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SEVERE ACCIDENT SEQUENCE ASSESSMENT FOR BOILING WATER 
REACTORS - PROGRAM OVERVIEW 

M. H. Fontana 

I n t r o d u c t i o n  

The Severe Accident Sequence Assessment (SASA) Program was s t a r t e d  

a t  t h e  Oak Ridge Nat iona l  Laboratory (ORNL) i n  June 1980. Th is  r e p o r t  

documents t he  i n i t i a l  planning, s p e c i f i c a t i o n  o f  ob jec t i ves ,  p o t e n t i a l  .. 
uses of t he  resu l t s ,  p lan  o f  a t tack,  and p re l im ina ry  r e s u l t s .  

J 

ORNL was assigned the  Brown's F e r r y - U n i t  1  P lan t  w i t h  t he  s t a t i o n  

b lackout  being the  i n i t i a l  sequence se t  t o  be addressed. Th is  se t  i n -  

c ludes (1 )  l o s s  o f  o f f s i t e  and o n s i t e  AC power w i t h  no coo lan t  i n j e c t i o n ,  

and (2 )  l o s s  o f  o f f s i t e  and o n s i t e  AC power w i t h  h igh  pressure coo lan t  

i n j e c t i o n  (HPCI) and r e a c t o r  core i s o l a t i o n  coo l i ng  (RCIC) as long  as DC 

power supply 1  asts.  This  r e p o r t  inc ludes  representa t i ve  p r e l i m i n a r y  re -  

s u l t s  f o r  t he  former case. 

Overa l l  Goal and Key Object ives 

The o v e r a l l  goal o f  the  SASA Program i s  t o  s i g n i f i c a n t l y  increase 

the  ac tua l  and perceived s a f e t y  o f  l i g h t  water reac tors  (LWRs) by f u l -  

f i l l i n g  t he  f o l l o w i n g  key ob jec t i ves :  

(1  ) I d e n t i f y i n g  dominating reac to r  acc idents t h a t  
cou ld  i n v o l v e  severe core damage and/or pose 
a  t h r e a t  t o  f i s s i o n  product  i s o l a t i o n  from 
the  environment; 

( 2 )  Determining, us ing bes t  e f f o r t  analys is ,  the  
behavior of reac tors  dur ing  the  course of 
these accidents; 



(3 )  I d e n t i f y i n g  p o t e n t i a l  c o r r e c t i v e  act ions,  
assessing the e f fec ts  o f  such act ions,  
.and recommending those ac t ions  t h a t  appear 
t o  b e . j u s t i f i e d ;  

( 4 )  Es tab l ish ing  f e a s i b i l i t y  and c r i t e r i a  . f o r  
fundamental improvements. i n  p l a n t  design 
and operat ion; and 

(5) Making in fo rmat ion  avai lab1 e  f o r  implementa- 
t i o n  by i n t e r a c t i n g  w i t h  NRC, u t i l i t i e s ,  and 
NSSS suppl i e r s .  

Although the l e v e l  o f  nuclear reac tor  sa fe ty  i s  deemed t o  be accepta- 

b l e  by a  l a r g e  f r a c t i o n  o f  the technical  community, t h i s  conclus ion i s  no t  

unanimous. Also, the p u b l i c  has been drawn i n t o  the  controversy through 

re ferend i  and i t s  percept ion o f  sa fe ty  may prove t o  be the ove r r i d ing  

f a c t o r  a f f e c t i n g  the  f u t u r e  v i a b i l i t y  o f  nuclear  power. Therefore, the 

o v e r a l l  goal inc ludes the  improvement o f  t h i s  percept ion as we l l  as actual  

improvement i n  safety. 

The absolute l e v e l  o f  sa fe t y  i s  very d i f f i c u l t  t o  quant i fy ;  o f t e n  i t  

i s  presented as the sum o f  products o f  the  p r o b a b i l i t y  o f  occurrence of each 

known event and i t s  computed consequences. When the p r o b a b i l i t i e s  a re  very 

low and the  consequences very high, the r e s u l t i n g  products are h i g h l y  

quest ionable f o r  use as q u a n t i t a t i v e  i nd i ca to rs .  However, the marginal o r  

incremental improvement resu l  t i n g  from 'a design change, change i n  operat ion 

o r  an improvement i n  quan t i f y i ng  the  consequence c a l c u l a t i o n  can be more 

r e a d i l y  perceived and defended. 

I n  the SASA Program, dominating reac tor  accidents w i l l  be i d e n t i f i e d .  

Complete p r o b a b i l i s t i c  f a u l t  t r e e  analyses o f  i n i t i a t i n g  events would no t  

be done; ra the r ,  the  many poss ib le  f a u l t  t r ees  would be col lapsed i n t o  a 

small number o f  representa t ive  events t h a t  could lead t o  s i g n i f i c a n t  core 

damage and r i s k  t o  the environment. 

