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Over the last  decade, subs tan t ia l  development and psogress has been made 
i n  the understanding of t h e  nature o f  severe a c c i d e n t s  and associated f i s s i o n  
p roduc t  re1 ease and t ranspor t .  As p a r t  o f  t h i s  c o n t i n u i n g  effort ,  t he  Uni ted  
Sta tes  Nucl ear  Regul a t o r y  Commi ss ion  (USNRC) sponsored t h e  devel opment o f  the 
Source Term Code Package (STCP), which models core degradat ion, f i s s i o n  pro-  
duc t  re lease from t h e  damaged f u e l ,  and t h e  subsequent m i g r a t i o n  of t h e  f i s -  
s i on  products from t h e  pr imary system t o  t he  containment and f i n a l l y  t o  t h e  
envi  ronment . 

I n  o rde r  t o  b e t t e r  e s t a b l i s h  t he  val idity and potential a p p l i c a t i o n s  o f  
source t e n  p r e d i c t i o n s  from these phenomenal o g i  cal model s, q u a n t i f i c a t i o n  o f  
the u n c e r t a i n t i e s  associated w i t h  t h e  STCP calculated source t e r n s  is essen- 
t i a l .  

An i n i t i a l  at tempt a t  q u a n t i f y i n g  the  u n c e r t a i n t i e s  i n  the  source term 
est imates  basfd upon t h e  BMI-2104' methodology was completed a t  Sandi a as p a r t  
o f  the  QUEST program. However, t h i s  s tudy was p r e l  im ina ry  and l imited i n  
scope. Comparable s tud ies  have a lso  been performed by t h e  Nuclear Industry as 
p a r t  y f  the I n d u s t r y  Degraded Core Rulemaking (IDCOR) program us ing t he  MAAP 
code . 

The o b j e c t i v e s  o f  the  QUASAR' ( Q u a n t i f i c a t i o n  and Uncer ta in t y  A n a l y s i s  o f  
Source Terms f o r  Severe Accidents in L i g h t  Water ~ e a c t T r s )  program are: (1) - 
t o  address the unce r ta j  n?i es as oci  ated w i t h  i n p u t  parameters and phenomeno- 
1 ogical models used i n  t h e  STCP,' and ( 2 )  t o  de f i ne  reasonable and t e c h n i c a l l y  
de fens ib le  parameter ranges and model I i ng assumptions f o r  t he  use i n  t h e  STCP. 

The u n c e r t a i n t i e s  i n  t h e  r a d i o l o g i c a l  re leases t o  t h e  environment can be 
de f i ned  as t h e  degree o f  c u r r e n t  knowledge associated w i t h  t h e  magnitude, t h e  
t i m i n g ,  durat ion ,  and o the r  p e r t i  nent  c h a r a c t e r j s t i c s  of t h e  re? ease fo l  1 owing 
a severe nuc lear  r e a c t o r  acc ident .  These u n c e r t a i n t i e s  can be q u a n t i f i e d  by 
probabi 1 i t y  d e n s i t y  f u n c t i o n s  (PDF)  us ing  t h e  Source Term Code package5 shown 
in F igu re  1 as t h e  phys ica l  model. An attempt w i l l  a l s o  be made t o  address 
t h e  phenomenological i ssues  no t  adequately modeled by t h e  STCP, us ing  more 
advanced, mechan is t i c  model s. 

*Work performed under the auspices o f  t h e  U .S. Nucl ear Regul a t o r y  Commission. 
V i  ens expressed are  no t  necessari  1 y those o f  t h e  Nuclear  Regu'l a t e r y  Commi ss-  
ion .  



Sequence D e s c r i p t i o n  

MARCH3 
 MARCH^ , CORCON MOD2, CORSOR-M) 

F i g u r e  1 Source Term Code Package (STCP). 



2. METHODOLOGY 

The p rev ious  source term u n c e r t a i n t y  s tud ies  2 r 3  have su f fe red  from a 
common c r i t i c i s m ,  i . e . ,  t h e  l a c k  o f  we l l -de f ined,  p r o b a b i l i s t i c a l l y  de fens ib le  
u n c e r t a i n t y  bounds on t h e  f i n a l  r e s u l t s .  

