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I .  INTRODUCTION 

A user oriented, automated uncertainty analysis capabi l i ty  has been 

incorporated in the Fuel Rod Analysis Program (FRAP) computer codes. 

The FRAP codes have been developed fo r  the analysis of Light Water 
1 Reactor fuel rod behavior during steady s t a t e  (FRAPCOFI) and t rans ien t  

(FRAP-T)~  conditions as  par t  of the United States  Nuclear Regulatory 
Commission's Water Reactor Safety Research Program. The objective 

of uncertainty analy;is of these codes i s  t o  obtain estimates of the uncer- 
t a in ty  in computed outputs of the codes as a function of known uncertainties . 

in input variables. This objective has been accomplished through develop- 

ment of an option tha t  allows a user t o  perfom an uncertainty analysis 
on any FRAP problem f o r  any choice of probabi l is t ic  inputs and outputs 
desired. This capabi l i ty  will f a c i l i t a t e  the following t rad i t iona l  

analyses : 

(1 ) Sens i t iv i ty  Studies: Most phenomenological models a re  de- 
veloped independently before being incorporated in to  a complex 

computer code. Their actual contributions t o  the  f ina l  code 
output are  not necessarily well known. An uncertainty analysis 

can be used as a sens i t iv i ty  study i n  t ha t  the  influence o? i m -  

portance of each model may be ranked by i t s  e f f e c t  on the output. 

1 (2 )  Experimental Data Needs: Determination of the r e l a t ive  con- 

I 
t r ibut ion of the uncertainty i n  various models and input 
variables t o  the to ta l  uncertainty will provide guidelines 
f o r  future experimental work. For example, i f  i t  i s  found 

tha t  the uncertainty in fuel thermal conductivity contributes 

i 80% of the uncertainty in cladding temperature, b u t  the un-  
cer tainty in fuel Poisson's r a t i o  contributes l e s s  than 1%, 
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then t h i s  would suggest t h a t  f u t u r e  exper imenta l  programs be 

aimed a t  r e f i n i n g  t h e  u n c e r t a i n t y  i n  therma l  c o n d u c t i v i t y .  

Thus, an u n c e r t a i n t y  a n a l y s i s  w i l l  p r o v i d e  t h e  means f o r  t h e  

s e l e c t i o n  o f  c o s t  e f f e c t i v e  exper iments .  

(3) Code Assessment: Determi n a t i o n  o f  t h e  agreement between code 

p r e d i c t i o n s  and exper imenta l  da ta  r e q u i r e s  comparing t h e  un- 

c e r t a i n t y  i n  t h e  code o u t p u t  w i t h  t h e  u n c e r t a i n t y  i n  t h e  

exper imenta l  measurement. I n  t h i s  way o n l y  can sys tema t i c  

d i f f e r e n c e s  be d e t e c t e d  and eva lua ted .  An u n c e r t a i n t y  a n a l y s i s  

thus  p rov ides  one h a l f  o f  t h e  necessary i n f o r m a t i o n  r e q u i r e d  

f o r  code assessment. 

T h i s  paper  p resen ts  t h e  methods used t o  genera te  an u n c e r t a i n t y  

a n a l y s i s  o f  a  l a r g e  computer code, d iscusses  t h e  assumptions t h a t  

a r e  made, and shows techniques f o r  t e s t i n g  them. An u n c e r t a i n t y  a n a l y s i s  

o f  FRAP-T c a l c u l a t e d  f u e l  r o d  behav io r  d u r i n g  a  h y p o t h e t i c a l  l o s s -  

o f - c o o l a n t  t r a n s i e n t  i s  p resen ted  as an example and c a r r i e d  th rough 

t h e  d i s c u s s i o n  t o  i l l u s t r a t e  t h e  va r i ous  concepts.  

11. EXAMPLE PROBLEM 

A FRAP-T a n a l y s i s  o f  a  p r e s s u r i z e d  wate r  r e a c t o r  (PWR) h y p o t h e t i c a l  

l o s s - o f - c o o l  a n t  a c c i d e n t  (LOCA). was chosen as t h e  example problem. 