The behavior o f  reac tors  under the prescr ibed accident  cond i t ions  

would be est imated using best est imate, as opposed t o  conservat ive, 

models. However, we would t r y  t o  avoid computation i n  exc ruc ia t i ng  d e t a i l  



o f  each and every aspect of the reac to r  response. Emphasis would be on 

use o f  approximate models i n  an o v e r a l l  systems overview code; s p e c i f i c  

approximate models would be checked against  i n  depth ca l cu la t i ons  us ing 

e x i s t i n g  more complex codes, where appropr iate.  The models would be 

upgraded as increasing l e v e l s  o f  comprehension were a t ta ined.  

The above ana lys is  would i d e n t i f y  t he  progression o f  cond i t ions ,  o r  

s ta tes  o f  t he  reac to r  and the  t ime requ i red  t o  a t t a i n  p rogress ive ly  worse 
I 

s ta tes.  Various modes of a r r e s t i n g  the  d e t e r i o r a t i o n  o f  the p l a n t  condi- 

t i o n s  would be i d e n t i f i e d  along w i t h  the  poss ib le  s ide e f fec ts  o f  such 

amel io ra t ive  act ion.  A f t e r  s u f f i c i e n t  review, i nc lud ing  informal assess- 

ments by the  manufacturer, the  arch i tec t -eng ineer  and the u t i l i t y ,  ac t ions  

t h a t  appeared t o  be j u s t i f i e d  would be recommended fo r  formal comments 

and implementation. 

A f te r  t he  aforementioned ana lys is  of e x i s t i n g  p l a n t s  was we l l  under 

way, fundamental improvements i n  p l a n t  design and operat ion could be con- 

ceptua l ized and assessed. Among these would be methods o f  assuring decay 

heat removal from containment and from the core i n  the  absence o f  e l e c t r i c a l  

power, i nhe ren t l y  safe shutdown systems, key parameter d i sp lay  systems, 

on- l ine  d iagnost ic  systems, and on - l i ne  systems t h a t  p r e d i c t  the  conse- 

quences of contemplated operator  ac t ion .  F e a s i b i l i t y  o f  these ideas would 

be assessed; complete development l i e s  ou ts ide  the scope and resource o f  

t h i s  program. 

F i n a l l y ,  in fo rmat ion  would be made a v a i l a b l e  t o  NRC, u t i l i t i e s ,  AE's 

and NSSS vendors by means o f  repor ts ,  b r i e f i ng ,  research in fo rmat ion  

1  e t t e r s  and r u l  ema k i  ng hearings. 

Constituency 

The SASA Program r e s u l t s  should be usefu l  t o  the Nuclear Regulatory 

Commission D i v i s i o n  o f  Reactor Safety Research (NRC-RSR), NRC O f f i c e  o f  

Regulat ion (REG), u t i l  i t i e s  and Nuclear Steam Supply Systems (NSSS) ven- 

dors. 



NRC-RSR should find the output useful for  developing the informa- 
tion base, developed outside of the regulatory process and i t s  attendant 
day t o  day pressures, for  understanding severe accidents; for  guiding 
future R&D, keyed into long term needs identified by the overview; and 
for  guiding advanced designs by assessing feas ib i l i ty  and establishing 
c r i t e r i a  for primary concepts that  can be further developed under the 
auspices of other agencies i f  necessary. 

NRC-REG should find the information useful for  rul emaki ng hearings, 
such as degraded core analysis requirements; and for  g u i d i n g  NRC emergen- 
cy response centers, u t i l i t i e s ,  and governments in evaluating options for  
managing severe accidents. The l a t t e r  use was starkly i l lus t ra ted  during 
the TMI accident where the option of public evacuation was being con- 
sidered without a firm basis of knowledge of what the reactor was l ikely 
to do as time progressed. 

Ut i l i t i es  should find the program useful for  aiding development of 
' emergency operating procedures, which generally are now rudimentary for  
severe accidents. The results should a1 so aid u t i l  i t i e s  in specifying 
more accident-resi s tant  plants, where jus t i f i ed ,  and for  training operators 
to  recognize and respond to a wider spectrum of accidents and off-design 
conditions than i s  now the case. 

Finally, vendors and architect-engineers (A-E's) should find the 
results useful for  evolving plant improvements, guiding plant backfi t s  
and fo r  g u i d i n g  advanced designs. 

Specific Objectives 

The specific objectives through which the stated goals and specific 
objectives would be attained are : 

(1 ) Identify and assess accident in i t i a to r s  
w i t h  respect to  the i r  probability of 
occurrence and thei r potential for  causing 
significant damage, and identify key 
sequences for  further in-depth analysis. 



Given the important sequences, analyze the 
sequences with respect to  ( a )  phenomena, i n -  
cluding driving forces and fission product 
behavior; ( b )  timing of key events; ( c )  plant 
dynamic responses during these event sequences; 
(d) systems interactions throughout the accident 
sequences; (e )  equipment performance, such as 
partial  operation and rundown time of bat ter ies ,  
etc.  ; and ( f )  operator performance, i ncl udi ng 
estimates of r ea l i s t i c  expectations. 