I t  4s use fu l  t o  r e v i e w  some of the complex i t ies  i nvo l ved  i n  source t e r n  
uncer ta in ty  a n a l y s i s  before going i n t o  d e t a i l  s o f  t h e  methodol ogy , 

First, the  STCP methodol ogy cons i s t s  o f  severa l  1 arge and complex compu- 
t e r  codes w i th  substan t  i a? computer cos t  requ i  rements. Therefore, t h e  uncer- 
t a i n t y  ana lys i s  method as app l i ed  t o  the STCP must be e f f i c i e n t  and c o s t  
ef fec t ive .  

Second, there  are  a l a r g e  number o f  i n p u t  and output  v a r i a b l e s  t o  t h e  
STCP. I t  i s  necessary t o  have a screening s t a g e  p r i o r  t o  the  ex tens ive  uncer- 
t a i n t y  analysis i n  order t o  reduce the number o f  i n p u t  v a r i a b l e s  t o  a more 
manageabl e I eve1 . 

Third, t h e  sca les  of i n p u t  v a r i a b l e s  a r e  d i f f e r e n t ,  i.e., l i n e a r  vs. 
l oga r i t hm ic .  

Fourth, there are 1 arge model i ng unce r ta i  n t  i es. Because the phenomena 
i n v o l v e d  i n  t h e  acc ident  sequences a r e  no t  w e l l  understood, and o f t e n  d i f f i -  
c u l t  t o  i d e n t i f y ,  var ious  approximations and assumptions a r e  o f t e n  used i n  t h e  
mathematical formul  a t  ions  t o  make the p rob l  em t r a c t a b l  e. 

F i f t h ,  the  source t e r n  c a l c u l a t i o n s  a r e  t ime, sequence, and p l a n t  s p e c i f -  
i c. 

A f u l l  scope u n c e r t a i n t y  ana lys i s  requi res:  (1) t h e  screening stage, ( 2 )  
the  u n c e r t a i n t y  propagat ion stage, (3)  t h e  s e n s i t i v i t y  a n a l y s i s  stage, and ( 4 )  
t h e  importance ana lys i s  stage.  

2.1 Screeni na Anal v s i  s 

The screening stage  i s  necessary t o  reduce the  number o f  i n p u t  v a r i a b l e s  
t o  a manageable 1 eve1 . 

The general problem addressed by screening i s  one t h a t  i s  b a s j c  t o  t h e  
analysis o f  most 1 arge and complex computer codes. One i s  faced w i t h  s o l v i n g  
a 1 arge system o f  equat ions requ i  p i  ng a v a s t  amount o f  i n p u t  da ta  whose impor- 
tance t o  the  cal cul ated resu l  t s  are no t  o f t e n  q u a n t i t a t i v e l y  understood. 
Screening i s  t hus  designed to d e t e m i  ne which da ta  elements a r e  impor tan t  f o r  
a g iven calculated r e s u l t .  T h i s  w i l l  reduce t h e  number o f  model parameters 
f o r  which an e x t e n s i v e  u n c e r t a i n t y  ana lys i s  i s  needed. 

Far the mathematical  model s i ncorpora ted  i n t o  t h e  STCP, p a t e n t i  a1 1y 
impor tan t  i nput  parameters  are  i d e n t i f i e d  us i  ng t w o  d i  fTeren t  methods, 

The f i r s t  method i s  based on one-at-a-t ime v a r i a t i o n  o f  s i g n i f i c a n t  i n p u t  
parameters u s i n g  t h e  engineer ing i n s i g h t s  gained from t h e  e x i s t i n g  source term 





studies,  the  QUEST resu l  t s  and experimental  observat ions.  Each i n p u t  i s  va r -  
i e d  assuming a13 o f  t h e  o the rs  remain a t  t h e i r  re fe rence values. 

I n  the second approach, a1 1 of the i n p u t  parameters (w i t h  t h e  except ion 
o f  propagated v a r i  abl es, c o n t r o l  v a r i a b l e s  and design re1 ated v a r i  ab l  es )  a re  
v a r i e d  s imul taneously us ing  a s t  r a t  i f i ed sarnpl i n g  technique, Th is  approach 
provides a d d i t i o n a l  i n s i g h t s  as to the impact o f  cova r i  a t i  ons and i nterdepen- 
dencies among the inputs.  

