t h e r  i s o t o p i c  
r a t i o  comparisons made f o r  t h i s  t e s t ,  w h i l e  t h e  c a l c u l a t e d  value f o r  
t h e  p l a n t  t a i l s  stream matches the  measured value e x a c t l y .  
t h e  two in te rcascade streams t h e  match i s  s i g n i f i c a n t l y  b e t t e r  f o r  the  
t o p  withdrawal stream from t h e  lower cascade (PL) than it i s  f o r  t h e  
o t h e r  (WU). 
pare un favorab ly  w i t h  those made us ing  the  s i n g l e  cascade model f o r  
t h e  c a l c u l a t i o n s  (see Table 11). 

However, i t  i s  ev ident  from i n s p e c t i o n  o f  Table 14 t h a t  t h e  match 
between t h e  c a l c u l a t e d  and average measured stream r a t e s  f o r  t h e  two- 
cascade stream complex i s  much poorer than f o r  t h e  i s o t o p i c  r a t i o s .  
For  t h e  n a t u r a l  U feed, t h e  c a l c u l a t e d  value d i f f e r s  f rom t h e  measured 
va lue by -23 percent  i n  t h e  upper cascade and by +14 percent  i n  t h e  
lower  cascade. On a t o t a l  n a t u r a l  U feed bas is  t h e  comparison i s  
b e t t e r :  t h e  c a l c u l a t e d  value i s  o f f  by -3.3 percent  w i t h  respect  t o  
t h e  measured value and by -2.4 percent  w i t h  respect  t o  t h e  value ca lcu-  
l a t e d  us ing  t h e  s i n g l e  cascade p l a n t  model (see Table 10). Also, t h e  
c a l c u l a t e d  value f o r  t h e  depleted feed r a t e  exceeds t h e  average 
measured one by 13 percent  and exceeds t h e  value c a l c u l a t e d  us ing  the  
s i  ng l  e-cascade model by 14 percent.  The c a l c u l a t e d  in te rcascade stream 
r a t e s  a1 so d i f f e r  from the  corresponding average measured values 
s i g n i f i c a n t l y :  f o r  PL by +20 percent  and f o r  WU by +9 percent.  Most 
o r  a l l  o f  the stream r a t e  d iscrepancies are probably  a t t r i b u t a b l e  t o  
t h e  f a c t  t h a t  t h e  increase i n  p l a n t  power l e v e l  was no t  accomplished by 
s imply  r a i s i n g  t h e  l e v e l  f o r  each s tage by a constant  r a t i o .  

The ac tua l  power l e v e l  increase was a more complex t h i n g .  Some spare 
stages were brought on-stream, thereby i n c r e a s i n g  t h e  number i n  opera- 
t i o n  by approx imate ly  13 percent  and t h e  stage power d i s t r i b u t i o n  was 
presumably re-opt imized so t h a t  t h e  u n i  f o r m l y  scaled two-cascade p l a n t  
model was not  a s u f f i c i e n t l y  good r e p r e s e n t a t i o n  t o  match t h e  f l o w  
sheet, which i t s e l f  i n v o l v e d  a marked change i n  t h e  feed mix, t h e  
average FD/FN va lue i n  t h e  h i g h  power regime being approxi inately 
52 percent  o f  what i t  was d u r i n g  t h e  low power per iod.  For t h i s  
reason, it was o f  i n t e r e s t  t o  design a two-cascade p l a n t  model f o r  t h e  
h i g h  power regime t h a t  i s  based on t h e  repor ted  average f l o w  sheets f o r  

Also,  f o r  

On t h e  whole, t h e  mismatches i n  t h e  5/4 r a t i o s  do no t  com- 

*The p r o d u c t i v i t y  r e c a l c u l a t i o n  was no t  necessary. 
r a t e s  cou ld  be determined d i r e c t l y  by s c a l i n g  w i t h  t h e  r a t i o  
77.46/80.65. 
o f  a l l  o f  the  cascade stream r a t e s  o r  t h e  separa t ion  f a c t o r s ,  by a 
constant  r a t i o .  

