
and na tu ra l  gas, has placed g r e a t e r  emphasis on a l t e r n a t i v e  fuel sources. W&%h ' 
'1 . - 
3 

an alrezuip developed t echno lag ica l  base a d  c o s t  history, nuclear p5wi @)&a 
e s p e c i a l l y  a t t r a e t i x r e  option. However, t h e  pub l fc ' s  attitude t@war& %&r,ezS 
terrrjris!~ has genera tad s t r a n g  demnds for impraved safeguards measa*~ 3 4 %  

detect, and p r o t e c t  a g a i n s t  d i v e r s i o n  of  speci.al nuclear .maater%al (SR%)ldl 8- 

drrdbted!.y, a comprehensive saf egzlstrds program wul idelude ba tb phyai$&l @#t@&v 
' .  B i u n ,  and rkterial cohtrol to ensure that ptzyadca.3. pfoteeelcie sy@ 

circumvented. Ffodern sy s teas t;echniques and modern teehcdagy es 
r i a l  c o n t r o l  and accuul-rtabdlity systems sensit ive? eneugh to* meet 
as f u t u r e  needs a r i s i n g  from uae of increased quzmt%tiqs of SW t 
nuclear industry and from p o l i t i c a l  and sacieral pressures, 

R e ~ o g n i t i o n  of the need for an bproved 
methodoL~gy is r e f l e c t e d  i n  a speciaJ safeg 
and now known a s  t h e  Rosenbaum r e p o r t .  (1) Ono i 
the Rosenbam r e p o r t  was t h a t  the concept of a 
ance a r o v ~ d  largc flows ahd i n v e a t o r i a s  as expressed i n  thi cusrqqt 

. MUP/LEMUF be. abandoned a a  .a basls .  of S'afeg~iarhs. Ogher* crprrent s 
also have d e a l t  wi th  t h e  l i m i t a t i o n s  of *he %JPfI,w.'can~ept:  

To encourage ir~proved safeguaras aceouctabilfty 
Golnmissioe {XRC) has been eonsider ing the use of per 
t o  supplement those  c u r r e n t l y  used!. fn t h e  area s f  
a b f l f c y ,  f o r  ins tance ,  one such perfarnance oriented 
assurance that a gi'ren loss QP material be detected 
Under t21c cu r r en t  accauntabiSi ty  system it 4s un.ti 
meet this type of oX>jectdve. TQe-present, study, a 
Standards Developme~t, evaluated the cantrollable 
perfortxance ori-ent ed regula t io t rs  , Po% purposes o 
N de tec t ion  of nazcr&aL loss of txm kilograms of 9 
Specif icaPly  b v c s  t iga ted were the t imelbne 
ize material l o s s ,  arocass coverags, cp~tfbenef 
safeguards  techniqv2s such a3 BPA and data f i l ter 

*Mound Laboratory i; operated by Monsanto Resear2h Corporation f o r  t h e  U. S. 
Energy Research a n i  Development Administrat ion under Contract  No. EY-76-C-04- 

& + . I  
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i 
I as a f i r s t  s t e p  t o  p r o v i d e  t h e  NRC w i t h  t h e  methodology a n d  i n f o r m a t i o n  t o :  . . 

i s u p p o r t  development  o f  s a f e g u a r d s  r e g u l a t i o n s  t h a t  emphas ize  p e r f o r m a n c e  r e q u i r e -  
m e n t s ;  assess l i c e n s e  a p p l i c a t i o n s ;  and  i n s p e c t  p r o c e s s e s .  

T h i s  s r u d y  d e s c r i b e s  CUA which ,  as  a n  a l t e r n a t i v e  t o  MUFJLEMUF, is  a  mate- 
r i a l  c o n t r o l  and a c c o u n t a b i l i t y  methodology t h a t  t a k e s  i n t o  a c c o u n t  t h e  s y s t e m  

I l o g i c  and s t a t i s t i c a l  c h a r a c t e r m a  p l a n t  p r o c e s s  t h r o u g h  t h e  f o r m u l a t i o n  
of c  o s u r e  e.q.ua.t-i-on-s. The methodology i s  a d a p t a b l e  t o  p l a n t  p r o c e s s e s  o f  v a r y i n g  k- d e g r e e s - o s a n d  o p e r a t i o n a l  c o m p l e x i t y ,  exemplary  of  p r e s e n t  and f u t u r e  - 
f a c i l i t i e s .  A p p l i c a t i o n  of t h e  method d o e s  n o t  r e q u i r e  a l t e r a t i o n  o r  n iod i f i ca -  
t i o n  o f  a n  a p p l i c a n r ' s  proce 'ss .  S i n c e  base -case  c a l c u l a t i o n s  a r e  a n a t u r a i  f i r s t  
s t e p  i n  t h e  e v a l u a t i o n  scheme, t h e  c o s t / b e n e f i t s  of  r e f i n e m e n t s  i n ,  o r  changes  
t o ,  t h e  p roposed  measurement s y s t e m  f o r  p u r e l y  s a f e g u a r d s  p u r p o s e s  a r e  e a s i l y  ob- 
t a i n e d  a s  i n c r e n e n t a l  c o s t .  

