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ABSTRACT 

POIIV d1scharge f l ow durtng t he TMI -2  acc \ den t was es tt .. ted by 

calc ulattng the vo1d frac t t on t n  the pres sur t zer based on exper tMtnta l 

cor relat t ons ( or zer o vot d  frac tton when te.perature and pressure 

.. asur..ents tndt cated subcoo l tng ) and c r t t \ c a l  flow through the PORV. A 
ca.puter progra• was developed and t ts val tdt ty  wa s d.-ons trated by 

ca.par t ng calculat t ona l and expert .. ntal da ta . I nput var tables , such  as  

dtscharge coef f t c t en t s  or  effluent f l utd entha lptes , were caref u l ly 

eva l ua t ed to as sure bes t  cal c u l a t t onal resul ts . A case us tng Wtlson • s  

correlat t on  for the saturated pressur t zer and lt near tnterpola tton tn  flutd 

�thal py bttw.en subcooltd potnts  as tndtcated by .. asur.-ents t s  

con s t dertd t o  g t ve the btst-es tt .. t e  o f  the total d t scha r ge froa the PORV 

dur t ng the acc t dent . 
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SUMMARY 

D i scharge f l ow through the PORV dur 1 ng the TMI -2  acc 1 dent was 

e s t i ma ted by emp l oy i ng two exper imental  correlat i ons , W a l l 1 s' s  and 

Wi l son' s , for s team vel oc i t i es in the pres s ur izer. Dav i s' s  cr i t i ca l  flow 

tables  using the Henry-Fauske model for s ubcool ed s tagna t i on cond i t i on s  and 

the Homogeneous E qu il i br i um Model for two-phase cond i t i ons  were  u s ed to 

obtain the c r i t i cal mass f l ux through the PORV. A c omputer program was 

devel oped to cal c u l a te the d i scharge f l ow through the PORV , and i ts 

va l i di ty wa s ver i f i ed by compar i ng c a l c u l a t i ona l and exper imenta l data. 

Ca l c u l a t i onal cond i ti ons , such as  d i scharge coef f i c i ent s , for i np u t  to the 

computer program were i nves t i ga ted to e s t i ma te the PORV ma s s  f l ow. Therma l 

hydraul i c  behav i or related to the PORV b l ock  va l ve oper a t i on was s ur veyed 

to get a good e s t i ma t i on for ma s s  f l ow. 

Wi l son' s cor relation i s  cons i dered to g i ve more reasonable  s team 

vel oc i t i es than Wa l l i s' s  correlat i on , j udgi ng f r om the p l a n t  cond i t i ons  

dur i ng the TMI-2 acc i dent . F i gures S-1 and S-2 show c a l c ulat i ona l resu l t s  

from 0 t o  139 mi n for Wi l son' s correl a t i on c ompared wi th  those for 

a l l - s team and a l l- saturated l i qu i d. A bes t-es t imate case , u s i ng Wi l s on's 

cor r e l a t i on and account i ng for subcoo l ed f l u i d  effec t s  a f ter 315 mi n ,  

pred i c t s  ca l c u l a t i ona l res u l t s  s uch a s  those shown i n  F i gures S-3 and S-4 . 

These resul t s  are  con s i dered to be adequa te when c ompared to the r e s u l t s  of  

other researcher s. 
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PORV DI SCHARGE flOW DUR I NG THE TMI-2 ACC I DENT 

1 .  INTRODUCT I ON 

The loss  of flutd  fro. the reac tor coolant sys t .. ( RCS) wa s the key 

fac tor lead\nt to core degrada t t on dur t ng the TMI -2 acc t den t on March  28, 

1919 . Dur t ng the TMI -2 acc \ dent , about half of the prt.ary syst  .. coolant  

�s los t to the con ta t n.en t  bu t ldtng over approx t.ately the f t rs t two and a 

ha lf  hours through a s tuck -open P t lot Opera ted Re l t ef Va l ve (PORV ) on the 

pres sur trer . At  approxt  .. tely  100 •tn 1n to the acc tdent , the l a s t  set of 

Reac tor Coolant Pu.ps ( RCP ) were trt pped allowtng the r�1 n 1 ng pr 1 .. ry 

coolant to s tra t t fy . As a resul t ,  1 1•1 ted wa ter tnventory was ava t lable to 

.. 1 nta tn  core cool t ng ,  and wt th t n  •tnutes the top of the core was uncovered 

and began to overhea t ,  resu l t tng tn core da.age . The severe core da.age 

con t tnued unt\1 af ter 200 •tn t nto the acc tdent when h \ gh pressure 

1njec t 1 on �s s tar ted and a s t gn t f t cant quan t t ty of wa ter wa s added to the 

core ,  resul t \ ng t n  a covered core by approx 1 .. tely 207 •1 n .  