A l l  o f  t h e  stream 

The i s o t o p i c  concent ra t ions  are u n a f f e c t e d  by t h e  s c a l i n g  



Table 14 

COMPARISON OF CALCULATED AND MEASURED PLANT DATA FOR 
THE H I G H  POWER PERIOD 

The Low Power Regime, Two-Cascade Model Scaled f o r  t h e  High Power Level  

Average Measured Values C a l c u l a t e d  Val ues 
23511 235u - 

Stream C o n c e n t r a t i o n  Stream C o n c e n t r a t i o n  A(5/41a 
Stream Rate (%) 514 Rate (%I 5/4 (%I 

P l a n t  Product  77.46 1.9757 119.8 AMVb AM V 123.6 +3.2 

P Le 160.84 0.8729 146.8 193.45 AM V 145.9 -0.7 

F N U ~  105.69 -- -- 81.82 0. 72OOC 134.6' -- 

209.1 +2.7 wue 181.48 0.3778 203.5 197.81 AM V 

F N L ~  123.30 -- -- 139.96 0.7200 134.6 -- 
AMV A M V  -- F D L ~  81.21 0.4526 180.0 92.17 

P1 a n t  Tai 1 s 233.22 0.2045 268.4 236.49 AMV 268.4 0.0 

aThe c a l c u l a t e d  5/4 v a l u e  minus t h e  average measured va lue as a percentage o f  t h e  l a t t e r .  

bAMV denotes t h e  average measured value, f i x e d  f o r  t h e  c a l c u l a t i o n s .  

CThese were assumed f o r  t h e  computat ions.  
i n  ano the r  t e s t .  See Table 6. 

dFNU and FNL a re  t h e  n a t u r a l  U feeds t o  t h e  upper and lower cascades, r e s p e c t i v e l y .  
i s  t h e  d e p l e t e d  uranium feed. 

They rep resen t  t h e  r e s u l t s  o f  measurements made 

FDL 

cn 
P 

eThese a r e  t h e  i n t e r c a s c a d e  streams. See F i g u r e  13 f o r  t h e i r  connec t ions .  
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t h e  two cascades f o r  t h e  h i g h  power regime t o  see how t h e  r e s u l t s  
d i f f e r  froin t h e  ones ob ta ined us ing  t h e  scaled two-cascade p l a n t  model 
t h a t  was designed i n i t i a l l y  f o r  t h e  low power p l a n t  f l o w  sheet. 

As t h e  f i r s t  s tep i n  do ing t h i s ,  t h e  average measured stream r a t e s  f o r  
each cascade were ad jus ted  t o  c l o s e  both t h e  U and 235U m a t e r i a l  
balance, keeping t h e  product  r a t e  and t h e  r a t i o s  o f  the  t h r e e  feed 
streams a t  t h e i r  average measured values. This  r e s u l t e d  i n  a l a r g e r  
c o r r e c t i o n  t o  t h e  r a t e s  o f  the  in te rcascade streams than any o f  the  
o thers  as can be seen i n  Table 15. The 235U concent ra t ions  i n  t h e  
cascade e x t e r n a l  streams are  no t  g iven i n  t h e  t a b l e ,  s ince  they were 
assumed t o  be c o r r e c t  f o r  t h e  tnateri  a1 bal  ance c l o s u r e  c a l c u l a t i o n s  : 
t h e i r  average measured values f o r  t h e  h i g h  power p e r i o d  have been given 
i n  Table 14. 

A Two-Cascade P lan t  Model Designed f o r  the  High Power Regime Average 
F1 ow Sheet 

A two-cascade p l a n t  model was designed f o r  the  h i g h  power regime based 
on t h e  m a t e r i a l  ba lance-adjusted stream r a t e s  shown i n  Table 15 and t h e  
average measured values f o r  the  235U concent ra t ions  i n  t h e  cascade 
e x t e r n a l  streams as l i s t e d  i n  Table 14. The number o f  e n r i c h e r  and 
s t r i p p e r  sec t ions  assumed i s  t h e  same as t h a t  s p e c i f i e d  i n  t h e  i n i t i a l  
two-cascade model design f o r  t h e  low power regime. There are s i g n i f i -  
can t  d i f f e r e n c e s ,  as shown i n  Table 16, between t h e  two-cascade model 
based on t h e  ad jus ted  f low sheet f o r  t h e  h i g h  power p e r i o d  and t h a t  
ob ta ined by scale-up t o  t h e  h i g h  power l e v e l  o f  t h e  two-cascade p l a n t  
model designed on t h e  bas is  o f  t h e  ad jus ted  f l o w  sheet f o r  t h e  low 
power p e r i  od. 