L i k e  many s u c c e s s f u l  management s y s t e m s  t h e  CUA methodol.ogy i t e r a t i v e l y  com- 
p a r e s  t h e  a c t u a l  s i t u a t i o n  t o  t h e  n e e d .  I n  t h i s  s t u d y ,  t h e  p e r f o r ~ a n c e  o f  t h e  

. . .  
. ' proposed  or' e x i s t i n g  measurement  ' s y s t e m  is  compared t o  t h e  m a t e r i a l  c o n t r o l  

' 

1 I c r i t e r i o n . "  Then a d d i t i o n s  o r  r e f i n e m e n t s  t o  t h e  measurement s y s t e m  o r  p r o c e s s  
a r e  i t e r a t i v e l y  c ~ i n p a r e d  t o  t h e  " c r i t e r i o n "  u n t i l  t h e  " c r i t e r i o n "  h a s  b e e n  n e t .  
T h i s  s y s t e m a t i c  coinpar ison c a n  e f f i c i e n t l y  e n s u r e  t h a t  a  c o m p l i c a t e d  p r o c e s s  
nieasureinent s y s t e m  w i l l  perforrn  t o  t h e  l z v e l  as s p e c i f i e d  by t h e  need.  F u r t h e r -  
more,  s i n c e  t h e  e x i s t i n g  o r  p r o p o s e d  s y s t e m  i s  m a t h e m a t i c a l l y  modeled w i t h  t h e  
CLJA method,  m o d i f i c a t i o n s  t o  t h e  p r o c e s s  f o r  any-  r e a s o n  c a n  .be t e s t e d  quj.c.k.1.y for: 
t h e i r  e f f e c t  on m a t e r i a l  c o n t r o l  b e f o r e  inp lementa t ion :  

CUA PIETHODOLOGY 

._ . _  . . . . A  summary f l o w :  d i a g r a m ,  of  . t h e  CUA methodology i s  shown . i n  F i g u r e  1 .and . . 
d e s c r i b e d  below.  

~3 Nodel Proc .es5 .  The p r o c e s s  a s  e>:isLs o r  a s  p roposed  i s  carcful.1.y modelcd 
e s p e c i a l l y  w i t h  r e s p e c t  t o  f a c t o r s  s u c h  as m a t e r i a l  f l o w  p a t h s ,  o p e r a t i o n  
modes, phys ica l .  and c h e m i c a l  fo rms  o f  t h e  SNM, ho ldup  o f  SNM, and p r o c e s s  
i n t c r r u p  t i c n s  anti dov.-::'ii.mc .rihich c a n  a £  f e c t  c 9 n t r o l .  

@ Fxa!!linc E ! ~ a ~ u ~ e : ! i i : i ~ t  I ~ ~ f o ~ : ~ n ~ t i o n  and Fcrmul.ate C i o s u r e  Equal- lons .  -. BeT(~ ie  
ally a d d i t i o ~ ! n l  mf?.asurcr!ieilts a r e  i n p o s e d  o!l t h e  p r o c e s s ,  datc? a s s o c i a t e d  
w i t h  t h e  p roposed  o r  e x i s t i n g  nieasuremenc s y s t e m  a r e  e v a l u a t e d  s o  t h a t  
t h e  pcrfo~:rn; i i~se  o f  t h e  systc.ai c a n  b e  The q u a n t i z a t i o n  i s  
o b t a i n e d  t h r o u g h  f o r l i i u l s t i o n  o f  c l o s u r e  cquat-=ens. A c l o s u r e  e q u a t i o n  
s i m p l y  e q u a t e s  t h e  i n p u t  t o  t h e  o u t p u t  o f  a  p r o c e s s  o r  s u b p r o c e s s .  A s  
sliown i1.1 F i g u r e  2 , 

) [ ( I )  = mcosurl::ment of inpl.lt sysren: 
M ( K )  = measus~?ment of  r e c y c l e  s t r c a m  

