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ABSTRACT 

Res u l t s  of a s t udy to eva l uate and under s tand the pressur 1 zer l evel 

response to the reac tor sys t  .. ther.a l-hydrau 1 1 c  cond 1 t 1 ons dur 1 ng the 

f 1 r s t  1 000 •1 n of the T"l -2 acc 1 dent are presen ted . An eva l ua t \ on of  the 

.ea sur.-ent syst� v1 th regird to pos tu la ted probl .. s .  deter•1 ned tha t  the 

prob l ..s were 1nsuf f 1 c 1 en t  to d 1 scount the obser ved pres sur 1 zer l evel 

response . I t  has been deter•1 ned that  the observed level changes can be 

expla 1 ned 1n terms of response to the therma l -hydrau 1 1 c condH 1 ons  1 n  the 

reac tor coo lant  syste. .  A ca.par \ son of the T"l pres s ur 1 zer l evel response 

and the level response observed dur 1 ng 1 ntegra l syst .. exper 1.ents  1 s  Made . 

I n  those exper 1ments where a T"J acc 1dent scenar \ o  wa s per formed . the 

pres sur 1 zer l eve l vas obser ved to respond 1 n  a manner ver y s 1•1 1 1 ar  to the 

.. asured T"l response . 
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SUMMARY 

Th i s  repor t doc ument s  res u l t s  from a s tudy per formed by EG&G, I da ho 

I nc . ,  to resol ve numerous ques t i ons  rega rd i ng t he va l i d i ty o f  the 

pres s ur i zer level measuremen t  dur 1 ng the f 1 r s t  1 000 m 1 n  of the acc 1 dent  

t ha t  occurred at  the  Thr ee Mi l e  I s l and Un i t -2 nuc l ea r  r eactor  on Ma r c h  28, 

1979. The f i r s t  1 000 mi n of the acc i dent are  of 1 mpor tance because  th1 s 

was the t 1 me per i od dur i ng wh 1 ch the core damage occur red, and forc ed 

convec t 1 ve cool i ng was rees tabl i s hed . Under s tand1 ng the pres s ur 1 zer l evel  

response i s  necessary  for overa l l  under s tand1 ng of the reac tor  s ys t em 

t herma l -hydrau l 1 c s  dur 1 ng the acc 1 dent,  and the 1mpac t upon core uncove r y . 

The pres s ur 1 zer l i qu 1 d  l evel wa s determi ned us i ng three 1 ndependen t 

d 1 f feren t i a l  pres sure  transm1 t te r s  to mea sure  the d 1 fference between 

hydros ta t 1 c  heads i n  the reference l egs and the l i qu 1 d  col umn w1 t h 1 n  t he 

pres sur 1 zer,  and correc t 1 ng for t he d 1 f ference 1 n  f l u 1 d  dens 1 t 1 es .  Dur 1 ng 

the acc 1 dent, operator s a t tempted to 1 nfer t he 1 1 qu 1 d  i nven tory o f  the 

p r i mary  sys tem, pa r t 1 cular l y  t he reac tor ves s e l ,  from the l evel 1 n  the 

pres s ur 1 zer . Unfor tuna te l y, once the pr imary sys tem reached satura t i on 

cond 1 t 1 on s  and s team vo 1 ds ex 1 s ted 1 n  the reac tor coo l a n t  sys tem, the 

pres sur 1 zer l evel response was no l onger coup l ed to t he pr 1mary s y s tem 1 n  

the norma l  manner under s tood by the opera tor s .  I n  the pos t-acc 1 den t 

ana l ys 1 s , severa l  que s t i on s  were r a 1 s ed rega r d 1 ng whether or not the l evel 

mea suremen t  cou l d  have been correc t ,  s i nce t he pres sur 1 zer l evel wa s 

\ nd 1 c a t 1 ng a fu l l pres s ur 1 zer when the rema i nder of the pr imary  sys tem was 

obv1 ous l y  1 n  a h 1 gh l y  vo1 ded s ta t e .  Var 1 ous  i nves t 1 gators  pr oposed fa 1 l ure  

mechan 1 sms for  the l evel mea suremen t  1 nc l ud 1 ng water hammer damage, bo 1 l o f f  

o f  t h e  reference l egs,  hea t damage to t h e  d 1 fferen t 1 a l  pres sure  

transm1 t ters,  and  hydrogen effervescence 1n  the  reference legs . Ana l ys 1 s  

shows tha t none of these mechan 1 sms cou l d  have produced the obser ved l evel 

response 1 n  the pres sur \ zer. 

Another argument made regards  the va l 1 d 1 ty of the l evel mea suremen t  

center s upon the ground fau l t tr 1 ps o f  the pres sur 1 zer hea ter s .  I t  has 

been ar gued tha t these t r 1 ps ( wh 1 c h  occurred between 270 and 595 m1 n 1 n to 

the acc i den t ) cou l d  onl y have occurred \ n an empty pres s ur 1 zer . S i nc e  the 



pressur t zer l evel was 1 nd 1 ca t 1 ng ful l ,  the leve l 1 nd 1 cat 1 on mus t have been 

wrong , or so goes the argumen t .  However , dur 1 ng the per 1 od when a l l  but 

one of these tr 1 ps occurred (270-463 •1 n )  the .. keup syste. was 1 nj ec t 1 ng 

l arge quant 1 t 1 es of 1 1 qu 1 d  1 n to the RCS ,  and 1 n to the pres sur 1 zer s t nce  the 

p 1 1ot-operated re1 1ef  va l ve ( PORV ) was open . fur ther suppor t 1 ng ev1 dence 

1 s  the h 1 gh l y  subcooled ( 424 K or 303•f ) tempera ture 1 nd 1 cat 1 on \n the 

surge 1 1 ne dur t ng th 1 s  t\me per 1 od .  I t  1 s  therefore conc l uded tha t the 

heater ground faul t tr 1 ps were due to a source other than dryout of  the 

heater s . F ur ther 1 nves t 1 ga t 1 on of th 1 s  source 1 s  requ 1red to reso l ve the 
heater tr 1 ps .. chan 1 s• .  

An ana l ys 1 s  o f  the pres sur t zer level response to the known , and 

pos tula ted , ther.a l -hydrau l 1 c cond 1 t 1ons 1n the RCS 1 s  descr 1 bed 1 n  deta 1 1  

1 n  the body of th 1 s  repor t .  F r o.  th 1 s ana l ys 1 s  1 t  1 s  conc l uded tha t the 

pressur 1 zer leve l Measur�nt was cor rec t l y  1 nd 1 ca t 1 ng the 1 1 qu 1d  level 1 n  

the pressur 1 zer , v1 th 1n  a n  uncer ta 1 nty band o f  approx 1.ately  41 of  the 

l evel range , and tha t  the pres sur 1 zer leve l was respond 1 ng to the RCS 

ther.a l -hydrau 1 1 c  cond 1 t 1 ons . Dur 1 ng the acc 1 dent , the pres sur 1 zer 1 1 qu 1 d  

l eve l responded to RCS pres sure changes , wh 1 ch effec ted the pressur 1 zer 

theraodyna•1 c s ta t e ,  and to the cond 1 t 1 ons a t  the surge- 1 1 ne entrance to 

the hot l eg .  Dur 1 ng per 1 ods  when there was f l ow through the open PORV. and 

there was 1 1 qu 1 d  at the surge- 1\ne en trance to the hot leg ,
· 

the pressur 1 zer 

l eve l woul d  1 ncrease un t 1 1  the pressur 1 zer wa s ful l .  I f  no 1 1qu 1 d  source  

was ava 1 1able , and the pres sur 1 zer vas a t  satura t 1 on ,  the leve l  wou l d  

r� 1 n  cons tant due to counter -curren t , f l ov- 1 1m1 t\ng phenomena \n the 

surge 1 1 ne , wh 1ch  1 1•1 ted the amount of 1 1 qu 1 d  dra 1 n 1 ng out of the 

pres sur 1 zer . I f  the pres sur 1 zer wa s subcoo led ,  e 1 ther  w 1 th the PORV b l oc k  

va l ve open or c losed , the level wou l d  1 nc rease due t o  s team condensa t 1 on 

and l evel swel l as  the pres sur 1 zer 1 1 qu 1 d  was heated and dens 1 ty 

dec r ea sed . The pres sur 1 zer l evel dec reased dur 1 ng per\ods when the PORV 

b lock va l ve was c l osed ,  the pres sur 1 zer was at satura t 1 on , and the RCS 

depressur t zed due to 1 ncreased Makeup f low or 1 ncreased heat trans fer 1 n  

the s team genera tor s . 

1 v  



The conc l u s 1 on s  reached from th 1 s  ana l ys 1 s  are  a l s o s uppor ted by 

exper 1 menta1  da ta from t he s ca l ed Sem1 s ca l e  1 n tegra l  s y s tem . F u r t he r  

s uppor t 1 ng ev 1 dence 1 s  prov1 ded from RELAP5 therma l -hydr a u 1 1 c  c a 1 c u 1 a t 1 on s  

1 n  wh 1 ch t h e  pres sur 1 zer l eve l wa s ca l c u l a ted to r espond 1 n  s 1m1 1 a r  fa s h 1 on 

to t ha t obser ved dur 1 ng t he f 1 r s t  1 00 m1 n o f  the acc 1 den t .  

v 
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ANALYSIS Of Tftl-2 PRE SSURIZER LEVEL IND ICATIONS 

INTRODUCT I ON 

Dur 1 ng nor.a l p l an t  operat \ on the func t \ on of the pres sur t zer \ s  to 

control  syst .. pres sur e .  Th \ s  1 s  accompl t shed through use of  pres sur t zer 

heater s to \ nc rease f l u \ d  te.pera ture 1n the satura ted pres sur 1 zer , thus 

\ nc reas \ ng syst  .. pressur e ,  and by use of the spray 1 \ ne to 1 nj ec t  co ld  

1 \ qu \ d  \ nto the pres sur \ zer , thus reduc \ ng temperature and pres sure . The 

pres sur \ zer \ s  a l so equ 1 pped wt th a p t l o t -operated re l \ e f  va l ve ( PORY ) to 

qu \ c k l y  re l \ eve pres sure under cond 1 t 1 ons such  as a feedwa ter pu� tr \ p .  

Th \ s  \ s  the va l ve tha t s tuck open and resul ted \ n  the sever \ ty o f  the Three 

ft \ le  I s l and Un t t -2 ( Tftl-2)  acc \ dent . The l evel \ n  the pres sur \ zer \ s  

nor .. l l y used as an \ nd \ cat \ on of tota l syst  .. .ass \ nven tory ,  and \ s  

contro l led through use of  l e tdown and .akeup sys t .. s .  Leve l \ n  the 

pressurizer \s nor .. l l y .. 1 n ta 1 ned between 508 and 660 em ( 200 and 

260 tn . ) .  The level J us t  pr \ or to the feedwater pu.p tr \ p  was 569 c• 

( 224 \ n. ) . 

S \ nce the !arch 28, 1 979 acc \ dent at the Tftl-2 nuc l ear  p lan t ,  there 
2-4 

has been cons \ derable  controver sy over operab \ 1 \ ty of  pressur \ zer 

leve l .. asur.-ents  dur t ng the accident ,  as we l l  as reasons for the 

pres surizer leve l response tf those level 1 nd 1 c a t 1 ons  were cor rec t . Th 1 s  

repor t doc�nts  resu l ts o f  a s tudy per formed by the TMI -2 Acc \ dent 

E va l ua t,on Progra• of E G&G ,  I daho I nc . ,  in an a t te.pt to c l a r \ f y the 

pres sur , zer l evel response to the ther .. l -hydrau l t c cond \ t \ ons \ n  the 

reac tor coo lant syst  .. ( RCS ) dur \ ng the f \ r s t  1000 m \n  of  the acc \ dent . 

Tht approach taken \ n  the s tudy cons \ s ted of: 

• A descr \ p t \ on of the pressur \ zer l evel  measur�nt sys t� and an 

eva l ua t t on of  the var \ ous reasons set for th for d \ s be l \ ev \ ng the 

measureNents 

• 



1 An ana l ys i s  of pre s s ur i zer l evel response to therma l -hydr a u l 1c 

cond i t i on s  i n  the pr imary and secondary  s y s t ems , a s s umi ng t rends 

of the l evel meas uremen ts  wer e  cor r ec t 

1 An eva l ua t i on of s uppor t i ng data from i n tegr a l  sys t ems 

exper i ment s  and c ompa r i son to the mea sured TMI pressur1zer l evel 

response 

1 An eva l ua t 1 on of resul t s  from thermal -hydraul i c c ode ca l c u l a t i on s  

per formed 1 n  s uppor t o f  acc i den t eva l ua t i on wi t h  r e s pec t t o  

pred i c ted pres s ur i zer l evel respons e .  

Ther e  are two reasons  for s tudy i ng the pres sur i zer l evel mea s ured 

dur i ng the f i r s t  day of the acc i den t . F i r s t, unde r s tand i ng the mechan i sms 

caus i ng c hanges i n  the pres sur i zer l evel  can prov i de va l ua b l e  i ns i gh t s  i n to 

cond i t i on s  ex i s t i ng i n  the reac tor c oo l a n t  sys tem dur i ng maj or even t s , such 

a s  core uncovery and hea tup . Unfor tuna t e l y  there were i ns uf f i c i en t  

measureme n t s  recorded dur i ng the acc 1 dent t o  determ1 ne RCS cond i t 1 on s  

d i r ec t l y; therefore , 1 n forma t i on 1 n ferred from t h e  pres sur i zer l evel  

response i s  extreme l y  useful . Secondl y ,  pred 1 c t i on o f  the cor rec t 

pres sur i zer l evel by therma l -hydraul i c  c odes ( such a s  RE LAPS ) i s  neces sary  

for  cor rec t ca l c u l a t i on o f  overal l sys tem response l ead i ng to core  

uncovery . Pred i c t i on of the  correc t l eve l i s  necessary  for cor r ec t 

c a l c u l a t i on of ma s s  f l ow rate  through the open PORV . Add i t i ona l l y ,  1 mpa c t  

o f  the pres sur i zer l evel response ( r ema i n 1 ng near ful l o r  dra i n 1 ng )  i s  

e s pec i a l l y  s i gn i f i ca n t  dur i ng the t 1me per i od t ha t  i n1t1a l  core  uncovery 

and core damage oc curred . RE LAPS c a l c u l a t i ons  1 nd 1 cate  tha t i f  the 

pres sur i zer d 1 d  in fac t  dra i n ,  a s  1 s  spec u l a ted by some i nves t i ga tor s , t hen 

the add i t i ona l l i qu i d  in  the core wou l d  have delayed core uncovery and 

hea t up by a s  much a s  an hour . F or th�se reason s , th 1 s  s tudy was under taken 

to determi ne i f  the mea s ured 1 1 qu i d  l evel c ou l d  be used for ana l ys i s  of the 

acc i den t . 
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I n  th \ s  repor t ,  the Measur ... nt  syst  .. \ s  desc r t bed and eva l ua ted. 

The pressur \ zer level response to the RCS thermal -hydraul t c events  a re  then 

presented and d t scus sed . Resu l t s fro. one t ntetra l sys t� exper \�nt ( the 

s .. t scale  TMI s t�lat t ons ) are presented and ca.pared to the TMI 

pressur \ zer response . The pressur t zer l t qu td  l eve l response ca l c u la ted by 

the RE LAPS ana l ys t s  t s  ca.pared to the .. asured pres sur t zer leve l . 

F t na l l y ,  conc l us \ ons reached fro. the s tudy are presented , w \ th  suppor t t ng 

ca lcul a t , ons  and uncer ta t nty ana l yses t nc l uded a s  Append t ces . 
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SYSTEM DESCRI PTION 

An 1 s omet r 1 c  o f  the TMI -2 pr 1 ma r y  sys t em
4 

1 s  shown 1 n  F 1 gu r e  1 .  The 

1 0 - 1 n. s chedu l e  1 40 ( I D = 22 . 2  em or 8 . 75 1 n . ) pres sur 1 zer s u r ge 1 1 ne 

ent e r s  the A-l oop hot l eg at an e l eva t 1 on of 98 m ( 321  ft 6 1 n . ) .  The 

s u r ge 1 1 ne drops down from the hot - l eg ent rance to an e l eva t 1 on of 94 . 3  m 

( 309 f t  3 1 n . ) ,  t r a ve l s  appr ox1ma te l y 1 0 m ( 34 f t ) hor 1 zonta l l y, t hen r 1 s e s  

to the pres sur 1 zer entrance a t  a n  e l eva t 1 on of 9 5.1 m ( 31 2 f t  2 1 n . ) o n  the 

1 n s 1 de sur face o f  t he pres s ur 1 zer . Th1 s c on f 1 gurat 1 on ac t s  as a l oop seal  

for  the  surge 1 1 ne , w1 t h  the entrance o f  the surge 1 1 ne t o  the  hot  l eg 

correspond 1 ng to a mea s u r ed pres sur 1 zer 1 1 qu 1 d  l evel o f  1 63 em ( 64 1 n . ) .  

Th 1 s  l evel 1 s  j us t  above the e l evat 1 on of the pres s ur 1 zer hea ter s . The 

1 0  em ( 4- 1 n . ) pres s ur 1 zer spray 1 1 ne l eaves the pr 1mary  sys t em a t  the 

d 1 sc harge o f  the 2A reac tor c oo l an t  pump , and en ter s the pres s u r 1 zer 

through the t op head . A c on t rol  va l ve 1 s  1 n s ta l l ed near the ent rance to 

the pres s u r 1 zer to con t r o l  the spray f l ow r a t e . The s pray 1 1 ne does not 

have a c heck va l ve 1 ns ta l l ed ,  wh 1 ch wou l d  prevent rever se f l ow from the 

pres sur 1 zer to t he col d l eg .  

A s chema t 1 c  of the pres sur 1 zer l eve l mea suremen t  sys tem 1 s  shown 1 n  

F 1 gure 2. The l evel mea s urement  1 s  based upon the hydros ta t 1 c  f l u \ d  head 

of the 1 1 qu 1 d  col umn 1 n  the pres s ur 1 zer, mea s u r ed u s \ ng the d 1 f feren t 1 a l  

pressure  between a 1 1 qu 1 d  f 1 l l ed refer ence l eg, externa l t o  t he 

pres s ur 1 zer , and the f l u 1 d  1 n  the pr e s s ur 1 zer . S 1 nce  the reference l egs 

a r e  ex terna l to the pres sur 1 zer 1 ns u l a t 1 on and are  un 1 ns u l a ted, the 1 1 qu 1 d  

1 n  the reference l egs rema 1 ns nea r con t a 1 nmen t temperature . A s  a res u l t , 

there 1 s  no need for 1 n s ta l l a t 1 on of condens a te pot s  to keep the r eference 

l egs 1 1 qu 1 d- fu l l dur 1 ng norma l  opera t 1 on, and no conden s a t e  po t s  are 

1 n s ta l l ed .  There are  three 1 ndependen t measuremen t s  separated by 1 20• 

a r ound t he pres s ur 1 zer . The bot tom tap for each 1 s  l oca ted at  an e l eva t 1 on 

of 96 . 4  m ( 31 6 f t  2 1 n . ) ,  and the top taps a r e  a t  an e l eva t 1 on of 1 06 . 5 m 

( 349 f t  6 1 n . ) , for a total  s pan of 1 , 01 6 em ( 400 1 n . ) .  Between each of 

these s e t s  of taps,  a Ba i l ey I n s t r umen t s  d 1 fferen t 1 a l  pr e s s ure t ransm1 t ter 

1 s  1 ns ta l l ed; th 1 s  1 s  se tup for a -1 0 to +1 0 V output under an 1 npu t head 

of 0- 10 1 6 em ( 0-400 1 n . ) of  c o l d  wa ter ( 29 3  K or 68°F ). Thes e  t r ansm1 t te r s  
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F ,gure 1 .  I sa.etr tc  of  the T"I -2 pr tmary  sys te� .  
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Pressurizer 

ROT(RC-2-TE1) 

Hot leg 

From 96.2 
� --
vessel 

Pressurizer Data 

Volume = 43.1 m3 

Volume above upper tap = 3.88 m3 

Volume below lower tap = 3.17 m3 

Inner diameter = 212.4 em 
Vel/level = 0.229 m3Jcm 

107.9 

106.5 

85.3 

Reference line 

Secondary 
shield wal l 

Rack 424 
(Transmitters 
RC1 -LT1 and LT2) 

• All elevations given In meters above sea level 

6 3069 

F1gure 2. Pressur1zer level measurement conf1gurat1on. 
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are �un ted t n  t ns tru.ent racks  424 ( RC-1 -Lll and LT2 )  and 426 ( RC- 1 -Lll ) 

vhtch  are l oca ted at  an e leva t t on of 86 . 9  • ( 285 f t )  out s t de of  the 

sec ondarJ sh teld  wa l l  t n  the reac tor but l d t nv bas..en t .  The trans•t t ters 

are connec t ed to the pres sur t zer taps us t ng 2 . 1 3  c• ( 1 /2- t n. )  SST tub t ng as  
sense 1 \ nes . The trans•t t ter s are zeroed when va l ved out  of the SJS te. and 

vented to a t.asphere ,  t . e . , wt th no l oad appl t ed to e t ther s t de . As a 

resu l t ,  vhen the trans•t t ter t s  va l ved 1 n to the SJSt  .. wt th an .-ptJ 

pres sur t zer , the trans•t t ter mea sures the 1 01 6  c� ( 400 t n . ) hJdros ta t t c  

head o f  the reference l eg .  When the pressur 1 zer 1 s  ful l o f  c o l d  water , the 

trans•t t ter measures 0 c• of d 1 f feren t 1 a l  pres sure s t nce the two 

hJdros ta t t c  heads ba l ance eac h  o ther . 

The output fra. one of  the three trans•t t ter s t s  used to c a l c u late  the 

•f.-pera ture ca.pensa ted•  l evel t n  the pressur \ zer. The trans•t t ter used 

for th t s ca l cu la t t on t s  swt tch selec table  f r� the operator s con trol  pane l , 

wt th no record of whtch  trans•t t ter 1 s  used , a l though for norma l operat 1 on 

the RC - 1 -ll l trans•t t ter 1 s  used . The dt rec t  output f ro. an, of  t he 

trans•1 t ter s was not recorded dur t ng the ent \ re acc \ dent ( the output f ra. 

one trans•t t ter was recorded on the u t t l t ty pr t n ter s tar t t ng a t  570  •t n ). 

Te.perature ca.pensa t t on t s  per for .. d to accoun t for the d 1 f fer ence t n  

f l u t d  dens t t \ es between the reference leg and the pres sur \ zer f l u \ d .  The 

leve l  t s  s t.u l taneous l y  ca l cu la ted bJ two .. thods . The f 1 r s t  t s  per for .. d 

us t ng an ana l og c t rcu 1 t ,  wh t ch \ s  par t  of the Non-Nuc l ear Ins t r umen ta t 1 on 

( NNJ ) ,  the output of  wh t ch goes not on lJ  to the I ntegrated Control  Sys t .. 

( I CS ) for control  of  the pres sur 1 zer 1 1 qu 1 d  leve l , us 1 ng the makeup and 

letdown s y s t.-s , but a l so to  the control  pane l level \ nd t ca t \ ons  and s tr t p  

char t recorder . The second method uses the p l a n t  computer t o  c a l c u l a te the 

pres sur t zer l eve l. I n  th \ s  .. thod , the t ransm \ t ter output \ s  c�\ ned w\ th 

the spec 1 f \ c vol �s of the sa tura ted l t qu \ d  and s tea• wh 1 ch  are ca l cu l a ted 

us t ng one of two f l u t d  t.-peratures mea sured t n  the pressur \ zer , to 

ca l cu la te the 1 \ qu \ d  l eve l . The 1 1 qu 1 d  l evel (l) 1 s  ob ta \ ned \ n  th t s  

.. thod us 1 ng the fo l low \ ng equa t \ on ( der t ved 1 n  Append t x  A ) . 

l • 
(Pr - Pq) 0 - Pc OP 

( pf - Pg ) 

1 

( 1 ) 



where 

Pc 

Pr 

Pf 

Pg 

0 

DP 

= 

= 

= 

= 

= 

= 

f l u i d  dens i ty o f  c o l d  wa ter ( a t  293 K or 6&•f ) 

f l u i d  dens i ty for the reference l eg ( a t  325 K or 1 25.F ) 

3 
f l u i d  dens 1 ty o f  the 1 1 qu 1 d  1 n  the pres sur 1 zer ( kg/m ) 

f l u 1 d  dens 1 ty o f  the s team 1 n  the pr e s s ur i zer ( kg/m3 ) 

d i s tance between the pres sur 1 zer taps ( = 1 01 6  em or 400 1 n . ) 

mea sured d 1 f feren t 1 a l  pres sure  ( em o f  29 3 K wa ter ) .  