The nominal  case was a  PNR f u e l  r o d  sub jec ted  t o  thermal  h y d r a u l i c  c o n d i t i o n s  

r e s u l t i n g  f rom a  200% c o l d  l e g  break a t  100% power. B e g i n n i n g - o f - l i f e  con- 

d i t i o n s  were 'assumed. The t he rma l -hyd rau l i c  boundary c o n d i t i o n s  th rough 

b l  owdown were suppl  i ed by RE LAP^. The thermal  -hydrau l  i c  c o n d i t i o n s  from 

blowdown th rough r e f 1  ood were c a l c u l a t e d  by FRAP-T. The nominal  c a l c u l a t i o n s  

p r e d i c t e d  t h a t  t h e  f u e l  r o d  d i d  n o t  f a i l  d u r i n g  t h e  course o f  t h e  

two hundred and' f i f t y  second t r a n s i e n t .  

The emphasis o f  t h e  u n c e r t a i n t y  a n a l y s j s  was on v a r i a b l e s  t h o u g h t '  

t o  s i g n i f i c a n t l y  a f f e c t  t h e  f u e l  r o d  behav io r  d u r i n g  r e f l o o d .  The v a r i a b l e s  

chosen were core  f l o o d i n g  r a t e ,  c o o l a n t  chann.el f l o w  b lockage,  FLECHT 

hea t  t r a n s f e r  c o e f f i c i e n t ,  m o i s t u r e  c a r r y o u t  f r a c t i o n ,  and t h e  ANS decay 

heat ,  curve,  Two a d d i t i o n a l  v a r i a b l e s  (gap heat  t r a n s f e r  c o e f f i c i e n t  



and f u e l  thermal  c o n d u c t i v i t y )  were i n c l u d e d  because o f  t h e i r  known 

impor tance t o  r o d  behav io r  d u r i n g  blowdown. The v a r i a b l e s  and t h e i r  

r e s p e c t i v e  u n c e r t a i n t y  es t ima tes  a r e  shown i n  Table 1. C ladd ing  sur face  

temperature was chosen as t h e  dependent v a r i a b l e  n o t  o n l y  f o r  i t s  impor tance  

t o  l i c e n s i n g  b u t  a l s o  because i t  serves as a good example o f  t h e  un- 

c e r t a i n t y  a n a l y s i s  process.  

I I I. RESPONSE SURFACE METHOD 

The u n c e r t a i n t y  a n a l y s i s  o p t i o n  i s  based upon t h e  response s u r f a c e  

, m e t ' h ~ d . ~  A response i s  any c a l c u l a t e d  o u t p u t  o f  t h e  code. I f  i t  were 

p o s s i b l e  t o  e v a l u a t e  t h e  response ove r  a  range o f  i n p u t  v a r i a b l e  va lues  

a s u r f a c e  c o u l d  be c o n s t r u c t e d  d e s c r i b i n g  t h e  r e l a t i o n s h i p  between t h e  

i n p u t s  and t h e  response, hence t h e  te rm "response sur face" .  Fo r  v e r y  

s imp le  codes such a s u r f a c e  c o u l d  p o t e n t i a l l y  be a n a l y t i c a l l y  cons t ruc ted .  

However, i n  t h e  case o f  t h e  FRAP codes t h e  range o f  prob lem t ypes  and i n -  

p u t  va lues  i s  v e r y  l a r g e  and t h e  response s u r f a c e  c a n o n l y  be eva lua ted  

a t  d i s c r e t e  p o i n t s .  The complete response s u r f a c e  cannot  be de te rmined  

a n a l y t i c a l l y .  The response s u r f a c e  method o f  u n c e r t a i n t y  a n a l y s i s  i s  

t h e r e f o r e  based on a sys tema t i c  sampl ing o f  t h e  t r u e  s u r f a c e  t o  genera te  

a s e t  o f  data.  These da ta  a r e  used, to  f i t  po lynomia l  approx imat ions  t o  

t h e  t r u e  sur face .  The polyn'omials,  o r  response equat ions ,  a r e  used t o  

s tudy  t h e  e f f e c t  o f  p ropaga t i ng  e r r o r s  t h rough  t h e  i n p u t s  t o  de te rmine  

t h e i r  e f f e c t  on t h e  ou tpu t ,  o r  response. It i s  ex t reme ly  i m p o r t a n t  t o  

n o t e  t h e  assumption t h a t  t h e  po lynomia ls  reasonab ly  approx imate t h e  be- 

h a v i o r  of t h e  t r u e  sur face .  Techniques f o r  t e s t i n g  t h i s  assumption w i l l  

be d iscussed  i n  S e c t i o n  I V .  