Fo l l ow ing  t h e  ex tens ive  s e n s i t i v i t y  c a l c u l a t i o n s ,  the  mast i n f l u e n t i a l  
i n p u t  parameters are  i d e n t i f i e d  f o r  use i n  t h e  next  s tage o f  t h e  study. 

2.2 Uncer ta in t y  Ana lys is  

The u n c e r t a i n t y  a n a l y s i s  o f  t h e  source term es t ima t ion  begins w i t h  the 
i d e n t i f  i c a t i a n  o f  poss ib l  e sources o f  u n c e r t a i n t i e s  i n  the  STCP. The i d e n t i  - 
f i e d  u n c e r t a i n t i e s  cou ld  be c l a s s i f i e d  by t h e i r  sources or types from the  
a u a n t i f i c a t i o n  Drocess. Those i d e n t i f i e d  and/or c l a s s i f i e d  u n c e r t a i n t i e s  are 
then  exp] i c i  t l y '  q u a n t i f i e d  w i t h  t h e  proper measure o f  unce r ta in t y .  The PDF 
rep resen ta t i on  of u n c e r t a i n t y  i s  t h e  most extensive1 y used measure o f  uncer- 
t a i  nty. The propagat ion  o f -  these q u a n t i f i e d  u n c e r t i i  n t i  es through phys ica l  
and/or l o g i c a l  models i s  the f i n a l  s tep in t h e  u n c e r t a i n t y  ana lys is .  The 
f i n a l  outcomes o f  the u n c e r t a i n t y  ana lys i s  are, t he re fo re ,  the  POFs o f  source 
t e r n s .  From t h e  PDFs, corresponding s t a t i s t i c a l  parameters can be cal cul ated .  

a. I d e n t i f i c a t i o n  and C l a s s i f i c a t i o n  o f  U n c e r t a i n t i e s  

I d e n t i f i c a t i o n  and c l a s s i f i c a t i o n  o f  u n c e r t a j n t i e s  I n  the  p r e d i c t i o n  of 
r a d i  01 o g i  cal re1 eases t o  t h e  envi  ronment e n t a i  1  a d e t a i l e d  exami n a t  i on o f  t h e  
var ious  models and t h e i r  associated computer codes i n  t h e  STCP. I n  general,  
u n c e r t a i n t i e s  i n  r a d i o l o g i c a l  source t e m s  t o  the environment can be cl ass i -  
f i e d  according t o :  

& ' I n p u t  parameter unce r ta in t y .  
Model ing o p t i o n  u n c e r t a i n t y .  

. Unmodel ed phenomenol og i  c a l  unce r ta i  n t i  es. 

The t r e a t m e n t  o f  t h e  f i r s t  two c lasses  o f  u n c e r t a i n t i e s  is n e a r l y  i d e n t i -  
c a l  i n  t h a t  t h e  parametr ic  and model o p t i o n  s e l e c t i o n  process can be based on 
t w o  sources o f  unce r ta i  n t i e s ;  namely, (1) i n s u f f i c i e n t  know7 edge, and ( 2 )  
phys ica l  v a r i a b i l  i t y .  

On t h e  o the r  hand, t h e  t r ea tmen t  o f  u n c e r t a i n t i e s  due t o  unmodeled o r  
poorly modeled physical phenomena i n  t h e  STCP e n t a i l s  development o f  a l t e r n a -  
ti ve physical model s o r  us ing  an a1 t e r n a t e  model /computer code which addresses 
the phenomenol ogi  cal i ssue o f  i n t e r e s t .  However, t h e  model i ng unce r ta i  nt i es 
are  t r e a t e d  i n  t h e  same manner as t h e  parameter  u n c e r t a i n t i e s ;  s i nce  d i f f e r e n t  
models a r e  governed by d i f f e r e n t  s e t s  o f  i npu t  parameters. 