E qua t i on ( 1 ) account s  for the hydros ta t 1 c  head o f  the s team, and 1 s  

the equa t 1 on used by the plant  c omputer t o  obta 1 n  the l evel d 1 s p l ayed on 

the u t i l 1 ty pr 1 nter . When the pr 1mary sys tem temperature 1 s  above 325 K 
( 1 25°F ) ,  a r eferenc e - l eg temperature of 325 K ( 1 25°F ) 1 s  a s s umed for 

obta1 n 1 ng the referenc e - l eg f l u 1 d  dens 1 ty .  The l evel g1 ven by E qua t 1 on ( 1 ) 

1 s  the col l ap s ed s trat i f 1 ed l evel . I f  the 1 1 qu1 d  1 n  the pres sur 1 zer wa s 

bo1 1 1 ng ,  and thus  f 1 l l ed wi t h  vo 1 d s,  the two-phase  1 nt e r face l evel wou l d  be 

h 1 gher t han the col lapsed s t ra t 1 f 1 ed l evel due to l eve l swel l .  Resu l t s  

f r om E qua t 1 on ( 1 ) are  ava i l a b l e  t o  opera tor s on the u t 1 1 1 ty pr 1 n ter upon 

reques t, and are d i s p l ayed as a l a rms on the a l arm pr 1 n ter when the range of 

508-660 em ( 200-260 1 n . ) 1 s  exceeded . 

Hea ter 0pera t 1 on 

I n  order to 1 ncr ea se pr essure  dur 1 ng p l a n t  oper a t 1 on, the pres sur 1 zer 

1 s  equ 1 pped w1 th hea ter s that are control l ed by the ICS \ n  the automa t 1 c  

mode, based upon pres s ure, or ma nua l l y  by the opera tor s .  The hea ter s are  

d 1 v 1 ded 1 n to 1 3  groups o f  1 26 kW each . These groups are  d 1 v 1 ded 1 n to f \ ve 

bank s,  eac h bank of wh 1 ch \ s  the ba s 1 c  con trol  un1 t .  The breakdown of 
5 

hea ter banks  by groups and con trol  setpo 1 n t s  1 s  g 1 ven \ n  Tab l e  1 .  Each  
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TABU 1 .  TMI -2 PRE SSUR I ZE R  HEATE R CONF I GURAT I ON 

Low H t gh 
Correspond \ ng Total Pres sureb On Pres s ureb Of f 

Heater Heater &roup Setpo 1 nt 1n p s , g  Setpo 1 nt 1 n  ps , g  
Bank NUIIber(s) tw' lMPt) lMPa) 

1 1 3  1 26 21 47 ( 1 4 .  904 ) 21 55 ( 1 4 . 959 ) 

2 1 2  1 26 2135 ( 1 4 . 821 ) 21 55 ( 1 4.959 ) 

3 a. 9 ,  1 0 ,  1 1  504 21 35 ( 1 4 . 821 ) 21 55 ( 1 4 . 959 ) 

4 4 ,  5 ,  6 ,  7 504 21 20 ( 1 4 . 7 1 8 )  21 40 ( 1 4 . 856 ) 

5 1 .  21 3 378 201 5 (13. 995 ) 21 25 ( 1 4 . 752 ) 

a .  E tch  group prov \ des 1 26 kW . 

b .  F roa NSAC-80- 1 . 8 Pres sure , s  the gauge pres sure  measure 1 n  the 
A- loop hot l eg .  At.ospher \ c  pres sure ,s as sumed to be 1 4 . 7  ps , g .  
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. 
bank can be contro l l ed e i ther manua l l y  or i n  automa t i c  mode by the I C S .  

The control  mode i s  swi tch  selectable  b y  the operator s ,  and the s e t t1ng 1s 

not recor ded . Dur i ng the fir s t  day of the TMI -2 acc i dent , the opera tor s 

appa r en t l y  swi tched hea ter banks 4 and 5 i nto automa t i c  c on t r o l  pr i or to 

r eactor  scram ,  and left  banks 1 ,  2 ,  and 3 in manua l control  mode . Banks 1 ,  

2 ,  and 3 were apparen t l y  left  energ1zed dur i ng the en t i re f\r s t  day of  the 

acc i den t . S i nc e  these groups were  i n  manua l control , opera t i on o f  the 

hea ter s ( ei ther on or  off ) wa s not recorded on the a l a rm pr i nter,  w1th the 

excep t i on of  ground faul t t r i ps which wil l be d i scus s ed l a ter . Opera t i on 

o f  heater groups 1 -5 ,  i n  banks 4 and 5 ,  wa s recorded on the a l arm pr i nter 

as TRI P  when each group was de-energi zed , and a s  NORM when each group  was 

energi zed. Group s  6 and 1 i n  bank 4 wer e  unava i l ab l e  for opera t i on during 

t he f i r s t  day of the acc i dent .
6 

Each group a l so showed 25 TR I P  on the 

a l arm pr i n ter when t he group c i rc u i t breaker wa s tr i pped due to a ground 

fau l t .  A l i s t i ng of groups t ha t  t r i pped due to ground faul t s , and the 

t imes at whi c h  the t r i ps occu r r ed are r ecorded in Tab l e  2 .  The hea ter 

groups are not thermos -tatical l y  protec ted . 

HPI S/Makeup 

The h i gh-pres sure  inj ec tion sys tem ( HP I S )  i s  an engi neered safety ( E S )  

sys tem capa b l e  of  i nj ec t i ng a tota l of 63 L/s ( 1 000 gpm) of c o l d  wa ter  \nto 

t he four cold legs of  the r eac tor s ys tem ( 1 6  L/s or  250 gpm per c o l d  l eg ) . 

The HP I S  i s  ac tua ted by the E S  a c t ua t i on s i gna l under a number of 

conditions ,  one be i ng a pr imary sys tem pr essure  below 1 1 . 3 MPa 

( 1 640 psig ) . The HP IS uses  two pumps , MU-P-l A and MU-P-l C ,  wi th an 

automa tic va l ve a l ignment  for inj ec tion i n to a l l  four cold legs . 

The makeup sys tem is a high-pressure  1 nj ec t 1 on sys tem which,  dur i ng 

norma l  reac tor opera tion , ba l ances the .letdown f l ow ( norma l l y  3-4 L/s or 

45-70 gpm ) and inj ec ts  con t i nuous l y .  A singl e  pump ( MU-P-1 8 )  i s  norma l l y  

used , a l though any s ingl e  makeup pump ( MU-P-l A ,  -1 8 ,  or -l C )  o r  c ombina t \ on 

of pumps can be used . The makeup s ys tem uses s ever a l  of the same 

c omponents  a s  the HP IS . However,  the f l ow pa th for normal makeup is into 

the reac tor coo l ant  pump sea l s  ( 2  L/s or 30 gpm ) and into the 1 8  col d - l eg 

pump dis c harge . 
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TABlE 2. TABUlATI ON OF PRE SSUR IZE R HEATER GROUND FAUlT TRI PS 

Acc tdent 1 1• 
(nt 1nutes) 

270 
287 
330 
463 
595 

Hea ter Groups 
that  Tr 1pped 

10  
4 and 5 
3 
1 and� 
8 

a .  Groups 1 and 2 reset t.ned,ate 1 y  af ter tr t pp t ng .  
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Dur i ng the acc i dent , the opera tor s ove r r ode the E S  s i gna l several 

t imes , and a s s umed manua l  control of  the i nj ec t i on .  P umps wer e  t u r ned o f f  

and i nj ec t i on f l ow thr o t t l ed . As a res u l t ,  t h e  i nj ec t i on r a te s  and 

i nj ec t i on l oca t i on s  during the acciden t are unknown . The bes t  ava 1 l a b l e  

es t 1ma te f o r  1 nj ec tion f l ow rate  was obta i ned from Reference 5 .  However , 

the l ocat 1 on s  of ma keup i nj ec t i on ( co l d  l eg 1 8  or a l l  four col d l egs ) a r e  

unknown . Th i s  l oca t i on cou l d  have s 1 gn 1 f i cant l y  effec ted sys tem beha v i or 

because of  s team condensat i on upon i nj ec tion . The makeup h 1 s tory  g1 ven 1 n  

Reference 5 and t he l etdown h i s tory g i ven 1 n  Reference 1 0  have been 

combi ned to gi ve net i nj ec t i on f l ow 1 nto the sys tem (makeup f l ow mi nus  

l etdown f l ow ) . The net i nj ec t i on i s  presented l a ter in  th 1 s r epor t ,  for  

use in  ana l y z 1 ng RCS thermal -hydraul 1 c s . 

Pos tul ated Mea suremen t Prob l ems 

Since the acc i den t , several a rgument s  have been raised a s  to prob l ems 

tha t might have resul ted i n  an inva l id mea suremen t  of the pr es s ur 1 zer l evel 

u s ing the aforemen t i oned mea suremen t  sys tem. Twice dur i ng the f i r s t  day of  

the acc i dent , at  43 and 433 mi n after the  feedwa ter pump tr 1 p ,  opera tor s 

r eques ted output of  a l l three transmi t ter rea d 1 ngs on the u t 1 l i ty printer . 

Both t ime s  the three t ransmi t te r s  agreed wi th 1 n  seve r a l  em . Any argumen t s  

d i scount i ng the va l i d i ty of  the l evel meas urement  mus t  exp l a in th 1 s  fac t .  

Of the four argumen t s  exam1 ned , a l l  wer e  found i ns u f f 1 c 1 en t  for exp l a 1 ning 

the obser ved pr es sur i zer l iquid-l evel r es pon se  dur i ng the f i r s t  day of  the 

acc i den t . Each of  the four ar guments  a r e  presented and d i scus sed bel ow .  

The fir s t  argument , ra i sed shor t l y  after the acc i den t , i nvol ves 

pos s ib l e  effervescence of  dis sol ved hydrogen in the reference l egs . The 

argument is tha t prior to the acc i den t , hydrogen wa s dis s o l ved in the 

l i quid thr oughout the pr imary  sys tem to e l imi na te the dis so l ved oxygen that 

wou l d  tend to i nc r ease  corrosion of components . F ol l owing the reac tor 

s c ram, sys tem pressure  dec rea s ed from 16 to 7 MPa ( 2350 to 1 000 ps 1 g )  

dur i ng the f i r s t  30 mi n .  The dis s ol ved hydr ogen wou l d  tend t o  effervesce . 

I n  the reference l egs of  the l iquid l eve l mea s uremen t  sys tem, suc h  

effervescence pos s i b l y  occ urred at a fa s t  enough r a t e  to force a 
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s tgn t f t cant a.aunt of l t qu t d  out of the reference leg ,  thus t nva l t dat t ng 

the l t qu t d  level .. asur.-ent . Sand ta  laborator tes  ana lyzed th t s  

pos s t b t l t ty .
7 

Assumtng a n  t n t t ta l l y hydrogen saturated reference l eg a t  

1 5  MPa ( 2200 p s t ) ,  and a n  tns tantaneous depres surtza t t on ,  a .. x tmum er ror 

t n  the level measur ... nt , due to l tqu t d  ej ec t t on ,  was calculated as 1 45 c• 

( 57 t n . ) .  However , depres sur t zat ton was not t ns tantaneous , but took 30 •tn 

to reach 7 MPa ( 1000 ps t g ) . The conc lu s ton was ,  • t t  ts  apparent that  

head-los s due to  hydrogen effus ton t s  too s .. 1 1  to  be  respons t b l e  for the 

large level c hanges reported for the acc tdent.• 

A second argu.ent put for th tnvo l ves pos s t b l e  bo t loff of l tqu t d  fro. 
3 

reference legs dur t ng system depres sur t zat ton .  Stnce the reference l egs  

are out s t de of the pres sur t zer t nsu la t t on ,  t t  t s  unl t ke ly  that  the t r  f l u t d  

te.perature would  be �ch above the reac tor but l d t ng t.-perature over any 

s tgntf t cant por t ton of the t r  length .  For bo t l off to occur , the t.-perature 

would have to be at the saturat ton t.-perature for the sys te. pres sure , 

whtch  t s  558 K a t 7 MPa ( 54S•f at  1 000 ps t g ) . The h t ghes t recorded reac tor 

bu t ld t ng t.-perature was 354 K ( 1 7S•f ) ,  whtch occurred at 300 mt n a t  an 

elevatton of 1 01 • ( 330 f t ) .  I t  t s  pos s t b l e  tha t f l u td  tn the top few c• 

of the reference l egs was at a s uf f t c t en t l y  h t gh t.-perature ,  due to heat 

conduc t t on from the hot pres sur t zer , to bo t l  when the syst  .. 

depres sur t zed . However , th t s  woul d  resu l t  t n  a t.-porary  error of less 

than 25 c• ( 10 tn . ) ,  wh tch  would  d t sappear as condensat t on ref t l led the 

reference leg .  I f  condensa t t on d t d  not occur , to exp l a t n  the c lose  

readt ngs between trans•t t ter s wou ld requ t re that  the bo t loff  t n  each of  the 

reference legs  be the same . Th t s  argu.en t cannot be suppor ted by 

thermodyna•tc  con s t derat tons . 

A thtrd argu.ent put for th t nvol ves damage to the reference l egs by a 

wa ter ha ... r that  occurred at  1 74 •t n when the 28 reac tor pu� was 
4 

res tar ted . Res tar t  of the pump forced l tqu t d  tnto the hot cor e .  The 

ltqu t d  qutc k l y  bot led and not on l y  produced s team , but genera ted hydrogen 

and caused rap t d  repres sur t za t t on of the sys tem and a surge tn to the 

pres s ur t zer . I t  t s  pos tula ted tha t the rap t d  pres sure and leve l  t nc reases  

ac ted a s  a wa ter hammer on the reference l t nes , damag t ng them sever e l y  
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enough t o  cause l eakage . The argument c on t 1 nues by a s s um1 ng the l eaks were 

sma l l ,  and tha t  the reference 1 1 nes wou l d  r e f 1 1 1  w1 th condensate  dur 1 ng 

per 1 od s  of  repres sur 1 za t 1 on ,  resul t 1 ng 1 n  fa l se 1 nd 1 cat1 ons of  a f a l l 1 ng 

l eve l 1 n  the pres sur 1 zer . No argument has been made for damage t o  the 

d 1 f feren t 1 a l  pres sure  t ransm1 t te r s  by the wa ter hamme r . 

There are a number of  probl ems w1 t h  t he th 1 rd argumen t . F o r  one , a 

water hammer cannot occur  1 n  a ves sel or 1 1 ne 1 n  wh 1 c h  ga s ex 1 s t s , a s  gas 

ac t s  a s  a buffer , absor b i ng momen tum f r om the l i qu i d ,  thus 1 1m1 t 1 ng the 

pres sure  r i se .  A l s o ,  a wa ter hammer res u l t s  1 n  a pres s ure s p 1 ke ,  but  the 

pres sure  r 1 se 1 n  the RCS was at a rate of  1 . 7 MPa/mi n ( 250 ps 1 /m1 n ) . I t  1 s  

d 1 ff 1 c u l t  to pos t u l a te tha t  th 1 s  pressure  1 nc rease c ou l d  res u l t 1 n  equa l 

damage to al l three reference 1 1 nes . These 1 1 nes were hydros ta t 1 c  tes ted 

at a press ure of 9000 ps 1 g  pr 1 or to p lant  s tar tup . ( The wa ter  hammer 

pres s ur e  r 1 se 1 s  ana l yzed 1 n  Append 1 x  8 ,  the res u l t be 1 ng that  1 n- su r ge 

vel oc i t i es wou l d  have had to be a fac tor of  2000 t 1 me s  l a r ger than mea s ured 

to reach the hydros ta t 1 c  tes t pres sure of the sense 1 1 nes . )  The f 1 na l  

prob l em w1 th th 1 s  ar gumen t 1 s  the fac t tha t  259 m1 n a f ter the 28 pump 

tran s 1 en t  ( 433 m1 n acc 1 dent t 1 me ) ,  output  from a l l  thr ee of the 

d i f feren t 1 a l  pres sure  transm1 t te r s  were  recorded on the u t 1 1 1 ty pr 1 n ter and 

were  1n agreement w1 t h 1 n  1 3  em ( 5- 1 n . ) .  

A fou r th argumen t put  for t h  for d 1 s bel 1 ev 1 ng the l evel mea s ur emen t 

1 nvo l ves the env 1 r onment to wh 1 ch the transm1 t te r s  were exposed dur 1 ng the 
3 

f 1 r s t  day of  the acc 1 den t . The transm1 t ters  were  1 ns ta l led 1 n  

1 ns t r umen t  racks 424 and 426 1 n  the r eac tor bu 1 l d 1 ng ba semen t .  Rack 424 

( 1 n wh 1 ch transm1 t ters  RC-1 -LTl and LT2 were  1 n s ta l l ed )  wa s 1 n  the v 1 c 1 n 1 t y  

o f  t h e  exhaus t from the Reactor  Coo l a n t  Dra 1 n  Tank ( RCDT )  r u p t u r e  d 1 s k 

a s s emb l y .  D1 s c harge from the PORV wa s rou ted to th 1 s  tank . As s uc h , the 

exhaus t had the poten t 1 a l  of ra 1 s 1 ng the local  temperature  above the 

envi ronmen ta l s pec 1 f 1 ca t 1 ons  for the l eve l transm1 t ter s . The max1 mum 

temperature  recorded 1 n  the reac tor bu 1 l d 1 ng for th 1 s  v 1 c 1 n 1 ty wa s 353 K 
( 1 7 5°F ) .  Spec 1 f 1 ca t 1 on s  for the t ransm1 t ter are  for a ma x1mum oper a t 1 on a l  

temperature  o f  344 K ( 1 60°f ) .  However ,  Ba 1 l ey I n s t r umen t s  per formed 

autoc l ave tes ts  on represen ta t 1 ve un 1 t s 1 n  wh 1 c h  the transm1 t ters  were  
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.. , nta , ned '"a stea• env , ron.ent above a tempera ture of 383 K ( 230•f ) for 

I 24 h per ,od .  Dur , ng s , gn , f , cant por t , ons of th , s  tes t .  the transm, tter 

was su�rged '" l , qu ,d  fro. condensat ,on .  Per tod t ca l ly the trans•, tter 

was ca l t brated , n-place to check for the env, ron .. nta l effec t s  upon the 

trans•, t ter cal ,bra t ton . The max,mu. cal t brat , on er ror exper t enced during 

the 24 h per , od was les s than 51, pr t .. r , l y a zero sh t f t .  I t  t s  unl t ke ly  

tha t  the cond, t tons exper , enced by the trans•, t ter dur , ng the f t r s t  24  h of 

the acc t dent exceeded cond, t ,ons created dur tng the autoc l ave tes t s . As 

such , , noperable trans•, tter s or exces s t ve cal t brat ,on s h , f t s  of the 

trans•, t ter s dur t ng the f t r s t  24 h of the acc t dent are , nsuff t c t en t  to 

expla , n  the observed pres sur , zer l evel response . 

• 
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THE RMAL -HYDRAUL I C  DE SC R I PTION 

A chrono l og i c a l  des c r i p t i on and exp l a na t ion of the pres s u r 1 zer 

res ponse for s 1 gnif 1 cant  t 1 me segment s  o f  the acc i den t i s  presented her e ,  
8 

w1 t h  the acc i dent pha ses used i n  Append i x  TH of  NSAC -80-1 a s  framewor k .  

Ava i l able  data for thi s ana l ys 1 s  are  l imi ted . The pres sur i zer l evel , 

na r r ow-range pres s ure i n  the B - l oop ( RC-38-PTl ) ,  nar r ow-range temperatures 

i n  t he hot l egs , and wi de-range temperatures in  two of  the cold  l egs were  

recor ded on the  reac t i meter a t  a rate of 1 samp l e  per 3 s .  The wi de-range 

s y s tem pres sure wa s obta i ned by d i gi t i z i ng a s t r i p  cha r t  of RC-3A-PT3 and 

combin i ng 1 t  wi th the va11 d reac t i meter da ta ( that w1 t h 1 n  range ) , and the 

u t i l i ty pr i nter data . Dur i ng the f i r s t  570 min of the acc i den t , l imi ted 

data on the pressurizer temperature ,  surge- l ine temperatur e ,  and s pray l i ne 

temperature  were  ava i l a b l e  from the a l a rm and u t i l i ty pr i n ter s . F r om 570 

to 1000 min , da ta on the pres s ur i zer temperature , l evel mea s uremen t 

RC-1-LTl , and wide-range pres sure  RC-3A-PT3 were  available  on the u t i l i ty 

pr i n ter a s  group trend data every 2 mi n .  Timi ng of the PORV b l ock va l ve 

opera t i on is somewhat uncer ta i n ,  s i nce operat i on of the va l ve wa s s urmised 

from primar y  sys tem and conta i nment bu i l ding pres sure c ha nges,  i n  

conj unc t i on wi th the oper ator i n ter views and PORV header temperature 

a l a rms . Many o f  the t i mes for  these opera t i ons  may be off  by  several  min . 

Some l i berty was taken in adj u s t i ng the opening and c l osing t i me s  of  the 

PORV b l ock va l ve wi th i n  th i s  uncer tainty band in order to more  adequa tel y  

exp l a i n  the sys tem responses . I n  add i t i on ,  an unr epor ted b l oc k  va l ve cyc l e  

a t  198 mi n i s  used, and i s  doc umented i n  Append i x  D .  The b l ock va l ve 

open/c l ose t imes used i n  this s tudy are  gi ven in Tab l e  3 .  The pr ima r y  

source f o r  the s equence of even ts  wa s Reference 6 .  A tabu l a tion o f  the 

maj or pres s ur izer l evel changes , a l ong wi th the physica l mec hanisms 

bel ieved to have caused the l evel changes and a s s ump tion s made, i s  given i n  

Tabl e  4 ,  t o  a s s i s t in c l a r i fying the fol l owing discussion . 

Pha se 1 - I nitia tion 

The fir s t  phase of the acc i den t is defined as the time period from the 

tur bine tr i p  ( 0 . 0 )  to the shutdown of the B-l oop reactor coo l ant  pumps a t  

73 min. During this pha se the pr essurizer l iquid l evel fir s t  inc reased, 
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rABU 3. PORV BlOCK VALVE OPE RAT ION T IME S  

n. PORV B lock Va lve 
'•'nl Opera t t on 

1 39 C losed 

1 9 1 . 6  Opened 
1 94 . 8  C l osed 

1 97.9 Opened 
1 98 . 4  C losed 

220 O�ened 
260 C osed 

276 Opened 
31 8 C losed 

343 Opened (Va l ve was cyc led 
unt t l  458 m1 n )  

458 Opened 
554 C losed 

560 Opened 
570 C losed 

601 Opened 
672 C losed 

754 Opened 
763 C losed 

712 Opened 
795 C los ed 
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TABll 4. PRESSURIZ�R EVENTS 

Event Time 

0 

3 s 

8 s 

54 s 

5 m\n 

10 m\n 

9!1 11\n 

100-139 min 

139 •In 

144 11ln 

153 11ln 

174 11ln 

1'12 11ln 

I '15 111n 

198 •In 

Pressurizer Event 

l eve 1 Increase 

PORV opens 

Level decrease 

level Increasing to off-scale by 6 11ln 

Beginning of two-phase flow In the RCS 
loop 

Level returns on-scale, but high 

25 ln. level drop 

PRZ level decreasee from 360 to 310 ln. 
over period 

PORV block valve closure, with no change 
In PRZ level 

PRZ level drops by 20 ln. 