Identify corrective action keyed to time windows 
established by the foregoing sequence analysis, 
identify requi rements for  implementation, and 
assess side effects .  Such corrective action 
would i ncl ude ( a )  equipment repairs ; ( b )  operator 
action; ( c )  use of of fs i te  special purpose equip- 
ment, such as backup el ectr i  cal generators, f l  ood- 
ing systems, chemical cleanup systems, e tc . ;  and 
( d )  pub1 i c  evacuation, based on a t  leas t  a rea- 
sonable knowledge of the possible sequence of 
events to  be encountered. 

( 4 )  Identify safe stable s ta tes  and how they may be 
attained. By safe stable s ta tes ,  we mean condi- 
t ions where the progressive deterioration of 
events can be arrested, preferably those condi- 
tions would be those ttfat are relatively indepen- 
dent of various paths by which they may be reached. 
Perhaps, such stable s ta tes  would be ( a )  core debris 
in s i t u ,  above the core support structure; (b) core 
debris on the lower head, with further penetration 
inhibited by internal and external flooding; 
( c )  core debris in the bottom of the drywell, with 
provisions for permanent cooling; and so on. 

(5 )  Identify inherent retention phenomena. Accident 
analyses in the past have usually assumed conserva- 
t ive  behavior of fission product release and transport. 
Measurements a t  Three Mile Island (TMI), Unit 2 ,  ( re-  
ported in Volume I1 of the Reports of the Technical 
Assessment Task Force to the President's Commission on 
the Accident a t  Three Mile Island) indicate the part i -  
tion coefficient of iodine as tha t  i s ,  the con- 
centration of iodine in the gas phase in the reactor 
containment building potentially available for  atmo- 
spheric dispersal was of the concentration in the 
liquid phase. Subsequent chemical analyses showed the 



existence of s i lver  iodide in the sump water; 
the s i lver  in the control rods (dispersed upon 
fa i lure)  and t ied up  iodine in an insoluble 
form. Searches should be made for  such 
inherent retention phenomena because of the 
extremely large factors of reduction of 
potentially releasable radioactive materials 
that  could be found. 

(6) Establish feas ib i l i ty  of and c r i t e r i a  for 
improvements in ( a )  plant design, ( b )  instru- 
mentation, ( c )  information di splays and opera- 
t i  on performance, and ( d )  emergency planning. 
Perhaps plants could be designed to be inde- 
pendent of e lectr ical  power to effect  decay 
heat removal or they could be designed to have 
slow response, thereby a1 1 owing greater time 
for  corrective action that  may be needed 
eventually. Instrumentation should be able to 
track accident conditions as well as normal 
operating conditions and should be displayed 
in such a way that  those responsible for  man- 
aging the accident have information as accurate 
as possible about the condition of the plant 
a t  a l l  times. TMI-2 was very instructive i n  
t h i s  area. The in-core thermocouples (which 
were there for startup -and fuel management 
purposes) were essential for estimating the 
condition of the core, b u t  were displayed in 
such a way that  they merely read off-scale on 
the readouts immediately available to  the 
operator. Also, the radiation levels in the 
containment building went off scale, making 
i t  very d i f f i cu l t  to determine the conditions 
w i t h i n .  

Emergency planning obviously needs to be im- 
proved. As mentioned previously, th i s  program 
would provide estimates of the potential plant 
conditions as a function of time. Although we 
do not envision developing emergency evacuation 
plans, such information would provide a founda- 
tion upon which such contingency plans could be 
formul ated. 



I d e n t i f y  research and development needs. Too 
much o f  the  sa fe ty  research and development 
i n  the  past  has been i n  response t o  almost 
random "what if" types of questions, usua l l y  
a r i s i n g  from the  heat of l i c e n s i n g  procedures. 
Among the  r e s u l t s  has been a d ispropor t ionate  
e f fo r t  on the large-break loss-o f -coo lan t -  
acc ident  (LOCA) and i n s u f f i c i e n t  e f f o r t  on 
p r a c t i c a l  l y  everyth ing e l  se. A1 though t h i  s 
has been known t o  most workers i n  the f i e l d  
f o r  many years, the TMI acc ident  made t h i s  
u n i v e r s a l l y  apparent. I n  t h i s  program we 
hope t o  f i r s t  t h i n k  through accident  sequences 
o f  major importance, i d e n t i f y  areas where more 
in fo rmat ion  i s  required, then i d e n t i f y  R&D, 
keyed i n t o  the needs exh ib i t ed  by the accident  
sequence analys is .  