Al though the acc tdent has enhanced the unders tandtng of core da .. ge 

progres s t on tn a ca..er c t a l  pressur t zed 1 1 ght wa ter reac tor tn a 

los s -of -coolant acc tdent , .. ny t.,or tant da ta were not recorded by plant 

1 ns tr�nta t 1 on tha t  �s tntended for nor.al reac tor opera t t ons . One set 

of t.,or tant da ta not recorded wa s the loss  of  f l u t d  through the PORY 

durt ng the acc t dent. The prec t se leakage flowra te da ta are requ t red, for 

\ns tance , to e s t t  .. te the .. ke-up or Htgh Pressure l njec t t on ( HP J ) 

f lOWTa tes ( another para.eter whtch was not recorded ) for use as a c r t t t cal 

boundary cond t t t on for the severe acc tdent ana l ys 1 s  codes such as 

SCDAP/RE LAP5 .
1 

Th t s  doc�nt presents  es t t  .. ted leakage f l u td-f low through the PORY 

dur tng the f t r s t  800 •tn of the acc tdent . The purpose t s  to g t ve the bes t  

es t t  .. t ton o f  the leakage f l u t d - f l ow for use t n  a n  1 n terna t 1 ona 1 ana l ys t s  

exerc t se organt zed t o  eva l ua te the capab t 1 1 t 1 es o f  the severe acc \dent 

ca.puter codes . The es t t  .. t ton .-ploys the bes t thermal hydrau l t c  .ode l s  

ava t lable  a t  t h t s  t t  .. .  Chapter 2 de ta t l s the ca lculat tona l .ethod used to 

es t t  .. te the leakage f l owra te . Chapter 3 exp la tns  the expert.enta l data to 



be used for the code ver 1 f 1 ca t 1 on ,  together w1 th the ver 1 f 1 ca t 1 on res u l t s. 

Chapter 4 g1 ves ca l c u l a t 1 ona l cond 1 t 1 ons  used for the l eakage f l ow 

e s t 1mat 1 o n ,  together w1 th a br 1 ef explanat 1 on of the RCS beha v 1 or 

concern 1 ng the present work . Chapter 5 presen t s  the c a l c u l a ted r es u l t s  o f  

the PORV f l owra tes and accumulated leakage f l ow 1 n  t h e  conta 1 nment bu1 1 d 1 ng 

dur 1 ng the acc 1 den t ,  together w1 th an a s se s sment of the c a l c u l a t 1 on s . 

F i na l l y ,  Chap ter 6 provi des a d 1 s c u s s 1 on of  the uncer ta 1 nt y  of  e s t 1 ma t 1 on ,  

and Chapter 7 g1 ves our conc l u s 1 ons . 

2 



2 .  CAlCUlAT I ONAl ME THOD 

2 . 1 Cr t t tcal F low Mode l 

I f  the e f f l uent f 1 u \ d  ts  ca.pr\sed of s\ngle -phase stea•. the flowr ate 

\ s  genera lly es t \  .. ted by the fol lov\ng tsentrop\c - f low equat ton for a 

co.press\ble  f l u \ d ,  

2/y 1 1/y 
112 

[2y/(y - 1) • Pg 
• P

0 
• (� - � • ) ]  

where Cd \s the d tscbarge coef f\c t en t ,  A \ s  the throat ar ea ,  y \ s  the 

spec t f tc hea t rat to ,  Pg ts the stea• dens\ t J ,  P0 \s the ups trea• 

s tagna t t on pressure , and " \ s  the cr \ t t cal pres sure rat t o .  The ter• q 

t s  the r a t t o  of throa t  pressure to upstrea• stagna t t on pr es sure , and , for 

an \dea l gas ,  tt ts  gt ven by; 

" .  [2/(y. l ) ]y/ (y - l )  

At the rated cond\t \ ons of the TMI -2 PORV,  wt th y. 1 . 25 and q .  0 . 55 5 ,  

E q .  ( 1 ) y telds a ca.presstble  d t scharge coef f t c tent o f  0 . 11 for the 

PORv. 2 Thts value ltes between 0 . 61 , wh \ch t s  the value for a 

sharp-edged or t ftce , and 1.0, wh t ch \s the val ue for an \deal noz z l e .  

(1) 

(2) 

J f  the eff l uent f l u t d  ts a saturated two-phase •t x ture , the d \ scharge 

f lovra te can be eval uated us tng c r t t\ca l f l ow MOdel s  such as the 

h�geneous equtltbr tu. .ode l (HE M ) ,  Henry- Fauske .ode l ( HF M ) , and the 

Noodr .adel .  F t gure 1 t l lustrates the c r t t tcal .ass f l ux calcu lated fr� 

these .odels as a f unc t t on of upstrea• stagnat1on en thalpy for three 

d t f ferent pressures . 2 Jn  general , HEM ytelds the lowest d tscharge rate 

and the RoodJ .odel predtc ts the h t ghest f l owr ate except near saturated 

ltqutd ent ha lpJ . 