The po lynomia l  equa t i on  f o rm  chosen most f r e q u e n t l y  t o  approx imate 

t h e  response s u r f a c e  i s  a  t r u n c a t e d  T a y l o r ' s  s e r i e s  expansion. The ex- 

pans ion i s  c a r r i e d  o u t  abou t  t h e  nominal  code c a l c u l a t i o n  and i s  u s u a l l y  

t r u n c a t e d  a t  second o r d e r  terms. The generated da ta  a r e  t h e n  used t o  

e s t i m a t e  t h e  c o e f f i c i e n t s  of t h i s  po lynomia l  th rough  a l e a s t  squares 

approach. 



The sys tema t i c  choosing of a  pa , t t e rn  f o r  p e r t u r b i n g  t h e  independent  i n p u t  

v a r i a b l e s  i s  known as exper imenta l  design. An exper imenta l  des ign  may be en- 

v i s i o n e d  as a  m a t r i x  where t h e  rows cor respond t o  i n d i v i d u a l  ana lyses  t o  be 

per formed and t h e  columns t o  t he .  va lues  o f  t h e  i n p u t s  f o r  each a n a l y s i s .  

One p a r t i c u l a r  c l a s s  of  exper imenta l  des igns,  known as two l e v e l  f r a c t i o n a l  

f a c t o r i a l  des igns,  i s  w e l l  s u i t e d  t o  g e n e r a t i n g  da ta  t o  f i t  t r u n c a t e d  

T a y l o r ' s  s e r i e s  expansions. Two l e v e l  r e f e r s  t o  t h e  f a c t  t h a t  each 

independent v a r i a b l e  w i l l  be i n p u t  a t  two : -d i f f e ren t  va lues  o r  l e v e l s .  

F a c t o r i a l  imp1 i e s  t h a t  a l l  p o s s i b l e  combinat ions o f  t h e  independent  

v a r i a b l e s  may be es t ima ted  ( e x c l u d i n g  powers o f  an i n p u t  such as squares) ,  

and f r a c t i o n a l  i s  used t o  i n d i c a t e  t h a t  f r e q u e n t l y  o n l y  a  p o r t i o n  o f  t h e  t o t a l  

des ign  i s  necessary.  For  example, cons ide r  t h e  prob lem posed i n  S e c t i o n  I 1  

o f  a  seven v a r i a b l e  FRAP-T u n c e r t a i n t y  a n a l y s i s  o f  a  PWR LOCA. A1 1  

p o s s i b l e  combinat ions o f  p o s s i b l e  equa t i on  c o e f f i c i e n t s ,  f rom a  cons tan t  

t o  a  seven f a c t o r  c rossp roduc t  would equal two r a i s e d  t o  t h e  seven th  

power, o r  one hundred twenty  e i g h t  c o e f f i c i e n t s .  However, a  T a y l o r ' s  

s e r i e s  t r u n c a t e d  a t  second o r d e r  w i l l  c o n t a i n  o n l y  t ~ r m s  up t o  two f a c t o r  

c rossproduc ts .  Furthermore, f o r  ' the  purpose o f  t h i s  example o n l y  a  1  i n e a r  

expansion s h a l l  be cons idered,  t h a t  i s ,  a  cons tan t  and seven l i n e a r  

c o e f f i c i e n t s .  Therefore,  a one -s i x teen th  f r a c t i o n  o f  t h e ' d e s i g n  t o t a 1 l i : n g  

e i g h t  ana lyses  w i l l  be chosen as t h e  exper imenta l  des ign.  T h i s  des ign  i s  

shown i n  Tab le  2 where t h e  va lues  o f  t h e  i n p u t s  a r e  shown as normal 

dev ia tes .  