(8) I n t e r a c t  w i t h  NRCy u t i l  i t i e s ,  a r c h i t e c t  
engineers, and vendors. Obviously, the  program 
would be o f  l i t t l e  value i f  i t  d i d  n o t  
i n f l uence  subsequent events. As mentioned 
prev iously ,  a const i tuency f o r  t h i  s program 
ex is ts ,  a1 though i t  may n o t  be u n i v e r s a l l y  
recognized. Most i n t e r a c t i o n s  would be w i t h  
NRC-RSR i n  the form o f  t o p i c a l  repor ts ,  pro- 
gress repo r t s  and program reviews. Contact 
w i t h  NRC-REG would be by the aforementioned 
repor ts ,  research in fo rmat ion  l e t t e r s ,  and 
meetings which would be s e t  up, presumably, by 
NRC-RSR. Contact w i t h  TVA has been assured 
by an agreement a t  key h igh  l eve l s ,  by 
i d e n t i f i c a t i o n  o f  persons responsib le f o r  
coord inat ion,  exchange o f  in format ion,  and 
p a r t i c i p a t i o n  i n  regu la r  meetings. The TVA 
i n t e r a c t i o n  ar ises  because o f  the assignment 
o f  Brown's Ferry Uni t -1 as the f i r s t  reference 
p l a n t  t o  be assessed by the  ORNL Program. 
Meetings w i t h  the General E l e c t r i c  Company 
are  now being se t  up. We emphasize t h a t  
these i n t e r a c t i o n s  e x i s t  i n  the i n t e r e s t  o f  
ob ta in ing  accurate in fo rmat ion  and w i l l  no t  
a f f e c t  the  independence o f  the program i n  
any way. I n te rac t i ons  w i t h  o ther  u t i l i t i e s ,  
A-E and vendors have no t  been defined, o ther  
than by d i s t r i b u t i o n  o f  repo r t s  and by p a r t i -  
c i p a t i o n  i n  meetings such as the NRC-RSR L i g h t  
Water Reactor Safety Research In fo rmat ion  
Meetings. 
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The Accident Sequence Time-Line Chart 

As an i n i t i a l  at tempt a t  severe acc ident  sequence assessment, ORNL 

has s t a r t e d  t o  analyze the  TVA Brown's Ferry  U n i t  1 Boi 1 i n g  Water Reactor. 

The f i r s t  sequence attempted i s  the  l o s s  o f  o f f s i t e  and o n s i t e  AC power. 

ORNL has devised a Sequence Progression Time-Line Chart t o  a s s i s t  i n  

t r a c k i n g  the  acc ident  progression i n  time, i d e n t i f y i n g  important  events, 

i d e n t i f y i n g  important  phenomena, ma in ta in ing  awareness o f  concurrent  

events, and i d e n t i f y i n g  p o t e n t i a l  c o r r e c t i v e  ac t ion .  

The basic  elements o f  these char ts  a re  shown i n  Figures 1 and 2 .  

Figure 1 shows a way o f  d i sp lay ing  events t h a t  progress i n  t ime, those 

fac to rs  t h a t  a f f e c t  the  event and v i c e  versa. Time increases from l e f t  t o  

r i g h t .  The l i nkage  t o  a p r i o r  event t h a t  t r i g g e r s  equipment a c t i o n  i s  

shown labe led  as (1 ) .  The i n d i c a t o r  o f  whether o r  n o t  the equipment 

operates as intended i s  shown by a diamond ( 2 ) ;  t he  e x i t  l i n e  from the 

diamond i s  shown; genera l l y  i f  the  equipment operates as desired, the  e x i t  

i s  upward, if not, downward. The f a c t o r s  t h a t  a f f e c t  i n o p e r a b i l i  t y  o f  

the  p iece  of equipment i n  quest ion are  shown as a f a u l t  t r e e  ( 3 ) ;  s ince 

these events progress throughout the acc ident  the f a u l t  t r e e  should show 

i n t e r a c t i v e  e f f e c t s  o f  phenomena encountered dur ing  the  acc ident  i n  

a d d i t i o n  t o  normal f a u l t  t r e e  ana lys is .  

The e f f e c t  o f  t he  maloperat ion r e s u l t s  i n  a parameter change o r  

damage o f  some s o r t  t h a t  i s  shown as a damage func t i on  which increases 

w i t h  t ime (4 ) ;  genera l l y  increases i n  t he  undesi rable d i r e c t i o n  i s  p l o t t e d  

downward. I f  an inst rument  e x i s t s  f o r  sensing the  parameters being 

p l o t t e d ,  the  p o i n t  a t  which i t  d e l i v e r s  an alarm o r  o the r  important  i nd i ca -  

t i o n  i s  shown by the  half-shaded b a l l  ( 5 ) .  The p o i n t  a t  which i r r e v e r s i b l e  

damage occurs i s  shown as t r i a n g l e  ( 6 ) .  The i n d i c a t o r  f o r  c o r r e c t i v e  

ac t i on  i s  shown as a b a l l  ( 7 ) .  The events t h a t  must occur t o  e f f e c t  such 

co r rec t i ve  a c t i o n a r e  shown i n  t he  s t r i n g  (8 )  showing recogn i t i on  t ime, 

operator  a c t i o n  t ime, equipment response t ime and system response time. 