I n  re fe rence t o  Table 16 note (1) t h a t  t h e  Model B design prov ides f o r  
more stages than t h e  Model A one does; ( 2 )  t h a t  f o r  Model B t h e  lower  
cascade i s  s l i g h t l y  smal le r  i n  s ize ,  i n  terms o f  t o t a l  f low,  than t h e  
upper cascade, whereas i n  Model A t h e  lower  cascade s i z e  i s  s i g n i f i -  
c a n t l y  l a r g e r  than t h a t  o f  t h e  upper cascade; ( 3 )  t h a t  t h e  upf low r a t e  
froin the  feed stage i n  each cascade f o r  Model B i s  cons iderab ly  l e s s  
than t h a t  f o r  Model A; and (4 )  t h a t  t h e  p l a n t  separa t ive  e f f i c i e n c y  f o r  
Model B i s  95 percent as compared t o  88 percent  f o r  Model A. I n  con- 
sequence o f  these d i f f e r e n c e s ,  one would expect t h a t  t h e  5/4 r a t i o s  i n  
t h e  ex terna l  streams f o r  t h e  p l a n t  model represented by Model B might 
d i f f e r  measureably froin those i n  t h e  p l a n t  Model A. 

Comparison of the Measured and P r e d i c t e d  I s o t o p i c s  Dur ing t h e  
High Power Per iod  Using t h e  Two-Cascade Model Designed f o r  t h e  
Average Flow Sheet f o r  t h e  Per iod  

The i s o t o p i c  concent ra t ions  i n  t h e  e x t e r n a l  streams o f  t h e  two cascades 
f o r  the  second p l a n t  model (B)  were then computed. The stream r a t e s  
f o r  the  model correspond very c l o s e l y  ( w i t h i n  0.1 percent )  t o  t h e  
a d j u s t e d  values l i s t e d  i n  Table 15, and thus d i f f e r  from t h e  average 
measured values by e s s e n t i a l l y  t h e  same ex ten t .  The 5/4 r a t i o s  f o r  t h e  
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Table 15 

MATERIAL BALANCE CORRECTIONS TO THE PLANT FLOW SHEET FOR 
THE H I G H  POWER REGIME 

~~ 

Rate 
Average Measured Ad j u s t  ed D i f f e r e n c e  

S t  ream Value (AMV) Val ue (% o f  A M V )  

P1 a n t  Product 77.46 77.46 -- 
P La 160.84 177.47 t10.3 

F N U ~  105.69 104.93 - 0.7 

w ua 181.48 204.94 t12.9 

F N L ~  123.30 122.41 - 0.7 

F D L ~  81.21 80.62 - 0.7 

P l a n t  T a i l s  233.22 230.49 - 1.2 

aPL and WU are t h e  in te rcascade streams. 

bFNU and FNL are t h e  n a t u r a l  U feeds. FDL i s  t h e  dep le ted  uranium feed. 
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Table 16 

COMPARISON OF PLANT MODELS 
TWO-CASCADE REPRESENTATION FOR THE HIGH POWER REGIME 

Upper Lower 
- Cascade Cascade P1 a n t  -- 

Scaled Low Power Model (Model A)  

To ta l  Flow (ZLxlO-7) 2.062 2.342 4.404 

Separat ive Work Produced 88.12 90.86 178.92 

Separat ive E f f i c i e n c y ,  % 92.9 84.3 88.3 

Number o f  Stages 67 6 607 1283 

Upflow Rate from the  Feed Stage ( L x ~ O - ~ )  47.7 50.1 -- 

Design f o r  - High Power Per iod  - Flow Sheet (Model B) 