The cho i ce  o f  wh ich  one -s i x teen th  f r a c t i o n  t o  choose i s  n o t  a r b i t r a r y .  

I n  Tab le  2 t h e  columns o f  t h e  exper imenta l  des ign  a r e  o r t hogona l .  T h i s  

w i l l  ensure t h a t  t h e  c o e f f i c i e n t s  w i l l  be es t ima ted  independent l y  o f  one 

another .  The des ign  has p u r p o s e f u l l y  been chosen f o r  t h i s  p roper ty ;  however, 

t h e  c o e f f i c i e n t s  may be b iased  o r  confounded by t h e  rema in ing  one hundred 

twenty  unes t imated  c o e f f i c i e n t s . ,  E s s e n t i a l l y ,  t h e  prob lem i s  one 

of  t o o  many unknowns and t o o  few equat ions .  I n  o r d e r  t o  s o l v e  f o r  a  spec i -  

f i c  s e t  o f  unknowns t h e  ba lance must be assumed t o  be zero. None 

o f  th.e c o e f f i c i e n t s  o f  i n t e r e s t  depend on each o t h e r ,  however. Q u i t e  f r e -  

q u e n t l y  t h e  assumption t h a t  h i g h e r  o r d e r  i n t e r a c t i o n s  a r e  ze ro  i s  j u s t i f i e d ,  

b u t  t h e  use r  must be aware t h a t  t h e  assumption has been made. 



Once t h e  des ign  and v a r i a b l e s  have been chosen, t h e  a c t u a l  exper iment  

can be performed. The FRAP-T code a u t o m a t i c a l l y  executes t h e  r e q u i r e d  

number o f  cases, each t ime  p e r t u r b i n g  t h e  i n p u t  v a r i a b l e s  acco rd ing  t o  t h e  

exper imenta l  design. The r e s u l t i n g  da ta  i s  i l l u s t r a t e d  i n  F i g u r e  

1, where t h e  chosen response, c l a d d i n g  sur face  temperature,  i s  p l o t t e d  

f o r  a l l  e i g h t  ana lyses  versus  t ime.  T h i s  i s  t h e  raw da ta  t h a t  w i l l  

be used t o  f i t  response sur face equat ions  f o r  f i x e d  t i m e  p o i n t s  t h roughou t  

t h e  prob lem h i s t o r y .  

I V .  RESPONSE EQUATION FITTING AND VALIDATION 

Response s u r f a c e  equat ions  a r e  o b t a i n e d  by f i t t i n g  c o e f f i c i e n t s  o f  a  

T a y l o r ' s  s e r i e s  expansion by a l e a s t  squares technique.  The c o e f f i c i e n t s  

a r e  determined by m i n i m i z i n g  t h e  sum o f  t h e  squared d i f f e r e n c e s  between 

t h e  p r e d i c t e d  and observed da ta  values. T h i s  i s  a  commonly accepted and 

w e l l  documented p r a c t i c e  f o r  f i t t i n g  equa t ions  t o  data.  However, an examina- 

t i o n  o f  some o f  t h e  usua l  assumptions made f o r  l e a s t  squares r e v e a l s  

c e r t a i n  d i f f e r e n c e s  which must be cons idered  when t h e  method i s  a p p l i e d  t o  

computer code response data.  I n  p a r t i c u l a r ,  i t  i s  o f t e n  assumed t h a t  

( 1 )  t h e  ri~odel be ing  f i t  i s  t h e  t r u e  model, ( 2 )  t h e  Independent  v a r i a b l e s  

a r e  known e x a c t l y ,  and (3) t h e  dependent v a r i a b l e  obse rva t i ons  c o n t a i n  an 

element o f  u n c o r r e l a t e d  random e r r o r  w i t h  zero mean and cons tan t  var iance.  