Hav ing i d e n t i f i e d  and c l a s s i f i e d  these u n c e r t a i n t i e s ,  one can then pro-  
ceed w i t h  t h e  q u a n t i f i c a t i o n  process. Each i n d i v i d u a l  computer code i n  t h e  
STCP must be thorough ly  exarni ned t o  i d e n t i f y  t h e  impor tan t  sources o f  uncer- 



t a i  n t i  es w i t h  regard t o  phenomenol ogi  cal  models and parametr ic  v a r i  a t ions .  

Q u a n t i f j c a t i o n  o f  U n c e r t a i n t i e s  

' The measure of u n c e r t a i n t y  i s  t he  probab i l  ity dens i t y  func t ion .  The PDF 
represents t h e  degree o f  be1 i e f ,  o r  the frequency o f  occurrence depending on 
t h e  sources o f  u n c e r t a i n t i e s .  

The q u a n t i f i c a t i o n  process i n  QUASAR w i  11 use t h e  avai  I abl e exper imen ta l  
da ta  base t o  es tab l  i s h  reasonable upper and lower bound es t ima tes  f o r  the v a r -  
ious i n p u t  parameters t o  t h e  STCP us ing  ex tens ive  exper t  review. I n  t h e  
absence o f  su f  f i c i  en t  experimental  data, fundamental physi cal p r i n c i p a l  z 
t oge the r  w i t h  expert opin ions w i l l  be u t i l i z e d .  A PDF can now be assigned 
accardi  ng t o  the  es tab l  i shed ranges. 

The assignment o f  PDFs can be j u s t i f i e d  prov ided s u f f i c i e n t  da ta  e x i s t s .  
I n  the absence o f  such j u s t i f i c a t i o n ,  un i fo rm o r  l o g u n i f o m  (depending on t h e  
parameter range) d i s t r i b u t i o n s  w i  11 be  u t  i? i zed. 

It i s  recognized t ha t  t h e  cho i ce  o f  PDF functional  t ype  may be impor tan t  
i n  t h e  o v e r a l l  u n c e r t a i n t y  es t imat ion ;  therefore,  a p o s t  unce r ta i  n t y  sensi t i v-  
i t y  study i s  planned i n  order  t o  address any d i s t r i b u t i o n a l  dependency. 

c. Pro~aaation of U n c e r t a i n t i e s  

The u n c e r t a i n t i e s  o f  each i n p u t  v a r i a b l e  and paramete r  q u a n t i f i e d  i n  t he  
previous s t e p  are  propagated through models u t i l i z e d  by t he  computer codes. 

Monte Carlo techniques appear t o  o f f e r  e f f e c t i v e .  ways t o  propagate d i s -  
t r i  b u t i  ons through e i t h e r  phys ica l  o r  1 ogi  c a l  model s prov ided  t h e  simul a t i  on 
cos t s  do no t  become excess ive.  L a t i n  Hypercube Sampl i n g  (LHS) r a t h e r  t han  
random sampl i n g  can be used as a possibl e way t o  improve t h e  e f f i c i e n c y  o f  
such propagat i on. 

L a t i n  Hypercube Sampling (LHS), a s t r a t i f i e d  sampling t echn iques6  has 
r e c e n t l y  been used i n  t h e  u n c e r t a i n t y  and s e n s i t i v i t y  analyses o f  var ious  corn- 
p u t e r  model s .7 $ 8  

LHS opera tes  i n  t he  f o l l o w i n g  manner t o  generate a sample o f  s i z e  n from 
t h e  k i n p u t  v a r i a b l e s  X,.,., Xk: 

I. The range o f  each v a r i a b l e  i s  d i v i d e d  i n t o  n nonover l  apping i n t e r v a l  s 
o f  equal probabi 1 i ty. 

2, One value f rom each i n t e r v a l  i s  se lec ted  a t  random w i t h  respect t o  
the probab i l  i t y  d e n s i t y  i n  t h e  i n t e r v a l .  

3. The n values thus obta ined f o r  X ,  a r e  p a i r e d  i n  a random manner 
( i .e . ,  equa l l y  l i k e l y  combinat ions) w i t h  t h e  n values of X,. These n 
p a i r s  a r e  combined i n  a random manner w i t h  the  n values o f  X 3  t o  form 
n  t r i p l e t s ,  and so on, u n t i l  a s e t  of n k - tup les  i s  formed. 