Also the  ac t ions  t h a t  must occur t o  implement the c o r r e c t i v e  ac t i ons  are 

shown as an event f a u l t  t r e e  (9 ) .  The e x i t s  t o  con t i nua t i on  o f  t he  



t ime-1 i n e  c h a r t  would take r o u t e  (10)  i f  the  damage , i s  a r res ted  be fo re  

i r r e v e r s i b l e  damage occurs and r o u t e  (1  1  ) i f  no t .  

Phenomenological e f f e c t s  t h a t  a re  t ime independent o r  so f a s t  as t o  

be e s s e n t i a l l y  ins tantaneous i n  t he  t ime sca le  of the  c h a r t  a re  shown 

as i n  F igure 2. The example o f  a  steam exp los ion  i n  t h e  p r imary  vessel 

i s  used f o r  i l l u s t r a t i o n .  The e n t r y  f rom t h e  p rev ious  events i s  shown 

by t h e  t r i a n g l e  connector (12) .  The s e v e r i t y  o f  t he  event  (13)  i s  p l o t t e d  

t o  the  r i g h t .  For example, t he  pressure pu lse  due t o  a  steam exp los ion  

when h o t  core deb r i s  f a l l s  i n t o  water  can have a  range o f  ma,gnitude 

(depending on t o o  many f a c t o r s  t o  enumerate here) ,  t h e r e f o r e  a  method o f  

showing t h e  p o s s i b l e  range o f  magnitudes i s  necessary. The sideways 

t r i a n g l e  (14)  i n d i c a t e s  t h e  magnitude o f  t h e  pu lse  a t  which the  vessel 

( o r  assoc ia ted appurtenances) would f a i  1. I f  the  pressure pu l  se i s  more 

than t h i s  f a i l u r e  t h resho ld  t he  e x i t  l i n e  t o  the  event  sequence p rogress ing  

from vessel f a i l u r e  i s  shown as i n  (15) .  I f  the  pressure pu l se  i s  l e s s  

than  t h a t  r e q u i r e d  t o  f a i l  t h e  vessel , t h e  e x i t  1  i n e  t o  t he  n e x t  phenomena 

t h a t  must be addressed i s  shown as (16) .  I n  t h i s  case, the  subsequent 

phenomena t h a t  must be d e a l t  w i t h  i s  t he  l i q u i d  s l u g  t h a t  cou ld  be 

acce le ra ted  by the  steam exp los ion  and cause f a i l u r e  by impact ing the  t op  

head. The magnitude o f  t he  force impact ing t he  t o p  head i s  shown as (17) ;  

t h i s  depends on many t h i n g s  such as v o i d  f r a c t i o n ,  s team- l iqu id  f l o w  

coherency; and energy absorbing c h a r a c t e r i s t i c s  of the  upper i n t e r n a l  

s t r uc tu res .  Again t h e  magnitude a t  which vessel f a i l u r e  would occur  i s  

shown by t h e  sideways t r i a n g l e  (18) .  The e x i t  l i n e s  t o  subsequent pro-  

gress ion paths w i t h  and w i t h o u t  vessel f a i l u r e  a r e  shown as p r e v i o u s l y  

discussed. 

The c h a r t  developed f o r  the  s t a t i o n  b l ackou t  w i t h o u t  coo lan t  i n j e c -  

t i o n  f o r  Brown's Fer ry  i s  shown i n  F igure  3. Numerical da ta  was ob ta ined  

from re fe rence  ( 1 ) .  Th is  i s  ou r  f i r s t  a t tempt  a t  us i ng  t h i s  method. I t  

does n o t  i n c l u d e  a1 1  t h e  poss ib l e  paths, no r  does i t  i n c l u d e  i tems (3 ) ,  

( 3 ) ,  o r  (9 )  f rom Figure 1. For p e r t i n e n t  f ea tu res  o f  Brown's Ferry- type 

BWRs, t h e  reader  i s  r e f e r r e d  t o  the  f i g u r e s  i n  Appendix B. 



Given an understanding o f  the basic  elements i l l u s t r a t e d  i n  Figures 1 

and 2 ,  t he  c h a r t  i s  se l f -explanatory.  The event s t a r t s  a t  t ime t = 0 

w i t h  l o s s  of a l l  AC power which causes f u l l  load  r e j e c t i o n  and f a s t  c losure  

o f  the  t u r b i n e  con t ro l  valves. The t ime requ i red  t o  c lose  the t u r b i n e  

stop valves i s  shown i n  t he  f i r s t  "phenomena" p l o t .  Concurrent ly,  a t  

t = 0 t he  r e c i r c u l a t i o n  pumps and condensor c i r c u l a t i n g  water pumps t r i p  

o f f .  The reac to r  pressure i s  p l o t t e d ,  w i t h  inc reas ing  (undesi rable)  pres- 

sure being p l o t t e d  downward from the  basel ine.  The opening and c l o s i n g  

o f  the sa fe t y  r e l i e f  valves (SR/V) a re  shown. The f i r s t  do t ted  l i n e  

i nd i ca tes  the s igna l  f ed  t o  the diamond which i n d i c a t e s  subsequent opera- 

t i o n  by a downward v e r t i c a l  l i n e .  Not ice  t h a t  SR/V  r e l i e f  i s  t o  the  

suppression pool,  the  temperature o f  which i s  p l o t t e d  s t a r t i n g  a t  the 

t ime o f  i n i t i a l  SR/V opening. 

