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During the  pergod w h i l e  t he  MSLVs are closing,* the  r eac to r  v e s s e l  
i s  p rogres s ive ly  i s o l a t e d  and, because t he  reactor I s  at power, the re- 
a c t o r  v e s s e l  p ressure  r a p i d l y  inc reases  \. The pressure  fncreaae C ~ I I G C S  
the co l l apse  o€ some of the voids i n  t he  core, inserthg p o s i t i v e  reac- 
t i v i t y  and inc reas ing  r eac to r  power, which i n  t u r n  cau~es increased 
steam genera t ion  and f u r t h e r  i nc reases  pressure.  A l l  o f  this happens %n 
a matter of seconds. The cycle 1s i n t e r rup ted  when k h e  reac,eor vessel  
pressure  reaches tk l e v e l  of f: s a f e t y  re l ie f  valve (SRV) secpaints; 
t h e  SRVs open t o  reduce the rare f pressure increase and the ~ec frcu la -  
t i o n  pumps are au tomat i ca l ly  trhppe8.t wieh t l ~  tr ipping of the recir- 
c u l a t i o n  pumps, the core flow is reduced t o  between 20 and 38 percent af 
i t s  former value as the d r i v i n g  mechanism is shifted from forced eircu- 
l a t i o n  to n a t u r a l  c i r c u l a t i o n .  WFth reduced flow, the temperature of 
t h e  moderator i.n the  core region i s  increased, producing voids, and in- 
t roducing a s i g n i f i c a n t  amount of nega t ive  r e a c t f v i t y ,  The rapid in- 
crease of reactor power is terminated and e: power then rapidly de- 
creases to about 30 percent  of that at nor 3. full power operatfon. 

lf f a i l u r e  of i n s t a l l e d  logic  caus t b  reefrcufation pumps t o  
cont inue  opera t ion  a f t e r  the  r e a c t o r  ves se l  pressure had exceeded t h e i r  
t r i p  se tpo in t ,+  then t he re  are two poss ib le  outcomes. Since the t o t a l  
capac i ty  of t he  SRVs i s  about 85X of normal f u l l  power steam generation, 
an inc reas ing  s p i r a l  of reactor power and r eac to r  v e s s e l  p ressure  might 
cont inue t o  the  point  of ove rp res su r i za t ion  f a i l u r e  of the primary sya- 
teoa boundary,Q Inducing a large-break LOCA. On t h e  other hand, the  LOCA 
might be avoided because wi th  a l l  of the  SRVs open, the  loss of coolant  
through th@Se va lves  would cause core  uncovery and a concomitant r eac to r  
shutdown by l O S 5  of moderator before t h e  pressure  could reach the  l e v e l  
necessary to  cause rup tu re  o f  the pressure  boundary, 

The ques t ion  of the outcome of the  extremely un l ike ly  accident se- 
quence involv ing  MSIV c losu re  followed by f a i l u r e  of both scram and re- 
c i r c u l a t i o n  pump t r i p  $6 beyond the scope o€ the  work presented i n  t h i s  
r epor t .  Never the less ,  this ques t ion  is being addressed wi th in  the over- 
all scope of the  ongoing NXC-sponsored SASA Program e f f o r &  eo study the  

*Plant  Technical Spec i f i ca t ions  require t 
be not less than 3 nor more than 5 seconds. 

TNorrnal opera t ing  p res su re  is PO20 p s i a  (7.03 MPa), The 13 SRVs 
have s e t p o i n t s  between 11219 and 1140 p s i a  (7.72, and 7.86 MPaS. Automa- 
tic r e c i r c u l a t i o n  pump t r i p  occurs when the r eac to r  vessel pressure  
reaches 1135 p s i a  ( 7 . 8 3  MPa). 

*It should be noted t h a t  provis ion f s  also made f o r  automatic recir- 
c u l t i o n  pump t r i p  upon low r eac to r  v e s s e l  water level  at 470” 
above v e s s e l  zero, 

$It should be r e c a l l e d  that two independent pro tec t ion  system f a i l -  
u re s  are involved here:  f a i l u r e  of scram upon MSIY elosure or high re- 
a c t o r  vessel pressure  [ s e t p o i n t  1070 p i a  (7.38 MPa)] an f a i l u r e  of re- 
c i r c u l a t i o n  pump t r i p .  
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bue the SLG system does not ope ra t e ,  the  pressrare auppressfan pool 
temperature is predicted to reach 465°F (347 K l  at 23 inin af ter  &he 
i ncep t ton  of the accident sequence, Sfeace the ~ p e m t ~ h r  would h g B n  t h e  
required depressuri .zat ion at thPs t i m e  w i t h  the maccor vessel water 
l e v e l  near the top of t h e  core* a large Erackitsn of t he  available re- 
a c t o r  vessel  water 3.nventax-y WOUPB be ~ ~ ~ ~ r i ~ e ~  denrlxig she dcpressnrf za- 
t i o n  and t o t a l  core  uneovery is predicted Subsequenely, she opes-ator 
c o u l d  r e s t o r e  vessel w a t e r  level withotit core po 
t k t s  t i m e ,  sufficient negaCive reiPrt2vit.y to ens 

cbfeved by manual rn inserrion, Peak euppress fon  pool tem- 
pera tu re  f o r  t h i s  case is 18UoP ( 3 %  

For t h e  most. severe (but: least t l k e l y )  case i n  w%3fch both SiX i n -  
jection and manual rod Inser t ion are Pa2le the opera tors  canask bnsera: 

water l e v e l  and Xntaln pressure suppress9sn pool @so$iog w n l d  delay 
t h e  ultimate ~ y ~ ~ p r e s ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  failure of the primary coneainmemb, " S h e  

presst i re  suppression pool heat crapac%ty l % m % . t   sta auld be exceeded fn 19 
min, and t'he ope ra to r s  would subsequently d e p r e s s u r i z e  the reactor ves- 
sel i n  accordance w i t h  the  E P G s ,  causing total care ~~~~~~~~ and 6th- 
crittealfty tn the pr~a)@ss ,  When the operator acts to recover the core 
using the Powpressure ?Lnje.etlon 8ys%emsb power sptkes U l d  ensue, The 
subsequent: acc ident  sequence involves a sertes  of power ;ad pressure cy- 
cles, compounded by the  fact that  t h e  ~~~~a~~~ open SRVs w$.%S close 
without recourse whenever tk. reactor vessel pressure  is wlth9n 20 p s i  
(0 ,138 MPa) of the drywell e .  X n  khe u~lfkely event t h a t  s o m e  

marp contaPmment fatlure by ssusizatfon 18 predicted k a  occur 12. 
h after accident initfation. 

The e f f e c t  o f  one or t w o  scuek-open self& valves  upon t2ee sequence 
of events for the cases prevforasly dXscussed taas heen c ~ n s i d e ~ e d  fna chis 
study* In gene ra l ,  the effect is small because several SWs are open 
anyway during the early p a r t  of the accident sequence so t h a t  t h e  o$t:ur- 
rence of an SORV would not be recognized u n t i l  t he  reactor power had 
been lowered to wiehBn the capacity of the  stuck-open valves, 

The t h i r d  a rea  associated w i t &  the EPGs that requPres carefol COIP- 
sideration of thePr efffcacy when appjtie cckdent sequences 
involves  their  e8 0 These i n s t r u c t i o  
o the r  words, the r a t o r  i s  not expec 
quence but 1s expected t o  respond to 
successful in dea l ing  wi th  EP group of 
tarns and regu"ze similar c o r r e c t i v e  ac t ions  by the  opera 
g a t i o n  of the s accldent sequence requires the ogperatos to  reduce 
core i n l e t  flow and t o  inrentdonally redawe bhe vessel water 
level to the top of the core, "k1s i s  EO gncrease s i f l  t k  core 
and thereby reduce core power and the rate of pressure supp 
heatup and i s  the proper thing LO do when ~~~~~~~t~~ w%tR 
o t h e r  acc ident  sequence would require these  actions, 

It is the  opinlon of the autliors of t h i s  report t h a t  the operator 
a c t i o n s  required to dea l  with A W S  do n o t  fi9: into the envelope of op- 
erator actions requi ted  t o  deal with ~ t h t ~  BWR accfdent sequences, in 
which scram is e f f e c t i v e .  WE bePBeve that: the  s ~ p ~ s ~ - ~ ~ ~ e ~ t ~  
dures for  opera tor  control of R acc ident  sequences s h ~ p l l d  $e limfted 

poison into t h e  Care, but t h e i r  a C ~ % O K l s  t o  lower the Tea@tor %-f?SSt?l 

form of poison i n j e c t i o n  cap is not reatosed fm the  islterfrn, p r i -  
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p lan t  ins t rumenta t ion  an con t ro l  ~ q u i ~ m e n ~  and opera t ing  procedures. 
The progression of the c iden t  sequence i n  wh%& the p lan t  siperatore 
fo l low the  lBWR Owner's Group Emergency Procedure Gu l i n e s  exactly i s  
discussed i n  Sects. 4.2 and 4-3 .  Considersitdon of effect of equip- 
ment f a i l u r e s  inc luding  stuck-open relee%: valve d the  l o s s  of 
pressure  suppression pool cool ing i s  grov 
consequences of f a i l u r e  o f  manual con t ro l  i n s e r t i o n  or 
pentabota te  i n j e c t i o n  func t ion  of t he  St: 
(SLCS) are discussed fn Sect .  4 , 3 .  

For the extremely unlike1 case? i n  which nual. rod i n s e r t i o n ,  s5- 
dium pentoborate  i n j e c t i o n ,  a pressure  sup ssioo pool cool ing a11 
f a i l ,  t he  accident  p r o p  s to the poin t  of severe core 
emergency a c t i o n  l e v e l s  t f m i n g  f o r  t h i s  sequence are 
subsec t ion  4.3*4.  

cal phenomena e o n t r o l l i n g  the ant  response 
aced ATWS accident  sequence amwendat boos concerning 
e r a t o r  ac t ions  a r e  provide i n  Sect. 5.1 of 
events  for the  case with  uccessfu l  SLC sys 
o the r  opera tor  a c t i o n s  i s  presented i n  Sect, 5,2. 
of both manual control rod insertl ion and che paiscan bnjectfon func t ion  
of t h e  SLCS is discussed in Sect ,  5.3 and the  e f f e c t  of stuck-open 
r e l i e f  valves  is descr ibed Sn Sect ,  5,4. 

The u n c e r t a i n t  involved i n  e a l r u f a t f o n a l  model and the un- 
c e r t a f n t b e s  aseoc ia  d t h  t he  ass i on  of opera tor  a c t i o n s  are dis- 
cussed i n  Chap. 6 ,  

The impl ica t ions  of the results of thss study are %bed i n  
Chap. 7. The discuss ion  inc ludes  an evaluatfon of the ava i  fn s t ru -  
mentatlton, t h e  l e v e l  S €  opera tor  t r a i n i n g ,  the emergency procedures,  and 
the  o v e r a l l  system design from the atandpaint  of adequacy f o r  use i n  t h e  
mi t iga t ion  of this acc iden t ,  

by E, M. Harrfngfon at ORNL to 
model opera tor  a c t i o n s  and the assoc ia ted  prbmary system and containment 
response during the period before  permanent. core uncovery i n  acc ident  
sequences at Browns Fer ry  has been used in a l l  previous SASA s t u d i e s  and 
was a l s o  appl ied  t o  t h i s  study. Primary system c a l c u l a t i o n s  %or the  
po r t ion  of a severe  acefdent  sequence before  core  urmcovery are much 
s i m p l e r  for a 't3WR than for a %. The low r e a c t o r  v e s s e l  weer l e v e l  
t h a t  is eomon t o  all W R  severe acc ident  sequences would ensure that 
the r eac to r  ves se l  fs isolated and t h a t  t he  r e c i r c u l a t i o n  pumps wrpuPa be 
t r i pped ;  thus the core i n l e t  f l  would be a func t ion  only of tk amount 
sf makeup water i n j e c t i o n  and the  a f f e c t  of n a t u r a l  rec 
c i r c u i t s  wi th in  the r eac to r  ves se l ,  ThereZore, s a p h i s t i c a t  
system ana lyses  codes such as , o r  TEIA@ glre 
necessary for R severe accident  
t h e  processes t h i n  the  r eac to r  ves se l  i n  a properly k n c  
t i v e l y  s i m p l e  code such as R-LACP is s u f f i c i e n t .  A pendix A provides 
a d e s c r i p t i o n  caf the additions and improvements made t o  WR-ZACP $0 pro- 
vide  the spec fa l  c a p a b i l d t i e s  needed for ATWS c a l c u l a t i o n s  and inc ludes  
a discuss ion  of t he  benchmarking c a l c u l a t i o n s  performed to  demonstrate 
t he  adequacy O€ the code. 

This  study has produced 1 new i n s l g h t s  i n t o  the  important physi- 

The computer code WR-EACP 
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Depending on the  parameter that i s  known, the calculat ion of steady 
state power under AWS condl t tons  can be e i t h e r  a very s imple  o r  a very 
complicated procedure., It is shown i n  Appendix B that  i f  the Inject ion 
rate to the reactor vesse l  I s  s p a e i f i e d ,  then the steady s ta te  power caw 
be determ:ned by a simple haand calculat ion.  Conwerselg, i f  the  reactor 
v e s s e l  water level is  s p e c i f i e d ,  then the power calculation is  mslnch more 
complicated, 

appendix c W ~ S  preparea by the R c i i a b i i i t y  and pe man ~ a c t o r ~  group 
a t  O W .  Their  review provides a preliminary assessment of human Esc- 

s related to R AWS and ineludes an a n a l y s i s  of c r i t i ca l  
operator a c t i o n s  follow1 the Emergency Procedures Guidel ines  - The 
wark reported i n  Appendix C several CTOSS-l?t?f~TePIC&S to discussions 
in the matn body o f  t h i s  report .  

A l i s t i n g  of aeronyms and s p b o l s  ased i n  the report i s  pri3\pIded, 
~ 5 t h  d e f i n i t t a n s ,  in Appendix D ,  

The primary soea~ees of plant-specfflc informatdon used i n  the prep- 
aration of this repor t  w e ~ e  the recently Issued updated version of the 

Nuclear Plant (BFNP) Fina l  Safety Analysis Report (FSAR), 

eratsr Training Manuals, the BFNP Unit 1 Technical Spec i f i ca t ions  the 
Sys tem Manual the BFNP Rot License TralnPng Pragr 

BPW ~mergency operati% ~nstructions and varirptls other specific draw- 
i ngs ,  aoeumei1tS I and mqfluais obtained from the ~ennessee vaiieg. ~ u t h o r -  
i t y .  TI-E experience gasnea fr t w o  p lan t  visits i n  connection w i t h  
previous s t u d i e s  a d  from three working v i s t t s  t o  the ~ r o m s  ~ e r r y  con- 
t r a l  Room simulator for the modeling of ATWS aceident sequences was also 
appl ied  in t h i s  effort,  

The s e t p o i n t s  f o r  automatic equipment response used i n  t h i s  study 
are the actual s e t p o i n t s  s p e c i f i e d  for instrument adj ustwent at the  
plant, These setpoints are established RO as t o  provide rn~~g-8~1 for the. 
known range of instrument error and t h e r e f o r e  d i f f e r  s l i g h t l y  ( i n  the 
conserva t ive  d i r ec t ton )  Erom the  currently es t ab l i shed  Technical Speci- 
f i c a t P ~ . i l  lirnlts. 

This study eouia not b v e  beera conaucted on Z% real is t ic  basis d t h -  
out  the current plant sta tus  and extensive background information pro- 
vided by the Tennessee Valley Authori ty .  The assistance and cooperatton 
of TVA personnel at the Browns Ferry Nuclear P lan t ,  at the Power Opera- 
tions Training Center, and a t  the Engineering Support  Off ices  i n  Chstta- 
noaga and Knoxville are gratefully acknowledged. 
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2 e INITIATING EVENTS 

In the Unfted States, nuclear reactor plants are not licensed un- 
less their design includes explicit provision for safe recovery to nor- 
mal conditions from each of the operating transients that might reasan- 
ably be expected to occur at least oace uring the lifetime of the 
plant. These expected and designed-for transients are tenned "antici- 
pated transients." It is the purpose of thfs report to examine the ef- 
fect of loss of the protective scram function upon the outcome of acci- 
dent sequences initiated by anticipated transients. Such complicated 
sequences have been considered before and are commonly elassiffed a5 
"Anticipated Transients Without Scram (ATWS).'"* 

Loss of the scram function might be caused by protection system 
sensor or other electrical/logfe failures, by rnechanical failure of the 
control rod drive hydraulic system or by disruption of the alignment of 
the control rod drive mechanism assemblies. By whatever means, failure 
of the scram function is very unlikely. A recent report2*' by staff 
members of the Division of Systems Safety, U.S,  Nuclear Regulatory Com- 
mission (NRC) provides the estimate that "the probability of the rads 
failing to insert when called upon is approximately 3 x pes demand, 

Power operation of the Browns Ferry Plant involves control rod pat- 
terns that range from a minimum o f  one-half of the rods withdrawn to, at 
the end of core life, all  of the rods fully withdrawn, As an example, 
Fig. 2.1  illustrates the middle-of-life control rod pattern used at the 
Browns Ferry control room simulator and Table 2.1 summarizes its charac- 
teristics. The reader should note the symetry of the pattern. 

Given the occurrence of an anticipated transient, the severity of 
loss of the scram function might vary from a partial ATWS, in which some 
of the withdrawn control. rods insert normally in response t o  the scram 
signal but at least one does not,? to a full ATWS in which none of the 
withdrawn control rods move at all. All of the AWS accident sequences 
considered in this report assume the most severe case: B full. PITWS with 
all control rods retained in their noma1 100% power operating position 
after imposition of the scram signals. 

Because there are a large number of anticipated transients, it is 
important to identify those €or which a concomitant failure to scram 
leads to the mst severe consequences. Fortunately, the task of sep- 
arating ATWS sequences into categories of severity has been recently 

. . neglecting the difference between mJRs and BWRs.'* 

*The low probability of the occurrence of a failure to scram c a -  
bined with the low probability of an unanticipated transient Pnakes the 
probability of the combination of these independent events too small to 
be considered e 

?Actually, failure of 1 rod to insert does not constitute an ATWS 
and is not an uncommon event. Conservative GE calculations show that a 
failure of insertion of five closely grouped control rods might cause 
local fuel damage. 
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2.1 Svratems for  Mitirat.-ton S€ ATITS 

*Reactor vessel overpressur iza t ion  protection is provlded by 4 SRVs 
set at 1105 pafg ,  4 set at 1115 ps ig ,  and 5 set at 1125 pslg. 
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w € P l  be accomplished by t he  add i t ion  o f  redundant vent ing valves  on the  
scram valve  p i l o t  air  headers.  

The t h f r d  i t e m  l i s t e d  i n  Table 2,2 concerns the  rate a t  whie 
l i q u i d  neutron poison (sodim pentaborate)  can be i n j e c t e d  i n t o  the  re- 
a c t o r  vessel and whether not. t he  i n j e c t i o n  is i n i t f a t e d  automati- 
c a l l y .  A t  Browns Fer ry ,  poison solution would be i n j e c t e d  a t  the  
rate of 56 gpm (8.0035 m after manual inltiationn of the  standby 
l i q u i d  c o n t r o l  (SEC) system. It i s  expected t h a t  a f u t u r e  amendment t o  
10 mfp 50 w i l l  r equ i r e  an increased poison i n j e c t i o n  rate c a p a b i l i t y  f o r  
Browns Ferry ,  e i t h e r  by an inc rease  of the  pump c a p a c i t y  to 86 gpm 
(0,0054 m3/s) o r  by an inc rease  of t he  poison concent ra t ion  in the  in- 
j e c t e d  s o l u t i o n ,  It is  not expected t h a t  automatic SLC system a c t u a t i o n  
w i l l  be requi red  for Browns Fer ry ,  although this f e a t u r e  is being pro- 
vided for s e v e r a l  BWRs c u r r e n t l y  under cons t ruc t ion  and will be required 
a6 a condi t ion  for  the issuance of f u t u r e  W R  cons t ruc t ion  permits. 

The f o u r t h  of the proposed A W S  mit iga t ion  systems l i s t e d  i n  Table 
2,2 concerns the  adoption of an improved l i q u i d  poison I n j e c t i o n  de- 
v i c e ,  The need f o r  th is  can be appreciated by an examha t i an  of Fig.  
2.2, which shows the  e x i s t i n g  mechanism, a s i n g l e  i n j e c t i o n  sparger  wJth 
ho r i zon ta l  d i scharge  beneath the core  p l a t e ,  (During normal k, 

t h e  sparger  acts as one of the  sensing t aps  i n  a system designe 
s u r e  the d i f f e r e n t i a l  p ressure  across  the core pla te . )  A comparison of 
Fig. 2.2 and Fig. 2.3 underscores the  remote and decidedly unsymrnetrlc 
l o c a t i o n  5f the i n j e c t i o n  sparger .  This, combined with the high spe- 
cff j tc  g r a v i t y  of the  i n j e c t e d  s o l u t i o n  (about l . l)* prevents  a uniform 
dispersal .  of the i n j e c t e d  poison upward i n t o  the core  region unless  
Ithere is a core i n l e t  f low s u f f i c i e n t  t o  induce tu rbu len t  mixing i n  the  
r e a c t o r  ves se l  lower plenum. On t h e  o the r  ha a high i n l e t  flow would 
provide forced  c i r c u l a t i o n  to h t  induce proW b i t i v e l y  
high core power during the  p e r t  otson had been In j ec t ed  
t o  have s i g n i f i c a n t  e f f e c t .  

Various new means of l i q u i d  poison i n j e c t i o n  have proposed t o  
provide symmetry of poison en t rance  such as i n j e c t i o n  ugh the  in- 
strument sens ing  l i n e a  i n t o  the  t h r o a t s  of t he  r e a c t o r  v e s s e l  j e t  
pumps. One proposal  that acconpl ishes  this g o d  and a t  the same t i m e  
overcomes the  disadvantage of the higher s p e c i f i c  g r a v i t y  of the  in-  
j e c t e d  s o l u t i o n  is t o  i n j e c t  through t e x i s t i n g  core spray spa rge r s ,  
which are c i r c u l a r  and loca ted  in  the  upper plenum (see Fig,  2.3) above 
and around the  5uCer edge of the  core.  The la t ter  concept is incorpor- 
a t ed  i n  the Limerick and o the r  recent  p l an t  designs.  No change i n  the  
e x i s t i n g  des ign  is contemplated f a r  the Browns Ferry p l an t s .  

The f i f t h  and f i n a l  proposed ATWS nai t igat ion system l i s t e d  i n  Table 
2,2 is automatic  feedwater pump runback. Upon a combination of high re- 
a c t o r  vesae l  pressure  and sus ta ined  high core power, thAs proposed sys- 
t e m  would au tomat ica l ly  reduce feedwater flow and thereby reduce core 
power. This  system is provided for  some l a t e  model WRs, &It PE not a 
requi red  ATWS mit iga t ion  f e a t u r e .  A t  Browns Ferry ,  t he  feedwater pumps 
are steam-turbine dr iven  and would the re fo re  be automat ica l ly  shut down 

*There is no automatic i n i t i a t i o n .  
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if the i n i t i a t i n g  event for an ATdS were MSIV closilrce POP other i n l t i -  
a t ing  events such as nain turbine t r i p  i n  which the MSIVs remain open, 
t h i s  system, if i n s t a l l e d ,  might h v c  significant effect on the out- 
come, (The EPGs direct  the operators to take manzaa l  action ts terminate 
f eedwarer in3 ection 1 
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pumps a t  a r e a c t o r  v e s s e l  water l e v e l  of 470 in .  (11.94 m) abave vesse l  
zero.  This converts  core  flow from forced ta n a t u r a l  c i r c u l a t i o n  which 
has t he  e f f e c t ,  wi th  the  amount of sodium pentaborate  t h a t  has been 
i n j e c t e d  up t o  t h i s  time, of reducing the core power t o  decay heat 
l e v e l s .  

The pressure  suppression pool temperature cont inues t o  increase  
during t h e  f i n a l  phase of the accident  sequence because the decay-heat 
generated steam cont inues t o  be condensed in t he  pool. Peak pool t e m -  
pe ra tu re  [183OF (357 R) ]  is reached about 1.5 h a f t e r  t he  incept ion  of 
t he  acc ident .  

The IORV-initiated ATWS sequence does not t h rea t en  primary contain- 
ment i n t e g r i t y  because the pressure suppression pool cooling provided by 
the  r e s i d u a l  heat removal (RHR) and r e s i d u a l  heat removal s e r v i c e  water 
(RHRSW) systems is near ly  equal t o  the  heat Load introduced t o  the pool 
through the  open SRV.* Should the  s tudy of t he  IORV-initiated ATWS be 
repeated s p e c i f i c a l l y  f o r  Browns Ferry ,  t he re  would be d i f f e r e n c e s  i n  
event timing because a t  Browns Perry t h e r e  is no automatic SLC system, 
the  s e t p o i n t  f o r  MSIV c losure  on l o w  primary system pressure  is s l i g h t l y  
lower,  and the re  a r e  o ther  d i f f e rences  of p lan t  design that would have a 
small e f f e c t  on the r e s u l t s . *  Nevertheless ,  the opera tors  would, by 
procedure, manually i n i t i a t e  t he  SLC system and the  genera l  outcome of 
the  sequence would be the same ( i * e . ,  no threat t o  containment). There- 
f o r e ,  t he  IORV-initiated ATWS sequence w i l l  not be f u r t h e r  considered i n  
t h i s  repor t .  

The outcomes of t he  two o the r  bounding AWS accident  sequences 
i d e n t i f i e d  by the  GJ3 study are expected t o  be s i g n i f i c a n t l y  a f f e c t e d  by 
the  equipment d i f f e rences  between Brown6 Ferry and the  model p l an t  as- 
sumed i n  the study. The MSIV c losu re - in i t i a t ed  ATWS sequence is de- 
sc r ibed  i n  Sect .  2.3 and the  tu rb ine  t r i p - i n i t i a t e d  sequence is  dis-  
cussed i n  Sect.  2.4. 

2 .3  Main Steam I s o l a t i o n  Valve Closure - ATWS 

The r e s u l t s  of t he  GJ3 study for t he  case of t he  MSIV-closure i n i t i -  
a ted  ATGJS are summarized i n  Table 2.4. With the  MSIVs s h u t ,  all steam 
generated by the  at-power r eac to r  is conveyed i n t o  the  p re s su re  suppres- 
s ion  pool through as many r e l i e f  valves  as are necessary to pass t h e  
steam, The p lan t  s t a t u s  i s  schematical ly  i l l u s t r a t e d  i n  Fig.  2 . 5 .  The 
f a c t  that t h i s  acc ident  sequence Pnvolves mul t ip l e  SRV discharge I n t o  
the  pressure  suppression pool over an extended period of t i m e  makes it 

*This f a  t he  equivaXent of 6.5% r eac to r  power  until t i m e  24 d n ,  as 
ind ica ted  i n  Table 2.3. 

tThe improved sodium pentaborate  i n j e c t i o n  poin ts  assumed Pn the  GE 
study have l i t t l e  e f f e c t  i n  this  acc ident  sequence because of the l a r g e  
core  i n l e t  flow provided by the  continued opera t ion  of t he  r e c i r c u l a t i o n  
pumps. 





For the  model p l a n t  and p e r t i n e n t  equipment assumed f o r  t he  GE 
s tudy ,  sodium pentaborate  s o l u t i o n  would begin en te r ing  the core 3 min 
a f t e r  t he  i n i t i a t i n g  event (Table 2.43 and the reacfor  would be i n  hot 
shutdown 17 m i n  a f t e r  the beginning of: MSIV c losure .  These results lean 
heavi ly  upon the  assumption of improved sodium pentaborate  i n j e c t i o n  
p o i n t s  EO that the  i n j e c t e d  s o l u t i o n  is r e a d i l y  introduced i n t o  t h e  
core. For t he  MSfV-closure i n i t i a t e d  accident sequences, Sn which the 
r e c i r c u l a t i o n  pumps are almost immediately t r i pped ,  t core i n l e t  f l o w  
is much reduced and dramatic  opera tor  ac t ions  to properly mnage the  ac- 
c iden t  must be taken for p l a n t s  such as Browns f e r r y  which have the so- 
dium pentaborate  i n j e c t i o n  sparger  shown i n  Fig. 2.2, Thus the  results 
of the GE study beyond the first 3 min of the  PISIV closure-A'WS sequence 
cannot be considered app l i cab le  t o  Browns Ferry.  

The work documented i n  t h i s  r epor t  is  p lan t - spec i f i c ,  and eon~en- 
t r a t e d  upon the  MSZV-closure i n i t i a t e d  ATWS sequences f o r  Browns Ferry 
Unit 1. This i s  because t h e r e  is no ques t ion  that t hese  AglwS sequences, 
i n  which _I a l l  r e a c t o r  power is  deposi ted into t he  pressure  suppression 
pool ,  pose the g r e a t e s t  chal lenges to containment i n t e g r i t y .  As i s  
shown i n  t he  fol lowing chapters  of t h i s  r e p o r t ,  the opera tor  mst take 
a c t i o n  s i n c e  the. case without opera tor  a c t i o n  (Chap. 3) r e s u l t s  i n  e a r l y  
loss of containment and probable severe  core damage. h t he  o ther  hand, 
t h e  p o t e n t i a l  for harmful opera tor  a c t i o n  is high,  as discussed in 
Chaps. 4 ,  5,  and 7. 

2.4 Turbine Tr ip  -A'IWS 

The ATWS i n i t i a t e d  by  in t u rb ine  t r i p  is the t h i r d  of t he  t h r e e  
AJWS acc ident  sequences t h a t  bound the s e v e r i t y  of ATWS acc idents  as 
i d e n t i f i e d  by t he  GE study. The r e s u l t s  of the  GE study f o r  the  first 
45 s of this  acc ident  sequence are s u m a r i z e d  i n  Table 2.5, DSscussion 
of t he  GE r e s u l t s  is not c a r r i e d  f u r t h e r  here because the assumption o f  
quick feedwater i n j e c t i o n  runback t o  zero plays such a large role i n  the 
outcome and Browns Ferry and s i m i l a r  p l a n t s  do not have it. 

It should be understood chat the  l e v e l  of core power i n  the t u r b i n e  
t r i p  i n i t i a t e d  ATWS is es t ab l i shed  i n  a t o t a l l y  d i f f e r e n t  way than i n  
t h e  MSIV-closure i n i t i a t e d  ATWS. I n  the tu rb ine  t r i p  i n i t i a t e d  ATWS, 
the feedwater pumps cont inue t o  func t ion  and are automat ica l ly  ad jus ted  
so as t o  maintain r e a c t o r  vessel. water l e v e l  i n  i t s  normal. opera t ing  
range. Thus r e a c t o r  v e s s e l  w a t e r  l e v e l  is  approximately constant  and 
does not p lay  a r o l e  i n  causing v a r i a t i o n  of core power, Rec i rcu la t ion  
pump t r i p  occurs e a r l y  i n  tus accident  sequence, reducing core i n l e t  
flow t o  t h a t  induced by n a t u r a l  c i r c u l a t i o n ;  t h i s  reduces core power t o  
about 30%. 

It is i n t e r e s t i n g  t o  note that al though the main tu rb ine  s top  valve 
c l o s e s  i n  0.1 s,  t he  GE study r e s u l t s  show t h a t  t h e  r e s u l t i n g  r e a c t o r  
power excursion* is much less severe  than the  excursion t h a t  nccillrg when 
the MSIVs are shut with a Closing time af 4 s. T h e  reason is that very 

*The r e s u l t  of pres su re  increase  and void co l l apse  i n  the  core. 



significant damping  of pressure p u l s e s  is provlded by tlic long tun  of 
v e r y  large p i p i n g  between the reactor vessel and the  mafn turbines,* 

A s tsx l y -s ta te  b a l a n c e  o f  flows is shnwn for the tu rb ine  trlp-L%WS 
accidt..:!r: s e q u e n c e  i n  Pfg. 2.6, in which  he c e n t r a l  assumption is that 
CLC core power would be 307: tmder natural c i r e u t a t i s n  conditions (rc- 
circulacion pumps t r i p p e d  and normal. reactor vessel water level main-- 
t a d n e d  by the f e e d w a t e r  c o n t r o l  system). bfakeuq, water to the  primary 
3ystem to replace the mass l o s i -  by s t e m  relief Pato the pressure sup- 
pression pool i s  p r o v i d e d  hy a c o m b i n a t t o n  of vacuum drag Into the inairr 
condenser hokweBB and CRD Rgrdrau1i.c s y s t a  i n j e c t i o n .  

it staozakd be noted t h a t  tka  i n i t i a l  c o r e  the~mal power reduct ion  t o  
302 wsuld n o t  he naintaiaed, The feedwater hei3ters are f e d  by steam 
extracted d o w n ~ t c e a ~ ~  of t h e  t u r b h e  s t o p  valve and therefore feedwater 
hearing would  'oe lost aftez  s t o p  valve closznrr, This  ~ ~ d d  increase the 
core thermal power Iiut would not affect the power F l o w  from the reactor 

As i n  %he case of the IOBV-initiated AYWS discussed  l a  Sect. 2 . 3 ,  
t h e  t u r b h e  t r P p - A m S  i s  1 e s s  severe than the MSIV-eloscre initiated 
ADJS becaipse n o s t  of t l ~  h team g e n e r a t e d  within %he reactor vessel is 
passet? to  t h e  m a j n  c o n d e n s e ~ s  i n s t e a d  of to th pressure suppression 
pool.. A'e Rro-as Ferry, the turblile Aypass Z V ~ V F ~ F  can pass  up t o  25% of 
rated stern f l o w  and the feedwater t u r b i n e s  take another 0.5%. The mass 
flow halance based on these assumptions is  shown in Fig. 2.6 (Ib/k ana 
pe~ce :~b;  of f ~ 1 l - p ~ ~ ~  f l o ~ s ?  e  here is h o ~ e v e r ,  a related problem 
discussed i n  the GE study: i imtable pressure f2rxtrratlons between the 
rea-ror vessel and the main turblne bypasea valve esntroi system are 
expected LO develop; t h e s e  presstare fluctuations would result in large 
swtsngs of core void collapse and power i n c r e a s e .  

'Phe t u r b i n e  ~ i - i p - i n P t i a t e d  ATWS accident sequence is not  further 
addressed in this report. TIE ESSOIE for t h i s  i s  that i t  i.s believed t o  
have 1 ess severe consequences t - h m  those of the HSW-closure initiated 
ATMS for p l a n t s  etieh as Erowns Fer ry .  It: should a l e s  be n o t d  t h a t  
severe core damage c a n n o t  o c c u r  unless the core is uncovered and t h i s  

el. 

vessel. (See LIE disei.lsal@n i n  Appendix R . 3  

would eonvierk the turbine trPp-ATWS i n t o  SII MSTV clssinPe--A'PdS 'tseeause 
10w re;ap.tor vessel water lad. caiaSeS MSIV closure. 
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T a b l e  2 . 1 .  Summary description of middle-of l i f e  
control rod pattern i l l u s t r a t e d  in Pig .  2,1 

Number of rods Notch p o s f t i o n  Inches wfthdram 

140 

8 

8 

4 

4 

21 

48 144 

42 126 

24 72 

20 60 

04 12 

00 0 

Table 2-2.  Proposed systems for A'l'kSS mi t igs t ior r  in BMRs 

..... .. .. . 
1. WecircuPation pump t r i p  

2. Alternate rod insertlon 

3. Automattc two-pump standby l i q u i d  cont ro l  syster11 

4 ,  Emproved standby l i q u i d  ~ ~ n t r o l  system i n j e c t i o n  po in t s  

5. Automatic feedwater  ptnmp runback 
.I_._._ 
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Table 2.3. Resul t s  05 a GE study (Ref. 2,2) of the  
progression of an IOUV-lnitiated ATWS 

at a BWR 4 MK I containment p lan t  

Event 

IORV 

PSP temperature reaches 95'F: Alarm sounds, 
opera to r  i n i t i a t e s  suppression pool 
cool ing 

( f a i l s ) .  Timed SU: l o g i c  i n i t i a t e d  
PSP temperature reaches 110°F: Manual scram 

SLC system automat ica l ly  startsa 
Sodium pentaborate  reaches core 

Power less than r e l i e f  valve capacity 
( 6.5%) ; pressure  decreases  more r a p i d l y  
s o  tu rb ine  con t ro l  valves completely shut  

MSIVs shut  when p res su re  reaches 800 ps ig .  
Fw pumps lost 

Low water l e v e l  t r i p  (470 in.) of rec i rcu-  
l a t i o n  pumps; HPCI/RCIC s tar t  

Peak containment temperature and pressure 

b 

0 

120 2 

450 7,5 

570 9,5 
600 10 

24 

28 

33 

95 

aAutomatfc SLC system not a v a i l a b l e  at  Browns Ferry. 

b825 psig at Browns Ferry. 
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Table 2.4.  R e s u l t s  of  a GE study (Ref. 2.2) of tine 
p r o g ~ e s s f o n  of an MSIV-closure Pnftiated ATWS 

a t  a B - Z  4 MR I containment p l a n t  

MSIVs start to close 

MSIVS fu1.l.y closed, SRVS lift, ~xPinuaiia 
neutron f lux  (5272)  

RPT, timed SLC log lc  tr iggered, maximum 

RPV pressure (vessel bottom) peaks 

heat f l u x  ( 1 4 3 % )  

at 1296 psig 

at relief valve setpoint 
SRVs s t a r t  to close and pressure sitabtqa 1 rzes 

Feedwater f low reaches  zero (FW nmbaeka) 

HPCI/RCIC a c t u a t e d  when level reaches Bevel 

HPC I / RC IC in.j e c t ion start s 

ATWS timer complete," SLCS s t a r t s  

Sodium p e n t a b o r a t e  solutlon enters reactor 

water level reaches dnimum (389 i n . )  and 

PSP cooling beg ins  

Hot shutdown achieved 

Containment temperature and p r e s s u r e  peak 

2 (470 i n . )  

vessel 

begins t o  rPse 

0 

4 

5 

9 

20 

23 

43 

63 1 

1 2 5  2 

180 3 

240 4 

11 

17 

28 
I-__. ____- 

a~~ mnback and autoinat ic  SLCS system a0 not e x i s t  at  
Browns Ferry. 
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Table 2.5- Results of GE s t u d y  (Ref. 2,2) 
progression a i  a t u r b i n e  trip-inbtfated 

at a BWR 4 MK I containment plant  

Event 

Turbine t r i p s  0 

0.1 Turbine s t o p  valve shut 

SRVs open 1.5 
2. RPT, timed SLC logic triggere a 

Maximum pressure (1193 psig) at vessel 2.5 

Maximum heat flux (133%) 2.7 

bottom 

SRVs start to close 9 .  

Feedwater runback to zeroa 45 

“Browns Ferry does not have automatic SLC 
system or feedwater runback. 
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ORNL-DbVG $4-4523 ETD 

x x x x x x x  
X X 0 X 0 4 X  0 X X 

x x x x 4 2 x  4 2 X  X x X 

x x 0 x 2 G X  0 x 2 1 . x  0 x x 

x x X x x x x x x x x X x x x  
X 0 X 2 4 X  0 X 2 Q X  0 X 2 4 X  8 X 

x x 42 x x x x x x x x x 4 2 x  X 

x 0 4 x  0 x 2 0 x  0 x 2 9 x  0 x 0 4 x  

X X 42 X X X X X X X X X 4 2 X  X 

x 0 x 2 4 x  0 x 2 0 x  0 x 2 4 x  0 x 

x x x x x x x x x x x x x x x  
X X 0 X 2 4 X  0 X 2 4 X  0 X X 

X X X Is, 4 2 X  4 2 p I  X X X 

x X 0 x 0 4 x  0 x x 

x x x x x x x  

Fig. 2.1.  Typical middle-of-life @ont-~oP rod pattern for Hr~wiiBB 
F e r r y  sPlo%rPmg rod notch pos i t i ons .  Each ticrteh positfon corresponds to 3 
inches (0.870 m> of travel. Fully wt~hdrawn rods (notch posit ion 4 8 )  
are representea by “x,‘. 
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ORNL-DWG 84-4524 ETD 

f ABQVE CORE 
PLATE TAP 

F i g ,  2 . 2 .  Location of standby l iquid control system Inject ion 
sparger within the BWR 4 reactor vessel. 
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ORNL-DWG 82 - 51 78R ETD 

1 STEAM 
ILINES 

I 

vessel internals. 
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2.846 X 10* 
I21.27Y.j 

OFI"NL--DW@ 83-13728 

2.799 X lo6 
(20.85% 1 

Fig. 2.5. Plant operation af ter  fai.lure of scram in the MLSIV- 
closure initiated A W S  accident sequence. 
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OPERATOR ACTION 

This  chapter presents  the results of R-LACP c a l c u l a t i o n s  of the 
response of prlmilry system and eonta imen fallowing an MSXV-@Bosure 
i n i t i a t e d  A W S .  After an sntCeipaked bralasient such as cll7esnre o f  a11 
MSIBs, t he  normal a c t i o n  of the prrotectfon system would be to cause t he  
insertion of a l l  185 con t ro l  rods i n t o  the reactor core, redalcfng the 
core power bo decay he& Ieveh** For the c a l c u l s t l s n a  
the  assumption i s  made t h a t  none of the 185 corrtmP K O ~ B  
core. The c a l c u l a t t o n  p e r i d  s t a a - t a  50 8 af ter  fie HSIVr; 
and ends with the overpressure f a i l u r e  of the drywell about 37 d n  
later. 

Z n i t l a l  values (at  the 50 EI p o i n t )  f o r  the Wit=-L4CT c a l c u l a t i o n  
were taken €row the  discussed i p s  Seetian 2.3 
sf t h i s  r epor t .  The R-LAW code is not programmed t o  s imula te  a l l  the 

in e f f e c t  before and imed l i a t e ly  a f te r  the  MSZV closure; th~rs,  it it?. 
necessary to  begin the BWR-EACY c a l c u l a t i o n  a t  some time after the M S I V  
c losu re ,  I n  order t o  do this properly, the  @oTIditiQnS calc 
another t9 :ansIen t  a n a l y s i s  code must u t f l i z c d  as input 

Owners Group r e s u l t s 3  

phemomena (e.g.  vee h y d r a d i n s  wikh the r e c i r c u l a t i o w  pumps runnfng) 

for the i n i t i a l  values of p lan t  par eters such as do-m 

ers  Group r e s ~ l t s  i n  NEDO-24222 (R&. 3.1), provide the desalged 
tfon, ca lcu la t ed  by the General Electric Company using progri- 

f?ti39y tralX3ieIl.t 9PldySiS D3eehods, for the fFrSt 50 B follQWillg 14SIv 
closure Trots f u l l  power wl.thou mP€?aC?toK BC9S1EWilr 

power has readjusted from the i n i t i a l  ioox power level T.O 28x ot" rated 
By the end of the  50 s R Owner5 Group ca lcu la%ioa ,  the reactor 

power In response t o  the automatie t r f p  sf the reactor coolant 
recirculation pumps whlch aeeurs f i v e  seconds a f te r  the HSfVw begin t o  
close. The reactor vessel i s  at f u l l  pressure [about 1100 p s i a  (7.58 
MPa)] and the  d o ~ ~ a ~ ~ t t r  water l e v e l  i s  at so0 fn.% (12.7 m) ana 
decreasing I 

The r e s u l t s  presented i n  the  following three sections are a r r a n g e d  
around important events. T k  most s i g n i f f c a n t  of these is the lass  of 
the H P C I  system, which occurs as a result of the a s a m m a t i c  shf f t  of the 
HPCI pump suc t ion  away from the l a r g e  supply of cool water i n  the CST 
( i n f t i a l l y  362,000 g a l  .) to the  heated water of the pressure siappresslon 
pool. The f a i l u r e  of the  H P C i  system hastens t lXg :  eventua l  f a t lu re  of 

tNomal  dsmcomes water 
Z e T O .  

by  four  sbgnals.  in the order of rtxetlpt 
than 9OX of f u l l  open, high neias;rcan f l u x ,  
and low reactor vessel water l e v e l .  

l e v e l  is 568 Pn. (14.23 m) above vessel 
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primary containment and leads  t o  severe  power  sp ikes  t h a t  might cause 
f u e l  damage even p r i o r  t o  containment f a i l u r e .  The det r imenta l  e f f e c t s  
of the  HPCI pump suc t ion  s h i f t  on long-term non-LOCA acc iden t s  have been 
discussed in previous SASA reports .*  

Two v a r i a t i o n s  of t he  no-operator-action sequence are discussed i n  
Sect.  3.5: t he  sequence without the HPCI pump suction s h i f t  and the  
sequence t h a t  would resul t :  i f  t he  MSIV c losure  were i n i t i a t e d  by a l o s s  
of o f f - s i t e  power. 

3.2  Events Before 'Loss of HPCI  ( F i r s t  14.8 dn.) 

BWR-MCP r e s u l t s  for a v a r i e t y  of important system va r i ab le s  during 
the e n t i r e  acc ident  sequence are shown on PLgs. 3.1-3.7, Table 3.1 pro- 
vides  a t imetable  of s i g n i f i c a n t  events.  

A t  the beginning of the c a l c u l a t i o n  at time 50 s, the thermal power 
genera t ion  in t he  r eac to r  core (Fig.  3.1) is 28% (%.e. 924 Mwt). Water 
l e v e l  i n  the  r e a c t o r  ves se l  downcomer annulus (Fig. 3.2) is a t  500 in.? 
(12.70 m) above vessel zero and i s  decreasing rap id ly .  The WCI and 
RCIC systems are not ye t  ac tua ted  (Fig. 3.3) but the CRDHS (which runs 
cont inuously unless  t r ipped  by the opera to r s )  is i n j e c t i n g  about XQ6 gpm 
(0,007 m3/s) from the  CST i n t o  the r eac to r  vesse l .  The r eac to r  v e s s e l  
is f u l l y  p re s su r i zed ,  cyc l ing  between about 1100 psig and 1000 ps ig  
(7.69 and 7.00 MPa) i n  response to  the automatic opening and e los ing  of 
t h e  SRVs (P ig .  3.4). 

When t he  r eac to r  v e s s e l  water l e v e l  reaches 476.5 in. (12.10 m), 
t he  HPCI and RCIC systems a c t u a t e  au tomat ica l ly  and are soon i n j e c t i n g  
at f u l l  capac i ty  - 600 gpm (0.038 m3/s) f o r  RCIC and 5000 gprn (0.315 
m 3 / s )  f o r  HPCT. The water l e v e l  increases  s l i g h t l y  and the core  thermal 
power changes correspondingly u n t i l  the  t o t a l  ves se l  i n j e c t i o n  (HPCI ,  
RCIC, and CRDHS) is equiva len t  t o  the  prodact ion rate of steam i n  the  
r e a c t o r  core. After reaching t h i s  quasi-equi l ibr ium state, t h e  ves se l  
water l e v e l  f l u c t u a t e s  about a mean value of 476 in .  (12.09 mi) i n  re- 
sponse t~ t he  f l u c t u a t i n g  vesse l  p ressure ,  

Since the MSIVs are c losed ,  a l l  of the steam produced i n  the reac- 
tor  v e s s e l  t h a t  is not used for HPCI or  RCIC t u rb ine  opera t ion  is dis -  
charged through the  SRVs to be condensed i n  the 951,000 gal (3600 m3) of 
water held i n  the  pressure  suppression pool. D i s t r i b u t i o n  of t he  steam 
i n t o  the  pool is accomplished by T-quenchere, which are 10-in, (0.25-m) 
diameter hor izonta l  per fora ted  pipes  loca ted  10 f t  (3.05 an) below the  
su r face  of the l6- f t  (4.88-m) deep pool, one T-quencher a t  the o u t l e t  of 
each SRV. There are over a thousand small steam release holes  i n  the  
su r face  of each T-quencher, s fzed and arranged t o  promote s t a b l e  conden- 
s a t i o n  of the escaping stearn, 

I_ 

*See, for example, Sect.  9.3 of Ref. 3.2. 

tAs discussed in 3.1, the BWR-LACP c a l c u l a t i o n  begins 50 8 a f t e r  
t he  MSIV c losu re ,  during which t i m e  downcomer water l e v e l  has decreased 
from the normal 560 in .  (14.23 m) ind ica t ion .  
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r)using the f irst  115 mitrn of the aceiaellP: sequence, the pressure 
suppress ion  pool temperature ( F i g .  3 .5 )  is increasing €row 90 to 190 F 
(305  to 351 K) and the condensation effectiveness is 108X, The water 
level. of the p a d  irnereases by nore than 1 ft (0 .305  n> during th is  
period due to the added mass of water from coadensed. s t e m  and also 
because of the s l ight  expansion af the water as it is heated, Drywell 
temperature and pressure (Ffgs. 3.6  and 3.7) do not increase appreciably 
d t ~ r i n g  this f i r s t  part of the accident ~ i i ~ ~ e  lOOW of t k i  stern i s  con-- 
dewsad i n  the S U ~ ~ K ~ S S ~ O ~  pool and because the drywell coolers cronttnue 
to run throughout the pe-n-lod D r y w l l  temperature actually decreases 
during the f irst  20 mfn because the t r i p  of tbe recirculation pumps 

When the i n d i c a t e d  pressme suppression pool water level reaches 47 
in. (an increase of 11 inches over the BnP~~lts l  -4 in .  indPcacion*Q, the  
HPCI system. pump suction is automatteally s h i f t e d  away from the  CST an 

t ion  shBft is 152°F (340 K). The WCI system can, at least  temporarily, 

HPCI system would keep running pump t he  heated suppression pool 
water at a rate of 5000 gpm (0.31 

As time passes,  the dncrea seeeBon pool temperacure ehd- 
lenges the ability of the HPCH system to keep pumping, The HFCX turbine 
lube o i l  i s  coo led  by the water be ing  pumped. Hotter, less viscous o i l  
can tnapair t h e  bearfngs, the turbfne governors, and the gear reducer. 
DetalLPed discussion of WCI capability was submitted by the TVA i n  
Amsendment 57 *is the Browns Perry FSm (pages 14*1-14.5). Thfs discus- 
sion concludes  that the WCT: can, far l i m i t e d  periods, pump water at 
l52OF ( 3 4 5  R) wiithout f a i l i n g ,  but that oil temperatures In excess of 
200°F (366 K) are to be avoided. Allowing f o r  a b a t  exchanger AT of 
10°F ( 6  K ) ,  th i s  upper 1isf.t translates to a maxi imim pumped water tem- 
perature of 190°F (361 K). Th~reefore,  the calculations discussed i n  
this section are done under t h e  assuanpt:on that the PilPCI f a l l s  when the 
pumped W ~ W K  ( i . e . ,  the suppreaslsn pool after the  suction shift) te 
perature exceeds 190°F (361 K). 

As shown on Fig. 3 . 5 ,  the WCI pump suctlon shifts at t i m e  8.3 d n  
and the suppression pool temperature reaches 190 3' (351 K> at 14,8 mini 
these e v e n t s  cause failure of Ihe MPCI system m d  end the i n i t i a l  phase 
of the accident by reducing t he  t o t a l  vessel water injection flow from 
5700 gpm (Q.36 m 3 / s >  to only 708 gpm (0.044 m 3 / s 1 ,  

remDveB part of the heat load BIB t he  BryveBI coolers. 

to tk suppression pool.  The pool temperature at the t i m e  of the B%?.6-- 

odate the pumping of water at t h i s  temperature, 88 initially, th'e 

----.-.-- 
"Instrument zero is  4 in .  (0.1 m> below the dplane of the 31 Et. 

( 9 . 4 5  e) diameter bonus; b h s ,  an indicat lm of 4 in, would enem that 
ttle to rus  Ps hal f  f u l l  05 water. 
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3.3 Events from Loss of KPCI  to ADS Acttmafion 
(14.8 dn. t o  18 min.) 

After HPCI  system f a i l u r e ,  the  t o t a l  vesse l  i n j e c t i o n  {from RCIC 
and CRDHS) is about 700 gpm (0.044 m3/s) - i n s u f f i c i e n t  to r ep lace  the  
water inventory l o s s  with t h e  core  cr i t ical  and generat 
power. (The condensate booster pumps have been running 
acc ident  and are not au tomat ica l ly  t r ipped  a6 a r e s u l t  of the  acc ident ;  
however, they cannot i n j e c t  water i n t o  the  r e a c t o r  v e s s e l  because it  i s  
s t i l l  f u l l y  pressur ized . )  Tfae downcomer water l e v e l  decreases  r a p i d l y ,  
and is below 413.5 in .  (10.50 m) wi th in  1 2  min. A s  water l e v e l  
dec reases ,  the n a t u r a l  c i r c u l a t i o n  of water wi th in  the  r e a c t o r  ves se l  
dec reases ,  reducing flow i n t o  the  core  and Introducing a d d i t i o n a l  nega- 
t i v e  void r e a c t i v i t y  s u f f i c i e n t  t o  reduce the care power to about 10%. 
Even a t  t h i s  lower power l e v e l ,  t he  ves se l  water nventory cannot be 
maintained by the  RCIC and CRDHS a lone ,  so water level cont inues t o  de- 
crease. 