4. I f  c e r t a i n  i n p u t s  a re  cor re la ted ,  s t e p  3 i s  mod i f i ed  t o  account fo r  
t hese  cond i t ions .  

I t  i s  convenient  t o  t h i n k  of t h e  LHS as fo rming  a nxk m a t r i x  o f  i n p u t s  
where the i t h  row con ta ins  s p e c i f i c  values o f  each o f  t h e  k i n p u t  v a r i a b l e s  
t o  be used on t h e  i t h  run  o f  the  computer model. Likewise, the  j t h  column 
o f  the nxk i n p u t  m a t r i x  c o n t a i n s  t he  complete  s t r a t i f i e d  sample f o r  t h e  jth 
i n p u t  va r i ab le ,  t h a t  i s :  

Dur ing  the  process o f  c o n s t r u c t i n g  the  nxk i n p u t  ma t r i x ,  the dependenci e i  
between i n p u t  va r i ab les  would be carefully examined, t h e r e  a r e  two ways t o  
t r e a t  the dependencies depending on t h e  a v a i  1 a b l  e i n f o r m a t i o n  i n  t h e  LHS, 15 
t h e  a v a i l a b l e  i n f o r m a t i o n  i s  g iven as a c o r r e l a t i o n  ( i n  te rms  o f  r a n k )  s t ruc -  
t u r e  among the  i n p u t  var iab les ,  i t  i s  poss ib le  t o  include t h e  des i red  depen- 
dency dlrect ly  f rom t h e  LHS77 computer code. Such la method i s  based on t h e  
r e s t r i c t e d  pa i  r i n g  technique o f  Iman and Connover. The r e s t r i c t e d  pa i  r i  ng 
technique f o r  induc ing  a desired rank c o r r e l a t i o n  m a t r i x  on a m u l t i v a r i a t e  
i n p u t  random v a r i a b l e  f o r  use i n  a s imu la t i on  study is s i m p l e  t o  use, it i s  
d i s t r i b u t i o n  f r e e ,  i t  preserves t h e  exac t  form o f  t h e  marginal  d i s t r i b u t i o n s  
on t he  i npu ts ,  and may be  used w i t h  any t ype  o f  sampl i i g  sche~ne f o r  which cor-  
re1 a t i o n  o f  i n p u t  v a r i a b l e s  i s  a meaningful concept. 

The choice o f  t h e  sample size n depends on a number o f  cons idera t ions  b u t  
w i l l  be dominated by the cos t  o f  mak ing a s i n g l e  computer run and t h e  number 
o f  i n p u t  v a r i a b l e s  k .  Though i t  i s  no t  t n  absolute ru le ,  i t  i s  suggested 
t h a t  n  be g r e a t e r  than o r  equal  t o  (4/3)k. I f  the  model i s  i nexpens ive  t o  
run, then n  could be l a r g e r  such as between 2k and 5k. If, on the  o the r  h a n d ,  
k i s  q u i t e  l a r g e  and t h e  model i s  expens ive  t o  run, as i s  t h e  case f o r  t h e  
STCP, then  i t may be necessary t o  choose n i n  a j u d i c i o u s  manner. 

2.3 S e n s i t i v i t y  and Impor tance Analysis 

FoF l ow ing  the complet ion o f  the  uncer ta in ty  a n a l y s i s  stage, a s izeab l  e 
number o f  STCP generated sampl es become a v a i l  abf  e which enabl es the use of a 
regression type technique, such as t h e  Response Surface Method (RSM) f o r  sen- 
s i t i v i t y  ana lys is .  I n  t h i s  stage, the s e n s i t i v i t y  of the  ou tpu t  PDFs t o  the  
i n p u t  PDFs a r e  es tab l i shed.  Furthermore, an impor tance rank ing  o f  the sens i -  
t i v e  i n p u t  paramet erslmodel s is a1 so perfomled. 

The r e s u l t i n g  PDFs f o r  t h e  rad ionuc l  i d e  re1 eases are  then used t o  ca lcu-  
1 a t e  corresponding s t  a t  i s t i  cal parameters such as t h e  mean, medi an, and upper 
and 1 ower pe rcen t i  1 es. 