Not ice tha t ,  i n  a d d i t i o n  t o  r e a c t o r  pressure, the f o l l o w i n g  t ime depen- 

dent phenomena are p lo t t ed ;  reac to r  power, main steam i s o l a t i o n  va lve 

(MSIV) opening, core water l e v e l ,  feedwater t u r b i n e  f low,  suppression pool 

temperature, suppression pool pressure, core heatup, hydrogen generat ion, 

a  r e l a t i v e l y  undefined core damage f u n c t i o n  which f l a g s  var ious ex ten ts  

o f  z i rconium o x i d a t i o n  and core me1 t i n g ,  drywel l  pressure, core penetra- 

t i o n  through con t ro l  rod  s t ruc tu res ,  core heatup o f  bottom head, t o t a l  

vessel heatup, penet ra t ion  o f  d rywe l l  concrete by cor ium (core ma te r i a l  ) , 
hydrogen generat ion from reac t i on  o f  cor ium and water, C02 generat ion 

from decomposition o f  l imestone aggregate i n  the  concrete, and steam 

generat ion o f  water i n  con tac t  w i t h  corium. 

Instantaneous events shown inc lude  the  ex ten t  o f  core co l lapse i n t o  

the  bottom head, upward reac t i on  forces as a r e s u l t  o f  bottom head f a i l u r e  

( a t  pressure),  steam explos ion energy re1 ease, i n i t i a l  amount o f  concrete 

eros ion from the j e t  b l a s t  t h a t  may a r i s e  from f a i l u r e  of the  bottom head 

a t  pressure, re lease o f  gases and f i s s i o n  products t o  the  ex te rna l  b u i l d i n g  

through the  wetwel l ,  a t tenuat ion  o f  f i s s i o n  products i n  wetwel l  water, 

d ispersa l  o f  wetwell water, and d i r e c t  re lease o f  f i s s i o n  product  t o  the 

ex te rna l  b u i l d i n g  from drywe l l  f a i  1  ure. 



Equipment ope rab i l  i ty  f a c t o r s  a re  se l  f explanatory .  However, 

phenomena quest ions may r e q u i r e  exp lana t ion .  The no te  a t  about t = 77 

minutes asks t he  ques t ion  concerning whether the  core, upon me l t i ng ,  

d r i b b l e s  i n t o  t he  water  i n  t he  lower  head, o r  accumulates on the  lower  

g r i d  p l a t e  w i t h  subsequent co l l apse  i n t o  t h e  bottom head. For the c a l -  

c u l a t i o n  i l l u s t r a t e d  by F igure  3, t he  former was assured; subsequent heat 

up ra tes,  b o i l i n g  t ime, e tc . ,  depend on t h i s  assumption. Th i s  does n o t  

mean t h a t  we t h i n k  t h a t  t h i s  case i s  any more l i k e l y  than t he  o the r .  A t  

about t = 95 minutes, t he  phenomenological ques t ion  i s  asked: "Does H2 

burn?" Since t he  Brown's Fer ry  d rywe l l /we twe l l  system i s  i n e r t e d ,  the  

"no" branch i s  fo l lowed.  A t  about t = 22 hours t he  ques t ion  i s  asked as 

t o  which f a i l s  f i r s t ;  t h e  wetwel l  o r  the  d r ywe l l .  The sequence s tops 

s h o r t l y  t h e r e a f t e r  w i t h  t r a n s f e r  t o  app rop r i a te  f i s s i o n  product  t r a n s p o r t  

char ts ,  which a r e  now being developed. 

It i s  apparent t h a t  t he  i l l u s t r a t i o n  i n  F igure  3 f o l l o w s  phys i ca l  

events and d r i v i n g  forces, such as pressure, temperature, and f l u i d  f low.  

Concurrent w i t h  t h i s  c h a r t  should f l o w  an ad jacen t  cha r t ,  showing the  d i s -  

p o s i t i o n  o f  f i s s i o n  products  as t ime progresses. Also, i t  i s  apparent 

t h a t  o n l y  one cha in  i s  f o l l owed  i n  F igure 3. Genera l ly ,  a t  branch p o i n t s ,  

t he  pa th  t h a t  appeared most l i k e l y ,  i n  our  judgment, was fo l lowed.  I n  

p r i n c i p l e ,  a l l  p o t e n t i a l l y  impor tan t  paths should be fo l lowed.  Obviously, 

t o  do t h i s  i n  depth would r e q u i r e  an enormous amount o f  work. 