Upon r e c e i p t  of t he  low water l e v e l  signal at 4113-5 i n .  (10.5 m> 
i nd ica t ed  downcomer water level, the LPCI and Core Spray pumps start but  
do not immediately i n j e c t ,  s i n c e  the  vessel is st i l l  pressur ized ,  The 
ADS t i m e t  also begins with t k  Pow water l e v e l  s i g n a l ,  since t he  o the r  
requirements f o r  ADS are met a t  k h t s  t h e :  drywell pressure  >2.45 psfg 
(0.118 MPa), confirmatory v e s s e l  low l e v e l  C546 in.  (13m8F m>, and 
sensed pressure  at the LPGI o r  Core Spray pm> discharge ,  The vesse l  
water l e v e l  cont inues t o  decrease ,  reaching the top of a c t i v e  f u e l  be- 
f o r e  ADS ac tua t ion .  A f t e r  t h e  timer completes i t s  120 8 cycle ,  the ADS 
a c t u a t e s ,  opening six SRVs.  

3.4 Events After ADS Actuation 
(18 mLn. t o  37 mine) 

The ADS a c t u a t i o n  immediately opens s i x  SRVs* and i n i t i a t e s  a rapid 
dep res su r i za t ion  of t he  r e a c t o r  vessel (Fig. 3.4). Much of the inven- 
t o r y  of hot water i n  the  r e a c t o r  ves se l  f l a s h e s  and passes through the  
s i x  open SRVs to be discharged i n  the suppression pool, The r ap id  loss 
of vessel water inventory c~mpletely uncovers t h e  CON wi th in  one minute 
(Fig. 3.2). 

With the  core  uncovered, c r i t i c a l i t y  cannot be sus ta ined  and t h e  
core  thermal power subs ides  t o  the decay heat level. Beat-up of t h e  
f u e l  is r e l a t i v e l y  slow at decay heat l e v e l s ,  so  the re  is no immediate 
f u e l  damage. 

When v e s s e l  p re s su re  decreases  t o  below 418 p s i a  62.882 MPa) at  
19.6 min, the condensate boos te r  pumps (CBPs), i n  series with the 

*Immediately p r i o r  t o  ADS ac tua t ion  rhe re  is one open SRVI I f  th is  
open SRV were a member of t h e  group of s i x  SRVs assigned t o  t h e  ADS, t h e  
ADS a c t u a t i o n  would immediately open only f i v e  SRVs, but chis would 
br ing  t h e  t o t a l  number of open SRVs t o  s l x .  
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coildensate primps, begin PUmPiTlg water from the  m P n  condenser h o t w ~ l l  to 
the  reactor vessel .  Piglire 3.8 shows %he f l o w  parh from hotwell through 
the  Bnactivc feedwat?r h ~ a k e r s  and turbLnP-drivPn main feedwatex pumps 
( te lppcc l  by lack of stear s ince  the  MSTV c losu re )  and i n t o   he re air to^ 
vessel. [For the f i r s t  19.6 min of the  acejldent sequence, the srmsel 
pressure is abave the coab-lned shut-off head of the  condensate and con-- 
densate booster  pumps; the  pumps are protec';ed from overheat ing by auto- 
matic flow con t ro l  valve 2-29 vhtch maPntains a mdnlmtim r e c i r c u l a t i o n  
€low (about 25% ~f f u l l  ZZow) from the booster  pump discharge back to 
the  condenser hotwel l .  J 

The Z,PCI and Core Spray pumps begln i n j e c t f o n  (Fig.  '3 .3)  viebin 
10 s of the  i n l t i a t i o i i  of CBP flow, as reactor vesse l  pressure decreases  
t o  below the ir  s h u t  -off  heads. The combined f l o w  from che CBPs and the  
two low pressure ECCS systems peaks at about 67000 gpm ( 4 . 2 3  m3/s>.* 

The recovery of reactor vesse l  water l e v e l  provides enough modera- 
t o r  f o r  the core to agaln sustakn crittcality* As t he  initial point  of  
r e - c r i t i e a l t t y  is exeeded,  the  neutrnn power l e v e l  i n  the core i s  3ev- 
era1 orders of magnitude below the power range, but i nc reas ing  ra- 
p id ly .  Csntlnued i nc rease  i n  water level sets  the stage for a power ex- 
curs ion  by buf ldif lg  excess p o s i t i v e  r e a c t i v i t y .  The excursion I s  t r i g -  
gered when the core thermal power increases to about 5 % ,  producing ~BP^.E!  

steam than the  six open SRVs can pass at the l o w  vessel pressure  of 133 
ps ia  (0.82 t@a) i n  e f f e c t  at t h i s  i n s t a n t .  The r e s u l t i n g  pressure in-  
crease co l l apses  steam voids  in the core ,  c r ea t ing  a d d i t i o n a l  p o s i t i v e  
r e a c t i v i t y ,  Pressure  and COX POWET s p i r a l  upward toge the r ,  the in- 
crease i n  one s t i m u l a t h g  the iner'r.?ise sf the  other. The ~ y ~ l e  of in-. 
creas ing  power and pressure i s  broken when pressure reaches the relief 
valve setpoints and a l l  13 SRVs open, limiting vessel pressure to t he  
neighborhood of 5100 p s i a  (9.584 MPa). Core tliermd. p ~ ~ e r  increases t o  
178% of the  rated 3300 Mwt before the increasing moderator temperature 
generates s ia f f  hcient voids to reverse the powel- increase .  

Whenever the  r e a c t o r  vessel pressure is above 418 psha (2.88 EPa), 
these  i s  no i n j e c t i o n  hy the low-prcssure systems. Without the massive 
i n j e c t i o n  t h a t  caused t he  p ~ ~ t ? r / p r e ~ ~ i i r - e  excursion,  t he  r e a c t o r  attempts 
t o  approach a s t a b l e  equilibrfurn.  The  ves se l  f o r  a t h e  rewalns pres- 
su r i zed ,  d i scharg ing  stcam p ~ o d u ~ e d  by the high bht decaylng r eac to r  
power. The combined RCIC and CRDITS i n j e c t i o n  of about 700 gpm (0.044 
m 3 / s )  is i n s u f f i c i e n t  to prevent a s t eady  decrease tn v e s s e l  waZeK 
l e v e l .  As water level decreases ,  t he  core power decreases ;  when che 
steaming ra te  i s  less than 36% ( a h m t  2 d n  after the begtianlng o f  the  
exeu~sion) the  six open SRVs arc discharging more steam than i s  being 
produced SO v e s s d  prcssrare begins to decrease. 

p i a  (2.88 MPa) the  s t i l l - r u n n i n g  CRPs and LPECCS pimps are again ab le  
t o  inject. This i s  the beginnifig of a nearly ideaztieal cycle cons i s t ing  

This  g r m h  flow recovers  the core i n  about 20 8 .  

when the reactor pressure has decreased to w o w  about 418 

.o...____ 

*The r eac to r  vesse l  pressure  does not drop low enough t o  permit de-- 
s i g n  cmpaeity i n j e e t l o n  by the l o w p r e s s u r e  spstens which would be about 
82,500 GPM (5.20 m 3 / e >  as ind ica ted  i n  Table 3.2. 
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of v e s s e l  d e p r e s s u r i z a t i o n  followed by a. deluge of water injected by the  
low-pressure systems, and t h e  r e s u l t a n t  power excursion and r ep res su r i -  
z a t f o n  of the r e a c t o r  ves se l .  As shown on Figs* 3,B through 3 . b 3  . this 
b a s i c  cycle is repeated fou r  tim ore the overpressure f a i l u r e  of 

thermal power of 178%. These BWR- ealcuZations make the assunspthon 
t h a t  t hese  thermal power peaks do not cairsp! any s i g n i f i c a n t  dFsruptPc~n 
of the  co re  geometry. 

With all MSHVs s h u t  durling the e n t i r e  arcidenb,  all of the energy 
of the steam df charged by the SRVs musk be absorbed i n  t he  p r i m a r y  con- 
tainment.  A s  iscussed In Appendkx A, t h e  ~ ~ ~ - ~ A ~ ~  c.alculatians dis-  
cussed in t h i s  eport assume t h a t  100% of the SRV discEzarge w 1 4 1  be con- 
densed if the temperature of the suppress ion  pool water In t h e  v f c h l t y  
of t h e  T-quenclrer devices  is a t  lease 10°F (5.6 K$ belaw s a t u r a t i o n  
(i.e., a t  least 10 F of s ~ ~ c o o ~ ~ ~ g ~ ~  t h a t  none of the discharge is con- 
densed if t h e r e  is no subcooling, and that  &he g condensed v a r i e s  
l i n e a r l y  between 100% and OX ips the subroollng 1363s from 10°F t o  
ObF. 

As shown on Fig. 3.5, the bulk pressure suppr2ssPon pool tempera- 
t u r e  i iicreases monotonically t ~ r ~ u ~ h o ~ ~  the accident sequence. Without 
o p e r a t o r  a c t i o n ,  t h e  RBR system p o ~ l  c o o k r s  are t opera t ing  ; however, 
the i r  cool ing  would be insuf f i c i ent  to prevent rapfd heatup of t h e  
suppress ion  pool even If they were opera 

During t h e  f i r s t  21 min of th@ ace1 uence, the bulk pressure 
suppress ion  pool temperature [ i n i t i a l l y  90 (305 K ) j  i nc reases  from 
222°F (68 IC) of subcool ing t o  18'F ( 6  R Q  of subcoal9ng, During this 
per iod ,  100% of the  SRV dfscharge  is con . As shown on Fig. 3 . 6 ,  
drywell pressure  i n c r e a s e s  by about three p e t  (0.007 FiPab dur ing  t h l s  
period because there is some steamjng by evapora t ion  from the surface of 
the suppress lon  pooh, The drywell atmosphere temperature is ~ a ~ ~ ~ a l n e d  
a t  o r  below its initial temperature of 145 F ( 3 3 6  K) t ro1nghout most of 
the 21 min by opera t ion  of t h e  drywell  coo le r s .  

After 21 min, t h e  suppression pool oee not have the 10°F ( 6  K) of 
subcooling r equ i r ed  E or 100% ~ ~ ~ i d e n s a t f ~  
t i o n  (between 10 and 20%) of t h e  SRV schrarge i s  able t o  bubble up 
through the 310 f t  (3.05 m) of s l i g h t l y  s u  cooled water above the 
T-quencher , ayd break through the surface t o  the w e t w e 1 1  atmosphere. 
This  steam e a s i l y  and quickly  reaches the  ell atmosphere via the 12 
two-ft (0.61-rn) diameter vacuum breake which open a direct flow path 
from the w e t w e l l  atmosphere t o  t h e  rywell atmosphere 
w e t w e l l  p r e s su re  exceeds the drywell r e s s u r e  by more 
(8.003 MPa). The direct bubble-through of steam causes a sharp i n c r e a s e  
i n  drywell  p re s su re  and temperature QFigs.  3.6 and 3 - 7 1  b ~ g ~ ~ n ~ ~ ~  a t  21 
min. By 37 min, t h e  drywel l  p re s su re  rcaches the assumed 132 p s i a  
(0.910 ma) f a i l u r e  pressure" of 

About 1,5 min before  the  d ell. pres su re  ex- 
ceeds 110 ps i a  (0.76 ma) and t f. (The drywe81 

t h e  drywell at 37 d n .  The ffrst 9s lRCbt2-t S€?Vf??xIpI, W i t h  8L peak. tore 

*The assumed s ta t ic  overpresaur  zatPnn f a i l u r e  point  for t: 
w e l l  is taken from the  information provided in Ref, 3 , 3 .  
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from the Bow-pressure ~ ~ g ~ - ~ ~ ~ ~ ~ ~ ~ ~  ptsmpirpg syste~s chere would be no 
power spikes. SPnee the rate of steam release t o  the pressure 
suppression pool would an the  aye be 1TPveHI, 86 go would the ovyer- 
pressure f a i l u r e  of the d delayed from 37 i n  (or $31 mfn far 
the WSP initiated sequence) TO 5 n a f t e r  t h e  Inception of t he  ace$-- 
dent sequence. 

Ht should be noted chat the ao-uper tor-action de uencc without 
BPeI SUCtPQn suf t  Codd only OCeU?Z SiS S 332SUle O f  a fa%lUrC? Of t 
system l o g i c  or the suction valva ~ ~ c a r - o ~ e r ~ ~ ~ ~ ~ *  

3,4, Summary and Conclusions Ear Chapter 3 

The sequence of evento leading to overpress 
primary eontajinrrment i n  an WSHV sur#? I n i t i a t e d  
i L n  which no actio operators has 
cussed in this RE faflure 3m.s been sham ts occur 
about 37 min. after the Inception of th uenee, A ~ t b t ~ s  of t b  in- 
stalled systems provided for automatte pkOre@tlon eatiase repeated 

eurization during the period e ~ 5 ~ ~ ~ ~ ~ ~ e ~ ~  failure. 

action of any kind (appro E! or ~ ~ ~ ~ ~ r o ~ ~ ~ ~ t e ~  when canf sonted 9d.t.h 
an MSIV-closure initiated 1 3.t is ObVP$rULS that  the  purpose of t h S 8  

cycles of reactor vessel ~ ~ ~ r ~ ~ s u ~ ~ ~ ~ ~ ~ o ~  injection of large 
relatively cold water, core E!XCUKG&XX, and E'i%X?XiC Vessel repXX33- 

Slnce i t  i o  inconceivable that the plant operatme would take no 

chapter i s  not ta provide indicati of cht? ti.naing 8Td$ 
events for  an aetud case. Rather, t 
operator-action sequence of events i 
what the SpeCifFc goals of opertketor ac ocher words, 
what undesirable features of the no-cap @e of evt2nt.s 
should the operators strive. t o  
features should be substituted 
invaluable to the analysis of 
operator act ion that are presented in C 

The progression of the no-operats 
termlned by automatic respon 
and ADS systems. Perhaps a: 
early failure of the NPCI system, c.a 
As a part of the overall plan for QP 
break LOCA, the suction of t h  WCI 

tbe pressure s 
CI system lube 
suppression p 

guence, the H P C I  syste 
the in jec t ion  provided 
decreases rapidly and this  

t i o n  of the plant from a 
is provided by the high-pressure h j e c t i o n  system while tke reactor 
vessel pressure remains above t h e  shutoff bead of 
low-pressure injection systems. 

T b  Automatic Depressu 

Ta t he  no-operato~-a 
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In the no-operator-action A'XWS accident sequence, the rapid reactor 
vessel depressurization occasioned by operation of the 5 permits the 
injection of enormous quantities of relatively cold water, sufficient to 
recover the core with relatively voidless moderator within seconds. 
Even though the ADS valves remain open, the resulting power spike causes 
an increase in reactor vessel pressure that temporarily prevents further 
injection by the low-pressure injection systems. The reactor vessel 
pressure quickly reaches t h e  rellef valve setpoint, and additional SRVs 
open as necessary to maintain the pressure in this vicinity, T h i s  
restores the situation to that at the beginning of the cycle with 
reactor vessel pressure at the relief valve setpoint and, because the 
HPCI system is not operating, a decreasing reactor vessel water level. 
Thus the cycle repeats, 

The steam leaving the reactor vessel during the accident sequence 
is discharged into the pressure: suppression pool via the T-quencher de- 
vices attached t o  the terminus of each relief valve tailpipe. A t  first, 
all discharged steam is condensed in the relatively cool pressure sup- 
pression pool but as the  pool temperature increases, the local tempera- 
tures around the discharging T-quenchers no longer pernit complete steaa 
condensation; after this, primary containment pressurization is rapid 
and the failure pressure I s  reached at 37 min after inception of the ae- 
ciden t . 

What actions might the operators take to forestall the primary con- 
tainment failure that would otherwise occur at time 37 mfn. or, indeed, 
to prevent it entirely? To accomplish this, ft is clearly necessary to 
reduce the rate of stem discharge info the pressure suppression pool 
and to provide pool cooling. This indicates the desirability of reduc- 
ing reactor power and preventing the pressure spikes and low-pressure 
injection cycles so characteristic of the no-operator-action case. 
These considerations provide the bases for the material presented in the 
two follow on-chapters, in which the accident sequence with operator ac- 
tion is discussed, 
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Tab le  3.1. ATWS w i t h  no o p e r a t o r  a c t i o n  
[No LOSP, i.e.% w i t h  condensa te  b o o s t e r  pumps (CBPs)] 

Event  Comment 

MSIV c l o s u r e  i n i t i a t e d  

RPT 

HPCT and RCIC start  

NPCI s u c t i o n  s h i f t  

HPCI f a i l s  

S t a r t  LPECGS pumps and ADS 

F i r s t  c o r e  uncovery  

t i m e r  

ADS a c t u a t i o n  

LPECCS and CBP i n j e c t i o n  
b e g i n s  

F i r s t  core r e c o v e r y  

LPECCS and CBP i n j e c t i o n  
s t o p s  as r e a c t o r  v e s s e l  
p r e s s u r e  i n c r e a s e s  

Vessel p r e s s u r e  at relief 
v a l v e  s e t p o i n t  

F i r s t  core power peak 

Drywel l  coolers f a i l  on 

Second core uncovery  

LPECCS and CBP i n j e c t i o n  

Second c o r e  r ecove ry  

LPECCS and CBP i n j e c t i o n  
s t o p s  

Vessel p r e s s u r e  at r e l i e f  
v a l v e  s e t p o i n t  

R C I C  t u r b i n e  t r i p  on h i g h  
t u r b i n e  e x h a u s t  p r e s s u r e  

Second core power peak 

T h i r d  c o r e  uncovery  

ove r -  t empe r a t u r e  

beg ins  

0 

0.1 

1 

8.3 
14.8 

16.0 

16.7 

18.0 

19.6 

19.9 

20.4 

20.7 

20.7 

22.4 

23.1 

24.4 

24.7 

25.2 

25.4 

26.0 

27.7 

27.6 

No scram 
A t  reactor v e s s e l  p r e s s u r e  1135 

A t  r e a c t o r  v e s s e l  level 476.5 

A t  +7 i n .  i n d i c a t e d  PSP l e v e l  

A t  190°F (361 K) PSP t empera tu re  

A t  reactor v e s s e l  l e v e l  413.5 
i n .  (10.5 m) 

A t  360 i n .  (9.14 m) [ t o t a l l y  un- 
covered  at  216 i n .  (5.44 m)] 

Two minutes  after timer ac tua -  
t i o n  

CBP a t  418 p s i a  (2.88 MPa); Core 
s p r a y  a t  357 p s i a  (2.46 m a ) ;  
LPCI at 346 p s i a  (2.39 MPa) 

p s i a  (7.83 MPa) 

i n .  (12.1 m) 

A t  360 i n .  (9.14 m) 

LPCI 346 psia (2.39 ma); Core 
s p r a y  357 psia (2.46 MPa); CBP 
418 p s i a  (2.88 #Pa) 

A t  1120 psia (7.72 MPa) 

Thermal power  = 178% 

A t  200°F (367 K) d r y w e l l  
a tmosphere  

Thermal p o w e r  = 140% 
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Table 3.1 ( c o n t i n u e d )  

Coment  

LPECCS and CBP P n j e c t i o n  

Th i rd  co re  r ecove ry  

LPPECCS and CBP f n j e c t i o n  

Th i rd  co re  power peak 

Vessel p r e s s u r e  at  re l ie f  

Four th  co re  iincovery 

LPECCS and CBP i n j e c t i o n  

Four th  core recovery  

Four th  co re  power peak 

Vessel p r e s s u r e  at r e l f e f  

Drywell  f a i l s  

beg ins  

s t o p s  

v a l v e  s e t p o i n t  

beg ins  

valve s e t p o i n t  

29 .o 

23.4 

29.8 

30.0 

30.1 

32.S 

33.6 

34 .O 

34.7 

34.7 

36.8 

Thermal power 156% 

Thermal power = 147% 

Overp res su re  at 132 p s i a  
MPa) 

Table 3.2. I n j e c t i o n  c h a s a c t e r i s t l c s  of t h e  
low-pressure ,  h igh -capac i ty  i n j e c t i o n  systems" 

Reac tor  v e s s e l  
Desfgn p r e s s u r e  

Design c a p a c i t y  d i f f e r e n t i a l  a t  WaIiCh 
[gpm ( m 3 / / s ) I  p r e s s u r e  i n j e c t i o n  System 

[ p s i  (MPa)] beg3 ns 
I p s i a  (#Fa31 

.---I - 
Condensate b o o s t e r  pumps 30,000 ( 1.893) 364b ( 2 . 5 1 0 ) b  418 (2,882)  

Core spray system 12,500 (0.789) 267 (1.841)  357 (2.461) 

LPCI mode of RWR system 40,000 (2.524)  250 (1.724)  346 (2.386) 

( 3  pumps) 

( 4  p'-lmps) 

( 4  pumps) 

"Systems d e s c r i b e d  are t hose  a c t u a l l y  i n s t a l l e d  at Browns Fer ry  Unit  1. 

h i s  is  the d i f f e r e n t i a l  p r e s s u r e  across both t h e  condensa te  pumps and 
the condensa te  booster pumps. 
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ORNLLDWG 84-4526 ETD 

0 5 10 
I 1 1 

5 40 45 50 55 3 
TIME [ M I N I  

Fig. 3.1. Fraction of rated core thermal power for the NSfV 
closure-initiated ATWS accident sequence without operator action. 

ORNL--DWG 8 4 4 5 2 5  ETD 

car's, L#xcs I r n  

9 I I 1 I I 1 I 
0 5 10 15 20 25 30 35 40 45 50 55 

TIflE [ M I N I  

Fig. 3.2. Reactor vessel water level for the MSIV closure- 
initiated ATWS accident sequence without operator action. 
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ORNL--DWG &B--4520 €TO 

ORNL-QWG 64--4527 ETD - 

0 
I , I 

5 10 IS 20 25 30 35 40 45 50 55 
TIME ( M I N I  

Pig. 3 . 4 .  Reactor vessel pressure and SRV operating h t a t o ~ y  for 
the MSIV closure-initiated A W S  accident sequerice without sperator ac- 
tion. Suppression pool level % e m  is four inches below the hor3.zantal 
centerline of the torus. 
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ORNL-DWG 84-4530 ET0 

N I  .- ..m 
I )  I I~ I I 1 I I I 1 I 

0 5 111 15 20 m 30 35 40 45 50 55 
TIME ( M I N I  

Fig. 3.5. Pressure suppression pool water l eve l  and temperature 
for the  MSIV closure-initiated ATWS accident sequence without operator 
action. 
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ORNL-DWG 84-4529 ETD 

PRESSURE 110 PSIA FORCES 
ROS VRLVES TO SHUT 

1 

Pfg. 3 . 6 .  IBr ell pressure for the MSIV closure-4nitfatecl 
cident sequence wP tbout operator actton, 
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ORNL-DWG 844531 ETD 

Fig. 3.7. Drywell atmosphere temperature for the MSIV closure- 
initiated ATWS accident sequence without operator action. 
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4 3  

4 e MS FV-CLOSURE TNZTXATKD S WTTR OPERATOR ACTION 

The progress ion  of MSIV-closure i n i t f a c e d  TWS acc ident  sequences 
i n  which ope ra to r  a c t i n n s  play a dominant ro le  i n  determining the se- 
quence of events  i s  the  sub jec t  of t h i s  chapter  and of t h e  Eel-lowing 
Chap. 5. I n  this chap te r ,  the event seqtiences are establfshed f o r  sev- 
eral cases la w h i c h  t he  p l an t  ope ra to r s  c a r q  out t h e i r  provided w r i t t e n  
emergency i n s t r u c t i o n s  exac t ly .  Some of the  cases analyzed involve con- 
s i d e r a t i o n  of equipment malfunction such as stuck-open relief valves $ 

i n o p e r a b i l i t y  of p re s su re  suppress ion  pool cool ing ,  and fa i lure  of sodf- 
um pentabora te  f q j e c t i o n  or  manual rod i n s e r t i o n .  In Chap. 5 ,  rc3r:i)mmen- 
n a t i o n s  are m d e  concerning s p e c i a l  procedures f a r  mi t iga t ion  of the 
ATWS acc ident  sequence and f o r  avoidance of t he  d i f f i c u l t i e s  t ha t  are 
demonstrated i n  t h e  sequences presented i n  Chap. 4 ,  

The emergency procedures considered i n  t h i s  s tudy  are taken from 
t h e  BWR Owners Group Emergency Procedures Guidelines Although these  
procedures have not yet been implemented a t  B K Q W ~ S  F e r r y ,  the  TVA has  
ind ica t ed  that t t  in t ends  t o  do so in t h e  near future.  The procedures 
are, of course,  being modified as necessary to f-Et the  spec f f i c  Browns 
Ferry design and setpoints.. Every e f f o r t  b s  been made, after esnsulta- 
t f o n  with TVA engineer ing  personneb, t o  1.ncorporate the Browns  Ferry- 
s p e c i f i c  rrrodificat € o m  in to  the calcul.at%ons used i n  t h i s  s tudy l  

4.1 B a s k  Cons idera t lons  fop Operator  Action 

The c o n t r o l  room ope ra to r s  would recognize the i n i t i a t i o n  of an 
A’IWS by the e x i s t a n c e  of a combination of scram s i g n a l s ,  continued In- 
d i c a t i o n  of r e a c t o r  power on the average power  range monitors, and con- 
t inued  i n d i c a t i o n  t h a t  mu l t ip l e  control rods remained i a  their f u l l y  
withdrawn pos i t i ons .  (Control rod pos i t i ons  are p r ~ m i n e n t i y  djsplagred 
upon a ‘large core mockup on the  f r o n t  panel of t h e  control room.> Be- 
f o r e  beginning the  a c t u a l  analyses  of sequeneass w i t h  ope ra to r  a c t i o n ,  It 
is w e l l  t o  review the  bas i c  phenomenology and the  planr  equipment con- 
t r o l  l o g i c  t h a t  would determine the e f f i c a c y  of the opera t a r  ~ c . ~ ‘ I Q E E .  
This Important information can be divided into fou r  areas based upon t h e  
four  goals of ope ra to r  a c t i o n -  These are: r e a c t i v i t y  eont ro l ,  r e a c t o r  
vessel water l e v e l  con t ro l ,  reactor vesse l  p ressure  controP, and pres- 
s u r e  suppress ion  pool t empera tu re  c o n t r o l o  Each of these is discussed 
i n  t u r n  I n  the following subsec t ions .  

4.1.1 R e a c t i v i t y  control 

Given a case f n  whBch the  r eac ro r  does not scram automatica3ly fof- 
lowing an MSTV c losu re  event ,  ope ra to r  a c t l o n  t o  assert r e a c t i v i t y  con- 
t r o l  by mechanically i n s e r t i n g  neutron absorbing poison i n t o  the  core 
can be attempted In t h ree  ways. These are: ( 1 )  b o  provide a manual 
scram, ( 2 )  t o  manually i n s e r t  (drive i n >  the withdrawn rods,  o r  13) t o  
inject :  a l i q u i d  neutron-absorbing sobutf an fn to  t h e  reactor vessel by 



lia;nnud i n i t i a t i o n  of the  standby l i q u i d  con t ro l  system (SLCS). Success-. 
f u l  outcome of the ffrst rrretb~4 would be msmt Aeslralsle because a naanaxal 
scram weald i m e d i a t e l y  terminate the AWS aeeident sequence and r e t u r n  
the rezctor to a noma1 shutdown conf igmat ion .  

Manual scram and manual t n se r t ion  of control rods both involve op- 
e r a t i o n  of a he cont ro l  Koa drive ~ g y d r a ~ ~ i i c  system (@mas). This system 
and i t s  modes 0f operation have bee3 descr ibed i n  &tall i n  a ~ ~ E U ~ O U S  
rep~rt.'"*l  he ;~arief d iscuss ion  p o v i d e d  here is focused on the  consld- 
txa t ions  involved i n  acttempted ~anaaal  recovery from an AWS, 

The CKIIHS ts shom schematically in Flg. 4 , l .  A scram is aceom- 
pl i shed  by opening the  ecram lnle$ and o u t l e t  valves for each of the I85 
Cr%lD mechanism assemblies.  Each open scram inlet valve p e r a ~ i t e  discharge 
of the assoc ia t ed  scram accumulator 3nta the bcBaw-piston volume of the 
asscseiated CRD mechanfam asse~bly. Each open scram dkscBaa?rge valve p m -  
vides  a pathway f o r  flow Erom the above-piston vol.imt? i n t o  the s~fam. 
discharge vo11pnae, whfeh i s  common t o  a l l  of the 185 mechanism assem- 
b l i e s , "  T ~ s ,  w f t h  pressur ized  water below the pistorn and R vented vo1- 
UIW above the piston, each cont ro l  rod is drlven upward into t he  core 
when the scram i n l e t  and outlet valves  are opened. 

held closed by control air  pressure during normiaP opera t ion  and snapped 
open by i n t e r n a l  sp r ings  when the  alr pressure is removed. A schematic 
of the control air supply to &he alr-operators of these valves  i s  pro- 
vided i n  P ig .  4.2.  &-- shown, the control air  p res su re  i s  t r anamt t t ed  
through the solenoid-opereted backup scram valves an9 scram p i l o t  
valves L 

There are two solenoi d-operated sepcam p i l o t  valves associated w i t h  
each scram i n l e t  and scram o u t l e t  va lve  p a l p ,  each energized. from a sep- 
arate r e a c t o r  proteer;lsa system (RPS) bus ( A  os B) t o  remain ia t h e  
p a s i t i o a  shown in ~ i g .  4.2 during nokrna: operation. ~ a e n  a scram s i g n a l  
is rece ived ,  both scram p i l o t  valve so lenoids  are deenergized by the RPS 

scram 4 n l e t  and the scram cmtlee va lves  are vented t o  atmosphere, per- 
m i t t i n g  these valves  to be opened by t h e i r  i n t e r n a l  springs. 

The backup scram valves  are not intended to  functlon ids an alter- 
nate means 0f providing rap id  scram of a l l  con t ro l  rods but do provide 
assurinnee that air  pressure would eventua l ly  he removed EKOIB the  a i r  op- 
e r a t o r s  of the scram inlet and outlet valves as proteeelon from a cowon 
came failure of the  scram p l l o t  valves .  During n o ~ a ~ a l  r e a c t o r  opera- 
t i o n ,  the  backup S C E ~  valve solenofds are deenergized and the valves 

 ram inlet and outlet are airnsperatea globe va~ves, 

and both 5C,1"t3IO pP10t V d V e S  tepoSf.e%On SO that the aCK OperatoW 0% 

are aligned as shorn i n  ~ i g .  4.2.  80th ws c h a n ~ ~ e i s  A and w mast t r i p  
t o  energize any or a l l  of t k  backup S C I - ~  ~ B v e  Fjdenofds but when t h i s  
occurs, the backup scram valves realign so 25 t o  vent  the control air  
l i n e s  leadfng t o  the scram pilot valves. Alt-hepug11 all o f  the Sackup 
scram valves  actuate whenever both W S  channels ?xi?, the operation of 
any one of these valves  would be sufficient to vent the ais  from t he  
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supply l i n e  and accomplish a scram. However, any scram accomplished 
s o l e l y  through a c t i o n  of t he  backup scram valves  would r equ i r e  from 15 
to 20 s because of t he  l a r g e  volume of air  t h a t  woiikd have t o  be vented 
through the  s m a l l  valve. por t s .  

It 1s clear t h a t  t he  f i r s t  goal of t h e  ope ra to r ,  when attempting t o  
manually f o r c e  a scram under ATWS cond i t ions ,  must be t o  vent the  a i r  
from above t h e  a i r  ope ra to r s  of the  scram i n l e t  and scram o u t l e t  valves.  
To this  end, t he  p l an t  emergency opera t fng  i n s t r u c t i o n s  d i r e c t  the oper- 
a t o r  t o  p re s s  the manual scram but tons on the  c o n t r o l  room panels (one 
f o r  each RPS channel) s ince  perhaps the  ATWS I s  due to the  f a i l u r e  of 
the automatic scram s i g n a l  t o  t r f p  b t h  KPS channels. If t he  manual 
scram buttons a l s o  do not produce a success fu l  scramIL, then procedures 
c a l l  for an a u x i l i a r y  ope ra to r  t o  be dispatched t o  t h e  a u x i l i a r y  i n s t r u -  
ment room where a mockup panel of t he  r e a c t o r  core  provides i n d i v i d u a l  
t ogg le  swi tches  f o r  each c o n t r o l  rod t o  permft t e s t i n g  of the scram 
func t ion .  Thus the r e a c t o r  might be scrammed from the a u x i l i a r y  Ins t ru -  
ment room, one rod a t  a t i m e .  

Conversations with Browns Fer ry  c o n t r o l  room ope ra to r s  r evea l  t h a t  
they are w e l l  aquainted wPth the  need t o  vent t he  a i r  From t he  scram 
p i l o t  va lve  ope ra to r s  under ATBJS condi t fons  The opera to r s  i n d i c a t e  
t h a t  if all of the  prev ious ly  m e n t l ~ n d  steps f a i l e d ,  they would con- 
s i d e r  us ing  t h e  c o n t r o l  room s w i t c h  t h a t  shu t s  off  the  c o n t r o l  a i r  sup- 
p l y  t o  t h e  reactor bu i ld ing  and venttng the  downstream pip ing  of t h e  
scram p r o t e c t i o n  system wfth a hacksaw, 

It is  of course poss ib l e  tha t  t he  failure-to-scram would occur even 
though the  a i r  1_ had been vented from the  scram p i l o t  va lve  a i r -opera tors .  
A "water-lock" an the  CRD mechanism assembly d r i v e  p i s tons  would occur 
if t he  scram discharge  volume w e r e  f u l l  at  t he  incep t ion  of the scram so 
that t h e  water volumes above the  CRB mchanism assembly d r i v e  p i s tons  
could not be vented. That t h i s  is p o s s i b l e  i s  proven because t h i s  was 
t h e  cause of the June, 1980 par t ia l  failure-to-scram a t  Browns Ferry  
Unit J , * ~  0 2  

The scram discharge  volume (§DV> I s  vented and drrrn:nned d u r i n g  nor- 
m a l  r e a c t o r  opera t ion .  When a scram occur6, the SP)V vent and d r a i n  
va lves  are au tomat i ca l ly  shut  by action of the  scram dump valves shown 
in Fig .  4.2 (see the d i scuss ion  i n  Ref. .  4-11*  The purpose of t h i s  is t o  
con ta in  the  onrush of w a t e r  from above t h e  CKD mechanism assembly drive 
pfs tons  wi th in  the  scram discharge  volume and thereby uiLd up a back- 
p re s su re  equal  t o  r e a c t o r  vessel. p re s su re  * Otherwise leakage p a s t  the 
CRD mechanism assembly seals would provl.de a contfnual S Q U ~ C ~  of water 
i n t o  the  SDV d r a i n s  a f t e r  t he  r e a c t o r  has scrammed. en the  scram con- 
d i t i o n  has c lea red  and the  scram fogfc  Is reset: by the  ope ra to r ,  t h e  
scram o u t l e t  (and i n l e t )  va lves  are au tomat i ca l ly  closed and the  SDV is 
aga in  i s o l a t e d  from the  r e a c t o r  vessel, vented, and drained. 

*It should be noted t h a t  ex tens ive  p ip ing  modtficatloas have been 
implemented at  Browns Fer ry  t o  ensure t h a t  t he  p a r t i c u l a r  cause of t h i s  
i n c i d e n t ,  t h e  "water-lock" i n  the  scram discharge  volume, all not hap- 
pen again.  
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fraction in the core be reduced to offeec She negative reactivity in- 
traaucea by the roa &ns@rtiQn & uXtimataLy, t b  same effecb as a %ePm 
is achieved, 

The final means for  the operator to inser t  negative rtaactiv9ty by 
mechanical methods is provided by the SLCS. 8 system (Fig. 4 , 3 9  em- 
ploys positive displacement pumps and 2s de d to permit the  iajec- 
tfon of a sod2 pentaborat@ SQPutiOTl $nto actor V ' e S f 3 d  dt rage 
of 56 gpm (o.oo~~ m38s> via the single sparger shown %n pig, 2,2, AS 
discussed in Sect, 2.1, complete dispersal  sf the injected p a i m n  upward 
into the core region is not expected to occur unless there Ps n core. in- 
Bet flow sufficient to induce turb 
lower plenum. For this reason, %he 
Guidelines provide for a large core 
the ECCS systems after suff ieient poison for  shutdown 
jected. This is effected by directing the operator to r" 
viously depressed water reactor vessel water l eve l  hack up to the normal 
operating range. 

The operation of the SLCS pimps and the associated explosive valves 
is accomplished from the control room by aeans sf a keylack s w i t c h  Zo- 
cated on the nt panel, The switch has three iposieloas, '"start p u q  

start pump B,'$ When the operator tarns the switch to 
the "start A"' position, pimp A starts and both explosive valves 

injection path to the reactor vess A nearby control 
pemfts rthe operacor to observe creasing l e v e l  in 

control tank at the pump suction and sensed flow 
downstream of the explosive valves illuminates an catfng Ifgkr,  I f  
the " A  pump fails to start, the operator can tuna I.ock i3wPtd-l to 
the "atart pump B" positlon. Xt should be nmted that both 
be operated simultaneously.* 

81 min to pump the t o t a l  volume of 455Q gals (17,22 on3> of sodium penta- 
borate solution from the storage tank b t o  the reactor vesse3. e However 9 

tbe reactor carp be brought to hot @hutdown more quick y than thhs sance 
the antoernt of poison contained in just 21.32 of the tank vsluare 3s suf- 
ficient f o r  this purpose. Specifically, after 17.27 mfn 
282 lbs (96.2 kg) of sodium pentaborate muld have entere 
vessel; if the  reactor vessel is subsequently flooded to in;@ noma1 

pentaborate concentration (assumed t o  be uniform) wo 

Ferry procedures currently in preparation wil.1 call for rn Injectfops 

lower-than-desbgn injection rates and imperfect mIx8 
Recent changes t o  the Browns Perry emergency operating instructions 

have made the initiation of the standby l i q u i d  control system nandatory 

At an injection rate oE 56 gpm (0,0035 m 3 / / s ) ,  %a: woul 

water level, containing 14,785 f t 3  (418.7 1x3) of so n,  the? sodium 

this is S u f f i C h I t  for hQt shutdon. It XS expected t h a t  the ~ Q W ~ S  

tim@ of 25 d n  hfore reactor V@SSlt?l re f i l l  to prOVide 2illaWanCe for  

*The operafor training rnanual f r ~~o~~ Ferry expla ns that: thhs 
is to provlde more tinee for mixfnp: and thereby reduce tRe  poss fb i l i ey  of 
reactivity "chugging"' in the core, 
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under either o€ the fol lowing condd t i o n s  : 
1. Five or  more ad jacent  con t ro l  rods not I n s e r t e d  below 06 pos i t i on*  

and e i t h e r  reactor iirater l e v e l  cannot be na in ta ined  or suppress ion  
pool water temperature l i m i t  of 110°F is reached. 

2. Th i r ty  or more rods not inserted helow 06 positton and either r e x -  
tor  water l e v e l  cannot be maintained or  suppress ion  pool w a t e r  tern-- 
pe r s tu re  l i m i t  of l l O o P  %s reached. 

The S h i f t  Engineer or  Aqsistant. Shfft Engineer is respons ib le  Pomp the  
decision t o  i n l e i a t e  the SECS, but the written procedure permlts the 
u n P t  opera to r  to t a k e  this actiosa i f  the S h i f t  Engineer and Ass i s t an t  
Shlft Engineer are not a v a i l a b l e .  

4 0 1 2 Reactor ves se l  l e v e l  con t ro l  

As discussed i n  S e c t .  2.3, the hlgh-pressure i n j e c t i o n  systems per- 
form the role of feedw8tez pumps during m ATVS acc ldent  sequence inlti - 
a t e d  by MSIV closure and t h e  combined r a t e  01 in.jectBoln of the WCI, 
R C I C ,  and CRIIHS pumps d e t e ~ m i n e ~ i  both the reactor vesse l  water l e v e l  and 
the core thermal power. 'The relaeforr between core power, d o v n c ~ m i ? ~  wa-' 
ter level ,  ana r a t e  of i n j e c t i o n  is complex because, w i t h  t he  rec i rcu-  
l a t l o n  pl~rnps t s t p p e d ,  t he  COPT@ i n l e t  flow depends on the a m l l k - t t  sf natu- 
ra l  cireuPatPon wtthin t h e  reactor vesse l  and t h i s  is a L'unctPon of t h e  
downcorner water level a d  the pswcc. (See the d i scuss ion  ln Appendix 

The results of c a l r u l a t l o n s  performed with the BWR-LACP code t o  in- 
vestlgate the effect  of downcower water l e v e l  uptx  core bhermal power 
and core i n l e t  flow Iknder AWS condi t ions  are shown i n  F igs .  4.4 and 
4-5. IT is ernphaslzed that the  c a l c u l a t i o n s  represent  s teady  s t a t e  con- 
dbtione. For example, the highes t  downcomer wte: 'bevel used f o r  the 
c a l c u l a t i o n s  was 551 in .  (14 ,25  m> above v e s s e l  P , C T O ,  which corresponds 
t o  the  water level during norma; reactor OQeratiOn. n e  results shown 
on Fig. 4.4 indicate ChaC c if the hig'n-pressure i n j e c t i o n  system could 
supply emugh water t o  maintafn the downcomer water l e v e l  a t  thPs height 
under A'TWS cond i t ions ,  - then the corresponding steady-state core thermal 
power a t  normal r e a c t o r  p r e s s u r e  would be 113%. ma'. thc power level. 
would bc higher  under A?%S condi t ions  with the r e e i r c u l a t f o n  pumps 
t r ipped  than under normal opera t ing  condi t ions  a t  the same water l e v e l  
is because the htgh-pressure i n j e c t i o n  system i n j e c t  r e l a t i v e l y  cold 
water [about 90°F (305 K)] from the CST wnereas cinder normal cond i t ions ,  
f e e d w a t e r  is heated t o  about 377°F ( 4 6 5  K) before e n t e r i n g  the reactor 
vessel. 

The r e s u l t s  shown in Fig .  4.5 indicate t ha t  the core I n l e t  flow i n -  
duced by t I i 3 t i 1 r a l  c i r c a l a t i o n  decreases as the downcomer water level  i s  
lowered and t h f s  is the  clause of the  steady decrease  i n  power level. 
shown7 on Pig. 4.4 as rhe w a t e r  l e v e l  i s  l o w e r ~ d  from 551 to SO0 i n .  
(14.25 t o  12.70 rn). Thsrc  is a d i s c o n t i n u i t y  i n  the pcwer curves as the 

B. 1 

*This  i s  equiva len t  t o  18 in .  (0.46 m) of rad withdrawal, To ta l  
rod t r a v e l  i s  144 in. ( 3 * 6 6  m). 
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downcomer water l e v e l  i s  lowered 
by the uncovering of the feedwater spargers .  

provided by the  HPCI and RCIC systetas, which 
Most of t he  i n j e c t i o n  de l ive red  by the  

(12.70 m>; t h i s  

gh-pressure systems is 
inject  i n t o  the r e a c t o r  

v e s s e l  v i a  t he  feedwater l i n e s .  
w i th in  the  r eac to r  v e s s e l  is sh5wn in Fig,  4. , Bong as t h e  
comer water l e v e l  is above t he  feedwater spa r  rs, then the relat 
cold i n j e c t e d  flow is  mixed with the  o the r  w a t e r  i n  t he  downcomer, main- 
t a i n i n g  a r e l a t i v e l y  low temperature at the  core i n l e t ,  Whe 
comer water l e v e l  is below the feedwater spa rge r s ,  however, t 
flow is sprayed i n t o  a steam atmosphere by the  nozzles  i n  the  feedwater 
spargers, This ,  in effect ,  provides  feedwater hea t ing  and t 
t u r e  of t he  flow at  the  core i n l e t  i nc reases  s i g n i f i c a n t l y .  
produces the  marked deerease in s teady-s ta te  power l e v e l  under AlWS con- 
d i t i o n s  as t he  downcomer water l e v e l  i s  lowered below 500 i n .  (12.74) m> 
as shown on Fig. 4.4. 

The l a r g e  ca l cu la t ed  e f f e c t  of uncovering the  feedwater spargers  

The l o c a t i o n  of ;he feedwater spargers  

depends upon the assumption t h a t  the TAP161 and/or RCIG flow leaving the 
spargers  is i n  t he  € o m  of a spray with the  assoc ia ted  Parge su r face  
area t h a t  promotes e f f i c i e n t  heat t r a n s f e r  wi th  the surrounding steam. 
It should be noted,  however, that cons idera t ions  such a8 these  a r e  only 
important when one a t t empt s  t o  c a l c u l a t e  s teady-s ta te  r eac to r  power as a 
func t ion  of r eac to r  ves se l  water l eve l .  As discussed i n  Appendix 0 ,  t he  
c a l c u l a t i o n  of core thermal power as a funct ion  of the rate of i n j e c t e d  
flow Xs s i m p l e  and s t r a igh t fo rward ,  

of t h e  e f f e c t  of downcomer water l e v e l  upon r eac to r  power under A'IWS 
condi t ions  by instructing t he  opera tor  t o  reduce vesse l  i n j e c t i o n  as 
necessary t o  lower the downcomer water l e v e l  to t he  top of the core.  As 
shown on Pig. 4,5, a l l  n a t u r a l  c i r c u l a t i o n  of water from the  core region 
t o  t h e  downcomer is stopped when the downcomer l e v e l  is thXs low, so the 
core i n l e t  flow c o n s i s t s  only of t he  In j ec t ed  flow from the  high- 
pres su re  systems p lus  the  steam condensed wi th in  the r e a c t o r  vesse l .  In 
t h i s  phase of opera t ion ,  t he  steaming rate from t he  core  s i g n i f i c a n t l y  
exceeds the  steam flow from the r eac to r  ves se l  because of the l a r g e  rate 
of steam condensation i n  the  v i c i n i t y  of t he  feedwater epargers .  

As shown i n  Fig. 4 , 4 ,  the core thermal power is about 9% wi th  t h e  
downcomer water l e v e l  lowered to  t h e  top of the  core  and with  the  reac- 
t o r  v e s s e l  f u l l y  pressur ized .  TIE corresponding core i n l e t  flow (Fig. 
4,5) is less than 2% of that at normal f u l l  power operat ion.  This cer- 
t a i n l y  would not  be enough flow t o  sweep the  sodium pentaborate  i n j e c t e d  
by the  SLCS i n t o  the  core. Accordingly, t he  W R  Owners Group Emergency 
Procedure Guidel ines  spec i fy  that the  opera tor  should r e s t o r e  the reac- 
t o r  ves se l  water Level t o  the  normal opera t ing  l e v e l  after the  amount of 
sodium pentaborate  required f o r  hot shutdown has been in j ec t ed .  T h i s  
involves  a period of rapid i n j e c t i o n  and r e s t o r e s  n a t u r a l  c i r c u l a t i o n  at 
decay hea t  levels, thus promoting the e n t r y  of t he  l i q u i d  poison i n t o  
t h e  core and its subsequent mixing. 

It is important t o  consider  t he  r e a c t o r  ves se l  water l e v e l  i n s t r u -  
mentation a v a i l a b l e  for t he  ope ra to r ' s  use when he or  she is at tempting 
t o  maintain the  water l e v e l  at the  Cop of t he  core ,  The t w o  ranges of 
a v a i l a b l e  ins t rumenta t ion  are i l l u s t r a t e d  i n  Fig. 4.7. The Emergency 

The EWR Owners Group Emergency Procedures Guidel ines  take 
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Systems instruments are call hra ted  f o ~  n a m l  speratlng temperat i i res  and 
~ K P S S L I R S  and C h e  range extends  dskm t o  373 i n .  (9.47 rn) above vesse l  
zero or 13 in. (0.33 m) above the t o p  of the core. The "Post Aecfdent 
FPOodiilg Range " extends  almost t o  the  core midplane, bur is c a l i b r a t e d  
for  LOCA condittons, % . e . ,  atmospheric pressure. 

& i o n  on ctne nore accuratp Emergency Systems range and therefore would 
a c t u a l l y  control down.comr water 1~veE.  a t  about 380 tn. (3.65 m), or 
s l i g h t l y  above the cop of the  core, Table 4.1 i n d i c a t e s  the magnitude 
of level i n d i c a t i o n  differences betweern the two available instruments 
The i n d l c a w d  l e v e l  on r . 1 ~  Post Accident Flooding instruments is too low 
when b-he r eac to r  v e s s e l  i s  pressur ized .  Wtth an a c t u a l  level of 380 in. 

Pos t  Accfdens FPooding i n d i c a t e d  level  would be 337 i n .  
One f i n a l  consideration concernlng r e f i ~ t ~ r  vessel l e v e l  cont ro l  

under AWS conditfons rem,ains to  be discussed. It is expected t h a t  t h e  
IZPCI system ~ ~ d - a  be l o s t  i n  an ATWS a c c t n e ~ ~ t  seqtten~e? that involved ex- 
cessive pressure s u p p m s s i o n  pool temperatureu unless 2;he operator t akes  
extraordinary a c t i o n  to prevent  the shift of t h e  IIPCI pump s u c t i o n  to 
the  pressure scppress ion  pool by racktng out t he  breakers t o  the va lve  
motor operators  f o r  the  suc t ion  valves From the pool ,  WiQh the WCf 
system f a i l e d ,  6he capacity of the senairring Mgh-pressure i n j e c t i o n  
systems (RCIC and CRDHS) is insuffictent to m d n t a j n  the reactor vessel 
downcomer water l e v e l  st the  top of the core?. AcrordingPy, i f  the water 
level is t o  be malntafncd at the t o p  of the core, the operator mmt at 
least partially depressuhiytx the  reactor vessel and use a l o ~ - - p r e ~ s u r e  
. fnjeecion system. 

It seems t h a t  the e n s l e s t  and safest course f o r  the operator  would 
be to t i a m  off two condensate pumps and two csndensate booster pumps and 
i ise t he  remaining condensate pump-condensate booster pump combination 
f o r  reactor vessel i n j e c t i o n .  As Indica ted  on Fig. 3.8, s t a r t u p  bypass 
valve 3-53 provides a bypass path ahoapnd LIE i d l e  feeapmpr;. TIWS the 
oper-ator C ~ I B  s h ~ t  the feedpump dts~harge valves  3-5, 3-12, and 3-19 a d  
provide a con t ro l l ed  i n j e c t i o n  into the reactor vessel by t h r o t t l i n g  
va lve  3-53. As i n d i c a t t d  on Table 3.2, i n j ee t io i i  by t h i s  means is  pos- 
s i b l e  when~ver  reactor vesscl. pressure i s  below 418 ps4a (2-88 ma), 

A secoad way t o  provide eon t ro l l ed  reactor vessel injection usdng a 
~ O W - ~ W S S ~ I T  system would be to use anc loop of the  CO?TE spray sg~~teni~. 
As an example f o r  the loop containirng pumps A and C as shorn i n  
Fig.  4 . 8 ,  vaive  75-25 is  a t h r o t t l e  valve whbch can be operated from the 
con t ro l  room when the reactor vessel pressiire is  less than 465 p i a  
(3.20 ?@a>. As i nd ica t ed  i n  Table 3.2, the core spray pumps can begin 
i n j e c t i o n  i n t o  thp rr3ctor vessel when the vessel pressure falls below 

SeemS t h a t  the  opt?ratoE WoU'ld di?SdrE? to  malntafn level ind lca-  

(9 .65 m > s  the  ~ m e r g ~ ~ ~ y  systems i nd ica t ed  I e d  goula be 380 i n .  a n t i  t h e  

357 p s h  (2.46 IQS) .  At htgher reactor vessel preSSureS, the nnnning 
C O W  spray pumps would be protected by minimum l i n e s  (not  S I I O ~ ~  on 
Ptg .  4.8) which open co per~tt f l o v  from the  primp discharge t o  the  pres- 
sure srippresaton pool when the total loop flow 1s less than 660 gpm 
(0.038 ffi3/s>. 

The BJR Cadners Group Kaaergency Frocedurea Guide1 1 nes recommend use 
of t he  Core Spray  system for reactor' v e s s e l  l c v e l  control under A 
condittoos only if the level cannot be BntaPned by the Ngh-pressure 
I n j e c t i o n  systems, the condensate ahad feedwater systems, or tht? LPCI 



mode sf the  RHR system. i s  i s  became of the unknown 
as soc ia t ed  with the s p r a y i  of l a r g e  amounts of w a t e r  onto 
p a r t i a l l y  uncovered core under ATWS condi t ions .  