, Pl(0) = Incasust~ment o f  o u t p u t  s t r e a m  
Pi(W) = nlcasc.r~?rncnt: .of w a s t e  s t r e z m  

A.~I(IlOLDUP) = l;icasiirernen t of change i n  h o l d u p .  
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.A c l o s u r e  e q u a t i o a  c a n  b e  c o n s i d e r e d  a  1ogica . l  m a t e r i a l  b a l a n c e  a r e a  (PZA) 
b u t  s i n c e  t h e  e q u a t i o n  c a n  be  f o r m u l a t e d  between any  two measurement nodes  
i t  p r o v i d e s  g r e a t e r  f l e x i b i l i t y  and v e r s a t i l i r y  t h a n  a t r a d i t i o n a l  MEA. T h e  
c l o s u r e  e q u a t i o n s  c a n  b e  o v e r l a p p i n g ,  r e d u n d a n t  and r e i r l f o r c i n g  a s  shosm i n  
t h e  c l o s u r e  e q u a t i o n  ne twork  d e v e l o p e d  f o r  t h e  mixed o x i d e  p r o c e s s  ( F i g u r e  3 ) .  

C a l c u l a t e  System V a r i a b i l i t y .  The random, s y s t e m a t i c  and s a m p l i n g  e r r o r s  
a s s o c i a t e d  t ~ i t h  nleasureinents i n v o l v e d  i n  t h e  c l o s u r e  e q u a t i o n s  c a n  b e  cbm- 

. b i n e d  s t a t i s t i c a l l y  t o  c a l c u l a t e  t h e  l i m i t  o f  e r r o r  o f  t h e  c l o s u r e  e q u a t i o n  
(LECE) . 

0 ?!cei. C r i t c l : i a ~  The v a r i a b i l i t y  of  t h c  c l o s u r e  e q u a t i o n s  aod  t h e  ti;?:.elii-.ess 
of r e s p o n s e  rrf these e c j u ~ t i . o n s  c a n  be  conpared  t o  t i - e  natci1.-ixl conC1-~1 ~zeei! 
o r  " c r i t e r i o n "  e s t a b l i s h e d  f o r  t h e  p ' rocess .  i I e r e  t h e  q u e s t i o n  i s .  a s k e d  
I t  Does t h e  e x i s t i n g  o r  p r o p o s e d  s y s t e m  meet i n a t e r i a l  c o n t r o l  needs?"  

i:.. .' I d e n t i f y i n g  c o n t r o l l i n g '  ~ r r o r s .  . I f  t h e  s y s t e m '  d o e s  n o t  meet ' t h e  " c r i t e r i o n ' "  
t h e  s p e c i f i c  c o n t r o l l i n g  e r r o r s  a r e  r e a d i l y  i d e n t i f i e d  t h r o u g h  t h e  c l o s u r e  

. . ec lua t ions .  Oncc t h e  probl.en a r e a  i s  c l e a r l y  i d e n t i f i e d  a s p e c i f i c  s o l c t i . o n  
c a n  b e  p r o p o s e d .  

u F u r t h e r  Ref inement  B e n e f i c i a l ?  Here t h e . q u e s t i o n  is "Are t h e r e  a n y  n e a s u r e -  
i ,  3 

ment s y s t e n  r e f i n e r p e n t s  t h a t  wi1.l r e d u c e  t h e  c o n . t r o l l i n g  e r r o r s  o r  d o e s  t h e  . 

I s y s t e m  already r e f l e c t  t!lc p r e s e n t  s t a t e  of  s c i e n t i f i c  d c \ ~ s l o p n e n t ? "  
C 

0 Flodify P r o c e s s .  I f  f u r t . h e r  measurement r e f i n c ~ i e n t s  a r e  n o t  p r a c t i c a l ,  n o d i -  
f i c a t i o n  t o  t h e  p r o c e s s  s u c h  a s  p h y s i c a l  s e p a l - a t i o n  o r  para. l . le1 p r n d u t i i o n  
l i n e s  can  b e  c o n s i d e r e d .  

@ -- P I o d e l S p e c i f i c  -- Svstenl  ./-. -. Ref inement .  Any s p e c i f i c  refinement t o  t h e  mcnsurencn t  
syste:n ancijor L' ; lc  process j.s i i t c o r p o r z t c d  i n ~ : )  tile u;-it;iil:;l systc;: 2:r.J Li,.? 

conlpar ison t o  t h e  " c r i t e r i o n "  i s  r e p e a t e d .  