PRZ level drop of 10 ln. 

PRZ level Increase of 75 ln. when 28 
pump Is restarted 

PRZ level drop when PORV block valve Is 
opened 

PRZ level Increase of 30 ln. when the 
PORV block valve Is closed 

PRZ level drop of 25 ln. when block 
va lve 1s opened 

Phvsclal Mechanlsll 

RCS fluid expansion due to decreased heat 
transfer In the SG's 

Pressure setpolnt of 2255 pslg reached 

RCS fluid contraction due to reactor sera• 

RCS fluid expansion due to dryout of the SG's 
and voiding In the upper head as RCS 
depres sur \zed 

Energy halanre betwPt>n decay hcdl ,111<1 cner11y 
removal mechanisms 

Bolling In PZR due to RCS depressurization 
and energy Input from PZR heaters 

RCS depressurization due to Increased AfW In SG-A 

Bolling In saturated PRZ due to heater Input. 
Mass balance of stea• (Inlet t generated = 
exit) 

RCS Is repressurizing, which .alntalns sufficient 
DP to hold liquid In PRZ due to surge line seal 
configuration, compounded by condensation In PRZ 

Unknown 

Unknown 

Condensation In subcooled PRZ as syste• rapidly 
repressurizes. Stea• enters surge line 

flashing of saturated liquid In PRZ results In 
lower stea• velocities In surge line allowing 
liquid to drain Into hot leg 

Condensation as the RCS repressurizes by about 
20 psi 

Response of saturated PRZ to RCS pressure 
decrease 

None 

None 

None 

Assumptions Used 

Upper head begins to void when pressure 
drops to saturation pressure for Initial 
core outlet te.perature 

Increasing SR" output Is an Indication of 
two-phase flow Into the downcomer 

Energy balance In the PRZ results In PZR 
at saturation temperature 

PRZ at saturation temperature 

PRZ at saturation temperature 

PRZ Is at 7-10 psi lower pressure than the 
hot leg due to repressurlzatlon and 
condensation. Hot leg level below surge 
line entrance 

PRZ level drop Is due to the Increase of 
AFW TO SG-A at this tl��r 

PRZ level drop due to Increased AFW flow 
to SG-8 at this tl��e 

Pressure difference large enough to drive 
38 lbM/s stea• fro. hot leg Into PRZ 
(>20 psld) 

PRZ Is at near saturation when the PORV 
opens 

PRZ was subcooled as a result of the s .. 11 
RCS pressure Increases 

PRZ Is at saturation 
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t hen dec reased , and then 1 nc rea s ed off -sca l e  h1gh a s  the Reac tor Coo l a n t  

Sys tem ( RCS ) 1 1 qu i d  dens 1 ty changed 1 n  r e s ponse t o  t h e  c hangi ng average 

f l u i d  t empera t ure . The l evel then returned on-sca l e ,  as  the RCS c on t i nued 

to depres s ur i ze and t he pres sur 1 zer 1 1 qu i d  boil ed . Onc e the RCS pressure  

s tabi l i zed , due to sys tem voi d i ng ,  the pres s u r i zer l evel a l so s tabi1 1 zed a t  

a l evel of approxima t e l y  9 5 0  e m  ( 37 5  1 n . ) .  The f l ow 1 nto t h e  pres s u r 1 zer 

s ur ge l i ne was probabl y  a l l  1 1 qu i d  a t  near sa t urat i on temperature for  the 

f i r s t  25 mi n .  Dur i ng th 1 s  t 1me the pres s u r i zer l eve l fe l l  because of 

bo i l i ng i n  the pres s ur i zer , dr i ven by the depres s u r 1 zat i on and pres s u r i zer 

hea ter s .  The pres s u r i zer l evel response for s ubsets  of th 1 s  phase , 1s 

presen ted and d i scus sed next . 

0 - 1 0  M i n utes 

The pre s s ur izer l evel and primary sys tem pres s ur e  for the f 1 r s t  1 0  m1 n 

o f  the acc 1 dent  are  shown i n  F 1 gure 3 ,  ( t i me zero 1 s  taken a s  the ma i n  

feedwa ter pump trip ) . The pres sure  wa s obtained by c omb 1 n i ng the va l i d  

por tions o f  the reac t 1meter nar r ow-range pres sure  da ta w1 th the sa t ura t 1 on 

pres s ure  obta i ned from the A-l oop hot- leg tempera ture on the r eac t imeter . 

I n  F i gure  3 the trans i t i on po i nt between the r eac t 1 meter pres sure  and 

satura t i on pres sure  da ta occur s a t  abou t 2. 2 min , with t he f 1 r s t  data po 1 n t  

f r om the s a t uration pres sure a t  4 . 8  mi n .  The satura tion pres s ure  is used 

un t i l the A-l oop pumps were  tur ned o f f  a t  1 00 mi n .  The tempera tures  i n  the 

col d l eg and hot l eg of the A-l oop , a l ong wi th the satura t 1 on temperature  

ba sed upon the sys tem pres sure , a r e  s hown 1n  F 1 gure 4 .  During the  f 1 r s t  

8 s fol l owi ng the feedwa ter pump trip ,  the pres sur i zer l eve l 1 nc r eased to 

650 em ( 256 1 n. )  f r om an 1 n 1 t 1 a l  l evel of 569 em ( 224 1 n . ) .  Th 1 s  wa s due 

to RCS f l uid expansion wi t h  the i nc rea se  in average sys tem t emperature  

wh i c h  r e s u l ted from reduced heat remova l 1n  the s team genera tor s a s  the 

secondary  l eve l s  dec r ea s ed. Th i s  i nit 1 a l  1 n- s ur ge o f  coo l a n t  wa s fo l l owed 

by an out -s ur ge from the pres sur izer as t he RCS f l u i d  contrac ted fol l owing 

reac tor sc ram ( with con t 1 nued s teami ng from the s team genera tor s and f l ow 

thr ough the PORV). At  41  s ,  the opera tors  i nc r eased makeup f l ow to 

approx1ma t e l y  25 L/s (400 gpm ) . The pressur 1 zer l evel r eac hed a m1 n 1 mum of 

401 em (1 58 1 n . )  at 54 s ,  and the l evel began 1 nc reas 1 ng a t  appr oxima t e l y  
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1 50 c.V•In ( 60 t n .l•ln )  as  the average system t.-pera ture t nc reased . At 

about 1 .5 •t n Into the trans t ent , the s tea• generators ' secondar y  pressures 
bftan fa l ling , t ndlca t t ng tha t  the s tea• generator s  were dry tng out. A l so. 

a t  th t s  tl .. the A-l oop hot - and cold-leg t.-peratures equa l t zed , 

lnd t ca tlng tha t  energy r ..ava l fro. the s tea• generator was  near zero . At 

th t s  tl .. the reac tor sy s t  .. vas l tqut d-ful l vlth the exception of the 

pres surizer s tea• space . However , a t  approxt-.te l y  2 •In Into the 

tran s t ent , the sys t .. pressure had dropped suf f t clen t l y  for the f l u t d  tn  

the ves se l upper head to reach It s  sa turat t on pre s sure ( about 1 1  MPa at  

5g2 K or 1 600 ps tg  a t  60S•f ) .  Al so a t  th t s  t t.e ( 2  •tn ) ,  the HPI S  vas 

ac tua ted on the E S  s tgna l when the sys te. pres sure had dropped to 1 1 . 3 MPa 

( 1 640 pslg ) . This f low con t t nued for 2 . 5  •t n .  As the pressure continued 

to drop ,  the upper head vo t d  t nc reased and ac ted as another pre s sur t zer  for 

the sys t... I ndeed , the upper head f l uid vas probab l y  at  a h t gher 

t.-pera ture than the pres sur t zer  f l u td  was .  The continued decrease t n  

sys t  .. pres sure res u l ted tn  reaching sa tura tion pres sure In  the hot  and 

co ld  legs at about S •ln .  By this  t t  ... the con tinued PORV f l ow ,  coupled 

v t th  the Increasing s tea• void tn  the upper head and Increasing s y s te. 

average te.perature , resul ted tn  the pres surizer leve l  tnc rea s t ng to 

off-sca le h tgh ( grea ter than 10 16  c• or 400 ln . ) .  

Dur t ng the f t na l four •t nutes of th 1 s  per t od ,  the level t n  the 

pres sur t zer r.-. t ned off -sca le  h tgh .  Wt th  the PORV s t 1 1 1  open , an 

a l l - l t qu t d  or lov-votd  frac t t on f l ov out the PORV probab l y  resu l ted , vt th  

an energy loss  through the PORV approxt  .. te l y  60 t t  .. s greater than t he 

c� t ned power of 1 . 4 MW f ro. the pressur t zer hea ter s ( see Append 1 x  B ) .  At 

8 •1 n ,  the b lock va l ves for the aux t l tary feedwa ter ( AFW )  to the stea• 

generator s were opened and pr t .. r y  to secondary  heat  t rans fer t nc reased 

dra .. t t ca l l y . AFW was capable of r..a�t ng 1 60 � of energy from the RCS a t  

the .a x tmua AFW f l owra te . The ac tua l  A F W  f l owrate I s  unknovn . Pr 1.ary  t o  

seconda r y  hea t trans fer resul ted tn  a con t t nuous dec rease t n  the average 

sys tem f l u t d  t.-perature over the nex t 20 •t n .  W t th the reac tor coo lant  

p�s runn t ng ,  the tempera ture around the l oops vas nea r l y  homogeneous  ( a  

ca lcu lated t.-pera ture r t se ac ross  the core of ]•f ). F l ow 1 n to the surge 

l t ne was probab l y  .as t l y  l t qu td  ( very low vo t d  frac tion ) .  
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1 0  - 73  Mi nutes • 

The pres sur i zer l evel and pr imary sys tem pres s ure for the f1r s t  

1 00 mi n o f  the acc i dent are s hown i n  F i gure  5 ,  wi th the A-l oop hot- and 

c o l d - l eg temperatures c ompa red to the sys tem satura t i on temperature  1n 

F i gure  6 .  The pres sur i zer l evel i nd i ca t i on wa s on sca l e ,  but h 1 gh ( fr om 

9 1 4  to 990 em or 360 to 390 i n . ) dur i ng the 1 0-73 m 1 n  t 1me per i od .  

Con t i n ued sys tem depre s s ur i za t i on ,  due to f l ow out the open POR V ,  coup l ed 

wi t h  i ncreased l etdown f l ow and decreased makeup f l ow ,  a s  the opera tor s 

a t tempted to reduce the pres sur i zer level , r e s u l ted i n  an i ncrea s i ng l y  

voi ded RCS . ( RE LAP5 ca l c u la t i ons  i nd i ca te tha t vo i d i ng i n  the l oops began 

a t  about 1 mi n . )  Wi t h  a l l four pr imary  cool ant  pumps runn i ng and the s team 

generator s essen t i a l l y  dry ( a s  i nd i cated by the secondary l eve l s  r ecor ded 

on the reac t i meter ) ,  f l ow throughout the sys tem was predomi na te l y  

homogeneous two-pha se f l ow .  Th i s  cond i t i on exi s ted un t i l the B-l oop pumps 

were shut  off  at 73 mi n .  At a pproximate l y  25 mi n ,  output from the out of 

core neutron Source Range Mon i tor ( SRM ) began i nc reas i ng .  Th i s  coup l ed 

�i th the decr ea s i ng l oop f l ow mea suremen t  on the reac t i meter , i nd i ca ted 

that the sys tem vo i d  frac t i on was i ncrea s i ng .  By 30 mi n the RCS pres s ur e  

s ta b i l i zed a t  approxima t e l y  1 MPa ( 1 000 p s i g ) , wher e i t  rema i ned throughout 

the rema i nder of th i s  pha se . Dur i ng th 1 s  per i od ,  one of the pr imary energy 

r emova l  mec ha n i sms from the p r i ma r y  sys tem wa s the f l ow through the PORV . 

Decay power i n  the core wa s about 37 MW ( a t  45 m1 n )  wherea s energy remova l 

through the PORV ( a s s umi ng s team f l ow )  was approxima t e l y  1 7  MW . At the 

maxi mum AFW f l owra te , the two SG ' s  were  capable  of remov i ng 1 60 MW of 

energy from the sys tem .  The actua l AFW f l owr ate dur i ng the acc i dent i s  

unknown . ( The boundary  cond i t i on used i n  the R E LAP5 ca l c u l a t i ons  for the 

s team generators  wa s the sec ondary  l evel s recor ded on the reac t imeter . )  

A ba l a nced makeup and l etdown f l owrate of 4 . 7  l/s ( 75 gpm ) wou l d  have 

removed about 5 MW from the pr 1ma r y  system .  At 43 mi n ,  the operators  

reques ted a pr i ntout of the va l ues for  the 3 pres sur i zer di fferen t i a l  

pres sure ( l evel ) mea s uremen ts . These va l ues were  1 1 s ted on the u t 1 1 1 ty 

pr i n ter a s  RC-l -LT1=269 em = 1 06 i n . , LT2=279 em ·1 1 0  i n . , and LT3=257 em 

= 1 01 i n. ( The d i fferen t i a l  pres sure i s  gi ven i n  em of wa ter a t  293 K . ) 
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Due to the c lose agre ... n t  between the \ ndependent l evel .. asur.-ents , 1 t  

VI S  deter•t ned that  the pres sur t zer l evel t nd t ca t \ on was correc t .  At 

73 •t n ,  the B- loop pu.ps were turned off due to l ow c urrent and h t gh 

v t brat t on . Tht s a l lowed phase separa t \ on to occur t n  the B- loop and f l ow  

to s tagnate , v t th l t t t le  or no commun t c a t t on v t th the A-loop . I nd t ca t t on 

of the f l ow s toppage vas  the fa 1 1 1 ng secondary  pres sure \ n  the B - l oop SG . 

Th t s  reduced the energy r..aval from the pr \.ary  sys te.. 

Phase 2 - Con t \ nued Depres s ur t za t \ on 

The second phase of the acc t dent \ s  def t ned as  the t tme per \ od fro. 

the shutdown of  the B- loop reac tor coo lant p�s at  73  •t n ,  to the c losure 

of the PORV b lock  va lve at 1 39 •t n .  Dur tng th 1 s phase , the pres sur t zer 

l evel s tead t l y  decreased ( v \ th except t on of •t nor \ nc reases ) to  a leve l of 

790 c• ( 31 0  t n . ) .  The decrea s t ng pres sur t zer leve l  vas a d t rec t 

consequence of the con t t nued RCS depres sur \ za t \ on ,  v t th bot l \ ng \ n  the 

sa turated pressur t zer dr t ven by the energy \ nput fro. the heater s .  

Aux t l t ar y  fee� ter f low vas t nc reased to the A- l oop s team generator , vh t ch 

resul ted t n  \ nc reased pr \mary to secondary hea t trans fer and 

depres sur t za t t on of the RCS . A .. Jor event dur t ng th t s phase  vas the 

shu tdown of the A- loop reac tor coolant pu.ps , vh t ch u l t \  .. te l y  resu l ted tn  

core  uncovery  and .. J or da .. ge to the core . 

73  - 1 39 •t nutes 

The pres sur \ zer leve l and RCS pres sure \ s  shovn \ n  F \ gure 7 for the 50 

to 300 •tn t \  .. per t od of the acc \ den t .  The pressure vas obta \ ned by 

c� \ n \ ng the va l \ d por t \ ons of the reac t \meter nar row-range pre s sure data 

w \ th the d \ g t t t zed s t r t p  cha r t  v1 de-range pres sure da ta . The uncer ta \ n ty 

\ nvo l ved tn  the d \ g \ t t za t \ on process  has yet  to be eva l ua ted ; therefor e ,  

use of  these da ta shou ld  be w\ th  a cer ta t n  a.aunt o f  scept t c \ sm .  The 

A- loop hot-
1 

and co ld- leg temperatures are compared to  the sa tura t \ on 

a .  The hot- leg t.-pera ture \ n  F \ gure 8 wa s obta \ ned f rom the w \ de -range 
t.-peratur e  ( 2 7 3-700 K )  recorded on a � l t \ po \ n t  recorder once eve r y  
2 . S  m\ n .  

• 
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te.pera ture t n  F t gurt 8 .  The bes t  es t t  .. te of tht net l t qu td t nf l ux to the 

pr t .. r y  syst  .. ( .. ktup f l ow mt nus letdown f low)  t s  shown t n  F t gure 9 for 

the sa� tt .. ptr t od .
5 

At 81 •t n ,  tht prtssur t zer surge- l tne 

t.-pera turt
a 

was output on the a larm pr tn ter as  541 K ( 51 4•f ) .  The 

saturat t on t-.ptrature correspond t ng to the RCS pressure a t  tha t t t me  was 

562 K ( 552•f ) ,  tnd t ca t t ng that  the pres sur t zer t n l e t was about 20 K ( J8•f ) 

subcool ed a t  tha t t t  .. . 

At 90 •t n ,  tht output f ro. the out-of-core neutron source and 

t n ter-.dt ate-range .an t tor s ( SRM and I RM )  t nc reased , t nd t ca t t ng vo td tng t n  

the core and/or downca.er , wh t ch a l lowed .are neutrons t o  escape the 

ves sel . At  94 mtn ,  AFW was t ncreased to the then a lmost dry A-loop SG , and 

SG-A s tea•t ng was swt tched fro. the condenser to the a t.aspher t c  du.p 

va l ves ( ADV ) wh t ch decreased the secondary  s t de pres sure . Th t s  resul ted t n  

t nc reastd pr t .. ry  to secondary  heat trans fer and t ncreased condensa t t on o f  

s tea. t n  the pr tmar y syst  .. , produc t ng a sharp drop t n  RCS pres sure  ( abou t  

1 . 4 MPa or 200 ps t g ) . Th t s  abrupt drop t n  pres sure resu l ted t n  a drop t n  

pressur t zer l evel as  the prev t ous l y  saturated l tqut d  t n  the pressur t zer 

f lashed t n to s tea• . Th t s  accounts  for some of the s tea• f l ow out the open 

PORV . F l ow out the PORV was probab l y  a l l  s team ( see Append t x  8, pg B-2 ) .  

At  1 00  •tn ,  both A-loop pu.ps were s topped due to exces s t ve pump 

v t br a t t on .  Th t s  a l l owed the prev t ous l y  homogeneous two-phase mt x ture t n  

the pr t .. r y  s y s t  .. A-loop t o  s trat t fy ,  wt th a l evel  somewhere t n  the 

v t c t n t ty of  the top of the core  ( a l.ast cer ta t n l y  bel ow  the surge- l t ne 

tleva t t on t n  the hot leg ) . Star t t ng at th t s  t t  .. , the l t qu t d  poo l t n  the 

core was bo t l t ng , wt th loss  of  sys t  .. mass  as  s tea• f l ow t nto the 

pres sur t zer surge l t ne and out the PORV . S t nce the t nd t ca ted pres sur t zer 

l eve l was less than 980 c• ( 370 t n . ) ,  con t t nued f l ow out the PORV was 

probab l y  saturated steam ( see Append t x  8 ) . Wh 1 l e the PORV was open , s teaM 

ve l oc t t t es were probably  h t gh enough t n to the surge l t ne that  1 1 qu t d  f l ow 

f rom the pres sur t zer was 1 1m1 ted by counter -cur rent f l ow cons t dera t t ons . 

F lood t ng calcula t t ons ( Append t x  B )  t nd t ca te tha t the 1 1 qu t d  f l ow out of the 

a .  The surge- l t ne temperature ts .easured wt th a thermocoup l e  s t rapped on 
the ou t s t de of the surgt-l t ne p 1 pe .  As a resu l t ,  the mea sured temperature 
wt l l  tend to read lower than the ac tua l  f l u t d  temper ature . 
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pres s ur i zer ( i nto  the hot l eg )  wou l d be zero whenever the RCS pres sure  was 

grea ter than about 3-6 MPa ( 400-800 ps i g )  ( a s s umi ng a l l  s team f l ow 1 nt o  t he 

s ur ge l i ne ) . This i s  t he pres s ure  range for wh 1 ch c r i t i ca l  s team f l ow 

through the PORV woul d  res u l t  in s team vel oc 1 t i es 1 n  the s urge 1 1 ne greater 
1 5  

than the c r 1 t i ca l  vel oc 1 ty from the Wa l l 1 s  f l ood1 ng c r 1 ter i a . The 

pres s ur 1 zer l i qu i d  level contin ued to dec r ease due to s team gener a t 1 on 1 n  

the pres s ur 1 zer b� the hea ter s .  Between the t 1 me tha t core uncovery  began 

( a t  about 1 25 m1 n ) unt i l  the PORV b l oc k  va l ve was c l osed a t  1 39 min , the 

l evel decr ea s ed at a r a te of 4 . 6  em/min ( 1 . 8  1 n . /m1 n ) .  Hea ter oper a t i on a t  

a power of  1 386  k W  wou l d  account for a rate of  2 . 0  cm/m1 n ( 0 . 8  i n . /m1 n ) .  

The rema i nder of  t he s team f l ow out the PORV wou l d  have been from s team 

generated 1 n  the core and enter 1 ng the pres s u r i zer through the surge l ine . 

S 1 nce par t  of  the s team f l ow i ng out the PORV wa s genera ted 1 n  t he 

pres s ur i zer , the reduc ed s team vel oc 1 t 1 es i n  the surge 1 1 ne proba b l y  

a l l owed s ome 1 1 qu 1 d  to drain o u t  o f  the pres s ur 1 zer . Thus , the d 1 fferenc e 

1 n  ca l cu l a ted and obser ved l evel decreases . 

A few m1 nutes fol l ow 1 ng shutdown of  the A-l oop pumps ( a t  1 00 m1 n ) ,  

output from the source range mon 1 tor ( SRM ) 1 nc r eased 1 nd 1 ca t 1 ng tha t the 

downcomer level began dropp 1 ng bel ow the top of the core . ( The 1 nc reas e  1 n  

the SRM output c ou l d  a l s o  be 1 nterpreted a s  a res u l t of the downc omer and 

core vo 1 d  frac t i on both 1 nc rea s 1 ng . ) The A-l oop hot - l eg temperature  

s ta r ted a rap 1 d  i nc rea s e  a t  about 1 1 8 m1 n ,  1 nd 1 ca t 1 ng that  core unc over y 

had s ta r ted and that s uper hea t ed s team was be 1 ng genera ted 1 n  the c or e .  At  

about 1 30 m1 n the RCS press ure began 1 nc r ea s 1 ng ,  a fur ther 1 nd 1 ca t 1 on of 

inc reased vapor genera t 1 on ( both  superhea ted s team and hydrogen ) .  At 

1 34 min , the output from the rad 1 a t 1 on monito r s  1 n  the conta 1 nmen t  bu 1 l d 1 ng 

began i nc reasing , 1 ndica t 1 ng tha t fis s i on produc t s  were  esc ap 1 ng t he 

prima r y  sys tem thr ough the PORV fol l ow i ng fa 1 l ure  of the fuel -rod c l add 1 ng .  

A t  1 38 m1 n ,  w1 th satura ted s team f l ow out the PORV , approx1ma t e l y  9 MW 

of energy wa s be 1 ng removed from the sys tem through the open PORV , c ompa red 

to a core decay hea t output of about 28 MW . The B - l oop s team genera tor wa s 

1 s o l a ted , and AFW to SG-A wa s i n terr upted . How much decay hea t wa s removed 

by the SGs 1 s  unknown . However , a s 1 gn 1 f 1 cant  por t ion of the decay  hea t 
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Wis probibl J  go\ ng \ n to hea t 1 ng the fuel rods . The c ladd 1 ng te.peratures 

\n the upper por t \on of the core maJ have reached a suff 1 c 1 en t  .. gn t tude 

tha t  the z 1 rco.\ �-water reac t 1on had begun to generate s 1 gn 1 f 1 cant energJ 

and hJdrogen . At  139 •1n  the block va l ve ups trea• of the PORV was c l osed , 

s topp\ ng loss  of coolant  fro. the syst.- and ter•1 na t t ng th 1 s  phase of the 
acc \ dent .  