The t h i r d  way t o  provide r e a c t o r  v e s s e l  water l e v e l  con t ro l  with a 
low-pressure i n j e c t i o n  system would be t o  use a po r t ion  of the  RHR sys- 
t e m .  This method is more compficafed than e i t h e r  of t he  two methods 
p rev ious ly  d lscussed ,  but can be explained with re ference  t o  F igo  4 . 9 ,  
which shows one loop  of the RNK sys t em,  Under ATWS condftfons, t h i s  
system would be expected t o  be employed i n  t h e  pressure  suppression pool 
cooling mode, with t h e  f l s w  from the  olxtlet of t he  heat exchangers re- 
t u r n i n g  t o  the p res su re  suppress ion  pa01 through va lves  74-71 and 74-73 
shown on Fig. 4.9, It is  ev ident  t h a t  r e a c t o r  v e s s e l  i n j e c t i o n  can oc- 
cur simultaneously i f  valves 74-66 and 74-57, assoc ia t ed  with the  I 2 C I  
mode of RWR system ope ra t ion ,  are opened. 

LPCI outboard i n j e c t i o n  va lve  74-66 and LPCI inboard i n j e c t i o n  
va lve  74-67 cannot both be opened from the  con t ro l  room un les s  the  reac- 
t o r  ves se l  p re s su re  is less than 465 p s f a  (3.20 MPa) and, as ind ica t ed  
on Table 3.2,  t h e  shutof f  head of the  RIHR pumps is such t h a t  v e s s e l  In- 
j e c t i o n  cannot occur u n t i l  r e a c t o r  vessel pressure f a l l s  b e l o w  345 psfa 
(2.39 MPa). I f  the LPCI  mode of t he  RWR system is  au tomat i ca l ly  i n i t i -  
a t ed ,*  then t h r o t t l e  va lve  74-66 is in t e r locked  t o  f u l l  open f o r  
5 min. This would be expected t o  occur i n  an AT% acc ident  sequence i f  
t he  r e a c t o r  p re s su re  f a l l s  Low enough to permit f n j e e t i o n  Ry the  R)fR 
system because the o the r  p r e r e q u i s i t e  f o r  automatic fnitiation, a high  
drywell  p re s su re  s i g n a l  would be generated by evapora t ion  from the 
heated p res su re  suppress ion  pool. earl ier i n  the  sequence. With the LPCI 
i n j e c t i o n  va lves  f u l l  open e a c t o r  ves se l  f looding  could o n l y  be pre- 
vented by t u rn ing  off the  pumps during the  5 min period u n t i l  va lve  
74-66 can be t h r o t t l e d *  

4 . 1 . 3  Reactor vessel. p re s su re  c o n t r o l  

Without ope ra to r  a c t i o n ,  t he  r e a c t o r  ves se l  p re s su re  would be de- 
termined by automatic SRV opera t ion .  Each SRiJ has a capac i ty  equ iva len t  
t o  about 4.5% caf f u l l  r e a c t o r  power. Therefore,  f o r  example, i f  t he  
r e a c t o r  were gene ra t ing  29% of full steam f l o w  en an Am§ aecfdent s i t u -  
a t i o n  with the  MSIVs c losed ,  four  SRVs would remain open passing 26% of 
Eull  steam flow t o  t he  p re s su re  suppression pool and a f i f t h  SRV would 
cycle, k i n g  open about ha l f  of the  t i m e ,  wtth the  r e a c t o r  v e s s e l  pres- 
s u r e  a l t e r n a t e l y  r i s i n g  and f alEl ng over i t s  abbrevia ted  blowdown range * 

It is important t o  recognize that th i s  p re sen t s  a very unusual sit- 
ua t ion  t o  the  cont ro l  room opera to r  if he a t tempts  t o  e s t a b l i s h  manual 
p re s su re  con t ro l .  The opera to r  has no i n d i c a t i o n  as t o  which o f  t he  
SRVs are open as a r e s u l t  of r e a c t o r  v e s s e l  p re s su re  exceeding t h e i r  
s e t p o i n t s  f o r  automatic a c t u a t i o n ,  I f  the 

*AutomatBc i n i t i a t i o n  occurs f o r  ( 1  ) 
414 i n .  (10.52 m>, o r  ( 2 )  drywell pres su re  
and low r e a c t o r  v e s s e l  p ressure  a t  465 p s i a  - 

opera tor  acts t o  open- an SRV 

r e a c t o r  v e s s e l  LOW l e v e l  a t  
high a t  2.5 ps ig  (0.119 MPa) 
(3 ,ZO MPa). 



52 

t h a t  is a l ready  open, nothing w i l l  happen. :If t h e  opera tor  happens t o  
select  a shut  SRV and opens i t ,  the  r e a c t o r  v e s s e l  pressure w i l l  de- 
crease s l i g h t l y  and one of t he  previously open SRVs w i l l  c lo se ;  t he  net 
r e s u l t  is t h a t  the  same number of SKVs are open and the  r e a c t o r  v e s s e l  
p ressure  is ahout t h e  same. Using t he  example of t h e  previous para- 
graph, the  o p e r a t o r ' s  a c t i o n s  would not have any s i g n i f i c a n t  e f f e c t  on 
r e a c t o r  v e s s e l  p ressure  u n t i l  he or  she had manually opened f i v e  SRVs. 
This would be very confusing t o  opera t ing  personnel accustomed t o  rap id  
response t o  manual pressure  con t ro l .  

Furthermore, c0nt:fnuing the  example, once the  f i f t h  SRV is manually 
opened, the  r e a c t o r  v e s s e l  p ressure  would suddenly begin t o  decrease 
very rapidly.  This is because decreasing pressure increases  the  volding 
i n  t h e  core region., i n s e r t i n g  negat ive r e a c t i v i t y  and reducing core 
power. This reduces the  r e a c t o r  steam generat ion t o  s ignPElcant ly  less 
than the  capac i ty  of  t h e  f i v e  SRVs being manually held open, which 
causes an increased r a t e  of pressure  decrease , f u r t h e r  reducing core 
power and so f o r t h .  I f  t he  opera tor  Is not quick t o  act ,  the  r e a c t o r  
v e s s e l  w i l l  depressur lze  t o  the  point  where the  l o w  pressure i n j e c t i o n  
systems can f lood the  core,  causing power and pressure  sp ikes  similar t o  
those seen i n  t h e  no-operator-action case discussed i n  Chap. 3. 

The opera tor  can prevent r e a c t o r  vessel floodfng by the low pres- 
s u r e  systems by the  simple expedient of tu rn ing  t h e  condensate booster  
pumps off and by turn ing  the  core spray and KHK pumps off immediately 
a f t e r  t hese  low-pressure ECCS systems are au tomat ica l ly  actuated." How- 
ever ,  i t  i s  important t o  recognize t h a t  a power and pressure spike can 
s t i l l  occur i f  t he  r e a c t o r  vesse l  i s  s u f f i c i e n t l y  depressurized.  The 
reason f o r  t h i s  can be understood by cons idera t ion  of t h e  inrormation 
presented i n  Table 4.2,  A s  i n d i c a t e d ,  t he  change i n  vapor s p e c i f i c  vot- 
ume per u n i t  change i n  pressure a t  100 p s i a  is 92.5 t i m e s  t h a t  a t  
1050 p i a ,  It follows d i r e c t l y  t h a t  a given i n c r e a s e  i n  pressure w i l l  
have a rniicli g r e a t e r  e f f e c t  i n  reducing the amount of voiding i n  the  core 
when the  r e a c t o r  ves se l  is at low pressure+ Tplus If t h e  opera tor  mn- 
u a l l y  opens enough valves  t o  depressur ize  the  reactor vesse l  under ATWS 
condi t ions  and then c loses  t h e  val.ves when t h e  r e a c t o r  v e s s e l  is a t  low 
pressure ,  a power and pressure sp lke  w i l l  be i n i t i a t e d  by the  s m a l l  
p ressure  increase  tha t  occurs at the  time t he  valves  are closed. The 
i n i t f a l  p ressure  i n c r e a s e  co l lapses  voids In the  core ,  i n s e r t i n g  posi- 
t i v e  r e a c t i v i t y  arid increas ing  r e a c t o r  power This increases  the steam 
generat ion which i n  tu rn  f u r t h e r  increases  the  r e a c t o r  presstire,  and so 
f o r t h .  

Power sp ikes  are undesirable  because they chal lenge the i n t e g r i t y  
of t he  f u e l  or cladding and they would confuse the  opera tor .  Pressure 
s p i k e s  can be contained without th rea ten ing  r e a c t o r  v e s s e l  i n t e g r i t y  by 
a c t i o n  of t he  SRVs and by. t he  eEEect of the  negat ive r eac t - tv i ty  i n t r o -  
duced by increas ing  power as a d d i t i o n a l  voids are crea ted  i n  t h e  core ,  
which t u r n s  the  power while the  vesse l  pressure remains near t he  r e l i e f  
valve s e t p o i n t .  Nevertheless ,  pressure sp ikes  under A D S  condIt ions 

*The core spray and RHR system pumps cannot be prevented from auto-- 
mat ica l ly  s t a r t i n g  when the  ECCS i n i t i a t i o n  s i g n a l  i s  f i r s i :  received.  
A f t e r  they have s t a r t e d ,  they can be turned off  and w i l l  remaln o f€ .  
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would pose a s e r i o u s  challenge t o  the  i n t e g r i t y  of t he  primary s y s t e m ,  
This i s  because, although the  i n j e c t i o n  va lves  sepa ra t ing  the  low- 
p res su re  piping of t h e  low-pressure ECCS systems from the  r e a c t o r  ves se l  
are in t e r locked  t o  prevent opening u n t i l  the  r e a c t o r  ves se l  p ressure  has 
been lowered t o  s a f e  l e v e l s ,  t he re  is no provis ion  €or  automatic reclo- 
s u r e  of these  va lves  i f  the r e a c t o r  v e s s e l  p re s su re  subsequently in- 
creases. Although the  i n s t a l l e d  check va lves  (Figs. 4.8 and 4.9) should 
p r o t e c t  the  low-pressure ECCS pip ing  from sudden pressure  sp ikes  in t h e  
r e a c t o r  v e s s e l ,  t he  p o t e n t i a l  f o r  a IQCA o u t s i d e  of containment would 
obviously be increased  with t h e  i n j e c t i o n  valves open under the  condi- 
t i o n s  of an ATWS acc ident  sequence t h a t  involved r e a c t o r  ves se l  depres- 
s u r i z a t i o n  and subsequent p re s su re  sp ikes .  

It is unfo r tuna te  t h a t  manual p re s su re  con t ro l  i s  so d i f f i c u l t  and 
so l i k e l y  t o  r e s u l t  i n  power and p res su re  sp ikes  under ATWS cond i t ions  
because, as shown on Fig. 4.4, f o r  t he  same downcomer water l e v e l s ,  the  
s t eady- s t a t e  r e a c t o r  power i s  lower a t  lower r e a c t o r  ves se l  p ressures .  
The reduct ion  i n  power as the  p re s su re  is lowered is  p r imar i ly  due t o  
t h e  increased  voiding i n  t he  core at  l o w  pressures  and the e f f e c t  is 
g r e a t e s t  a t  high downcomer water l e v e l s .  With a downcomer water l e v e l  
of 380 i n  (9.65 m), j u s t  20 in .  (0.51 m) above the  top  of t he  core ,  t he  
s t eady- s t a t e  power wi th  the  r e a c t o r  a t  p re s su re  would be about 9%. If 
t he  r e a c t o r  p re s su re  could be held a t  250 p s i a  (1.72 MPa), the thermal 
power would be about 5% and i f  t h e  r e a c t o r  p re s su re  were 100 p s i a  
(0.69 MPa), t h e  thermal power ( inc lud ing  decay h e a t )  would be only about 
3 1/2%. Although the  d i f f e r e n t i a l  reduct ion  i n  s t eady- s t a t e  power ob- 
ta fned  by lowering r e a c t o r  v e s s e l  p ressure  from 1020 t o  100 p s i a  (7.03 
t o  0.69 MPa) is  only  5 1/2%, the  e f f e c t  on the  progress ion  of the  acci- 
dent sequence would be very s i g n i f i c a n t ,  because the  p re s su re  suppres- 
s i o n  pool cooling system can remove t h e  equiva len t  of 3 1/2% power from 
the  pool*, but could not prevent a continuous pool. temperature i n c r e a s e  
i f  t h e  r e a c t o r  remains at  9% power. 

The BtJR Owners Group Emergency Procedures Guidelines would lead the  
ope ra to r  t o  attempt manual r e a c t o r  v e s s e l  dep res su r i za t ion  under ATWS 
cond i t ions  if t h e  "Heat Capacity Temperature L i m i t , "  based on the  tem-  
p e r a t u r e  of t h e  p re s su re  suppress ion  pool. i s  exceeded. The curve de- 
f i n i n g  t h i s  l i m i t  f o r  t he  Browns Fer ry  p l an t  is shown i n  Fig. 4.10; com- 
b i n a t i o n s  of p re s su re  suppress ion  pool temperature and reactor v e s s e l  
p re s su re  that  would be represented  by p l o t t e d  po in t s  wi th in  the  shaded 
area are prohib i ted .  These l i m i t s  r equ i r e  t h a t  r e a c t o r  ves se l  depres- 
s u r i z a t i o n  begin when suppress ion  pool temperature exceeds 160'F (344 K) 
and t h a t  r e a c t o r  v e s s e l  p ressure  must be less than 115 p s i a  (0.79 MPa) 
whenever suppression pool temperature exceeds 200'f (366 K) ,  

*With the  p re s su re  suppress ion  pool a t  e l eva ted  temperature,  the  
hea t  removal capac i ty  oE the  RHUZ system hea t  exchangers is increased .  A 
" r u l e  of thumb*' i s  0.283 MWt per "F temperature d i f f e r e n c e  per hea t  ex- 
changer. For a s e r v i c e  water temperature of 80°F and four  hea t  ex- 
changers i n  ope ra t ion ,  the  hea t  removal rate would reach 3 1/2 % power 
(115 MWt) when the  p re s su re  suppression pool temperature reached 182'F. 
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t h a t  tRe sensed water l e v e l  would f l u c t u a t e .  Iff t he  f l u c t u a t f n g  r eac to r  
v e s s e l  water l e v e l  dropped as low as 2 /3  core height, the 
would again automatacal ly  r e a l i g n  from pressure suppression p 

creedures do not now call for t h i s ,  $ut the opera tor  
he need to continually restore pressure suppression 

pool cool ing ,  by moving control room switches f n t a  the "containment 
spray select'" and "2/3 cure raverage bypass'* positfona upon f%rst u 
s tanding  t h a t  an ATWS was in progress sund while initially a l i g n i n  
RWR system i n t o  %ts pressu uppression pool cooling mode. These ac- 
f i s n s  would ensure t h a t  the system would remain In i t s  pressure sup- 
press ion  pool cooling mode would have no e f f e c t  on the LPCI system 
injection valves: t o  the  reactor v e s s e l ,  which would open and remain open 
if reactor v e s s e l  pressure  dropped to  465 ps ia  (3.21 MPa). T k  s f tua-  
t l o n  of pressure suppression pool cool ing flow w i t h  a l a rge  portfon d i -  
ver t ed  into the r eac to r  ssel would occur if t he  ves se l  pressure 
dropped b l o w  346 p s i a  (2. t he  t h r o t t l e  valve f o r  i n j e c t i o n  
to the reactor vessel, one nterlocked open f o r  5 mbn. 

4 . 2  Operators  Follow the Emergency Procedure Gusldelines 

"Pis seet3on and Sect.  4.3 r epor t  the  resul ts  of LACP calcrala- 
tiom of MSIV-closure i n i t i a t e d  ATWS t r a n s i e n t s  with o or ac t ion  per  
Revisi~n 3 of khe General Electric W R  ers Group Emergency Procedure 
Graidel.lnes (EEPGs) (Ref. 4 . 3 1 ,  Just as f o r  the calcalations r epor t  
Chap. 3 ,  t hese  calcuLatPons were i n i t i a l i z e d  50 .s after t he  beginni 
the MS'lfJ c losu re  ATWS ace2 ent. The a s ~ ~ ~ ~ ~ i o ~  i s  made t b r  none of t he  
i n i t i a l l y  ram con t ro l  rods e n t e r  t he  r eac to r  core a r e s u l t  of 
the tndtla'h or subsequent scram a t t e m p t s ,  

4 . 2 * %  

Figures  4.114.15 show important system var iab  e s  for this acci- 
dent sequence. Table 4 - 3  summarizes signtfjleant events  a opera tor  8c- 
tions. Operator a c t i o n s  are to  i n i t i a t e  SLC system i n j e c t i o n  of sodium 
pentaborate  solution, to manually i n s e r t  the con t ro l  rods, and co in i -  
t i a te  the p o ~ l  cool ing mode of the RMR system, These opera tor  ac t ions  
sign%f$cantly m i t i g a t e  t h t s  acc ident .  After: 35 m i n  t h  reac to r  is shut  
down to decay heaf p o w e r ;  the peak suppression pool temperature attained 

t: t he  beginning of the  c a l c u l a t i o n ,  t he  the  w e r  generat ion 
I n  the  reactor core (Pig. 4.11) is i n  the nefg of 25% [ i a e e 9  

@ST into the 
r e a c t o r  vessel. (The cRI)BS runs ~ ~ n ~ i ~ u o ~ ~ ~ ~  t a l l  the cases  
examined i n  thfs chapter,] Thr? r eac to r  vessel is f u l l y  pressur ized ,  

about 1100 ps ig  and 1000 psig (7 .69  and 7 ma) i n  
automatic opening and closing of the SRVs (Fig. 4.14). 

Water level i n  the  r eac to r  vessel downcomer annulus (Pig. 4.12) is at 
500 i n ,  (12.7 a) above v e s s e l  zero, but i s  decreasing rapidly.. 

t he  accidenf sequence i s  only 157°F (343 K). 

823 w(t)l .  5 (which mns continuously ripped by the 
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When the water level. reaches 476.5 in .  (12.1 m) t he  IiifPCT and RclpC 
systems a c t u a t e  automatlcal ly and are soon i n j e c t i n g  a t  f u l l  capacity- 
400 gpm (37.8 1/81 f o r  XCIC and 5000 gpm (315 1/81 for mc‘r. The water 

i n j e c t i o n  is  equiva len t  to  the  s t e m  product ion from the D Z S K ~ ~ ~  ves- 
sel, Af te r  reachfng th is  q u a d - e q u i l i b r l m ,  the vesae l  water level 
f l u c t u a t e s  about a mean value of 476 i n .  (12.1 w) i n  response t o  the 
f l u c t u a t i n g  vesse l  pressure .  The EPG level con t ro l  gu ide l ine  recpirm 

The power control. gu ide l ine  of the EPGs r equ i r e s  Ghat operators at- 
tempt to br-ing about an alternative scram by one o f  the means d iscussed  
in subsection 4.1.1 of &hls  report. If sutces~ful, this would quiekly 
shut  arpm the reactor end tile aecm?nt sequence. T ~ E  o p e r a t ~ s  
would su re ly  attempt alternatlve scram before beginaalng either the man- 
u a l  rad i n s e r t i o n  of con t ro l  rods or  SLC injeeiiion a€ sodium pentaborate 
so lu t ion ;  however, all the  calrulatluna of this chapter assume $hat the 
a l t e r n a t i v e  scram docs K I O ~  cdecu~, 

The manual i n s e r t i o n  of eentrol rods beglns a t  3 mln. This ass 
t P m  is  baaed on observa t ion  by 0 invest5gatsrs of operator response 
durlng almulated ATWS acc idents  a Ire TVA Broms F e r r y  t r a i n i n g  sim.uk 
ator, These is rm immediate. effect 011 reactor power because o n l y  one PO 
can be i n s e ~ t e d  at a t i m e  [as: a speed of 2 in./s (7 .62  em/s)J and each 
contrd rod is assumed t o  be worth. only about 0.001 dK/K (see Appeszdlx A 

With r e a c t o r  power between 20 and 30X, e& operators would be aware 

pentaborate s o l u t i o i ~ .  The EPG power control gu tde l ine  reqizlres bwitia- 
tion of fhe SLCS i f  t h e  suppression pool temperature exceeds 110°F 
(317’ K) alp61 the r e a c t o r  i s  not  shutdown. rhe bulk pool temperstur~ 
(Fig.  4.15) exceeds thPs threshold  a f t e r  only 2 m%n, but, based an 
observatfon of operator response to ATNS a t  the  TVA Browns Ferry 
t r a i n i n g  simulator, j t  i s  assllnazd thaL the apcrators would probably 
spend several more minutes t ry ing  t o  obtain an a l t e r n a t i v e  scram of the 
con t ro l  rads- T h f s  c a l c u l a t i o n  assanes that  the S&C system €s I n i t i a t e d  
a f t e r  5 min, beginning the injecttan of s o d i m  peataborate s o l u t i o n  into 
t h e  reactor vesse l .  

I f  boron Pnject lon is requi red ,  the EFG power control gu ide l ine  re- 
q u i r e s  t h a ~  the operators fo1Pcm Contingency t 7 ,  “LeveI./Power Control  ,‘” 
and reduce the r eac to r  vessel water level t o  near the top  of the aetlve 
f u e l  (TAF). The sperators,  in accordarace w i t h  Contlngency B7, t r i p  the? 
TpPCP and RCIC systems at 7 dn.* The water level In  the IXXK~QP vessel 
downacoaoer annulus (Pig. 4.12) decreases  r ap id ly  and soon is below Lhe 

Fig. 4.7), but about 4 i n .  (18.2 em> above the TAF. The HPCZ system 18 
restarted, initfally at about 40% of capaelty [2008 gpm (126 l/s91, to 

level c ~ t 0 1 ~  decreasf ngp then increases  slightly, untPl  the rota1 v e s s e l  

eaiate  0 p e r ; a t ~  ac t ion  t o  aaa jua~ qater level at chis time, 

for d e t a i l s  on the =Odeling of ~ n ~ a l  rod i n s e r t i o n ) .  

o f  the impending neea to i n i t m e  the SLC i n j e c t i o n  sodium 

minimum indication of the En1ergency Systems Water Level Ind ica t ion  (see 

*TIE t n t e n t  of EPG Contingency #T could be achieved by smmtbly  re- 
dueing the  MPCI and/or RC%@ f l o w  over a p e r i d  of one or  two minutes, 
and this mfght be preferable as i c  would avola relfabtlity problems that 
might accompany intermittent -WCI/XCIC t u ~ b h - t e  operation. 
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r ap id ly  br ing the l e v e l  back on-scale. After coming back on-scale, t he  
l e v e l  cont inues t o  increase .  The opera tor  c u t s  the HPCI system flow 
back t o  about 20% of capac i ty ,  but l e v e l  continues t o  inc rease  u n t i l  t he  
opera tor  again t r i p s  the  HPCI system. Afterwards, the  BPCT system is 
r e s t a r t e d  whenever required to keep water l e v e l  near the TAF, but above 
the minimum i n d i c a t i o n  of t he  Emergency Systems Level Ind ica t ion .  

The EWR-LACP s imula t ion  of opera tor  con t ro l  of ves se l  water l e v e l  
using the HPCZ system assumes t h a t  the opera tor  w i l l  check vesse l  water 
l e v e l  once per  minute and ad jus t  t he  WCI flow between 20 and 40% of 
f u l l  capac i ty  i n  accordance with the  following r u l e s  ( see  a l s o  Appendix 

1. I f  l e v e l  is more than 5 in. (12.7 am) from the  s e t p o i n t ,  de- 
c rease  or i nc rease  (as appropr ia te )  the  flow by 5% of the  f u l l  HPCI ca- 
p a c i t y  [ i . e , ,  by 5% of 5000 gpm (315 l l s ) ] .  

2. If l e v e l  is more than 8 in .  (20 cm)  above the s e t p o i n t ,  de- 
c r ease  flow by 10%. 

3. I f  l e v e l  is more than 20 in .  (51 cm) above the s e t p o i n t ,  de- 
crease the  flow t o  zero by t r i p p i n g  the HPCI tu rb ine .  

4. I f  t he  l e v e l  is below t h e  minimum range of t he  Emergency Sys- 
tems Level Ind ica t ion ,  increase flow by 10%. 

The s e t p o i n t  f o r  ves se l  l e v e l  con t ro l  after the  EPG Contingency 
No. 7 water l e v e l  reduct ion  maneuver is 330 i n .  (9.65 m),  as determined 
by the  range of the  Emergency Systems Level Ind ica t ion  instrument.  The 
minimum i n d i c a t i o n  of t h i s  instrument is equiva len t  t o  373 in .  (9.47 m) 
above v e s s e l  zero. 

The vesse l  water l e v e l  reduct ion maneuver, t he  e f f e c t  of manual rod 
i n s e r t i o n ,  and the small amount of sodium pentaborate  mixed i n t o  the re- 
a c t o r  coolant  during the  period of abundant n a t u r a l  cd rcu la t ion  before  
the  r e a c t o r  v e s s e l  water l e v e l  is lowered reduce the core power to  below 
5% of the  r a t ed  3300 Hw thermal output  of t he  r e a c t o r  core  by t i m e  
8 min.* The r e a c t o r  power cont inues t o  decrease very slowly i n  response 
t o  the  continued s l o w ,  but s teady ,  manual i n s e r t i o n  of con t ro l  rods. 
T h e  on-going i n j e c t i o n  of boron has l i t t l e  e f f e c t  on core  power dur ing  
the period of about 20 mine a f t e r  t he  reactor v e s s e l  l e v e l  is lowered 
because most of the heavy sodium pentaborate  s o l u t i o n  c o l l e c t s  i n  the 
bottom of t he  r eac to r  ves se l  lower plenum. With dawncomer water l e v e l  
near the T U ,  t h e r e  is l i t t l e  o r  no net  r e c i r c u l a t i o n  of coolant  from 
i n s i d e  the  core shroud, back t o  t he  downcomer annulus ( v i a  the  stand- 
pipes  and steam s e p a r a t o r s ) ,  and through the  lower plenum t o  promote 
tu rbu len t  mixing. 

Operator a t tempts  t o  con t ro l  r eac to r  ves se l  p ressure  are not  r e a l l y  
necessary i n  t h i s  acc ident .  The SRVs would by automatic a c t u a t i o n  main- 
t a i n  ves se l  p ressure  between about 1100 and 1000 ps ig  (7.7 and 7 m a ) .  
However, the E X  pressure  con t ro l  gu ide l ine  r equ i r e s  t h a t ,  if any SRV is 
"cycl ing ," the  opera tor  should manually open SRVs u n t i l  p re s su re  drops 

Ae3a2) :  

*As i nd ica t ed  on Fig. 4.14, a temporary pressure  reduct ion caused 
by opera tor  de lay  in c los ing  manually-opened SRVs accompanies the l e v e l  
reduct ion .  This also has an e f f e c t  i n  reducing power. 
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t o  935 p s l g  ( 6 . 5 5  M}>a). The SRkis are  rycl"eng daring the f i r a t  si?vta-a% 
minutes, 80 the operatar begins manual SRV manipulations a f t e r  1 mdm, 

T h e  detafls 05 the EWK-TSaCP s i x d a t i o n  of c p e s a t ~ ~  SKV cont ro l  f s  
discussed  i n  App@aldix A. The ~ f ~ ~ l s i t i c ~ ~  allows the opet-aLor t o  check 
once per minut-e the vessel pressure and t o  open or close one SRV, or to 
leave the SRV s t a t u s  unchai-tge:l, as reqtdred in the attempt to malntaln 

vessel at pressure and t o  alrobd a ~ t m ~ a : f c  SRV a c t ~ a r i o n s .  "ile V ~ S -  
sei pressure sesp3rase pLottCn on Pig.  4*14 show tha t  the seasel pres-  
sure v a r i e s  wtdely,  ar:d that the opera t e s  actions are not successful i n  
preventtng alztomatic SRV actuatfons The vessel pressure fluctuations 
cause reactor power f luc tua t io i l s ,  ineludiiag one spike t o  462 at 4 dn, 
t r i gge red  when rhre operator closes a psevious1y manually opened SRV to 
p r e v e n t  an excessive Geerezse d m  vessel pressure. 

at f i r s t ,  but the r a t e  o f  i nc rease  slows inarkedly after the  reactor 
power l e v e l  is i-cduced by tl-e water l e v e l  r e d ~ x i a n  matraeu~er. Prior to 
in1tia';itng pool cooling , the oprr-a+,ors i w . a Y t  actuate: the  "ContatnmenC 
Spray Select" ~~Prcitch to p r e v f n t  the automatic realigrirrrerrt of the RIIF[R 
system Prom the  pool cooPiilg node in to  the LPCI mode. The operar,oss 
i n i t i a t e  pool cooling a t  10 min, u t i l i z i n g  both lr ;spa sf the RFH qyste~ 
( 4  c o o l e r s ,  t o t a l ) .  By 17 a ~ l r i ,  the coolera are removing as much heat 
(about 49 W >  as the SEW discharge is  adding.  Ti= peak suppression pool 
temperature of 157°F (343 K) fs  reached at 27 d n .  

The colntaii~nzr.nt response 1s mild in tlnls case because the  peak smp- 

coo3ers continua to run. The drywell tempcrature (not  S ~ O W Z I )  X X ~ ~ J ~ ~ R S  a~ 
or  bel^ the  145QF (336 K) i n i t i a l  value.  By thc  ~ n d  nf 63 mPn, t h e  
drywell pressure (not  shorn) has knsreased by about 1 p s i  ( 5 . 9  Wn'i, buc 
i s  s t i l l  be low the 2.45 ps%g (118 IcBa) th reshold  f o r  ADS initiation. 

TkPa accident is effectively tel-mjnated a f t e r  30 inin, when the op- 
erators i n i t i a t e  t he  WCI: system a t  full flow t o  rafse reactor vessel 
water level and induce sufficient natura3 rirculatian to promote mixfng 
o f  the  boson eo lu t fon  whieh had previotmly settled into t he  bottom of 
tlw lower plen~m. WCI flow is discontinued a f t e r  the vessel. water 
level reaches 500 i n .  (12.7 but the level continues to i nc rease  
slowly because 01 continued CRDFiS i n j e c t i o n  [ a t  106 gpra ( 6 . 6 8  I / a ) l  and 
because of heating and s w d 1 i n g  of the large volume of water added 
durlng the  perfad of I tPC1 system Injectloch 

TI%? SuppreRwlon pool temperaeure (Pig. 4,15p increases very r ap id ly  

prcssiol-, pool. t e c a p e ~ a t ~ r r  i s  reaatt ireiy PW s P ~ ~ ~ E w  the  d r p e n  

4.2.2 Effect sf stuck-open reltef valves 

Conditions for the  acc ident  sequencef3 diss1.lssed i n  chi 8 subsection 

MS?V &li?SUTE?:. Sirwe the ope ra to r s  t3ke a c t i o n  tn i n i t l a t e  che SI,@ sys- 

art? i d e n t i c a l  to those a ~ s u ~ m e d  for ~ ~ b s g c t I i 9 n  t.2.1, except  thaF one, or 
twa, SRVs are assumed to stick open 3 m i ?  after the Seg"in1ng of the 

tem, manual rod i n s e r t i o n :  and suppresston pool cccling and, i n  add i -  
t i o n ,  are able t o  preven: the uninten3ed flclodlrag of L l s  reacts$ vessel 
by the low pressure Mgh capacity i n j e c t f o n  systems (e.8. Core Spray) ,  
the outcome of t h i s  compounded accident is  mieid and very s1mflar to the 
case without s tuck  open r d i e r  valves (subsect ion 4 .2 .1 ) .  
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The effecc of t h e  SORVa on the s$stem 'response variables of ~ e a c t ~ r  
power, vessel. water l e v e l ,  a suppressfon pool water: level arid tcmpera- 

re noted below. However, a f t e r  the reactor vessel aream gcn- 
eration €ails below the  capactty of the SOzzsis, the SIlKVs cause ths 
depres su r i za t ion  of the  r eac to r  esse1 .) The? ~ e ~ r ~ ~ ~ ~ r ' ~ ~ ~ ~ ~ o ~  atarts 
after 8 d n ,  when the cope power s bela reduced from about 282 to less 
than 6.5% and &here f a  no longer sufficfent core s t e m  production to 
continueusly b i d .  open even one SRV at f u l l  paress~re. ~ B g ~ l r e s  %,I6  a d  
4.97 show vessel pressure f o r  t h e  cases with one and t w o  swvs stuck 
open 

nore so plo t s  of these variables are  parst. shown; spccdFPc d i f -  

ecreaeing r eac to r  Q E S S ~ L  pressure  Fen t he  SOWV cases preseiics 
of l a r g e  amounts of water %njec&%on from the Iarge-capae3-ty 

low pressure h j e c t i o n  systems, A6 shown i n  Sect,  3 ,4  f o r  the no- 
operator-action case, such vesseli f loodiLng would  Lead tes very a3-r1desbre- 
ab le  power and pressure  exeorslons, The caIculatPon8 af tbPs sec t i on  
assume that the opera to r s  take  action, as requfred, t o  p r e v e n t  sandesfred 
i I l j e C t i Q t l *  

The condensate booster pumprs sun coat%nuously ciuxrimg normal. opera- 
tion and would continue t o  do so af ter  inttfatjiorn of t B % s  accident, 
They are not able to pump h k o  t h e  reactor vessel m t 4 1  vessel pressure  
decreases  t o  below about 418 psia CZ.SS MPa). The operators can t r t p  
these pumps at  any time to  prevent undesired fn j reLion ,  T 
and IWR pumps automatically start can Pow vessel water Bevel af te r  t h e  
opera tor  kni t tafres  t he  level. reductloo. wzpeaver to reduce the  core thes- 
mal power, The operator cann event; these pumps from aukormaat%saF 1.y 
starting on low vessel level ,  can tiurn them oEf H e  any t ime after' 
they start,  I n  the  ease of o ; ,  f t  .te deslrnbPe,  when pos- 

pumps can continue to run 12th the system alfgne?d to ChE? pool coo 
sible, t o  shut the reactsr ve n valves Instead,  BO that t 

ing mode. 
I n  the  case wPth one stuck open SRV, the reaceor ;~ssase?8 pressure 

( F i g .  4,161 begins to be affected a f t e r  8 mnfa, (Before ~ h f a  time, tbe 
reacror care is genera t ing  enough ateam t o  hold open more ahaa one 
SRV,) By 23 min, the pressure has sta k e d  at 330 p s i a  (2,223 MPa], 

opera to r s  t o  raise vessel water level and pro n.lipr%ng of the  baron 

(1.08 MPa); pressure  f i n a l l y  stabilizes a t  295 

but 8 full flow wcz ac tua t ion  between and 35 m i l l  (iraPtiatr.d by the  

solu ' t ion)  causes the pressure  to fu r the r  rease fcs 1.56 psfa  

ing the  condensate and condensate booster 8 pic any tine p r i o r  to 
7.5 mZn when the reactor vessel pressure ' 8  l o w  enssugh ea permit 

ping all four pumps angtfrne between 8 pumps start on ves- 
sel water level < 4 1 3 , 5  in. (10.5 m)] hen vessel pressure  
i s  below the  Core Spray pump shutoff event m n w a ~ t e  a 
pomp i n j e c t i o n ,  the operator pumps, but. fnstpad, 
shu t s  t he  injection valves  (nt 12 Fig* %*!I>* '1h:f.s: 
 allow^ the RNW system to provfde uninterrupted pressure suppress lon 
cool ing.  The outboard LFCI i n j e c t i o n  valve Es ~ ~ t ~ ~ ~ ~ ~ c ~ ~ ~ ~  o p e r e  
interl~cked open for 5 min afrer the reactor vessel pres su re  goes below 
465 ps ia  (3.21 ma), b u t  vessel pressrare is high enough during t h i s  

The operator prevents  unwanted injectloah from the b C w e 2 1  by trip- 

t he  CBP In j ec t ion .  The operator p r w e  fn jee tkon  by t . r tp- 
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period (from 13 ,6  to 18.6 mfn) to prevent any of the flow from the  
running RBR pumps from befmg d i v e r t e d  from prese;Ure suppression pool 
cool ing  and en te r ing  the reactor vessel " 

The peak suppression pool tewpeyaturs f o r  the case w i t h  ORE SORV i s  
160°F ( 3 4 4  R ) ,  as compared i o  fke 157OF ( 3 4 3  R) peak for Che case ~ L t h  
no SOWS. The difference i s  small because the  a d d i t i o n a l  energy input  
t o  the pool due to t he  parttal depressurization of the reactor vessel is 
o f f s e t  by t h ~  s l i g h t l y  lower reacton: power ac l o w e r  reactor vessel pres- 
sures. The e f f e c t  of pressure on @qui l ibr ium rc38Ctor power i s  Illus- 
trated on Fig. 4.4. 

For t he  case sadth t w o  stuck open S W s ,  vessel pressure (Pfg .  4.171 
begins decreasing a f t e r  8 min, conilnues t o  decrease until i t  reaches 
174 psda (1 .2 MPm) after about 25 d n ,  and then is reduced f u r t h e r  t o  

full flow af ter  30 u h l  t o  raise thc reactor vesse l  water l e v e l  and pro- 
mote mixing of the sodi -m pentaborate so lu t ion .  The HPCI turbine steam 
supply  IS automatically i S Q h i e d  when  vessel pressure decreases to below 
115 p s i a  (0.79 M3a) at 32 m i n ;  however, the  2 min o f  f u l l  flow before 
t he  i so ls tdon ralses vessel  water l e w l  enough t o  induce n a t u r a l  c i r e u -  
latian in the vesse l .  The reactor v e s s e l  ref111 is  contlruued at a 
slower ra te  d t h  the RCIC system, whose ope ra t ion  i s  not compromised by 
vesse l  pressure tn the nelgh5arhsod of 100 psda (0.69 MPa). 

En the case wlth  two s tack  open S O W S ,  opera tor  actton Lo prevent 
v e s s e l  floodlng by the high capac i ty  low pressure i n j e c t i o n  system m u s t  
be aceomp? i shed  more promptly because the depsessurizatdon of the r e x -  
tor proceeds more swiftly Lhw. for the s tngle  SORV case, T h e  condensate 
booster pumps must be tr ipped before  1 1  n, and the Core Spray pumps 

pumps must also be t r i p p e d ,  causing a brief  interruption of pool cool- 
ing. The outboard LPCI i n j e c t i o n  valve  74-65 (see Pig. 4 . 9 )  automati- 
cally opens a': 11 m i n  and 1s Interloeked open for 5 mln. If the XHR 
system is  i n  the pressure  suppression pool cooling 1ncade and the LFCT fn -  
j e c t i o n  va lves  are open, there wi11 be dnjectlsrx i n t o  the  r e a c t o r  vessel. 

low this threshold a f t e r  13.7 inin; therefare, the WW. punips must be 
t r i p p e d  u n t i l  che 5 mh. interlock clears, and clw LPCT outboard injec- 
t i o n  va lve  can be manually closed. 

The peak suppresston pool temperature €or the  case with two SOWS 
is 168°F ( 3 4 9  K), compared t o  160°F ( 3 4 4  K) for the one SORV case and 
157°F ( 3 4 3  K) f o r  the  no S O W  case. 

helm7 100 p s i a  (0.69 m a )  when the operators ini t - la te  the MPClC systea at 

sometine between 8 m i n  ( i . e . ,  after they scart) ztd 12.5 mln. The wm 

i f  ves se l  pressure 3.8 below 300 p s i a  (2.07 FIPa]. vessel. pressure is be- 

4 . 2 . 3  Seauence o f  events without aresaure 
suppression pool I..I. eooling 

This acciaent secput~~ce i s  the same t he  seqllenee niscussea i n  
subsection 4.2.1, except t h a t  i t  i s  assumed that  the operators are not 
able i o  i n i t l a t e  suppressi~n przol cooling. There ts essentkaPPy no d i f - -  
Eerenee in the acc ident  sequence or requi red  operator  ac t ions  atla the 

end of 60 min, the pressure  suppression pool temperature (Pig. 4.18) is 
167°F (348 K) and increasing slowly.  Since the  r e a c t o r  is d ischarg ing  

reactor is brought t o  hot. shutdawa at time 35 mf-n, as before.  A t  the 



only decay-heat-produced steam t o  the  uncooled suppression 
t i m e ,  i t  would r equ i r e  an a d d i t f o n a l  per iod of about 24 h t o  bui ld  up 
enough pressure  t o  th rea ren  primary contafnment i n t e g r i t y  ( R e f .  3,2>, 
Therefore ,  i n i t i a t i o n  o f  pool eoolfng anytime before t h e  25s h po in t  
would te rmina te  t h e  acc ident .  

t iming 

The t iming of the  dec la ra t fon  of emergency a c t i o n  l e v e l s  f o r  the  
eases in which t h e  backup shutdown systems do functjion as designed is 
s p e c i f i e d  on Table 4 . 4 .  The c r i t e r i a  f o r  determinat ion o f  emergency ac- 
t i o n  l e v e l s  are taken from the TVA Implementing Procedures Document ap- 
p l i c a b l e  t o  the  Browns Ferry nuc lear  plant .'* 

u n i t  t o  be on Alert s t a t u s  wi th in  minutes of t he  f a i l u r e  t o  scram. The 
A l e r t  would, if not upgraded to a higher  emergency status, remain i n  ef-  
f e c t  a t  least u n t i l  a srmffkcienr: number of con t ro l  rods could be in -  
s e r t e d  to  enable  t h e  u n i t  t o  reach a secure  cold shutdom. Downgrading 
o f  t he  A l e r t  t o  Unusual Event, OF back to n s t a t u s ,  would be appro- 
p r i a t e  after a determina t ion  t h a t  no o the r  i t i o n s  ex i s t  t h a t  would, 
by themselves,  r e q u i r e  the  d e c l a r a t i o n  of an emergency s t a t u s ,  For 
example, milnor f u e l  damage DE primary coolant  system crud bu r s t  might 
release enough r a d i o a c t i v f t y  durPng the  per iod while  t he  r eac to r  w a s  
being brought under con t ro l  t o  r equ i r e  an Alert or Unusual Event s t a t u s  
t o  be maintained f o r  a more extended per iod.  

The concomitant f a f l u r e  of pressure  suppression pool cool ing would 
r e q u l r e  t h a t  t he  Alert s t a t u s  be continued, For the sequences d iscussed  
i n  Sect .  4.2, manual rod i n s e r t i o n  and sodium pentaborate  i n j  
e f f e c t i v e  so that t he  r e a c t o r  i s  shutdown and genera t ing  only 
after 35 min. The ATWS acc ident  thus would t ransform i n t o  a Loss of 
Decay Heat Removal (DHR) acc iden t ,  which has be extensfvely studfed i n  
previous SASA i n v e s t i g a t i o n s  a t  ORNL.~. 2~ 4*  thopsk suppressfon pool 
cool ing  (and wi th  the MSIVs closed and the r eac to r  decay h e a t ) ,  the  
suppress ion  pool temperature  and, consequently,  t he  primary contnhment  
p re s su re  would slowly but contfnually increase .  Af t e r  about 20 h, t h e  
drywell  p ressure  would exceed SO p s i g  (0.45 MPa), r equ i r ing  the ~ p -  
e r a t o r s  t o  d e c l a r e  t h e  hdghest emergency a c t i o n  l e v e l ,  General Emer-  
gency, 

S p e c i f i c  emergency a c t i o n s  necessary t o  p r o t e c t  t he  pub l i c  h e a l t h  
and s a f e t y  a f t e r  the declara tdon  of the General Emergency would be very 
dependant upon the  s p e c i f i c s  of the  acc ident  sequence." Given t h e  l a r g e  
amount of t i m e  a v a i l a b l e  f o r  c o r r e c t i v e  a c t i o n ,  it is un l ike ly  t h a t  the 
acc iden t  would progress  t h i s  f a r ,  but i f  the suppression pool cool ing 
c o u l d  not be recovered, t he  drywell  p ressure  would reach the  117 p s i g  

-- 4.2.4 

In t h e  event  of an ATWS acc iden t ,  the opera to r s  would dec la re  t 

cI 

*Emergency ac t ions  W Q U ~  epend on o the r  cons idera t ions  not 
d i scussed  i n  this  r e p o r t ,  such as the r e a c t o r  s i te  c h a r a c t e r i s t i c s  and 
even the  weather condi t lons  Pn e f f e c t  a t  the t i m e .  



4 - 3 . 2  The case wLi!lout SLC _c_ s y s 2 e ~ .  operation . . .. ... . . 
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t he  r e a c t o r  using loaanraial conersl  rod fnsertfgan, w i ~ h o u t  the bsnicfit Q$ 

sadium pentaborate 

than the power for the case 
The reaceor 

a t i o n .  Although f t  takes ab 1 rod ftX3erL%OKt a lone ,  
to add enough negative reac hot shutdam wfth 
na voiding in the core (see I s  tlae Core $8, by 
35 mgn, operacing at power levels close to decay heat. Reepctm vessel 
level and injectton flow are shown in Figs. 4,21 and 4 , 2 2 ,  r e s p e c t f v e l y ,  

The steaming rate durfng t h i s  seqipence heats  tale pressure mppres -  
I anti1 % t s  EPG heat capacity temperature limit (F3ge 4,101 i s  
e Therefore ,  itn accordance with rhe EPG re teerements (see sub- 

secthon 4 .1 .3 ) ,  the  opera tors  open three or mse SRVs at 23 min an 
allow them to remain open t h e t e a f e e r ,  The rerpct~r vessel pressure 
(Fig. 4.23) decreases rapidly ,  and by 26 dw. is below t he  450 psig 
(3.21 MPa) setpoint for arntomatlic. opening of KRe Gore Spray and LPCX 
r e a c t o r  v e s s e l  3~1je~tio1-1 valves. 

Without opera tor  a c t i o n ,  the vessel pressure would soan be low 

actor vessel, possibly causing very undeslir e power spikes .  For thPe 
sequence, %t is assumed that the opera tors  Ilow the EPG Ins tmct ,bsns  
to termrlnate prevent all i n j e c t i o n  (except from ~ h e  effDk28 and the  

do this by t r i p p i n g  the  Core Spray and WIR system pumps Yme 
after they autofasttcsLPy s tar t  and by efther t r ipp$ng the condensate and 
eondensate booster  pumps or by c los ing  the m f n  feedwater pump discharge.  
valves r( 

ring the depressurization, a large frP-a@tfon of the reactor vessel 

gpm (113 I f s )  pumped from the condenser hor.wePl by Che series 

enough t c r  ahPow large quantities of cold w a t  so be pump? $nto the re- 

SLCS, if running) prior to an emergency depressunSzation, The op 

raventory is vaporized. The core is t o t a l l y  uncovered at 2% mine 
The opera tor  restarts inject ion (F ig .  4 - 2 2 ]  at 26 mina wi.th a .flow of 

ination of one one. condensa ooster pump vfa  
the startup bypass control v d v  
alternatfvely have ree 
system, but this flaw 
HPGI steam supply so l o w  vessel pressu 
(0,71) MIPI%)]* 

top of active f u e l  after 36 min, but 
una;il t h e r e  is positive i n  ncy Systems Level %n 
catfoci before cutting back GBP faow at 48 

core and 3 min f o r  the bottorn w some? heatup bu% no 
significant fuel damage. Even T - L o ~  59' t o t a l  1011pcov- 
erg, the fue l  l a  partially oPed by a € 1 . ~  of steam flashe 
lower plenum. because of the Ding ~ e ~ r e ~ s ~ ~ ~ ~ ~ ~ ~ ~ ~ .  ring tht? r e f i l l  
stage, the CBP injection 1 esurned at 26 min; c h i  

The reactor vessel water l e v e l  ( eesvers to above tks; 

The br i e f  period of COP"@ 

*The BWR-LACP simulLation of opera tor  Bevel c o a t r d  y earadensate/ 
condensate booster pump injection is described fa sectXon Pa .Is - 3  
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POP this ease, it  1s assumed t h a t  the operators are unable s i t h e r  
to s t a r t  the SLC system i n j e c t i o n  or to m a p n ~ i i y  drive con t ro l  into 
the  core. Figs?. 4.25-4.30 show the r e s u l t s  of che FdR-MGP cnlcula-  
t l o n s ,  and Table 4.5 gLves the sequence of events ,  Even though t he  op- 
erators cannot insert polson i n t o  the core, they follow ZPG l n s t r u c t i o n s  
t o  reduce the core power level by 1 Q W e r i r g  the vessel water leve8,  and 
they initiate suppressi~n pool coal ing.  These actions d e l a y ,  but w o d d  

p o i n t  o f  overpressure fai i lure  of the drywell. 
not p x v e n t  the eventual  averheating of the suppresston pscPE t o  the 
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The f i r s t  minutes are very similar t o  the  previous cases: the  HPCI 
system is  running a t  f u l l  capac i ty ,  r eac to r  power (Pig. 4.253 is  varying 
about a mean value of approximately 28%, and the  r eac to r  v e s s e l  is f u l l y  
pressur ized  with t h e  SRVs cycl ing  i n  response to  both automatie and man- 
ual ac tua t ions .  Operator a t tempts  t o  con t ro l  t he  SUVs t o  prevent auto- 
matie SRV actuatlton are f r u i t l e s s .  Af te r  the EPG-mandated water l e v e l  
reduct ion  maneuver, t he  core power l e v e l  ( i n  response t o  increased core 
coolant  voiding)  decreases t o  below I O X ,  and v e s s e l  p ressure  (Pig.  4.28) 
plunges t o  about 700 p s i a  (4.83 MPa) before  the  opera tors  shut  all but 
one of t he  manually opened SRVs. Several  minutes l a t e r  a power sp ike  
r ep res su r i zes  the  v e s s e l ,  causing add i t iona l  automatic SRV ac tua t ions .  

Since the core  is  not beltng poisoned, the core power is higher than 
i n  previous cases. The suppression pool heat capac i ty  temperature l i m i t  
is exceeded a f t e r  only 18.7 mFn, Following the EPG i n s t r u c t i o n s ,  t h e  
opera tors  open (a minimum o f )  t h ree  SRVs at t h i s  t i m e  and leave the  COR- 
t r a l  switch f o r  each open SRV i n  the open pos i t i on  f o r  the remainder of 
the  acc ident .  This br ings t o  f i v e  the  number of open SRVs, s ince  pre- 
vious opera tor  manipulations r e s u l t e d  i n  two manually-open SRVs at t h e  
t i m e  dep res su r i za t ion  was i n i t i a t e d .  Prior to beginning the  
za t ion ,  t he  opera tors  terminate  HPCI flow (per E X  i n s t r u c t i o n s )  and 
prevent uncontrol led f looding of t he  v e s s e l  by t r i p p i n g  the  l o w  pressure 
i n j e c t i o n  systems before  the  decreasing r eac to r  v e s s e l  p ressure  reaches 
t h e  shutoff  head of the  pumps. The CRDHS runs cont inuously throughout 
t he  acc iden t ,  i n j e c t i n g  between 100 and 180 gpm (6.3 a d  11.3 1,’s) de- 
pending on r eac to r  ves se l  pressure.  

The depres su r i za t ion  causes the  -core  t o  be t o t a l l y  uncovered 
(Fig.  4.261, so t he  core thermal power output  f a l l s  t o  the decay heat  
l e v e l .  For the  same reasons discussed f o r  the  core  imcovery in Sect ion  
4e3.2, t h i s  r e l a t i v e l y  b r i e f  uncovery does not r e s u l t  i n  f u e l  damage. 
The operatora  r e -e s t ab l i sh  l tnjection (Pig. 4,271, not wfth the  HPCI sys- 
t e m ,  but by using a series combination of one condensate pump and one 
condensate booster  pump. The r e s u l t i n g  flow from the  main condenser 
hotwell  t o  t he  r eac to r  v e s s e l  i s  con t ro l l ed  by manipulation of the 
s t a r t u p  bypass valve ( see  Fig. 3.81, with  the  main feedwater pump d is -  
charge valves  closed. The BWR-LACP code s imula tes  ope ra to r  l e v e l  con- 
t r o l  of condensate booster  pump flow i n  accordance wfth the fol lowing 
r u l e s  : 

1. I f  t he  Emergency Systems l e v e l  i n d i c a t i o n  is o f f - sca l e  l o w ,  t he  in- 
j e c t i o n  rate is  set at 1800 gpm (113  1/51. 

2. I f  t he  l e v e l  i nd ica t ion  is on-scale but below the  des i r ed  l e v e l  f o r  
manual c o n t r o l  near t h e  TAF 1380 i n  (9.65 m) above v e s s e l  z e r o ] ,  
t he  i n j e c t i o n  flow is set a t  900 gpm (57 l./s). 

3. If t he  l e v e l  i nd ica t ion  is above the des i red  l e v e l ,  i n j e c t i o n  flow 
is set at 600 gpm ( 3 8  l / s ) .  

4 .  I f  t he  l e v e l  i n d i c a t i o n  i s  more than 20 in .  (51 cm) above the  de- 
s i r e d  l e v e l ,  i n j e c t i o n  flow is set t o  zero.  

5 .  The opera tor  checks the  ves se l  water l e v e l  once per  minute and ad- 
j u s t s  i n j e c t i o n  flow, as required by t he  preceeding four  ru l e s .  