To ta l  Flow ( C L X ~ O - ~ )  2.054 1.992 4.046 

Separat ive Work Produced 89.67 87.09 176.76 

Separat ive E f f i c i e n c y ,  % 94.9 95.0 95.0 

Number o f  Stages 729 643 1382 

Upflow Rate from t h e  Feed Stage (LxlO-3) 40.8 41.8 -- 



two p l a n t  models f o r  t h e  h i g h  ower regime are compared w i t h  t h e  
For t h e  n a t u r a l  U feed i n  t h  

c a l c u l a t i o n ,  t h e  2% c o n c e n t r a t i o n  was assumed t o  be 0.72 percent 
t h e  23% 0.00535 percent,  thus corresponding t o  a 5/4 r a t i o  o f  134 
This  i s  t h e  composi t ion t h a t  has been used i n  a l l  o f  t h e  p r o d u c t i v  
c a l c u l a t i o n s  i n  t h i s  study, except where otherwise s tated.  

average measured values i n  Tab ! e 17. S 
and 
6. 
t Y  

Though Model B matches t h e  h i g h  power regime average measured f l o w  
sheet almost e x a c t l y  and Model A dev ia tes  from it s i g n i f i c a n t l y ,  the  
5/4 r a t i o s  obta ined w i t h  Model B do no t  match t h e  average measured 
r a t i o s  much b e t t e r  than do those f o r  Model A. For comparison, the  5/4 
values obta ined w i t h  t h e  s ingle-cascade model f o r  t h e  p l a n t  (see 
Table 11) d e v i a t e  from t h e  average measured values by +2.5 percent  i n  
t h e  p l a n t  product  and +1.6 percent  i n  t h e  p l a n t  t a i l s .  One exp lanat ion  
t h a t  has been p u t  f o r t h  (see page 56) f o r  the  poorer match of the  
c a l c u l a t e d  t o  the  measured 5/4 values f o r  the  h i g h  power regime i s  t h a t  
t h e  average 23% c o n c e n t r a t i o n  i n  t h e  n a t u r a l  U feed wa,s d i f f e r e n t  
d u r i n g  t h e  high.power p e r i o d  from t h a t  i n  t h e  low power per iod.  I f  t h e  
average 23% concent ra t ion  i n  the  n a t u r a l  U fed i n  t h i s  p e r i o d  i s  
a r b i t r a r i l y  assumed t o  have been the  value used for the  background M I S T  
s t u d i e s  (0.00546 percent  o r  5/4 equal t o  131.9) a somewhat b e t t e r  match 
between t h e  measured and p r e d i c t e d  values i s  obta ined as shown i n  
Table 18. 
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Table 17 

COMPARISON OF CALCULATED AND MEASURED I S O T O P I C  

H I G H  POWER REGIME 
DATA FOR THE TWO TWO-CASCADE MODELS FOR THE 

Ave r a  ae 
Ca lcu la ted  Val ues 

Model B- 
___I_ 

Model A - 
Measured4Val ue A(5/4)a A(5/4)* 

5/4 (%> 5/4 (%> - 514 --______ S t  ream 

P1 a n t  Product 119.8 123.6 +3.2 122.9 t2 .6  

PLC 146.8 145.9 -0.7 146.6 -0.1 

w uc 203.5 209.1 t2 .7  207.2 +1.8 

Depleted Feed 180.0 A M V ~  ---- AM V ---- 
P l a n t  T a i l s  268.4 268.4 0.0 270.5 t0 .8  

Model A: The two-cascade p l a n t  model o r i g i n a l l y  designed on t h e  bas is  
o f  the average measured f l o w  sheet f o r  t h e  low power p e r i o d  
scaled up t o  the  h i g h  power l e v e l .  

t h e  average measured f l o w  sheet f o r  the  high-power regime. 
(See Table 16) .  

Model B: The tHo-cascade p l a n t  model designed d i r e c t l y  on t h e  bas is  o f  

aThe c a l c u l a t e d  5/4 value minus t h e  average measured va lue as a percen- 
tage o f  the  l a t t e r .  

bAMV denotes the  average measured Val ue adopted f o r  t h e  ca l  c u l  a t i  on. 