Phase  3 - I n 1 t 1 a l  Repressur 1 zat 1on 

Th t s  phase of the acc 1 dent extends fro. the c l osure of the PORV block  

va l ve a t  1 39 •1 n unt 1 1  the beg 1 nn 1 ng of sus ta 1 ned makeup 1njec t t on a t  

261 •1n .  

•our t ng the 1 n 1 t 1 a l  por t t ons of th t s  phase the pr 1 .. r y  sys te. 
can be character t zed a s  essent 1 a l l y  s ta t 1 c  wt th •1 n 1.a l  heat 
r e.ova l v ta  the s tea• generator s , even though a t t.-pts to s tar t 
natural  c \ rcula t \ on were .ade . Dur \ ng th 1 s  por t 1 on of the 
acc 1 dent phase the RCS pres sure con t 1 nuou s l y  1 nc reased . A major 
ther.al -hJdrau 1 1 c  event dur 1 ng th1 s per t od was the s tar t 1 ng of 
one of  the reac tor coo lant pu.ps after a t t.-pts to 1 n t t 1 a te 
natural c 1 rculat 1 on had fa 1 1 ed . Th 1 s  resul ted 1 n  a sharp 
1 nc rease 1n  RCS pres sure and pres sur 1 zer leve l . When , w1 th one 
pu.p runn 1 ng ,  there was s t 1 1 1  no ev1 dence of f l ow 1 n  the syste., 
a ser 1 es 4f man 1 pulat 1 ons of the re 1 1 ef b l ock va l ve and the h t gh 
pressure 1 njec t 1 on SJS t  .. were car r 1ed out . These .a n 1 pu la t 1 ons 
apparent l y  l ed to the dec , s 1 on to sus ta 1 n  h 1gh pres sur3 
1 nj ec t , on wh1ch  1 n 1 t 1 a tes Phase 4 of th 1 s  d \ scus s \ on . •  

Dur 1 ng th 1 s phase of the acc t dent , the pres sur 1 zer l eve l 1 nd \ cated a 

n�er of  large t nc reases and decreases 1 n  response to cond 1 t 1 ons 1 n  the 

RCS . The f \ r s t  of  these was a large 1 n-sur ge due to the res ta r t  of the 28 

p� at 1 74 •t n ,  and the resu l t , ng 1 ncrease \ n  RCS pressur e .  The 

pres sur \ zer dra 1 n  at 200 •1n  was a resu l t  of a saturated pres sur 1 zer and a 

RCS depres sur 1 za t 1 on 1 nduced bJ condensa t 1 on on the cold  HP I S  1 1 qu 1 d  \ n  the 

cold  l egs . Ref 1 1 1  of  the pressur 1 zer at  2 10  • 1n  probabl J resul ted f ro. 

condensa t \ on 1 n  the pres sur 1 zer as  the SJSt  .. pressure 1 ncreased , coup l ed 

w\ th con t 1 nued HP I . Th 1 s  resu l ted 1 n  a pr 1 ma r y  syst.- l t qu t d  l eve l above 

the surge- 1 1 ne en trance to the hot leg .  
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1 39 - 1 74 m1 nutes 

F o l l owi ng the c l o s u r e  o f  the PORV b l ock va l ve at 1 39 m1 n ,  the 

s y s tem pressure  began an i nc rea s e  of  3 . 8  MPa ( 550 ps i )  over the next 

35 mi n ( 1 1 0 kPa/mi n or 1 6  p s i /mi n ) .  P r 1 or to the va l ve c l os ure , the 

A-loop hot - l eg nar r ow-range temperature mea suremen t  recorded on the 

r eac t i meter wen t  off-scal e  h i gh ( above 600 K or 620°F ) ,  1 nd 1 ca t 1 ng 

tha t  s uperheated s t eam had a l r eady formed i n  the top of  the core a nd 

the r eac t or ves sel  upper p l enum . 

At approxima te l y  1 55 mi n ,  the A-l oop col d - l eg temperatur e  began 

to dec r ea s e  and the SRM output began to fa l l  more  rap 1 d l y .  A 

pos s i b l e  exp l a na t i on for thi s respons e  i s  the operat 1 on of  makeup 

pump MU-P- l C  wi th i nj ec t i on of  c o l d  l i qu i d  in the A-l oop c o l d  l eg s , 

and the r es u l t i ng i nj ec t i on of  l i qu i d  1 nto the downcomer . Thi s 

ope ra t i on cannot be ver i f i ed by the a l arm pr 1 nter , s i nce the a l arm 

i nd i ca tions from the pr i nter are  unava 1 l ab l e  for th 1 s  t 1 me . 

I nj ec t i on i nto the A-l oop cold  l egs i s  not s tandar d  procedure  for 

makeup f l ow ,  and th i s  exp l ana t 1 on 1 s  not s uppor ted by Refer ence 1 1 .  

Dur i ng the next 21 m1 n ( un t 1 1 1 74 m1 n ) , the RCS pressure  

inc r ea sed 2 . 8  MPa ( 400 p s i ) ,  wh1 l e  the pres s ur 1 zer l evel 1 nc r ea s ed by 

1 3  em ( 5  1 n . ) .  Th1 s sma l l  l evel \ncr ea s e  may have been a r es u l t of 

s team c ondensat 1 on \n a s l \ght l y  s ubcool ed and bo t t l ed up 

pres surizer . Because of  the s urge-l i ne s ea l  con f i gura t 1 on and the 

i nc r ea s ing sys tem pres s u r e ,  l i qu 1 d  \n the pres sur 1 zer fa i l ed to dra 1 n  

a s  the 1 1 quid ma i n ta i ned a hydros ta t i c  ba l ance with the sys tem. 

Ca l c u l a tion s  ind i cate  tha t a 50-70 kPa ( 7 - 1 0  psi )  pres sure difference 

between the hot l eg and top of the pres s ur i zer cou l d  maintain the 

pres sur 1 zer 1 1 quid-fu l l .  Since the SY,s tem pres sure wa s ris ing . the 

pres surizer wa s probabl y s ubcoo l ed and a pressure  d i fference of th 1 s  

magn i tude 1 s  reasonab l e .  A s ubcoo l 1 ng o f  0 . 5  K ( l °F )  1 n  the 

pres s ur izer s team space ( re l a tive to the surge - l ine entrance 1 n  the 

hot l eg )  wou l d  pr ovide the 70 kPa ( 1 0  ps 1 )  pressure  dif ference 

requir ed to maintain a ful l pr es s ur 1 zer . 
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1 74 - 262 11nutes 

At 1 74 •tn ,  the reac tor coolant pu.p RC-P-28 was succes s fu l l y  

res tar ted , and ran for 1 9  '' " ·  W\ th t n  the f t r s t  at nute , the pres sur \ zer 

hea ters were de-energ\ zed and the pres sur \ zer spray va lve opened . ( Note 

tha t  the spray 1 \ ne or \ g t nates a t  the d \ scharge of the 2A reactor coolant  

pu.p , and operat \on of the 28  pump woul d  have r�ul ted tn  •t nt.a l f l ow  

through the spray l t ne ) . Res tar t  o f  the pump resul ted t n  s t gn t f t cant 

l tqu td  flow fro. the 28 cold leg be t ng forced t nto the reac tor ves sel  for 

the f t r s t  20 s of operat ton ,  perhaps ref lood t ng the unda.aged port \ ons of 

the core . [ One f low es t tlite has 28 •
3 

( 1 000 f t
3

) en ter t ng the reac tor 
4 ves sel . ]  Cot nc t dent wt th  the pump res tar t was an approx t.ate 28 K 

( 5Q•f ) drop t n  the A- l oop cold-leg te�peratur e over the f \ r s t  few 1\n of 

puap operat t on .  Th t s  \ s  perhaps an t nd t ca t t on of rever se f low fro. the 

B-loop t n to the A-loop . An t nd \ ca t t on of add t t t ona l 1 \ qu t d  t n  the 

downca.er ( and perhaps the core ) was the abrupt drop t n  output fro. the 

SRM, as  neutrons were absorbed by the 1 \qu \ d .  As 1 \ qu \d  penetrated the 

cor e ,  a large a.aunt of s tea• and/or hydrogen wa s  genera ted , resul t t ng t n  a 

r t se t n  the RCS pressure of 5 . 5  MPa ( 800 ps t )  t n  2 1\ n ,  wt th a fur ther 

1 MPa ( 1 50 ps t )  t nc rease over the nex t 1 6  •t n .  Co tnc t dent wt th th t s  large 

pressure t ncrease  was a sharp r t se t n  the pressur t zer level froa 762 to 

9 1 4  c• ( 300 to 360 t n . ) ,  wt th a further s l ow  r t se to 990 c• ( 390 t n . ) .  I t  

t s  pos tula ted tha t  the level r t se was due to level swel l t n  the pres sur t zer 

a s  s teaa froa the hot leg entered the subcooled pressur t zer , condensed . and 

ra t sed the f l utd  te�perature t n  the pres sur t zer . As su.tng that the 

pres sur t zer was at sa turat t on cond t t t ons when the pump was r e s tar ted , then 

.. ss and energy ca lculat tons ( Append t x  B )  tnd t cate tha t a 1 7  kg/s 

( 38  lbRVsec ) s teaa f l ow tnto the pressur t zer , over a 2 m tn  per \od ,  wou ld 

t nc rease the f l u t d  t.-perature froa 571  K ( 567•f ) [ sa turat \ on a t  8 MPa 

( 1 200 ps t g ) ] to 594 K ( 61 Q• f ) ,  whtch  ·would  be subcoo led at the f t na l  

pres sure o f  1 4  MPa ( 2000 ps t g ) . Th t s  wou ld  resul t t n  the observed 1 52 ca 

( 60 t n . ) leve l tncrease , wt th 56 ca ( 22 t n . )  of th t s  \ nc rease due to level 

swel l as  the l t qu t d  hea ted up . The requ tred s team f l ow rate of  1 7  kg/s 

would  produce an approx taate 1 40 kPa ( 20 ps t d )  pressure drop through the 

surge l t ne .  S t nce on ly  1 K subcool tng t n  the pressur t zer cou ld  produce 
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th1s press ure d i fference , the requ i red s team f l ow rate i s  a rea s onab l e 

expec ta t i on .  S i nce a f l ow pa th exi s ted from the pres sur i zer s team s pace to 

the 2A col d l eg through t he open s pray l i ne ,  condensa t i on may have occurred 

i n  the spray l i ne wh1ch wou l d  tend to l ower the pres sur1zer pres s u re .  

S i nce there i s  an i nd i ca t i on of rever s e  f l ow i nto the 2A col d l eg ( the d r op 

\ n  f l u i d  tempera ture ) ,  i t  i s  pos s i b l e  that s ome s ubcoo l ed l \ qu1d ma y  have 

entered the pres s ur i zer through t he spray 1 \ne , wh1ch woul d  r e s u l t  1n 

fur t her s team c ondensa t i on .  

At 1 9 2  mi n ,  the operator s opened the PORV b l oc k  va l ve ,  resul t i ng 1n a 

drop 1n RCS pres s ur e  o f  about 1 . 4 MPa ( 200 p s 1 ) ,  and a drop of  1 27 em 

( 50 i n . ) i n  t he pres s ur i zer l evel i n  3 mi n .  Thi s  was a res u l t of  the 

decr ea s i ng sys tem pres s ure coup l ed w1 th a near l y  satura ted pres s ur1zer . As  

t he pres s ure  d ropped , the satura ted l i qu i d  in  the pres s u r i zer f l a s hed 1 n to 

s team. A 1 . 4  MPa ( 200 ps1 )  drop 1n pres sure  wou l d  resu l t i n  forma t i on of 

1 1 00 kg ( 2500 l bm )  of  s team from the 1 1qu 1 d  1n the pres sur i zer. Th 1 s  
3 

1 1 00 k� ( 2500 l bm )  of  s team wou l d  have r e s u l ted from f l a s h 1 ng 1 . 9 m 

( 66 f t  ) of saturated 1 1qu i d , and decrea s ed the pre s s ur i zer l evel by 

51 em ( 20 i n. ) as  c ompared to the observed 1 27 em ( 50 1 n. ) drop i n  l eve l .  

A t  a pres sure  o f  1 3 . 8  MPa ( 2000 ps i g ) , the c a l c u l a ted s team f l ow rate out 

the PORV i s  approxima tel y 1 5  kg/s ( 32 l bm/s ec ) ,  for a total  s team f l ow of 

2600 kg ( 5 , 800 l bm )  over the 3 m1n the PORV b l oc k  va l ve was open . The 

s team f l ow out the PORV woul d  have been a c omb 1 na t i on of s team genera ted 1n 

t he pres s u r i zer and s t eam f l ow through the surge 1 1ne from the hot l eg. 

The dec r ea sed s team vel oc i t 1 es 1n the surge l i ne cou l d  have permi t ted s ome 

l i qui d  to dra 1 n  out of the pres sur i zer , thus  accoun t i ng for the obser ved 

1 27 em ( 50 1n. ) dec rease  i n  l eve l . 

At 1 95 mi n the PORV b l oc k  va l ve wa s c l osed , res u l t i ng 1 n  a 200 kPa 

( 30 ps i )  r 1 se 1n pressure  over the next 6 mi n. Th 1 s  \ n  turn  res u l ted 1 n  a 

1 02 em ( 40 i n. ) r i se 1 n  the pres sur i zer l evel .  As the sys tem pres s ure  

i nc reased , the  pres sur i zer became i nc r eas i ng l y  s ubcoo l ed relat i ve to the 

hot l eg. The res u l t i ng c ondensat i on i n  the s team space reduced the 

pres sur i zer pressure  and drew s team i n to the surge 1 \ ne from the hot l eg .  

At 1 98 mi n the PORV b l oc k  va l ve wa s opened for 30 s. Th 1 s  r e s u l ted 1 n  
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another dra t n/f t l l  cyc le  t n  the pressur t zer . Al though another cyc le of the 

bloc k  va lve has not been repor ted wt thtn  a reasonable t tme per t od of th t s 

even t ,  ana l ys t s  of the RCDT and RCS pressures tnd t cate tha t  th t s  br tef 

va l ve operat ton dtd occur ( see Appendt x  D ) .  

At  200 mt n ,  the operators tn t t ta ted the .. keup p�s t n  the HPI S  .ode 

at an tnlec t ton rate of approx t.ate l y  63 L/s ( 1 000 gpm) over the next  

15  at n ,  resu l t t ng tn  a susta tned decrease of  the RCS pres sure to about 

10 MPa ( 1 500 ps t g ) . The depres sur t zat ton was dr tven by condensat t on of 

s teaa due to the t nj ec t t on of cold -.keup l tqut d .  Th t s  event ts ana l yzed 

t n  Appendt x  8 .  Assuatng that  the pres sur t zer was s t t l l  at  sa tura t t on , tht s 

dec rease tn  RCS pressure wou ld  resul t  tn  the pres sur t zer l t qu td  bot l t ng , 

wt th the resul t t ng s teaa for .. t t on d t splac t ng l tqu t d  t n  the pressur t zer , 

caus tng a decrease tn  the 1 1 qu 1 d  leve l . Th t s  depressur t zat ton of saturated 

l t qu t d  would  generate approx t .. tely  29 a3 ( 700 f t3 ) o f  s tea• t f  a l l  of 
3 

the t n t t ta l  l tqu t d  was ava t lable for vapor t za t t on ,  c01pared to the 1 3  • 

( 450 f t3 ) of l t qu td  tha t  was dt splaced . I f  on l y  the l tqu td  r� 1 n 1 ng tn  

the pres sur 1 zer af ter the level drop was ava t lable for vapor t za t t on ,  then 
3 3 

approx t .. tely  7 . 6 • ( 269 f t  ) of s teaa wou ld have been generated . 

Thus , the observed level drop t s  bracketed by these two assu.pt t ons and the 

pos tulated aechan t s• of vapor t zat ton of satura ted 1 1 qu1 d  t s  suf f t c 1 ent  to 

expla t n  the observed level dec rease . At 204 •t n ,  the pres sur t zer 

surge- l t ne t..,erature was recorded on the a lar• pr t n ter as 578 K ( 581 •f ) ,  

wt th a sy s t  .. satura t t on teaperature of 592 K ( 605•f ) .  S t nce the 

ther.ocouple aeasur tng the surge-l t ne teaperature t s  s trapped on the 

outs t de of the p tpe ,  t t  can be expec ted to .. asure a somewhat l ower 

teaperature than the f lu t d  wt th tn  the surge-l t ne p t pe .  

At 207 at n ,  the pres sur t zer level decrease s topped , and a t  2 10  •t n the 

pres sur t zer leve l began tncreas t ng unt t l  t t  t nc reased off -sca le h t gh by 

218 •' " ·  Co t nc t dent wt th th t s  level t ncrease was a repressur t za t t on of  the 

RCS by about 0 . 6  MPa ( 80 ps t ) .  The pressur t zer l eve l 1 ncreased f r om  585 to 

1 01 5  c• ( 230 to 400 t n . ) t n  8 •t n ,  wh tch corresponds to an tnl ec t t on rate 

of 22 L/s  ( 350 gpa) of  cold water tnto the syst� ( the t n -surge 

cor responded to 32 L/s ( 505 gpa) of saturated l t qu td ) .  I t  t s  pos tu la ted 
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that the HPIS  i n j ec t i on was s uf f i c i en t  to f l ood the reac tor ves s e l  and hot 

l egs to an e l evat i on above the s u r ge-l i ne en trance i n  the A-l oop hot l eg .  

Wi t h  i nc r ea s i ng RCS pres s ure and conden s a t i on i n  the pres s ur i zer , l i qu i d  

wa s d rawn i nto the pres s ur i zer , cau s i ng the large l evel i nc reas e . 
3 

Ca l c u l a t i on s  i nd i cate that HPI i nj ec ted approx i ma te l y  57 m ( 1 5 , 000 
3 

ga l l ons ) of c o l d  l i qu i d  i nto the sys tem, wherea s approx i ma te l y  38-53 m 

( 1 0 , 000-1 4 , 000 ga l l ons ) woul d  be s u f f i c i ent to f i l l  the cold  l egs , ves se l , 

and hot l eg to the eleva t i on o f  the surge l i ne i n  the A-l oop hot l eg f r om 

a n  i n i t i a l l y  empt y  cond i t i on .  The pres s u r e  i nc r ea s ed s l i gh t l y  due to 

compres s i on of  t he noncondens i bl e  gas e s  by t he HPI . 

At 219 m\n , HPI was r educed to about 6 L/s ( 1 00 gpm ) . At 220 mi n ,  the 

PORV b l ock va l ve was opened and the pre s surizer l evel returned on-sca l e ,  

accompan i ed by a 0 . 7  MPa ( 1 00 p s i ) pres sure  drop . The pres s u r e  dec r ea s e  

may have a l l owed the nonconden s i b l e  ga s bubb l e  i n  t h e  h o t  l eg t o  expand 

down to the surge- l i ne e l eva t i on ,  permi t t i ng ga s f l ow i nto the pre s s u r i zer 

and r e su l t i ng in the l evel dec rea s e . At 225 mi n ,  the A-l oop col d - l eg 

temperature  j umped 70 K ( 130°F ) ,  a proba b l e  1 nd i ca t 1 on of reve r s e  f l ow i nto 

the A-l oop cold l eg .  Th i s  may have been caused by mol ten fuel fa l l 1 ng i n to 

the l iqu i d  pool  in  the l ower p l enum, forc i ng the hot l i qu i d  in the 

downcomer back i nto the cold  l egs . At the same t i me the RCS pr e s s ure  

rap i d l y  i ncreased by 1 . 4 MPa ( 200 p s i ) .  Th i s  cou l d  have been a res u l t  of 

s team genera t i on from mol ten fuel . An event a t  225 mi n wh 1 c h  may have 

con t r i buted to the A-l oop col d - l eg temperature  r i se wa s the open i ng of the 

pres s u r i zer s prayl i ne va l ve . Th i s  may have equa l 1 zed pr es sures  and 

r e s u l ted 1 n  a s h i f t  i n  f l u i d  l evel s due to hydros t a t 1 c  head ba l ances . I t  

shou l d  be noted tha t the c o l d - l eg temperature shown 1 n  F 1 gure 8 i s  f r om an 

RTO i n s ta l led in  the RC-P-l A pump s uc t i on ,  wherea s  the sprayl 1 ne enter s the 

RC-P -2A pump d i scharge . 

Pha s e  4 - Sus ta 1 ned I nJec t i on 

This pha s e  of the acc i den t i s  charac ter i zed by s u s ta i ned i nj ec t 1 on of 

l i quid 1 n to the pr ima r y  sys tem at appro x i ma t e l y  16-1 9  L/s ( 250-300 gpm ) of 

makeup f l ow i n  an a t temp t to ref i l l  the sys tem .  The per 1 od s ta r ted w1 th 
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t ncreased 1 1 qu 1 d  tnjec t t on at  262 •t n ,  and ended wtth  open t ng of the POAV 

block va l ve at 458 •t n for depres sur t za t \ on of the ACS .  Large quant t t 1 es 

of s tea• and noncondens t bles ex 1 s ted t n  the h tgh po tn t s  of the sys t  .. ( the 

upper head , hot legs , and upper por t t ons  of the s tea• generator s )  dur t ng 

the ent 1 re phase . 

Dur 1 ng th t s  phase , the pressur t zer level measur..ent was \ nd t cat t ng a 

ful l ,  or nea r l y  ful l ,  pres sur t zer . The leve l d t d  not respond to pressure 

changes t n  the ACS .  Th 1 s  was  probably  due to a l t qu t d  l eve l 1n the A-loop 

hot leg above the surge- 1 1 ne entranc e ,  and a h tghl y  subcooled pres sur t zer . 

262 - 458 •1 nutes 

The pres sur t zer 1 1 qu t d  level t s  ca.pared wt th the ACS pressure t n  

F tgure 1 0  for the 250-500 •t n t \.e fra.. . The A-loop hot - and cold - l eg 

t..,eratures are ca.pared wt th the sys te.-sa tura t \ on te.pera ture t n  

F tgure 1 1 . Al so shown 1 n  F tgure 1 1  are t.-peratures recorded on the a la r• 

and u t t l t ty pr tnter s for the pres sur t zer , surge l t ne , and spray l t ne .  

Dur t ng tht s phase approx t.ately  43X o f  the core decay hea t ( 21 � )  
cou ld  have been re.oved by heatup o f  the cold  l t qu td  t nj ec ted by the .akeup 

sys t ... The B- loop s tea• genera tor was t sola ted . The A- l oop s tea• 

genera tor opera t t ng level was t nc reased to 1 001 between 360 and 420 •t n .  

However , heat trans fer 1 n  the S6-A was severe ly  1 1m1 ted by blockage of 

s tea• f low tn to the S6 by the col lec t \ on of  nonconden s tbles  \ n  the ACS h 1 gh 

po t nt s . Th t s  resul ted t n  a s l \ ght  ACS repres sur \ za t \ on unt t l  300 •t n .  

Dur \ ng the t n t t t a l  SO •1n  of the per 1 od ,  when the PORV block va lve was 

open , the f l ow pa th was from the \ nj ec t 1 on por ts \ n  the co ld  legs , through 

the co ld  legs and downco.er , up through the core where  a por t t on of the 

decay hea t was removed , and ou t of the RCS through the pres sur \ zer and 

PORV . The core was probab l y  covered , a l though por t t ons of the core .. Y 
have been � l ten and not quenched , wt th a l t qu t d  leve l \ n  the hot legs 

above the surge- 1 1 nt en trance eleva t t on .  S 1 nce l t qu \ d  was apparen t l y  

ava t lab le  at  the surge- l t ne entrance , w1 th f l ow out the PORV , the 

pressur 1 zer s tayed fu l l  even though the pressur \ zer hea ter s were  on at an 
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e s t i ma ted power l evel  of  1 386 kW . If the 1 1 qu 1 d  l evel 1 n  t he A-l oop hot 

l eg had been bel ow the surge-l i ne en trance a fl ow pa t h  woul d  have been 

a va i l a b l e  for the noncondens i bl e  gases to e scape the RCS and the sys tem 

woul d  have been expec t ed t o  depres s ur i ze ,  rather than  the observed 

r epres s ur i za t i on .  