Conversations v i t h  TVA engineers  led t o  the  assumption t h a t  opera tors  
would use the  Emergency Systems l e v e l  i n d i c a t o r  f o r  con t ro l  r a t h e r  than 
t he  Post Accident Flooding range i n d i c a t o r ;  however, wi th  the  r eac to r  
ves se l  depressur ized ,  the Post-Accident Floodlng range instrument would 
a c t u a l l y  provide more accura te  l e v e l  i nd ica t ion .  



66 



s o l e l y  t o  demonstrate t h e  benef ic faf  e f f e c t  of increased  care i n  the  
c o n t r o l  of injection flow, p a r t i c u l a r l y  during the  r e f i l l  s t a g e  of an 
ATWS t r a n s i e n t  i n  which the  downcomer water l e v e l  has dropped t o  below 
t he  top  of active fue l .  

The r u l e s  f o r  the modified s t r a t e g y  are: 
1. The  se t  poin t  f o r  manual l e v e l  con t ro l  is 350 i n .  (8.89 m9 as 

determined from the  P o s t  Accident Flooding range i n d i c a t i o n  f i n s t e a d  of 
t h e  380 i n .  (9.65 m) Emergency Systems i n d i c a t i o n  s e t p o i n t  used €or  t h e  
c a l c u l a t i o n  discussed above]. The e f f e c t  of t h i s  is that when the  ind i -  
ca ted  water l e v e l  is a t  the s e t p o i n t ,  t he  a c t u a l  level w i l l  be below the  
top  of the a c t i v e  fue l .  

2. I f  the  l e v e l  i s  more than 6 in. (15.2 an) below the  s e t p o i n t ,  
flow is set a t  1800 gpm (113 1,’s). 

3. I f  t he  l e v e l  is below, but  wi th in  6 in .  (15.2 m) of the  set 
po in t ,  i n j e c t i o n  is 900 gpm (57 f / s ) .  

4. I f  the  l e v e l  is above the  s e t p o i n t ,  i n j e c t i o n  flow is SO0 e m  
(38 11s). 

5. Tf the l e v e l  is more than 6 in. (15.2 em) above the  s e t p o i n t ,  
t h e  s t a r t u p  bypass valve is completely closed t o  zero t h e  condensate 
boos te r  pump i n j e c t i o n ,  

The d i f f e r e n c e s  between t h i s  modified l e v e l  c o n t r o l  s t r a t e g y  and 
the one l i s t e d  previous ly  are t h a t  the opera tor  is d i r ec t ed  to c o n t r o l  
v e s s e l  water level at. a se tpo fn t  which is below the  top of the  a c t i v e  
f u e l ,  i n s t ead  of above, and t o  shut  off the i n j e c t i o n  flow sooner when 
t h e  des i r ed  vesse l  l e v e l  is exceeded. 

The ca l cu la t ed  r e s u l t s  show t h a t  t h i s  modified l e v e l  con t ro l  
s t r a t e g y  e l imina te s  almost a l l  of the sp ikes  f n  core  thermal power 
(F ig .  4,311. The one thermal power sp ike  that occurs a f t e r  t he  t r a n s i -  
t i o n  t o  condensate boos te r  pump i n j e c t i o n  is  a r e s u l t  of the recovery 
from the  emergency depres su r i za t ion  which fiad previously t o t a l l y  uncov- 
ered ttae core .  A E t e r  t h i s  one power sp ike ,  the opera tor  is a b l e  t o  
maintain vesse water l e v e l  (Fig. 4.32) very close t o  the  TAP by i n i t i -  
a t i n g  1 min b u r s t s  of condensate boas te r  pump i n j e c t i o n  (Fig.  4 . 3 3 )  a t  
600 gpm (38 l / s )  about once every 3 dn. The nea r ly  complete core  eov- 
erage  thus  obtained i s  adequate t o  p ro tec t  t he  core ,  and t h e  co re  
thermal power remains very c lose  t o  the  decay heat  l e v e l .  With a l l  four  
suppression pool coo le r s  running, t tbe peak suppression pool temperatu 
i s  189°F (361 K), occurr ing  36 rnin i n t o  the acc iden t ,  Therefore ,  t h  
modified v e s s e l  level con t ro l  s t r a t e g y  e l imina te s  the  p o s s i b i l i t y  of 
statLc ove rp res su r i za t ion  f a i l u r e  of primary containment. 

4 . 3 . 3 . 1  Effec t  of stuck-open r e l i e f  valves .  A s  demonstrated 
above, when t h e r e  is n e i t h e r  manual rod i n s e r t i o n  nor SLC i n j e c t i o n ,  t he  
EPGs r e q u i r e  an emergency depres su r i za t ion  of the r e a c t o r  ves se l  begin- 
ning a t  18.7 d n  (Table 4.4). Compounding these  f a i l u r e s  with one o r  
two stuck-open SRVs has very l i t t l e  e f f e c t  on the o v e r a l l  sequence s i n c e  
t h e  r e a c t o r  vesse l  becomes depressurized even wfthout the  stuck-open 
SRVs . 

I n  t h e  case wi th  only one s tuck  open SRV, t h e  r e a c t o r  ves se l  does 
not depressur ize  sooner.  Before 18.7 min, r eac to r  thermal power is high 
enough t o  hold one or  nore SRVs open at f u l l  v e s s e l  pressure.  Af te r  
18.7 min, tk opera to r s  open t h r e e  a d d i t i o n a l  SRVs and depressur ize  t h e  
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r e a c t o r  ves se l .  They leave  t h e  hand switch for each of the manually 
opened valves i n  t h e  "on"' p o s i t i o n ,  and i n  e f f e c t  - stuck open. 

In t he  case wi th  two struck-open SRVs, the  reactor vessel begins de-  
pres su r i z ing  a f te r  9 m i n  and reaches a pressure  o f  about 300 p s i 9  (2.07 
MPa) Before the  ope ra to r s  hasten the depres su r i za t ion  by opening t h r e e  
a d d i t i o n a l  SRVs when the suppression pool heat capac i ty  temperature 
l i m i t  is exceeded. For the two S O W  ease, ope ra to r s  have t o  act t o  t r i p  
t h e  low p res su re ,  high c a p a c i t y  i n j e c t i o n  systems ( e . g . ,  Core Spray) 
about 5 min sooner than  they would fo r  the case without any SBRVs. A s  
discussed  previous ly  these  pumps start  au tomat ica l ly  and, i f  not pre- 
vented, can f lood t h e  depressur ized  r e a c t o r  v e s s e l ,  causing severe  power 
and p res su re  excursions.  

4 . 3 . 3 . 2  The sequence of events  wtthout  p re s su re  suppression pool 
coolinn. This s e c t i o n  d i scusses  t h e  e f f e c t  of comooundina the f a i l u r e s  

v v 

of manual rod i n s e r t i o n  and SLC injection wi th  a Eal lu re  of suppress ion  
p o l  cooling. The sequence of events  is  e s s e n t i a l l y  the  same as t h a t  
for t he  case w l t h  pool cooling (Ref. Table 4 . 4 ,  Figs. 4.25-4 .30)  with 
the important: exceptton t h a t  the  suppression pool temperature inc reases  
much more r ap id ly .  As the  pool. temperature inc reases ,  its vapor pres- 
6ufe i nc reases .  Evaporative steaming from the surface of the pool as 
w e l l  as d i r e c t  bubble - through of p a r t  of the SRV discharge  would 
p r e s s u r i z e  the  wetwell. This s t e m  discharge  easily and quickly  reaches 
the drywell  atmosphere v i a  t h e  12 two-ft (0.61-ma diameter vacuum 
breakers ,  which open a flow pa th  t o  the? drywell atmosphere when wetwell 
pres su re  exceeds t h e  drywell pressure  by morep than 0.5 p s i  (3  W a > .  By 
150 min, t he  drywell  p re s su re  reaches the  assumed 117 ps ig  (0.910 NPa) 
f a i l u r e  pressure" of the  drywell  e 

The c a l c u l a t i o n  ends wi th  drywell f a i l u r e ,  ISIJR-WhGP i s  not pro- 
ed t o  c a l c u l a t e  events aEter the  drywell f a i l u r e ,  which inc lude  the  

p o s s i b i l i t y  of severe  f u e l  damage. 

4 . 3 . 4  Enaeraenev a c t i o n  l e v e l s  and t imine 

The timing of the  d e c l a r a t i o n  of emergency a c t i o n  l e v e l s  f o r  the  
cases i n  whlcli backup shutdown systems fail is s p e c i f i e d  on Table 4 . 6 .  
The c r i t e r i a  for de te rmina t l an ,o f  emergency a c t i o n  l e v e l s  are taken from 
t h e  TVA Implimenting Procedures Document app l i cah le  t o  the  Browns Fer ry  
nuc lear  p l an t  (Ref. 4 . 4 ) .  

Pn t he  event t h a t  e i t h e r  t he  SLCS i n j e c t i o n  o r  manual rod i n s e r t i o n  
i s  a v a i l a b l e ,  t he  r e a c t o r  can be shutdown, so t h e r e  is no need for an 
emergency s t a t u s  higher than Alert un le s s  t h e  acc ident  PS compounded 
with  another s e r i o u s  f a i l u r e  such as l o s s  of suppression pool cooling. 
The emergency response a c t i o n  l e v e l s  f o r  the case of Fa i lu re  of suppree- 
sion pool cool ing  a f t e r  shutdam from an MSIV c losu re  Am% i nc iden t  are 
d lseussed  i n  Sect. 4.2,4. 

*The assumed s ta t ic  ove rp res su r i za t lon  f a i l u r e  poin t  f a r  t he  dry- 
w e l l  is taken from the information provided i n  Re€. 3.3. 
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I f  n e i t h e r  of the  backup means of shutdown are a v a i l a b l e ,  t h e  cal- 
c u l a t i o n s  of Sect .  4.3.3 show t h a t  the  t i m e  averaged r e a c t o r  power would 
exceed t h e  cool ing  capac i ty  of t he  suppression pool coolers. The sup- 
p re s s ion  pool would be overheated,  and primary containment p re s su re  
would s t e a d i l y  increase .  The Alert s t a t u s  would be upgraded t o  General 
Emergency a f t e r  about 6 h when drywell  p ressure  would have exceeded 
50 ps ig  (0.45 m a ) .  The overpressure  f a i l u r e  pressure  of t he  drywell  
would be exceeded another  6 h later, or  12 h from t h e  incept ion  of t h e  
acc iden t  sequence. 

I f  t he  f a i l u r e  of both backup means of shutdown were compounded 
wi th  f a i l u r e  of the suppression pool cool ing ,  then the  suppression pool 
would be heated r ap id ly ,  and t h e  Alert would be upgraded to General 
Emergency a f t e r  11 1 min. The drywell  overpressure f a i l u r e  pressure 
would be exceeded only 150 min after the  beginning of the  acc ident .  

General  cons ide ra t ions  f o r  emergency response for acc idents  i n  
which t h e  drywell  f a i l u r e  occurs  before  any severe  f u e l  damage are d i s -  
cussed i n  Sect .  4.2.4. A d e t a i l e d  s tudy of f i s s i o n  product release and 
t r a n s p o r t  fol lowing MSIV-closure i n i t i a t e d  ATWS sequences t h a t  r e s u l t  i n  
severe  f u e l  damage is planned t o  be conducted a t  QRNL. The r e s u l t s  of 
t h i s  s tudy,  to be published i n  a companion r e p o r t ,  w i l l  provide a quan- 
t i t a t i v e  b a s i s  f o r  planning of t h e  optimum emergency ac t ions  f o r  such a 
h ighly  improbable even tua l i t y .  
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Table 4 . 1 .  Typical  d i f f e rences  i n  ind ica ted  l e v e l  
between the  Emergency Systems Ind ica t ion  and 

the  Post Accident Flooding Ind ica t ion  

Pressure  
(psia9 

1000 15 

Actual l e v e l ,  in. 560 380 560 380b 
Emergency Systems Ind ica t ion ,  in .  560 380 58aa 373 
Post Accident Flooding Ind ica t ion ,  in. 473 337 560 380 

aPolnter  pegged at  upper end of sca l e .  

bPointer pegged at lower end of scale. 

Table 4.2. Rela t ive  change i n  s p e c i f i c  
volume of vapor per u n i t  change i n  

pressure  a t  var ious pressures 
between 15.0 and 1050 p s i a  

Rela t ive  change i n  vapor s p e c i f i c  
volume per u n i t  change 

i n  pressure 

Pressure  
(psis) 

15 .Q 
100.0 
200 0 
300.0 
400 . 0 
500.0 
600.0 
700.0 
800.0 
900.0 
1000 .Q 
1050.0 

3634.4 
92.5 
24,7 
11.0 

5 . 4  
4 . 2  

. 2.9 
2.2 
1.7 
1 0 3  
1.1 
1 .O 
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Table 4.3. MSIV closure ATdS with SLC and MRT initiation 

Ti me 
(min> 

Event CoPame n t 

0 
0.1 

1 

1 
1.5 

1-2 5 
3 

5 
7 

8 

8.6 

9 

9 
10 

1 1  

13 

13-21 

17 

2 1  
24 

30 

30 
3 5 

3 %.nd 
3 5-60 

PISIV closure initiated 
Rec i r CIP 1 a t  i on pumps t r P p ped 

H P C I  and RCIC start 

Operator begins SRV manipulations 
Suppression pool temperature ex- 

Wide reactor vessel pressure swings 
Operator begins manual rod inser- 

Operator initiates SLC 
Operator trips HPCI, RCIC 

ceeds 110 F (317 F) 

tPon 

Core spray and RMR pumps auto-start 

HPCI suction shift 

Vessel Emergency System (ES) 

Operator restarts HFCI 
Operator initiates suppression pool 

Vessel ES level indication back on 

Operator t r i p s  H P C I  

level indlication off-scale l o w  

cooling 

scale 

Steadily declining vessel water 

Peak suppsesalon pool temperature 

Operator restarts WCI 
Operator trips KPCI 

level 

reached 

SLC injection sufficient for hot 

Operator restarts HPCI 
Operator trips HPCI 

shut down 

Reactor core on decay heat 
CRDHS injection continues 

No scram 
At reactor vessel pressure 1135 

At'reactor vessel level of 476.5  

To prevent auto SRV actuation 
EPG criterion for SLC initiattssn 

psis 

in. (12.1 m) 

Due to opera tor  SRV manipulations 
One rod at a time, at: rod speed 
of 3 in./s (7.62 cm/s) 

Initiation of EPG levellpower 

Reactor vessel water level <413.5 

Indicated sappressfon pool water 

Operator preferred level indi- 

At 40% of capacity 
All 4 RHR coolers 

control 

in. (10.5 m) 

level > 4-7 in. 

cation 

Vessel water level too high - 
40 in., (1.02 m) above T m  

A t  157 F (343 K) 

A t  20% of capacity 
Vessel water level 40 in. (1.02 

Total. 265 lbs (120 kg) boron 

At 100% (to promote boron mix ing)  
A t  500 fn .  (12.7 in.) vessel 
Level [or 140 in. (3.56 m) ehove 
TAP 1 

m) above TAF 

required 

At 110 gpm (0.007 m 3 / s )  
I-. 

aTop of act ive  fuel (TAP") is 360 in. (9.14 rn) above vessel cero in the 
BWR-EACP si nu la t i on. 
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Table 4.4 Timing of Emergency Action Levels f o r  FlsIV c losu re  
ATWS acc idents  i n  which backup shutdown sys tems 

func t ion  (cases of  Sect ion 4.2)  

_ _  

Time Action Level C r i t e r i o n  

( a )  With func t ioning  pressure  suppression pool c o o l i n g  

5 tnin Aler: 
3 h  None 

Fa f lu re  of scram system 
Completion of manual i n s e r t i o n  of 

a l l  con t ro l  rods 

( b )  With f a i l u r e  of pressure  suppression pool c o o l i n g  

5 m€n A l e r t  F a i l u r e  of scram 
10 min Alert Loss of shutdown cool ing 
20 h General Emergency Drywe l l  p ressure  >SO ps ig  (446 ma) 

aDowngrading of ac t ion  l e v e l  s t a t u s  would r equ i r e  the  
absence of any o ther  condi t ion  (e.g. high r a d i a t i o n  l e v e l s )  
r equ i r ing  a s p e c i f i c  emergency c l a s s i f i c a t i o n .  
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Table 4.5. Seqtienee of events for case witlxaut mm:aal 
rcrd insertion or SL@ injection, but  with pool cooling 

0 
0.1  
0.1 
1 .S 

2 

7 

8 

8.4 

8.5 
9 
10 

1 4 . 8  

16.8 
16.8 
17 
18.7 

18.7 

19.5 

19.6 

20.1 

20.6 

27 

27.8 

31.8 

33.3 

Operator control of vessel pressure 

OperntcPr t r l p s  aaci and RCIC 
begins 

Core spray and. R r n  pumps start 

Vessel water l eve l  below "RAP 

Reactor gover below 13% 
Vessel. pressure dropping 
Operators i n i t i a t e  auppreasion pool 

c ~ o l i n g  with di four coolers 
Vessel water level abwe  TAF 

operatcrra restart s a p p r e s s i o n  pool 
cooling 

,411 SRVO shu t  

Operators disconttnue irrjectlon flow 

Veesel water l e v e l  too Mgh 
Suppressdon p a l  in vfolation 

Interrupts suppression psoz 

of BPS h a c  capacPty tempera- 
ture lfmit 

cooking 
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Table 4.5 (continued) 

33.8 SRVs reopen. V e ~ ~ e l - t ~ - d r p ~ e l l  pressure 

3 4 , 6  Vessel power and pressure spike  ax^^ core thermal power = 

34.8 Automatic SRY actuations At 1105 p s i g  (7.72 MPa) 
36.5 Vessel. pressure below 450 p s i g  Depressurizfng with five open 

4O-end Additional power/pressure spikes ccurring about every 13 d n  
120 Suppression pool temperature at 232'F Still increasing 

720 Suppression pool temperature at 345*F Drywell overpressure failure 

difference >50 p s i  

814; 

(3 .1  MPa) SRVs 

(384  K) 

(447 K) imminent 



Table 4 . 6  Timing of Emergency Action Levels f o r  MSIV c losu re  
ATWS acc iden t s  in which backup shutdown systems 

f a i l  (cases  of Sec t ion  4 . 3 )  

T i m e  Action Level csi t e r P on 

5 min A l e r t  
3 h  None n 

F a i l u r e  of system 
Completion sf manual i n s e r t l o n  of 

a l l  rods 

( b )  Cases with SJX i n j e c t i o n  and with pool. cool ing ,  
but no manual rod i n j e c t i o n  

5 mln A l e r t  
End A l e r t  

F a i l u r e  of scram s y s t e m  
Control. rods s t f l l  not jinserted 

( c )  Cases with n e i t h e r  SLC i n j e c t i o n ,  nor - manual rod 
i n s e r t i o n  

5 rnin Alert Failure o f  scram system 
6 h  General Emergency Drywell pressure  >50 ps ig  ( 4 4 6  kPa) 

( d )  I__ Cases with n e i t h e r  SLC f n j e e o n ,  nor gEnual rod 
i n s e r t i o n  acd without ='cession pool cooling 

5 rnin Alert F a i l u r e  of scram system 
111 rnin General Emergency D r y w e l l  pressure >50 psig  ( 4 4 6  kPa) 

ow n g I- ad i ng o f  erne r g  e n cy ea c t i on J. e v e l  wou ia  K e q 8.1 i re t h e  
absence of any other ~ ~ ~ i d i t i ~ n  (e,g.  high r a d i a t i o n  l e v e l s  ) 
r equ i r ing  a s p e c t f i c  emergency c l a s s l f  i c a t i o n .  
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Fig. 4.1. Schematic diagram of the control rod dsdve hydraulic 
sys tem. 
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ORNL-BWG 84-4533 ET0 

FEEDWRTER 
SPPIRBERS FL0OBE;D 

P - 100 P S I A  
-_I____.-- 

540 

-/-------- 

340 380 423 460 500 
DOWNCOMER HATER LEVEL ( IN. I 

P - 250 PSIA 
_--c---c----- 

P i g .  4 . 4 .  Core thermal. power as a functian of water level In the 
reactor vessel downcomer for steady a t a t e  ATWS conditions at three d i f -  
ferent pressures. The core is considered to be unpoisoned. 
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ORNL-DWG 84-4534 ETD 

Fig. 4 . 5 .  Core in le t  flow as a function of water level  in the re- 
actor vessel downcomer for steady s tate  ATWS conditions at  three dif-  
ferent pressures. The core is considered to be unpoisoned. 
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FEED WAT E R 
NOZZLE I 
(1 o f  6 )  

ORNL - D W G 8 4 - 7792 

FEEDWATER 
SPARGEWS 

Pig. 4 . 6 .  Location of the feedwarer spargers with in  the reactor 
vessel. 
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ORNL-DWG 84-7793 

T 58a" 

52896 - - - - - - - 
EMERGENCY 

SYSTEMS 
I ND I CAT1 ON 

RANGE 

373' L 

POST ACC I DENT 
FLOOD I NG 

1 ND I CAT1 ON 
RANGE 

Fig. 4.7. Level instrumentation available for monitoring reactor 
vessel  downcomer water l eve l s  near the top  of the core. Non-scale d i -  
mensions are height i n  inches above the inner bottom of the reactor ves- 
sel .  
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ORML-DWG 83-13719 

REACTOI;: 
VESSEL 

75-25 75-23 
n ( 8  

A 

RO 

TEST 
LINE 

1V' 

75-22 

RING M A D E R  
cs M P  c 75-% t?" 

FROM COtdDENSAlE STORAGE 1ANK 

cs WMP A 

_- 500 PSlG 
REIUEF 

TO 
CLEAN 

RADWASTE 

Fig. 4.8. Schematic diagram of one loop of: the Case Spray system. 
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ORNL-DWC 82-19310 

REACTOR 
VESSEL 

74-49 

TO 
A - C  

~ w w s -  

12"  74-73 74-74 

I 
----- 

6" 

74-73 I 
74-4% 

74-47 

4W PSlG 
RELl EF 

W W A S T E  

RHR SYSTEM 
PWM?S B AND D 

Fig. 4 . 9 .  Schematic diagram of one loop of the Residual Heat Re- 
moval system. 
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ORNL-DWG 84-4535 ETD 

H i l f t L  Roo INSERTION BEGINS 

SLC TNITIAIED 

POKR PEAK DUE TO 
SRV Hf3NIP!-LATION 

R LEVEL Al Tfif 

TIME [ M I N I  
Fig. 4.11. EPG operator action sequence - core thermal power. 
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ORNL-DWG 84-4536 ETD 

_.-.-.- 

UFJaRI3IISEDIOPrnnm 
w m  n r x n s  

_..__._...._...___.. ........................................ 

I 1 I 1 1 I 1 I 1 I I 

0 5 10 15 20 25 30 55 40 45 so 55 
TIME [ M I N I  

F i g .  4.12. EPG operator action sequence - v e s s e l  water l eve l ,  
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TIPIE [ M I N I  

Ffg. 4.13. EPG operator action sequence -.- injected flow. 
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ORNL-DWG 86-4539 ETD 

e 
3 
07 0- 

m m m w %  
2 1 1 

I I 1 3 I I 1 1 1 

0 5 10 1s 20 2s 50 a 40 15 50 55 

TIME [ M I N I  

Fig. 4.15. EPG operator action sequence - suppression pool tem- 
perature and water level. 



ORNL-DWG 84-4540 ETD 



94 

OHNL-OWG 84--4541 E T 5  

2 SRV'S STICK WEN 

I I 1 r 1 ! I I 1 I I 
5 10 15 20 15 50 xi 40 45 50 55 

TIME ( M I N I  

Fig. 4.17. EPG operator action sequence with two stuck open SRVs - 
vessel pressure. 
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ORNL-D'NG 84--4542 ETD 

.......... 
I_I..... 

/ ......---- - -- .-...... 
....... 

I I 1 1 I I I I I I I 
5 10 15 20 25 30 35 40 45 50 55 

TIME ( M I N I  
F i g .  4.18. EPG operator action sequence with faflure of suppres- 

s i o n  pool cooling - suppression pool temperature and water level.  
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ORNL---DWG 84-4543 ETD 

OPERFITOR TRIPS HPCI 

POHER SPIKE IfiNND B W S )  CRUSED 

HPCI FIT 100% FLOH TO M I X  

0 5 10 15 20 25 30 3s 40 
TIME [MINI 

I 

Fig. 4.19 .  EPG operator action sequence with failure of manual rod 
insertion - core thermal power. 
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ORNL-DWG 84---4544 E T 0  

L ROO INSERTION BEGTNS 

OPERATDR TRIPS HPCI 

WTER LEVEL AT TRF 
POWER SPIKES CfWSED BY WERATOR 
CONTROLLED WCI ACfURTION CYCL€S 

c 
E ?  w 0 r 
P- 

CK a 

M 
LL1 0 

* m  
d PRESSURIZRTION BEGINS 

r.l 

d 

CY I I I I 1 I 0 5 10 1s 20 25 30 J; 40 45 50 5s 1 . .__ I 
T l M L  l M l N l  

Fig. 4,20. 
core thermal power. 

EPG operator action sequence with fa i lure  of SLC system - 
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ORMk--DWG 84-4545 ETD 

P I '  

sl I 1 I I 1 I 1 
I 1 I 1 I 

0 S 10 1s 20 2s 30 35 +0 45 50 55 I 
TIME [ M I N I  

Fig. 4.21. 
vessel water level. 

EPG operator action sequence with failure of SLC system - 



Q 1. 
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OWNL-DWG 04-4546 ETD 

CORE INLET ENTHFfLPli 

4PCI ON RT FULL FLOW 

I 
5 

OPERRTOR CONTR0LI.ED INJECTION PUPiPEB BY CBP 

OPERRTOR CONPROI.LEB HPCI CYCLES A 
/ \  

10 15 20 25 30 55 45 50 55 
TIME I M I N )  

Fig. 4 .22 .  EPG operator ac t ion  st?.quen@e wlth failure Qf SLC system - 
injectea flow, 
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ORNL-DWE 84-4547 E T 0  

Fig. 4 . 2 3 .  EPG operator action sequence with failure af SLC system - 
vessel pressure. 
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ORNLLDWG 84-4548 I-TTII 

Ffg. 4.24. EPG operator action sequence with fa i lure  of SLC system - 
suppression pool  temperature and water l e v e l .  
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ORNL--DWG 84-4549 ETD 
c 

m I POWER SPIKES CAUSED B r  REcocrtr w 
VESSEL WTER LEVEL TO > TAF 

I 1 - u 
1 1 

0 5 10 15 20 25 30 3s i o  15 50 55 
0 ,  

TIME I M I N I  

Fig. 4 . 2 5 .  EPG operator action sequence with fa i lure  of both SLC 
system and manual rod insert ion - core thermal power. 



,.." ............ 

3111% Jo doL ................... 

00 T 
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QRNL-DWG 84-4551 ETD 

OPERRTOR CONTROLLM CONOENSflTE BOOSTER 

0 5 10 15 25 30 5s 40 50 55 

TIME [MINI 

Fig. 4.27. EPG operator action sequence with failure of both SLC 
system and manual rod insertion - injected flow. 
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ORNL-DWG 84-4552 ETD 

0 

TIME (MINI 

Pig. 4.28. EPG operator ac t ion  sequence with failure of both SLC 
nual  rod insertion - vessel pressure. 
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ORNL-DWG 84-4553 ETD 

5 10 15 20 25 50 35 40 50 
TIME [ M I N I  

Fig. 4.29. EPG operator action sequence with failure of both SLC 
system and manual rod insertion - suppression pool temperature and wa- 
ter level. 
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OWN L-DWG 84 -4554 E T D  
0 
2 



ORNL-DWG 84-4555 ETD 

Fig. 4.31 .  Modified EJ?G level control sequence with fai lure of 
both SLC system and manual rod insertion - core thermal power. 
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ORPJi---DWG 84-4556 E T D  

................. ................................. 
I J  

LtVCLIPDSI RGCID FLOO M I  

TIME ( M I N I  
Fig. 4.32. lriodlfied EPG level control sequence w i t h  f a i l u r e  of 

both SLC system and manual rod insertion -vesse l  water level .  
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ORNL-DWG 84-4557 EYD 

CORE INLET ENTHRLPY 

0 

O N  w 

OPERATOE JUSTVENT TO HPCI FLOW F" 
0 

TIME I M I N I  

Fig. 4 . 3 3 ,  Modified EPG l e v e l  control sequence with .failure of 
both SLC system and manual rod i n s e r t i o n  - injected flow, 
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The sequence of events f o r  the case o f  an MSTV-closiare t n i t i a t e d  
ATJS w t t h  no operator a c t t m  ms dfscuased i n  Chapt, 3. Vithoaat oper- 
a t o r  action, thers  i s  no a a n u a l  rod I n s e r t i o n ,  i n j e c t t o n  of sodfuin pen- 
taborate s o l u t i o n  > or  pressure suppressisn pml cooling. These i s  also 
no operator a c t i o n  t o  I o w r  r e a c t o r  vessel water l e v e l ,  but the BPCT 
sy5tem f a i l s  on high. lube o i l  te~prrature so thc w t a r  l e v e l  even tua l ly  
f a l l s  to Felow the  t o p  of tl?e core  anyway. There 1s no operator actLon 
to  prevent ADS actuation, automat Icallg. f n i t i a t c d  by the coiabdnmtfon of 

v e s s e l  dep res su r i zes  and the  la rge-capac i ty ,  low-pressure  irnj ection sys- 
tems ref lood the eole, causii-ig a p o w e r  and pressure excursion even 
thczgh the ADS valves  remain opee, With the scactor vessel again pres- 
surlzefi the  1oTqxeS;sllre systems cannot i n j e c i ,  vessel water l e v e l  
falls, an9 the depsessurlzzzisn vesse l  ref lood - power excursion - 
v e s s e l  repressurizat iorr  cycle repeats. Containmentt Failiirs i s  p red ic t ed  
PO occur a f te r  juse 37 W l i l l .  

Chapter 4 is  i n  effect a study oE thih e f f i c a c y  of the opera tor  ac- 
t d  ons mandated by t b r  BWK Owners Group Emergency Procedures Guidelines 
( W G s )  i n  removing the  m n y  undes i rab le  characteristics of the  sequence 
of events descr ibed i n  Chap. 3 .  No atrerapt i s  made t o  adjus t  fo r  the  
p r o b a b i l i t i e s  that thc opera tor  m i g h t  imi do exac t ly  as the procedures 
preacrfbe;  i t  is a§suGez tha t  the pi-ocedures art? EoZlowed exartly. The 
hasPc s t r a t e g y  o f  t h ~  EPGs  can be described as a t h r e e - s i q  process: 
(1) begfn Pnjec t t sn  of aodiim pentabora te ,  (22 lover the reactor vessel 
water level t o  thgz top of the core ,  r d u c t n g  m a r t o r  pormr and t h e  ratr  
o f  pressure suppression p o d  hcnsup, aiad (3) when enough aodlum penta- 
borate has bzen l n j e c t e d  t o  induce h ~ t  shutdown i f  mixed evenly with in  
the reaceon v r s ~ e i l  norillal Operai lQg level, restore wafier level to i t s  
normal s p c r a t I n g  range, During the  per iod  when step ( 2 )  i s  fn e f f e c t ,  
t h e  W R D I ~ ~  l e v e l  is ',so le>- t o  support natural. c i r c u l a t i o n  and the core 

the cor?. T n i t i a t i o n  of s t e p  ( 3 )  produces .% l a r g e  core i n l e t  f low t o  
r e e s t a b l i s h  reactor vessel w.zte?r leve l  and once t h i s  is done3 natura l  
circulation i s  r ees t ab l i shed .  This  sweeps the  prenr-h~ea~ly injected SO- 

diuix pentabnrrite up i n t o  the core an41 produces: hot s h ~ t d o w n . ~  
The r e s u l t s  dbocussed i n  Chap. 4 d e a r l y  show chat the  procedures 

s p e c i f i e d  by the EPGs are effecti ive I f  properly carried out and tha t  the 
Severe Accident situac!.ori deseribPd i n  Chap. 3 can be and should be 
avoided i f  the  o p e ~ a t o r s  t ake  the s p e c i f f e d  a c t i o n s  and a1 I eqiiipnnent 
f ~ n c t f s n ~  as designed. N ~ g e r t h ~ l e ~ w ,  we have i d e n t i f i e d  S O ~ Q  diffi@ul- 
t i e s  ~ i t h  t h e  p s ~ e d u r e s  that WE? beideve ldght  co t - t f~~e  the Qp&?L?&OrS ana 
t h e ~ e f o r ~  $rave t h e  p o t e n t i d  to  convert ~ h a b ,  ~hsanld be a sl;ablt? s i t u 9 1  
t i o n  i r t t G  an uns tab le  One 'tneCaU6€? O f  b ~ ~ ~ 1 - i i i t E ! ~ t  Lolled bat. COuntek-pTo- 

low reactor vessel water ~ e v e i -  ana ~ g i a  d~y%-ei i  ppeesuse; the reaC,tor 

i n l e t  f1OW I S  t G 0  S m d g  to Sweep t h e  fi-njeCti?d SOd%Ufil pentabokate i n t o  

duc"eve opera tor  arhioia. We have s o m e  sugges t ions  to o f f e r  i n  t h i s  re-- 
gard, based both upon our obsesvatioras of ATVS r u n s  m d c  a t  the W A  
Browns P e r r y  control room simulator as part of t h i s  study and upon OUK 
calculatloris These singgestlons form the bases f o r  eh l s  chapter. 
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En gene ra l ,  we recommend t h a t  the S accident procedures be sep- 
a ra ted  from the overall Emergency Proce s CuidelPnes a The occurrence 
of an ATWS would produce such dramatic. effect that It f s  inc.snceivable 

Y e t  the  opera tor  ac t f ans  requfre  t o  &t%gate? an are i n  many cases 
d iame t r i c  to t he  opera tor  actfone; reqraire of: acc idents  that 

Thus the  present  i n c l u s i o n  of 
e r a t o s  a c t i o n  t o  cope with o ther  accld 
t en  i n s t r u c t i o n s  that are unnecessar i ly  complicate and Lnvite confu- 
s ion .  The sepa ra t ion  of the t w o  would produce a c h  Clearer Set Qf 
i n s t r u c t i o n s  t o  be followed Lm the  event of S, and i n  all other  cases  
as w e l l  a 

We also make the  general recornen a t f o n  tha t ,  in t s proced- 
ures ,  the opera tor  be gIven guidance as to  ekhe auiopmt. aE r eac to r  vessel 
i n j e c t i o n  t h a t  wouPd be required t o  m h t a i n  Che vessel water l e v e l  a t  
t he  top of the care .  The  procedures should stress that the required i n -  
j eetfon woul €Pacrease f F  ebe s were ~~~~~~~~ leakage from the  

t i o n  or manual rod i n s e r t i o n ,  #IQwcv~~, wlichout c e ,  the operator 
would have no idea  where t o  begfn. 

Pn Sect. 5,1 we offer rwo recsm at ions concerning r ev1  d o n s  t o  
the operator ac t ions  reqmSred by t l ~  Owners Group Emergency Pro- 

S e c ~ s  e 5.2 and 5 ., 3 we sevfs%a: t h e  approprka te  operator-act ion sequences 
of Chap. 4 and demonstrate the  effeet of our ~ e ~ o ~ e ~ ~ a ~ P o ~ ~ ~  

t h a t  i t s  unfque s fgna tu re  would scape the atten of the operators .  

might occur wfth the  r e a c t o r  Ed t 0  decay &at power. 

r e a c t o r  vess  Z and Would decre as cshe cork? P s  ned by sec injec- 

idellnea and we g ve the reasons f o r  our rem 

F i r s t ,  i t  is r e c o m ~ e ~ d e d  t h a t  the opera tor  not attempt manual 
c o n t r o l  of r e a c t o r  vessel pressure  under A W S  conditlsns, Given t he  
present  des ign ,  the  operator woul not h o w  whfch SRVa were already open 
when he began hfs at tempts  to colntrol r e l i e f  valve opera t fan ,  With sev- 
eral relief valves  au tomat ica l ly  open, operator action to open an al-  
ready-open valve would r e s u l t  in no change except for a con t ro l  panel 
l i g h t  i n d i c a t i n g  that the valve aolenafd was energized. For a previ- 
ous ly  closed va lve ,  t he  opera tor  act9on woufd open the valve, but after 
only a s l i g h t  decrease f n  reactor vessel p~essure, a ev foras l y -open 
valve would shut and r eac to r  v e s s e l  p ressure  would re i n  about t he  
same 0 

If  the operaeors  were p e r s i s t e n t ,  ~ ~ n ~ ~ ~ ~ ~ n g  to go t o  
on r e l i e f  valve after relief valve u n t i l  a ~ e c o ~ ~ ~ ~ ~ b ~ e  effeet was 
achieved,  they w u l d  suddenly be confronted with a rapdd drop fn  reaetos 
v e s s e l  p re s su reB  invitdng core f looding by t he  low-pressure inject ion 
systems and the  eoncomltant power and pre sore spikes. The Roiling 
Water Reactor is very s e n s i t i v e  t o  the voi csef Efci en t  of r e a c t i v i t y  
and the response of r eac to r  power to pressure changes 1 s  g r e a t l y  mag- 
n i f i e d  a t  low pressures .  

Second, if the  sodlum pentaborate solss$tcan @annot &ae i n j e c t e d ,  the 
opera to r s  should t r i p  the H P G I  t u rb ine  a t  the tjlme this ~ f t ~ a t i o ~ ~  i s  
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I___ls 

*Because o f  pressure scppress ion  pool temperature of 190°F ( 3 4 1  K) .  
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would only decrease s l i g h t l y  during t h i s  2-dn period** After t h i s  
temporary decrease ,  t he  v e s s e l  water: level is predicted to s t e a d f l y  Ln- 
crease as a r e s u l t  of t he  contfnued in jec t fon  of t h e  RCIC,  t h e  CRil hy- 
d r a u l i c ,  and the  SLC systems. 

high-level t r i p  s e t p o i n t  of the RCIC system, T h e  c u r e  thermal power 
would be a t  decay heat  l e v e l s .  Pressure suppression p o l  temperature 
would be 198°F (365 K ) ,  increas ing  very slowly due to the  l i f t i n g  of one 
SRY about every 2-7 min,t 

The r e a c t o r  ves se l  water l e v e l  Es pred lc t e  t o  ~ ~ ~ ~ ~ n ~ e  t o  -Encrease 
even a f t e r  t r i p  of t he  RCIC system, Enough poison has been $njecg: 
t h e  power t o  be l imi t ed  t o  decay heat while i n j e c t i o n  cont inues v fa  the 
SLC and the  CRD hydraul ic  system. 

Ca lcu la t ions  were terminated a t  t i m e  6 0  n. Tlie predfeted pres- 
sure suppression pool water temperature at t h i s  time is stP11 about 
198°F (365 IC). 

To b r i e f l y  recap t h i s  accident  sequence, the  opera tor  does nmhling 
except I n i t i a t e  the SLC system, Care thermal power %s slowly reduced. 
The XPCZ: system is l o s t ,  causing a sharp reduct ion  in core thermal 
power. Since the  generated steam flow is  less than the cont inuing fn- 
jlectlon by the remaining high-pressure systems, t he  r e a c t o r  vessel water 
l e v e l  cont inues t o  increase .  There is nu relief valve discharge over a 
long per iod of t i m e  because the  s e n s i b l e  h a t  requirements o f  the  an- 
j e c t e d  flow exceed the  core %hemal power, A t  the 6Blnin polrat, t& re- 
a c t o r  is f u l l y  shut down and the  pressure  suppression p o l  temperature 
is 198°F (365 IC), i nc reas ing  very S ~ O W ~ Y ,  Throughout 
quence, t he  r e a c t o r  v e s s e l  water l e v e l  I s  mintafne 
(3.05 m) above t k P e  fop of the a c t i v e  f u e l ,  

p r e s s u r e  suppression pool cool ing a t  the  30-min point  - wa 
gated. Maximum suppression pool temperature  would be 197'P 
30 dn. By t i m e  60 min, t he  pressure  suppression pool temperature m u l d  
be reduced to 171s°F (354 K), 

c l e a r l y  shows t h a t  t he  assumed sudden f a i l u r e  of  the MPGI system at a 
p res su re  suppression pool temperature of 190*F (361 K) is a sfgnificant 
event ,  t he  c a l c u l a t i o n  was repeated with tlhe assumptfon that t he  WPCT 
system is immune t o  f a i l u r e  by lube o i l  overheat ing,  Because the h- 
s e r t e d  poison would act t o  keep the core  thermal power below that other- 
wise demanded by the  continued high rate of i n j e c t e d  flow, the  r eac to r  
vessel. water l e v e l  would s t e a d i l y  increase .  The c a l c u l a t i o n  s b w s  t h a t  
the v e s s e l  water level would reach the  cornon high l e v e l  t r j lp  setpoi t i t  
of t he  HPCT and RCIC systems a t  a ou t  time 21 mFn, Cote thermal power 

At t i m e  50 min, t he  r eac to r  ves se l  water l e v e l  woul 

The e f f e c t  of j u s t  one additfonall  opera tor  a c t i o n  - t o  i n s t i t u t e  

Since ana lys i s  of the  acc ident  sequence OE events  descr ibe  

*From 506 fa 482 inches (12.85 to  12.24 m) above v e s s e l  zero ,  At 
the low p o i n t ,  t h i s  is s t i l l  some 10 f t  ( 3 - 0 5  m) above the tog of t h e  
core  a 

?An automatic sequence of a c t u a t i o n s  as necessary t o  rnafntain reac- 
tor v e s s e l  p ressure  i n  the range 1055-1105 ps ig  (7.38-7.72 MPa). 
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5.3.1 The sequence of events 

The sequence of events i s  s.;l.maa.i-fzed by Table 5.1. Lmprtant sga- 
tern variab'bes are p l o t t e d  en PXgs. 5.1-5*5. 

The f i r s t  5 min o f  t h i s  accident are e s s e n t l a l l y  the  same a8 the 
no-operator-action case (Chap. 3 ) .  Reactor pmwr ( F i g ,  S - 1 )  averages 
28% while the H P C i  and R C i C  systems run at full capacity and the vessel 
water level ( ~ f g ~  5.2) averages 475 in. (12 .1  m). Tlne t o t a l  inject fon 
flow (Pig. 5.3) during t h i s  t i n e  is  5706 gpm (368 Xis) inc luding  the 106 
gpm (6 .7  11s) in jee t i s la  by the CRDRS, whlch runs cantPnmouely throughout 
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t he  acc ident .  The r eac to r  vegse e s s u r e  (F ig .  5, 
1120 and 1020 p s i a  (7.72 and 7-03 
opening and closing SRVs. During the  f 
a t t e m p t i n g  without success  to ob ta in  an. ~ ~ t e ~ n ~ t ~ v ~  scram, t o  begin man- 
u a l  rod i n s e r t i o n ,  o r  t a  begin SLCS injection of sodium pentaborate  so- 
Put ion  

After 5 mfn, t he  opera tors  tr 
second recommendation of Sect. 5.1 
flow from 5706 t o  706 gpm (360 t 
allowed t o  keep running a t  i t s  f u l l  cap 
The vesse l  water l e v e l  decreases  r ap id ly  
312 in .  (7.92 m), corresponding t o  2 / 3  
decreases  in  response t o  the  increased 
decreases .  As water l e v e l  passes t h r  
about 10%. After  9.5 n the  vessel. le 
and the  core  power settle8 a t  about 
core power response fs pre fe rab le  t o  
Chap, 4 ( see  Sect. 4.3.3 and Fig, 4. 
power is much lower, and the re  are no 

With the a c t u a l  ves se l  downcome 
above vesse l  zero ,  t he  Emergency %y 
off -sca le  lowr This would cause the opera tors  some concern since t he  
Emergency Systems range i s  the prefer red  ind ica t fon ,  @ s ~ @ ~ i a l ~ y  s i n c e  i t  
is c a l i b r a t e d  f o r  a hot ,  f u l l  p re s su re  reactor vesse l .  The Post  Accf- 
dent  Flooding range ind ica t ion  range would 
to  determine v e s s e l  water l e v e l ;  however, 
inform the  opera tor  of t he  ude of error expected whe 
brated level. instrument is t k  Level of hot .E 

( s e e  Secc. 4.1,2 and Table or example, an ac 
312 in. (7-92 m) above v e s s e l  zero of f u l l y  pressurized coolant a t  o r  
near  s a t u r a t i o n  would i n d i c a t e  as 76 in .  b l o w  the top of t 
f u e l  on the Post Accident flooding range, or 284 %n. (7*2H m) 
sel zero. This is an error of 28 i n .  (0,7X 

It should not be surprisfng t h a t  t he  ssel water level 
near 312 in .  (7,92 m>; t h i s  is t he  l e v e l  of t he  20 je t  p u ~ p  sue 
lets. When water l e v e l  i n  the  downcorner annulus %rs well above 
pump i n l e t s ,  water from the  corner passes  f r e e l y  through 
pumps on i ts  way t o  the cote the col lapsed  water l e v e l  In  the core  
is approximately equal t o  the  water l e v e l  in the downearner annulus. As 
t he  downcomer water l e v e l  approaches the elevation of the j e t  pump fn- 
lets,  water from the  downcomer a ~ n . u ~ u ~  begins t o  see a s i g n i f i c a n t  f 
r e s i s t a n c e  as i r t  flows from the downcomer t o  the core ( v i a  the  lower 
plenum)* I f  water l e v e l  decreases  t o  below the  j e t  pump in l e t  
can pass from t he  downcomer; t he  water l e v e l  i n  the core  
downcomer annulus become e s s e n t i a l l y  uncoupled," 

*There would be some leakage from the  owncomer through 
d i f f u s e r  s e a l s ,  e t c . ,  but t h i s  flow would be i n s u f f f c l e n t  to equa l i ze  
the core and downcomer col lapsed water l e v e l s ,  
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With the downcomer water level (Pig. 5.2) near 213 core he igh t ,  in- 
j e c t i o n  flow ( P f g .  5.3) a t  706 gpm (44.5 l/s) and core power (Pig. 5.1) 
a t  3.9%, the BWR-EhCP r e s u l t s  p red ic t  t ha t  the  bottom 213  of the  a c t i v e  
f u e l ,  covered by a 2 phase boi l ing  mixture of water and steam, would be 
c r i t i c a l .  and generat ing most of the  core power; the  top 113 would be 
steam blanketed. Of the  t o t a l  3.9% core thermal power, 3.55% would be 
generated i n  t he  bottom 2/3 o f  t he  co re ,  whereas the: top 1/3 of the  core 
would be generat ing only decay h e a t ,  about 0.35% power. 

--LAC? code does not estimate f u e l  temperatures or  steam con- 
d i t i o n s  f o r  uncovered f u e l .  Resul t s  of an o f f - l i n e  hand e a l c u l a t i o n  
show t h a t  steam would e x i t  the core a t  about 675'F (531 K) and t h a t  mx- 
imum fue l  temperature wodd  be  i n  the  neighborhood of 850°F (728 K), 
well below the threshold For f u e l  damage by oxida t ion  of t he  zirconium 
cladding. Resul ts  of a RELAPS c a l c u l a t i o n 5  - f o r  an almost i d e n t i c a l  
accident: sequence prrdfc t  t h a t  the f u e l  would remain f u l l y  covered by 
the b o i l i n g  mixture,  with no steam-cooled region atid no hea t ing  of t h e  
f u e l  (which would remain very c lose  t o  the sa tu ra t io r l  temperatilre of the 
steadwarer mixture i n  the co re ) .  Therefore ,  the  BWR-LACP p r e d i c t i o n  
may i n  thPs respect  be conservat lve 

Throughout t h i s  acc iden t ,  t he  opera tor ,  per t he  f i r s t  recommenda- 
t i o n  of Sect .  5.1, makes no attempt t o  manually open SRVs. As a r e s u l t ,  
v e s s e l  p ressure  ( P i g .  5.4) is coiztrolled over a narrower range than i n  
the  equivalent  case i n  Chape 4 (Sect. 4.3.3, F ig .  4.28). During the 
f i r s t  5 mfn, before HPCI  i s  t r i p p e d ,  t he  core steam production i s  high 
enough t o  reqiuire between three and Four open SRVs. After UPCI i s  
t r i p p e d ,  the core produces only enoangh steam t o  intermittently open one 
SRV. A s i n g l e  SRV would probably repea ted ly  cycle  throughout the re- 
mafades of the accident .  

'The Browns Ferry SRVs are grouped i n  t w o  hanks of f ~ ~ r  and one bank 
of f i v e  SRVs w i t h  t he  SRVs i n  each group having the  same nominal s e t -  
p o i n t ;  never the less ,  t he  a c t u a l  opening pressure f o r  a given valve m y  
(by the  ASME code) d i f f e r  by as much as 1% from the nominal se t t ' lng  f o r  
i t s  group. Unless pressure increases  very rapidl.y, t he  single SRV with 
the  lowest a c t u a l  s e t t i n g  opens, and r e d u c e s  t h e  pressure  before i t  
reaches the  a c t u a l  s e t p o i n t  of any o the r  SRV i n  the same nominally set 
bank. 

Since pressure suppression pool cooling is bnl. t iated after 10 min, 
and because core power is only about 4%,  the  suppression pool tempera- 
t u r e  increases  very slowly, After  43 min, the  pool is a t  1 6 5 O F  ( 3 4 7  IC); 
a t  t h i s  po in t ,  t he  EPG suppression pool heat capac i ty  temperature l i m i t  
i s  exceeded and (see Fig. 4.10) an e~uergency depressixrizatlon of the  re- 
ac to r  v e s s e l  i s  reqi.ii red. I n  accordance wfiC1-1 the recommendation of 
Sect .  5.1 t h a t  p ressure  con t ro l  not be attempted, i t  is assumed t h a t  t he  
opera tors  ovoid the hazards of t h i s  undesfrable  depressur iza t ion .  The 
suppression pool  teiiiperature cont inues t o  i n c r e a s e ,  and would a f t e r  
about 6 h be close to the  maximum of 206°F ( 3 9 0  K) achieved during t h i s  
acc ident .  Subsequently, t he  pool cool ing is able t o  remove heat  from 
the  pressure sappressinn  pool^ as fast  as i t  is added. 
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A s  a r e s u l t  of t he  inc reas ing  pressure  suppress ion  pool temperature 
and evapora t ion  from the  pool su r face ,  the primary containment p re s su re  
inc reases .  Af t e r  52 min, t h e  drywell  p re s su re  exceeds 2.45 ps ig  
(118  kPa).  This  completes t h e  set of cond i t ions  required* f o r  
i n i t i a t i o n  of t h e  ADS timer, and a f t e r  an a d d i t i o n a l  2 min, t h e  ADS 
would au tomat i ca l ly  open s ix  SRVs t o  r a p i d l y  dep res su r i ze  the  r e a c t o r  
v e s s e l .  However, the  ope ra to r s  avoid t h e  ADS a c t u a t i o n  by r e s e t t i n g  the  
timer before the  e x p i r a t i o n  of t he  2-min period, and approximately every 
2 min t h e r e a f t e r  u n t i l  t he  end of t he  acc ident  sequence when r e a c t o r  
v e s s e l  water l e v e l  is r e s to red  and the  ADS t i m e r  is deac t iva t ed .  

If t h e  de f in ing  system f a i l u r e s  for  t h i s  acc ident  are assumed t o  be 
compounded by f a i l u r e  of the p re s su re  suppress ion  pool cooling func t ion ,  
t h e  thermohydraulic condi t ions  i n  the  r e a c t o r  v e s s e l  would be t h e  same 
but primary containment condi t ions  would be g r e a t l y  d i f f e r e n t .  The sup- 
p re s s ion  pool temperature and pressure  would inc rease  more r ap id ly ,  and 
without bound. Af t e r  4.1 h ,  the  suppress ion  pool temperature would be 
about 345°F (447 K) and the  drywell  would be pressur fzed  t o  i t s  pre- 
d i c t e d 3 0 3  132 psPa (9f0 kPa) f a i l u r e  p re s su re .  

5.3.2 Emergency a c t i o n  l e v e l s  and t iming 

The timing of the d e c l a r a t i o n  of emergency a c t i o n  l e v e l s  i s  given 
by Table 5.2. The cri teria f o r  de te rmina t ion  of emergency a c t i o n  l e v e l s  
are taken from the  TVA Implementing Procedures Document app l i cab le  t o  
t h e  Browns Fer ry  nuc lear  p l a n t s 4 * '  

By following the  v e s s e l  p ressure  and l e v e l  c o n t r o l  recommendations 
of Sect.  5.1, t h e  ope ra to r s  are b e t t e r  ab le  t o  c o n t r o l  t he  course of t h e  
acc ident .  For t h e  case wi th  suppress ion  pool cool ing ,  t h e  h ighes t  emer- 
gency a c t i o n  l e v e l  achieved during the  acc ident  sequence is A l e r t .  The 
r e s u l t s  d i scussed  i n  Chap. 4 (Sect.  4.3.3 and Table 4 . 6 )  show t h a t  if 
the ope ra to r s  fo l low the  EPGs f o r  the  same case, the emergency a c t i o n  
l e v e l  would have t o  be upgraded from Alert t o  General Emergency a f t e r  6 
h, and that even with pool cool ing  t h e r e  would be an even tua l  overpres- 
s u r e  f a i l u r e  of t he  drywell. 