The ques t ion  p robab ly  i n  t he  readers mind i s  why n o t  f o l l o w  the  

standard event t r e e  procedure as done i n  Reactor Sa fe ty  Study4 and i l l u s -  

t r a t e d  i n  F igure  4. A1 though very  use fu l  t o  o rde r  event  sequences, t h i s  

type o f  t r e e  has severa l  problems. Foremost, t i m i n g  i s  n o t  shown. Also, 

once a p iece  o f  equipment i s  shown t o  e i t h e r  operate o r  no t ,  i t  i s  d i f -  

f i c u l  t t o  show the  subsequent r e p a i r  and r e s t a r t .  F i n a l l y  one has t o  be 

c l e v e r  i n  a r rang ing  t he  events so t h a t  t h e  proper  o rde r  i s  mainta ined 

c o n s i s t e n t l y .  Since a major  o b j e c t i v e  o f  our  program i s  t o  show how much 

t ime elapses between major  events and t o  i n d i c a t e  t ime per iods  a v a i l a b l e  

f o r  p o t e n t i a l  c o r r e c t i v e  ac t i on ,  these f ac to r s  would be ser ious  sho r t -  

comings f o r  ou r  purposes. We t h i n k  i t  i s  s imp le r  t o  show the  events as 

they  would occur, as on a s t r i p  c h a r t  recorder .  



Standard f a u l t  t r e e s  which r e l a t e  thousands o f  p o t e n t i a l  i n i t i a t i n g  

events w i l l  n o t  be used. We w i l l  begin w i t h  a  small cha in  of events t h a t  

c l e a r l y  would l e a d  t o  core  damage should they  progress unperturbed. 

However, as mentioned p rev ious l y ,  small f a u l t  t r e e s  would e v e n t u a l l y  be 

used t o  show how needed equipment may n o t  be ava i l ab le ,  and " i n v e r t "  f a u l t  

t r e e s  would be used t o  show what must occur f o r  c o r r e c t i v e  a c t i o n  t o  

take place. 

P o t e n t i a l  Uses f o r  Brown's Fe r r y  Study 

It i s  in tended t h a t  t he  Brown's Fe r r y  SASA Study can be used t o  

( 1  ) eva l  uate consequences f o r  a  b lackou t ;  ( 2 )  improve ope ra t i ng  procedures, 

opera to r  t r a i n i n g ,  and l i c e n s i n g ;  (3 )  determine i ns t rumen ta t i on  and con- 

t r o l  requirements;  ( 4 )  determine DC and AC re1  i a b i  1  i t y  requirements;  

( 5 )  develop improved p lans f o r  m i t i g a t i v e  ac t i ons ,  t h a t  i s ,  o n s i t e  emer- 

gency plans; and ( 6 )  develop improved o f f s i  t e  emergency p lans.  

By t a k i n g  an overview of the  whole problem p r i o r  t o  do ing in -dep th  

ana l ys i s  of s p e c i f i c  areas, we f e e l  t h a t  we a re  more l i k e l y  t o  i d e n t i f y  

areas o f  importance and p lace p roper  p r i o r i t y  on i tems f o r  f u r t h e r  s tudy.  

Also t he  t i m e - l i n e  c h a r t  would serve as a  re fe rence  o f  what t he  p l a n t  con- 

d i t i o n  i s  as a  f u n c t i o n  o f  t ime.  I t  would be very  use fu l  t o  prepare a  

p a r a l l e l  c h a r t  t h a t  shows i ns t rumen ta t i on  readings a v a i l a b l e  t o  the opera to r  

and then compare h i s  comprehension of events w i t h  t he  ac tua l  case repre -  

sented on t h e  re fe rence  t ime-1 i n e  c h a r t .  Th i s  exe rc i se  would be very  

h e l p f u l  f o r  opera to r  t r a i n i n g  and f o r  i d e n t i f y i n g  i ns t rumen ta t i on  and 

c o n t r o l  requirements.  Perhaps t h e  t i m e - l i n e  c h a r t  can be computerized t o  

p l a y  i n  r e a l  t ime as a  s imu la to r  f o r  t r a i n i n g  opera to rs  f o r  emergency 

operat ions.  Also, t he  c h a r t  cou ld  show t r i g g e r  p o i n t s  f o r  implementat ion 

o f  emergency a c t i o n  ranging from o n s i t e  r e p a i r s  t o  p u b l i c  evacuat ion. 

As mentioned p rev ious l y ,  s p e c i f i c  work areas a r e  e a s i l y  i d e n t i f i e d  

by c o n s t r u c t i n g  a  t i m e - l i n e  c h a r t .  A l i s t  o f  work areas cover ing  pheno- 

menology o n l y  was developed from the  t ime c h a r t  and i s  shown i n  Appendix A. 

Subsequent 1  i s t s  i d e n t i f y i n g  d i e s e l  re1 i a b i l  i ty requirements,  DC power 



r e l i ab i l i t y  requirements, specific drast ic  corrective action such 
as vessel external flooding, effect  of operator maloperation, and side 
effects of potential corrective action could be developed. 