I f  the ef f l uent f low ts subcoo led l t qu t d ,  the d t scharge f lowrate can 

be g\ven by the t nca.presst ble  Ber nou l l t's equa t t on as fol lows: 

• 

3 
• 
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d 1/2 w. cd • A .  [2 Pf • P0 • t l - q)) (3) 

To ts t t  .. tt l takage fl�ate through the PORV dur t ng the TMI-2 

acc t dent, tht cr t t tca l  f low tab les developed by C .  Dav t s , 3 are used , 

togtthtr vt th the app l t ca t t on progra•.  Cr \ t t ca l  .ass f l ux 1 s  then 

ca lcu lattd based on a ca.bt na t ton of H FM  and HE M .  Th \ s  c0Mb1 na t 1 on o f  

cr t t 1ca l  f l ow .ade l s  vas found to genera l l y g \ ve good agreemen t w\ th da ta 

when the RE lAP4 ther .. l -hydraul \ c  co.puter code vas as ses sed . The pr ogr am 

uses HFR for subcoo l ed s tagna t \ on cond \ t \ ons and HE R for two-phase 

cond\ t \ ons . A 1 \ near \nterpo l a t , on between the two .ode l s  ts used be tween 

0 and 11 qua l \ ty .  

2 . 2  Ca lcu l a t \ ona l Method for 0 \ scharge F l ow 

F or tht purpose of est1 .. t \ ng d \ scharge f low thr ough the PORV, .. ny 

researcher s have used the prea\ se that vo \d fract \on at  ups t r e  .. stagna t \ on 

\ s  equa l to tha t  \ n  the pres sur 1 zer .
2 

F or greater accuracy , cr \ t \ ca l  

d 1 schar ge f l ow  through the narrow or \ f \ce  of the PORV should  be deter•t ned 

as a func t \ on of pressur e ,  t.-peratur e ,  and qua l \ ty of ups trea• s tagnat ton ,  

wh \ ch are d \ f ferent f roa those pr esent \ n  the pressur 1 zer . On the other 

hand , s te .. f l �ate thr ough the pres sur t zer should  be deter•1 ned as  a 

f unct \ on of f l u td  proper t \ es , t nc l ud t ng votd  fract t on t n  the pressur \ zer . 

There are soae exper 1-.nta l l y deduced s tea•- ve l oc \ ty equa t \ ons 
• 

app11cable to the cond t t t on of the pres sur \ zer . Wa l l \ s's equa t \ on t s  

one of those, and t s  descr t bed a s  fol lows: 

2 1/4 390 • 1.53  • o(l - o) • [G • 6 • ( pf 
- Pg

)/pf 1 

wher e  o t s  vot d  fract t on ,  G \ s  sur face tens1on, G 1 s  the grav \ ty  

con s tant , Pf t s  l tqu\ d  dens\ t y ,  and P
g 

\ s  vapor denst t y .  

The above e1ua t t on can be app l ted f o r  bubb l y  f l ow o f  ra ther low 

qua l t ty .  Wt l s on deve l oped a vo t d  f r act ton corre lat \ on ba sed upon 

exper 1 .. n tal  da ta obtat ned by bubb l t ng saturated s tea• through satura ted 
. 

5 
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1 1qu 1 d  1 n  a 1 9- 1 n .  d 1 ameter vessel a t  pres sures up to 6 00 ps 1 g .  A 

manometer wa s used to mea sure the vo1 d  frac t 1 on 1n the ves se l , be l ow the 

1 nter face level . Because th1 s con f 1gurat 1 on 1 s  very c l ose to the TMI - 2  

pres s ur 1zer conf 1gurat 1 o n ,  W 1 l s on' s equa t 1 on m1 ght g 1 ve good c o r r el a t 1 on a s  

fol lows . 

where 6p 1 s  p
f

- P
g

• c
1 

1 s  0.546, c
2 

1 s  0.12, C3 1 s  0.67 

and c4 1 s  0. 1 .  D
e 

1 s  the equ1 va l ent  d 1 ameter , wh1 c h  1 s  four t 1mes t he 

f l ow-area d 1 v 1 ded by the wetted per 1 phery .  

Bubb l y  f l ow 1 n  the pres sur 1zer 1 s  schema t 1 ca l l y  shown 1 n  f 1 gu r e  2. 