For t he  case without suppression pool cool ing ,  t he  Alert is up- 
graded t o  General Emergency a f t e r  187 min. This i s  76 min later than 
p red ic t ed  i n  Chap. 4 f o r  t he  analogous case i n  which the  ope ra to r s  fo l -  
low the  EPGs. 

5.4 The Ef fec t  of Stuck Open Relief Valves 

This s e c t i o n  examines the  consequences of compounding the def in ing  
system f a i l u r e s  of the  case d iscussed  i n  Sect.  5.3 by inc luding  a s tuck  
open SRV. This i s  done because the r e l i a n c e  upon automatic SRV 

*Required condi t ions  a l s o  inc lude  r e a c t o r  ves se l  water l e v e l  (413.5 
in .  (10.5 m), and e i t h e r  RHR pump o r  Core Spray pump d ischarge  pressure .  
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opera t ion  reconmlended i n  Sect. 5.1 would cause repeated cycl ing of one 
SRV and t h i s  would increase  the  l ike l ihood of an SORV. The sequence of 
events  i s  out l ined  i n  Table 5.3, and s e l e c t e d  system uartables are 
p l o t t e d  on Ffgs.  5.6-5.9. The o v e r a l l  accident  p ~ o g r e s s i o n  is s i m i l a r  
t o  t h e  case wdthout a s tuck  open SRV discussed i n  Sect.  5.3. Notable 
d f f  ferences are discussed below, 

Although the  SRV s t i c k s  i n  t he  open p o s i t l o n  a t  3 d n ,  the  r e a c t o r  
v e s s e l  does not began d e p r e s s u r l z i q  u n t i l  9.7 win, when the  core steam 
production is no longer s u f f i c i e n t  t o  hold one or more SRVs open contin- 
uously a t  f u l l  pressure.  Vessel pressinre decreases  u n t i l  reaching a 
minimum pressure  of 272 p s i a  (1.88 )Pa) a t  22.5 min. A s i g n i f i c a n t  
f r a c t i o n  of t he  inventory of hot water i n  the  r e a c t o r  vessel i s  vapor- 
ized during the depressur iza t ion ,  A s  a r e s u l t ,  t he  v e s s e l  water l eve l  
decreases  t o  below the  j e t  pump i n l e t s  ( i . e *  2 / 3  core h e i g h t ) .  FOP a 
per iod of about 10 min, the 600 gpm (37.8 1 1 s )  RCIC i n j e c t i o n  Is r e f i l -  
l i n g  the downcomer annulus but ehe f l o w  does not reach the? core. Durlng 
t h t s  per iod,  t h e  core is uncovered, s u b c r i t i c a l ,  and generat ing only de- 
cay hea t .  This period of uncovery of a c t i v e  Fuel is not long enough eo 
l ead  to  serious overheating of t he  fue l .  InPorrnatPon provdded i n  R e f .  
5.2 shows t h a t  t he  core can rpC uncovered f o r  periods of 10 mfn without 
severe  f u e l  damage i f  t h e  W hydraul ic  system is  operat ing.  The 
i n j e c t t o n  provided by the  CRD hydraul ic  s y s t e m  is boi led i n  the  lower 
core  and provides steam cool ing f o r  the  uncovered upper port ion of the 
core. 

As t he  rate of depressur lza t ion  slows, the  688 gpm (37.8 l / s )  R C I C  
i n j e c t i o n  plus  the  166 gpm (10.5 l / s )  CRDHS i n j e c t i o n  (which is  higher  
a t  lower ves se l  p ressures)  is able  t o  exceed t h e  rate of Inventory loss 
due t o  vapor iza t ion .  The downcorner water l e v e l  increases  t o  above the  
jet; pump i n l e t s ,  and t h i s  re -es tab l i shes  flow of the  RCPC i n j e c t i o n  from 
the  downcomer t o  t he  co re"  A? the eore r e f i l l s ,  c r i t i c a l i t y  i s  r e s t o r e d  
and t o t a l  core power increases  t o  about 4 % .  Increased core steam pro- 
duct ion,  vent ing t o  the  pressure suppression pool through the  s i n g l e  
s tuck  open SRV, p a r t i a l l y  r e s t o r e s  r e a c t o r  v e s s e l  pressure ;  a f t e r  
31 min, pressure i s  s t a b l e  a t  about 520 p s i a  (3.59 MPa). 

The opera tors  are assumed here t o  take a c t i o n  as necessary t o  pre- 
vent undesirable  and possibly dangerous Flooding of the  r e a c t o r  v e s s e l  
by the  l o w  P ~ ~ S S U F ~ ,  high capac i ty  i n j e c t i o n  systems. To accompllsh 
this, the  condensate and condensate booster  pumps muse be t r ipped  a t  any 
t i m e  between 0 and 15.7 mi11 and the  Core Spray pumps menst be t r ipped  
anytime between 6.2 min (when they au to-s ta r t  on low v e s s e l  l e v e l )  and 
15.7 mfn.  The RI-IR pumps are not t r ipped  s i n c e  i t  is d e s i r a b l e  t o  keep 
t he  K.FR system running i n  the  pool cooliiig mode. Vessel f looding by t h e  
RHK pumps is prevented by c los ing  the  LPCI i n j e c t i o n  v a l v e s  af ter  expir-  
a t i o n  of t he  5 min period during whfch they are Inter locked i n  the  f u l l  
open pos i t ion .  When pumping at f u l l  flow In t he  pool cool ing m0de, t he  
RHR pumps cannot in- ject  i n t o  the r e a c t o r  vesse l  through the open LPCI  
va lves  unless  v e s s e l  p ressure  decreases  t o  below about 300 p s i a  
(2.07 MPa), which i t  does not .  
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Table 5.1 Sequence of events  f o r  case with ope ra to r  t r i p  of WeH, 
and with f a i l u r e  of both SLGS and manual rod insertion 

0 

k n d  

0.1 

c--end 

1 

i--ena 

1.5 

3 

5 

5 

6.2 

6.8 

9.5 

9. E-end 

10 

4 3  

50 

52--end 

60 

360 

NSIV c l o s u r e  i n i t i a t e d  

SRVs cyc l ing  on automatic  
i n i t i a t i o n  

R e c i r c u l a t i o n  p u m p s  t r i p p e d  

CRDNS i n j e c t i o n  can t inues  

HPCI and RCIC au tomat i ca l ly  s t a r t  

RCIC nins at f u l l  c a p a c i t y  

Suppression pool temperature  
exceeds llO°F (317 K) 

Operator a t t empt s  t o  manually 

Operator a t tempts  t o  start SECS 

Operator t r i p s  BPCP 

i n s e r t  rods 

Core Spray and RNR pumps start  

Vessel water level b e l w  TAF 

Vessel water l e v e l  at L / 3  core 
he igh t  

Vessel water l e v e l  s t a b l e  a t  
2 / 3  core helght 

Operators  i n i t i a t e  suppression 
pool coo l ing  with a l l  fou r  
c o o l e r s  

Suppression pool heat  c a p a c i t y  
temperature  1irnj.t exceeded 

ADS 2-min timer s t a r t s  
a u t o m a t i c a l l y  

Operator m e t  reset the  ALaS 
t i m e r  every 2 inin t o  avoid 
ADS a c t u a t i o n  

Suppression pool temperature 

Suppression pool approaching 

at 168OF (349 K) 

maximum temperature  

No scram 
No m n u s l  SRV a c t u a t i o n s  

A t  r e a c t o r  v e s s e l  p re s su re  

A t  108 gpm (6.8 l i s )  

Vessel water l e v e l  <476.5 i n .  

600 $pm (37.8 l /s )  

E% c r i t e r i o n  f o r  o p e r a t o r  

1135 psia (7.83 MPa) 

(12.1 m) 

i n i t i a t i o n  of SLCS injection 

NQ rOd tl8Qtion 

Pumps i nope ra t fve ,  don't start 
To reduce eore power and t o  

prevent  WCI f a i l u r e  

(10.5 P) 

OTI v e s s e l  l e v e l  <413*5 in .  

Emergency S y s t e m  range l e v e l  
i n d i c a t i o n  o f f - sca l e  low 

Post Accident Flooding range 
l eve l  t n a i c a t t o n  1/2 C O ~ B  
height 

Upper 1/3 of core steam cooled 

containment Spray Select and 
2/3 Core Golverage Bvesride 
hand switches ac tua t ed  

Operators  do not d e p r e s s u r i z e  

Drywe l l  p re s su re  >2.45 p i g  
(118 kPa) + v e s s e l  water level 
<413.5 in .  (10.5 m) + IWR pu 
d i scha rge  p res su re  sensed 

Slowly i n c r e a s i n g  

206OF (370 K) nlaximuw bulk 
temperature  
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Table 5.2. Timing of Emergency Action Levels fo r  
case w i t h  ope ra to r  t r i p  of HPCI and f a i l u r e  

of both SLCS and manual rod i n s e r t i o n  

Time Action l e v e l  C r i t e r i o n  
( m i d  

(a> Case with suppress ion  pool c o o l i n g  

5 Alert 
+end A l e r t  

F a i l u r e  of scram system 
Reactor s t i l l  not shut down 

(b) Case without suppress ion  pool c o o l i n g  
5 Alert F a i l u r e  of scram system 
10 A l e r t  Loss of shutdown cooling 
187 General Emergency Drywell p ressure  >50 ps ig  (446 kPa) 
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Table 5.3 Sequence of events  f o r  case wji-h opera tor  t r i p  of WCI, 
f a i l u r e  of both STACS and manual rod i n s e r t i o n ,  

and one stuck open re l ief  va lve  

Time (min)  

0 

0.1 

0-9.2 

1 

l--Snd 

1.5 

3 

3 

5 

5 

6 . 2  

6.8 

6.9 

9.7 

9.8 

9.9 

10 

Event 

MSZV c losu re  i n i t i a t e d  

Rec i rcu  1 a t  ion pumps t r ipped  

SRVs cyc l ing  on automatic  
i n i t i a t i o n  

CRDHS i n j e c t i o n  cont inues  

HPCI and RCLC au tomat i ca l ly  s tar t  

RCIC runs at full c a p s d t y  

Suppression pool temperature  
exceeds llO°F (317 IC) 

SRV sticks i n  open position 

Operator  a t tempts  t o  begin manual 

Operator  a t tempts  t o  s t a r t  SLCS 

c o n t r o l  rod i n s e r t i o n  

Operator  t r i p s  HPCl 

Core Spray and R ? B  pumps 

Vessel water Bevel at TAF 
automat f cw l by st ar t  

Reactor power <IO% 
Reactor vesse l  starts 

depres su r i z ing  
Vessel water l e v e l  below 213 core  

he igh t  

Reactor  core  s u b c r i t i c a l  

Operators  i n i t i a t e  p re s su re  
suppress ion  pool cool ing  with 
a l l  4 pool coo le r s  

Comment 
___- ...__ 

No scram 

A t  r e a c t o r  v e s s e l  p re s su re  1135 

No lraaizual SRV a c t u a t i o n s  
p s i a  (7.83 ma) 

Between 108 and 166 ~ p r a  (6.8 and 

Vessel water l e v e l  <476.5 i n .  

10.5 l/s) 

(12.1 m> 

600 g p m  (33.8 l/s) 

E X  c r i t e r i o n  fo r  o p e r a t o r  
i n i t f a t i o n  of SECS i n j e c t i o n  

F a i l u r e  t o  close a f t e r  au tomat ic  
a c t u a t i o n  

No rod motion 

Pumps inope ra t ive ,  don ' t  start 
TO t-eauce core POWW and p r o t e c t  

MPCI t u rb ine  

(10.5 m> 
On Vessel IeVeI <413.5 fP1. 

Emergency §ystem range l e v e l  
i n d i c a t i o n  o f f - sca l e  low; Post 
Accident Flooding range 
i n d i c a t e s  ves se l  l e v e l  at 323 
in. (8.2 rn) 

C f r c u l a t i o n  from downeramer 
annulus to lower p l e n m  and 
core s tops  

Power decrsaseing to  decay heat 

Containment Spray Se lec t  and 
213  Core Coverage Overr ide 
handswitches ac tua t ed  
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Table 5.3 (cont inued)  

Event Comment 

1 2  

14 .3  

15.7 

15.8 

20.7 

22.5 

22.5 

22.5 

2G-end 

3 l -end 

32 

3 k n d  

60 

360 

Active f u e l  region of core 
uncovered 

Minimum downcomer water l e v e l  'of 
278 in .  (7.06 m) reached 

LPCI and CS i n j e c t i o n  va lves  
open 

Core Spray pumps, condensate, and 
condensate boos te r  pumps 
t r i p p e d  

EPCI  i n j e c t i o n  valves  c losed 

Vessel water  l e v e l  above 213 core 
h e i g h t  

Act ive f u e l  region of core 213 

Minimum vessel p r e s s u r e  of 272 

Vessel water l e v e l  s t a b l e  a t  213 

Vessel pressure  s t a b l e  a t  520 

ADS 2-min timer starts automati-  

covered 

p s i a  (1.88 MPa) reached 

core coverage 

p s i a  ( 3 . 5 9  MPa) 

c a l l y  

Operator  rmst reset the  ADS t i m e r  
every 2 min t o  avoid ADS 
a c t u a t i o n  

172OF (351 K )  

maxi mum temperature  

Suppression pool temperature  at  

Suppression pool approaching 

About 2.8 E t  ( .86 m) below t h e  

A t  v e s s e l  p ressure  (450  ps ig  
jet  pump i n l e t s  

(3.1 MPa); LPCI valves  i n t e r -  
locked open f o r  5 lain 

To prevent  v e s s e l  f l o o d i n g  

A f t e r  e x p i r a t i o n  of 5 d n  i n t e r -  
lock,  but before  any i n j e c t i o n  

C i r c u l a t i o n  from downcomer 
annulus  t o  Lower plenum and 
core r e e s t a b l i s h e d  

Core c r i t i ca l  aga in  

Drywell pressure  >2.45 psig 
( 118 kPa) + v e s s e l  l e v e l  
(413 .5  i n  (10.5 m) + RHR 
pump d ischarge  p r e s s u r e  

Slowly i n c r e a s i n g  

206'F (370 K) 
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6. DISCUSSION OF UNCEKP'AHNTIES 

 his plant -spec i f ic  s t u d y  of an MShY-closure i n i t i a t e d  AFdS is the 
f i f t h  acc ident  s tudy  based en Browns Ferry Unit 1 that has been eon- 
ducted by the Severe Pkcldent  Sequence Analysis (SASA) program at Oak 
Ridge Nstlonal Laboratory ( O ~ L ) .  Bath authors of t h i s  report a l s o  par -  
t i c i p a t e d  in t he  four  prev ious  s tud fes  so an apprec iab le  amount of ex- 
perience i n  sevcz-e acc ident  analyses f o r  a I%B of t h i s  d e s i g n  has been 
appl ied  i n  this work. Nevertheless, t h l s  is unquestionably the most 
complex and d i f f i c u l t  of the ORNL SASA program s t u d i e s  conducted t o  
date. I n  s p i t e  of every e f f o r t  by the authors  eo reduce the uncertain-  
t i e s  assoc ia ted  wi th  the resul ts  presented i n  this report, many remain, 
and some are s i g n i f i c a n t .  It is  the purpose of e h i s  clmpter t o  provide 
a discussion of the  s i g n i f i c a n t  known u n c e r t a i n t i e s .  

The c a l c u l a t i o n s  discussed in t h i s  report were perr"ormed by R. M. 
Harringtan using the B W R - U X ~  code vhich he devel l~ped  a t  O W  f o r  use in 
the SASA program s tud1es .  Thc rode incorpora tes  reactor vessel, primary 
contzinment, and secondary containnent  models and i n  i t s  present  form i s  
specific to Browas Ferry Unit 1. EWR-LACP was also used i n  the four  
previous OWNL s t u d i e s ,  being expanded and improved i n  each case as nsc- 
essary to  meet t h e  p a r t i c u l a r  ceeds oE each new study. The pragressfve 
s t a g e s  i n  t h e  developmcct o f  the  code are discussed i n  t h e  re- 
par t s6*  lmS* If- chat  document the results s€ the  p rev io~ l s  s t u d i e s ;  a d d l -  
t i s n s  irrade t o  b h e  code Eor the ATWS aircldent sequenee c a l c u l a t i o n s  are 
dcscr ibed i n  Appendix A of t h i s  report .  

BWM-LAC? results f o r  a S t a t  Lon Blackout accident  sequence have been 
compared t o  resul ts  calculattxd f o r  the same sequence by the SASA team a t  
INEH, using E L A P 4  Mod 7 (Ref, 6.5). BWR-LhlCP r e s u l t s  f o r  a small-break 
LOCA with  eondensace booster pump i n j e c t i o n  have been compared wi th  re- 
s u l t s  caEcul2ted al. IfdEL for the same sequence by RELAP5 Mod 1 (Re€. 
6.6).  As p a r t  05 the  p r e p r a t b a n  fur t h fe  s.tody, and a s  discussed i n  
ApperdBx A ,  alp a v a l l a b l e  INEL RELAP5 Mod 1 .6  ATVS run was repeated at 
ORNL i.~efng BWR-LACP and the  remits w e n ?  compared. Agreement has been 
qualitat1uel.y good i n  a l l  cases. 

ConsFdering the r e l a t i v e  s i m p l i c i t y  of the primary system represew- 
t a t i o n  wl th in  t h e  BGR-kACP code, t h e  g o d  agreement of i t s  results w l t h  
those of WEAP might be surpr is ing. ,  HOW~VCI-, it should be recognized 
that primary system c a l c u l a t f o n s  €or  the  por t ion  of a severe accident 
sequcnce before core uncovery are much sCmpPer f o r  a WR then f o r  a PWR, 
I r i  a l l  cases, t h e  MSWs would be s h u t  during a PWR severe acc ident  
sequence, thc reactor vessel is i s o l a t e d ,  the recirculation pumps are 
t r i p p e d ,  and the  core i n l e t  flow i s  a fumetion only of  t h e  amount of 
makeup water i n j e c t i o n  and the ef feet of natural r e c i r c u l a t i o n  c i r c u i t s  
within the r e i x t o r  vessel. Therefore, s o p h i s t i c a t e d  primary syste  
analyses  codes such as RELAP%, RETiRbN, RANCPMA, or TFphC are u s u a l l y  not 
necessary for BVR S~VEXZ" acc ident  ealcu? at ions;  f undamcrital modeling of 
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t he  processes  wi th in  the r e a c t o r  ves se l  i n  a properly benchharked rela- 
t i v e l y  s i m p l e  code such as BWR-LACP is s u f f i c i e n t .  

On the  other hand, t h e  i n t e r a c t i o n  between t h e  reaczor vessel and 
i t s  very s m a l l  Mark I primary containment is very important t o  ca lcu la-  
t i o n  of the  progress ion  of events  f o r  a severe  acc ident  sequence a t  a 
BWR p l a n t  of the  Browns Perry design,  The  BWR-LACP code is e s p e c i a l l y  
s u i t e d  i n  t h i s  regard because i t  combines primary systeln and primary 
containment a n a l y t i c a l  capabilFty. 

Simply s t a t e d ,  t he  FWR-EACI” code ts a s t r a i g h t  forwar a p p l i c a t i o n  
of b a s i c  thermal hydraul ic ,  heat  t r a n s f e r ,  and r e a c t o r  k i n e t i c s  theory 
which i n  its present  form is s p e c i f i c  t o  Unit 1 of the  Browns Ferry 
p l a n t .  The code is  not  intended t o  be competi t ive with the more sophbs- 
t i c a t e d  and genera l  primary system codes but r a t h e r  is designed for the  
d i f f e r e n t  purpose of rapid and inexpensive scsrpinl?; analyses  of the  over- 
a l l  acc ident  sequence i n  t he  primary system, prkmary containment, and 
secondary containment of Unit 1 a t  Browns Ferry,  It has always been t h e  
po l i cy  of the  SASA program a t  ORNL t h a t  important o r i g i n a l  f i nd ings  ob- 
t a ined  by use of BWR-LACP shauld be v e r i f i e d  by subsequent a p p l i c a t i o n  
of t h e  more soph i s t i ca t ed  codes, and the  requested v e r i f i c a t i o n  of such 
BWR-LACP r e s u l t s  has been Eorthcomtng i n  the past e 6 e 5 9 6 16  tie expansion 
of the  RWR-LACP code t o  permit the c a l c u l a t i o n  of r e a c t o r  power as a 
func t ion  of r e a c t o r  v e s s e l  makeup r I n j e c t i o n  rate and temperature,  
and r e a c t o r  vessel. p ressure  under condi t ions  s t r eng thens  the  need 
f o r  con t inua t ion  of t h i s  po l icy .  Current o v e r a l l  SASA program planning 
inc ludes  t h e  i ssuance  of repores concernfng Browns Ferry ATFJS ca lcu la-  
t i o n s  by INEL us ing  ~ L ~ ~ / ~ ~ ~ ~ ~ ~ ~  and by BNL u s l q  ]RAMONA; the r e s u l t s  
presented i n  Chaps, 3 ,  4 ,  and 5 of this r epor t  have e a r l y  been made 
a v a i l a b l e  t o  these  l a b o r a t o r i e s  and i t  is expected t h a t  the sophls- 
t i c a t e d  codes w i l l  provide the  necessary r e l i a b l e  v e r i f i c a t i o n  af t he  
gene ra l  accuracy of the sequence of events  and the timing pred ic ted  by 

The known modeling d e f i c i e n c i e s  i n  the  R-UCP code are not be- 
l i eved  t o  in t roduce  s i g n i f i c a n t  h a c c u r a c i e s  i n  the predic ted  progres- 
s i o n  of the ATWS acc ident  sequence. The known d e f i c i e n c i e s  are: 

1. The ca l cu la t ed  r e a c t o r  decay heat  power l e v e l  is r ep resen ta t ive  of 
i n f i n i t e  opera t ion  a t  100% power and does not r e f l e c t  the  e f f e c t  of 
t h e  b r i e f  per iods  of r e a c t o r  opera t ion  a t  e leva ted  powers cha t  
would occur a f t e r  r e c l r c u l a t i o n  pump t r i p .  Reactor f i s s i o n  produet 
decay power is ca l cu la t ed  as i f  a r e a c t o r  scram had occurred at t h e  
incep t ion  of t h e  acc ident  sequence. 

2.  Neat t r a n s f e r  from che uncovered po r t ions  of the f u e l  rods t o  t h e  
surrounding steam is not modeled during the  ’brief per iods  of par- 
t i a l  core  uncovery that ~ c e u t  during the por t ion  of the acc ident  
sequence analyzed by u s e  of WR-MCP. 

3 .  During ATWS acc ident  sequence runs performed a t  the  
Fer ry  Control Room Simulator i n  support: of t h i s  s tudy ,  
served t h a t  the  ca l cu la t ed  flows i n j e c t e  to  the r e a c t o r  vessel. by 
t h e  RPCI  and RCIC systems f l u c t u a t e d  s i g n i f i c a n t l y  wi th  the rapfd 
cyc l ing  of r e a c t o r  v e s s e l  p ressure  t h a t  would occur during ATWS ac- 
c i d e n t  sequences i n  which t h e  opera tor  ateernpted t o  con t r a1  r e a c t o r  
v e s s e l  p ressure .  This e f f e c t  is clue t o  the  s o p h i s t i c a t i o n  of t h e  
s imula to r  modeling of the time delays  inhe ren t  in t h e  governor 

BWR-LACP a 
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c o n t r o l  of t he  steam supply valves f o r  the  K P C I  and RClC systems. 
This modeling l e v e l  is not r e p l i c a t e d  i n  t h e  %WR-LACP code, i n  
which the  i n j e c t i o n  rate f o r  the  high pressure turbine-driven ECCS 
systems is assumed t o  be constant  and as set by the  operator  and i s  
not  a f f e c t e d  by r e a c t o r  v e s s e l  pressure.  This s i m p l i f i c a t i o n  has a 
n e g l i b l e  e f f e c t  i n  the  ca lcu la ted  results. 

4 .  The c a l c u l a t i o n  of r e ~ ~ t ~ r  power does not include rhe e f f e c t  of t he  
r e l a t i v e l y  s lowly changing xenon r e a c t i v i t y .  The buildup of xenon 
a f t e r  a power decrease can, over a long per iod,  help t o  shutdown 
the r e a c t o r .  Since most of the t r a n s i e n t s  discussed i n  t h i s  r e p o r t  
would have run t h e i r  course i n  one or  two hours,  the  buildup of 
xenon would not provide a s i g n i f i c a n t  f r a c t i o n  of the  r e a c t i v i t y  
required t o  reach hot shutdovmr 

5 .  The ~ o d e l  of t he  r e a c t o r  ves se l  water l e v e l  sensors  assumes that 
the  sensor  reference l egs  move ins tan taneous ly  i o  the ir  equi l ibr ium 
values:  The P o s t  Acctdent Monitoring range reference l eg  is always 
a t  drywell  temperature,  and the  Emergency Systems range re ference  
l e g  is always 40% of the way between drywell  temperature and t he  
r e a c t o r  v e s s e l  s a t u r a t i o n  temperature (see Appendix A. 5) .  T h P s  
assurnpt-lon introduces a s l i g h t  inaccuracy dur tng  the  most r a p i d l y  
moving p a r t s  of the t r a n s i e n t s ,  b u t  docs not a f f e c t  t he  f i n a l  val-  
ues reached. Th i s  is t r u e  because t h e  re ference  l e g s  w i l l  
ul t lmate ly  reach t h e i r  equi l ibr ium temperature 
In a d d i t i o n  t o  the  modeling cons idera t ions  discussed above e uncer- 

t a i n t f e s  e x i s t  f n  t he  input  parameters suppl ied t o  t h e  RWR-LACP code f o r  
the s tudy of the-MSIQ c losure  i n i t i a t e d  ATWS accident  sequence. These 
inc lude  : 

1. h e  very important assumptton of t he  BVJR-LACP ATJS model invo1.ve.s 
t he  in--vessel heat:i.ng of i n j e c t e d  HPCT or  RCIC S?.ow. As i l l u s -  
t r a t e d  by the  graph on Fig. 4 . 4 ,  in-vessel  feedwater heat ing causes 
a dramatic. decrease i n  reactor thermal power when the vessel. water 
l e v e l  is reduced s u f f i c i e n t l y  t o  uncover the  feedwater spargeirs . 
!hen  t h e  downcomer aimulus water l e v e l  is below the l e v e l  of t h e  
feedwater spa rge r s ,  t he  HPCi/RCIC i n j e c t e d  flow I s  heated by d i r e c t  
contact  condensatiaon of steam while f a l l i n g  toward the  water sur- 
f ace  beneath the spargers  . The BbR-LACY input  assumes6 - ’? , ’ t h a t  
a f a l l  through 2 f t  (0.61 m> of steam environinent is s u f f i c i e n t  t o  
heat  t he  i n j e c t e d  water t o  s a t u r a t i o n .  With only s a t u r a t e d  w a t e r  
e n t e r i n g  the  core,  t he re  is more in-core voidi-ng and hence a I.ower 
power l e v e l ,  as shorn on Fig.  4 . 4 .  
Recent prel iminary work a t  Brookhaven National Laboratory with the  
RAMONA code6” has ind ica ted  t h a t  the amouot of in-vessel  heating 
of i n j e c t e d  f low m-ight be much less than assumed fo r  BldU-LACP [even 
i f  the f l o w  f a l l s  through as much as 12 f t  (3.56 m) of i n v e s s e l  
steam environment]. Consequently, t he  RAMONA code p r e d i c t s  mtch 
higher  core power than does BWR-LACP when the  r e a c t o r  v s s e l  water 
l e v e l  is low. I f  the  BNL r e s u l t s  are sus ta ined  by ongoing peer 
review wi th in  the  SASA progrzm, t h i s  w i l l  have R overwhel-ming in-  
f luence  upon the planning f o r  operator  a c t l o n s  t o  mi t iga te  ATWS 
t r a n s i e n t s  a The r e a c t o r  vesse l  water l e v e l  reduct ion recommended 
i n  the  KPGS tqottid be much less effective in reducing tile 
power. S lnce  the  s teady s ta te  core thermal power i s  det.ermil?ed by 
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t he  i n j e c t i o n  rate (see Appendix $1, the procedure OF t r i p p i n g  the  
NPCI t u r b i n e  recommended i n  Chap. 5 or some o the r  means of ensur ing  
r educ t ion  of t h e  t o t a l  i n j e c t e d  flow would be necessary for 
m i t i g a t i o n  of the  MSIV-closure i n i t i a t e d  ATWS. 

2. The primary s y s t e m  events during the  very b r i e f  period (50  s>  a f t e r  
the MSIVs begin t o  c lose  i n  which the e f f e c t s  of r e c i r c u l a t i o n  pump 
t r i p  and feedwater t u rb ine  coastdown are dominant i n  determining 
the  condi t ions  wi th in  the r e a c t o r  v e s s e l  cannot be modeled by t h e  
BWR-LAGP code. In s t ead ,  t he  BWR-LACP c a l c u l a t i o n s  are i n i t i a t e d  at 
time 50 s i n t o  the  ATWS acc ident  sequence using i n i t i a l  va lues  
taken from the  r e s u l t s  of the  recent  GE s tudy  discussed in Secr. 
2.3. 

3 .  It i s  assumed i n  t h i s  s tudy  t h a t  t he  only coolant l o s s  from the  se- 
a c t o r  v e s s e l  is through the SRVs t o  the  T-quenchers i n  the  pressure  
suppress ion  pool or via the  steam supply va lves  t o  t h e  RCIC o r  HPCZ 
t u rb ines .  I n  f a c t ,  t h e r e  would a l s o  be a s l i g h t  leakage from t h e  
va r ious  components of the  primary system i n t o  the  drywell (less 
than 25 gpm) and a s l i g h t  leakage through the  shut MSIVs i n t o  t h e  
main condensers. The amount of leakage is unce r t a in  and has been 
neglected i n  t h i s  study. 

4 .  Leakage from the  primary containment has been modeled as equiva len t  
t o  t h a t  measured during a c t u a l  containment i n t e g r a t e d  l eak  rate 
tests,  which were conducted at  40 p s i a  (0.274 MPa), as adjus ted  for 
df f  f e r i n g  containment pressures .  This i s  only a realis t i c  approxi- 
mation t o  the  a c t u a l  leakage rates that d g h t  occur i n  a f u t u r e  ac- 
c iden t  sequence. 

5.  The HPCP system l u b r i c a t i n g  o i l  (gears, s h a f t s ,  control. system, 
etc.1 employs a cooler  f o r  which the  cool ing  water supply is t h e  
water being pumped by t h e  sys t em.  I n  t h e  ATWS acc ident  sequences, 
t he  p re s su re  suppress ion  pool l e v e l  rises quick ly  because a l a r g e  
amount o f  steam is  condensed. T h i s  causes an automatie and ir- 
r e v e r s i b l e  s h i f t  of t he  HPCI pump suc t ion  t o  the  overheated pool; 
HPCI f a i l u r e  by overheated lube o i l  w i l l  occur. 
'In th i s  study, NPCI system f a i l u r e  is assumed t o  occur at  the  t i m e  
when bulk-average pressure  suppress ion  pool temperature reaches 
190°F (361  K). This is 50°F (28 K) higher  than the  tu rb ine  manu- 
f a c t u r e r ' s  recommended maxfmum f o r  lube o i l  cooler i n l e t  water 
temperature and of course t h e  - o i l  temperature at  t h i s  t i m e  would be 
s i g n i f i c a n t l y  higher.  Never the less ,  t he  au tho r s  of t h i s  r epor t  
cannot produce evidence showfng t h a t  HPCI s y s  t e m  f a i l u r e  would 
occur at  this  temperature. The reader should recognize,  however, 
t h a t  p re s su re  suppress ion  pool water temperature would rise very 
r a p i d l y  i n  the  MSIV-closure i n i t d a t e d  ATWS sequence and t h e r e f o r e  
an increase i n  the  assumed p res su re  suppress ion  pool temperature a t  
which HPCI system f a i l u r e  occurs would produce a delay In system 
f a i l u r e  of only a few minutes. 

6.  It has been assumed t h a t  t he  drywell  coo le r s  would f a i l  when the 
drywell  atmosphere temperature reaches 200°F (366 K ) .  This is f a r  
beyond the  des ign  bases of the  drywell  coo le r s  but i t  is  of course 
unce r t a in  at what temperature these  coo le r s  would acttially f a l l  
This assumption has l i t t l e  e f f e c t  upon t h e  t i m e  at which a high 
drywell  p re s su re  s i g n a l  would be sensed as a resul t :  of evapora t ive  
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6.2 Uncertainties --- with Regard t o  CQxrator Act ion2  

MSIV-closure i n i t i a t e d  ArnS sequences w f t h  operacor act ion have 
heen d iscussed  fn Chaps. 4 and 5 of t h i s  report .  The wr%tten procedures 
that would guide the operators in the tndfkely event that one of these 
accdde-nt. sequences ahar;Id ~ ~ t u a l l y  occur are c u r r e n t l y  i n  the process of 
revision by the WA. ' K s  rev ised  procedures w f l l  be based upon the BWR 
0~sner5 ~lrcstfp ~~wergeney Procedure Gultae:ines, 6 -12 w ~ t h  p l a n t - s p e c i f i c  
data for Browxi  F e r r y  subatltuted in the appropr i a t e  places f o r  the gen- 
eral example data prsvlded i n  the gutdelines. Every effort has been 
m d e  by the authors o f  th i s  study i o  consult  w-ieh the W A  engineering 
staff as necessary 60 obtain the B K O - ~ S  Ferry p l a n t  s p e c i f i c  data, As 
usual, WA cooperatfon has h e n  excel tent and all available information 
has been obtained. Nevertheless, several u n c e r t a i n t i e s  remain. These 
in63191de : 

1. The very important and somewha+_ controveretal question of waether 
or not the operators will be i n s t r u c t e d  by tlw developing p l an t  
specific procedures t o  attempt to contn-oP reactor vessel pressure 

Procedure GuidePfnes provide a general requirement f o r  reactor vea- 
under ATWS csnd i i fons  rernafns to be ressl-ved, The Emergency 

sei aepressurizatiGi1 whenever suppression pool temperatllre exreeds 
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160°F ( 3 4 4  IC).* This requirement is not based upon AWS considera- 
t i o n s  but: r a t h e r  is base upon the  d e s i r a b i l i t y  of assuring smooth 
condensation of SRV 2"-qu cher discharge i n  the suppression pool by 
remaining wi th tn  t parameters envelope of e x i s t l n g  experimental  
in -ves t lga t ion .  Calcu la t ions  performed a t tendant  t o  this study show 
t h a t  once begun, t he  depressurizatfoa must be complete [$.e*, t o  
below 115 psia (0,793 MPa)] because the  increased ste 
the pressure  suppression pool. during r e a c t o r  ves se l  
t i o n  inc reases  the pool keatup rate, and accordlng to  
requirement for opera tor  a c t i o n  (Fig. 4 .10>9  the increased pool 
temperature r equ i r e s  f u r t h e r  dep res su r i za t ion ,  
It has been assumed f o r  the c a l c u l a t i o n s  presented in Chap, 4 of 
this study t h a t  t he  opera tors  would act under ATWS accident  condi- 
t i o n s  to depreseur ize  the  r eac to r  ves se l  i n  accordance wi th  the  re- 
quirements of Fig. 4.10. However, t he  reader  should note t h a t  t he  
r e s u l t s  of t h i s  study have indicated t h a t  L t  fs extremely r i sky  t o  
ope ra t e  a cri t ical  bo i l ing  w a t e r  r eac to r  a t  Pow pressures  under 
AWS condBtiom because of t he  p o t e n t i a l  f o r  a rapPd upward spira l  
o f  r eac to r  power m d  r e a c t o r  ves se l  p ressure ,  caused by the post- 
t i v e  c o e f f i c i e n t  of r e a c t i v i t y  f o r  void co l l apse  and t he  very l a rge  
vofd co l l apse  ~ t h  small pressure  inc reases  a& low pressure  ( see  
Table 4.2) .  Indeed, r eac to r  power and re tar  v e s s e l  pressure 
sp ikes  are predic ted  by MR-LACP and r epor t  31n t he  results pre- 
sented Pn Chap. 4 .  It is poss ib l e ,  however, t h a t  rhe final TVA 
emergency opera t ing  I n s t r u c t i o n s  provfded €or  the  use of the  Brownsr 
Fer ry  ope ra to r s  w i l l .  i n s t r u c t  the opera tors  to  malntain the r eac to r  
vessel pressure  mar its normal operatfng value under ATWS condi- 
t ions  e 

2. The r e s u l t s  presented in Chaps. 4 and 5 have been calculated under 
the  assumption t h a t  the opera tor  would not use the core spray sys-  
tern under ATWS condi t ions  a@ long as o the r  l o w p r e s s u r e  i n j e c t i o n  
sys tems are ava i l ab le .  This is i n  accordance wi th  the  dns t ruc t ions  

kn t he  Emergency Procedure Guidelines which are based QII 

the fact that t he  e f f e c t  upon core power and r e a c t i v i t y  of a top- 
down spray i n t o  the  ind iv idua l  f u e l  channels of a p a r t i a l l y  uncov- 
e red  BWR core under AWS condi t ions  cannot be ca l cu la t ed  by any 
e x i s t i n g  eode. The assumption t ha t  the e f f e c t  of the eore spray 
can be neglected is  reasonable %n t he  ATWS S G X ~ R C ~  because the  
low-pressure i n j e c t i o n  i n t o  the  r e a c t o r  ves se l  would 
by the condensate booster  pumps, which have a much l a r g e r  capac i ty  
than t he  core spray pumps and are capable of i n j e c t i n g  at a higher 
reactor v e s s e l  pressure  (see Table 3.2). 

*See Fig, 4.10 and the d iscuss ion  i n  Sect. 4.1.3. 
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7. IMPLICATIONS OF RESULTS 

T h e  purpose of t h i s  chapter  i s  t o  provide a d iscuss ion  of the state 
of readiness  a t  t he  Browns F e r r y  Nuclear P lan t  t o  cope wi th  an ATWS ac- 
c ident  sequence i n i t i a t e d  by an M S I V  c losu re  event.  Ag s tudied  here ,  
t h i s  acc ident  sequence involves  a complete f a i l u r e  of a l l  control. rods 
t o  move inward from thedr  normal pos i t i ons  f o r  100% power opera t ion  i n  
response t o  the  scram s i g n a l  generated by MSIV c losure  or as a r e s u l t  of 
subsequent scram s igna l s .  To ta l  f a i l u r e  of rod movement c o n s t i t u t e s  t h e  
most severe ATWS case, but i s  a l s o  the  most improbable of t he  poss ib le  
scram system f a i l u r e s .  Thus the r e s u l t s  of t h i s  s tudy are intended to 
provide an upper bounding estimate of t h e  consequences of these  very 
un l ike ly  events .  The a v a i l a b l e  con t ro l  room ins t rumenta t ion ,  the state 
of opera tor  t r a i n i n g ,  t he  w r i t t e n  emergency procedures i) and the  o v e r a l l  
system design a t  Browns Ferry Unit 1 are discussed i n  Sec ts .  7.1 through 
7.3 from the  s tandpoin t  of t h e i r  adequacy i n  the  a c t u a l  event of an 
MSIV-closure i n i t i a t e d  ATWS acc ident  sequence. Information concerning 
t h e  computer c a l c u l a t i o n s  employed i n  thds  s tudy i s  sunnnarized i n  Sect. 
7.4. 

7.1 Control Room Instruments 

There Is no s p e c i f i c  alarm or o the r  i n d i c a t i o n  that would s i g n a l  
the i n i t i a t i o n  of an ATWS event t o  the  p l an t  opera tors .  On the o t h e r  
hand, t h e r e  is  ample i n d i c a t i o n  accompanied by both audio and v i s u a l  
alarms wi th in  the  con t ro l  room to  s i g n a l  when 8 scram condi t ion  has been 
s a t i s f i e d  and a scram signal has been generated.  Since many abnormal 
t r a n s i e n t s  r e s u l t  i n  mul t ip l e  scram s i g n a l s  before  they are brought 
under con t ro l ,  one con t ro l  room d i sp lay  i n d i c a t e s  a l l  scram s i g n a l s  i n  
e f f e c t  by s o l i d l y  backl ighted t r anspa ren t  l e t t e r e d  panels  except t h a t  
t he  panel  represent ing  the  f i r s t  scram s i g n a l  received is highl ighted  by 
f l a s h i n g  backl ights .  To determine the success  of the scram, the opera- 
t o r ,  i n  accordance with e s t ab l i shed  w r i t t e n  procedures,  must scan the  
instrument  readouts  concerning con t ro l  rod p o s i t i o n  and r eac to r  power. 
This  information is prominently displayed 

A l l  con t ro l  room and o the r  p l a n t  ins t rumenta t ion  t h a t  would be 
a v a i l a b l e  a f t e r  a normal r eac to r  scram would a l s o  be a v a i l a b l e  for  
ope ra to r  use during an ATWS accident  sequence even i f  a lass of o f f s i t e  
power w e r e  a l s o  involved. The primary system parameters displayed i n  
the  cont ra1  room that would be of p a r t i c u l a r  i n t e r e s t  include r eac to r  
power from the  average power range monitors (APRMs),* t he  r e a c t o r  ves se l  

*With a l o s s  of o f f s i t e  power, t he  RPS buses t h a t  power the  ApRMs 
would be l o s t  u n t i l  t he  RPS motor-generator sets were l o c a l l y  r e s t a r t e d  
on the  d iese l -genera tors .  The Sfws and IRNs are battery-powered, how- 
eve r ,  and the  IRMs can i n d i c a t e  r eac to r  powers as high a~ 40%. The SlRMs 
and IRMs are i n s e r t e d  i n t o  the  core  by opera tor  a c t i o n  following a 
scram. 
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water l e v e l  f r o m  the  S , Y ~  ind ica t i l ig  systems that have ranges extending 
over the p o r t i o n  of the reactor v e s s e l  tiear the top of the  core, the 
reactor vessel pressaai-e: and the  rates o f  i n j e c t  fori l o t o  the reattor 

hydraulic system. The control ioom indicatbsn ranges for each of these 
parameters is pravidec? Ln Table 7.1. 

As discussed in Chaps. 3 and h ,  tl?e reactor thermal power can sig- 
n i f i c a n t l y  exceed normal opr.ra+,ing levzls  d u r h g  power excurs faris fni- 
ttgtp_d by COYP f l osd lng  i i ~  by s m a l l  pressure tncreixses during ex i t lea l  
ope ra t ion  a t  low pressure iintler ATWS conditions. As S ~ P O ~ I  i n  Table 7.1,  
the upper l i m i t  of cont ro l  r a m  indicat3on is  125%. (It should s1.m be 
noted t h a t  the A P M s  mensure the powc:- l e v e l  suggrsted by the l e v e l  of 
nuclear a c t l v i t y ,  ~ a ” i - ~ e r  than the c.ore thnrmal poue.sp which lags the  
neutron flux.) Thus, the range o f  s v a i l a h l e  pover indication would not 

However, s ince  the power spikes BTE of brief duration a d  the  pera at or 
woiild be a p p r i s e d  of a? ~ h n o r i n a l l p  Mgh powes level, this instrument 
l i a i t a t i o n  i s  not expected to have any e f f e c t  on t l x  sequence of events ,  

The tvn a v a i l a b l e  reactor v e s e r l  water leva: indication systems 
that would permft  the  control room o p ~ r a ~ o r  t o  mnitoos water Pevrrla near 
the top of rhe c o ~ e  were not designed for s e r v i c e  t.an8er And5 condi t ions  
and the re fo re  are not  ideal f o r  t h i s  purpose.  i nd tca t ed  i n  Table  
7.1,  the Eanergmcy Systems instrument t s  calfbrateed f o r  noma1 opcrating 
pressure bat  the lower end G f  its indficating range is 13 in. (0.33 m) 
above the top of the core. ih the other b r a d ,  the  ind ica t ing  ran,~e o f  
the P o s t  Accident Flooding “instrumcat extends down to 1 / 3  core he igh t ,  
hu t  t h i s  instrumekat i s  C a l i b i a L d  €or atmospheric pressure and because 
I t s  lower tap I s  i n t o  t h e  surface o f  A jet p i ~ ~ ~ p  discharge sone, it would 
not be espectcd to provide accurate reactor vessel w.aCer l e v e l  indica-  
t i o n  unless  the reactor vessel were depressurized and the flow through 
the  jet pimps w a s  zero or  very low, 

dures  Guidelines di rec t  the operator t o  fake a c t j o n  tu bower the reactor 
vessel water l e v e l  t o  the t o p  o f  the  core when conFrsnted with ;an AWS 
s i t u a t i o n .  The purpose o f  this action is to redtire reactor power b u t ,  
8s indicated in Pig. 4.2,  the  m a j ~ r  eEEect is achieved when the water 
level  is lowered below the feedwater spargerr; e Therefore the  reactor 
vessel water level could be mainiafned significankiy above t he  t o p  of 
the  core while  st-,tll achieving the main purpose Of the lowcring. 
S p e c i f i c a l l y ,  the operator  could mafntatn the water l e v e l  mar  the 
b o t t ~ m  of the  Emergency Sys&ems i n d i c a ~ i o a  range, thereby maintaining 
reliable i n d i c a t  Lon wblle. sacrificing s l m r s t  notking in power reduefdon. 

Since a l l  t h l r t e e n  of the r e a c t o r  vessel relleE valves would be 

the increased voids a t t endan t  t o  hlgh reactor vesse l  p w e r  would insert 
a lairge m o u ~ ~ t  sf negnt Lvc ~ e a ~ t l w l t y ,  thereby Lui-ning p ~ ~ e r  aad pre- 
vent ing  f u r t h e r  preseux~e increme, and because i t  would not seem possi-  
ble t o  aler8;: an operator imre than by an i nd ica t ed  vesse l  pressure of 
1500 ps ig  (10.1.0 NBa), the upper l i m i t  of indicated reactor vessel pres- 
sure given i n  Table 7.1 seems adequate. 

vessel from the  feedwater system, the ECCS systems, aad the  CWD 

peI3tdt t he  Control rOORT0 CtperasCdr €0 8eP the  peaks Of t h e  power S@llCe%, 

AS dlsC8iesed i n  Sect. 4.1.2,  the B*JR OGbWner~ Group E m e r g e ~ ~ ~ y  Pr~ce -  

open i f  the v e s s e l  pressure exceeden 1125 p s ~ g  u . g g  ~ - l e a ) ,  and bpcause 
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The makeup flows from the  feedwater and from the  ECCS systems t h a t  
would be i n j e c t e d  i n t o  t h e  r e a c t o r  v e s s e l  under ,4WS con 
wi th in  t h e  ranges of a v a i l a b l e  control room ~ n s ~ r ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  as dacu- 
aented i n  Table 7,1. However, I t  s h ~ u l d  be recognized that  when the R 
system is  a l igned  f o r  pressure  suppression pool cooling and the  E 2  
mode inject l ion valves  are opened f o r  s i ~ ~ ~ l t a ~ ~ ~ ~ ~  r e a c t o r  vessel injec- 
t i o n ,  then the  ra te  of r e a c t o r  vessel knjectlcsn can only be ascertained 
by s u b t r a c t i n g  the  pressure  suppression pool c ~ o l i n g  flow from the  t o t a l  
RHR system flow. 

The CRD hydraul ic  system i n j e c t s  60 gpm ~~*~~~ m"5> of cool ing 
water flow pas t  the  185 c o n t r o l  rod d r i v e  mechanism assemblles durPng 
normal r e a c t o r  opera t ion .  Xn an ATWS s i t u a t l a n ,  k f  the  failure-to-scram 
prevents  the opening of the scram i n l e t  valveso t h i s  f law would not be 
increased ,  Otherwise, t he  opening of the  scram tnlet valves permits a 
l a r g e  flow t o  bypass the CRDIIS f l o w  control station and t 
i n t o  the  r e a c t o r  ves se l  would be In  exeess of the  upper 
a v a i l a b l e  ind ica t ion ,  The fact  that t h e  CRD h y ~ ~ a ~ ~ ~ ~ ~  s y s t a  i n j e c t s  
much more water than is recognized by gerator under accfderat 

not a new r e s u l t  of t h i s  s tudy,  
It w a s  a l s o  repor ted  in previous es  that the. a c t u a l  p o s t t i o n  

of t h e  SRVs is not displayed i n  the  CQ the ccEmtr01 room 
ope ra to r  acts t o  manually open an SRV, a cont l i g h t  informs him 
that the so lenoid  opera tor  for t h a t  valve d ,  nothing marer 
A s  discussed i n  Sect .  4 . 1 . 3 ,  attempted rea pressure  con t ro l  
by manual SRV a c t u a t i o n s  would be very confustng to the operatar. 

t i o n s  has been discussed Pn previous SASA program r e p o r t s  

Acoust ic  monitsrs  have been i n s t a l l e d  t o  i n d i c a t e  the pres  of flow 
through t h e  SRVs, but  t h i s  i n d i c a t i o n  is consigned t o  -out in 
secondary panels ,  ou t s ide  of the  con t ro l  ~eonn. It s recommended that 
cons ide ra t ion  be given to moving t h i s  Ind ica t ion  so that  t h e  cont ro l  
room ope ra to r  would be a b l e  t o  ascertain how many and which relief 
va lves  are a c t u a l l y  open a t  any time during a e n t  sequence I) 

The primary containment parameters measured by Z L Z W  a v a i l  
s t ruments  and d isp layed  i n  the  con t ro l  room Bnclude the temper 
t h e  drywell  atmosphere, t he  temperature an level of the  water i n  the  
p re s su re  suppression pool, the temperature o f  the  wetwell a t m ~ s p h e  
and the o v e r a l l  p ressure  i n  t he  primary containment, The range of i 
c a t i o n  and the  a s soc ia t ed  alarms f o r  each of these  aPameterS alp@ pl-0- 
vided i n  Table 7.2, 

A s  discussed in ChapB 3 ,  t h e  best-est imate  f a i l u r e  pressure For the 

opera to r s  f a i l e d  to  take  c o r r e c t i v e  actfon accident sequence 
so cha t  the f a i l u r e  pressure  w a s  approach ywell and wetwell 
pres su re  instruments  would be off -sca le  high. The pressure suppression 
pool water level Instruments would a l s o  %>e off-scale high as the pool 
continued to swell i n  response t o  hea t ing  and t h e  abeorpt%on of the  SRV 
discharge ,  On the o t h e r  hand, t h e  e x i s t i n g  drywell a 
suppression pool temperature i n d i c a t i o n  would remain onscale throughout 
the per iod of the acc ident  sequence before  containment f a i l u r e ,  

Since the  w e t w e l l  atmosphere would be vIrtuall.ly 100% steam as the  
primary c o n t a l m e n t  pressure  approached f a i l u r e  l e v e l s ,  the pressure  
could be i n f e r r e d  dur ing  t h e  per iod a f t e r  t h e  pressure Instruments 

Browns Ferry  PIM I containment is  132 ps ia  ( 0  Therefore ,  if the 



became of f -sca le  high from the  ind ica t ed  pressure  suppression pool 
temperature and the  s a t u r a t i o n  t a b l e s  e 

7.2 %stem ..._ Design 

A design cons idera t ion  f i r s t  identPfPe3 i n  
t i o n  Blackout a t  B r o w n s  Perry' a l s o  has d i r e c t  
accident sequencs. There is provtslon f o r  an 
high pressure  coolant i n j e c t i o n  (MPCI) booster 

the SASA study OE S t a -  
app l fca t ion  t o  the ATWS 
automatlc shift of the 

ptrmp suc t ion  from t h e  . .  

condensate s torage tank t o  t h e  pressure  suppression pool on high sensed 
suppression pcml l e v e l .  The change l n  HPCI punip suc t ion  l ineup  1s ae- 
companied by the opening c9f t w o  DC-moror-operated valves i n  the  l i n e  
from the suppression chamber header (Fig. 7.1) followed by the d o s i n g  
of the DC-motor-operated valve i n  the suc t ion  l i n e  F r o m  the  condensate 
storag~ tank. (A check valve i n  the l i n e  irom the s u p p ~ e s s f ~ i ~  pool pre- 
vents  backflow from the condensate s to rage  tank i n t o  the pool durlng the  
changeover. ) Once accomplished, the s h i f t  i s  i r r e v e r s i b l e ;  the operator 
cannot eadtch the  pt1illp suc t ion  back t o  the condensate s to rage  tank. 
Because tl:e MPCI turbine l u b r i c a t i n g  and con t ro l  o i l  is cooled by the  
water being pumped* and t-he. p ressure  suppression pool temperature i s  
elevated. i n  many accident sequences, t h i s  automatic s h i f t  ca3 cause 
f a f l u r e  of the HPCI  system by ~ver'rreatIcrg of t he  l u b r l c a t i n g  o i l .  