Concl usions 

A se t  of overview studies of potentially severe reactor accidents 
i s  required to  place these events in perspective, to  perform best 
estimates rather than ul tra-conservative bounding calculations, to identify 
areas requiring further work, to identify potential corrective action and 
design improvements, and t o  pr ior i t ize  future work. These studies should 
not be t ied to  specific licensing issues a t  t h i s  time, although the i r  
influence would be eventually f e l t  in the licensing process. I t  i s  
estimated that scoping studies, over a time period of about one year, 
would establish the feas ib i l i ty  of the approach and would indicate i f  
further work i s  warranted. 
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Figure 4: Illustrative Event Tree for LOCA Functions 



Appendix A 

BWR SPECIF.IC WORK AREAS IDENTIFIED BY ACCIDENT SEQUENCE 
TIME-LINE ASSESSMENT (PHENOMENOLOGY) 

Mass Loss, Depressurizat ion from R e l i e f  Valve Opening as Funct ion o f  

Number o f  Valves 

. Pressure 

Water Level 

Core Heat Generation Rate 

Stuck Valves 

Water Level Swell as Rel ie f  Valves Open 

Void D i s t r i b u t i o n  i n  Core 

During Swell 

During, Reset t le  

Effect of Fuel Cooling 

Effect on. Z i r c  Oxidat ion 

Steam Flow Above Water Level 

Effect on Fuel Cooling 

Effect on Z i r c  Oxidat ion 

Suppression Pool Temperature S t r a t i f i c a t i o n  

E f fec t  on Torus Pressure 

E f f e c t  on F iss ion  Product Trapping 



BWR S p e c i f i c  Work Areas-2 

Core Re loca t ion-  Behavior ( D r i  bble-Through vs Bu i ldup  on Crus t )  

E f f e c t  on Steaming Rate and Amount o f  Water L e f t  i n  

Bottom Head a t  Time o f  Core Support S t r u c t u r e  Col lapse 

Core Damage and Re loca t ion  Incoherency 

E f f e c t  on Core Support S t r u c t u r e  F a i l u r e  Time and Mode 

Effect  of Contro l  Rod Guide S t r u c t u r e  on Mode o f  Core Col lapse i n t o  
Bottom Head 

Mode of Vessel F a i l u r e  

E f f e c t  o f  I n t e r n a l  Pressure 

Side R ip  vs Coherent ~ a i l u r e  o f  Bottom Head 

React ion Forces from F a i l u r e  of Pressur ized Vessel 

D i r e c t i o n  

Magnitude 

Ava i l ab le  R e s t r a i n t s  

Steam Explos ion i n  Vessel 

Ef fect  of Pressure 

Amount o f  Water L e f t  i n  Head 



BWR S p e c i f i c  Work Areas-3 

Damage Potent i a1 of Steam ~ x p l  o s i  on 

D i r e c t  .Shock Wave 

E f f e c t  o f  B o i l i n g  Incoherency i n  L i q u i d  Slug 

E f fec t  o f  Two-Phase Flow i n  L i q u i d  Slug 

E f f e c t  o f  Upper I n t e r n a l  S t ruc tu res  on Cushioning 

of L i q u i d  Slug 

Steam Explosion i n  Drywell 

f E f f e c t  o f  L im i ted  Water A v a i l a b i l i t y  

F a i l u r e  Mode o f  Drywell under Steam Explosion Forces 

Shock Wave 

L i q u i d  Slugs 

Erosion o f  Concrete under Condit ions o f  Pressurized Me1 t-Through 

Concrete Penetrat ion by Quiescent Core Debris 

Hydrogen Generation by Core Debris -Water  Reactions 



BWR S p e c i f i c  Work Areas-4 

Water Generat ion Rate from Concrete Decomposit ion 

C02 Gen.eration Rate from Limestone Aggregate Decomposition 

Steam Explosions, Steain Generation, and Debr is  D ispersa l  f rom A d d i t i o n  
o f  Water t o  Hot  Core Debr is  

Wetwell and Drywel l  F a i l u r e  Modes 

Shock Loads 

P ressu r i za t i on  

Me1 t-Through 

F a i l u r e  Modes o f  Outer B u i l d i n g  

F i s s i o n  Product Transpor t  Paths 

F i s s i o n  Product Behavior  

Release from Fuel 

Chemical /Physi  eal Sta tes  

S o l u t i o n  i n  Water. 

P l a t e o u t l F a l l  o u t  

E f f e c t  o f  Spray and F i l t e r  Systems 



Appendix B 

DESCRIPTIVE DRAWINGS OF TYPICAL BROWN'S FERRY - 
TYPE BOILING WATER REACTORS 
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F igure  B1. BWR Flow Schematic 
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Figure 82. BWR Core Cool i n g  System 
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F igure  B3. BWR Fuel Assembly 
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F igure 85. BWR Pr imary.  Vessel I n t e r n a l  s 
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Figure B6. BWR Pr imary Vessel and Cool i n g  System 
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Figure 87. BWR Containment System (Brown's Ferry) 
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Figure B8. BWR Reactor Building Showing Primary 
Containment System Enclosed 