3.  RESULTS 

The sequence o f  events  l e a d i n g  t o  a core m e l t  acc ident  and subsequent 
re1 ease of radionucl  i des  i s  n o t  addressed by QUASAR, however, given  an acci - 
dent sequence, QUASAR i s  aimed a t  p r o v i d i  rig t h e  uncertai n t i  es asseci ated wi th  
t he  rad io1  ogi  cal re?  eases t o  the  envi  ronment. 

T h e  present ana lys i s  uses t h e  STCP t o  determine t h e  most s e n s i t i v e  i n p u t  
parameters f o r  a TC-sequence i n  a BWR4IMARY I. 

In this sequence, f a i l u r e  t o  scram i s  accompanied by the  f a i l u r e  t o  
achieve e a r l y  power reduc t ion  as we1 1 as f a i l u r e  t o  achieve emergency depres- 
s u r i z a t i o n .  The pr imary cool ant  i n v e n t o r y  i s  ma in ta i  ned by the  combinat ion o f  
h i g h  pressure core  i n j e c t i o n  (HPCI) ,  ( R C I C ) ,  and t h e  control rod d r i v e  (CRD) 
coo lan t  systems, A s  the suppression pool heats up due t o  t h e  con t i nu ing  l a r g e  
steam input through the s a f e t y l r e l i e f  va lves  (SRVs), f a i l u r e  o f  the sa fe ty  
system cou ld  t a k e  p lace due t o  l o s s  o f  l u b r i c a t i o n  o i l  cool  ing, seal overhea t -  
ing,  etc.  I n  t h i s  analysis ,  HPCI i s  assumed t o  f a i l  a t  a suppression pool 
temperature o f  200°F, and t h e  R C I C  i s  assumed t o  fail a t  a containment pres-  
sure o f  25 p s i a ,  due t o  h igh  t u r b i n e  exhaust back pressure. The CRD system, 
which takes i t s  s u c t i o n  from t h e  condensate storage tank ,  would cont inue t o  
operate as l o n g  as t h e  water  i n  t h e  t ank  i s  ava i lab le .  

Extensive, one-at-a-t  ime s e n s i t i v i t y  cal cul a t  i o n s  have been performed, 
resu l  t s  o f  which a r e  being compared w i t h  d e t a i  1 led s e n s i t i v i t y  cal cu l  a t  ions 
based on t he  simultaneous v a r i a t i o n s  us ing  a s t r a t i  f ied sampl i n g  technique. 

Table 1 l i s t s  the  most s e n s i t i v e  i n p u t  parametersJvar iables t o  t h e  STCP 
us ing  t h e  one-at-a-time v a r i a t i o n  method. 

TABLE I 
Senmrlve Inm ParameterslVarrsbles ro the STeP Sor a TC-Sequence (ATWS) 

m a BWR wlth Mark 1 Conra~nmenr 

Ynole core melt f r a c t i o n  upon corr slum 
MASS o f  steel  t h a t  f a l l r  w i t h  the mlt I n t o  the 
b a t t m  heaa 
3r f r a c t i o n  I n  the centra l  core of debris p a r t i -  
ctes i n  the bot tom head 
Debris o a r t l c l e  s i r e  j n  the bottom head 
Fractlon of the IWer head stccl avd l  lable  f o r  
ex-vessel i n t e r a c t  lof l  
Brsar area o f  dryuell 
Ereat area of r e a c t o r  Dui l d ~ n  

phalcs and concrete 

fe-claddtng Inte-act ion threshold 

tr thickness 



These s e n s i t i v i t y  cal cul a t i  ons, t o g e t h e r  w i th  recommendations f a r  reason- 
a b l e  ranges and p r o b a b i l i t y  d e n s i t y  f u n c t i o n s  (PDFs), have been pu t  t o  an 
ex tens ive  exper t  r ev i ew  process. 

Based on t h e  comments rece ived  f r o m  t he  r e v i e w e r s ,  i n p u t  PDFs w i l l  be 
formul a ted  t o  p r o p a g a t e  u n c e r t a i n t i e s  through t h e  STCP. Work has a1 so s t a r t e d  
t o  i d e n t i f y  and q u a n t i f y  impor tan t  phenomenological u n c e r t a i  n t i  es. 
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