I n  t h i s  case, ( 1 )  t h e  model be ing  f i t  i s  a t  b e s t  an approx imat ion  o v e r  a  

s p e c i f i c  r e g i o n  o f  i n t e r e s t ,  ( 2 )  t h e  independent v a r i a b l e s  a r e  i n p u t  t o  

t h e  code as exac t  va lues,  b u t  i t  i s  t h e  purpose o f  t h e  work t c  propagate 

e r r o r s  i n  t h e  i n p u t s  th rough t h e  response equat ions  and ( 3 )  t h e  o u t p u t  

o f  t h e  code can be observed w i t h o u t  any random e r r o r  whatsoever. T h i s  

l eads  t o  t h e  conc lus ion  t h a t  t h e  r e s i d u a l s  o f  a response s u r f a c e  equa t i on  

f i t  t o  computer generated da ta  a r e  due t o  l a c k  of f i t  o n l y ,  where a r e -  

s i d u a l  i s  d e f i n e d  t o  be t h e  d i f f e r e n c e  between t h e  response s u r f a c e  

equa t i on  and t h e  code c a l c u l a t i o n s  a t  each da ta  p o i n t .  These r e s i d u a l s  

may be examined t o  de te rmine  t h e  adequacy o f  f i t  o f  t h e  response su r f ace  

equat ion .  

I n  t r a d i t i o n a l  l e a s t  squares e s t i m a t i o n  a w e l l  proven r e s u l t  i s  t h a t  

t h e  expected va lues  o f  t h e  es t ima ted  parameters a r e  t h e  parameters them- 



selves.  I n  o t h e r  words, t h e  parameters a r e  unbiased. Under t h e  p resen t  

c o n d i t i o n s ,  however, i t  i s  e a s i l y  shown5 t h a t  t h e  parameters o r  c o e f f i c i e n t s  

a r e  i n  f a c t  b iased  by t h e  e x c l u s i o n  o f  s i g n i f i c a n t  terms f r om t h e  r e -  

sponse equat ions  (o r ,  converse ly ,  t h e  i n c l  u s i  on o f  un impo r tan t  terms) .  

By p o s t u l a t i n g  a  t r u e  model i n  a d d i t i o n  t o  t h e  f i t t e d  model, p o s t u l a t e d  

r e s i d u a l s  may be determined f o r  any i n p u t  va lues.  These may be compared 

t o  observed r e s i d u a l s  t o  determine i f  t h e  p o s t u l a t e d  model has m e r i t .  

The o n l y  d i f f i c u l t y  w i t h  t h i s  scheme i s  t h a t  t h e  r e s i d u a l s  must be 

independent o f  t h e  da ta  used t o  genera te  t h e  response equat ion.  

P r a c t i c a l l y ,  t h i s  p resen ts  a  problem s i n c e  t h e  a n a l y s t  f r e q u e n t l y  cannot  

a f f o r d  t o  genera te  such an a d d i t i o n a l  da ta  set .  One independent  r e s i d u a l  

i s  always a v a i l a b l e ,  however, t h e  nominal  case. I f  a  l i n e a r  model 

i s  f i t t e d  and a  second o r d e r  equa t i on  pos tu l a ted ,  t h e  d i f f e r e n c e  

between t he . response  equa t i on  and t h e  nominal w i l l  be equal t o  t h e  

sum o f  m i s s i n g  q u a d r a t i c  c o e f f i c i e n t s .  Thus, p o s s i b l y  i m p o r t a n t  terms t h a t  

m i g h t  b i a s  t h e  response equa t i on  may be examined th rough t h i s  independent 

r e s i d u a l .  

P r a c t i c a l l y ,  t h e  nominal  i s  t h e  o n l y  t r u l y  independent  r e s i d u a l  

a v a i l a b l e  t o  t h e  user.. For .Lur~dte ly ,  a  techn ique  has been dev i sed  f o r  

choosing terms t o  i n c l u d e  i n  t h e  response equa t i on  t h a t  s e q u e n t i a l l y  uses 

each da ta  p o i n t  a v a i l a b l e  f o r  independent r e s i d u a l  a n a l y s i s .  Known as 

P r e d i c t i o n  E r r o r  Sum o f  squares6 (PRESS), t h e  method removes one d a t a  

p o i n t  a t  a  t i m e  f r om t h e  da ta  s e t  and f i t s  an e q u a t i o n  based on t h e  rema in ing  

data.  The r e s i d u a l  assoc ia ted  w i t h  t h e  exc luded  da ta  p o i n t  i s  t hen  squared 

and t h e  process repea ted  f o r  a l l  o t h e r  da ta  p o i n t s .  The equa t i on  t h a t  

n i in imizes PRESS i s  se lec ted .  T h i s  method has t h e  advantage o f  u s i n g  a  

f o rm  o f  independent r e s i d u a l s  w i t h o u t  t h e  need o f  gene ra t i ng  a d d i t i o n a l  

data. 