A t  270 mi n ,  the pres s u r i zer heater group 1 0  t r i pped due t o  a ground 

faul t .  A ground fau l t  i s  a cond i t i on 1 n  wh i ch the cur ren t  f l ow i n  a 

c i rc u i t becomes unba l a nced due to breakdown i n  the i n s u l a t i on ,  such a s  

wou l d  occur  i f  t h e  heater s were  shor t i ng or  t h e  cabl i ng was wet . Hea ter 

groups 4 and 5 t r i pped due t o  ground fau l t s  at 286 mi n ,  and heater  group 3 

t r i pped due t o  ground faul t a t  330 mi n .  At  31 5 mi n ,  the surge-l i ne 

tempera ture  was recorded on the u t i l i ty pr i n ter  a s  424 K ( 303 •f ) , wh i c h  

wa s about 1 50 K ( 27 5  • f )  s ubcoo l ed . Ther e  has been s pecul a t i on t ha t  these 

heater t r i ps were  due to a dry pre s s ur i zer . However , by the t i me group 3 

t r i pped , more  than 45 m
3 

( 1 2 , 000 ga l l ons )  of  l i qu i d  had been i nj ec ted 

1 nt o  the sys t em .  Al l i nd i c a t i ons  are tha t the core was covered pr i or to 

t h i s  t i me per i od ,  and th i s  amount of i nj ec ted l i qui d  was s u f f i c i en t  to f i l l  

the out l et p l enum and hot legs to above the s ur ge- l i ne e l eva t i on ,  and to 

f i l l  the pres sur i zer . Therefor e ,  another mechan i sm for the hea ter tr i ps 

needs to be i nves t i ga ted . 

At  3 1 8  m1 n ,  t he PORV b l oc k  va l ve was c l osed i n  order to repres s ur i ze 

the sys tem ,  i n  an a t tempt to c ompres s a nd el i mi nate  the nonconden s i b l e  

ga ses  wh i ch ex i s ted i n  the RCS h i gh po i nt s . W 1 th the b l oc k  va l ve c l o s ed ,  

and c on t i nued makeup , the press ure i nc rea sed from 8 . 7  t o  1 4 . 7  HPa ( 1 260 to 

21 30 p s i g )  in  30 mi n .  Ana l y s i s  of  th i s  repres s ur i za t 1 on i nd i ca tes  a 

c ompres s i on of  the nonconden s i bl e  gas cor res pond i ng to an i nj ec t i on rate  of 

1 4  l/s ( 220 gpm ) , and a i nc r eas e  i n  hot - l eg l evel of 4 m ( 1 2 f t ) .  Over the 

next hour , unt i l  458 m1 n ,  the PORV b l o�k va l ve wa s cyc l ed open and c l o s ed 

to ma i nta i n  the RCS pres sure  be tween 1 3 . 1  to 1 4 . 5  HPa ( 1 900 and 

2 1 00 ps i g ) . Dur i ng per i od s  when the PORV b l ock  va l ve wa s open , f l ow out 

the PORV wa s probably  a l l  l i qu i d  ( the pres sur i zer l evel mea s uremen t  

i nd i ca ted a fu l l  pres sur i zer ) .  Th i s  imp l i es tha t  the s urge- l i ne entrance 

i n to the hot l eg wa s c overed wi th l i qu i d  and the f l ow of nonc onden s i b l e  
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gases \ n to the pres sur t zer was l t•\ ted to those gases t n  solu t t on ,  and 

perhaps sa.. gases en ter tng the hot l eg as s .. 1 1  bubbles . As a resu l t ,  

dur \ ng th \ s  t \  .. per 1od very 1 \ t t le of the hydrogen wh tch  had been 

prevtous lJ  generated tn  the core could  have been escapt ng the pr t-.ry 

s ys t  .. \ n to the reac tor but l d \ ng .  Net l t qu t d  tnJ ec t t on t nto the sys t.- was 

.. t nta t ned at  about 1 3  L/s ( 200 g�) . At  31 5 •tn ( J ust  before c l osure of 

the PORV block va l ve )  the pres sur t zer surge- l t ne t.-perature was recorded 

on the a lar• pr tnter as 424 K ( 3Q3•f ) ,  compared to a cold- leg t.-perature 

of 361 K ( 1 90•f ) and a satura t t on temperature of 577 K ( 578•f ) .  Obv t ous l y  

the f l ow  t nto the pressur t zer was  very  subcooled wh t le  the PORV block  va l ve 

wa s  open . A l s o ,  the l tqu \ d  leve l t n  the hot legs was  below the RTD a t  an 

eleva t t on of 1 07 • ( 353 f t )  (a h tgher l evel would  have cooled the RTD wh tch  

was  s t t l l  \ nd \ ca t \ ng above 600 K or 620•f ) .  Tht s  compares to  an  e leva t ton 

of 98 • ( 321 f t  6 \ n . ) for the surge-1 \ ne entrance t nto the hot l eg .  

Ca lcu lat tons t nd t cate tha t  an tnJec t t on ra te of approx t.ately  37 L/s 

( 580 g�) would  have been requ t red to remove the core decay heat of  21 MW 
( a s su.t ng an t nJ ec t t on t.-perature of 31 1 K ( l OO•f ) and a core-ex t t  

t.-perature a t  the recorded pres sur t zer te.perature wt th no s tea• 

generat t on ) .  The energy r..ava l .. chan t s• for the excess  decay heat t s  

unknown . 

Fo l lowt ng c losure of the PORV block va l ve a t  31 8 •t n ,  the sys t .. 

qu tck ly  repressur 1 zed to 1 4 . 5  MPa ( 21 00 pstg ) .  The pres sur t zer l evel was 

of f -sca le h t gh ,  and r ..a t ned 1 n  tht s cond t t 1 on throughout the rema 1 nder of 

th t s  phase of the acc tdent . Wt th the l tqu td  leve l t n  the hot l eg above the 

surge- 1 \ ne entrance ( a  pos tulate ) ,  and tncreas t ng syst  .. pres sure ,  no 

.. chan t s• ex t s ted for dra t n t ng the pres sur t zer as  long as the pres sur t zer 

was subcoo l ed .  Ca lcu la t t ons ( Append t x  B )  1 nd t cate that  t f  the s y s t  .. h t gh 

potn t s  were f t l l ed wt th noncondens tb le  gas down to a leve l J u s t  above the 

e l eva t t on of the surge-l t ne entrance \ n  the hot leg ( 98 • or 321 f t  6 t n . ) ,  

when the PORV b lock va lve was c losed , then a 1 4  L/s ( 220 g�) net .akeup 

t nJec t ton rate wou ld  produce the observed repres sur t za t 1 on rate . Th \ s  

ca.pares to the es t t.a ted net tnj ec t t on rate ( .. keup mtnus letdown ) of 

1 0- 1 6  L/s ( 1 60-250 g�) at th t s  t t  .. .  
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A t  433 mi n ,  the p r e s s ur i zer t empera t ur e ,  f r om the RTD l ocated above 

the hea t er s , wa s recorded on t he u t 1 1 1 ty pr i nter  a s  446 K ( 342°f ) ,  ver y  

s ubcool ed when c ompar ed t o  a sys t em satura t i on temperature  o f  620 K 

( 6SO•f ) .  Dur i ng per i od s  i n  wh i c h the PORV b l ock va l ve wa s cyc l ed open , 

f l ow was 1 nt o  the pres sur i zer wh i c h  wa s proba b l y  comp l e t e l y  ful l wi t h  

l i qui d ,  wi t h  f l ow out t h e  PORV . Ca l c u l a t i on s  i nd i ca te t ha t  t h e  l i qu i d  

i nj ec t i on i nt o  the sys t em ( at a 1 6  L/s o r  250 gpm i nj ec t i on rate ) and out  

thr ough t he PORV was remov i ng approx ima te l y  9 MW of the 21 MW decay hea t . 

A t  433 mi n ,  the leve l s  from the i nd i v i dua l pre s s u r i zer d i fferen t i a l  

p re s s ur e  t r a n smi t te r s  were  recorded o n  the u t i l i ty pr i n ter  a s  ( LT1 =94 em 

=37 . 1  i n . , LT2=90 em =35 . 5  i n . , LT3=83 em =32 . 5  i n . ) ,  w1 t h  a r ec or ded 

t emperature  c ompensated l evel of 1 01 7  em ( 400 . 5  i n . ) .  ( Remember t ha t  the 

mea s ur ed d i fferen t i a l  pres s ure  approaches 0 a s  the pressur i zer l evel 

approaches 1 01 6  em ( 400 i n . ) of  c o l d  water . )  

Phas e  5 - E xt ended Depres sur i za t i on 

Th i s  phas e  of the acc i den t ,  c over i ng the per 1 od of 458-672  mi n ,  i s  

c harac ter i zed by a n  extended depres sur i za t i on of the RCS 1 n  a n  a t tempt to 

r ef l ood the sys tem u s i ng t he core f l ood tank s , wh 1 ch are  pre s s u r i zed w1 t h  

n i tr ogen a t  4 . 1  MPa ( 600 ps 1 g ) . Cond i t 1 ons  a t  t h e  beg i nn i ng of t h 1 s  pha s e  

cons i s ted of core c ool i ng v 1 a  makeup i nj ec t i on wi t h  f l ow o u t  thr ough the 

h 1 gh l y  subcoo l ed pr e s s ur i zer . Noncondens 1 bl e  gases  f i l l ed the sys t em h i gh 

po i n t s  and bl ocked f l ow to the s team generator s .  

Dur i ng mos t  of the i n i t i a l  por t 1 on of t h i s pha s e , un t i l  650 m1 n ,  the 

pres sur i zer l eve l showed mi n ima l response to t he RCS depressur 1 za t 1 o n ,  

rema i n i ng a t  a l evel of  990-1 01 6 e m  ( 390-400 1 n . ) .  The depressur i za t 1 on 

proba b l y  resul ted i n  the expans i on of the nonconden s 1 bl e  bubbl e  down to the 

s urge-l i ne e l eva t i on ,  wi t h  f l ow of hot none onden s i bl e  gases  thr ough the 

pres sur i zer and out the PORV . Th i s  resul ted i n  noncondens i bl e  gases 

bubbl i ng thr ough the pressur i zer , wi th the l evel mea suremen t  i nd 1 ea t i ng 

s l i gh t l y  less  than 1 01 6  em ( 400 i n . ) of  col lapsed l evel , and a s l ow r 1 se i n  

the pres sur i zer f l u 1 d  temperature . 
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The pres sur \ zer l eve l and RCS pres sure are shown t n  F t gure 1 2  for the 
400-1000 • t n t \  .. sev--nt . The hot- and co ld- leg temperatures  are  co.pared 

to the RCS saturat \ on teapera ture \ n  F \ gure 1 3 .  A l so shown \ n  F 1 gur e  1 3  1 s  

the pressur \ zer t.-perature wh \ c h  was recorded on the ut 1 1 1 ty pr 1 n ter 

beg \ nn \ ng at 570 •t n .  The es t t  .. ted net 1 \ qu \ d  t nj ec t t on rate  1 s  g \ ven \ n  

F \ gure 1 4 .  Th \ s  phase o f  the acc tdent was t n \ t \ a ted when the PORV b l oc k  

va l ve �s opened a t  458 •t n ,  wh \ ch resul ted \ n  a con t \ nuous pr essure  

decrease of 1 2 . 4  "'a ( 1 800 ps 1 )  over the  nex t  hour . As  the  pr essure  

decrea sed , gas bubb les \n  the sys t .. expanded downwar d ,  probab l y  resu l t \ ng 

1 n  \ nc r eased noncondens \ bl e  gas f l ow 1 nto and through the pres sur t zer . 

However , the net .. keup rate was s t \ 1 1  about 1 3  l/s ( 200 g�) . and mos t of 

the flow \ nto the pres sur t zer would have been subcoo led 1 1qu 1 d .  At 

460 •t n , the pres sur t zer level t nd t ca t t on returned on-sca l e ,  but r � t ned 

ver y  h t gh ( above 990 c• or 390 t n . ) . Th t s  wa s probabl y due to gases 

enter 1 ng the pres sur \ zer , d 1 splac \ ng l t qu t d ,  and resu l t t ng 1n a two-phase 

\ nter face level  above the upper l eve l .. asurenent tap . A t  480 •t n the 

pres s u r t zer surge-1 \ ne and spray- 1 \ ne t.-pera tures were recorded on the 

u t t l t t y pr t nter a s  431 K and 352 K ( 31 6• f  and 1 73•f ) ,  respec t t ve l y . 

S. tura t t on t.-perature was approx t.ate l y 560 K ( 550•f ) .  Th t s  was a t  the 

t t  .. when the spray va l ve ,  and probab ly  the pres sur t zer ven t  va l ve were 

opened . A t  492 •t n ,  the spray- l t ne teNperature was recorded as  347 K 

( 1 6S•f ) .  At  499 •t n ,  t he surge- l t ne t.-perature was recorded as  439 K 

( 331 •f ) ,  and a t  505 •t n ,  the pressur t zer  te.perature was recorded as  451 K 

( 3S t •f ) .  These t.-peratures t nd tcate tha t  the pres sur t zer was s l ow l y  

hea t \ ng u p  at  a rate of  about  0 . 5  Kl•tn ( 0 . 8• F I•t n ) . The pressur t zer 

heater s ,  opera t \ ng at an es t t.a ted power output of  600 kW , wou l d  have been 

ra t s \ ng the t.-perature at  a ra te of 0 . 3  K/M tn  ( O . S • f J•t n ) . The d \ f ference 

be tween the obser ved and c a l c u l a ted hea tup ra tes t s  probab l y  due to t he 

f low of hot noncondens \ b le gases \ n to the pressur t zer . Concurren t l y ,  there 

was a s l ow t.-perature decrease tn the A - l oop co ld  l eg of approx t ma te l y  

0 . 3  Kl•\ n ( O . S • F J•t n )  r e s u l t 1 ng fro. cont \ nued \ nJec t \ on o f  c o l d  makeup . 

By 5 1 0  •1 n ,  the s ys t� pres sure had reduced to the core f l ood tanks  

pres sure of  4 . 1  MPa ( 600 ps t g ) . I t  ha s been c a l c u l a ted ( Reference 8 ,  pg 
3 3 

TH -4 )  tha t on l y  abou t 2 . 8  • ( 1 00 f t  ) of coo l ant  wa s \ nj ec ted f rom the 

c o r e  f l ood tanks over the next 40 • t n . 
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F 1 gure 1 2 . Compar 1 son of pres sur 1 zer 1 1 qu 1 d  l eve l and 
pr 1ma r y  system pressur e .  
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At 544 •t n ,  the net .. keup rate was reduced from about 1 5  L/s 

( 230 gpm) to about 4 L/s ( 60 g�) . At  547 mt n ,  the spray va l ve was 

c l osed . At 554 •tn ,  the PORV b lock va l ve was br t ef l y  c losed , w1 th no 

s t gn 1 f 1 cant effect upon the sys t .. cond t t 1 ons . The RCS press ure  a t  th t s  

t t  .. wa s  3 MPa ( 435 ps t g ) , and f l oa t 1 ng on the core f lood tanks pres sure . 

Beg 1 nn 1 ng a t  570 •t n ,  the operators reques ted output of group trend 

data on the u t t l t ty pr t nter a t  the rate of once every 2 mt n .  Th t s  output 

�s con t t nued throughout the r � t nder of the day and conta tns  the bes t 

ava 1 1able  data on pres sur t zer t.-peratur e .  These te.perature da ta are 

ca.pared wt th the hot- and cold-leg te.peratures and the sys tem saturat 1on 

t.-perature t n  F 1 gure 1 3 .  A l so at  th 1 s  t t  .. , the PORV bloc k  va l ve was  

c l osed ,  resu l t 1 ng t n  a s low 1 nc rease t n  RCS pressure . No s 1gn 1 f t cant  

change t n  the  pres sur t zer level occur red . S t nce the pres sur t zer was 

approx , .. te l y  65 K ( 1 20•f ) subcoo l ed ,  the l evel  r ema 1 ned a t  the upper 

l t•t t s  of the .. asur ... n t .  Th t s  was probab l y  due to a hydros ta t t c  ba lanc e  

between the 1 1qu td  t n  the pres sur t zer and the 1 ncrea s 1 ng sys te. pres sur e .  

The pres sur t zer vent va l ve .. Y have been open wh tch  wou l d  have cont r 1 buted 

to .. tnta t n t ng the pres sur t zer a t  a lower pres sure . Aga 1 n ,  on l y  a 

50-70 kPa ( 7 - 1 0  ps t )  pressure d t f ference t s  requ t red to -. t n ta t n  the 

pressur 1 zer l t qu 1d-ful l .  

At 589 •t n ,  the hydrogen burn occurred t n  the con ta t nment bu 1 l d 1 ng .  

Th t s  was a resu l t o f  genera t t on and d 1 scharge o f  hydrogen from the pr t .. r y  

sys t  .. t nto the conta t n.ent bu t l d t ng .  There t s  no t nd 1 cat ton tha t the burn 

da .. ged any of the .easurements  used tn th 1 s  ana l ys t s ,  t nc l ud t ng the 

pres sur 1 zer level trans•t t ter s or cab les . At  595 •tn ,  heater group 8 

tr t pped due to a ground fau l t .  The pres sur t zer l eve l tnd t ca ted fu l l .  

F rom the beg t nn t ng of the group trend da ta a t  570 mtn unt t l  625 Mtn ,  

the pres sur t zer ta.perature showed a con t t nuous t ncrease a t  a rate  o f  1 . 5 

K/•t n ( 2 . 7 • F!•t n )  un t t l  satur a t t on te.pera ture was reached a t  625 •t n 

( F tgure 1 3 ) . The pres sur t zer r ema t ned a t  satura t t on unt t l  81 5 mt n .  At 

601 •t n ,  the POAV bloc k va l ve was aga t n  opened and the pres s ur t zer level  

responded wt th a s low decrease of about 25 c• ( 1 0 , n . ) .  Th t s  was probab l y  

• 
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due to hydrogen be \ ng pul l ed \ nt o  the pres sur \ zer from the hot l eg ,  and 

d \ s p l a c \ ng 1 \ qu \ d  \ n  the pres sur \ zer coup l ed w \ t h  1 1 qu 1 d  f l a s h \ ng 1 n to 

s team . At  604 m1 n ,  the s pray va l ve wa s aga 1 n  opened , w1 t h  no \ nd \ ca ted 

effec t .  However , the hot-leg t empera t ur e  r es ponded w\ t h  a rap \ d  30 K 

( SO•f ) dec rea s e ,  u l t \ ma t e l y  reac h 1 ng RCS s a t ura t \ on temperature by 

655  m\ n .  The pres s u r \ zer l evel res ponded by \ nc r ea s \ ng off -sca l e  h 1 gh ,  and 

then dec rea s \ ng s l \ gh t l y  ( 1 3  em or 5 1 n . ) a s  the pres sur \ zer 1 1 qu 1 d  reached 

sa tura t i on and vapor genera t \ on \ n  the pres s u r 1 zer d 1 sp laced 1 1 qu \ d ,  

for c i ng \ t  back 1 nt o  the hot l eg .  A t  631 m\ n ,  the makeup pump MU-P-l C was 

tur ned on for abou t 1 4  m1 n a t  a net i nj ec t 1 on rate  of approx 1ma t e l y  1 3  L/s 

( 200 gpm ) . Th i s  s topped the sys tem depre s s ur 1 za t 1 on and proba b l y  ref 1 l l ed 

the hot  l eg t o  above the surge - 1 \ ne entrance . The pres sur \ zer responded by 

1 nc r eas 1 ng o f f -sc a l e  h \ gh , wher e 1 t  rema \ ned un t \ 1 6 5 0  m1 n ,  a f ter wh 1 ch the 

l evel dec rea s ed to 953 em ( 37 5  1 n . )  \ n  1 2  m1 n ,  and then cyc l ed for another 

1 2  m1 n .  The r ea son for t h \ s behav \ or may be c on t \ nued hea ter oper a t \ on \ n  

the satura ted pres sur \ zer , resul t \ ng \ n  bo 1 1 \ ng and d \ splac \ ng 1 \ qu \ d  bac k  

\ nt o  t h e  h o t  l eg .  

Pha s e  6 - Repres sur 1 za t 1 on and Recovery 

Sys t em repres s ur \ za t \ on and rec overy compr \ ses th \ s  pha se of the 

acc \ den t ,  wh 1 ch beg \ ns w1 th the c l osure  of  the PORV b l oc k  va l ve at 67 2 m\ n ,  

and ends w 1 th t he r es ta r t  of  one of the reac tor coo l an t  pumps a t  950 m\ n ,  

rees tab 1 1 s h 1 ng l ong-term forc ed c onvec t \ on c oo l 1 ng of t he c ore . The 

pres sur \ zer s pray va l ve was open pr 1 or to t h 1 s pha s e ,  and rema 1 ned open 

un t 1 1  7 26 m1 n .  

Dur 1 ng th \ s pha se of  the ac c \ den t , the pres s u r 1 zer exper 1 enced two 

maj or dra \ n/ref \ 1 1  cyc l es . Both dra 1 ns were  dr 1 ven by vapor 1 za t 1 on 1 n  the 

sa tura ted pressur \ zer by the energy \ nput from the hea ter s . Both dra \ ns 

r e s u l ted \ n  r epres s ur 1 za t 1 on of  the RCS . Th \ s  1 n  turn  s topped the dra 1 n  

and r e s u l t ed 1 n  r e f \ 1 1  o f  the pressur 1 zer . 