CThese are the  in te rcascade streams. See F igure  14 f o r  t h e i r  l o c a t i o n s .  
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Table 18 

EFFECT OF THE 5/4 ASSUMPTION I N  NATURAL U ON THE 
MATCH BETWEEN THE PREDICTED AND MEASURED 5/4 VALUES 

High Power Regime 
Two-Cascade P l a n t  Model B 

-- --- 

Cal c u l  a ted  Va l  ues 
Average A (5/4 1 a A ( 5 / T  

Stream Measured Value 5/4 (%) - 5/4 0- 
P1 a n t  Product 119.8 122.9 +2.6 120 e 8 +0.8 

PLC 146 8 146.6 -0.1 144.1 -1.8 

--- - - a  131.9 --- 134.6 Natura l  Feed 

wuc 203.5 207.2 +1.8 203.4 0.0 

A M V ~  ---- A M V ~  ---- Depleted Feed 180.0 

P1 a n t  Tai 1 s 268.4 270.5 t 0 . 8  266.5 -0.7 

aThe c a l c u l a t e d  5/4 minus t h e  average measured value as a percentage 
o f  t h e  l a t t e r .  

bAMV denotes the  average measured value adopted f o r  t h e  c a l c u l a t i o n .  

CThese are  t h e  in te rcascade streams (see F igure  14) .  
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PLANT CONCENTRATION GRADIENTS 

The major o b j e c t i v e  o f  t h e  f i r s t  two p l a n t  t e s t s  and a secondary one o f  
t h e  t h i r d  t e s t  a t  t h e  ORGDP was t o  determine how w e l l  t h e  computat ional  
model c o u l d  match the  measured minor i s o t o p e  cascade grad ien ts .  The 
r e s u l t s  have been very successfu l  w i t h  respect  t o  t h e  5/4 g rad ien ts  bu t  
r a t h e r  u n s a t i s f a c t o r y  w i t h  respect  t o  t h e  5 /6  g rad ien ts .  The problem 
w i t h  respect  t o  t h e  5/6 c o r r e l a t i o n s  has been a t t r i b u t e d  t o  t h e  f a c t  
t h a t  i n  each case t h e  23% c o n c e n t r a t i o n  v a r i e d  cons iderab ly  i n  suc- 
cess ive  c l i n d e r s  o f  non-normal U fed  d u r i n g  t h e  t e s t s  so t h a t  the  
measured 336U concent ra t ions  represent  t r a n s i e n t  values r a t h e r  than 
s teady-s ta te  ones. 
would no t  be expected then t o  g i v e  r e s u l t s  t h a t  match t h e  t r a n s i e n t  
condi t i ons. 

A code designed t o  compute s teady-s ta te  c o n d i t i o n s  

THE MEASURED I S O T O P I C  DATA 

To o b t a i n  t y p i c a l  i s o t o p i c  c o n c e n t r a t i o n  grad ien ts  f o r  t h e  Paducah 
p l a n t  cascades, sampl es were drawn a t  roughly  r e g u l a r  i n t e r v a l  s a1 ong 
t h e  cascades from each o f  the  two cascades approx imate ly  s imul taneously  
on a day midway d u r i n g  t h e  low Gower per iod.  The 5/4 values found i n  
t h e  g r a d i e n t  samples are p l o t t e d  versus t h e  l o g a r i t h m  o f  t h e  235U con- 
c e n t r a t i o n s  i n  F igure  15. Curves have been drawn through t h e  data t o  
get  some f e e l i n g  f o r  t h e  degree o f  s c a t t e r  o f  t h e  data. It i s  apparent 
t h a t  t h e  s c a t t e r  i s  very smal l ,  apparent ly  <+1 percent.  The one datum 
p o i n t  t h a t  seems t o  be o f f  t h e  most i s  t h e  bottom sample from t h e  lower  
cascade: 2S5U c o n c e n t r a t i o n  a t  0.21 percent  and 5/4 equal t o  276. 