Residua1.s of a  PRESS s e l e c t e d  response equa t i on  a r e  shown, f o r  example, 

i n  F i g u r e  2, where c l a d d i n g  su r f ace  temperature r e s i d u a l s  a t  t i m e  

s tep  f o r t y  (,seventy e i g h t  seconds) a r e  p l o t t e d  versus t h e  response 

equa t i on  p r e d i c t i o n .  I n t e r p r e t a t i o n  o f  t h e  p l o t  must. be under taken 

w i t h  care. I n  t h i s  i n s t a n c e  t h e  r e s i d u a l s  a r e  v e r y  sma l l ,  o f  l i k e  



magnitude, and alte,rnating sign. The residual a t  the nominal (not 

shown) i s  a l so  small (about eight degrees) indicating tha t  quadratic 

terms are  probably not important. Thus the l inear  approximation appears 

reasonable and the very small residuals are  due to  the inclusion of 

unimportant terms in the equation. In f a c t ,  the l a s t  term added had 

a  coeff ic ient  an order of magnitude smaller than the next smallest coeff ic ient .  

In summary, t h i s  example response equation appears to  reasonably approximate 

the t rue response by a  l inear  f i t ,  has not omitted higher order terms, 

and has included one.unimportant term in the equation. Estimated uncertain- 

t i e s  obtained from t h i s  equation should be reasonably f r e e  of bias and 

so give useful resu l t s .  

V.  RESPONSE UNCERTAINTY ESTIMATION 

Once a  response surface equation h,as been determined to adequately 

approx'imate the t rue response, the equation may be used to  in fe r  infor- 

mation about th.e uncertainty of the response. The method for  doing t h i s  

i s  known as second order .error propagation. Second order re fers  t o  the 

order of the Taylor's se r ies  expansion truncation. The method simply 

finds the expected values of the f i r s t  four moments of the response as 
a  function of the response equation coeff ic ients  and input d is t r ibut ion  

moments. Since the equation i s  u p  t o  second order,  the f i r s t  eight 

central moments of the inputs a re  required. The method i s  exact and the 

only approximation i s  that  inherent in the response equations. Figure 

3 i l l u s t r a t e s  the estimated cladding surface temperature mean and standard 

deviation during the course of the sample problem. Figure 3 actual ly  
i l l u s t r a t e s  the net r e su l t  of one hundred twenty s ix  response equations 

that  approximated the t rue response a t  two second intervals .  

Using the four moments of response, the probabili ty density function 

fo r  tha t  response may be estimated through a  technique known as moment 

matching. The moments are  compared to the Pearson family of d is t r ibu-  
7 

t ions and a  su i tab le  dis t r ibut ion i s  selected. The density function and 

cumulative d i s t r ibu t ion  function for  the response may then be approxi- 

mated. Figure 4 shows the probabili ty density function of cladding 



surface temperature a t  time s tep for ty  o f  the sample problem. The d is t r ibu-  

tion i s  a  normal or Gaussian dis t r ibut ion.  This i s  not surprising since the . 

inputs were a1 1 assumed normally dis t r ibuted and a  1 inear response equation 

f i t .  The method i s ,  however, en t i re ly  f ree  of assumptions about the 

form of the input dis t r ibut ions and the user may input a rb i t r a ry  d is t r ibu-  

tional forms. In f a c t ,  so long as the standard deviation i s  not changed, 

d i f fe rent  assumptions about the form of the input d is t r ibut ions  may be evalua- 

ted a f t e r  the basic experiment has been performed. This brings out 

a  curious b u t  important fac t .  Inferences about uncertainty in the code outputs 

a r e  not actual ly  made unt i l  the l a s t  stages of an analysis.  Up unt i l  tha t  

point the perturbations specified by the user can be en t i r e ly  a rb i t ra ry  

a s ,  fo r  example, a  sens i t iv i ty  study. Only a t  the end when inferences 

a re  made about the o u t p u t  uncertainty do the input perturbations assume 

meaning in terms of the input uncertainties.  