50 



612 - 803 at nutes 

The f t r s t  por t ton of th t s  phase t s  fr� 672 to 803 at n ,  dur t ng wh t ch  

there was •t n t  .. l net �keup tn to the systea ( about 3 L/s o r  50  g�) . w1 th 

l t t t le or no pr t .. ry  to secondary hea t trans fer through et ther s tea• 

genera tor due to t sola t \ on of the seconda r t es . Wt th  the PORV b lock  va l ve 

c losed and l t t t le  .. keup f l ow ,  the core wa s  be t ng coo led by pool bot l t ng , 

w\ th  the leve l gradua l l y dropp \ ng tn  the downcoaer . I t  t s  pos s t b le t ha t  

uncovery of the upper reg ton of the core occurred .  A t  672 •t n ,  when the 

PORV b lock val ve was  c losed , the pres sur t zer responded by beg t nn t ng a rap td 

l evel decrease of 569 c• ( 224 t n . ) 1n 1 3  •t n .  Th t s  dump occurred because 

the pres sur t zer was a t  saturat ton teaperature pr tor to the va l ve c l osur e ,  

w \ th the pres sur t zer heaters supp l y t ng 756 k W  o f  energy t o  the f l u t d .  The 

f low through the PORV had been .. \nta t n t ng the pres sur t zer at  a l ower 

pres s ure  then the res t of the RCS ,  thus hol d t ng the level up . Wt th  the 

b lock va l ve c l osed the f l u \ d  1n the pres sur t zer con t t nued to bo t l  and the 

s teaa d \ splaced the l tqutd  ( 1 9 . 5  •
3 

or 690 f t
3 

of s tea• t s  ca lcu lated 

to have been generated by the heater s ,  coapared to 20 . 4  •
3 

or 720 f t
3 

froa the leve l change ) .  The pressur t zer level reached a •tn tmu• l eve l of 

445 c• ( 1 75 \ n . ) ,  wh\ch  resul ted 1n approx t .. tel y 20 a
3 

( 7 20 f t
3

) of 

1 \ qu \d  leav t ng the pres sur \ zer and dra t n t ng 1 n to the hot leg and probabl y 

t n to the cor e .  Concurrent wt th th t s  dra t n ,  the hot - leg teapera ture 

\ ncreased froa satura t t on to 570 K ( 560•f ) ,  where t t  r ... t ned for the next 

90 •t n .  At  675 •tn the A- loop cold-leg tempera ture suddenl y  t nc reased f roa 

372 K to  483 K ( 21 0•f  t o  4 10•f ) tn  a 2�1 nute per tod ,  and then gradua l l y 

decreased to 439 K ( 33Q•f ) tn  the nex t  30 at n .  I t  has been spec u lated tha t  

th t s  s udden cold-leg teapera ture t nc rease was due t o  estab l t s h t ng na tura l 
8 

c t rcu la t ton f low tn  the A-loop . I f  na tural  c t rcu la t t on had been 

es tabl t shed tn the nor .. l f low d \ rec t ton ,  then the hot - leg t.-perature 

wou ld be expec ted to s t gn 1 f t cant l y  decrease ,  wh t ch  \ t  dtd  not  do . A l s o ,  

wt th the s tea• genera tor s t sola ted , no dr t v t ng force ex t s ted for na tural  

c \ rc u 1 at ton 1n  the nor .. l d trec t 1 on .  The pos s tb t l t t y ex t s ts  t ha t  the f l u t d  

t n  the exposed por t \ ons of the core was colder than the s tea• tn  the hot 

leg ,  wt th the pos s t b t l t t y that  th t s cou ld res u l t  tn a na tura l  c t r cu lat ton 

rever se f l ow .  However , the .. l or ca.pos t t \on of the gas 1 n  the hot l eg was 

• 
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. 
a l mo s t cer ta i n l y  nonconden s 1 b l e  gas , wh 1 c h wou l d  tend to b l oc k  t he 

e s tabl \ s hmen t  of a natural  c 1 r c u l a t \ on f l ow .  I t  \ s  more  1 \ ke l y  tha t the 

dra 1 n  of 7 20 f t
3 

of 1 \ qu \ d  from the pres s u r 1 zer resul t ed 1 n  reve r s e  f l ow 

through the core and i n to the c o l d  l egs . 

A t  678 m1 n ,  the makeup f l ow wa s i nc reased for 1 0  mi n ,  and the 

pres s u r i zer l evel dec rease  s topped and rema \ ned con s tan t . Th i s  wa s 

c oncurrent  wi th a s l i gh t  repressur \ za t i on . At  689 mi n ,  the operators  

de-energi zed heater groups 1 and  2 .  At  693  m\ n ,  t he pres sur i zer began to  

r e f i l l  and reached a l evel o f  1 01 6  em ( 400 1 n . ) a t  747 m1 n ,  a ref i l l  rate  

o f  1 1  em/mi n ( 4 . 2  i n . /m\ n) . The pres sur i zer r ef i l l  may have been due  to  

the \ nc r ea s \ ng RCS  pres s ur e  coupl ed wi t h  s team conden sa t i on \n  the  s l i gh t l y  

s ubcool ed pres sur i zer . The l evel \ n  the hot l eg wou l d  have had t o  have 

been above the surge l i ne dur \ ng th 1 s  ref \ 1 1 . The spray va l ve wa s s t i l l  

open dur \ ng mos t  o f  th i s  ref \ 1 1  ( un t i l 726 mi n ) ,  and condensa t i on through 

t h i s open pat h  may have been the maj or mec han i sm for the f i l l .  Th \ s  

a rgumen t \ s  s uppor t ed by the reac t i on of t he col d-leg temperatur e .  At 

702 m\ n ,  the A-l oop col d - l eg tempera t ure  began to i nc rease  and reac hed 

s y s tem s a t ur a t i on temperature at 732 m\ n ,  where i t  rema i ned unt i l  af ter 

800 mi n .  

A t  7 54 mi n ,  t he PORV block  va l ve wa s opened for 9 mi n .  Jus t pr \ or to 

i t s  c l os ur e ,  the pre s s ur i zer l evel br i e f l y  came bac k  on-scal e .  Th \ s  i s  a 

pos s \ bl e  1 nd i ca t 1 on tha t  s team and/or hydr ogen wa s enter i ng the surge 1 \ ne 

and d i s p l ac i ng l i qu i d  i n  t he pres s ur 1 zer . At  772  m\ n ,  the PORV b l oc k  va l ve 

wa s aga i n  opened . The pres sur i zer l evel res ponded by dec rea s i ng 1 1 4 em 

( 45 i n . )  i n  l e s s  than 1 0  mi n ,  and then sharply  i nc rea s i ng by 89 em ( 35 i n . )  

when the b l oc k  va l ve wa s c l osed . The pre s s ure dec reased s l i gh t l y  upon 

open i ng the b l oc k  va l ve and i ncreased s l i gh t l y  upon the b l oc k  va l ve 

c l os u r e ,  wi th both the pres sur i zer and col
.
d - l eg temperatures rema \ n \ ng a t  

satura t i on .  The hot - l eg temperature responded to the open i ng of t h e  bloc k  

va l ve b y  dec r ea s i ng to  satura t i on f o r  abou t 30 m1 n .  I t  i s  pos s \ b l e  tha t 

na tura l c i rcu l a t i on wa s e s tabl i shed dur i ng th \ s  per \ od .  At 786 m\ n ,  the 

conden ser s t eami ng mode wa s rees tab l i shed for SG-A . The SG-A s econdary  

pr e s s ure a l s o i ncreased , wh 1 c h 1 s  another 1 nd i ca t 1 on of na tura l c i r cu la t i on 

f l ow . 
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803 - 950 •t nutes 

At 803 •tn ,  the operators s tar ted MU-P - l C  ( t ncrea s t ng net .. keup to 

.are than 1 3  L/s ( 200 g�) . and decreased hea ter power to the press ur t zer . 

The RCS pressure dropped 200-350 kPa ( 30-50 ps t )  ( probab ly  due to 

condensat \ on effec t s )  and the pres sur t zer level responded by decrea s t ng 

280 c• ( 1 1 0 t n . )  t n  about 4 •1 n .  The pres sur t zer level  drop was a res u l t  

o f  1 \ qu \ d  evaporat \ on 1 n  the satura ted pres sur 1 zer , where generated s team 

d 1 sp l aced 1 \qu\ d .  The hot- l eg t.-perature sharp l y  dropped by 1 0  K ( 20•f ) ,  

and the A- loop cold-leg t.-perature began a susta tned decrea s e .  The 

add \ t \ on of 1 0  •
3 

( 350 f t
3 ) of near sa turated 1 1 qu 1 d  fro. the 

pressur 1 zer \ nto the core and con t t nued .. keup resul ted tn a con t tnuous RCS 

pressure t ncrease  fra. 4 to 16 MPa ( 600 to 2300 p s t g )  over the next 

70 •1 n .  A l though the pres sur 1 zer te.perature reMa \ ned fa 1 r l y  con s tant  

throughout the r_.. \ nder of  th t s  phase , \ t  was t ncrea s \ ng l y  subcool ed due 

to the t ncrea s t ng RCS pres sure . The pres sur 1 zer l evel responded to the 

pres sure t nc rease by ref \ 1 1 \ ng a t  a l tnear rate of 1 0  c.V•t n ( 3 . 8  t n . /•t n )  

unt \ 1  gotng off-sca l e  h tgh a t  860 •tn . Th t s  ref \ 1 1  was probably  

condensa t 1 on - 1 nduced w1 th  1 1 qu 1d  ava t lable  a t  the surge-1 \ ne entranc e .  

Once the pressur t zer had ref \ l led ,  the RCS repres sur 1 za t t on rate 

\ ncrea sed . A t  th \ s  po\ n t , the pressur t zer wa s  probabl y  1 1 qu t d-ful l ,  un les s  

a s .. l l  bubb le  of  noncondens 1b le  gases ex t s ted above the top l evel tap . 

At  932 •tn  the operators ran the RC-P- lA  pump for 1 0  sec . Th t s  

resu l ted t n  a br tef  f l ow  o f  coolant  1 n  the A- l oop , wh \ch caused a sharp 

drop \n RCS pres sure and the t.-peratures 1n both the hot and cold l ets . 

Pres sure t n  the secondar y  of the A- loop s team generator sharp l y  \ nc reased ,  

tndtca t \ ng tha t pr t .. r y  to secondary hea t trans fer t nc reased due to the 

s tar t of  forced convec t ton .  Ne \ ther the pres sur t zer l evel  or teNperature  

responded to  the pump oper a t 1 on .  Because the pres sur t zer wa s  1 1 qu 1d- fu l l  

and ver y s ubcooled ( about  50 K ) ,  there was no mechan 1 sm for a pressur \ zer 

dra \ n  at th t s  po tnt . At 950 •t n ,  the operator s ucces s fu l l y  res tar ted the 

RC-P - l A  p� and rees tab l t shed forced convec t t on 1n the s y s t...  Th t s  

ac t t on es tab1 1 shed long-ter• coo l \ ng of the core and es sent ta l l y recover ed 

con trol  of the p lan t , a l though the large quant \ t 1es of noncondens 1 b l e  ga ses 

J were not succes s f u l l y  e1 1•1 nated from the upper head for another 3-5 day s  . 

• 
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THE RMAL -HYDRAUL I C  E XP E R I ME NTAL RE SULTS 

There  have been a number of 1 n tegral  s y s t ems exper 1men t s  s t udy 1 ng the 

RCS therma l -hydrau1 1 c  beha v 1 or ( par t 1 c u l a r l y  t he pres sur 1 zer l evel 

r es ponse ) dur 1 ng a TMI -type acc 1 dent scena r 1 o .  The maj or exper 1men ta l 

fac 1 1 i t 1 es t ha t  have been u sed for th 1 s  type of resear c h , 1 n  wh 1 c h the 

exper i ment a l  r e s u l t s  are  s 1 gn 1 f 1 cant  to the c u r rent  ana l ys 1 s  e f for t ,  are  

the Semi s ca l e ,  Los s of F l u 1 d  Tes t  ( LOF T ) ,  and  R 1g  o f  Sa fety A s s e s sment  

( ROSA- I V ) fac i l i t 1 es . In  the fol l ow1 ng sec t 1 on ,  r e s u l t s  from the Sem1 s ca l e  

exper i ment s  wi l l  be presen ted and d 1 scus sed w1 t h  regard  t o  the pres s u r 1 zer 

l evel response to the sys tems therma l -hydrau l 1 c  phenomena . The Sem1 sca l e  

exper 1 men t s  are  the mos t  s 1 gn 1 f 1 cant  1 n  terms o f  the current  ana l ys 1 s  

effor t because of  the mockup of the TMI -2 surge-1 1 ne con f 1 gura t 1 on .  The 

LOFT and ROSA-I V  exper 1 men t s  demon s t rated very  s 1 m1 l a r  beha v 1 or to the 

Sem1 sca l e  exper imen t s , even though exa c t  TMI -acc 1 dent scena r 1 os were  not 

per formed 1n these fac 1 1 1 t 1 es . 

Sem1 sca l e  E xper 1men t a l  Res u l t s  

A tota l o f  ten Sem1 s ca l e  s 1 mu l a t 1 on s  were performed w1 t h  the obj ec t 1 ve 

of ga 1 n 1 ng a mor e  fundamental  under s tand 1 ng of  the therma l -hydra ul 1 c  
1 2  

phenomena wh 1 c h  occur red 1 n  the TMI reac tor . These  s 1 mu l a t 1 on s  u sed a 

s ca l ed moc k -up of the TMI s urge 1 1 ne , 1 nc l ud 1 ng hydrau l 1 c  res 1 s tances , 

e l eva t 1 ons and po 1 n t  of connec t 1 on to the l oop hot l eg 1 n  the THI p l an t .  

Several  unknown aspec t s  r e l a t 1 ve t o  the actual  THI p lant  trans 1 en t  requ 1 red 

a cer ta 1 n  amount of educated s pec u l a t 1 on 1n order to comp l ete  the tes t s , 

s uc h  a s  the va l ue of the actua l  HPIS  f l ow rate  a s  a func t 1 on of t 1 me and 

the l e tdown/makeup f l ow h 1 s tor 1 es . The pr 1 ma r y  res u l t  of the s 1 mu l a t 1 ons , 

w1 t h  respec t to the pres s u r 1 zer , 1 s  that core uncovery and core hea tup 

occur red 1 n  t he Sem1 sca l e  s 1 mu l a t 1 ons  even though the pres s ur 1 zer r ema 1 ned 

1 1 qu i d-ful l .  The pres s u r 1 zer l evel respon s e  wa s noted to be gener a l l y  

s 1 m1 l a r  1 n  trend t o  the mea s ur ed p l a n t  pres sur 1 zer l evel behav 1 or .  

Al t hough there were s h 1 f t s  1 n  the t 1 m1 ng ,  the Sem1 sca l e  l eve l ba s 1 ca l l y  

showed f 1 1 1 1 ng tr ends a s  the tran s 1 en t  progres sed . I t  wa s c l ea r l y  

demon s t rated tha t the pres s ur 1 zer l eve l wa s a n  1 nappropr 1 a t e  ref l ec t 1 on of 

sys tem ma s s  1 nven tory  when the sys tem wa s 1 n  a saturated two -pha s e  s ta te .  

54 



A ca.par \ son of the TMI and s .. \ sca le  pr es sur \ zer level var ta t \ ons  t s  

\ l l us tra ted t n  F \ gure 1 5 .  Two par ... ter s found \�or tant \ n  the level 

var \ a t \ on s  vere the HP IS tnjec t t on r a te and the average sys tea t.-pera ture 

resul t \ ng f ro. the aux \ 1 \ a ry  feedwater f l ow .  Dur t ng the Seat sca le  tes t s ,  

the pu.ps r ... \ nld r unn \ ng for the f t r s t  1 00 a\ n ,  a t  wh \ ch t t  .. the p�s 

vere shut off . At 1 00 •t n ,  t he Sea\ sca le  col lapsed 1 \ qu \ d  l eve l was near 

the top of the core . 

• The pres sur 1 zer was near l y  ful l dur t ng the ent \ re per \ od of  
core uncovery ,  even though .. s s  was l eav \ ng through the PORV . 
Thus . an  equt va l en t  aaount of  .a s s  wa s  enter 1 ng the surge 1 \ ne 
f ro. the hot let . The aos t l t kel y  source for t he .a s s  enter t ng 
the surge l t ne wa s  s tea• produced \ n  the core tha t eventua l l{ 
condensed \ n  the pres sur t zer surge 1 \ ne or the pres sur \ zer . •  2 

f \ gure  1 6  coapares the pres sur \ zer leve l , core co l lapsed 1 \ qu \ d  level 

and core rod theraocouple response for the Sea\ sca l e  s \mu la t \ on .  When core 

power was ter•\ na ted at 1 1 4  •t n ( due to h \ gh core teapera tures ) ,  t he 

pressur \ zer dra \ ned . 

An \ nd\ca t \ on of core uncovery and core heatup a t  T"l \ s  the 

obser vance of s uperhea ted f l u \ d  teapera ture  \ n  the hot leg .  The S�\ sca le  

s \au l a t \ on  tnd t ca ted the presence of  s uperhea ted f lu td  \ n  the ho t  l egs a t  

about the sa  .. t t  .. as  occurr ed for the T"l t rans \ en t , a s  shown t n  

f \gure 1 7 .  
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RE SULTS Of RELAPS CALCULATIONS 

In the fol lowt ng d t scus s t on ,  resu l t s for the pressur t ztr leve l 

response of a prel t•t nar y  RE LAPS calcula t t on for the TMI -2 acc t dent vt l l  be 

ca.pared to the .. asured pressur t zer leve l response dur t ng the TMI -2 
acc t dent .  These resul ts  art prel t•t nary  and .. y c hange as  the RE LAPS 

ana l ys t s  t s  ref t ned and extended . The RELAPS ana l ys t s  has curren t l y  

progressed beyond the po t n t  where a l l pu.ps were turned of f ,  a t  1 00 •tn .  

The -.asured pressur t zer l evel t s  ca.pared to the response ca l cu la ted 

by RELAPS t n  F tgurt 1 8 .  The ca lcula ted response d..ons trates the sa .. 

t n t t ta l  t n-surge and out -surge as  vas  -.asured . The reason for these l evel 

changes was the RCS f l u t d  txpans t on/con trac t t on as  energy renova l and t nput 

changed due to dryout of the SG ' s  and SCRAM of the reac tor cor e .  The 

RE LAPS ca lcula ted leve l showed the pres sur t zer ful l by 1 •t n ,  and then 

btg t nn t ng to vot d  5 •t n la ter . The ca lcula ted l eve l decreases to a •t n t�• 

of about 825 c• ( 325 t n . ) by 1 5  •t n ,  and s lowl y t nc reases . 

Up unt t l  the A- l oop p�s were turned off a t  1 00 •t n ,  t he ca l cu l a ted 

l evel t n  the pressur t zer vas very c l ose to the .. asured l eve l . The c lose 

c o.par t son between the .. asured l evel and the RELAPS ana l ys t s  resu l t s  g t ves 

c on f t dence tn both the .. asur..ent and the ana l ys t s . At 1 00 •t n ,  when the 

A-loop p�s were turned off , the calculated level dropped by approx t .. t e l y  

200 c •  ( 80 t n . ) as  ca.pared t o  a .. asured l evel dec rease o f  about 25 c• 

( 1 0 t n . ) .  The code .. Y not be capabl e  of correc t l y  ca l cu la t t ng the 

prts sur t zer response when the p�s art turned off . Th t s  t s  a resu l t of 

counter -current f lov- 1 1•t t tng ( CCF L )  phena.ena be t ng the .. c han 1 s• for 

hol d t ng the l evel up , and the fac t tha t  RE LAPS uses an 1 n ter fac t a l  drag 

.ode l to s t.u l a te the CCFL phenonena . 
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CONCLUSIONS 

As I resul t of th t s  s tudy , the fol lovt ng conc l u s t ons  have been reached . 

• The pressur t zer l t qu t d  l evel .. asur.-ent t nd t cated the correc t 

l evel t n  the pres sur t zer , vt th t n  an uncer ta t nty of approx t .. tel y  

!43 c• (!1 7 t n . ) .  

• Ros t pres sur t zer l t qu td  l eve l changes have been expla t ned t n  

ter.s o f  response t o  the ther .. l -hydraul t c  cond t t t ons  t n  the 

pres sur t zer and the r ... t nder of the reac tor coolant  sys t.-. 

Unsa t t s fac tory  explana t t ons for the •tnor l evel changes are due 

to t nsuf f t c tent  under s tand t ng of cond t t tons  that  ex t s ted t n  the 

reac tor s ys t  ... 

• No suppor t t ng evtdence of da..ge to the pres sur t zer l t qut d  level 

.. a s ur ... n t  system has been d t scovered . Ne t ther .. asured data 

fr .. the acc t dent , nor ther.adyna•t c  cons t dera t t on s  and 

calcula t tons of  wa ter ha ... r pressure  t ncreases s uppor t the 

argu.ent for da .. ge to the l evel .. asur..ent . 

• Our t ng per t ods  when the pres sur t zer heater s were undergo t ng 

ground fau l t  tr tps , ava t lab le  evtdence t nd t ca tes that the 

pres sur t zer vas ful l of very subcoo led l t qu t d  [ a s  �ch a s  1 50 K 

( 27S•F ) s ubcoo l ed ] .  F ur ther t nves t tgat ton of the heater tr t ps t s  

requ t red to resol ve t he .. chan t s• caus t ng the ground fau l t .  Th t s  

t nves t t ga t t on shou ld  t nc l ude reaova l and phys t ca l  exa•t na t , on of 

the hea ter s .  

• Al l ana l yses per for .. d tn  suppor t of th t s  s tudy have been 

s t.,l t f t ed hand ca l c u l a t t ons  ut t l t z t ng ba s t e eng t neer t ng 

knowledge . "-re ca.plete under s tand t ng of the pres sur t zer 

response .. Y be ga t ned as the more deta t led RE LAPS ana l ys t s  

progres ses , a l though RE LAPS .a y  be t ncapab l e  of cor r ec t l y  

ca l c u la t t ng the CCF L phenoaena . 
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APPENDI X  A 

PRE SSUR I Z E R  L I QUID  L E VE L  CALCULATE D F ROM 

NEASURE D DI F F E RENT I AL PRE SSURE 
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APPE ND I X  A 

PRE SSUR I ZE R L IQUI D  L E VE L  CALCULATE D F ROM 

MEASURED  DI F F E RE NTIAL PRE SSURE 

The bas t e pressur \ zer 1 \ qu \ d  level measur�nt con f t gurat 1 on t s  shown 

\ n  f t gure A-1 . The d t f feren t t a l  pres sure across  the t rans•t t ter t s  t he 

d \ fference betveen the hydros ta t t c  heads of the f l u \ d  co l u�s t n  the 

reference leg and the pres sur \ zer . Th t s  d \ f feren t t a l  pressur e .  accoun t t ng 

for the hydros tatt c  head of the s tea• col umn .  can be wr t ten a s . 

( A-1 ) 

where 

aP • the .easured d t f feren t t a l  pres sure 

D • the ver t t c a l  d t s tance between taps ( •  400 t n . ) 

l • the leve l of the s t ra t \ f ted 1 \ qu t d  1 n ter face ( t nches ) 

• the l t qu td  dens t ty t n  the reference l eg 

• the l t qu td  dens t ty t n  the pres sur \ zer 

• the s team dens t ty t n  the pres sur t zer 

g • the grav t ta t 1 ona l accelerat ton .  

The l tqu td  and s tea• dens \ t \ es are obta t ned as sumt ng sa turat ton 

c ond t t t ons  t n  the pres sur t zer and us t ng t he average of two of t he RTD 

t.-pera ture measurements t n  the pres sur t zer t n  conj unc t t on wt t h  the s tea• 

tab les . The reference leg 1 s  a s sumed to be a t  a t empera tur e of 1 2S • f  
�enever the reac tor s ys te. 1 s  above a tempera ture of 1 2S • f . Ther efore a 

• 
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F \ gure  A-1 . TMI -2 Pres sur \ zer L 1 qu \ d  Leve l  Mea s uremen t  Schema t \ c . 
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cons tant reference leg dens 1 ty of 61 . 7  lba/ft3 1 s  used t n  

E qua t 1 on ( A-1 ) .  The d ' fferen t 1 a l  pres sure transm1 t ter 1 s  ca 1 1 bra ted 1 n  

ter•s of 1 nches of  co ld  water (t  68•f ) ,  therefore the trans•1 t ter outpu t , 

DP , 1 s  related to the 6P 1 n  Equa t 1 on ( A- 1 ) by , 

where 

• the dens , ty of co ld  water a t  &a• f  

• 62 . 3  l �f t3 

E qua t 1 on ( A-2 ) can be sol ved for the s trat 1 f , ed 1 1 qu 1 d  l eve l , L ,  t n  t he 

pres sur 1 zer resu l t 1 ng \ n ,  

l • 
(Pr - Pq)D - Pc DP 

( pf - Pg ) 

( A- 2 )  

( A-3 ) 

The output fr� one of the three 1 ndependent d 1 f feren t 1 a l  pres sure 

trans•t t ter s on the pressur \ zer . \ s  used a s  1 nput to the ana l og c 1 rc u 1 t 

wh1ch  ca l c u l a tes the 1 1 qu 1d  l eve l . Th 1 s  s 1 gna l 1 s  comb1 ned v1 th  the 

t.-perature from one of  the RTD ' s  to c a l c u l a te the temperature compensated 

1 1qu1 d  level . The output from the ana l og c ' rcu 1 t 1 s  used for 1 nput to  t he 

I n tegra ted Control  Sys tem. vh 1 ch  control s the 1 1 qu \ d  l evel \ n  the 

pressur 1 zer us 1 ng the makeup and letdown sys tems . Th 1 s  ou tput a l so goes to  

an opera tor ' s  control  pane l for  \ nd 1ca t 1 on of the l \ qu 1 d  l evel ( th \ s  panel 

\ nc l udes a s tr 1 p  cha r t  recorder ) .  For Un 1 t -2 ,  the ana l og output a l so was 

used a s  1 npu t to the reac t \me ter channe l 7 .  The output from each of the 

three trans•1 t ter s 1 s  a l so \ nput to the p lant  computer , where the 1 1 qu 1 d  

leve l 1 s  ca l c u l a ted u s 1 ng Equa t \ on ( A-3 ) , and one o f  the t r ansm\ t ter s , 

usua l l y RC-1 -Ll l . Res u l t s  from th 1 s  c a l cu l a t 1 on are ava 1 lable  to  the 

operator s on reques t ,  and are used for the a l arm setpo 1 n t s , wh 1 c h  are 

output on the a l arm pr \ n ter . 
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F r om 570-1 000 m1 n fol l ow1 n� the feedwa ter pump t r 1 p ,  the operators  

reque s ted output  of group tr end da ta on the u t 1 l i ty p r 1 n ter a t  a f requency 

of one samp l e  ever y 2 mi n .  I n c l uded i n  these da ta was the pres s u r 1 zer 

temperature  f r om one of  two RTDs , and the d i f feren t 1 a l  pressure  mea s ur ed 

u s i ng transmi t ter RC-1 -LTl . A compar i son  of  the mea sured DP ( 1 n 1 nches  of  

water ) and the  p r e s s ur i zer l i qu i d  l evel , recorded on  the  reac t 1 meter , 1 s  

shown 1 n  F 1 gure A-2 . The D P  t ransmi t ter i s  zereod when va l ved out  o f  the 

s y s t em and ven ted to a tmos pher e ,  t her efore mea sures  the hydros ta t 1 c  head of 

the reference l eg when the pres sur 1 zer 1 s  empty . As a r e s u l t ,  the DP 

respondes 1n  the i nver s e  of the l i qu i d  l eve l , as  shown 1n  F 1 gure  A-2 .  