The automatic s h i f t  of the HPCI booster pump suc t ion  w - l l l  occur 
when the  pressure  suppression poo'h l e v e l  increase§ t o  an indicated k v e l  
of +7 in. Since th? normal pool l e v e l  is maintained hetween -2 and -6 
i n . ,  thl R Cncrease impltes the aaaition of between 68,000 and 98,000 
gals ( 2 5 7  ana  371 m3) of water t o  the  poo1.t For the  MSTV-closure i n i -  
t i a t e d  ATMS acc ident  sequence, t h i s  usrald occur about 10 min a f t e r  the  
incept ion  3P" tFe accident, when the sllppre§!3fQkl pool temperature bad 
increased  t o  about 160°F ( 3 4 4  K). The pool temperature would continue 
t o  increase rapfd ly  s f ~ e r  the s h i f t .  Since the HPCI system lube o i l  
c0~1e . i  i s  designen f o r  a mximum i n l e t  Twter temperature oE 14O"F 
(333  K), t he  o i l  would be overheated, l ead ing  t o  probable system f a i l u r e  
withi i i  a f e w  minutes following the  s h i f t , +  

The water pumped F r o m  the condensate storage tank i n t o  the r e a c t o r  
v e s s e l ,  converted i o  steam wtth in  the  r eac to r  v e s s e l ,  t r a n s f e r r e d  from 
t-he r e a c t o r  v e s s e l  as steam vPa the SRVs ts the pres su re  suppression 

*AS shown on FPg. 7.3, a po r t ion  of the booster pump discharge is  
d ive r t ed  through the  gland seal condenser and the  lube o i l  cooler  and 
returned t o  the  pimp suc t ion .  

?Some of the  l e v e l  i nc rease  would be caused by the  inc rease  i n  
s p e c i f i c  volime of t he  water mass as it  is heated. 

a 
+ F o r  t h i s  s t u d y ,  i L  has bmz assumed t h a t  system fa l la i re  would 

occur when the  suppressdon pool temperature reached ?90°F (361 K ) .  The 
o i l  temperature a t  t h i s  t h e  would, of c o ~ r s e ,  k considerably 'nigher, 



pool. and condensed wi th in  the pressure  suppress ion  pool would increase 
the pool volume t o  the equiva len t  of an ind ica t ed  kevek of i.7 fn. long 
before  the  condensate s to rage  tank w a s  ernptj ed A Since the  condensate 
s t o r a g e  tank volume is  maintained a t  about 362,080 gals,  C1370 m3) 
dur ing  normat operation,7*2 an ample amount of re la t  v e l y  cool water 
would remain a v a i l a b l e  i n  the condensate s to rage  tank at the t i n =  t h e  
BPCL booster w a s  s h i f t e d .  

acc iden t  seque 0 e x i s t s  i n  a la  other 
such as Station Blackout and Lo of Decay Heat Removal* i n  which the  
p re s su re  suppress ion  pool would overheated, High pressure  suppres- 
s i o n  pool temperature would be sed by the  pool hea t ing  a t t endan t  to 
the condensation of steam i n  the  pool,  which would a l s o  he the reason 
f o r  the increased  p res su re  suppress ion  pool level  t h a t  would cause the  
s e l f - d e s t r u c t i v e  s h i f t  of the HPCI boos te r  pump s u c t i o n  to the  over- 
heated pool. 

It should be noted t h a t  s e p a r a t e  provfsion j s  made f o r  an automatic 
s h i f t  of  t he  HPCX boos ter  p u q  suction tf t he  normal  condensate dstorage 
tank. water source  becomes exhausted. Thus lit appears t h a t  t he  
f o r  t he  au tomat ic  high suppress ion  pool water levell s h i f t  must 
stralgbt-forwardly based on a concern f o r  the e€fect of high water level 
i n  t he  w e t w e l l  al though, s i n c e  the re  2.s  a c lea rance  of s o w  16 f t  
(4.85 m) from the pool su r face  t o  t he  top of the t o rus  under normal 
ope ra t ing  condftlons, i t  seems Bncongrrious thak an inc rease  In Ind ica t ed  
l e v e l  of 13 in. (maximum) should requfre the  pump s u c t i o n  s h i f t  from the  
s tandpoin t  of preserv ing  to rus  s t r u c t u r a l  l integrity.  A l s o ,  the w e t w e l l  
airspace-to-drywell  vacuum breakers W S U ~  cont l  nue t o  func t ion  a t  
p re s su re  suppress ion  pool water levels much above the  s e t p o t n t  f o r  pump 
s u c t i o n  s h i f t .  

s u c t i o n  s h d f t  upon high sensed pressure  suppression pool l e v e l  have been 
unsuccessfu l .  There i s  no corresponddng s h i f t  f o r  t he  reactetr core iso- 
l a t i o n  cool ing  ( R C I C )  system, whose ope ra t ion  can also ?.,ad t o  blgher- 
than-normal w a t e r  l e v e l s  i n  the torus.  A survey af plana dsawfngs does 
not r e v e a l  why an ind ica t ed  water l e v e l  of 97 Pn. i n  the  wetwell should 
be of concern. Discussions with TVA engineer ing  s t a f f  and GE vendor 
personnel do not produce the reasonat  

It is recommended that a c t i o n  be taken to remove the  t h r e a t  sf HPCI 
system los s  caused by automatic a c t u a t l m  rsf s a f e t y  system Zagic and t h e  
r e s u l t a n t  loss  of l u b r i c a t i n g  011 cooling during severe acc ident  se- 
quences. This might be done e i t h e r  ( a >  by r ep lac ing  the  existilvg O i l  by 
an o i l  q u a l i f i e d  f o r  high temperatures,7*3 ( 2 )  by r e v i s i n g  the: existtng 
l o g i c  SQ t h a t  the opera to r ,  recognizing the automatic suction s h t f t  and 

system Identfk-ied here 

All e f f o r t s  t o  determine the  bash f o r  t he  

*This  i s  the TW sequence i n  ~ A ~ ~ - ~ 4 ~ ~  parlance, 

tThe bes t  guess seem t o  be t h a t  t he  HPCP boos te r  pump s u c t i o n  
s h i f t  was intended t o  ensure t h a t  enough volume would E-emah i n  the 
t o r u s  airspace to permit c a % l e c t i o n  of the nun-condensible gases from 
t he  drywell  i n  the event of a large-break LOCA. 
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when the  HPCI  fails (at time 16 min) nor l a  the power reduced t o  decay 
heat  l e v e l s  when the cote 1s completely uncovered durfng the periods 
between the power peaks. The gnitude of the p lo t t ed  sfmuEator power 
peaks is  l imi t ed  t o  1 - 2 5  because, as ind ica ted  on Table S a l ,  %&e hi%- 
e a t i n g  range of the  APWs is 0-12.5%. 

The s imula tor  r e s u l t s  f o r  r eac to r  vessel ~mc5mer water Beyel are 
in Fig. 7.3; these r e s u l t s  can compared with the 

r e s u l t s  shown on Fig.  3.2. It is inte tin8 fQ note khat e: 
l e v e l  during the period between r e c i r c u l a t i o n  pump t r i p  and w C I  system 

l u r e  is predic ted  t o  be ab inches ( 1  f m) by t he  simulator 
ahout 475 dnches (12.1 m) L A W ,  Since the water Ie.ve85 are 

a t i v e l y  s t a b l e  during th%s 
bo l l ed  t o  steam. Comparison of Fi 
ca lcu la t ed  power levels are about Che 

Af ter  HPGT. system f a i l u r e ,  t he  wa vel  falls as sh5m on Fig. 

systems and t he  t h e r  followed gninutes later by autornatlc 
opening of the s f  s con t ro l l ed  When t h e  re:?Letar 
v e s s e l  p ressure  has decreased t o  below t he  shutoff heat of t.k PQW- 
pres su re  ECCS pumps, ves se l  i n j e c t i o n  f loods  the core, causing a power 
excursfon. The simulator (erroneously)  models the  AD valves <38 cXosiaag 
each t i m e  the r e a c t o r  v e s s e l  water l e v e l  is rest0 The r eac to r  
vessel water l e v e l  shown on Fig. '6.3 does nat go bel 260 %nit. 96,Q rn> 
because, as listed on Table 7-1, this I s  t h e  bottom of the Instrument 
i n d i c a t i n g  range. 

The s imula tor  results for the  rate of i n j e c t e d  flaaw are ahom on 
Flig. 7,4 and may be cornpared wftk the WR-LACP r e s u l t s  
3.3, Feedwater flaw is lost a f t e r  MSIV closure and only t: 
Pic system provides  injection unt?il HPCT and RCIC syrste 
au tomat ica l ly  i n i t t a t e d  upon a Low reacts el. water level signal. 
The s imula tor  mod 1s f o r  t k  rate GfC system fn j ec t f an  are 
more s o p h i s t i c a t e  than those i g Tn60 p3LcccBuplt the tur- 
bine  governor con t ro l  systems ct sf varying reactor vessel 
pres su re  

After f a i l u r e  of the CI system, r eac to r  vessel. i n j e c t i o n  is sup- 
plted only by the high-pressure BCIC an hydraul ic  systems except 
f o r  t he  b r i e f  per iods  when the r e a c t o r  1 i s  depressurized suEf$- 
c i e n t l y  to permit i n j e c t i o n  by the low-pressure systems, linePudislg the 
condensate boas te r  pumps, 

The s imula tor  r e s u l t s  for  the r eac to r  ves se l  p ressure  are sho 
Fig. 7.5; these can be compared with the BWR-LACP results shown on Fig .  
3.4 The reactor vesse l  pressure increases b r i e f l y  a f t e r  HSIV elssure 
but r e c i r e u l a t i o n  pump t r i p  reduces core power and subsequently,  reactor 
vessel pressure  remains at the r e l i e f  valve setpoints as some relief' 
valves  remain open and ather relief va cycle, Large decreases  i n  
reactor vesse l  pressure  occur when t he  system fs actuated upon de- 
c reas ing  r e a c t o r  ves se l  water level, These pressure  drops p e m f t  t h e  
l o w p r e s s u r e  ipljeeeion systems to flood the C Q L " ~ ,  thereby ~ r o ~ u ~ ~ n ~  a 
power excursion and alrao r e s e t t i n g  the ADS logic  and closing the ADS 

7.3, l ead ing  t o  i a t i s n  of the la hleity, 10Mbpressure, ECCS 
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Valves as the water level. rises." Reactor vessel pressaroe i s  r a p i d l y  
restored and the pressure  is consr~~ied by 2 u t ~ ~ a t i ~  aetuatfow of the 
SRVS a i  t k B r  relief s e t p o f n t s  during the periods b e t ~ e e n  ADS mctua- 
t ioae D 

The s inx la tor  restrltrs for the temperature of the prcssuke ~ ~ p p r e s -  
s i an  pool are sho-m on Fig. 7.6. Cornpartem v d t h  Ffg. 3.5 shows tha t  
the sirnuPatair modeling produces a much htgher pool  heatlap rate, A5 
listed i n  Table 7.2,  t h e  upper l i m i t  COT I n d i e a t i o n  of supprt?ssion pool 
t e m p e r a t u r e  i s  400°F ( 4 7 8  K) and this 1% the reason for the p la t eau  
shorn on P i g .  7.6. The sirnulater greatly overprcddcts suppression pool 
temperature. 

Figure 7.7 shows the drywell  presshare h i s t o r y  during the accident 
sequence as pred ic t ed  by the ~ a _ ~ ~ ~ l t m ~ .  compal-isc~n wi th  Fig. 3.6 
r evea l s  that the  s imula tor  p r e d i c m  much lower containment pressu-res* 
Taken wfth the information In  the previous paragraph, i t  must be con- 
c l ~ d e d  that the s$m~~l.ator does not model evaporat ive steamning froin the 
surface of t.he heatea pressure supprrss ion  ~ C K L  

sfitrulatar as an opera? c training device ,  capable sf I n s t i 1 l i n g  the 
knowhedge needed by the spe.tra&ora to cope wtth an a c t u a l  A W S  evenem It 
w a s  no t  designed for this exerc ise .  The  s i m ~ ~ l a l t g a r  does not  m d e l  che 
e f f e c t  of low reacror vesse l  water l eve l  on reactor power. A l a o ,  the 
s imula tor  does not model evapora t tve  steaming from the surface of the 
pressure suppression pool., These motl~ l ing  defecie  from the scamdpoint 
of AWS application, direc t ly  c . 2 ~ ~  the pool  mer temperature 
t o  be much too Mgh and the  predic ted  primary corntnlnment pressanre to be 
much too low. A l s o ,  other simulator mus.tlela do not  reflect  the differ- 
ence between the domcomer water levels  t h a t  would be p r e d i c t e d  by the 
Emergency Systems PnstrumenTs and the P o s t  Acclidrn'; Floodling jlastrurnents 
so the operator under training i s  unres lPs tPca l  Ly exposed t o  a s b t u a t i s n  
in which a l l  reaetos vessel water l e v e l  instruments i n d k a t c  the same 

erroneously that the open ADS valves would shut each t i m e  Ehe reactor 
v e s s e l  water level is  restored; t h i s  has R d n o r  effect  on the aaaagnitude 
( t o o  high) and the dura t ion  (too l o w )  of p o w e ~  sp ikes .  Nevertheless, 

s u f f i c i e n t l y  accurate EO that  the s imula tor  can be use fu l  for operator 
training t . ~  d e a l  w!%h AFdS events .  bbviously, improvement of the 
sinrrulatsr models I s  desirable, 

The concept of symptom-oriented procedures f o r  opera tor  a c t i o n  in 
response t o  emergency conditions has been impPemerited by the  R W  Owners 

authors of this sczldy t h a t  the ATWS accident sequence is east ly  
i d e n t i f i a b l e  by the operators and should have a separate procedure, The 
general concept o f  syoiptom-oriented procedures i s  workable because 
almost a l l  acc ident  sequences demand the 5sme operator act ions,  i.e., 
keep t h e  core covered. YeL in the A W S  acc ident  sequence, the operator 

What CWSt be judged here  iS the efficacy O f  the "ffglA CoXIeKOl p1OOlll 

w 3 t . m  level under accident condi t ione  * ~h~ stmulator preniets 

the general sequence of P J ~ W  Drea ic~ea  by the  simuiator is 

@roup Emergency P ~ o c ~ ~ I I ~ ~ s  Guidelines.  16 fs a c s n ~ l u s i ~ ~ ~  of the 

*This is an error in the s imula tor  l og ic .  Once opens the ADS 
valves  wouPd not close upon increasing reactor v e s s e l  water l e v e l .  
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must reduce the  r eac to r  v e s s e l  water l e v e l  t o  the  top of the  core.  In 
all o the r  acc ident  sequences, the main e f f o r t  should be t o  inc rease  or 
maintain i n j e c t i o n ;  i n  the  A'LWS acc ident  sequence t h e  opera tor  must 
reduce the  i n j e c t i o n  flows and con t ro l  t he  downcomer water l e v e l  near  
t h e  top of the  core. 

I n  o the r  acc ident  sequences, t h e  r e a c t o r  is scramme core power is 
a t  decay heat  l e v e l s ,  and the opera tor  can e a s i l y  t r o l  r e a c t o r  vessel 
pressure  by manipulation of one SRY, For the  acc ident  sequence 
the. ope ra to r  a t tempt ing  to  c o n t r o l  pressure  b nuaH SKV a c t u a t i o n  
would be confused by t h e  f a c t  that r e a c t o r  ves se l  p ressure  would be 
unaffected by h i s  e f f o r t s  u n t i l  he lnad ac ted  to manually open several 
S R V s ,  but then would suddenly decrease when he opened one more. For 
these  reasons,  the ATWS acc ident  sequence seems t o  
t h a t  is, procedures f o r  its mi t tga t ion  are unique 
be simply f i t t e d  i n t o  the genera l  envelope of proe 
of o the r  BWR acc ident  sequences. It should a l s o  be noted tha 
de lega t ion  oE the  AWS c o r r e c t i v e  a c t i o n s  t o  a sepa ra t e  procedure WQUP 
g r e a t l y  s impl i fy  the remaining symptom-oriented gulde12nese 

7.4 Summary of Computer Ca lcu la t ions  
used i n  t h i s  Study 

It is t h e  purpose o f  t h i s  s e c t i o n  t o  b r i e f l y  summarize t he  

The results of General Electric company c a l c u l a t i o n s  were used for 

The BWR-LACP code was i n f t i a t e d  a t  the 50 8 

c a l c u l a t i o n a l  methodology used In this study, 

t h e  f irst  50 6 of each acc ident  sequence a n a l y s i s  (see Chap. 21,  

ana lys i s .  Resul t s  of the BWR-LACP c a l c u l a t i o n s  are p r e  
3, 4, and 5. 

I d e n t i c a l  sequence c a l c u l a t i o n s  were performed using 
RELAPS throug a coopera t ive  effort between INEL and 
comparison is iscussed i n  Appendix A. The r e s u l t s  are 
t h a t  t h e  t iming of t he  events  pred ic ted  by RELAP has 
because the  ca l cu la t ed  power i n  R€ZLAP is lower. Sine 
c a l c u l a t e d  power is wi th in  t h e  esfilnat e r r o r  band (*lo% power) of t h e  
RELAP power, no at tempt  has been made to a d j u s t  t 
ca lcu la t ions .*  

I d e n t i c a l  ATWS scena r ios  were ca l cu la t ed  using B and the  
Browns Ferry s imula tor  computer through a coopera t ive  arrangement be- 
tween t h e  ORNL SASA program and the  WA. The r e s u l t s  of the comparison 
are d iscussed  i n  Sect .  7.3. None of t h e  s imula tor  r e s u l t s  has )asen used 
f o r  any purpose o the r  than for t he  d i scuss ion  i n  Sec t ,  7.3, 

*Subsequent to t hese  c a l c u l a t i o n s ,  an error w a s  found i n  REUp5 
t h a t  tended t o  make the  ca l cu la t ed  power too l ow.  This  e r r o r  has been 
co r rec t ed  but t h e  d e c i s i o n  was made not to delay the i s suance  sf t h i s  
r epor t  to permit a new comparison of r e s u l t s .  



TIE I S ~ O W ~ S  ~ e r - r y  simulator is r ~ ~ t  H l l d  never intended to be an 
engineering analysis tool, Nevertheless, f.nforaatPon ohtained during 
three "315iC6 to personally wlc;ness Che sdrnula ted  control room response 
t o  var ious  ATWS accident: sequences has eonv%nced the authors of th is  
repor t  that the A'lS~.ls a i m l a t i o n  fs reasonably accurate. However, t h e  
realfm could be signlficancl y improved by correction of ehe known 
defleienctes In the  simulator models (d iscussed  in Sect * 7 . 3 ) .  
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Ed Kozinsky of the General Physics Corporation. 
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Table 7.1. Contq l  room indication ranges f a r  primary system 
parameters important to ana lys i s  and control o f  an 

ATWS accldent sequence 

Parameter Indication range 

Reactor Vessel Water Level 

b 
Emergency systems 
P a s t  accident flooding, inches above v e s s e l  zero 

inches above vessel zeroa 

Reactor Vessel Pressure, p s i g  

Feedwater F l o w  

Total feedwater flow (recorder), 1b/hr 
Feed flow l i n e  a,  Ib /k r  
Feed flow l ine? b, 1b/hr  

ECCS I n j e c t i o n  F l o w  

MPCL system. flow gpm 
LCTC system flow, gprn 
core spray flow, gpm@ 
RHR system t o t a l  flow (recorder)@, gprn 
RHR containment spray/cool ing flow", 

cm Hydraulic system Plow, gpm 

0-16 x l o6  
0-8 x 1 0 6  
8-8 x 106 

O-6800 
0-700 
0-10000 
c--40000 
6-20000 

0-1 00 

a ~ a ~ i b r a t e d  for normal operating pressure. 

bCaPibrated f o r  atmosphe~le  pressure. 

@TIE system pl;ns t w o  independent loops.   here i s  QIM? inilicator 
for each loop. 
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Table 7.2. Control room indications and alarms of primary 
containment variables important to analysis and control 

of an ATWS accident sequence 

Variable Range or  alarm setpolnt 

Drywell pressure 

Indieation, p s l a  
Alarms, psia 

Drywell atmosphere temperature 

Indication, O F  

Alarms, O F  

Wetwell Pressure 

Indication, ps ia  
Alarms, p s i a  

Pressure suppression pool temperature 

Indication, OF 
Alarm, OF 

Pressure suppression pool level' 

Indieation, in. 
High level alarm, in. 
Low level alarm, in. 

0-80 
16.30 
16.35 
16.45 
16.70 

0-450 
145 

0-80 
16.7  

0-450 
95 

-25 to + 25 
+6 
-6 

"Instrument zero is 15.2 feet above the bottom of the 
wetwell torus. Zero water level means that  the torus is 
approximately half-filled with water. 
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Fig, 7.1. Schematfc drawing of the high pressure C O O ~ ~ K I C .  I n j e c t i o n  
(KPCH) system, 
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Fig. 7.4. TVA Browns Ferry control room simulator results f o r  the 
rate of injected flow during the no-operator-action MSIV clasure- 
initiated A W S  accident sequence. 
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APPENDIX A: MODIFICATIONS TO THE B64R-MCP CODE FOR THIS S 

This appendix provides d e t a i l s  of modi f ica t ions  t o  t he  B 
code made s p e c i f i c a l f y  f o r  t h i s  study. Some of t h S s  new coding is a 
s t r a igh t fo rward  t r a n s l a t i o n  of t he  expected behavior o f  system compo- 
nen t s ,  such as SRVs and i n j e c t l o n  systems, i n t o  matliematical rules- The 
most important of t he  modi f ica t fons  - t h e  new rou t ines  t h a t  c a l c u l a t e  
co re  voiding and f i s s i o n  power - are simpPIFLed s o l u t i o n s  of a set  of 
very complex neutronic. and ~ h e r ~ o ~ ~ d ~ a i ~ l i ~  p roh l  ems ,, 

The models used in -LACP t o  c a l c u l a t e  core voiding and f i s s i o n  
power are cons iderably  s l i f i e d  i n  co n t o  t he  d e t a i l e d ,  f i r s t  

sess what d i f f e r e n c e s  might e x i s t  between BWJEP-UCP and the  more complex 
codes,  a comparison fs =de i n  t h i s  appendix of the  RELAP5 r e s u l t s  (pro- 
vided by the  SASA t e a m  at  INEL) and BWR-LACP r e s u l t s  for t he  same test 
t r a n s i e n t  

The r e s u l t s ,  of course,  show some d i f f e r e n c e s  k t w e e n  the  two 
codes, but t he  q u a l i t a t i v e  s i m l l . a r i t l e s  prove that ~~~-~~~~~ is an ade- 
qua te  scoping t o o l  even f o r  a complex accjdent such as ATWS. System 
v a r i a b l e s  show the  same t r ends  and, most impor tan t ly ,  both eodes p r e d i c t  
a severe  power/pressure sp ike  occurr ing  at the  end of t he  r e a c t o r  ves se l  
dep res su r i za t ion .  This confirms one o f  the  major recommendations of 
t h i s  r epor t :  t h a t  t h e  r e a c t o r  vessel not be depressur tzed  during an 
ATWS acc iden t .  I n  gene ra l ,  i t  is  the d e s i r e  of the authors tha t  t h e  
major recommendations of t h i s  r e p o r t  be confirmed by i n v e s t i g a t i o n s  
us ing  the  more s o p h i s t i c a t e d  codes, i .e,,  TRAC, RELAP, or RAMONA, as 
app l i cab le .  

p r i n c i p l e s  models used i n  codes such as , PCELAB, or  TRAC. To as- 

A . 1  Calcula t ion  of Reactor Power 

I n  an ATWS acc ident  t h e  r e a c t o r  power is the  sum OF decay hea t  
power p lus  f i s s i o n  power, The f f s s i o n  power is a t r a n s i e n t  func t ion  of 
t h e  r e a c t i v i t y  of the core ;  decay hea t  power is a func t ion  of the  
elapsed time s i n c e  r e a c t o r  shutdown. Whenever the negative r e a c t i v i t y  
i n s e r t i o n  br ings  the  core s u b c r l t f c a l ,  the  'total. power i n  BWZZ-UCP i s  
set equal  t o  the  decay hea t  power as soon as t h e  ca l cu la t ed  f i s s i o n  
power is n e g l i g i b l e  

The decay hea t  func t ion  is ca l cu la t ed  i n  accordance with the ANS 
5.1-1979 s tandard  decay heat curve. This e a l c u l a t f o n  f o r  decay hea t  1s 
e x a c t l y  c o r r e c t  only fo r  the  case of a f u l l  scram; however, P t  is a rea- 
sonable approximation for m o s t  of the  cases examined i n  Chaps, 4 and 5 
because r e a c t o r  power is below PO% after about 7 

where, 

Pdk = decay hea t  power ( f r a c t i o n  of f u l l  power) 
t = e lapsed  t i m e  s i n c e  the  scram or acc ident  inftiatlan 

Po = i n i t i a l  r e a c t o r  power (=loo% f o r  a l l  cases). 
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aT  f - = BO8 P -. .152A (Tf - T ) d t  t. sat  

Apd = the  change .In t o t a l  doppler nrez:ctivity (Akllr) 
Tf = average fuel. temperatore (IF) 

1210 -- avsrage f u e l  tmpcrwture ( P I  at f u l l  p o w a r  
a = d o p p l ~ r  c o e f f i c i e c t  

- - - 1  A .58( (Ak/k/F> 

= .83 
11, = dopples  c s r ~ a c t i s n  factor  w i t h  OX core average void 

*SQP Section 3 of B.~czwns Perry FSAR Iur fuel weights,  steady state 
V Q ~ U ~ ~ I P ~ T I C  average teaprratarcs, and average heat f lux .  A value of 
0.08 Btu / lb  F t r ; ~  used for lJO2 spec i f ic  k a t  (Nuclear EngineerLng 
Handbook, M. K t h ~ r l n g t a a ,  E d i t o r ) .  
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D1 = rate of change of doppler c o e f f i c i e n t  with core average 
void CAar/%> 

= 4.4(10)-3 
%r = core coolant  average X voi (-38% at f u l l  power). 

Numerfcal values  given above f o r  the doppler  e~efficient P uacluding the 
e f f e c t  of coolant void f r a c t i o n ,  are from Amendment 231 to r o m s  
Ferry FSAR, Pigs. 3.6-5 and 3 .6 -6 -  The doppler coefficient, 3 in- 
eludes a weighting factor  o f  1 .33 ,  as recommended by ~ ~ ~ - ~ ~ ~ ~ 4 ~  T h i s  
1.33 f a c t o r  accounts f o r  t h e  g r e a t e r  temperature changes In the more im- 
portant p a r t s  of t he  fue l .  

psia, the f u e l ,  OR average, coals  by ahout 660°F sfrace the  fan 
cure  i s  very close to t h e  coolant sa%uratictn temperature a 
down, By the above formula, a negative r e a c t i v i t y  of ~~0~~~~ b&,k would 
have t o  be added to  compensate for  the increased reactivf~y ssf the COOP- 
er duel. 

If the reactor is brought from EuPf power to hot ahurdo 

A, I .2 Void reactivity 

The c a l c u l a t i o n  of void reactivity is sed  on the aQekage VQtd 
fraction i n  the average cRannel. AE: explained i n  8.2, the void fractfan 
is  ca l cu la t ed  ac 1 Et axial i n t e r v a l s  up the average channel, The e d -  
c u l a t i o n  of average void fraction weights the void in each 1 ft section 
with the square of tRe normalized axial power BistrFbutfon 
section. Table A.2 gives the axial power dfstrlbutian us 
weighting. The e of €lux squared weighting accounts f o r  
reactivity of a given vol when it is in 8 higher worth a x i a l  Ineation, 

The equation for vo r e a c t a v i t y  change accounts or the  change in 
r e a c t i v i t y  caeffic f with  V Q P ~  fraction (voi coefficient in,- 

creases as void increases): 

where 

Apv = t he  change i n  t o t a l  void reactivity (Ak/k) 
v = average void f r a c t i o n  (XI 

v i ~ a  = average void f r a c t i o n  a t  108% pawex (2) 
Ip 38% 

Co = void c o e f f i c i e n t  with no voids present  (Ak/k/l> 

C i  = rate of change of void c o e f f i c i e n t  
= -S.3(10)--4 

= -.1i38(10)-4e 

As t he  react~r is brought from f u l l  power to h a :  ~~~~d~~~ the core 
average void changes from 38X to 0%. By the above fo~mula, a negative 
r e a c t i v i t y  of 0.0283 Ak/k would have to be added to compensate for the 
nereaeed r e a e t f v i t y  of the core without any voids. By adding this void 

reactivity change to the  doppler reactivity change (see the bottom sf 
subsection A.1.11, one can estimate that a t o t a l  negative r e a c t i v i t y  oE 
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0.0369 w o ~ l d  br ing  the reac tor  from f u l l  power to hot ~ b u t d o ~ e  This 
estimate ~ O E S  no6 cons ider  l'he relattvvely slcwly changing xenon reactiv- 
ity whbch would,  during the f i r s t  -8 h a f t e r  ace ident  i n l - t i a t f o n ,  he lp  
t o  shut down the reactor. In a p e r i o d  of  only one o r  two hours, the 
buildup of  xenon would not provfde a subs tan t la1  fractLon of the 
reactivity required to  reach hot. shutdown. Therefore, in the selatfvely 
short-term ATWS transLents examined i n  this report, e i t h e r  the cont ro l  
rode o r  coolant bora t lon  mst supply  a negatlve r e a c t i v i t y  of a t  least 
0.0369 Ak/k to b r i n g  the  reactor t o  hot shutdown0 

The reactivity due to manual contr01 rod insertion in an. AWS acci -  
dent would be a function not oiily of the physies and conffgusa t ion  of 
the reactor core, but also would depend on t'iw reactor spesata~a~ Exer- 
cises conducted a t  t h e  TVA B~oemn Perry simulator showed that the pro- 

t a l n  continuous c o n l r o l  rod i n e e r i i o n  durlng a3 AT& would  depend 
h e a v i l y  on charasterlstics of the indbv"am8 operator. S ince  constant 
a i t t ~ n t i o n  is requi red  t o  maintain coni lnanous  con t ro l  rod i n s e r t i o n  it IS 
assumed here that an operator  could easaly be d ive r t ed  from the manual 
rod insertion task 50% of the t i m e ,  Therefore,  the reactivity insertion 
rate I s  based on an effective average eon t ro~ .  rod speed of 1.5 i n . / s  in- 
s tead of the nomina1 rod speed o f  3.0 in./s. The assumption of f a s t e r  
sus t a lned  control rod insertton can not be assamed at present becaaae 
the  trafialng of operators to t h e  El% procedirres f o r  ATWS f s  still i n  an 
early stage, 

clivity of operators to perform a l l  the rr%awiphalations necessary t o  ra in-  

ti = 144 i r a . / l . 5  In./§ = 96 fi 

where, 

t i  -- time consumed f o r  each rod i n s e r t e d  (8) 
144 in. = distance t r ave led  by r d  for f u l l  core bnsertion. 

Page 3.6-11 of the Browns P e r r y  FSAR states  t h a t  a control rod 
worth hklk w o u l d  be v e q  weak, Using t h i s  to represent average rod 
wor th ,  the  rate of reactivity addition during per iods  sf %manual rod ln- 
sestion would be 

where , 

i, = average rate of reactivity i n s e r t i o n  after the irrftfation of 
manual rod I.nsestion. 

This  is? the value u s d  f o r  the m n u a l  rod i n s e r t i o n  c a l c u l a t i o n s  re- 
ported i n  Chap. 4 .  
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A.1.4 Boron concent ra t ion  and r e a c t i v i t y  

The boron concent ra t ion  i n  the  r eac to r  coolant  depends on the rate 
at which the sodium pentaborate  s o l u t i o n  is pumped i n t o  the  reactor ves- 
se l ,  the  t o t a l  volume of coolant i n  the  r eac to r  ves se l  and the  mixing of 
the boron s o l u t i o n  wi th in  the r eac to r  coolan t .  Volume 4 of the Browns 
Ferry Hot License Training Manual s t a t e s  t h a t  there  is 990 Ib of boron 
i n  a volume of 4550 g a l  i n  the  SLCS s to rage  tank, and t h a t ,  upon SLCS 
ac tua t ion ,  t h i s  s o l u t i o n  is pumped i n t o  the  r eac to r  ves se l  at: a rate of 
50 gpm. Therefore ,  the  rate of f n j e e t i o n  of boron t n t o  the  r eac to r  ves- 
sel is: 

0.181 lb B / s  990 l b  €3 50 ga l  L mfn = -'-- 
'binj 4550 g a l  rnin 60 8 

I f  t he  boron mixes p e r f e c t l y  within the r eac to r  ves se l ,  the  boron con- 
c e n t r a t i o n  a f t e r  SLC i n i t i a t i o n  is  

where, 

cb = boron concent ra t ion  ( ~ b  ~ / f t 3 )  
ti = elapsed time s ince  SLCS i n i t i a t i o n  
Vt = t o t a l  volume of water withkn the  r eac to r  vesse l .  

According t o  TVA opera t ions  ana lys i s  engineers ,  a boron f r a c t i o n  i n  
the  coolant  of 320 ppm would br ing the r eac to r  from f u l l  power to hot 
shutdown. Using a coolant: volume of 14785 f t 3  at the  normal r e a c t o r  
water l e v e l  of 561 in . ,  the  mass of boron wi th in  the r e a c t o r  ves se l  
would be : 

45.4 l b  W2O 320 I b  B 
Mb = 14785 €t3 = 215 l b  B. 

f t 3  lo6 l b  H z O  

Therefore ,  hot shutdown could be reached a f t e r  only 14.8 min of SIX: in- 
j e c t i o n  a t  50 gpm. 

When the  Browns F e r r y  s p e c i f i c  EPGs are w r i t t e n ,  they w i l l  probably 
r e f l e c t  a s l i g h t l y  more conservat ive hot shutdown mass of 265 lbs  B, 
based on a boron f r a c t i o n  of 395 ppm boron i n  r eac to r  coolant  required 
t o  reach hot shutdown with a margin of Q.02 Ak/k. The corresponding 
SLCS i n j e c t i o n  time would be 24,4 mine 

For the  ca l cu la t ions  of Chapt. 4 with horon i n j e c t i o n  it was neces- 
s a ry  t o  c a l c u l a t e  the boron r e a c t i v i t y  at  each i n s t a n t  during the  t ran-  
s i e n t .  The method used fo r  t h i s  is based on the  WA estimate of the hot 
shutdown ppm bora t ion  requirement and the boron mixing Information pre- 
sented i n  the  GE BWR owners group report "Power Suppression and Boron 
Remixing Mechanism f o r  General Electric Boil ing Wafer Reactor Emergency 
Procedures," DAG 261, NEDC-22166, August 1983 (prepared by L. G h u ) ,  

Boron concent ra t ion  $6 ca lcu la ted  f o r  two subvolumes wi th in  the  re- 
a c t o r  vesse l :  ( 1 )  t he  volume of coolant at the bottom of t h e  v e s s e l  
lower plenum, and (2 )  a l l  o the r  coolant  wi th in  the  ves se l .  As explained 
i n  NEDC-22166, if t h e  core i n l e t  flow i s  less than 5% of its f u l l  power 
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value, 100% of the injected boron solution slnks I n t o  the bottom of the 
lower plenum ( i . e . ,  thc initial m i x $ %  e f f i c i e n c y  i s  OX.,). A t  25X flow 
the i n i c i a l  mixing efficiency climbs to 75% atid it is 100% aC full 
flown The residence t ime o f  the heavier boron solution in the lower 
plenum is also dependessk: on t he  reactor coolant flaw, I f  primary cool- 
ant f l o w  is 4% or  less: the residence t i m e  is i n f i n i t e  but when primary 
coolant  f l o w  is above a h c t  35X, the residence t t m e  is only about 22 
s. Tn the BWK-LACP model, the ma38 of boron In each 0f the two control 
vsluwea i s  calculated using the  Eolloi&txg set  of equations 

bl p ” rm 
d(M ) / d t  = E W + M /T hi3 in hPaj b l p  m 

rmss o f  boron stratified in the bottom o€ the  lower plenum 
(1bj  
mass S €  boi:i)n In general. circulation, in the balance of the 
coolant  (lh) 
initial mixing e f f i c k n c y  (1b B mix/lb B i n j e c t e d )  
residence t i n t e ( s )  of straslfied h a r m  in the bottom of the  
lower plenum. 

The concentrat ion of boron i n  general cireulatlnn, a l s o  assumed io 
be the boron concentration o f  the coolant In the c0re, is 

where 

G = boron concentration ( l b / f t 3 )  in reactor coolant 
t o t a l  eocllaiit volume (ft31 i n  the. vessel. Gf 

where, 

p, = tom1 boron r e a c t i v i t y  
D 

= t o b l  reacilvity that asiiist be supplied to reach hot shut- 
down 

Akhsd 

-0.0369 hk/k (per  Sect. A . 1 . 2 )  
Cbhsd = boron concent ra t ton  corresponding to the TMA estimate of 

320 ppm B required to reach h u t  s ~ - ~ ~ n t d o m  
= 0.0145 1b B / f t 3 .  
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A.2. Calcula t ion  of Core Void Frac t ion  

BWR-LACP c a l c u l a t e s  the  void f r a c t i o n  p r o f i l e  a t  1 E t  i n t e r v a l s  
aver  the  l eng th  of an average f u e l  assembly c rinel. Each tlme the void 
f r a c t i o n  rout ine  i s  ca l l ed  ft is given the  core thermal power, the  ves- 
sel pressure ,  and downcomer water l e v e l  and enthalpy. The core i n l e t  
f l o w  must a lso  be known t o  allow c a l c u l a t i o n  of t he  core void p r o f i l e .  
The void f r a c t i o n  rou t ine  c a l c u l a t e s  t he  core  i n l e t  f l o w  by means of an 
i t e r a t i v e  procedure t h a t  assumes s t eady- s t a t e  thernohydraul ic  condi t ions 
over each t i m e  step. 

A t  the  beginning of the  i t e r a t i o n ,  a prttnary coolant  flow is as- 
sumed, and t h e  core  void p r o f i l e  o f  t he  average channel is ca lcu la ted  a t  
1 ft i n t e r v a l s  from the  i n l e t  t o  t he  o u t l e t .  Since the  core is 12 ft 
long, t h i s  amounts t o  13 node poin ts .  The  average channel is a repre- 
s e n t a t i v e  f u e l  assembly (one o f  a t o t a l  of 754) t h a t  i s  assumed t o  gen- 
e r a t e  (1/764)-th of the t o t a l  core thermal power and to  receive the same 
f r a c t i o n  of the t o t a l  core  i n l e t  flow. The axial power d i s t r i b u t i o n  as- 
sumed Ear the  average channel is spec i f i ed  by Table A . 2 .  

The conservat lon of energy i s  appl ied across  each 1 f t  a x i a l  seg- 
ment t o  c a l c u l a t e  the  steam genera t ion  sate, I f  the  bulk coolant  t e m -  
pe ra tu re  is below s a t u r a t i o n ,  a void f r a c t i o n  of zero i s  assigned,  
After  coolant  reaches s a t u r a t i o n ,  the void f r a c t i o n  is ca lcu la ted  from 
t he  steam 

v =  
J, = 

J -  

where, 

P "  
P; = 

The values  

and water flows by the  d r i f t  flux equat ions:  

mass f l u x  
volt3 f r a c t i o n  
steam mass v e l o c i t y  
concent ra t ion  parameter = 1.0 
t o t a l  mass v e l o c l t y  
d r i f t  v e l o c i t y  = 1.0 f t / s  
flow q u a l i t y  (steam f l o w / t o t a l  flow) 
s a t u r a t e d  vapor dens i ty  
sa tu ra t ed  f l u i d  density. 

used f o r  t he  Co and V parameters were taken from the  repor t  gj 
"BWR Low Flow Bundle Uncovery T e s t  and Analysis ,"  NUREG/CR-2232, EPRI 
NP-1781, GEAP-24964, by D. S. Seeley and R. Muralidharan ( 'April 1962). 

Af te r  the core void p r o f i l e  is ca lcu la t ed ,  the unrecoverable pres- 
s u r e  drops around the  primary coolant  loop are ca l cu la t ed .  These ume- 
coverable l o s s e s  inc lude  f r i c t i o n  and/or form l o s s e s  i n  the  average 
channel unheated and heated por t ions ,  core o u t l e t  plenum, s tandpipes ,  
steam sepa ra to r s ,  and jet pumps. The equat ions used to c a l c u l a t e  t hese  
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losses, and t y p i c a l  c o e f f i c i e n t s  f o r  each loss termr, were taken from the  
E P R I  repor t ,  "NATB16IQ; h Steady-State Model f o r  Natural  C i rcu la t ion  i n  
Bolling Water React-ors," EPRI  hT-ZW%6-CCM, by J. 14. HeaZzer and D. 
Abdollahian, S.  Levi ,  Inc. (February 1883). 

The only major d i  frereance between the  na tura l  c i rcu la t f -on  calcula- 
t i o n s  i n  NATBW and BWR-LACP is Ehat the n a t u r a l  clrculatfon through t h e  
core  bypass path (mainly the  i n t e r s t i t i a l  region between f u e l  assemblies 
i n t o  w h l c l i  the  con t ro l  rods i n s e r t ?  is neglected i n  BWR-LACP. A t  f u l l  
power condi t ions ,  about 1OX of the core i n l e t  flow bypasses the a c t i v e  
f u e l ,  flcws up through t h ~  bypass paths ,  and r e j o i n s  the main floss i n  
the core o u t l e t  plenum. Under iiatural c i r c a l a t i o n  cond i t ions ,  the  d i -  
r e c t i o n  of bypass flow can reverse, with coolant from the? core o u t l e t  
plenum flowing d~rmward through  he bypass paths t o  j s l a  w i t h  the mjsr- 
i t y  of the core flow € n i x  the actPve fuel.. The core bypass flow pach 
was l e f t  nut o€ BWR-JtACP because it w a s  f e l t  that. i ts  r e l a t i v e l y  high 
flow resbstaoce whauld l i m i t  the bypass flow t o  a small fraction of the  
t o t a l  natural c i r c u l a t l a n  flow, If this c i K c u ~ a t i o n  path were included 

water level (i.ee, dswne7ome.r water l e v e l  near the  top of the a c t i v e  
f u e l )  would decrease: the  in-core coolant voiding 2nd therefore  lead t o  
t h e  p red ic t lon  of higher care power (but c e r t w t n l y  .abbhPm t h e  e x i s t i n g  
unce r t a in ty  bands qlmted by leading  i n v e s t i g a t o r s  i n  References 6.8 and 
6.9). The e f f e c t  would be n e g l i g i b l e  f o r  a iaormal vessel  water l e v e l  
( i . e * ,  10 to 15 f t  above the top of a c t i v e  f u e l )  because the change i n  
core flow would be s m a l l ,  compared t o  the  a l ready  substantlal natura l  
c l  reu la t  Eon. 

Eleva t ion  pressure  drops (ga ins  1 arolcnrrd the  reactor vessel  primary 
coolant n a t u r a l  c i r c u l a t i o n  f l o w  path are a l s o  ca l cu la t ed  after the void 
fractions are ca l cu la t ed .  At the  end of each i t e r a e f o n ,  the n e t  eleva- 
t i o n  head ( e l e v a t i o n  pressure inc reases  minus drops)  around Lhe loop i s  
csmpal-ed t o  the t o t a l  unrecoverable losses around the  loop. The value. 
of flow f o r  use i n  t he  next iteratlsm 9s determnlned by the formula: 

i n  BWR-TACP, t he  a d d i t i o n a l  core: ~ I O W  under conditions of ICW vessel  

Ap t e IAPt id 
6J = 64 
new o l d  

=: t o t a l  natrnrai c i r e u l a t l o a  flow t o  be used on the  next "ne, 

Wold = cur ren t  i t e r a t i o n  value of flow 

AYte 

i t e r a t i o n  

= net  e l eva t ion  pressure  gain around the loop i n  the dlrec- 

= t o t a l  unrecoverable pres si.^^ losses around the n a t u r a l  cfr- 
t i o n  of  natural circulation 

c u l a t i o n  loop 

I f  t he  new f low i t e r a t i o n  is wt th in  0.5% of the current flow i t e r a t i o n ,  
f u r t h e r  PCeratPon is unnecessary and c o n t r o l  i s  re turned  to the main 
program. 



A . 3  Reactor Vessel I n j e c t i o n  Systems 

A.3.1 Core spray ,  LPCT, and condensate booster pumps 

I n  the  no ope ra to r  a c t i o n  case presented i n  Chap. 3 t h e r e  are th ree  
sys t em5  that provide high capac i ty ,  law pres su re  i n j e c t i o n .  The two low 
pres su re  ECCS systems, Core Spray and LPCT, a c t u a t e  au tomat ica l ly  and 
pump from t h e  p res su re  suppression pool i n t o  rhe r e a c t o r  vesse l .  The 
condensate pumps, i n  serles w4th the  condensate booster pumps run 
continuously during normal ope ra t ion  and C Q ~ ~ ~ K X I E  t o  run a f t e r  a r e a c t o r  
scram, pumping from the  main condenser ho twel l ,  through the i d l e  main 
feedwater pumps, i n t o  the r e a c t o r  vesse l .  Using TVA-supplied pump head 
vs. capac i ty  curves and schernatfc p i p i n g  diagrams, equations f o r  
i n j e c t e d  flow as a func t ion  of r e a c t o r  v e s s e l  p ressure  were developed a t  
ORNL f o r  each of these  i n j e c t i o n  systems: 

where, 

= bulk flow (gpm> i n j e c t e d  by a l l  four U C I  pumps %pci  
Bcs = bulk flow (gprn) i n j e c t e d  by a l l  four Core Spray pumps 

P, = r e a c t o r  v e s s e l  p re s su re  ( p s i a )  
Pp = pressure  suppression pool p re s su re  ( p s i a ) .  

The condensa tegeondensa t~  boaster pump i n j e c t i o n  flow as a func t ion  of 
r e a c t o r  v e s s e l  p re s su re  i s  gjlven by Table  A . 3 .  The following condi t ions  
apply: t h r e e  condensate and t h r e e  condensate booster pumps are running, 
and the  main condenser hotwell  is assumed t o  be a t  atmospheric pressure .  

A.3.2 HPCI system 

The WPCL provides some i n j e c t i o n  i n  a l l  the ATWS t r a n s i e n t s  pre- 
sen ted  i n  t h i s  r epor t .  The following assumptions are made concerning 
characteristics of the WPGT system: (1 )  the ZIPGI t u r b i n e  automatie flow 
c o n t r o l  system a d j u s t s  HPCI flow t o  any operator-set  flow demand between 
20% and 100% of the  5000 g p m  f u l l  capac i ty ;  ( 2 )  t he  automatic flow con- 
t r o l l e r  cannot respond t o  ope ra to r  flow demands below 20% because of t h e  
minimum HPCI t u r b i n e  speed l i m i t a t i o n ;  and; ( 3 )  t he  HPCZ system w i l l  
f a i l  due t o  overhearing of the  HPCI t u rb ine  lube o i l  i f  water h o t t e r  
than 190°F is pumped. 

The assumption of HPCI f a i l u r e  at 190'F pumped water temperature is 
based on the  d i scuss ion  on pages Q14.1-4 and 5 of Amendment 67 t o  t h e  
Browns Fer ry  FSAR, This i n f o m a t i o n  was submitted i n  support  of the 
limfted-duratfon pumping of suppression pool water a t  162°F dur ing  



eercabn design baste accidents. "ilia WCP: tu rb ine  lube o i l  i s  used J[n 
the HPCB t u rb ine  bear ings ,  i n  the turlslnze goverapors, and i n  the gear re- 
ducer. Since the o i l  is cooled by the  pumped water it  dl1 always be 

perature i n  excess of 200°F is "'to be avo:dcd."* Allowfng for an o i l  
hotter than tl.x? pumped water. Time F S m  dt.ncussioa sta tes  that oil ten- 

~ O O I ~ X  AT of WF, the corresponaing i imitiw water teinperatwre ~ o ~ ~ i d  
190C"F, pad WCH t u r h l n e  faflure is assumed t s  occur i f  the water e ~ e e r d s  
ehiu temperature 

Ire the cases examlned I n  Chap. 4 ,  the operators  -mnipuPate the I P C I  
inject ion flow to  control vessel water level a f te r  the EPG-directed 
water l e v e l  r educ t l sn  iraneuver. Although each operator would approach 

would be the same i n  every case: the opera tor  would pcz-lodically check 
the knd lca t i sn  of water level and HPCT flow, aid  -muid e i ther  Increase ,  
decrease, or nt9t change %CI flow depending on the proxlmi~y of the in- 
d i ca t ed  t o  t h ~  desi red water 1 evel. BVit-LACP simulates operator c o n t r o l  
of WCI flow in accordance &tb the followdag assunptdons: 

the task of lever c o n t ~ i  i n  a slightly d i f f e r e n t  WY, the basic ~ ~ W E W  

For a l l  the cases i n  Chap. 4 that resale i n  emergency depressari- 
zstiow, it  is assumed the operatom would provide needed reactor vessel 
i n j e c t i o n  by usbng one eondensate and one condensace booster pump, i n  
setrles, t o  pump from the main condenser hotwell t o  the reaceor vesse l .  
They would c lose  the! feedwater pump dfscharge iseLatPsn v a l v e s  ( t ~  pre- 
vent vessel f looding)  and bypass the feedwater psxnrps by opening t h e  

*without the add i t ion  of poison t o  the core, f l o w  injected i n t o  the 
reactor vessel is  the  major determinant of reattar power, ThBs fact I s  

ise of the EPG procedures far AWS (see Appendtx B) .  



s t a r t u p  bypass valve ( see  Fig. 3 ,8 ) .  The s t a r t u p  bypass va lve  is 
i n s t a l l e d  i n  an e igh t  inch pipe; i ts pos i t i on  I s  ind ica ted  i n  the  eon- 
t m l  room. MaSn feedwater flow f s  also ind ica ted  fn the cont ro l  mom. 
The s t a r t u p  bypass valve provides a means t o  supply the moderate t o  low 
flow required i n  an A'H"xsS t r a n s i e n t  by using the  motive power of the  very 
high capacfty condensate and condensate booster pumps rn 

Operator con t ro l  of i n j ec t ed  flow using the  s t a r t u p  bypass i s  simu- 
I n  accordance within the € ~ l l ~ w i ~  assumptions: 

1. "fhe opera tor  checks vesse l  water l e v e l  once per 
ad jus t  i n j e c t e d  f low ~ n c e  per mfnute. 

2. I f  t he  Emergency Systems l e v e l  i nd ica t ion  1 s  off -sca le  Pow, the  
i n j e c t i o n  rate 4s set at 1800 gpm (113 l/s), 

3. If the  l e v e l  i n d i c a t i o n  i s  on-scale of the  Emergency Systems 
range instrument ,  but below the des i red  l e v e l  fo r  manual con- 
t r o l  near the  TAF (380 in, (9 .65 m) above vesse l  zero] ,  the in- 
j e c t i o n  flow is set a t  900 gpm (57 l /s>.  

4, I f  t he  l e v e l  i nd ica t ion  is above the  des i red  l e v e l ,  i n j e c t i o n  
flow 5s set at 600 gpln (38 l/sS. 

5. If t he  l e v e l  i nd ica t ion  i s  more than 20 in. (51 cm> above the  
des i red  level, i n j e c t i o n  flow is set  t o  zeroI 

8 . 4  Safe ty  Rel ief  Valves (SRVs3 

Each of the  13 SRVs automat ica l ly  opens when vesseZ pressure cx- 
ceeds the openfng se tgo fn t  and closes when pressure  decreases t o  a b u t  
4% below the  opening se tpo in t .  The f i r s t  bank of four  SRVs  is set at 
1120 psia, t he  second bank of four  i s  set at 1130 p s i a ,  and the third 
bank has f i v e  SRVo set t o  open at 1140 psia .  According t o  the ASME 
code, t he  valves  must open within 1% of the nominal opening s e t p o i n t .  
Conversation t h  TVA opera t ions  a n a l y s i s  engineers  revea ls  t h a t  the  

pressures .  The opening and c los ing  pressures  used f o r  the  BWR-LACP s i m -  
u l a t i o n  are given by Table A.4. These a c t u a l  s e t p o i n t s  were derived by 

the  nominal s e t p o i n t s  over the  ranges discussed above 
of t he  13 SRVs can be opened or  closed by operator manipula- 

and switches i n  the  con t ro l  roome The EPGB d i  
a c t i v e l y  attempt t o  con t ro l  ves se l  p ressure  manual SRV 

con t ro l .  It was des i red  to  s lmula te  opera tor  con t ro l  of SRVs as realis- 
t l ca l ly  88 poss ib l e  i n  order  t o  avoid an excess ive ly  choppy vesse l  pres- 
sure behav9or. The s imula t ion  of opera tor  con t ro l  of ves se l  pressure 
jlncludes operator recogni t ion  of the absolu te  ves se l  pressure as w e l l  as 
I t s  r a t e  of change and general  upward or downward t r endo  The RWR-MCP 
s imula t ion  is based on the  following assumptfons: 

c los ing  p r e s s  es range between 6X and 11% below the  nominal opening 

1. The opera tor  checks v e s s e l  p ressure  once per  minute, and may 
make up to orae SRV manrpulat im per  ndnute. 