4 

The f inal  task in achieving the purpose of the uncertainty analysis 

i s  t o  determine the sens i t iv i ty  of the response uncertainty t o  the various 

input uncertainties.  This i  s  accompl ished by calcu1atin.g the fract ional  

contributions to  ttie variance ( the  square of the standard deviation) 

of the response fro111 edch i n p u t .  Figure 5 i ' l ' lustrates the fractional 

contributions of each of the seven input variables to  the estimated 

cladding surface temperature uncertainty. Note tha t  not only does the e s t i -  

mated uncertainty vary ,during the problem history,  as shown in Figure 

3 ,  b u t  the fractional contributions to  tha t  uncertainty also vary s ign i f i -  

c;rltly during the problem. 11) th i s  case, the g a p  heat t ransfer  an?::,fuel 

thermal conductivity uncertainties are  important duri 115 the bl owdown 

phase of the t ransient  while the flooding r a t e  c lear ly  dominates the 

reflood portion. Reductions in the calculated uncertainty of cladding surface 

temperature will be effected by 3 reduction in the uncertainty in  flooding 

r a t e ,  whether i t  be by improved modeling or refined experimental data. 

Conversely, moisture carryout f ract ion and coolant channel flow blockage u n -  
c e r t a in t i e s  do not appear to  a f fec t  the uncertainty in cladding surface 

temperature f o r  t h i s  problem and fur ther  work on these models and uncertainties 

i s  not jus t i f ied .  Thus, the sens i t iv i ty  of the various models and the direction 

of experimental data needs have been defined through the example.uncertainty 

analysis.  



VI. SUMMARY 

A user oriented, automated uncertainty analysis capabi l i ty  has been 

incorporated in the FRAP computer codes. The option uses the response 

surface method to  generate equations tha t  approximate the code 

behavior. The equations are f i r s t  subjected t o  a validation procedure 

t o  determine h.ow sui table  the approximations a re ,  then used to  propagate 

errors  in the inputs so tha t  estimates of the response uncertainty can be 

made. Probability density functions for  the responses a re  determined 

and f i n a l l y  fractional contributions to  the variance from each input 

uncertainty calculated. All of the above functions a re  combined in 

a f lex ib le  code package tha t ' can  s igni f icant ly  reduce the time normally 

required to  conduct an uncertainty analysis ,  while providing a consistent,  

we1 1 -documented method01 ogy. The option wi 11  faci 1 i  t a t e  t radi t ional  

analyses such as sens i t iv i ty  s tudies ,  analysis of experimental data 

needs, and code assessment in such a way tha t  the mechanics of conducting 

these analyses will be routine and emphasis can be placed more appropriately 

on the interpretat ion and appl ication of resuq t s .  
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TABLE 1 

ASSUMED LOCA UPICERTAIIITY. FACTORS* 

1 . F l  ood i  ng Rate 10% 

2 .  Flow Blockage Percentage 5 % 

3. F l e c h t  Heat T r a n s f e r  1  OX 

4. Ca r r you t  F r a c t i o n  10% 

5. Gap Heat T r a n s f e r  25% 

6. Fuel  Th,ermal C o n d u c t i v i t y  0.4 (W/m: K )  

7. ANS Decay Heat Curve 

* NORMAL DISTRIBUTIONS, ONE STANDARD DEVIATION ASSUMED 



TABLE 2 

DESIGN MATRIX FOR A z ' - ~  FRACTIONAL FACTORIAL 

A B C  C E  F G 









Purpose 

Sensitivity studies 

ExperirntimfaI data needs 



s, Zion PWWR LOCA 

@ 208% cold leg break 
, 

Calculations by FRAIPmT5 through reflood 

Uncertainty emphasis on ref losd variables 



Ass~urned LOCA Uncertain 
Factors* 

1. Flooding rate 10% 

2. Flow blockage percentage. 5% 

3. FLECHT heat transfer 10% 

4. Carryout Fraction 10% 

-. 
, 5. Gap heat transfer 

6. Fuel thermal conductivity 0.4 (Wlrn-K) 

7. A N §  decay heat curve 6.7 % 

*Normal distributions, assumed one standard deviation 
INEL-S-24 539 



"Responses" are .the FRAP outputs 







Response Uncer 

independent variable 
INEL-S-17 028 



Experimental Design 

Provides a systematic pattern flor 
perturbing the independent variables so 
that the maxi.rnum information is obtained 
with fewest FWAP runs 