U s i ng the da ta recorded on the u t i l i ty pr 1 nter , and Equa t i on ( A-3 ) , 

the l i qu i d  l evel 1 n  the pres sur i zer can be c a l c u l a ted . The r es u l t s  of  th i s  

c a l c u l a t 1 on are  c ompar ed to the 1 1 qu i d l evel r ecorded on the reac t 1 meter i n  

F i gure  A-3 . I n  mos t  c a s e s  the compa r i s on 1 s  qu 1 te good . An excep t 1 on 1 s  

the s tep 1 n  the r eac t 1 me ter da ta a t  1 3 . 7  h ,  wh 1 ch 1 s  not s hown 1 n  the 

u t i l i ty pr i nter data . The rea s on for th 1 s  desc r epancy 1 s  unknown . 
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APPE ND I X  B 
S I MPL I F I E D  CAL CULATI ONS I N  SUPPORT Of PRE SSUR I Z E R  STUDY 

• 

B -1 



• 



• 

APPE ND I X  8 

SIMPL I F I E D  CALCULATIONS IN  SUPPORT Of PRE SSURI ZE R  STUDY 

PORV CRITICAL STE AM FLOW RATE S 

The c r 1 t 1 cl l  .. ss  f l ov rate of s tea• out the open PORV t s  a func t t on 

of the pres sur 1 zer pressure and s tea• entha l py .  As sUM1ng satura t t on 

cond 1 t 1ons  1 n  the pres sur t zer , the .. s s  f l ov rate 1 s  so le ly  a func t t on of 
the pressure ups trea• of the PORV . The PORV or 1 f 1 ce  d t a.eter 1 s  2 . 94 c• 

8-1 -4 2 2 
( 1 -5/32 t n . ) for a f lov area of 6 . 774 x 1 0  • ( 0 . 00792 f t  ) .  

8-2 
A s 1•1 1 1 ar va l ve has been f l ov tes ted v1 th  a f l ov of 1 7 . 3  kg/s 

( 38 . 1  l�s ) for pure s tea• a t  1 6 . 24 MPa ( 2355 ps 1 a ) .  The c r 1 t 1 cal  f low 
8-3 

rate can a l so be obta 1 ned fro. the ASME s tea• tab les f t gure 1 4 ,  vt th 

the .. s s  f l ov ra te for en tha lp 1es a t  1 000 and 2000 ps t a , g 1 ven by ; 

. 
• ( l�s ) • 0 . 01 47 x P ( ps t a )  a t  1 000 ps t a  

• ( l�s ) • 0 . 01 55 x P ( ps t a )  a t  2000 ps t a  

( 8-1 )  

( 8-2 ) 

E qua t 1 on 8-2 res u l t s  1 n  a s tea• mass f l ov rate of  36 . 5  1 �s at  a 

pres sure of 2355 ps ta . The cons tant 1 n  E qua t t on ( 8-2 ) can be adj us ted to 

g 1 ve the f 1 ov ra te obta t ned from the f 1 ov tes ts  resu l t t ng 1 n ,  

• ( l �s ) • 0 . 01 62 x P ( ps t a )  ( 8-3 ) 

Th 1 s  equa t 1 on v1 1 1  be used to obta 1 n  the PORY s tea� f l ov rates used 1 n  

the s 1mp 1 1 f 1 ed ca l cu la t tons t n  th t s  append 1 x .  

PRE SSUR I ZE R  SURGE L INE CCFL 

Dur t ng cond 1 t 1 ons of s team f l ov tnto the surge l t ne , through the 

pres sur t zer , and out the PORY , l t qu 1 d  f l ov out of the pres sur t zer and t n t o  

the hot leg c an  be 1 1•1 ted by  coun ter -cur ren t  f l ow- 1 1m1 t 1 ng ( CCFL ) 

phenomena . The amoun t of 1 1 qu 1 d  f l ov ou t of the pres sur t zer can be 

• 
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e s t t ma ted us t ng a c o r r e l a t t on g 1 Yen t n  Wa l l t s
8-4 

for CCFL  t n  ver t t ca l  

t ubes wt t h  upf l ow t ng gas . Th t s  correl a t t on t s ,  

. 1 /2 .1 /2 
m J f + J g = C 

wher e  

( 8-4 ) 

m = a c on s tan t , a va l ue of 1 t s  used t n  t h t s  ana l ys t s  

* 

J f = 

c = 

= 

a c on s tan t , = 0 . 725-1 . 0  

the gas and l t qu t d  non d t men s t ona l vel oc t t t e s , 

g t ven by 

* 
Res u l t s  from the Wa l l t s  corre l a t t on for c omp l e te f l ood \ ng ( J ,=O )  

( 8-5 ) 

( 8-5 ) 

a r e  tha t no l t qu t d  out f l ow from the pres s ur t zer could  occ u r  a t  RCS 

pres s u r es above 400-800 ps t a . S t nce the mt n t mum RCS pr e s s u r e  reac hed 

dur t ng the f t r s t  8 h of the acc \ dent  wa s 67 5 p s \ g  ( the pr e s s u r e  wa s only  

be l ow 800 ps t g  for  30 mt n ) ,  t t  can  therefore be  conc l uded tha t dra \ n t ng of  

l t qu t d  ou t of  the  pres s u r t zer wou l d  not occ ur dur t ng mos t  per t od s  \ n  wh t c h  

the PORV b l oc k  va l ve wa s open and the l t qu t d  l evel  t n  the hot l eg wa s bel ow 

the s u r ge 1 1 ne entrance t o  the hot l eg .  F l ood 1 ng wou l d  occur  a t  the s ur ge 

1 \ ne entrance t n to the bot tom of the pres s ur t zer . 
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MINIMUM PRE SSUR IZ ER  L EVE L  F OR TWO-PHASE FLOW OUT PORV 

f or cond 1 t 1 ons  where there was s tea• f l ow t n to the surge l t ne and out 

of the PORV , the •tn t� .. asured pres sur t zer level at whtch the two-phase 

tnter face leve l reached the PORY can be ca lculated .  The pres sur 1 zer 
8 -4 

average vot d  frac t t on can be ca lcu lated us t ng the dr \ f t f l ux .adel a s , 

( 8-7 ) 

where 

• the super f 1 c \ a l  s tea• vel oc t ty through the pressur 1 zer 

• a constant , usua l l y taken a s  equa l to 1 . 2 

The pressur t zer average vo \ d  frac t t on requ t red for the t nter face l evel 

to reach the PORY can a l so be ca l c ula ted fro. the measured , or col l apsed , 

1 1 qu \ d  level a s ,  

-
Cl • ( 8-8 ) 

where 

• the .easured l evel 

• the swe l led tnter face l evel  ( •455 1 n .  a t  the PORY ) 

E qua t t ng Equa t 1 on ( 8-7 ) and E qua t t on ( 8-8 ) res u l t s  t n  the mt n t� 

.. asured leve l at wh\ch the two-phase t n ter face l evel wou ld  reach the PORY 

and two-phase f l ow ou t the PORY wou ld  resu l t .  

8 · 5  



( 8-9 ) 

E va l ua t i ng E qua t i on ( 8-9 ) res u l t s  1 n  a m1 n 1 mum l evel o f  41 6 1 n .  a t  a 

RCS pres sure  o f  1 000 ps i a  ( the mi n i mum l eve l 1 nc rea ses  s l i ght l y  wi th  

i nc r ea s i ng pres sure  to  a va l ue of 426 i n .  a t  2500 ps i a ) .  The r e su l t of  

t h i s ca l cu l a t i on i s  that  dur i ng per 1 od s  1n  wh i ch the  mea sured l eve l was on  

s ca l e  ( l es s  than 400 1 n . )  f l ow out  the PORV  wou l d  have been a l l or  near a l l  

s team . ( The effec t s  of drop l et en tra i nment  are  not i nc l uded i n  th i s  

ana l ys i s ) .  

WATE R HAMME R E F F E CTS 

I t  has been spec u l a ted tha t the sense l i nes l ead i ng from the 

pres sur 1 zer to the d 1 fferen t 1 a 1  pres s u r e  tran smi t ters  were  damaged due to 

water hammer at 1 74 m1 n when the 28 pump wa s restar ted and there wa s a 

large l eve l i nc reas e  1 n  the pres sur i zer i nd 1 ca t 1 ng a large i n-surge . Wa ter 

hammer 1 s  a n  effec t o f  the rap 1 d  accel era t i on of l i qu i d .  Typ i ca l l y  the 

phenomenon occurs  a t  the open i ng or c l os i ng of a va l ve ,  res u l t 1 ng in a 

l a rge pres sure  s p i ke .  Th 1 s  pres sure i nc rease ( above the s ta t 1 c  pres s ur e )  
8-5 

can be c a l c u l a ted by , 

AP = - p c AV 

where 

p = 

c = 

AV = 

the 1 1 qu 1 d  dens i ty 

the vel oc i ty of  sound ( =4720 f t/s } 

the change i n  l i qu 1 d  vel oc i ty 

( 8- 1 0 )  

Dur i ng the repres s ur i za t i on even t a t  1 74 m1 n ,  the pres sure i nc r eased 

from a n  i n i t i a l  pressure  of  1 300 ps \ g  to 2 1 00 ps 1 g  over a 2 m1 n per i od .  

S 1 nce the sense l i nes had been hydrosta t 1 ca l l y  tes ted dur i ng p l a n t  s tar tup 
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to 1 pressure of 6000 ps t ,  t t  se .. s reasonable tha t for da .. ge to occur the 

pressure MUst  have been grea ter than th t s  va l ue .  Us 1 ng a pressure 1 nc rease 

of 3900 ps t (• 6000-21 00 ps \ g )  \n Equa t \ on ( 8- 1 0 )  res u l t s  t n  a requ 1 r ed 

vel oc t ty change of  80 f t/s . ( Note tha t th t s  ve loc 1 ty change wou ld  need to 

occur pirl l lel  to the sense l t ne entrance to the pressur t zer , wh t ch 1 s  90• 

fro. the d t rec t t on of the l t qu 1 d  vel oc t ty resul t t ng from an tn-surge t n to 

the pressur t zer . Therefore ,  there t s  rea l l y no phy s t c a l  mechan t sm for 

Wiler ha.-er da.age to occur . )  Us 1 ng the mea sured l eve l to calcu late the 

t n-surge l tqu td  ve l oc t ty (I  57 . 8  1 n .  t ncrease over 1 20 s )  resul t s  tn a 

vel oc t ty of 0 . 04 f t/s , whtch  1 s  a factor of  2000 too s-. 1 1  to t ncrease the 

pressure up to the hydros tlt 1 c  tes t pres sure . Therefor e ,  the l t ke1 1 hood of 

wa ter ha-.er da.age occur t ng to the sense l t nes 1s  neg 1 1 g 1 ble . 

PRE SSUR I Z E R  I N-SURGE AT 1 74 MINUTE S  

A t  1 74 •t n ,  the 28 pu.p was res tar ted . Th t s  resu l ted t n  a large 

pressure t nc rease and a large t ncrease  1 n  the meas ured pressur t zer 1 \ qu t d  

level . The fol lovt ng ana l ys t s  wt l l  show that the level 1 nc rea se  cou ld  have 

occured sol e l y  due to condensat t on ef fects  1n the pres sur \ zer , 

syst  .. pressure 1 nc reased due to s tea• generat t on tn  the core . 

ass�d tha t  the pres sur t zer was t n t t t a l l y  a t  sa turat t on ;  tha t  

as  the 

I t  wt l l  be 

the 1 \ qu t d  

level t n  t he hot leg was a lways belov the surge 1 1 ne en trance to  the hot 

leg ;  and tha t the gas f lov tn to the pres sur t zer was a l l  s team . The l t qu t d  

.a s s  1 n  the pres sur t zer at  a gt ven t tme a f ter the s tar t o f  the 28 pu� .  

M ( t ) ,  can be gt ven by , 

M ( t )  • M0 + •g t • Y ( t )pf ( 8- 1 1 )  

where 

• the t n t t t a l  l t qu t d  mass  ( l bm) 

• the s team mi s s  f l ow rate  t nto the pres sur t zer ( l bmls ) 
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V ( t )  = the 1 1 qu 1 d  vol ume 1 n  the pres s ur 1 zer  a s  a func t 1 on of t 1me 

= v
0 + ( 3 . 1 8 f t

3
/ 1 n ) • L ( t )  

3 
v

o = the pres s ur 1 zer vol ume bel ow the bot tom tap ( + 1 1 2  f t  ) 

l ( t )  = the measured 1 1 qu 1 d  l evel a s  a func t 1 on of t 1me ( 1 n . ) 

t = t 1me a f ter s ta r t  of  28  pump ( seconds ) 

The entha l py of the 1 1 qu 1 d  1 n  the pres s ur 1 zer a s  a func t 1 on o f  t 1 me ,  

H ( t ) ,  1 s  g 1 ven by , 

where 

= the 1 n 1 t 1 a l  1 1 qu 1 d  entha l py ( btu/ l bm )  

= the entha l py of the 1 nl et s team ( btu/l bm )  

= the 1 1 qu 1 d  en tha l py a t  t 1 me t ( btu/ l bm )  

E qua t 1 ons  ( 8-1 1 and B-1 2 )  can each b e  sol ved for mgt and equa ted 
g 1 v 1 ng ,  

( 8-1 2 )  

( B -1 3 )  

Over the temperature and pres sure range o f  the repres s ur 1 za t 1 on even t ,  

the 1 1 qu 1 d  den s 1 ty ,  entha l py ,  and l evel  can be wr 1 t ten 1 n  1 1 near 1 zed forms 

a s , 

L ( t )  = L 0  + a t ( B-1 4a )  
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pf • b + c T ( 8-1 4b ) 

hf • d + t T ( 8-1 4c ) 

-.here 

a , b ,c , d , e  • constants g 1 ven 1 n  Tab le  8-1  

T • the pressur 1 zer 1 1 qu 1d  teaperature at  t 1  .. t ( •f )  

Subs , tut , ng the 1 1 near 1 zed for•s of Equa t 1 on ( 8-1 4 )  1 nto 

Equa t 1 on ( 8-1 3 )  and rearang 1 ng resu l t s  ' " ·  

A T2 
• 8 T + C • 0 

where 

A • c e 

8 • 

c • 

The one va 1 1 d sol u t 1 on of Equa t 1 on ( 8-1 5 )  1 s  g1 ven by , 

T • [ -8 + ( 82
- 4AC ) 1 12

]/28 

The .. s s  f l ow rate at  a t 1  .. t can then be obta 1 ned fro.. 
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TABL E  B-1 . VALUE S USE D I N  THE ANALYSIS AT 1 74 MI NUTE S 

a = 0 . 482 1 n . /s 

b = 94 . 3  l bm/f t3 

d = -269 . 6  btu/l bm 

A = -0 . 1 421  

l n 1 t 1 a l  Cond 1 t 1 on s  

Lo = 298 . 6  1 n .  

v0 = 1 061 . 5  f t3 

Mo = 46 , 81 0  1 bm 

P = 1 300 p s 1 a  

T = Ts a t  = 577 . 4• f 

hg = 1 1 50 btu/ 1 bm 

RE SULTS 

T ( 1 20 s )  = 61 0 . 8  •f 

hg = 1 335 btu/ 1 bm T ( 1 20 s )  = 6 1 6 . 3  • f 

8 - 1 0 

c = -0 . 087 l bm/f t3-•f  

e = 1 . 481 btu/lbm-•f 

B = 298 . 7  

F i na l  Cond1 t 1 ons 

L = 356 . 4  \ n .  

P = 21 00 p s 1 a  

M ( 1 20 )  = 51 , 300 1 bm 
. 111g = 37 . 4  1 bm/s 

M ( 1 20 }  = 50 , 704 1 bm 

.iag = 32 . 5  1 bm/s 



The ca lcu la t t ona l procedure t s  to ass� an entha l py of the t n let  

s tea• and solve Equa t t on ( 8- 1 6 )  for the t.-perature ,  T ,  at  t t.e ,  t ,  and 

then use th t s  te.perature to obta t n  the l t qu t d  dens t ty fr� E qua t t on 

( l- 1 4b ) . Tht s  a l lows the l t qu 1 d  .ass , M ( t ) ,  and requ tred s tea• .a s s  f l ow 

. 
rate , -v •  to be ca lcula ted . I f  th 1 s  s tea• .a s s  f l ow rate 1 s  a reasonable  

va l ue ,  then t t  can be  conc luded tha t  the pres sur t zer level t nc rease could 

have been a d 1 rec t  resu l t  o f  condensat t on ef fec ts  wt thout the requ t r�nt 

tha t  a l t qu t d  source was ava t l able  at the surge l t ne entrance  to the hot 

leg .  Th t s  procedure was per for .. d and the va l ues used , a l ong wt th the 

resul ts , are presented 1n Table B-1  for tvo d t f ferent va l ues of the 1 n let  

s tea. entha lpy.  One va l ue for sa tura ted s tea• at  2 1 00 ps ta , and a second 

for superheated s tea• at  2000 ps t a  and aoo•f . The resu l ts for both cases 

are very s t•t lar . aa s t cal l y  a 32-37 l�s s tea• f l ow rate 1 nto the 

pres sur 1 zer t s  requ tred to resu l t  t n  the .. asured level 1 nc rease  due to 

s tea• condensa t t on tn the subcoo led pres sur t zer as  the sys t,. pressure 

t nc reases . Th t s  1s  a reasonable  s tea• f l ow rate 1 nto the pressur t zer 

through the 8 . 75- t n .  d t a  .. ter surge l t ne . The resu l t t ng cond t t ton at the 

end of the 2 •tn per t od t s  an approx t.ately  20-25 •f  subcoo led pres sur t zer . 

PRE SSURI ZE R  OUT-SURGE AT 200 MINUTE S 

At  200 •t n ,  the operators manua l l y  t n t t t a ted HPI . Th t s  resul ted t n  a 

raptd  depres sur t za t t on of the sys te. due to s tea• condens t ng on the cold 

HP J wa ter . S t.ulataneous wt th the depres sur t za t t on ,  t he level t n  the 

pres sur t zer dropped by 1 45 . 9 t n .  t n  7 •t n .  The fol lowt ng ana l ys t s  sh� 

tha t  th 1 s l eve l drop was a resu l t of f lash t ng of  l t qu t d  t n to s tea• t n  the 

pres sur 1 zer once the RCS pres sure reached the saturat t on pres sure t n  the 

pres sur t zer . The s tea• genera ted by vapor t za t ton of  the l t qu t d  d t s p laced 

the l 1 qu 1 d  t n  the pressur t zer , thus resul t t ng t n  a fal l t ng 1 1 qu 1 d  leve l . 

A .ass  and energy ba lance t n  the pressur t zer ( as sUM1 ng an t sentha l p t c  

s ta te change ) for the t n 1 t ta l  and f t na l  s ta tes resu l ts t n  the f t na l  s tea• 

.. s s  t n  the pres sur t zer as g t ven by , 
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• ( 8- 1 8 ) 

where  

= the 1 n 1 t 1 a l  s team and 1 1 qu 1 d  ma s s es 

= the f 1 na l  s team and 1 1 qu 1 d ma s ses 

= the total  1 n 1 t 1 a l  ma s s  1 n  the pres sur 1 zer 

= the 1 n 1 t 1 a l  s team and 1 1 qu 1 d  en tha l p 1 es 

= the f 1 na l  s team and 1 1 qu 1 d  en tha l p 1 es 

I f  1 t  1 s  a s s umed that the pres sur 1 zer was 1 n 1 t 1 a l l y  a t  sa tura t 1 on ,  and 

tha t a l l o f  the 1 1 qu1 d  1 n 1 t 1 a l l y  1n the pres s ur 1 zer wa s a va 1 l ab l e for 

genera t 1 on of  s team a s  the depres s ur 1 za t 1 on proceeded , then the ma x 1 mum 

s team genera t 1 on w1 1 1  be c a l c u l a ted . I f  . 1 t  1 s  a s s umed tha t onl y  the 1 1 qu 1 d  

rema 1 n 1 ng 1 n  the pres s ur 1 zer a t  the end o f  the depres s ur 1 za t 1 on wa s 
. 

ava i l a b l e  for s team generat 1 on ,  then the m1 n 1 mum s team gener a t 1 on w1 1 1  be 

c a l c u l a ted . The ac tua l s team genera t 1 on shou l d  be between these va l ues . 

The va l ues o f  parameters  used and the res u l t s  are tabu l a ted 1 n  Tabl e  8-2 . 

Summar 1 z i ng the resul t s , the max 1 mum s team genera t 1 on account s  for a 

1 028 f t
3 

gas vol ume c hange , or  a l evel dec rease  of  323 1 n .  ( compar ed to 

the mea sured l evel dec rease of 1 46 1 n . ) .  The m1 n 1 mum s team generat 1 on 
3 

accounts  for a 269 f t  ga s vol ume c hange , or  a level dec rea se of  85 \ n .  

Thus , the mea s ured l evel change does 1 ndeed 1 1 e between the m1 n 1 mum and 

ma x 1 mum va l ues c a l c u l a ted .  

PRE SSUR I ZE R  L E V E L  INCREASE AT 21 0 MI NUTE S 

At 21 0 . 2  m1 n the meas ured l evel 1 n  pres sur 1 zer began a 1 \ near \ nc r ea se 

o f  22 . 1  1 n . /m1 n over the next 8 m1 n ,  f i na l l y  1 ncr eas 1 ng off-sca l e  h 1 gh 

( >400 1 n . ) .  Th 1 s  1 nc r ea se wa s concurr ent w1 th an 80 ps 1 1 nc r ea se 1 n  
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TABU 1-2 . CALCULATIONS F OR PRE SSUR I Z E R  E VE NT AT 200 M INUTES  

F t na 1 a b 
Ptrt•ttr I n t t t a 1  Cond t t tons  Condt t t ons  Ca l culated Calculattd 

n. 200 . 25 •tn 207 . 25 

p 1 870 ps t a  1 547 

Tsat  626•f 599 

Pf 39 . 9  l blllf t3 42 . 3  

Pg 4 . 82 1blllf t3 3 . 74 

hf 656 . 8  btu/lbnl 6 1 7 . 9  

hg 1 1 47 . 7  btu/ 1bnl 1 167 . 5  

"' 51 , 340 l bll 34 , 800 

"' 1 , 1 23 l blw  2 , 607 4 , 7 1 6  1 , 877 

..,. 52 , 463  1 bll 37 . 407 

Yg 233 f t3 697 1 , 26 1  502 

av1 464 1 , 028 269 

L 369 . 4  t n .  223 . 5  46 . 5  284 . 8  

a .  Assu.t n9 tha t  a l l  o f  the t n t t t a 1  
ava t l ab l e  for vapor t za t t on .  