Q Def ir;c C o n t l - c l l a h l e  --- L:ni.ts. Once the. " c r i t e r i 2 n "  h a s  been  r!:"?. t h e  c0!1?.~0llr7bl.e 
u n i t  o r  t h e  m3s ' i ! - :u .1  amoui; i of  SN>1 tha t .  ~2.11 be con t z o l  1.c:i !-:y t h e  ~c;.s:lz?;?ect-: 
s y s t e m  t o  meet ti:c " c r i t e r i o n "  can, be calr.u!.i:t.ed f o r  a n y  parL of  1:he pr ,>ccss .  
T i ~ i s  e f f e c t i v e 1 . y  d e f i i l e s  tlle boundulrj.c.5 wj-th r e s p e c t  t o  t1,c r!:ateri;'il coii t lrol  
c a p a c i t y  of  t h e  p r o c e s s .  

A!!PLICATIOX OF CUA TO A i.lIYJD ,O>\;ID!Z PROCESS 

A p r o c e s s  modei was deve loped  t o  prodi.de a  s e v e r e  test  o f  c o n t r o l l a b i e  t i n i t  
n ic thodology.  The p r o c e s s  model was b a s e d  p r i m a r i l y  on a  c o a l ~ ~ i e r c i a l  11:igil-thi:ough- 
p u t  (200 11T) mixed-oxide f u e l  f a b r i c a t i o n  p l a n t  s:iln.i.l.ar t o  t h a t  prol'osec! by 
1 ~ e s  t i i ~ ~ i ~ o u ' s e  (4 )  arid f u r  tiler d e s c r i b e d  by S c i c n c  c A p p l i c a  t3.on.s. (5) > J a d ~ l i i ~ f ;  
t e c h n i q u e s  were  deve loped  t o  i n c l u d e  a s  much r e z l i s n i  i n t o  t h e  model p r o c e s s  as 
p o s s i b l e .  Some of t h e  r e a l i s t i c  f e a t u r e s  o f  thc  p r o c e s s  model i n c l u d e :  

. . 

0 Tltrec o p e r a t i o n -  modes rihj.ch nay o c c u r  s i m u l t r ~ i ~ e o u s l y  i t 1  the model p r o c e s s .  
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P r o c e s s  s t r e a m s  which v a r y  randomly.  

, 
M a t e r i a l  p r o c e s s e d  i n  d i s c r e t e  ' p h y s i c a l  forms w i t h  v a r y i n g  c h e m i c a l  
i m p u r i t i e s .  

Holdup accumula ted  a t  4 1  l o c a t i o n s  w i t h  f l o w ,  t i m e  o r  e v e n t  dependen t  
f u n c t i o n s .  

-C 

0 Equipment m a l f u n c t i o n s  and b o t t l e n e c l c s  r e s u l t i n g  i n  unplanned downtime, 
e n t r a p p e d  m a t c r i a l  and a l . ' t c rna te  o p e r a t i o n s .  

R e s u l t s  f o r  t h i s  s t u d y  were  d e r i v e d  f rom ~ i i n u ~ a t e d  p r o d u c t i o i l  d a t a  b a s e d ' o n  t h i s  
p r o c e s s  laodel .  

T h i s  s t u d y  s u b s t a n t i a t e s  t h a t  t h e  . ~ d n t r o l l a b l e  U n i t  Approach can: 
, . z.. . . . . .  . . 

' identify" t h e  arkis o'f m i n i m u m  ' d i t e c t i o n  . s e n & i t i v i t y " i n  a 

0 E v a l u a t e  sche~i lcs  f o r  conbini .ng p r o c e s s  d a t a  and h c c o u n t i n g  d a t a  t o  enhance 
d e f e c t i o n  s e n s i t i v i t y  witho::t r e q u i r i n g  a:idit:ionz..;.l. n:ezs:l:-c,:?cEt p o i n t s .  

I 

L o c a t e  area and a p p r o x i m a t e  t i m e  o f '  s u s p e c t e d  d i v e r s i o n .  

Q D e f i n e  t i s e  and s e n s i t i v i t y  l i m i t s  of d i v e r s i o n  E l a g s .  

0 Demons t ra te  t h e  b e n e f i t s  and l i m i t a t i o n s  of  u s i n g  s m a l l ' a r e a  c l o s u r e  
:equat ions  o r  m a t e r i a l  ba1ai:cc a r e a s .  

e D e f i n e  t h e  a p p r o s i n l a t e  p r o c e s s i n g  t j . l ~ e  i n  which q u a i i t i t i e s  of  SN?i reinsill 
~ ~ ~ ~ i ~ l - ~ l l ~ ~ ~ h l . ~ .  

. . 

o I d e n t i f y  c o n t r o l l i n g  e r r o r s  f o r  c o r r e c t i v e  a c t i o n .  