BASES CHOSEN FOR THE I S O T O P I C  CALCULATIONS 

The two-cascade p l a n t  model t h a t  had been designed t o  f i t  t h e  average 
measured f l o w  sheet f o r  the  low power regime was used as t h e  model f o r  
t h e  c a l c u l a t i o n  o f  t h e  p l a n t  i s o t o p i c  g r a d i e n t  f o r  comparison w i t h  t h e  
measured ones. The c a l c u l a t i o n  r e q u i r e s  i n p u t  values f o r  t h e  23411 and 
*35U concent ra t ions  o f  t h e  depleted U feed. A four-day average o f  t h e  
r e p o r t e d  values p r i o r  t o  and i n c l u d i n g  t h e  sampling date was chosen f o r  
t h i s .  It was noted t h a t  t h e  235U concent ra t ions  and t h e  5/4 values i n  
t h e  c y l i n d e r s  o f  t h e  dep le ted  U fed  t o  the  p l a n t  d u r i n g  t h e  p e r i o d  up 
t o  t h e  sampling date had v a r i e d  considerably ,  by up t o  25 percent  o f  
t h e  p e r i o d  average value, w i t h  the  l a r g e s t  v a r i a t i o n  o c c u r r i n g  t h r e e  
days p r i o r  t o  the  sampling date. Since t h e  g r a d i e n t  w i l l  r e f l e c t  some 
mix o f  t h e  most recent  feed concent ra t ions  t h e  four-day average was 
se lected,  thoirgh i t  may very w e l l  be t h a t  a f i v e - ,  s i x -  o r  seven-day 
average would have been b e t t e r .  Three component p r o d u c t i v i t  c a l c u l a -  
t i o n s  were c a r r i e d  ou t  f o r  t h e  two cascade complex w i t h  t h e  3% con- 
c e n t r a t i o n s  i n  t h e  cascades' e x t e r n a l  streams f i x e d  a t  t h e i r  measured 
values. The cascade stream r a t e s  obta ined from t h e  c a l c u l a t i o n  are 
compared i n  Table 19 w i t h  t h e  f l o w  sheets f o r  t h e  four-day average used 
t o  se t  the  depleted feed concent ra t ions  f o r  t h e  c a l c u l a t i o n s ,  and a l s o  
w i t h  the &day low power p e r i o d  average. 



Table 19 

FLOW SHEET COMPARISON FOR GRADIENT SAMPLES 

P1 a n t  Product  

PL 

Natural  U Feed 

WU 

Depleted U Feed 

P l a n t  T a i l s  

Measured 
Cal cul a t e d a  Measured 4-da Low-Power Per iod  f o r  P1 a n t  Model Average: Days 18-13 Average: Days 1-26 

Stream 23% Stream 23511 Stream 23511 
Rates  Concentrat ion Rates Concentration Rates Concentrat ion 

(lb-mol/day) (atom % )  (lb-mol/day) (atom % )  ( 1 b-mol /day) (atom %) 

54.99 1.9586 52.56 1.9717 52 .OO 1.9693 

86.42 0.8689 96.48 0.7873 110.52 0.7929 

157.78 0.7200 146.33 --- 137.39 --- 
189.21 0.4280 190.94 0.4320 195.81 0.4296 

89.90 0.3854 89.29 0.3854 94.33 0.4211 

192.70 0.2104 195.43 0.1982 179.72 0.2016 

a A l l  of the 235U concen t r a t ions  r ep resen t ing  the corresponding measured g rad ien t  va lues ,  a r e  f ixed  
i n p u t  va lues  f o r  the c a l c u l a t i o n .  The stream r a t e s  a r e  solved values .  
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COMPARISON OF THE MEASURED AND PREDICTED I S O T O P I C  GRADIENTS 