H qu t d  t n  the pressur t zer was 

b .  Ass�t ng tha t  on l y  the l t qu t d  .. asured t n  the pressur t zer at the end of 
the depres sur t za t t on was ava t l ab l e  for vapor t za t t on .  
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sys tem pres s ur e .  A l evel 1 nc rea se of 22 . 1  1 n . /m1 n correspondes to  a 1 1 qu 1 d  

f l ow r a te 1 nto the pres sur 1 zer o f  525 gpm . One exp l a 1 na t 1 on for th 1 s  l evel 

1 nc r ea s e  1 s  tha t the 1 1 qu 1 d  l eve l 1n  the hot l eg rose up to the surge-1 1 ne 

entranc e ,  due to HPI . Con t 1 nued 1 nj ec t 1 on resul ted 1 n  a s l 1 gh t  sys tem 

repr es s ur 1 za t 1 on ,  wh 1 ch ref 1 l l ed the pres sur 1 zer . The ca l c u l a ted f l ow r a te 

of 525 gpm wou l d  correspond to an HPI  1 nj ec t 1 on rate  of  360 gpm o f  c o l d  

water ( a s s um1 ng a 1 1 qu 1 d  dens 1 ty of 42 . 6  l bm/f t
3 

1 n  the pres s ur 1 zer a n d  a 

HPI  1 1 qu 1 d  dens 1 ty of 62 . 0  l bm/f t
3

) .  

RE PRE SSURI ZAT I ON OF  NON-CONDE NSIBLE  GASE S AT 3 1 8  MI NUTE S 

At 31 8 m1 n ,  the PORV b l oc k  va l ve wa s c l osed 1 n  order to repres s ur 1 ze 

the RCS , 1 n  an a t tempt to compres s and e l 1m1 na te the nonconden s 1 b l e  ga s 

wh 1 c h  f 1 l l ed the RCS h 1 gh po 1 n t s . W1 th the b l ock va l ve c l osed , and makeup 
B-6 

con t 1 nu 1 ng at a rate  of approx 1matel y 250-300 gpm • The pres sure 

1 nc reased from 1 27 5  to 2050 p s 1 a  over the next 30 m1 n .  The fo l l ow 1 ng 

ana l ys t s  l ooks  a t  the compr es s 1 on of the nonconden s 1 b l e  gas 1 n  an a t tempt 

to obta 1 n  a ver 1 f 1 ca t 1 on of the \ nj ec t 1 on rate . S 1 nce the hot - l eg RTD 

temperature never dec rea s ed from 1 ts s uper hea ted output dur 1 ng t h 1 s t 1 me 

frame , we know that the f \ na l  1 1 qu 1 d  l evel 1 n  the hot l eg wa s bel ow 

353 f t .  F or th 1 s  ana l ys t s ,  1 t  1 s  a s s umed that the 1 n \ t 1 a l  l evel wa s j us t  

above the s urge-1 1 ne entrance e l eva t \ on a t  321 f t  6 1 n . , and that the 

noncondens \ b l e  ga s f o l l ows the 1 dea l ga s l aw for a rever s 1 bl e  ad1aba t \ c  

c ompr es s \ on . Thus , 

( 8-1 9 )  

where 

p = the absol u te pressure  

v = the ga s vol ume 

k = the rat 1 o  of spec 1 f \ c hea ts ( = 1 . 4 1  for hydr ogen ) .  
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Equa t t on ( B-1 9 )  can be solved for the ra t to of f t na l  to t n t t t a l  gas 

vo1 u.es g t v 1 ng ,  us 1 ng the pres sures gt ven above , v21v1 • 0 . 7 1 . The 

tota l pr t .. ry s t de vol u.e  t n  the hot legs and S6s above the surge 1 t ne 

entrance elevat ton ( and t nc 1 ud 1 ng the ves sel  upper head ) t s  about 

3067 f t
3

• Thus , the vol �  change t s  av • ( 1 -0 . 7 1 ) • 3067 f t
3 

• 

3 
890 f t  . Tht s  vol ume  change cor responds to a t nj ec t t on rate of 220 g� 

over the 30 •tn per tod ,  and to an t ncrease  t n  hot- leg level of about 1 2  f t  

( as s�t ng the above ca.press ton of the upper head and u s t ng the hot - leg and 

S&-tube areas ) .  

ENE RGY FLOW OUT PORV 

At 6 •tn ,  the pres sur t zer vas probably  l t qu td  ful l ,  wt t h  l tqu t d  f l ow  

out the PORV . Ass�t ng tha t  the ta.perature o f  the l t qu td  leav t ng the PORV 

was at the hot- leg te.perature ,  and tha t  l t qut d  l eav tng the syst  .. was 

bet ng rep laced by the cold .akeup l tqu t d  a t  l oo•f , t he energy be 1 ng r..aved 

fro. the RCS through the PORV,  aE , can be ca l cu lated as , 

. 
aE • •fah 

where 

6h • 

. 
� . 

c • 

the change 1 n  l t qu t d  entha lpy 

the 1 1 qu 1 d  .ass  f low out the PORV ( •  C (p4P ) 1 12 ] 

cons tan t for the PORV ( • 8 . 32 x 1 0 -4 ) ( • the 1 1 qu 1 d  

dens t ty ) . 

( 8- 20 )  

Us t ng t he fol lw 1ng va lues , the energy renova l from the RCS through the 

PORV can be calcula ted fro. E qua t 1 on ( 8-20 ) as 83 MW .  

• 7 1 . 7  btu/1� • l QQ•f 
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= 598 . 8  btu/ l bm @ 582•f 

= 

= 1 50 l bm/s 

AE = 79 , 1 00 btu/s ( =  83 MW ) .  

At  1 38 mi n ( j us t  pr 1 or to the i n i t i a l  c l osure of  the PORV b l ock 

val ve ) , the f l ow out the PORV can be a s s umed to have been saturated s team. 

The energy remova l from the sys tem can be ca l c u l a ted as the produc t of the 

s team ma s s  f l ow rate  and the heat of  vapor 1 za t i on at the pressure of 

725 ps 1 a .  For th i s  pressure , us i ng Equa t i on ( 8-3 ) , the s team ma s s  f l ow 

rate  wa s 1 1 . 7 l bm/s . F rom the s team tabl es a t  7 25 ps 1 a ,  the hea t of  

vapor 1 za t i on 1 s  705  btu/l bm .  Thus , the  energy remova l out the  PORV was 

8250 btu/s or 8 . 7  MW .  

Dur i ng the t 1 me per i od of  348-458 mi n ,  the operators  were c yc l 1 ng the 

PORV b l ock va l ve ,  w1 th a ma keup 1 nj ec t 1 on rate of about 250-300 gpm. 8-6 

At 433 mi n ,  the pres s ur 1 zer tempera ture wa s recor ded on the u t 1 1 1 ty pr 1 n ter 

a s  343°F . Assum1 ng an 1 nj ec t i on temperature of  1 00°F , an ex1 t temperature  

a t  the  recorded pres s ur 1 zer temperatur e ,  and  a mas s  f l ow rate out the  PORV 

equa l to the 1 nj ec t 1 on mass f l ow rate ( 250 gpm 1 s  35 l bm/s ) ,  the energy 

remova l  can be obta 1 ned from E q ( B-1 9 )  a s  9 MW ( 8500 Btu/s ) .  Th 1 s  c ompa res 

to the c a l c u l a ted decay hea t of  21 MW . 
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APPE ND I X  C 

UNCE RTAINTY ANALYSI S  OF PRE SSUR I ZE R  L E VE L  ME ASUREME NT 

The 1 1qu 1d  level meas urenent sys tem for the pres sur t zer has been 

descr \ bed 1 n  Append \ x  A ,  where the equa t \ on for ob ta \ n t ng t he l t qu \ d  level 

fro. the .. asured d \ f feren t t a l  pres sure was der \ ved , E qua t \ on ( A-3 ) . The 

usefulness  of da ta t s  a d t rec t  func t \ on of how accurate the da ta are  and 

how wel l tha t accuracy ( or t nver sely  the uncer ta t n t y )  \ s  known . The 

uncer ta \ nty t n  the calculated leve l t s  a func t \ on of a n�er of pos s tb le 

err or sources . I n  th t s  append t x ,  potent \ a l  error sources w 1 1 1  be eva l ua ted 

and ca.bt ned to obta t n  the tota l es t \  .. te of the uncer ta t nty t n  t he 

recorded level . The .. thod used for ca.bt n t ng 1 nd t v 1 dua l uncer ta t nt tes  for 

the ca l c u l a ted 1 \ qu \ d  l eve l \ s  the roo t - s u� square ( RSS ) � thod . Al l 

quoted uncer ta 1n t 1 es are a t  the 951 con f t dence leve l . The document wh 1 ch  

for� the ba s t s  for uncer ta \n ty  ana l ys t s  1 n  t he  TMI -2 Acc t dent E va l ua t t on 

Progra. 1 s  Reference C - 1 . 

Pos s 1 b le error sources 1 n  need of eva l ua t \ on \ nc l ude : 

e The .. asurement .. chan 1 s• ( The poten t t a l  er ror source 1 dent 1 f 1 ed 

1 n  th \ s  ca tegory \ s a par t t a l ly  vo 1 ded reference leg . ) 

• The d 1 f feren t 1 a l  pres sure measuremen t  1 n t roduced by t he Ba t ley 

d t f feren t t a l  pressure  trans�\ t ter ( Poss \ b l e  er ror sources  \ n c l ude 

bas \ c  trans•t t ter accurac y ,  ampl \ f 1 er adj us tment , pre s sur e  

sens \ t \ v \ t y .  and env t r on.en ta l e f fec t s . predom\ na t e l y  

t.-pera ture ) .  

• The level ca l c u l a t 1 on c 1 r c u 1 t r y  f rom the e l ec t ron \ c  se tup , and 

the assumpt \ on of satura t \ on cond 1 t 1 ons  \n the pres sur t zer 

• The recor d \ ng s ys tem, 1 n  th \ s  case  the reac t \meter . 
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Sources of i nforma t i on for eva l ua t i on of uncer ta1 n ty componen t s  are  

the  Ba i l ey transmi t ter i ns t r uc t i on manua l ( Reference C -2 ) , the Ba 1 1 ey 

e l evated envi r onment qua l 1 f 1 ca t 1 on repor t ( Reference C-3 ) , and the 

Pressur i zer Tempera ture  and Level Channel Ca l 1 brat 1 on procedur e 

( Reference C-4 ) . 

A b l oc k  d i agram of the 1 1 qui d l evel mea s urement sys tem 1 s  s hown 1 n  

F i gure C-1 . The output from each o f  the three i ndependen t d 1 fferen t 1 a l  

pres s ur e  transmi t ter s ( output  range o f  -1 0 t o  + 1 0  vol ts ) 1 s  spl 1 t ,  wi th  

one  output  go i ng to the  p l a n t  computer and the  other go i ng to a manua l 

swi tch , whi c h  1 s  l oca ted on the opera tor s con t r o l  panel . Output from th 1 s  

swi tch  i s  routed to the pres s ur i zer l i qu i d  l evel c a l c ul a t i on c i r c u i t .  The 

d i f ferent i a l  pres sure  transmi t ter output wh i c h  goes to the c i rc u 1 t 1 s  not 

recorded . The output from eac h  of  the e l emen t s  of the dua l e l emen t  RTD , 

l oca ted i n  the pres sur i zer a t  an e l eva t i on of 322 ft , i s  1 nput  to a manua l 

swi tch , output of wh i c h  i s  s pl 1 t .  One output goes to the p l a n t  computer , 

and the other ou tput  goes to  the l evel ca l c u l a t i on c i rc u 1 t .  Output from 

the manual swi tc h  1 s  not recorded as  to wh 1 ch el ement  1 s  the source . 

Output from the 1 1 qu 1 d  l evel ca l c u l a t 1 on ana l og c 1 rc u i t 1 s  s pl 1 t  and rou ted 

to a number of l oc a t i ons . These  1 nc l ude the r eac t i me ter , the operators  

control  i nd i ca t 1 on ,  s t r i p  char t s , the  i ntegra ted con trol  sys tem ,  and the  

p l a n t  computer ( th 1 s  l a t ter 1s  not cer ta 1 n ) .  

Each of the a foremen t i oned poten t i a l  er r or sources are l i s ted 1 n  

Tabl e  C-1  and e s t i ma tes o f  the resul t 1 ng uncer ta i n ty g 1 ven . S 1 nc e  no 

s ta t i s t i ca l l y va l 1 d  tes t da ta ex 1 s t ,  a l l e s t 1ma tes are g1 ven as b 1 a s  

componen t s . 
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TABL E  C - 1 . PRE SSUR I Z E R  L I QUI D  L E Vll UNCE RTAINTY E ST I MATE S 

Uncer ta i n ty Component 

Transm1 t ter 
Acc uracya 

Amp l 1 f 1 er Adj u s tmentb 

Temper a t u r e  E f fec t s  c 

Pressure  Sens i t i v \ tyd 
Transmi t ter Dr i f th 

Reference leg Level e 

l \ qu i d  leve l Ca l c . C i rc u \ t  

Se t -upb 
Temperature  ef fect for a 

s ubcool ed pres s u r 1 zer f 
Temperature  mea suremen t \ 

Reference leg TemperatureJ 

Rec ord \ ng on Reac t \ meterg 

TOTAL UNCE RTAI NTY 

Uncer tai n ty E s t ima tes  (8\ a s }  

0 . 5% F S  ( of range s pan ) 
0 . 5% F S  
2 . 0% F S  
0 . 2%  F S  
0 . 6% F S  

0 

1 .  5% F S  

0 . 8% F S  
1 . 2% F S  
2 . 1  % F S  

2 . 0% F S .  

4 . 2% F S  
( 1 7  1 n . )  

a .  G \ ven \ n  Ba 1 l ey i n s t r uc t i on manua l , Reference C 2 .  

b .  G \ ven 1 n  Pres sur 1 zer Tempera ture  and level Channel  Cal i bra t 1 on 
P r oc edure , Reference C 3 . 

c .  Th 1 s  e s t i ma te 1 s  a comb 1 na t 1 on of the s tated temperature e f fec t s  w1 t h 1 n  
the oper a t i ona l range o f  -20 - l &O•f  ( 0 . 01% F st•f ) and the ma x i mum 
r epor tedC 3 error  for e l eva ted temperatures  ( 270•f ) ,  under pos t u l a ted 
acc i dent cond 1 t i ons , of 5% obser ved zero  o f f se t . S 1 nc e  the ma x imum obser ved 
r eac tor bu \ l d i ng temperature  was 1 7 5 • f , the 5% va l ue 1 s  probab l y  muc h  too 
l a r ge ;  ther for e ,  a va l ue of tw1 c e the s ta ted temperature  effec t \ s  u s ed 
[ 2 . 0% F S  = ( . 01% F S/•f * ( 1 75-75•f ) )  * 2 ] . 

d .  The pres sure  sens 1 t 1 v 1 ty 1 s  ca l c u l a ted us i ng the va l ue g \ ven \ n  
Reference C 2  a s , ( 1 . 05 x l o-4 % F S/ps 1 * 2250 ps 1 ) = 0 . 24% F S .  

e .  Us \ ng the ar gumen t s  i n  the ma \ n  body o f  th 1 s  repor t ,  any reduc t 1 on 1 n  
the re ference l eg l eve l due to the 1 n 1 t 1 a l  bo 1 l off  or hydr ogen effervesence 
wou l d  have been a temporary  cond 1 t 1 on wh \ c h  wou l d  have been cor r ec ted by 
conden sa t 1 on 1 n  the r eference l eg as the  acc 1 den t progressed . Therefor e , no  
uncer ta i n ty e s t 1 ma t e  for  th 1 s  ef fec t 1 s  1 nc l uded 1n  th 1 s  ana l ys 1 s .  
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TAilE C -1 . ( cont 1 nued ) 

uacerttt ntx C01ponent 

f .  Th t s  unctr tt t nty co.ponent ts  based upon an assu.pt 1 on of t subcoo led 
pres sur t zer at  300•f and 2250 ps ta . The gas s pace t s  ass�d to be a l l  
hydrogen ( any s tea• vould have condensed ) .  A compar t son o f  the resul ts  fra. 
Equa t t on ( A-3 )  for a saturated pres sur t zer a t  3oo•F and the above 
assu.pttons resu l t s t n  an er ror of 3 . 2  t n . ( 0 . 81  F S )  for a DP-200 t n .  Th t s  
appears  to be the wor st  case a s su.ptton . 

g .  The t nfor .. t t on to obta 1 n  a good es t t.a te o f  the uncer ta 1 n ty due to the 
rec or d t ng syst  .. 1 s  curren t l y  unava t lable . Therefore an es t t  .. te of  2X F S  
t s  used , � t ch t s  based upon the tolerance for the plant  ca.puter g 1 ven t n  
Reference C4 . 

h .  Dr 1 f t  1 s  based upon 0 . 1 51/3 months g 1 ven 1 n  Refer ence C2 . 

1 .  Ba sed upon an as su.ed uncer ta t n ty t n  the RTD t.-perature mea surement of 
!2•f . The uncer ta 1 n ty ts • func t 1 on of te.perature ; however , at  6SO• f the 
uncer tt 1 n ty t s  1 . 21 of retd t ng .  

J .  As s u.ed reference- leg t.-perature 1 s  1 2S•f . Ma x 1� recorded reac tor 
bu t ld t ng te.pertture was 1 75•f . Assu.tng th 1 s  temperature was the ac tua l 
reference-leg temperature dur t ng por t tons of the acc t dent , and a RCS 
pres sure of 1 000 ps t a , res u l t s 1n the tabu la ted uncer ta tnty  . 

• 
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APPE ND I X  0 
PORV BLOCK VALVE OPE RAT I ONS 

The operat 1 on of  the PORV b lock  va l ve has been sur•1 sed fra. a 

c a.b 1 nat ton of reac t t  .. ter data , reac tor but l d t ng t.-peratures . a nd 

pressures obta t ned fro. str t p  char ts , and opera tor t n ter v t ews . T t•t ng 

1 nfor .. t t on obta t ned fro. the lat ter two sources  .ust  be suspec t .  T t•t n9 

obta t ned f ro. the s tr \ p  char ts  t s  perhaps wt th t n  2-6 •t n . I n  the GPU 

sequence of events ( SOE ) ,  the t 1  .. s of the b l oc k  va l ve opera t t on s  are gt ven 

a s  approx t .. te ( a l though they are g t ven to the second ) .  Dur t ng the t t  .. 

per tod of the 28 pu.p trans t ent , and t.nedtately  therea f ter , the open and 

c losed t t  .. s gt ven t n  the GPU SOE ( open a t  1 92 . 5  • tn  and c l osed a t  2 1 0 •t n )  

do not correspond to the RCS pres sure ,  RCOT pres sur e ,  or pres sur t zer level 

responses recorded on the reac t t  .. ter . 

The RCS pressure and pres sur t zer leve l are ca.pared t n  F t gure D-1  for 

the tt .. per t od of  1 92-202 •t n .  The pressur t zer leve l responds 

s t gn t f t cant l y  to the RCS pressure changes , wt th dra.a t t c  l evel decr eases a s  

the pressure drops , and l evel t nc reases t n  response to  pres sure t nc reases . 

Th \ s  response t s  probab l y  due to the pres sur t zer be t ng a t  sa tura t t on 

t..,erature , and l t qut d  bot l t ng of f  dur t ng pres sure decreases , wh t c h  woul d  

force l t qu t d  out of  the pres sur t zer surge l t ne a long w t th s team f l ow out 

the PORY ; th t s  woul d  happen t f  the b lock va l ve t s  open and caus t ng the 

pres sure decrease . Dur t ng pres sure t nc reases , the pres sur t zer wou l d  be 

s l \ gh t l y  subcooled and condensa t t on ef fec t s  wou l d  res u l t  t n  l eve l 

t nc rease . The pr t.ar y t�eratures and secondar y  pres sures and level s tha t 

�re recor ded on the reac t \  .. ter revea l no changes tha t wou l d  exp l a t n  the 

RCS pressure  response . 

In  F t gure D-2 , the reac tor coolant  dra t n  tank ( RCDT ) pressure 1 s  

ca.pared t o  the RCS pres sure . Note tha t the RCDT rupture d t sk had bur s t  a t  

1 5  •t n , and tha t  pressure  t nc rea ses t n  the RCDT can on l y  be a res u l t  of 
s t gn t f tcant  s tea• f l ow \ n to the RCDT . The RCOT pres su re  began to t nc rea se  
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a t  1 93 . 3  mi n ,  i nc r ea s i ng to a ma x i mum at  1 94 . 7 5 mi n ,  and then abrup t l y  

dec r ea s i ng ,  c o i nc i dent wi t h  a n  i nc r ea s e  i n  RCS pres s ur e .  A l though the RCS 

pres s ur e  con t i nued to \ nc r ea se , t he RCDT pres s ur e  reached a mi n 1mum, then 

i nc r ea s ed ,  and then decreased un t 1 1  1 97 . 9 mi n .  At th i s  t i me ,  no 

expl a na t i on i s  ava i l a b l e  for the RCDT pres s ur e  i nc r ea s e  wh i l e the RCS 

p r e s s ure  i nc r ea s ed . The i nc rea se  at  1 97 . 9 mi n i s  c o i nc i dent w\ t h  the RCS 

pres s u r e  dec rea se , unt \ 1  1 98 . 4  m i n  when the RCDT pres sure  abrupt l y  dr opped 

c o \ nc \ den t w\ t h  the RCS pres s u r e  i nc r ea s i ng .  F i na l l y ,  a t  1 99 . 8  m1 n the RCS 

p r e s s u r e  began a s i gn i f i cant  dec r ea s e ,  wh 1 ch corresponds to the  t i me g i ven 

i n  the GPU SOE for i n i t i a t i on of HPI , obta i ned from the a l a rm s umma r y .  I t  

i s  pos t u l a ted tha t  the RCDT and RCS pres s u r es were  r e s pond i ng t o  unrepor ted 

oper a t i on s  of the PORV b l ock va l ve ,  and t ha t  the RCDT wa s func t 1 on i ng as a 

s ur ge tank ; t h i s  r e s u l ted 1 n  p r e s s u r e  1 nc r ea s es when the s t eam f l ow t h r ough 

the PORV exc eeded the f l ow capac i ty out the r upture  d 1 s k ,  and t hen s l ow 

dec r ea s e  a s  pres s u r i zed s team f l owed out the r upture  d 1 sk fol l owi ng c l os u r e  

of  t h e  PORV b l oc k  va l ve .  The PORV b l oc k  va l ve opera t i ona l t 1 mes  g i ven 1 n  

Tabl e  D-1 are  therefore p roposed . 
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TABLE 0-1 . PORV BLOCK VALVE OPE RAT I ON T IME S  

n. 
1ml 
1 39 

1 91 . 6  
1 94 . 8 

197 . 9  
1 98 . 4  

220 
260 

276 
31 8 

343 

458 
554 

560 
570 

601 
672 

754 
763 

772  
795 

• 
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PORV B l ock  Va l ve 
Operat ton 

C losed 

Opened 
C l osed 

Opened 
C l osed 

Opened 
C l osed 

Opened 
C losed 

Opened ( Va l ve was cyc l ed unt t l  
458 111 n )  

Opened 
Closed 

Opened 
Closed 

Opened 
C losed 

Opened 
C losed 

Opened 
C l os ed 