2. The upper and lower bounds €or  des i r ed  vesse l  p ressure  are 9050 
and 9410 p i a ,  respec t fve ly .  Af te r  emergency depres su r i za t ion  
these  bounds would be s h i f t e d  downward t o  300 and 0 psia .  



3. If vessel pressure is outside of the des i r ed  range and is  
60 p s i  f u r t h e r  from the desirea range than me minute ago, one 
SRV ts opened or closed, as appropriate, 

4 ,  If vessel pressure is outside of the desire6 range and has 
eiliher increased or decreased by more than 120 psf over the 

p r i a t e  * 
P ~ W I O U S ;  three ~ I W P , S ,  SRV is  opellea or ci~see? s appro- 

A. 5. Vessel Level. Tradltcation 

There a m  two vessel. water level instruments mentioned in thPs re- 
port: the Emergency S y s t e m  range indicator and the Post-Accident 
Flooding range indicator. Their ranges i n  relation to the reactor ves- 
sel and in te rmals  are a h o m  on Fig .  4.7. Both thewe - b n s t ~ u t ~ l ? l t s  K~CSSUX-~ 

the  collapsed water level in the downcorner annulus of the reactor ves- 
sel.. 

The Emergency Systems indieatiorr couers the range from above li1ortrm.1 
watler level down to about only 1 ft above the t a p  of active fue l .  This 
irndicacdon i s  calibrated El0 read correctly b%en the reactor c!oo~aklt is 
hot ana zt full pxwss~re. ~ a ~ ~ % g r  sgr~tm 05 reference leg compensa- 
t i o n  dnimtzes the error idma the  reactor crp01mt is cooled bo below op- 
erating temperature, The varlable leg Is outafde the T ~ E ~ C C Q K  vesse l  and 
is  clamped physkcally and thermally t o  the reference leg-- Steam froin 
the reactor vessel. condenses i n  t h e  constant head condensing chamber and 
circulates back t o  t he  reactt9r vessel through the variable leg,  trane- 
€erring enough heat to mafntaltn the  reference leg temperature about 50% 
of the way between the 9rpekB air temperature and the reactor esslant 
temperature. 

The Post-Accident Flooding r a ~ g e  Ilndicarar covers the range. from 
100 in. below the  TAF to 200 in. above the TAF, The iizdieatian 1s c m l i -  
brated tcp read correctly when the reactor vessel i s  depressurized and 
reactor coolant is at about 212OP. The viprlable leg is dnsfde the re- 
actor vessel (it is the vessel downcomer. annulus) ,  arid t he  reference leg 
is  not heated. The reference leg will theref~re rerrratn close to the 
temperature of the drywell atmosphere . 

Either o f  the level id4.c~tiOpI s g r s t e m ~  U ~ S T  conS%deration here 
c o n s i s t s  of a AP sensing elemenZ, an e l e c t r c d c  ci.rcuPt to t-rfpnsform 
the AP signal to a level sfanal, and the indIea!3ng neterr  Tke hP 
element measures the d i f f e rence  between the pressure a% the bottom of 
the reference leg and the pressure  at the bottcm of the varfable leg. 
The reference leg i s  (or shoinld be) always water-fPZ'ked*; the 
water  and/or s t e m  depends on the actiral water level inside the vessel 
doWIIcolrteK 

*During r a p i d  reactor vessel depressarrization the heated reference 
leg of the Yaway instrument can. f la sh ,  causing a temporary full-eo-the- 
top level  indication. Tiinis effect i s  not s1mulate.d i n  B-MR-LAGP. 
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The p o t e n t i a l  for e r r o r  addressed here  i s  i n  the  c i r c u i t r y  t h a t  
transforms the  pressure  d i f f e r e n c e  i n t o  a water l e v e l .  This c i r c u i t r y  
i s  designed t o  always g ive  the  same l e v e l  i n d i c a t i o n  f o r  the same mea- 
sured pressure  d i f f e rence .  Suppose t h a t  the  vessel. water leve l  s t a y s  
t h e  same, but that: the  dens i ty  of the water e i t h e r  f n  the  re ference  l e g  
or  i n  the v a r i a b l e  l e g  changes; the measured p res su re  d i f f e r e n c e  would 
change and thus the  ind ica t ed  water l e v e l  would change when, Pn f a c t ,  
t he re  was no change i n  actual. water l e v e l .  

The fol lowing equat ions are used i n  BTJR-LACP t o  compute the  e f f e c t  
on ind ica t ed  l e v e l  of re ference  l e g  o r  v a r i a b l e  l eg  condi t ions  t h a t  d i f -  
f e r  from c a l i b r a t i o n  condi t ion:  

L - (AP -A€'t)(AL$)/(APt - AP:) Lina max 

where, 

= i nd ica t ed  he ight  of water i n  the  downcorner annulus,  Lina 
Lmax = height  of the  upper end of the i n d l c a t i o n  range,  

AP = measured pressure  d i f f e r e n c e ,  
A€': = pressure  d i f f e r e n c e  t h a t  would be measured a t  c a l i b r a t i o n  

condi t ions  I f  the  ves se l  water l e v e l  were a t  the  top end of 
the  i n d i c a t i o n  range, 

ALi = l ength  of the  i n d i c a t i o n  range, and 

Apt = pres su re  d i f f e r e n c e  t h a t  would be masured  at c a l f b r a t i o n  
condi t ions  i f  the r e a c t o r  v e s s e l  were at  the  bottsa end of 
the  i n d i c a t i o n  range. 

The measured AP is a func t ion  of t he  a c t u a l  v e s s e l  water l e v e l  and 
t h e  re ference  l eg  and v a r i a b l e  l eg  water d e n a i t i e s :  

where 

AL = d i s t ance  between the  upper and lower AP t a p s ,  
water dens i ty  of t he  re ference  leg, 

A:: = r e a c t o r  ves se l  downcomer l i q u i d  l e v e l  above the  lower AP t ap ,  
= dens i ty  of v a r i a b l e  leg water ( i , e * ,  r e a c t o r  coolant i n  the  

= dens i ty  of the  r e a c t o r  ves se l  steam 
downcomer annulus 

% 
The BWR-LACP c a l c u l a t i o n  makes the assumption t h a t  p is equal  t o  the  
dens i ty  of s a tu ra t ed  f l u i d  evaluated at  r e a c t o r  ves se l  p ressure ,  The 
steam dens i ty  is set equal  t o  the dens i ty  of dry  s a t u r a t e d  vapor a t  ves- 
sel pressure.  The re ference  leg dens i ty  is eva lua ted  a t  re ference  leg 

5! 
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temperature and vessel pressure:  

Tr .." - 0.4 Tsat -f- 0.6 T&? f o r  the Energensy Systc?m range, 

T v  -- s a t u r a t i o n  temperature a t  Y v 9  and 
qat = drywe l l  atmosphere temperatsrr . 
Tr 
P = r e a c t o r  ves se l  pressure,  

dw 

Tdw for the Post-Accident Monleardng range 

"he remaining terms i n  the expression f o r  Cind are given by the ToZlow- 
fng 

AP* 2 AT, ( p *  - p,") 
t i r  

For  the Emergencry Systems l e v e l  indieatfsn, the reference l eg  cali- 
b ra t ion  dens i ty ,  p;, i s  evaluated st 290OF and p; and pa are evalua ted  
a t  1015 p s i ,  srmturatfon condi t ion .  

For the  Post-Accident Monitoring l e v e l  i n d i c a t i a n ,  the referewee 
leg c a l i b r a t i o n  dens i ty ,  p$2 is evaluated at ?35OF, and p t  and p*  are 
evaluated a t  a 14,7 p s l a  s a t u r a t i o n  condi t ion .  

g 

g 

This aect-ion providcs n eomparissn a€ KEQAB and WR-ZACP r e s u l t s  
for a hypothetical MSIV-closure i n i t f a t e d  4"iadS acc ident  wdth opera tor  
recovery a c t i o n s  to con t ro l  reaet-or vessel pressure  end water l e v e l ,  but 
wlthout SLCS sodium pentaborate  i n j e c t i o n  or  manna1 rod i i lser t lon.  The 
RHLAP5/MODl.B run w3s performed at INE:.. and sent to ORKL by W. C. Jouse 
of  E G G ,  Idaho, he., by letter dated Novembcr 1 4 >  1983 ["'Need to 
rdsntlfy and Assess Computational h r e r t a i n t i e s  Assocl aced w i t h  Plan t  
Trans ten t  S i m l a t i s n s  f o r  Severe Accidmt Sequence Analysis (SASA) Pro- 

In attempting t o  repl icate  the FCELAP results wfth BW-LACP an ef- 
fort was made a t  ORWL ts use the same rules for the s imula t ion  of the 
operator ac t ions  to con t ro l  vessel pressure and water l e v e l  t h a t  were 
used at XNEE f o r  the  RELAW work. I n p u t  f o r  both codes assumes that 
t h e r e  is an antamtic HP(:L suction s h i f t  (on high suppression pool water 
level) and subsequent f a i l u r e  of t he  BPCI I n j e c t i o n  when suppress ion  
pool temperature reaches 180°F (slightly lower than t h e  198°F f a i lu re  
criterion used in the body of the r e p o r t ) .  No a t tempt  was  made to see 

are the  same. For example, the BWR-LAW code may have slfghtly 
aifferewt soppier 01- void r e a c t i v l t p  C O ~ F F P C I ~ ~ ~ ~ .  

gram - (kX5-3-83)"]. 

t h a t  eode inpu t s  not Kc?lated to opesator or  aaiomaLf12 contr"ol aCtfQnS 



The BWR-UCP s imula t ion  of opera tor  c o n t r o l  of fhe  SRVs (as modi- 
f i e d  f o r  t h i s  comparison) bs based on the following rules:: 

1. The des i r ed  vessel. pres su re  (setpoint) f o r  operator c m t ~ 0 1  %s 
the lower of 950 p s i a  o r  the  E X  l i m i t  on vessel pressure basrd  on t h e  
suppress ion  pool heat capac i ty  temperature I f m f t * *  

2. The ope ra to r  checks ves se l  pressure contfnuous%y* 
3.  If pres su re  I s  above the s e t p o i n t ,  one SRV 9s opened* 
4 .  P f  pres su re  f s  more than 50 p s i  below the  s e t p s f n t ,  one SKV i s  

5. No more than one SRV opentng or closfng is allowe 

The BWR-KACP s imula t ion  of opera tor  c o n t r o l  of vessel water l e v e l  
us ing  the  HPCI system (as modified f o r  t h i s  c ~ ~ p ~ r ~ s ~ ~ ~ ~  is based on t h e  
following rules: 

1. The des i r ed  s e t p o f n t  f o r  ope ra to r  con t ro l  1s a l e v e l  e 
t o  t h e  top of t h e  a c t i v e  fue l .  

2 ,  The amount uf flaw demanded by the opera to r  is equal to the 
d i f f e r e n c e  between the  a c t u a l  l e v e l  and the se tpodnt ,  multdplied by a 
gain of 500 @m/f t . 

3 ,  mere is a 20 6 lag ( t i m e  cons t an t )  between the formatton of: 
t he  flow demanded by the opera tor  and the  realfzat ioa af th9s flw v f a  
t h e  HPCI system ( i . e .  t o  s imula te  de lay  i n  the opera to r  response). 

closed e 

20 period. 

4 .  Demanded flow may not go belaw 1200 gpm. 
5, The opera to r s  prevent the  automatic inltiatisn o f  ftnjection by 

LPCI and Core Spray systems. 
The REUP and BWR-LACP r e s u l t s  f o r  t h i s  t ransdent  are p l a t t e d  on 

Figs. A.14.5, and the  sequence of events  is summarized on Table A , S .  
The major events  p red ic t ed  by each code are e s s e n t i a l l y  he same, but 
BWR-LACP p r e d i c t s  t h a t  t he  events  happen miek SQOneFa e reason f o r  
t h i s  quicker  response is t h a t  AWR-LAW p r e d l c t s  a h igher  I X Z I C ~ Q K  power 
throughout t he  t r a n s i e n t .  Since r e a c t o r  power 1s h ighe r ,  kbe pressure 
suppress ion  pool (PSP) hea t s  f a s t e r  and consequently &he vessel pressure  
s e t p o i n t  i s  reduced f a s t e r  by the  PSP heat  temperature B i m Z t .  
The e f f e c t  is ampl i f ied  because the  f a s t e r  urlzatkon heats  t h e  
pool f a s t e r ,  thereby  reducing the  ves se l  p se tpo fn t  even mre 

The l eng th  of t h e  t i m e  scale f a r  the p l o t s  of CP r e s u l t s  
has been s t r e t c h e d  r e l a t i v e  t o  the length of the scale, on 

r a p i d l y  e 

the b a s i s  of t he  t i m e  requi red  f o r  t he  v e s s e l  pressure s e t p o i n t  tc, reach 
255 ps i a .  This w a s  done t o  emphasize the  bas i c  s i m i l a r i t y  of the trends 
f n  system v a r i a b l e s ,  The BWR-LACP code w a s  not changed t o  decrease the 
p red ic t ed  r e a c t o r  power c l o s e r  t o  the R P-predbcted reactor power 
This  would have extended the  t i m e  r e q u i r  o r  the sequence to u n f o l d ,  
b r ing ing  t h e  BWR-LACP event timing i n t o  c l o s e r  agreement wPth the  RELAP 

*The r e a c t o r  v e s s e l  p re s su re  vsr  pressure suppress ion  -pa01 temper- 
a t u r e  curve used here  can be found i n  Sec t ion  SP/T of Rev, 3 to the  GE 
BWR Owners Group EPGs. This curve i s  d i f f e r e n t  from the curve TVA is 
in tending  t o  use f o r  the Browns F e r v  spec i fde  version of t h e  EPGs 
(Fig. 4.10, this repost). 
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timing. There does not seem t o  be a compelling j u s t i f i c a t i o n  for  suc5 a 
mow because, a t  p re sen t ,  the  d i f f e r e n c e s  between REL@ and BWR-LACP 
r e a c t o r  pcr~nr  pred ic t ions  are not greater than ttpc m c e r t a l n t y  inherent  
in e i t h e r  i i x e t h d .  LNhE has estimated that the maximum u n c e r t a i n t y  on 
the  RZLAB pn- .d i c t ion  of core power level under LYFtlS condi t ions  with 
water level a t  o r  near the  top of the accive f u e l  i s  lOOX"." and t h e  
General E lec t r ic  Compmy has s p e c i f i e d  2 mximum uncertainty band of 

A t  a recent SASA Qp.ugram i n t e r l a b  infQrmation exchange rk?c?tPng , 
pre: i m l n w q  r e s u l t s  w e ~ e  presented t h a t  i n d i c a t e  t h a t  t h e  RAMONA code, 
being run a t  3h1, predicLs hfgher  power l eve l s  t h a n  either BWl-kACP or 
RRLAP [presentatlorn by P. Saha and G. S lov ik ,  Department of Nuclear 
P a ~ r g y ,  Brookhaven National Laboratory,  Upton, MET.  York (Apri l  11, 
l?S4)] .  Since RAMONA. employs a more s o p h f s t i c a t e d  c a l c u l a t i o n  of t h e  
core neiatronics, i t  sccms inappropr ia te  a t  the  p r e s e n t  time t o  
mznipalate RW-LACP code input  t o  reduce the predtc ted  core power levels  
i n  m a t t e n p t  to Force agremen t  w i t h  the WLAP r e s u l t s .  

i502.5.7 

A, 7 Condensation of SRV T-~iencPner Discharge ....-_......... ~ .... .- 

where 

Wmff --- ril'lnirrrum induced f l s w  of subcouled water necessary €or 100% 

LJ Slow of SWV stram b~tnng discharged by the T-quenc'ner 
condensat ion 

= ent:ialpy of the s t e m  being discharged 

= e n t h a l p y  of the subcooled water surrounding the T-quencher. 
hf = ent lnalpy of satnrated f l u i d  evaluated at wetwell presslare 

h l o e a l  

Prom th i s  equat ion we see t h a t  complete condensation would nut be 
p o s s t b l e  i f  the PSP W ~ K E ?  s a t u r a t e d  because t h e  induced f l o w  of water 
feeding the qiicnchlng process would have t o  be fmf tn i te .  Without 
appl icable  experimental  data, i t  i s  very d i f f i c u l t  t o  p r e d i c t  e x a c t l y  
how m w h  subcaoldng is required f o r  complete condensation. D. C. Cook 
concluded from a s u r v e y  of a v a l l a b l e  expes lwenta l  data t ha t  a minimum of 
about 10°F of subcooling Ps r e q u i r e d  f o r  c m p l e t e  condensatlon [D. H. 
Cook, doctora l  d i s s e r t a t i o n ,  " P r e s ~ u r e  Suppression Pool Thermal Mixing, '' 
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NUREG/CR-3471, ORNL/TM-8906 ( t o  be publ i shed)] ,  Based on Cook's con- 
c l u s i o n s ,  the  fol lowing condensation r e l a t i o n s h i p  w a s  b u i l t  dnto BWR- 
LACP 

1 ,  Condensation = 
2. Condensation = 

3. Condensation = 

where, 

100% .... If Tsubeoolin > 10°F 
OX * ' * *If TBubcooling O O F  

TsubcaoPi ng / 10 Tsubc.ooling < 10°F 

Tsat = s a t u r a t e d  f l u i d  temperature eva lua ted  a t  t he  t o t a l  
p re s su re  i n  t h e  v i c i n i t y  of the T-quencher. 

Tlocal = temperature of the water surrounding the  T-quencher . 
It fs important t o  note  t h a t  the suppression pool does not cease 

a l l  condensation when the  pool. temperature reaches the  point of less 
than 10°F subcooling. When steam bubbles,  uncondensed, through t o  t h e  
s u r f a c e  of the  PSP the re  is an fncrease  i n  the pressure  of t he  w e t w e l l  
atmosphere over t h e  pool,  This  a d d i t i o n a l  pressure  inc reases  the  
subcool ing of t h e  PSP water and al lows the  condensation process t o  
cont inue.  As the SRV discharge cont inues ,  most of the thermal. energy of 
t h e  d ischarge  is absorbed by condensation i n  the  pool. Only a por t ion  
of t h e  SRV dfscharge escapes condensation a s  necessary t o  maintain a 
subcool ing somewhere between 0 and 10'F. 

A. 8 Pressure  Suppression Pool Temperature D f s t r i b u t i o n  

The primary assumption of the  BWR-LAGP model of the  suppresslon 
pool is t h a t  the temperature of water throughout the suyp~ession pool I s  
uniform. During an acc ident  involving extended SRV discharge ,  t h i s  
assumption leads  t o  the  r e s u l t  t h a t  t he  very l a r g e  water mass of t he  
whole pool is a v a i l a b l e  as a heat  s ink  f o r  t he  thermal energy discharged 
by t h e  SRVs.  

It is l o g i c a l  t o  ques t ion  how t h e r e  could be s u f f i c i e n t  c t r c u l a t i o n  
around t h e  approximately 350 f t  (107 m> circumference of the  pool t o  
j u s t i f y  the  assumption of a well-mixed pool. Without such c i r c u l a t i o n ,  
only water i n  the v i c i n i t y  of a d ischarg ing  T-quencher could act as a 
hea t  sink; incomplete condensatfan o f  SRV dfscharge would b e g h  much 
sooner ,  and primary containment pressure  would bui ld  up f a s t e r .  D. H. 
Cook has s tudied  t h i s  ques t ion  ex tens ive ly  and has developed a two di-  
mensional multi-node computer model. t h a t  c a l c u l a t e s  the  t r a n s i e n t  var fa -  
t i o n  of pool temperature wi th  depth (distance from the  bottom of the 
pool) and wi th  angular  displacement around the t o rus  [P. H. Cook, doc- 
t o r a l  d i s s e r t a t i o n ,  "'Pressure Suppression Pool Thermal Mixing? '' 
NUREG/CR-3471, ORNL/TM-8906 ( t o  be publ i shed)]  e The code al lows a wide 
v a r i e t y  of combinations of d i seharg tng  T-quenehers, and allows an a rb i -  
t r a r y  mass d ischarge  vs. time f o r  each T-quencher. 

Cook's code has been run i n  conjunction wi th  the  BWR-LACP eode ( i n  
replacement of t he  BWR-MCP uniform pool temperature model) f o r  s e l e c t e d  
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TahPe A.1 lVetitran kinetics dataa 

Delayed Decay 

Group (8- 1 
We u t TOKI Frae t i on Cons cant 

aFram “RAMONA Analysis of the  
Peach Bottom-2 Turbine Trip “Pratisb- 
ents ,*‘  by Scandpower, Tnc., EPRI 
Report No.  NP-1869, June 1981 

Table A.2 Pngsulneda full 
power steady state axial 

power distributlon 

Distance 
Relative f rorn bot tom 

F u e l  
of Active power 

(ft) 

0 0.61 

1 1,04 

2 1.16 
3 .1 e 1 

4 1.16 

5 1.11 

& 1.09 

7 1.07 

8 1.05 
9 1.03 

10 8.92 

11 0.72 

12 0.33 

aApplicable to end- 
of-cycle, equilibrium 
xenon full power opsra- 
t ion (. 
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1_1 

Vessel Injected 

(psis) (Ill/§ 
Pressure PI.c>W 

418 

404 

365 

303 

217 

106 

42 

0 

0 

743 

1486 

2229 

29 73 

3716 

4087 

4292 

Table A . 4  Setpoints f u r  automatic SRV ac tua t ion  

Nominal Actual NornonaP Actual 
Opening Opening Clasing Closl ng 
Pressure P r e s s u r e  Pressure Pressure 

(lisia> ( p i a >  (ps.ia> (psis) 

Valve Bank 

1 
2 
3 
4 
5 
6 
3 
8 
9 

10 
11 
12 
13 

1 
1 
1 
2 1 

2 
2 
2 
3 
3 
3 
3 
3 

1120 
1120 
1120 
1120 
1130 
1130 
1130 
11.30 
1140 
1140 
1140 
1140 
1140 

1115 
1118 
1120 
112s 
1126 
1130 
1132 
113.5 
1138 
1140 
1141 
1145 
11/47 

1064 
1064 
1064 
1064 
1073 
1073 
1073 
1073 
1883 
1083 
1083 
1083 
1083 

1052 
1030 
1042 
1014 
1023 
1062 
1042 
105 1 
1072 
1032 
1060 
1053 
1015 



Table A.5 Sequence of events fo r  RELAP/ 
comparison trans tent  

0 

3 * 7 5  
3.68 

14 

NA 

68 

50- 150 

150 

175 

325 

357 

992 

1850 

2000 

2400 

2480 

2 500 

2900 

NA 

NA 

NA 

NA 

50 

60 

50- I50 

150 

190 

2 30 

280 

992 

1280 

1330 

1420 

I680 

1740 

1570 

of MSIV. closure. RE 

Peak reactor 

~ e c f r c ~ ~ ~ t ~ o n  p ~ p s  tripped reactor 
decreasing rapidly 

open (automat Pc actuation 1 
Peak vessel pressure of 1312 psda, a l l  13 SRVs 

BWR-LACP calculation h g f n s  

MPCX:,RCPC Systems on at f u l l  flow (56 
total. f n j e e t i o n )  

REW power averages 22,.53, BWl-MCP power 
averages 3OX e 

Operators begin vessel l e v e l ,  pressure control, 
RCIC tripped @I Elow reduced to 12 

Last automatic SRV actuatfon untPP power/ 
pressure spdke at end of ~ ~ ~ ~ ~ ~ ~ ~ r i ~ ~ t ~ ~ ~  

PSP heat capacity temperature curve begins to 
reduce vessel  pressure ~ e t p d n t  

Vessel water 1 eaches: T 
level = ?%, CP power 

PSP heat capacity temperature 
pressure reashes 255 Pa, stops decreasing 
(@ PSP temp = 160°F) 

control vessel pressure at 255 p i c a  

to 68%) accompanPed 
the reactor vessel and automatic SRV 
actuations 

exceeds 180'~ (total injection f low reduced 
to the - 200 gpm from the CRD hydraulic 
system) 

Operator begins closing SRVs to attempt eo 

Reactor power spike 

t€?r PsP t@lBp@Ka&Ur@ 

Vessel water level  below the TAF and decreasing 
Vessel pressure belaw 250 psia and decreasing 



1 7 8  

TIME (SI 

Q 3000 

F3g.  A . 1 .  RELAP 5/MOD 1.6 vs BMM-LACP comparison for hypo the t i ca l  
AlWS reeovery - reactor powcl'r, 
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20 

zoo0 3000 5 1 oac 

Fig. A . 2 .  
ATWS recovery - reactor vessel water l e v e l .  

XELMJ 5/MOD 1.6 vs WR-LACP comparison for hypothetical 



a 

BWR-LACP 

180 

O R N L D W G  84--4568 ETD 

Pig. A . 3 .  RELAP 5/MOD 1.6 vs BWR-LACP comparison for hypothetl.csnP 
A'1FJS I T C Q V ~ ~ ~  - i n j ec t ed  flow. 
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APPENDIX B: ATWS ~ ~ ~ ~ L A T I O N S  FOR THE STEADY STATE 

B . 1  In t roduct ion  

S acc ident  sequence would be i n i t i a t e d  by an a n t i c i p a t e d  
manding r e a c t o r  scram for which the negat ive  r e a c t i v i t y  in- 

s e r t i o n  char wo be provided by inward cont ro l  rod movement does not 
QCCUh. If tke Vs are s h u t ,  a l l  steam e x i t i n g  the  r e a c t o r  ves se l  is  
discharged i n t o  the  pressure  suppression pool, and the  pool temperature 
inc reases  r ap id ly .  To avoid primary containment: f a i l u r e  and t he  conse- 
quences, t he  opera tors  must act t o  manually introduce enough negat ive  
r e a c t i v i t y  t o  temporar i ly  reduce r e a c t o r  power u n t i l  enough l i q u i d  
neutron poison has been i n j e c t e d  to provide permanent r eac to r  shutdown. 

The purpose of t h i s  appendix is t o  dfscuss  the c a l c u l a t i o n a l  
s o p h i s t i c a t i o n  requi red  to determine r eac to r  p o w e r  under the condi t ions  
of an MSIV-closure i n i t i a t e d  A B S .  The opera tors  can manually reduce 
t h e  reactor power by tak ing  con t ro l  of the  high-pressure i n j e c t i o n  sys- 
t e m s  and decreas ing  the  i n j e c t t o n  rate. It is shown i n  Sect.  S.2 t h a t  

f t he  i n j e c t i o n  rate t o  the  r e a c t o r  ves se l  is s p e c i f l e d ,  then the  
s teady  state power can Be determined by a simple hand ca l cu la t ion ,  On 
t h e  o the r  hand, i f  opera tor  con t ro l  o f  t he  reactor vesse l  water l e v e l  is  
s p e c i f i e d ,  then the c a l c u l a t i o n  of s teady  state power is much mre corn- 
p l i c a t e d ,  as explained i n  Sect ,  B.3. The conclusions of this appendix 
are summarized i n  Sect. B.4. 

B.2 The Case wi th  Specif ied I n j e c t i o n  Rate 

Unless the  opera tors  take a c t i o n  t o  depressur ize  the  r eac to r  ves- 
sel, makeup flow under the condi t ions  of 830. MSIV-closure i n i t i a t e d  ATWS 
could only be provided by t he  @@I, RCXC, and 0 'hydraulic systems. 
The H'PC1: and RCIC systems i n j e c t  i n t o  the r e a c t o r  vessel through the  
feedwater Sines  whereas the  r e l a t i v e l y  small CRD hydraul ic  system flow 
e n t e r s  the r e a c t o r  v e s s e l  through the con t ro l  rod guide tubes,  

A t  Seast  one SRV would remain continuously open as long as the 
steam release from the  reactor vesse l  cons t i t u t ed  more than 6.5% of the 
steam flow at  normal full-power operat ion.  The d e f i n i t i o n  of terms for 
t he  power c a l c u l a t i o n s  is shown i n  Fig. B . 1 ,  where: 

a 
Q i n j e c t i o n  onass flow, lb/h 
5 s p e c i f i c  enthalpy of i n j e c t i o n  flow, Btullb 

Q = C O K ~  thermal power, Btu/h 
Gs 1: steam flow through SRVs, l b / h  
h, = s p e c i f i c  enthalpy of steam, Btu/ lb  
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PI i s  equal t o  Mlq9 and 
8 

A simple but accurate "rule of thumb" for the Browns Perry Unit 1 
reactor can be developed by assumfng that the  reactor vessel pressure i s  
at: the setpoint of the lowest-get bank of SRVs (ll2Q ps ia )  and that the 
injection temperature (from the corndensate storage tank) is 90°F. Then 

EquatPon (H-3)  can be cast into a re useful f o m  by use 0% the 
f 0llcPwing re'iations : 

100% power = 3293 Midt (B. 63 

1 GPM = 499.3 lb/h (at 90°F) (8.7) 

P = 5.07. x 10-3 Pw x w 

where 

(B. 8 )  

PR = r e a c t o r  thermal power as percent: of Eull power operat ion,  
Fw = injection rate, GPM. 

As an example of the  use O€ Eqn, (8.81, the combined i n j ec t ion  rate 
of the  HPCI and RCIC system af ter  automatic initfation Pe 5500 GPM. An 
addi . t i sna1  i n j e c t i o n  of a h ~ u t  100 GFPM would be provided by the  CXD hy- 

would be 28.6%. 
d r a d i e  system. From Eqn. (B.81, the s t e a d y  s t a t e  reactor thermal p 
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Although the  r eac to r  thermal power is 28.6% wi th  the  water makeup 
provided by automatic ac tua t ion  of the  high pressure  i n j e c t i o n  systems, 
t h e  percentage of f u l l  power steam flow de l ivered  t o  the  pressure  
suppression pool wouPd be somewhat less. To v e r i f y  t h i s ,  a s i m p l e  
expression for  the  steam flow from the  r eac to r  ves se l  as a percent  of 
normal f u l l  power can easi ly  be developed, 

A t  s teady  state,  the  m a p  flow from the  r eac to r  ves se l  is equal t o  
the  mass i n j e c t i o n  rate Ir, . Steam flow at 100% power i s  
13.381 x IO6 lb /h .  If we assume t h a t  the  enthalpy of the  steam leaving  
the  r eac to r  ves se l  under ATWS condi t ions  is the  same as the  enthalpy of 
t he  exit ing steam during full-power opera t ion ,  then the  A W S  power ex- 
pressed as a percentage of f u l l  power is 

P = 100 x x ( B . 9 )  
13.381 x lo6 P 

Equation (B.9) can be converted i n t o  a mre use fu l  form by use of 
Eqn (B.7). Then 

P = 3.73 x 10-3 IFw % 
P 

(B * 10) 

where 

Pp = power de l ivered  t o  the  pressure suppression pool as a percent  
of t he  power e x i t i n g  the  r eac to r  ves se l  during f u l l  power 
operat ion.  

FFF = I n j e c t i o n  rate, GPM. 

Continuing the  previous example, Eqn. (B.10) p r e d i c t s  that wi th  a 
combined HPCI,  RCIC, and CRD hydraul ic  system i n j e c t i o n  of 5700 GPM, the 
power de l ivered  t o  the  pressure  suppression pool is 21.3% of the  power  
e x i t i n g  the  r eac to r  ves se l  under normal full-power opera t ing  condi- 
t i o n s .  Actua l ly ,  t he  percentage would be s l i g h t l y  less because the  
steam enthalpy at 1120 p s i a  [Eqn. (B.2)I is s l i g h t l y  less than the en- 
t ha lpy  a t  f u l l  power which is 1191.6 Btu/ lb  a t  1020 ps ia .  

Comparison of Eqn. (B.10) with Eqn. (S.8) revea ls  t h a t  the percent  
of f u l l  power de l ive red  to  the  pressure  suppression pool under MSIV- 
c losure  i n i t i a t e d  ATWS condi t ions  is about three-fourths  of the percent  
of r eac to r  thermal power. This  w i l l  always be t r u e  because of t he  ad- 
d i t i o n a l  s e n s i b l e  heat  required t o  inc rease  the  temperature of the in-  
coming makeup water to  s a t u r a t i o n .  Under normal opera t ing  condi t ions ,  
feedwater e n t e r s  the r e a c t o r  ves se l  at a temperature of 377OP whereas 
under MSIV-closure i n i t i a t e d  A'IWS condi t ions ,  t he  makeup water e n t e r s  
the r e a c t o r  v e s s e l  a t  a temperature of about go0??. 

*The r a t e d  thermal power of 3293 MW(t) is based on t h i s .  
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B . 3  The Case w i t h  Known Reactor Vessel Water Level 
l.lllllllllll .......... ~ 

The EGdKR Ckme1-8' Group Emergerrcy Procedure Cutdelines ( E P G s )  do irot 
d i r e c t  t h e  open-acor t o  maintah a spezPfPed rate of r e a c t o r  v e s s e l  i n -  
j e c t i o n  under ATWS condi t ions  but rather wt4i-iix-e t h e  sper,aCor t o  mxln- 
t a i n  an ind ica t ed  r e a c t o r  v e s s e l  water level ( a t  the l e v e l  of the top of 
the active fuel i n  the  rose) .  Thus t?:e a n a l y t i c a l  problem is g r e a t l y  
expanded from the sitraple e~ercise described in Sect. B.2 to a complex 
cha l lenge  i n  which the i n j e c t i o n  rate necessary to maintain the s p e d -  
f i e d  waxer l e v e l  i n  %he reactor vessel must be ca lcu la t ed .  This  can 
only be done by f i r s t  c a l c u l a t i n g  the  r e a c t o r  "LFermal  power from 
d e t a i l e d  cons idera t fons  of the  condi t ions  v i t h i n  the reactor vessel. 
Once the percent (P,) of  f u l l  power Is kiimm, Eqm, (3.8) e m  be recast 
in the  f o m  

(B.11) 

B . 4  Conclusions 

1. Given am S sPfua t ion  i n  which the reactor core i s  capable of 
u n r e s t r i c t e d  power opera t ion ,  t he  steady s t a t e  ~ O W ~ Z -  depends only on the  
i n j e c t i o n  rate [Eqax. ( B . 8 ) ] .  

2. Under ATWS conditions, the  core t l n s r m a l  power expressed as a 
percent of the  normal f u l l  power [Eqn. ( B . 8 ) :  w i l l  always be greater 
than the? power e x i t i n g  the reactor uessel expressed as a perce~h;  of the 
power exiting the r e a c t o r  v e s s e l  during normal f u l l  power ope ra t ion  
[Eqiae Belo>]. T h i s  is beeauec of the  rcquj.reme.nt for a d d i t i o n a l  power 
expendi ture  withln t he  r e a c t o r  vessel 80 heat the  makexp flow taken from 
the condensate storage tank. 

3 .  Sfnce it is  known. t h a t ,  wtth all Pour WMR system heat ex- 
changers i n  ~ g e r a t i o n ,  about four  percent power e m  Se removed from the 
p res su re  suppression pool while keeping the pool temperature at about 
200"F, i t  is  reasonable t o  ask why the i n s t r u c t i o n s  to the opera tor  do 
not merely r e q u i r e  h P m  or her t o  maintailn i o j e c t i o n  ac a rate of about 
1100 GPM, which, from Eqn. ( B e l o > ,  would result i n  the t n j e e t l o n  of 

4. The answer is that  the r e su l t an t  reactor vessel water level is 
not  k n ~ ~  i f  the operator Pa simply instructed t o  m a i n t a l n  a certsPn 
i n j e c t i o n  rate. For example, an injeetlcan rate of 1100 GI% might we12 
result i n  an Am% s i t u a t i o n  i n  ahtch a substantial por t ion  of the upper 
core is  uncovered while signi€€cant power genera t ion  continues i n  the  
lover  core. 

5 .  The W R  Owners' Group EPGs simply d i r e c t  the ope ra to r s  t o  
maintatn t h e  ind ica t ed  reactor v e s s e l  water level  at the top of the 
active fue l ,  This ,  of course, i s  t o  ensure that core uncovery aocs not 
QCCW whble s t i l l  mralntaining the reactor vessel i n j e c t i o n  rate as low 
as poss ib le ,  

about four percent power into the pool. 



6 .  The seemingly simple shift QE the operator control parameter 
from the i n j e c t i o n  sate to the i nd ica t ed  r eac to r  vessel water level 
greatly complicates the c a l c u l a t i o n  of the steady s t a t e  ~ Q W P ~ ,  T h i s  1s 
because the  a c t u a l  water level would differ frw the 3.r~IacEicate 
because t he  core  thermal power must now be ca lcu la t ed  from deea i led  con- 
s i d e r a t i o n  of the. conditions within the reaceor vessel. 
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Ffg. Bel. Identifieatton of t e r m  used in the  calculation of 
steady state power. 
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PRELIMINARY HUMAN FACTORS REVIEW FOR 
SEVERE ACCIDENT SEQUENCE ANALYSIS 

ABSTRACT 

Human f a c t o r s  cons ide ra t lons  a s soc ia t ed  with ope ra to r  per- 
formance a r e  assessed  f o r  t h e  Ant ic ipa ted  Trans ien t  Without 
Scram (ATWS) a t  Browns Ferry Nuclear Power P l a n t  Unit  1 
(BF1). Although human f a c t o r s  problem i d e n t i f i c a t i o n  is  
moderated by t h e  cu r ren t  t r a n s i t i o n  t o  symptom-based EPGs,  
i s s u e s  addressed inc lude  human engineer ing  d e f i c i e n c i e s  i n  
c o n t r o l  room des ign ,  and human r e l i a b i l i t y  of cr i t ica l  ope ra to r  
a c t i o n s .  Analyses are somewhat cursory  due to mul t ip l e  
o b j e c t i v e s  of t he  s tudy ,  but they do demonstrate t he  u t i l i t y  of . 
human f a c t o r s  research  methods* C r i t i c a l  ope ra to r  a c t i o n s  
3 d e n t i f i e d  %n the  EPGs as r e l a t e d  t o  ATWS are q u a l i t a t i v e l y  
assessed  i n  terms of expected performance and c o n s t r a i n t s  t o  
success.  A d e t a i l e d  t a sk  a n a l y s i s  was  completed f o r  s e v e r a l  of 
t hese  a c t l o n s ,  and a q u a n t i t a t i v e  human s e l . i a b l l i t y  analysis 
was performed. Ruman f a c t o r s  research needs f o r  ATWS are 
I d e n t i f i e d  and r e f l e c t  broader recommendations suppor t ing  
f u r t h e r  involvement with SASA s tud ie s .  

The purpose of t h e  human f a c t o r s  review f o r  t he  Severe Accident Se- 
quence Analysis (SASA) program i s  ta suppor t  SASA a n a l y s t s  by systemati-  
c a l l y  i d e n t i f y i n g  and a s ses s ing  s a l i e n c  human f a c t o r s  i s sues  i n  the  BWR 
Ant ic ipa ted  Trans ien t  Without Scram (ATWS). Through a p l a n t - s p e c t f i c  
a n a l y s i s  of t he  Browns Per ry  Unit I. ( ~ 1 )  ATWS,~ this s tudy  se rves  as a 
demonstration of con t r ibu t ions  from human f a c t o r s  research. t o  SASA ef- 
forts. Human f a c t o r s  i s s u e s  addressed In this review inc lude  ope ra to r  
r e l i a b i l i t y  i n  performing safe ty- re laced  a c t i o n s ,  human engineer ing  
a n a l y s i s  of c o n t r o l  room des ign ,  and types  of procedures. Operator 
t r a i n i n g  f o r  s eve re  acc iden t s  and computer-based ope ra to r  aids were a lso  
recognized as p o t e n t i a l l y  important f a c t o r s  shaping opera to r  per- 
f ormanee. 

Preliminary assessments of human f a c t o r s  i s s u e s  a r e  reported i n  
t h i s  appendix t o  support  the  SASA eval.uatfon of t he  BWR ATWS. The 3n- 
a lys i s  inc ludes  a d e s c r i p t i o n  of c r i t i ca l  ope ra to r  a c t i o n s  a f f e c t i n g  the  
ATWS sequence and how these  a c t i o n s  may be modified by human f a c t o r s  
problems ., I d e n t i E i c a t i o n  of i s s u e s  i n  ope ra to r  performance, and devel- 
opment o€ a system/task da ta  base using the  BF1 c o n t r o l  room simulator, 
were conducted by an i n t e g r a t e d  team from the ORNL SASA p r o j e c t  and the 
ORNL R e l i a b f l i t y  and Humn Fac tors  Group, More comprehensive doeumenta- 
t i o n  of human f a c t o r s  ana lyses  w i l l  be repor ted  i n  a sepa ra t e  t echn ica l  
document upon completion of the  review. 
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s e l e c t i o n  of human f a c t o r s  i s s u e s  s tud ied  W ~ S  streamlined t o  
accorramodate o b j e c t i v e s  and c o n s t r a i n t s  of the. program. Mul t ip le  objec- 
t i v e s  required: f i r s t ,  review of opera tor  a c t i o n s  from i n l t i a t i o n  of 
t he  t r a n s i e n t  up t o  eore damage (front end), and, second, assessment of 
a c t i o n s  during acc ident  management involving m i t i g a t i o n  of core damage 
(back end). The back end of t he  acc ident  is to r ece ive  major emphasis 
i n  the human f a c t o r s  study. This appendlx d i scusses  the approach, an- 
a l y s e s ,  f i nd ings  and recomendaflons f o r  the  human factors  review of the, 
f r o n t  end phase. Severa l  c ross - re ferences  are Included to s e c t i o n s  of 
the  ORNE ATWS r e p o r t ,  Analysis of  the f r o n t  end required extensive co- 
o r d i n a t i o n  of t i m e  and l e v e l  of e f f o r t  wit11 SASA analysts.  Considering 
t h a t  emergency procedures f a r  ISFP were being changed t o  symptom-based 
procedures and t h a t  t hese  procedures a ~ e  s t i l l  being reviewed fo r  pos- 
s i b l e  modi f ica t ion ,  t he  f r o n t  end a n a l y s i s  was cons t ra ined  t o  prelim- 
inary eva lua t ions  using best a v a i l a b l e  information. 

2 
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2. HUMAN FACTORS ISSUES I N  OPEMTOR PERFORNANCE 

Human f a c t o r s  research  i n  nuc lear  power p l an t  opera t ions  addresses  
an a r r a y  of i s s u e s  r e l a t e d  t o  opera tor  performance. During f ami l i a r i za -  
t i o n  w i t h  BF1 ATWS sequences jux tapos ing  automatic system responses wi th  
ope ra to r  a c t i o n s ,  two human f a c t o r s  i s s u e s  were i d e n t i f i e d  and are 
d iscussed  i n  t h i s  s ec t ion .  These i s s u e s  inc lude  emergency procedures 
and a human engineer ing a n a l y s i s  of con t ro l  room design.  

2.1 BF1 Emergency Procedures 

A t  t he  t i m e  of t h i s  s tudy+  the  emergency procedures used a t  BFL 
were undergoing a t r a n s i t i o n  from event-based Emergency Operating In-  
s t r u c t i o n s  (EOIs)  t o  symptom-based Emergency Procedure Guidel ines  (EPGs) 
developed by the  BWR Owners Group. Event-based procedures r equ i r e  
ope ra to r s  t o  f i r s t  diagnose the  type of t r a n s i e n t  before  tak ing  correc- 
t i v e  ac t ions .  With symptom-based EPGs d iagnos t i c  e f f o r t s  are minimized 
such t h a t  ope ra to r s  s e l e c t i v e l y  d e t e c t  and a t t end  t o  c r i t i ca l  s a f e t y  
func t ions  t h a t  are of f-normal. The Tennessee Valley Authori ty  (TVA> is 
c u r r e n t l y  a s ses s ing  the  compa t ib i l i t y  of t he  t echn ica l  conten ts  of t he  
EPGs wi th  BP1 system design and s a f e t y  ana lys i s .  

The development of symptom-based procedures was  an attempt t o  re- 
duce the  cogn i t ive  workload of con t ro l  room opera tors  i n  diagnosing t h e  
type  of t r a n s i e n t .  Through use of t h e  EPGs during a t r a n s i e n t  i t  is in- 
tended t h a t  ope ra to r s  v e r i f y  t h e  adequacy of cr i t ical  s a f e t y  func- 
t i o n s .  One advantage of event-based procedures ,  however, i s  t h a t  
ope ra to r s  may immediately relate causes and consequences of off-normal 
condi t ions  and subsequent ly  d i r e c t l y  act t o  mi t iga t e  acc ident  
progression.  

SASA a n a l y s t s  have made the  recommendation i n  Sect.  5.1 of the  O W L  
ATWS r epor t  that the  emergency procedures for ATWS be separa ted  from the 
EPGs. The human f a c t o r s  a n a l y s i s  a s s i s t e d  i n  def in ing  some of t he  prob- 
lems ope ra to r s  may experience wi th  the cu r ren t  s t r u c t u r e  of t he  EPGs. 
One of these  problems is  t h a t  c e r t a i n  opera tor  ac t ions  c a l l e d  f o r  i n  re- 
sponse t o  ATWS are s u b s t a n t i a l l y  d i f f e r e n t  from ac t ions  appropr i a t e  t o  
o t h e r  acc idents .  Some of t hese  ac t ions  are also cont rary  t o  ope ra t iona l  
p r a c t i c e s  on which ope ra to r s  are t r a i n e d .  One example r e l a t e d  t o  ATWS 
is  the  i n s t r u c t i o n  i n  the  EPGs t o  lower and maintain v e s s e l  l e v e l  a t  the  
top  of t h e  f u e l  i n  order  t o  reduce power. Under o the r  acc ident  condi- 
t i o n s ,  low v e s s e l  l e v e l  would be an off-normal condi t ion  and the  EPGs 
would i n s t r u c t  ope ra to r s  t o  r e s t o r e  v e s s e l  l e v e l  t o  wi th in  more aceept- 
a b l e  bounds. 

From a human f a c t o r s  s tandpoin t ,  t h e  s t r u c t u r e  of the  EPGs presen t s  
some d i f f i c u l t i e s  f o r  ope ra to r s  i n  r e l a t i o n  t o  ATWS, However, t he  solu- 
t i o n  proposed by SASA a n a l y s t s  t o  sepa ra t e  those i n s t r u c t i o n s  re levant  
s o l e l y  t o  ATWS may or may not be e n t i r e l y  s a t i s f a c t o r y .  Operator per- 
formance dur ing  a t r a n s i e n t  would be based on seve ra l  f a c t o r s  inc luding  
t r a i n i n g  and operacor a i d s ,  such as the  Safe ty  Parameter Display System 
(SPDS) ,  i n  a d d i t i o n  t o  procedures. These f a c t o r s  and o t h e r s  should be 

3 
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consldered across  a range of acc idents  t o  opt imal ly  guide opera tor  ~ e -  
spornse I W F ~ T Y  targeting the restru~turi~g of proeeaures to address 
problems r e l a t e d  t o  one spec1 f i e  acc ident  sequence 

Several operator a c t i o n s  IdentPPied i n  the EPGs  as s r i t l c a l  t o  6he 
progression of AWS are examined i n  some d e t a i l  and r e s u l t s  o f  t hese  an- 
a lyses  are presented la ter  Fa t h i s  appendix .  The tim'ing of thts s t u d y  
vis-a-vis ongoing adapta t ion  of the EPGs for  BFP precluded an ex tens ive  
assessment of the EBGs using NRC himan factors gu ide l ines  f o r  eva lua t ion  
of procedures 

2 2 Human Engineering Analysis of Control. Room Design 

A huii~an engineering ana3ysis of control room design concerns the 
functional layout of controls and dtspliays comprising the man-machine 
interEace, Cn the one hand, t h i s  s tudy  d id  noc intend t o  undercake a 
comprehensive human engineering assessment of the BF1 c o n t r o l  rom using 
NRC gxrtdel ines .  Om t he  other hand, s e v e r a l  liman engineering 1.ssues 
were i den t tF ied  during simulator exercises. These exercises provided 
i npu t  to both the human factors a n a l y s i s  and the SASA analysis. Sirnul- 
aitor exercises were conducted and videotaped to provide a rezonrd of op- 

held on t w o  occasions using t w o  B SRO-inetructo~s as operators .  On 
both occaslons i n s t r u c t o r  was fitrslished by 'WA i3iId tint? ~ e c o n d  opp_j~- 
ator was from the ORNL human factors project team. The Eollowluig dis- 
cusslon i s  based on i n s t r u c t o r s  ' comments and a n a l y s t s  ' observa t ions  re- 
s u l t i n g  from these exerrlses. The three human engineer lng  Issues 
r e l a t e d  t o  AWS included reactor l e v e l  c o n t r o l ,  reaeton pressure 
c o n t r o l ,  and manual contro l  rod i n s e r t i o n .  

e r a t o r  actions during rllns 0% d i f  f erent ATWS seqiiences 1) Exerelses WeTe 

During an A'PWS, operators monitor r e a c t o r  ves se l  level ,md manually 
a d j u s t  coolant i n j e c t i o n  system based on disp layed  l e v e l  i n fo r~na t ion .  
The problem is t h a t ,  depending on t h e i r  type ,  l e v e l  i n d i c a t o r s  may he 
inaccura t e  or have insufrfcient range. Operators basing thePr aeticlus 
on these d i sp lays  m y  er roneous ly  mfsjudge a c t u a l  l e v e l .  An a d d i t i o n a l  
problem is that som level i n d i c a t i o n s ,  which do Iiave s u f f i c i e n t  range, 
are loca ted  on panels located away from the c o n t r o l s  for coolant in jec-  
t i o n  systems. Asaather opera tor  must i n t e r r u p t  h i s  wodc  to read and com- 
municate l e v e l  information from these  p a r t i c u l a r  displays. 

There are four vesse l  l e v e l  w @ w P t o r P n g  systems wdth ten tots1 indP-- 
cators in the BFP c o n t r o l  room. Types and function inc lude ,  first, nar- 
row range GEMACs which cover thc range from 528 to 588 inches (BP 0 to 
1-60 inches) .  There are t h r e e  of these sen so^ systems i n  the control 
room and one of any t w o  se~lcoor outpnts  i s  fed t o  a permanent recorder .  
The narrow range S ~ T - L S G ~ S  are used for normal operation i n  both m n u a l  
and auto con t ro l  modes. 
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Second, &de range YARWAYS cover the  range from 373 t o  588 inches 
(BF +60 t o  -155 inches)  and are used i n  off-normal condi t ions.  There 
are t w o  of these  systems and they are not fed to a recorder .  

Thi rd ,  post-accident f looding  rangelshroud l e v e l  range sensors  
cover the  range frolrt 260 t o  560 inches (BF -100 t o  +200 inches) .  There 
are two of these  s y s t e m  and these  sensors  are used mainly i n  conjunc- 
t i o n  wi th  the  emergency core cooling systems. There i s  a recorder  indi-  
c a t i o n  i n  t he  range of 360 t o  460 inches (BF 0 t o  +IO0 inches) .  The 
post-accident  f looding  range and the shutdown f looding range systems are 
'ocold" c a l i b r a t e d  f o r  use when the r eac to r  is i n  o r  near cold shutdown 
temperatures.  T h i s  p red ica t e s  some t y p e  of v a r i a b l e  normalizat ion o r  
c o r r e c t i o n  f a c t o r  which the opera tors  must apply when at tempting t o  mon- 
i t o r  r e a c t o r  l e v e l  wi th  the  r eac to r  a t  power. 

Fourth,  shutdown f looding  range ind ica t ion  has one sensor  and it 
covers  t he  range from 528 t o  928 inches (BE' 0 t o  G O O  inches) .  This in- 
strument monitors l e v e l  when the  t o t a l  ves se l  is required t o  be flooded. 

One of the  design problems is the  lack  of r e l i a b l e  information on 
r e a c t o r  l eve l .  The wLde and narrow range monitors are c a l i b r a t e d  "hot" 
a g a i n s t  var ious operat  Png temperatures and theref  o r e  g ive  r e l i a b l e  l e v e l  
information during an ATWS. However, none of the monitors allow l e v e l  
monitoring a t  o r  s l i g h t l y  below the  top of t he  a c t i v e  f u e l .  The wide 
range "Bottoms-Out" a t  373 inches which corresponds t o  13 inches above 
t h e  a c t i v e  fuel. Durkng t he  ATWS, the  opera tors  are forced to  use t he  
post-accident f looding  range system. Since t h i s  system is cold cali- 
b ra t ed ,  however, l e v e l  information w i l l  be u n r e l i a b l e  and w i l l  cons t r a in  
opera tor  performance i n  maintaining water l e v e l  c lose  t o  the  top of t he  
a c t f v e  f u e l  i n  accordance wi th  the  EPGs. 