Curves represent ing  t h e  c a l c u l a t e d  c o n c e n t r a t i o n  grad ien ts  f o r  t h e  two 
cascades are p l o t t e d  i n  F igure  16 a long w i t h  the  sample data. The com- 
puted values represented by the  p a i r  o f  curves marked " A "  appear t o  
have a c o n s i s t e n t  b i a s  w i t h  respect  t o  t h e  measured values, f a l l i n g  
below them by t h e  order  o f  2 t o  4 percent.  Since t h e r e  i s  some uncer-  
t a i  n t y  as t o  t h e  a p p r o p r i a t e  average i s o t o p i c  composi t i  on o f  the  
dep le ted  U feed t h a t  should have been used i n  the  c a l c u l a t i o n ,  it was 
considered o f  i n t e r e s t  t o  determine 234U concent ra t ion  i n  t h i s  feed 
t h a t  Nould l e a d  t o  a match between the  computed and measured data, a t  
l e a s t  i n  t h e  lower  cascade. A reduc t ion  i n  t h e  z34U concent ra t ion  i n  
FD froin 0.00188 t o  0.00170 percent  (a r e d u c t i o n  o f  9.6 percent )  l e d  t o  
an e x c e l l e n t  match o f  t h e  measured and c a l c u l a t e d  5/4 values i n  t h e  
lower  cascade bu t  c u t  t h e  b i a s  i n  t h e  upper cascade by on ly  about one- 
h a l f .  Because of t h e  i s o t o p i c  i n t e r a c t i o n  between t h e  two cascades v i a  
t h e  in te rcascade streams i t  was concluded t h a t  one should determine the  
simultaneous change i n  t h e  234U concent ra t ions  i n  both feeds ( n a t u r a l  
and depleted IJ) t h a t  would be needed t o  match t h e  c a l c u l a t e d  and 
measured gradients .  A r e d u c t i o n  i n  t h e  234U concent ra t ion  i n  FD froin 
0.00188 percent  t o  0.00183 percent  (2.6 p e r c e n t )  and a r e d u c t i o n  i n  
t h e  234U i n  FN f rom 0.00535 t o  0.00525 percent  (1.9 percent )  r e s u l t e d  
i n  an e x c e l l e n t  match as i s  shown b t h e  curves l a b e l e d  B i n  F igure  16. 
A va lue o f  0.00525 percent  f o r  t h e  j 3 4 U  c o n c e n t r a t i o n  (5/4 = 137.1) i n  
n a t u r a l  U i s  w i t h i n  t h e  range o f  repor ted  measurements (see Table 5) .  
It may have been t h a t  t h e  n a t u r a l  U fed  f o r  a p e r i o d  j u s t  p r i o r  t o  t h e  
g r a d i e n t  sampling had average 234U concent ra t ions  i n  t h i s  range. This  
i n d i c a t e s ,  o f  course, t h a t  t h e  c y l i n d e r s  c o n t a i n i n g  n a t u r a l  U fed  t o  
t h e  cascade should have been sampled f o r  t h i s  t e s t  and should be 
sampled i n  any f u t u r e  t e s t s .  

One might expect t h a t  t h e  i s o t o p i c  concent ra t ions  o f  those g r a d i e n t  
samples t h a t  represent  t h e  product  and t a i l s  o f  each o f  t h e  two Paducah 
cascades would be bracketed by those o f  t h e  l a s t  d a i l y  stream samples 
taken be fore  the  g r a d i e n t  sampling and the  f i r s t  ones taken a f t e r .  
Wi th  one except ion,  t h i s  i s  not  so f o r  t h e  235U concent ra t ions .  Only 
t h e  235U c o n c e n t r a t i o n  i n  t h e  t a i l s  stream from t h e  upper cascade (WU) 
i s  bracketed by t h e  be fore  and a f t e r  samples as can be seen i n  
Table 20. This  of course, i s  a s i n g l e  example o f  t h e  f l u c t u a t i o n s  
i n  p l a n t  stream concent ra t ions  t h a t  occur c o n t i n u a l l y  w i t h  the  p l a n t  
nomina l l y  a t  s teady-state.  
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Table 20 

BRACKETING OF THE *35U CONCENTRATION I N  THE 
CASCADE EXTERNAL STREAM GRADIENT SAMPLES 

2 3 5 ~  Concen t ra t i on  
Regular  Dai l y  Grad ien t  Sample Regular  D a i l y  

S t  ream Sample on 1 3 t h  Day on 13 th  Day Sample on 14 th  D a i  ---- 
P1 a n t  Product 1.9763 

PL 0.8134 

wu 0.4339 

P l a n t  T a i l s  0.2065 

1.9586 

0.8689 

0.4280 

0.2104 

1.9764 

0.8380 

0.4240 

0.2059 

J 
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