Altl~oug'rl coi-icl.iisions f o r  c h i s  s t u d y  a r e   no^ y z t  f i n a l ,  z c s u i t s  t o  d a t e  I:... -- 
di.catcr: t l?nr  rhe u:u~ . i , ,~ . io lo~y  :?j..i.l 3 2  hi\;i-,I,!,: c * f f + r L - . '  I.I-,.~; i,!i. tir;:-!l.y c l c t e c t i o n  of ?!if.! 
m a t e r i a l .  l o s s  and  i n  n n t e r i a l  c o n t r o l . .  The p r i n c i p r i l  o!~jcct . i \ :es  f o r  this s t t - ,?y  
h a v e  been met .  Specifically clirough t:hc CiJA metho3ology,  a c c o c ; l t c l b i l i t y  aild 
p r o c c s s  d a t a  have been used e f f e c t i v e l y  t o :  

@ Demons t ra te  tl12.t t h e  d e t e c t i o n  capab i . l . i ty  f o r  m a t e r i a l  l o s s  of  S? iN  i n  t h e  
mixed-oxide  p rc . cess  i s  2 kg a . t  a  d e t e c t i o n  p r o b a b i l . i t y  of  97.5% and a f a l s e  
a l a r m  r a t e  of 3 p e r  y e a r .  Tl1. i~ a p p l i e s  e i t h e r  t o  n s i n . g l c  e v e n t  r t ~ a t e r i . a l  
l o s s  o r  t o  rani .on a c c u m u l a t i v e  mate l - in1  l o s s e s  up t o  a  2-1ilontll p e r i o d .  

0 L o c a t e  a r e a  ant, a p p r o x i m a t e  t i m e  of  s u s p e c t e d  d i v c r s i o r l s ;  g e i ~ e r a l l y  withikt  
a s h i f t .  

T h e s e  r e s u l t s  werix, accompli .shed i:.?lthout m g c l i f  i.c:3 t j  on o f  t h e  p l z n  t proc 'css  o r  
o p e r a  t i .ons f ro~il  t l , c  o r i g i l i 2 1  I!Io<!~!.. l'ul:!:llc~-file::e, t l ~ c  ilpplj.c;:t:.i on o.f t l ic  Co:~:.:>pt 
or;.nl>.l.~:s csL:i.i113tc.s of L'llct cu~:: ;:r.lc.l cffc:c:L.is;piic:ss o f  :'r.lil.i,Lii:,l.l;!l ( ? . ~ . : i s i l ~ ~ C l i l C ~ ~ ~ i - S  01: 

measuccn!el~L poinl::;  ~ ~ u y w h a r e  i n  t h e  p r o c c s s  . , . 
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COMPARISON BETL.IEEN CUR AND MUF/LEMUF 

D e t e c t i o n  s e n s i t i v i t y  2 k g  PuOz > 6  k g  PuOx ( 6  
t o  m a t e r i a l  loss 

T i m e l i n e s s  of 
d e t e c t i o n  

<1 day - <2 months - 

D i a 9 n o s i . s  o f  s y s t e m  L i s t  t h r o u g h p u t  Not u s u a l l y  
l i m i t a t i o n s  l i m i t s  a n d  con -  a v a i l a b l e  

. t r o l l i n g  e r r o r s  

Cos t / benz  f i  t o f  
r e f i n e n e n t s  

L o c a l i z a t i o n  oE 
niatcrj . .?l  l o s s  

C o s t  d i r e c t 1 . y  N o t  u s u a l l y  
d e r i v a b l e  a s  i n -  p r o v i d e d  
c r c z w r t t a l  c o s t s  

S p e c i f i c  p a r t s  
o f  t h e  p r o c z s s  

G e n e r a l  p l a n t  
a r e a s  

Data falsification P r o t e c t . i o n  by  c v e r -  ~ f f e n  vu1ner ;Sl .e  
l a p p i n g ,  r e d u n d a n t  I 

a nd  r e i n f o r c i n g  c lo-  
s u r e  e q u a  t . i o n s  



Comparat ive  r e s u l t s  f o r  CUA and MUF/LEMUF a s  a p p l i e d  t o  t h e  mixed-oxide  
p r o c e s s  a r e  g i v e n  i n  T a b l e  1. Asashown t h e r e ,  CUA p r o v i d e s  a n  improvement f a c -  
t o r  of > 3  f o r  d e t e c t i o n  s e n s i t i v i t y  and a  g r e a t e r  improvement f o r  t i m e l i n e s s  of  
d e t e c t i o n .  - 
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