Basic designs - Two levell fractional 
factorial - for estimating linear and (some) 
two-factor eoeff ieients 

INEL-S-24 542 



) Experimen Design 
cont9d) 

Plackett-Burman designs used for numbers 
of factors near 12 or 20 

Foldover design used to eliminate two= 
factor confounding of linear terms 

. , 

Quadratic terms may be added to above 
designs 

INEL-S-24 543 



Design Matrix 7-4 

Fractional Fac 

Factor Levels 



adding Sur ace Tempera 

Time in LOCA (s) 



a A response surface equation is a 
polyncsv~~ial that approximates the code 
calculations over a g iiven region 

A residual is the difCerence between the 
response surfiice equation and the code 
calculations at each data point 

INEL-S-18 764 



Determine whether the response surface 
equations adequately approximate the 
vnltroswn functional form of the code 
response 

4 

Poor apprsxirnafions will bias estimates of 
uncertainty 

INEL-S-18 762 



Tempera 

Response equation prediction 
INEL-S-24 541 



Squares Assump 
General Regression 

~9 The model fit is the true model 

The independent variables are known 
exactly 

The dependent variable rsbservations 
contain random error 



Least Squares Assump 

Regression on Computer Data 
The model is at best' an approximation 
It is the purpose of the work to propagate 
errors in the inputs 

The output of the code caw be observed 
without error 

Conclusion 
o These residuals are soley duets  lack sf fit 

INEC-S-24 536 



Evenly dispersed and well distributed 
residuals indicate 'good Bit 

Very small residuals of like magnitude and 
alternating sign indicate averfit 

Highly grouped residuals indicate underf it, 
that is, significant terms omitted 

Well dispersed residuals with one or two 
outliers indicate a threshold response 



adding,, Sur ace "Bempera 
Residua 

Cladding surface temperature (K) ItdEL-S-18 757 



ne Tempera 

- 0.4 
1100 1200 1300 1400 1500 1606) 

Fuel een terline temperature (K) I ~ ~ ~ - ~ - ~ ~  756 



adding Hoop S n Residua 

Permanent cladding hoop strain ( x 10 - 3, INEL-S-18 759 



Gap Heea "Trans er Coe 
Residua 

Gap heat ttransf ea coefficient (1 o ~ w ~ ~ ~ - M )  'NEL-si8 75a 



Response Uncer 

Second order error propagation 

Requires first eight moments of the input 
distributions - 

I 

Estimates first four moments of the output 
disffibutisn 



ng Sur ace Tempera 

400 

206 
- - -+I  - One standard deviation 
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Time in LOCA (s) 
INEL-S-24 547 



Response Uncer 

Estimate the probability density function sf 
the! response at a point in time 

Moment matching technique 
INEL-S-24 535 



Cladding surface temperature 
At time step 40 (K) 



adding Sur ace Tempera 

Time in LBCA (s) 



Au toma ed Error Analysis 

User specifies inputs to vary and responses to 
analyze 

User specifies degree of polynomial 

Code automatically 
Determines experi'mental design and 
confounding pattern 

Calls FRAP 

Fils response polynomial for all responses 

Estimates means and variances 

Computes fractional contribution to 
variance 

INEL-S-24 544 



Summary 
A user oriented, automated uncertainty 
analysis option is available in the FWAP 
codes 

Q i t  is based on response surface 
methodology 

The response equations must undergo 
validation 

The option can be used for: 

1 )  Sensitivity studies 
2) Experimental data needs 
3) Code assessment 

INEL-S-24 537 
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