A second design problem is  r e l a t e d  t o  l e v e l  monitoring. Operators 
are t r a i n e d  t o  use t he  narrow range and then s h i f t  t o  the  
monitors i n  off-normal condi t ions.  Tn the A'JYS, t he  l e  
(Operator H1) would be at tempting t o  control t he  r e a c t i v i t y  of the  u n i t  
by manually i n s e r t i n g  con t ro l  rods and i n j e c t i n g  boron via  the  SLCS. 
The second opera tor  (Operator P2) would l i k e l y  use the narrow/wide range 
Ind ica t ions  as long as they supply needed l e v e l  i n f o m a t i o n ,  which 
during ATWS should be a very s h o r t  period i n  durat ion.  Both of these 
systems are phys ica l ly  displayed wi th in  the  cont ro l  roam at d i s t ances  
from approximately 20 t o  35 f e e t  from the  con t ro l s  for t he  SRVs and 
coolant  i n j e c t i o n  systems. The s p e c i f i c  d i f f i c u l t y  is t h a t  Operator f 2  
who con t ro l s  coolant  i n j e c t i o n  systems has t o  heavi ly  r e l y  upon Operator 
$1 f o r  reading and communicating the l e v e l  values  from the w 
monitors.  This  i n t e r r u p t s  t h e  work of Operator #I and adds t 
ready apparent ly  high workload. This i nc rease  i n  workload a l s o  r a€ses  
t h e  p o s s i b i l i t y  of d i sp l ay  reading and communication e r r o r s o  

2.2.2 Reactor pressure  c o n t r o l  

The ope ra to r  may be hindered during an ATWS i n  a t tempting pressure  
c o n t r o l  by, among o ther  concerns,  not knowing if the SRV be-lng manually 
opened i s  a l ready  au tomat ica l ly  ac t iva t ed .  This i s  because no au to  SRV 
p o s i t i o n  i n d i c a t i o n  is loca ted  ad jacent  t o  manual SRV c o n t r o l s .  

5 
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~hhe BFB unit h s  thirteen safe ty  r e l i e f  valves distributed among 
four main s t e m  l i n e s  e x i t i n g  the pressure vesse l .  These valves have 
t w o  func t ions ,  bo protect against overpressure tPan5ients, and to de- 
pres su r i ze  the reactor when required during off-normal cond i t ions l  Any 
o f  the valves  can h opened manually wi th  swltch action by the  operators 
and wll1 he automaf iea l ly  opened by s t e m  pressure  once their set p o i n t s  
rare exceeded. The valve set points range from 1105 to 1125 pslg. 

S f x  of the SRVa are dedicated to the au ic depressurization 
eystem (ADS). This  system i n i t f a t e s  on high 1 p r ~ ~ r e  ana low 
vessel water leve l ,  The ADS autotimer has a t u ie  cycle. If the 
low level signal does not clear, OF the  operatar does not recyc le  the 
timer prior to the end of the two minutes,  a l l  six valves  open. Once 
ADS activates the s l x  SRVs, the  SRVs w P l 1  not close u n t i l  reactor pres- 
sixre drops to about 20 psi above d r  ell pressure or the operator man- 
ually resets the  ADS t i m e r .  

T P ~ E  design probtem is an absence of any i nd iv idua l  i n d i c a t i o n  o f  
t o  SRV activation adjacent to tbe SRV controls. Experienced operators 
y hypotheshe  that SRVs are autamaticdly eyeling based on pressure, 
ow, and other monitors. There are acousti.~ monitors for the SRVs, but 

these are displayed at the rear of one of the back panels. The only 
front panel iadicatlsn for the operators is the switch handle mode and a 
small light adjacent to each swttch. This l tghi  tells the operator only 
that the valve so lenoid  has been energized, not that the  valve has ac- 
tually opened. In BU ry, the operator is not provided t imely 
information about valve pos i t ion  unless he takes several seconds to walk 
t o  the  back panel to observe the acoustic monitors. 

The p o t e n t i a l  error from this design problem is that the operator 
may open %I lve? whlch is already i n  The blowdown mode from overpres- 

tion of tryfng to open an SRV, then, woaald not add t o  a 
e: in pressure. An addi%ional problem wbich complicates 
ce is that he may attempt to close a valve which has ac- 

t u a l l y  stuck open. The operator would then need t o  exaniine the  acoustic 
monitors, along with other  relevant ins t rumenta t ion ,  to diagnose thi8 
f a i l u r e  L 

Two h m a w  engineering problems related to mmual control rod 1.l-nser- 
tion were I d e n t i f i e d .  First, the swttch to insert rods i s  a maziltifunc- 

an l e v e r  d t f i  which errom of co ission OCGUL secona, 
positioning errors may r e s u l t  while turning the rad sequence selector 

Failure ;of control K O ~ S  to i n s e r t  au tomat ica l ly  during ATWS should 
be followed by eraror attewpCs eo nually  cram the rods according to 

e to e r ro r .  Once %he operatore; have diagaissed the A m S  
experfenced manual scram f a i l u r e ,  the EPGs Pnstruct them 
sert the control rods one at a t i m e .  The process t akes  
te per rodR TIE procedure r e q j ~ i s e s  switching to manual 

i n s e r t t o n  effectively bypassing the rod sequencing and rod blocks. The 
operator then reads Prom the rod pattern charts $0 select Enand dnse r t  
high worth control rodsR 

6 

switch the desired rad select pusmutton is illuminated. 

the EPGS. The i t i f u n c t i o n  deadman Itch constrains operator mobility 



20 1 

A design problem i d e n t i f f e d  is t h a t  the swi tch  which inserts the  
rods i s  a mul t i func t ion  spring-loaded deadman l e v e r  which a l s o  withdraws 
rods. The opera tor  has t o  con t inua l ly  a c t i v a t e  and overpressure the  
sp r ing  to move a rod, He is l imi t ed  t o  the reach of h i s  arms and cannot 
change p o s i t i o n  more than a few f e e t  in e i t h e r  d i r e c t i o n  of the  
switch,  T h e  opera tors  on the  s imula tor  were observed making commission 
e r r o r s  i n  s e l e c t i n g  the  i n c o r r e c t  mode of t he  con t ro l  switch.  They did 
i n  every case recover and p l ace  the  switch i n  the  c o r r e c t  mode wi th in  
one second. 

The second problem concerns p o t e n t i a l  e r r o r s  i n  pos i t i on ing  the  rod 
sequence s e l e c t o r  swi tch  to  enable  the des i red  rod select pushbutton. 
During the  ATWS i t  is d e s i r a b l e  t o  i n s e r t  high worth con t ro l  rods i n  the  
cen te r  of the core t o  achieve the  quickes t  reduct ion in reactor power. 
To i n s e r t  t he  high worth con t ro l  rods r equ i r e s  the  opera tor  t o  dev ia t e  
from the  pre-programed rod sequence. The Rod Worth Minimizer (RWM) can 
be e a s i l y  bypassed wi th  a keylock switch i n  the con t ro l  room. However, 
the  Rod Sequence Control  System (RSCS) cannot be bypassed i n  the c o n t r o l  
room. The con t ro l  room opera tor  must communicate wi th  an a u x i l i a r y  
opera tor  i n  the  instrument room t o  bypass rod groups as necessary,  de- 
l ay ing  con t ro l  rod i n s e r t i o n .  The opera tor  must a l s o  manipulate two 
con t ro l  room switches f o r  RSCS t o  i n s e r t  con t ro l  rods because the Reac- 
t o r  Manual Control  System (RMCS) Imposes RSCS rod blocks when the  emer- 
gency i n s e r t  is used. 

The RSCS switches must be pos i t ioned  t o  permit s e l e c t i o n  and move- 
ment of t he  des i r ed  con t ro l  rod. A problem is the need t o  p o s i t i o n  the  
rod sequence s e l e c t o r  switch when changing from one rod group to another 
which inc reases  the  time delay f o r  rod s e l e c t i o n  and i n s e r t i o n .  The op- 
e r a t o r  manipulates t he  rod sequence s e l e c t o r  switch u n t i l  t he  des i r ed  
rod s e l e c t  pushbutton is i l lumina ted .  The rod select pushbuttons are 
small and l i g h t e d  from the  back. This switch pos i t i on ing  problem is 
f u r t h e r  complicated by the  d i s t a n t  l oca t ion  of the switch which makes i t  
d i f f i c u l t  f o r  t he  ope ra to r  t o  read the  rod select pushbuttons while  
manipulating the  switch.  This may lead  t o  a number of e r r o r s  i n  posi-  
t i on ing  the  rod sequence s e l e c t o r  swi tch  u n t i l  t he  des i red  rod push- 
but ton is  se l ec t ed .  

7 
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3. ASSESSKEWT OF OPEMTUB ACTIONS DURING ATWS 

3.1 Identlf Pcatdon of Critical _._I. Operator k,,tloos 

a 
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3.2 Qualitative Review 

At the t i m e  o f  t h t s  writing TVA was continuing to modify the EPGs 
in accordance with BFL p lan t  design. This imposes some constraints to 
the assessment of operator actions. A preliminary Qperating Sequence 
Overview, which is an NRC task analysis te~hnique,~ was developed from 
review of the EPGs and is shown in Fig. 1. The fdentifiearlon of major 
operator actions is similar to those I d e n t f f f e d  in the ATWS OAET 
reported in Reference 2. 

Plant: RF'NP @erator Function/SuhFtmct ion: 
Supervise and Control Plant Operations/ 
Mitiqate the Consequences of an Acccident 

NSSSDfp?: G E / m  Qxratinq Seqwmcc ID: 7 

C.R. paw: Multiple 

W r a t i n q  W u e n c e :  Anticipated %anc;iant Without .%m, Pollowing EISN 
C l o s  iurc 

I n i t i a l  C n n d i t i o n s :  Plant operatuq at 100% p>wx 3nil a l l  syst-eins i n  
normal line-up. 

SPquence Ini t ia tor :  NSN C l o s u r e  

mqress of Action: The crew ackmwledrges the closure of we WIVS, and 
recignizes tha t  the reactor did not scram. A l l  attempts to manually serm 
the reactor f a i l .  Control rods are manually inserted usinq reactor manual 
control system. Tne reactor recirculation pumps t r ip  au tmat ica l ly  on high 
reactor pressure. Level rapidly decreases due ta coolant loss throtqh the 
safety/relieE valves, arrl =I and RCIC a u t m a t i c a l l y  i n i t i a t e  on Inw level, 
The operators verify that  conditions requi.re in i t ia t ion  of standby liquid 
control am3 w i n  injection. Cmcurrently, coolant inject.ion is manually 
thrc'tled so that  level is lowered a d  maintained a t  the top of act ive fuel 
to reduce pwer. Manual control r d  insertion continues clsimq m S .  

residlral. heat  reniuval S y s t e m  1s placed i n  t h e  s u p p r e s s i o n  !~oc;l c o o l i n g  
mode. 
capac i ty  reniperature iiinit.  
manual o p e n i n g  of s a f e t y / r e . l i c f  valves, and i f  SRVs are c y c l i n g  or the RPV 
must  b e  d e p r e s s u r i z e d  S R V s  a r e  mnui i l . ly  opened u n t i l  pcessurt? drops.  

F~llcwinq injection of boron by SIL acimrdinq to technical spx i f i ca t ions ,  
water level is raiser3 using m l a n t  injection systems to circulate poirwn 
throwJh the core. 

The Shif t  Scpervisor declares a n  alert, and not i f ies  appropriate on-site 
personnel. 

Final Conditions: The plant is in hut shutdawn with rnrm mliq in 
qxxa t ion .  Reactor level. i s  t x i n g i  maintained usinq K T C  

suppression pa01  t e m p e r a t u r e  is moni t.ored to  n l a i n t a i u  t he  t o r u s  heat 
R e a c t o r  pressure i s  limited by automatid 

Major Systems: 
Residual Heat Removal, RNR Service Water, Nuclear Instrumentation, WXI, 
WIG, SIX, W Wrth Minimizer, R d  .SeqwnLcx? Control System, Prilrary 
Containment Isolation System, Water tevsl Instrimentation. 

Fig. 1. Operating sequence overview with ERG-based operator ac- 

Reactor &circulation, Reactor Manual Control, !Main Stem, 

tions. 
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Operacot- ac t ions  t o  i n s e r t  c o n t r o l  rods are c r i t i c a l  t o  shutti.ng 
the r e a c t o r  dam i n  the event of fa i lure  of automatic system to scram 
the reactor. A cons iderable  m o u n t  of t i m e  would be r e q u i r e d  t o  man- 
ur , l ly  i n s e r t  a l l  wl l thd ram c o n t r o l  rods.  However, through expeditious 
s e l e c t i o n  oF high w r t h  rods and inserting these  first the opera tor  can 

ments of t h i s  task are l i k e l y  t o  require the f u l l  a t t e n t i o n  of one 
opera tor .  Once the p o ~ x  l e v e l  is considerably r ~ d u c e d ,  ope ra to r  
workload m y  permit  handling o the r  tasks In  the immediate a r e s  of %he 
console. The opera tor  is t i e d  t o  the switch f o r  inserting the  selected 
control rod ,  as it is a deadman lever .  The two BIG? SRO-%nstruceors w e d  
in the s imula tor  exercises repor ted  an a p p a r e n t l y  acce le ra t ed  learning 

i n s t r u c t o r s  also reported s o w  eoncenz abcut in t roducing  uneven flux i n  
cer ta in  areas OE the  core when a reasonable rod p a t t i ~ r n  was not 
na in ta ined .  

Checking condi t fons  and i n i t i a t i n g  SLC i n j e c t i o n  are c r i t i c a l  t a sks  
i n s o f a r  as pofson injeetioia satisfies the  f u n c t i o n a l  requirement of in -  
eerting negaklve reactivity t o  shut  the reactor dowcl- Poison i n j e c t  Lon 
i n  a BWX is  also controversial with regards to l o s t  p l an t  a u a l l a b i l i t y  
d u r l n g  lengthy cleanup. Tn gene ra l ,  the execution and timing of t h i s  
task are subject to  ques t ion .  "The procedures r e l i e v e  the operator o f  
some of the  barden in t h i s  decision-making process. When e i ther  of the 
conditions l i s t e d  i n  Sect-Loaa 4 , l . l  of t he  ORNi., AnJS report exlst, t h e  
operator is requjred to i n i t i a t e  SLC. This a c t i o n  may be taken by the 
operator  i n  the absence of the S h i f t  Engineer. Even with the  procedura l  
xeqiairement, however, the operators m y  t r y  other alternatdves for man- 
ually i n s e r t i n g  con t ro l  rods before i n t t i a t i n g  SEC injection, The un- 
cer tadnty  associated with thPs t a sk  should be incorporated as p a r t  a€ 
t' ras .  H u e  

I n l t i a t i o i r  of PSP cooling is  important for protecting primary con- 
tainment €ntegrity P n  the absence of the m a i n  condenser fallcswdng MSIV 
CJ OSEIPC. R e l i a b i l i t y  issues conce~n i n i t i a t f o n  of PSP cooling ustng 
both RKW Poisps, and the tlm-tng of opera to r  acttons i n  rellatisn t o  PSP 
temperature and r a t e  of temperature I I ICTP~~R~. The timing of t k I s  task 
is e s p e c i a l l y  cr i t ica l  when the ope ra tm m u s t  concurren t ly  perfom other 
impcrtant tasks. For example, c o n t r o l  of r e a c t o r  pressure and water 
l e v e l  way delay i n t t f a t i o n  arid e o m p l i ~ t P m  of PSP cooling. In  additton, 
SOIW delay ~esr~l l ts  froma the  reqxaired con t inua l  ope ra t ion  05 the 
suppression pool test pine v o g .  meam L I I ~  aeadmall control s w i t c h  for 
this valve is re leased ,  valve motion s t o p s .  Tne operator mast r e tu rn  to 
the control  snitch t o  continue and complete valve msfrion i f  he is d r a m  
away t o  perforal other  essential t asks .  

Actuation of SRVs t o  prevent  vessel overpressure n e c e s s i t a t e s  mni-  
to r ing  of pressinre d i sp lays .  Operators may per fom this task either be- 
€ m e  pres su re  reaches 1105 psfg or af te r  pressure reaches automatic SRV 

u a l l y  open an SKV u n t i l  1105 p s i g  o r  higher i s  reached i n  the vessel, he 
may unknowingly he attempting ea open an SRV already open au tomatfcn l ly  
and thereby add nothing t09 pressure control (refer to Sect ion  4.1.3 of 

reallee power at a moderate rate. n e  cogn i t ive  and physical I-eqnire- 

curve i n  s e l e c t i n g  higher worth rods over p r a c t i c e  runs .  The 

opcracton levels  (1105 to 1125 psfg) .  When che operator  does not man- 

Che ORrn KrWS report).  
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Based on t h e  EPGs, t h e  opera tor  should lower and maintain t h e  
r e a c t o r  v e s s e l  water l e v e l  a t  the  Top of Active Fuel  (TAF) while  sodium 
pentabora te  s o l u t i o n  i s  being in j ec t ed .  Upon i n j e c t i o n  of a prede- 
termined amount of poison, t he  ope ra to r  is t o  r e s t o r e  the  water l e v e l  t o  
i t s  normal ope ra t ing  range, thereby mixing poison throughout t he  core  
and br inging  t h e  r e a c t o r  s u b c r i t i c a l .  As a prel iminary test of proced- 
u r e s ,  t hese  s t e p s  were included during the  s imula tor  exercises. The in- 
s t r u c t o r s  involved i n  these  e x e r c i s e s  reported an apparent i nc rease  i n  
success  ac ross  success ive  tr ials i n  maintaining l e v e l  a t  TAF during 
poison i n j e c t i o n .  However, s e v e r a l  cons idera t ions  l i m i t  conf idence i n  
in fe rences  drawn from such prel iminary observat lons.  Among these  
cons ide ra t ions  are poss ib l e  l i m i t a t i o n s  wi th in  t h e  computer sof tware  
suppor t ing  the  BFl s imula tor  as repor ted  by TVA, and t h e  v a l i d i t y  of 
r e s u l t s  based on only two SRO-instructors using d r a f t  procedures.  

Some d e f i c i e n c i e s  became apparent during the  s imula tor  experiments 
r e l a t e d  t o  r e a c t o r  water l e v e l  ins t rumenta t ion  e f f e c t h g  opera tor  per- 
formance i n  maintaining l e v e l  a t  TAF. The opera tor  c o n t r o l l i n g  r e a c t o r  
water level us ing  RCIC and HPCI would tend t o  f r equen t ly  monitor t h e  
l e v e l  instruments  d i sp layed  wi th  the  KPCL/RCIG con t ro l s  This  opera tor  
would a l s o  tend t o  call  on the r e a c t o r  opera tor  f o r  l e v e l  readings from 
t h e  emergency range YARWAYS. Defic ienc ies  wi th  the  l e v e l  instruments  i n  
c l o s e  proximity to  t h e  HPCI and RCIC systems are t h a t  they are uncompen- 
s a t e d  and c a l i b r a t e d  t o  read accu ra t e ly  only when t h e  r e a c t o r  is depres- 
su r i zed  and the  r e c i r c u l a t i o n  pumps are t r ipped .  During an ATWS these  
ins t ruments  may read as much as 43 inches lower than a c t u a l  r e a c t o r  
water l e v e l  ( r e f e r  t o  Chapter 4 of the  ORNL ATWS r e p o r t ) ,  Some of these  
l e v e l  instruments  also provide i n s u f f i c i e n t  l e v e l  i n d i c a t i o n  s i n c e  the  
wide range l e v e l  ins t rument ' s  bottom end is 13 inches above TAF. There 
i s  t h e  p o s s i b i l i t y  of opera tor  e r r o r  i n  convert ing t h e  reading from wide 
range ins t ruments  t o  t h e  post  acc ident  f looding  range instrument  
reading ,  s i n c e  each instrument  range has a d i f f e r e n t  re ference  zero. 
This  type of e r r o r  w a s  i d e n t i f i e d  i n  the a n a l y s i s  o f  t he  TMX acc iden t ,  
and recommendations have been made i n  the  p a s t  t o  c o r r e c t  t h i s  problem. 

T h e  l o c a t i o n  of the  emergency range instruments  p re sen t s  some d i f -  
f i c u l t y  t o  t h e  opera tors .  The opera tor  c o n t r o l l i n g  the  r eac to r  water 
l e v e l  us ing  HPCI and RCIC must depend on the  r eac to r  opera tor  t o  cal l  
ou t  readings  from the  YARUAYS because o f  t h e  d i s t ance  between the  indi- 
c a t o r s  and the c o n t r o l s  f o r  these  systems. The i n d i c a t o r s  are loca ted  
on the  r e a c t o r  panel  t o  provide l e v e l  i n d i c a t i o n  when ope ra t ing  t h e  
feedwater s y s t e m  wi th  r e a c t o r  l e v e l  below the normal range. These ind i -  
c a t o r s  should be r e t a ined  i n  t h e i r  p resent  l o c a t i o n  and could be supple- 
mented w i t h  a d d i t i o n a l  ins t rumenta t ion  v i s i b l e  from a d i s t ance .  

An a d d i t i o n a l  d i f f i c u l t y  wi th  l e v e l  con t ro l  concerns use of high 
p res su re  i n j e c t i o n  systems. SASA c a l c u l a t i o n s  show some ATWS cases i n  
which the  pressure  suppression pool (PSP) l e v e l  i nc reases  to the  l i m i t  
for HPCI s u c t i o n  s h i f t  from the condensate s to rage  tank t o  the PSP. 
Subsequently,  the  HPCI pump f a i l s  from high lube o i l  temperature unless  
the  opera tor  manually t r i p s  the pump. An anecdotal  observa t ion  from the  
s imula tor  exe rc i se s  was  an opera tor  e r r o r  of commission involving man- 
u a l l y  s h i f t i n g  suc t ion  of RCIC t o  the PSP followlng automatic HPCI suc- 
t i o n  s h i f t ,  l ead ing  t o  f a i l u r e  of both systems. 
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The l as t  operator  ac t ion  of concern in So110wh.g the  EPGs Involves 
the s i t u a t t o n  in which the  PSP temperature has increased to a point on 

t rapacity temperature r u r w  chat vessel depressurization i s  
prescr ibed .  Human caigl neerlng d e f i c i e n c i e s  i n  SRV automatic p o s i t i o n  
indication have been previooslg descr ibed.  in genera l  manraa! depres- 
surlzatlon i s  a difficult task r&en t he  vessel i.s a t  high pressure. 
ZspecPalEy important is the abd l i t i g  of operators to execute th la  proce- 
dure while anticlpatlng ;-eaetsr response t o  l o w  pl-esa~ars coolant i n j  ec- 
tion. Obs~.~rvatCnns of simulator- exerci scs Bnvolving initIa"-irm o f  ADS 
s'raoued injecti.011 control t o  he a se-crre1-g difficult and apparently un- 
manageable :as>% for operat~rs  i n  ~ P T I E !  of uncont ro l led  cycling of low 
pressnre i n j e c t t o n  followed by pres su re  and power s p i k e s ,  Avoidance of 
power and pressure sp ikes  should lz pz-acttced through s imula tor  traln'ang 
inuolvtng operation of low pressure ikIjeCt1011 systemsn h set of recorn- 
mended operatnr a c t i o n s  f o r  c o n t r o l l i n g  l e w  pressure i n j e c t 1  srn lo t lowtng  
vessel. deprcasurlzatioq i s  described in Section 4,1.2, of the ORNZ ATWS 

creas.8ng oprztsr re1 1 ah.D1Pty i n  c o n t r o l l i n g  l o w  pressure i n j e c t t o n  ays- 
t e m  t o  avoid power and pressure oscillations. 

An anc ' l l l a ry  issac 1s r e l a t e d  t o  con%ro l l ing  PSP temperature using 
the R I B  systex:. The simulator e x p e r i u ~ e n t s  revealed d i f f  kculties in t h e  
operation of  FSP cooling when r e a c t o r  water level is lowered i n  accord- 
ance with the EPCk,. Tkialo valve interlocks ~ 3 3 1  cause an isolation of the 
PSP cooBPng flow path iialess the opera tor  takes ac t ion  to preveaat the  
automatic valve c losure .  The f i r s t  isolation occum a t  the r e a c t o r  
l e v e l  ~Aere  the  LPCI Pnftiation O ~ C U ~ S  (476.5 inches). fie aecoild %SO- 

l a t i s n  oeci~rs  at two-thirds core coverage (312 inches).  These issla- 
t i o n s  of PSP cooling art' intended t o  preverit d i v e r s i o n  of  LPCI. for eon- 
t-alriment cooling d u r i n g  a LQGA, ~ O W P V ~ P ,  duz-ing an ATWS reactor water 
level i s  t o  be con t ro l l ed  at: or  ne..ps the TAM. The I s o l a t i o n  of PSP 
cool ing would likely d i v e r t  the opera tors '  a t t e n t i o n  avay froin control- 
l i n g  coolant injection. 'Prainlng asad procedures should emphasize the 
need Co bypzss the t w o - t h i r d s  core coverage fraterlock and place the con- 
t s i~r rsen t  s p a y  valve se l ec t  BtiItch in the SELECT p o s i t i o n  prior t o  re- 
ducing water Ievel to the top of the con?. 

~ e p ~ r t .  T k  EPGs need to bereel- s t r ~ t c t ~ r e  3 series of s t e p s  for i n -  

3 . 3  Quantitative IRA 

Presentatfon of the %4 is div.9cked i n t o  three seetdons. First, a 
& - - a  Ldbk a n a l y s i ~  of c r i t i c a l  opesator actions during AT%K is rt:po~t&. 
Second, the steps i n  conductling the analysis using t he  Technique f o r  
~ ~ a u m  ~ r r o r    ate ~ r c e d ~ c t i s i i  o r  THEW+ are starnme):iaea, along stth a 
l i s t t n g  a€ the quant Itative human r e l i a b i l i t y  estimates. The use of 
THERP was primarily relevant to estimating GperaTor re l iaM1i ty  during 
p a r t i c u l a r  tasks selected Tor ansBysPa on the bash of their importance 
to A T W .  T h i r d ,  results of the analysis usPng the Opera+,or Performance 
Sivi~l ia t ion (OPX*S> computer raaod~l~  are described. The use of  OPPS t o  
supplemehat the THERP analysis provided a t ime-re l f .ah i l i ty  estimate 
across all operator  actions during ATWS. 
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3.3.1 Task Analvsis 

An i npu t  requirement t o  RP is a t a sk  anaBgrsfs providSrag sys- 
tematie d e s c r i p t i o n s  of opera tor  a c t i o n s  e t a sk  analysfs  of cr%tfeal 
opera to r  ac t ions  used i n  this review fol ed t h e  ~~~~~~r~ BEG t a sk  
analysis format3 which desertbes tasks at th ree  levels of detafrl, A t  a 
h igh  l e v e l  is the  Operating Sequence Overview ideneifying the  
progression of a c t i o n s  by plant  systems and opera tors .  The AT 
view inco rpora t ing  the EPGs was prevhusl ly  shown in Fig. 1. A t  
level of d e t a i l  ie; the Task Sequence Chart i ~ ~ ~ ~ ~ ~ y i ~ ~  the normatfve 
orde r ing  of t asks ,  t he  purpose of opera tor  ac t ions ,  cues t h a t  I n t t i s t e  
the t a sk ,  t echn ica l  s p e c i f f e a t i o n s  of procedures, a d  plant  s y s t e  
volved i n  t h e  t a sk ,  "he most s p e c i f i c  level of d e t a f l  is the Tss 
Form (TDF) listing a l l  d i s c r e t e  human ac t ions  comprising the task. A 
sample 'IBP is shown i n  Fig. 2 f o r  L n i t i a t i a n  of PSP r ao l lng  and illus- 
trates types of inEormation co l l ec t ed ,  TDPs were completed for the  f o u r  
t a s k s  s e l e c t e d  f o r  NRA. 

Inputs  t o  the t a s k  a n a l y s i s  were: 
(a) BP1 procedures inc luding  EQIs, EPGs and genera l  operating in- 

(b) Videotapes of BWR SRO i n s t r u c t o r s  conducting AWS exercises on 

(e) Computet records of ope ra to r s  switch manipulations 

s t r u c t i o n s .  

the BFX con t ro l  room simulator. 

s imula to r  exercises c o l l e c t e d  througR the Performance Measurement 
System .6 

(d )  Expert  judgment of opera tor  ac t ions  using a t ask  analysis 
panel of an SKO i n s t r u c t o r ,  an SRO-SS from O a k  Ridge Nat ional  Labora- 
t o r y ,  and a human f a c t o r s  s p e c i a l i s t .  

The t a sk  a n a l y s i s  r e su l t ed  in a normative desc r ip t ion  of ac t ions  
t ranscending id iosync ra tdc  performance c h a r a c t e r i s t i c s  of t he  SRQ Pn- 
s t r u e t o r s  on the  s imula tor  I 

3.3.2 Human re 1. i ab  i li ty est i m a t  e6 u s  i ng THE KP 

THERP is a recognlzed and accepted technique f o r  assess fng  opera tor  
r e l i a b i l i t y  in nuclear  power p lan t  opera t ions .  It has undergone consid- 
etable development. Swain and h i s  a s s o c i a t e s  a t  Sandia National tab- 
o r a t o r y e 7  THEW 1s a technique i n  w-hieh opera tor  behaviors comprfsSng a 
task are i d e n t i f i e d  through a task ana lys i s .  These ac t ions  are assigned 
nominal human e r r o r  p r o b a b i l i t i e s  (HEPs) which are modified by perfor- 
mance shaping f a c t o r s  (PSFs) ,  and the  f i n a l  success  p r o b a b i l i t y  is then 
ca l cu la t ed .  The t a sk  ar ia lysis  of opera tor  ac t fons  must be a t  a l eve l  
compatible with HEP da ta  bases. MEPs reported i n  the  TIERP human e r r o r  
da t a  base (Chapter 20 of R e f .  4 )  have been subjec ted  t o  some crftieism 
dealfng with t h e i r  adap ta t ion  from a non-nuclear power p lan t  opera tor  
source.  However, the f i n a l  vers ion  of this  da t a  base has r epor t ed ly  
been supplemented with HEPs f rom re levant  sources ,  and other human error 
data bases are a l s o  a v a i l a b l e  such as those developed through s imula tor  
e ~ p e r i m e n t s . ~ 9 ~  An a d d i t i o n a l  i s sue  i n  the  use of THERP is t he  matching 
of t a sk  a n a l y s i s  d a t a  wfth desc r ip t ions  of opera tor  ac t ions  l i s t e d  i n  
t he  human error da ta  base.9 Depending upon the t a sk  being assessed by 
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THERP, the r e l i a b i l i t y  between a n a l y s t s  Pn s e l e c t i o n  of HEPs for opera- 
t o r  ac t ions  may need t o  be reviewed t o  ensure  the  accuracy of the 
ana lys i s .  

Nominal HEPs w e r e  taken from the  THERP  m man e r r o r  d a t a  base re- 
ported i n  Chapter 20 of Rei. 4. Assignment of HEPs was coorddnated be- 
tween authors  t o  v e r i f y  reasonableness  of t h e i r  s e l ec tdon  f o r  rnataslilIng 
t a sk  a n a l y s i s  data. 

One PSP assumed t o  bear on ope ra to r  performance during Was 
stress. The e f f e c t  of stress on performance was assumed $0 w more 
s i g n i f i c a n t l y  on the  i n i t i a l  cogn i t ive  de te rmina t ion  of whether t o  per- 
form the  t a sk  gllven t he  abnormal condi t ion  of t he  p l an t .  That Is., 
stress w a s  held t o  more l i k e l y  d i s t r a c t  the opera tor  from execrating the  
t a sk  but once the task is undertaken opera tor  competence over r ides  ad- 
ve r se  e f f e c t s  from stress. A t t r i b u t i n g  stress e f f e c t s  to decfsion-ma&- 
ing seems a b e t t e r  r e f l e c t i o n  of the complex and confusfng stimuli wfth 
which opera tors  are at tempting to f i l t e r ,  but once a course of a c t i o n  
se l ec t ed  the  r e l a t i v e  a f f e c t s  of stress are reduced, This  d e s c r l p t  
p a r a l l e l s  the d i s t i n c t i o n  made i n  the  THERP Handbook between dynamic de- 
cision-making tasks and step-by-step tasks .  That fs, HEPs are? more 
heavi ly  modified by stress f o r  dynamic tasks, 

HEPs were f u r t h e r  modified from e f f e c t s  of dependence def ined as 
t he  ex ten t  success on one ac t ion  e f f e c t s  success  on the  subsequent ac- 
t ion .  Dependence was assessed using gu ide l ines  repor ted  In Ref, 4. 

Modif f ed  HEPs comprising complete success  paths  were used tea mlcu- 
la te  f i n a l  t a sk  success  p r o b a b i l i t i e s .  Only a c t i o n s  f o r  which e r r o r s  
would c o n t r i b u t e  t o  system f a i l u r e  were included in the  ca l cu la t fons .  A 
sample THEW event tree f o r  SLC i n j e c t i o n  is shown i n  Fig, 3 with HEPs 
adjus ted  according t o  the preceding d iscuss ion .  Estimated failure prob- 
a b i l i t i e s  are repor ted  In  Table 1 f o r  the  four  t a sks  assessed by 
THERP. Uncertainty bounds (UCBs) are a l s o  repor ted  r e f l e c t i n g  best case 
(lower UCS) and worst case (upper UCB) performance. Ira most cases UCBs 
were ca l cu la t ed  t o  show e f f e c t s  from stress on i n i t i a t i n g  execut ion of 
procedures under off-normal p l an t  condi t ions .  

Prevent ion of ves se l  overpressure by manual opera t ion  of SRVs 
an est imated nominal HEP of 2.72E-02. This is i n t e r p r e t e d  as a p r  
a b i l i t y  t h a t  about t h r e e  percent of the t i m e  when an opera tor  should ex- 
ecute  t h i s  opera t ion  he would f a i l  to opera te  SRVs. The t a sk  extend6 
over  a cons iderable  per iod of t i m e  s t a r t i n g  s h o r t l y  a f t e r  i n i t i ~ ~ ~ o n  of 
t h i s  ATWS event when the  MSIVs close and vesse l  p ressure  inc reases .  

Manual i n s e r t i o n  of con t ro l  rods has an est imated nominal HEP ~f 
1.82E-01, and r equ i r e s  c a r e f u l  i n t e r p r e t a t i o n .  This HEP was ca l cu la t ed  
on the  b a s i s  of s e l e c t i o n  of approximately twelve con t ro l  rods i n s e r t e d  
i n  such a p a t t e r n  t h a t  power w a s  reduced to  less than one pe rc  
s imula tor  computer and In combination with poison i n j e c t i o n .  
t i o n ,  i n s e r t i o n  and pos i t i on  change v e r i f i c a t i o n  of a s i n g l e  con t ro l  rod 
has an est imated t E P  of 9.48E-83 adjus ted  f o r  dependence, Performance 
of the  e n t i r e  t a sk ,  however, fncludes opera t ion  of the master group 
select switch used when the opera tor  s h i f t s  from one group of con t ro l  
rods t o  another  according t o  the  p a t t e r n  being developed f o r  i n s e r t i o n  
of rods. I n t e r p r e t a t i o n  of the f i n a l  t a sk  HEP must consider  t h a t  t h e r e  
were 85 t a sk  elements included i n  the task .  It is important t o  note  
that: al though dependence was fac tored  i n  with f a i l u r e  p r o b a b i l i t i e s ,  the  
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Execute .975 Procedure / Omit P;;;edure 
Read Rod Position Misread Position 

.0009 

Misread Position A '  .0009 

.9991 

Read Rod Posit ion 
.9991 

Read Rod Position Misread Position 
.?I991 .0009 

Misread Position \ .0009 
Read Rod Position 

.9991 

Misread Position A .0009 
Read Rod Position 

.9991 

Read Rod Position \ t+isrea:oE;sition 
.9991 

Read PSP Temperature Misread Temperature 
.9974 

Activate SIX Pump 1 \ Failure.;;2ctivate 
.9974 

~ i g .  3. event tree for operator ac t tons  involving SLC injec- 
t ion.  

Table 1. Human failure probabilities for selected 
tasks durlng ATWS 

Uncertainty bounds 

Manirnlly operate  S R V s  2.723-02 2, klE-Ol 1.74E-02 
be€ore 1105 p s i g  reactor 
pressure is reached 

Manual contra1 rod 
insert i on 

1.828-01 3.71E-01 1.63E-01 

In1 tlate suppression 1.27E-01 3,28E-01 3.92E-02 
pool c o o l i n g  

Verification of conditions 3.59E-02 2.59E-01 1 . 4 7 3 4 2  
for and initiation of SLC 
injection 

--..- -..-I_ 
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4 

over r id ing  s i g n i f i c a n c e  of t h i s  t a sk  t o  mi t iga t ing  t h e  AmS by br inging  
t h e  r e a c t o r  s u b c r i t i c a l  suppor ts  an assumption t h a t  most e r r o r s  would be 
even tua l ly ,  if not immediately, recovered by the  r e a c t o r  ope ra to r  e 

Operator i n i t i a t i o n  of PSP cooltng has an es t imated  nominal NEP of 
1.27E-01, A major c o n t r i b u t o r  to  ope ra to r  e r r o r  is whether the  ope ra to r  
recognizes  the  inc rease  of PSP temperature,  inc luding  acknowledgment of 
the  PSP high temperature annunciator wi th in  the  f i r s t  t e n  minutes of i t s  
i n i t i a t i o n .  THERP uses a t i m e  r e l i a b i l i t y  d i s t r i b u t i o n  f o r  ass ignlng  
HEPs i n  s i t u a t i o n s  involv ing  f a i l u r e  t o  diagnose events.  Within t h e  
f i r s t  t e n  minutes of problem i n i t i a t i o n  the  HEP is 0.1 which w a s  used i n  
c a l c u l a t i n g  the  nominal WEP, and from ten  t o  twenty minutes the  HKP f o r  
f a i l u r e  d iagnos is  is 0.01. This i n d i c a t e s  t h a t  t he  ope ra to r  is mre 
l i k e l y  t o  recognfze the heatup a€ t he  PSP as more time passes.  The up- 
pe r  UCB i s  based on a d iagnos is  f a i l u r e  dur ing  the  f i r s t  t e n  mlnutes and 
worst case htgh stress, whereas the  lower UCB assumes less probable d i -  
agnos is  f a i l u r e  and nominal N g h  stress. 

U s e  of SLC during ATWS has an es t imated  nominal HEP of 3.693-02, an 
upper UCB of 2,593-01, and a lower UCB of 1.47E-02. The complexities of 
t h i s  t a sk  inc lude  the  cons iderable  d i f f i c u l t y  ope ra to r s  would have i n  
dec td ing  to execute the  t a sk  and the  high l e v e l  of stress accompanying 
the  dec is ion .  Based an these  cons ide ra t ions  it may be aore appropr i a t e  
t o  take  the  worst case scena r io  and use the  upper UCB as a more conser- 
v a t i v e  estlimate. 

3 . 3 . 3  OPPS t i m e  r e l i a b i l i t y  airve 

Supplementary assessment of opera to r  a c t i o n s  throughout t he  AlwS 
was provided through use of t he  Operator Performance Sl-mulation (OPPS) 
computer model. The OPPS model, developed i n  the  Safety-Related Opera- 
t o r  Actions (SROA) programs5 s imula tes  opera tor  responses t o  t r a n s i e n t  
cond i t ions  i n  a nuc lear  power p lan t .  Resu l t s  are I n  t h e  form of a t i m e  
r e l i a b i l i t y  d i s t r i b u t i o n .  A major advantage of QPPS, as with o t h e r  
s imula t ion  models , l o  is  as ses s ing  sys temat ic  v a r i a t i o n s  i n  Input and 
process condi t ions  f o r  subsequent e f f e c t s  on output va r i ab le s .  Computer 
models i nco rpora t e  f e a t u r e s  p e r t i n e n t  to t a s k  performance and may 
inc lude  task, opera to r ,  t i m e ,  and organ iza t ion  v a r i a b l e s .  The QPPS 
model w a s  programmed using the SAINT s tmula t ion  language and assumes 
t h a t  ope ra to r  performance is guided by procedures. During an OPPS 
i t e r a t i o n ,  the  simulated c o n t r o l  room crew is timed for completion of 
branches through pre-alarm d e t e c t i o n ,  event d iagnos is ,  s e l e c t i o n  of 
procedures,  execut ion  of ope ra to r  a c t i o n s  following procedure s t e p s ,  
execut ion  of a c t i o n s  o u t s i d e  t h e  c o n t r o l  room, and assessment o f  
recovery from e r r o r s  of omission and commission. 

Resu l t s  of t h e  OPPS a n a l y s i s  inc ludes  a t i m e  r e l i a b i l i t y  d i s t r i b u -  
t i o n  shown i n  Fig. 4. Curves are p l o t t e d  by r e l a t i v e  and cumulative 
f requencies  based on 1000 i t e r a t i o n s  of simulated t a s k  performance. 
Performance t i m e  f o r  completion of a l l  requi red  ope ra to r  a c t i o n s  
averaged 2005 seconds ( 3 3 . 4 2  minutes) wi th  a minimum of 1382 seconds 
(23.03 minutes) and a maximum of 2629 seconds (43.82 minutes). Tole num- 
ber  of e r r o r s  of omission averaged 3.68. 
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Inputs  and assumptions t o  t h i s  OPPS a n a l y s i s  were t h a t  105 c o n t r o l  
room swi tch  manipulations are necessary (based on the  t a sk  a n a l y s i s )  to 
m i t i g a t e  ATWS, t h a t  no ac t ions  were requi red  of a u x i l i a r y  ope ra to r s  out- 
s i d e  the  con t ro l  room, and t h a t  equipment delay t i m e  was embedded i n  t h e  
procedures. Regarding d iagnos is  of ATWS, branches s e l e c t e d  were t h a t  
annuncia tors  i n d i c a t e  s p e c i f i c  condi t ions  r a t h e r  than genera l  alarms f o r  
i d e n t i f y i n g  ATWS, t h a t  f i v e  i n d i c a t i o n s  are s u f f i c i e n t  to diagnose t h e  
type of d i s tu rbance ,  and t h a t  ope ra to r  d iagnos is  is terminated at the  
symptom l e v e l  r a t h e r  than extendfng t o  t he  root cause of rod f a i l u r e  t o  
i n s e r t .  Addi t iona l  branches concerning planning and procedures were 
s e l e c t e d  t o  reflect t h a t  procedures are w r i t t e n ,  are indexed, are memor- 
i zed  t o  determine immediate opera tor  a c t i o n s ,  and t h a t  the  ATWS scena r io  
is used i n  t r a i n i n g .  

While the  OPPS model c a l c u l a t e s  an average simulated performance 
time of 33.42 minutes, not a l l  s a f e t y - r e l a t e d  a c t i o n s  must be completed 
w i t h i n  t h a t  t t m e  i n t e r v a l  t o  ensure p lan t  s a fe ty .  Operators may eom- 
p l e t e  more c r i t i ca l  a c t i o n s  immediately following t h e  t r a n s i e n t  and, 
upon ve r i fy ing  improvements i n  p l an t  cond i t ions ,  t ake  add i t iona l  t€me t o  
complete remaining ac t ions .  In summary, the  OPPS model provides an 
estimate of t i m e  r e l i a b i l i t y  f o r  a s ses s ing  opera tor  performance. The 
i n t e r p r e t a t i o n  of i ts  output I s  circumspect t o  input assumptions and 
l i m i t a t i o n s  inherent  t o  model design. 
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The work accomplished t o  da t e  in this human factors review of AWS 
a t  BF 1 provides  preklmlnary concl u s i ans  concerning opera tor  performance 
and r e l i a b i l i t y ,  and serves as a demonstrat I o n  o f  p o t e n t l a 1  contribii- 
t i o n s  t o  other SASA i n v e s t i g a t t o n s -  The review has assisted i n  the  
evalriation of ATNS by assessing e f f e c t s  of safety  r e l a t e d  ac t ions  and 
i d e n t i f y i n g  human factors i s s u e s  shaplng opera tor  performanice 

I n i t i a l  f i n d f n g s  concern operator reliabtliey in performlng c r i t i -  
cal  tasks. E f f e c t s  of b r m w  engineering defdc tenc les  f a  con t ro l  roor 
design and c e r t a i n  i n s t r u c t i o n s  contained i n  the symptom-based EPGs axe 
a l s o  assessed a Tasks for ?Ir?tsicl.r operator  performance appears snsceptlbPe 
t o  certain types of error  inc l znd~:  

( 1 )  S d e e t i o u  05 high worth control rods atid manually I n s e r t i n g  
them requ i r e s  cons iderable  time and number of actions 

( 2 )  Verlflcation of condi t ions  and initiatton of SECS f n j e c t t o n  
presumes a complex decision which opera tcm may defe r  for BOW period of 
time imt i1  after other w.ms of aehievlng reactor shutdown are at- 
temp ced * 

( 3 )  1nitI.nticPn of PSP cooling is important in the context o€ the 
timing of the recognition of PSP temperature increase, 

( 4 )  Lowering and maintaining reaetoi vesse l  water level  a t  T'AF may 
be constrained by inadeqraate l e v e l  i nd ica t ion .  

(5) Fodlowlng vessel depressusizatlon, con t ro l l fng  l o w  p a s u r e  
i n j e c t i o n  system i s  impor t an t  t o  prevent o s c i l l a t h g  pressure and power 
sp ikes .  

The EPGs inc lude  a s t e p  for  I n i t i a t i o n  of PSP cool ing ,  The event- 
based R O I s  do not inc lude  s t~ch  a step. In using the EYGs, then, op- 
erator r e l i a b i l i t y  i n  executing t h i s  task slioerld be higher since rele- 
vant i n s t r u c t i o n s  s p e c i f i c a l l y  guide these  particular actions e 

Analysis  of opera tor  t r a k n i n g  for &YWS m s  limited i n  thPs review 
t o  informal i n t e r v i e w s  with TVA B W  I n s t r u c t o r s .  In  geraeral, operators 
are eralned for ATWS through a eombinat8on of classroom InstruetLcni  and 
simulator exe rc i se s .  This huroan factors assessment of i s s u e s  i n  op- 
erator r e l b o b i l i t y ,  however, under l ines  m n y  o€ the eons idera t iono  41i- 

cluded Pn e. f ront -end  t r a f n i n g  analysh related t o  severe accidents 
Trafning for severe acclderits should be based on p r o b a b i l f s t i e  r l a k  an- 
alysfs ( P U )  and SASA analysis and Would be optimized through a stnic-- 
tvxrerl approach using the Systems Approach t o  Training concept Perfor- 
mance requirements w x l d  be i d e n t i f i e d  m h g  BRA and SASA s t ~ i d l e s  
l ead ing  t o  an identiffcatton of l ea rn ing  ob jec t ives  t o  be a d d ~ e e a e d  i n  
classroom Instariiction and ePmv1 a t o r  practice. 

There are three recommendations for c o n t r o l  roo111 modif ica t lons  
emergir~g, from the  human engineering analysis The f i rst  recomaendattan 
coi~r".erns position i n d i c a t i o n  S T  the SRVs ~ ~ r r e ~ p o n d i n g  to their  m t o -  
m a t i c .  actuation. Operators are bl ind  tcr t h e i r  p o s i t i o n  unless  :hey 
check a c o u s t i c  ~ m ~ i l t o r s  an a back panel ( r e f e r  t o  Secttcrn 4.1.3 of the 
ORW AWS r epor t ) .  A s t a t u s  lamp would be s u f f i e i e n t  to supply t h e  
necessary  data t o  WPde manual SRV actuation. The second recornendation 
coneera9 vesse l  levell i n d i c a t i o n  associated with SKI and RCIC.  These 
d i sp lays  should be upgraded t o  allow greater operatox- c o n t r o l  i n  
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lowering and m f n t a i n i n g  level wfth TAF .Ln accordance wfth the  EPGs. A 
possfb le  s o l u t i o n  is t o  i n s t a l l  a large d i g i t a l  i nd ica to r  referenced t o  

and which can be read a t  a distance. The t h i r d  recommendation eon- 
eerns  the  mul t i func t ion  deadman switch f o r  cont ro l  rod in se r t fon ,  An 
apparent  s o l u t i o n  is khat,  when in  the emergency manual lnsertion mde, 
the  switch would have a momentary block, This would permit the opera tor  
to  remove h i s  hand from the  swftch and have a shor t  period of t i m e  fo r  

Operator performance on level control would likely ;be more r e l i a b l e  
i f  vesse l - leve l  ~ ~ ~ ~ ~ a ~ . L o n s  were upgraded corresponding to ~ ~ ~ o ~ a ~ ~ ~ ~  
needs a s soc ia t ed  wfth the  task. The mmplexf t ies  t h i s  task should be 
f u l l y  explained to opera tors  through spec ia l i zed  S t r a in ing .  Glass- 
room f n s t m c t b o n  should address s t e p s  in the  EPGs involving lowering 
v e s s e l  l e v e l  which seem cont rary  to  the heavi ly  emphasized g o d  of makn- 
taining a normal high l eve l .  Operators should have s imula tor  practice 

ergo eva lua t ion  to ensure appropr ia te  s k i l l s  fo r  s a f e l y  lowering 
and maintaining l eve l .  This should follow t he  reported in t en t ions  of 
TVA to upgrade computer sof tware support lng the simulator  t o  increase  
i t s  compa t ib i l i t y  with the  EPGs, 

Fur ther  work i n  t h i s  human f a c t o r s  revfew of opera tor  ac t ions  f o r  
~ i t ~ g ~ ~ i n ~  A m  should include a d d i t i o n a l  a n a l y s i s  of the EPGs. Wow- 

of the  cur ren t  s tudy precludes more de ta i l ed  assess- 
one hand, SASA ana lys t s  have made a r ~ c o ~ e n d a t i ~ ~  (see 

t he  ORNL ATWS r e p o r t )  t h a t  a sepa ra t e  procedure be 
w r i t t e n  f o r  the ATWS. Qn the  o ther  hand, the EPGs were developed t o ,  
among o ther  reasons,  guide opera tor  actions so as t o  r e s t o r e  off-normal 
s a f e t y  func t ions  r a t h e r  than dea l  with eqtiipment f a i l u r e s .  It is 
recognized t h a t  t he  EPGs m y  r equ i r e  some r e s t r u c t u r i n g  t o  make them 
easier to  f o l l w  and more d i r e c t l y  i r i s t ru~t  the operator  t o  take ac t ions  
t h a t  are! undque t o  t he  AJWS. Operator r e l i a b i l i t y  i n  mi t iga t ing  ATWS by 
following tk EPQ should a l s o  be fnterpreted in the context of how 
o t h e r  factors (such as t r a i n i n g ,  opera tor  aids, con t ro l  r o ~ m  design, and 
management p r a c t i c e s )  m y  in f luence  performance. 

The remainder of t h i s  s tudy,  i n  f a c t  the  majority of e f f o r t ,  I s  ad- 
ressi- opera tor  performance f o r  mi t iga t ion  of core damage as pa r t  of 

acc ident  management. A func t iona l  c l a s s i f i c a t i o n  Bs being developed 
SLdentCfybng functions and performance requirements assoc ia ted  d t h  acci-  
dent management inc luding  p ro tec t ion  of plant safety equipment and pro- 
cesses and pro tec t ion  of the hea l th  and s a f e t y  of personnel and the  
publi. 

e SASA program bene f i t s  from human f a c t o r s  analysis following 
incorpora t ion  of the  opera tor  i n  overall systems analysts, Operator 
errors Inf luence  the  t iming and sequence of d e t e r i o r a t i n g  off -normal 
system parameters* The assessment: of s a l i e n t  human f a c t o r s  1ssues pro- 
vides mans €or reducing t he  p o t e n t i a l  for such e r r o r ,  

other taskfie 
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Appendix D 

A C ~ Q N ~ S  AND SYMBOLS 

ADS 
ANS 
ANSI 
APRM 
ATWS 
BAF 
BCI. 
BNL 
BFNP 
BWR 
CBP 
CFB 
CILRT 
CP 
CRD 
CRDHS 
CS 
CST 
DF 
DHK 
m 
ECCS 
EECW 
EPA 
EPG 
E O 1  
GPRT 
FSAR 

GE 
GPM 
HCU 
HPCI 
ID 
I NEL 
IORV 
IREP 
kPA 
LACP 
LDAR 
LBCI 
LPECCS 
EOCA 
LOCA9OC 
LOSP 
MARCH 
MPa 
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