( 5 )  

The l evel of the col lapsed 1 1 qu 1 d  can be measured by the d 1 f ference between 

the hydros tat 1 c  heads of the f l u 1 d  col umns 1 n  the reference l eg and the 

pres sur 1zer. Vo1 d  frac t 1 on 1n the pressur 1zer can be obta 1 ned by the 

fol low1 ng equa t 1 on w1 th  the measured 1 1 qu 1 d  l evel. 

where l
s tr 

1 s  mea sured 1 1 qu1 d  l evel and l
ful  

1 s  f u l l-scal e  l evel ( the 

ver t 1 ca l  d 1 s tance between taps; 400 1 n . ) .  

(6) 

As seen 1 n  F 1 gure 2 ,  for a l e s s- than-ful l pres s u r 1zer ( 1 n the c a s e  of  

bubb l y  f l ow ) , s team mus t  be sepa r ated from water 1n  the upper r eg 1 on of  the 

pres sur 1zer to go through the PORV . I n  th 1 s  s 1 t ua t 1 on ,  s team f l ow deduced 

from e1 ther E q .  (4) or E q. (5 ) mus t  be l es s  than  or equa l to c r 1 t 1 c a l  s team 

f l ow through the PORV , s 1 nce the c r 1 t 1 ca l  f l ow-r a t e  1 s  the ma x 1 mum pos s 1 bl e  

f l ow-rate through the PORV . 

To es t 1ma te the d 1 scharge f l owrate  thr ough the PORV, s team f l owra te 1 s  

f 1 r s t  obta 1 ned by W 1 l son' s  equa t 1 on or Wal 1 1 s' s  equa t 1 on .  Then d 1 scharge 
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f l u 1 d  f l owrate 1s  determ1 ned from the Oav1 s cr1 t1c a l  f l ow tables us1ng 

upstream press ure , entha l py ,  and s team veloc1 ty .  F1gure 3 shows a 

c a l c u l a t1ona l f l ow-d1agram for es t1mat1ng the PORV d1scha r ge f l owrate . 
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3 .  PROGRAM VE R I F ICAT I ON WI TH  EXPE R IME NTAl DATA 

A ca.puter pro�ra• has been deve loped to ca lcu late the d t schar ge 

fl�ate through the PORY accordt n� to the ca lcu la t t ona l .ethod desc r t bed 

\ n  t he prevt ous chapter . Yer \ f tca t t on of the pro�ram wt th  exper t.ental  

da ta t s  presented t n  th t s  chapter . 

3 . 1  Sxs t� Descr tpt ton of the E xper t .ent6 

A ser tes  of tes t s  na .. d the S..t sca le  Mod-28 Power los s E xper tment 

(S-Pl -1,  -2, and -3) was conducted by E G&G  I daho , I nc . ,  on Nove.ber 31 , 

Dec.-ber 1 4, 1 982 , and March 1 ,  1983,  respec t t ve l y. S-Pl -3 st.ula ted a 

los s -of-off s t te power trans t ent  wt th  acca.pany t n� fat l ures  of the aux t l tary  

feedwater and ..er�ency AC  power syst�s . The pr t.ary obJec t t ve of these 

tes t s  was to  prov tde a data base on genera l plant  response dur t n� 

loss -of -offs t te power trans tents . Da ta fro. the S-Pl -3 exper tment t s  used 

for as ses�nt of the prevt ous l y  descr t bed .ethod for ca lcula t t on of 

cr t t tca l f l ow through the pressur t zer PORY. 

The S�t scale Mod-28 syst� t s  equt pped wt th  a pres sure vessel  tha t  

con ta tns  a n  electr tca l l y  hea ted cor e ,  o ther s t .ulated reac tor t nterna l s ,  

and an externa l downcu.er ass.-b l y; an t n tac t loop wt th a pressur t zer , a 

s tea• �enera tor, and a pr t .. ry p�; a broken l oop wt th a s tea• �enera tor , 

a pr t.ary p� . and a rupture ass.-bl y .  Conf tgurat t on of the exper tmental  

srst� ts  shown t n  F t gures 4 and S. Ht�h-pressure coolant  t nJec t t on pUMps 

( HP I S )  were provtded for both loops . These p�s . coupl ed wt th a power 

operated re l t ef va l ve ( PORY) on the pressur t zer, enabled the feed and bl eed 

rec overr .  The t n tac t loop t s  sca l ed to represent three of the four pr t�r y 

l oops tn  a Wes t t nghouse-des t �ned PWR , wht le  the br oken l oop r epresents  the 

four th . E ven though S-Pl -3  does not tncorpor a te a br eak tn et ther loop , 

the second l oop t s  s t t l l  refer red to as the •broken loop . •  

1 
3.2 Test  Sequence and Genera l Sxst .. Response 

Tab les 1 and 2 show cond t t tons tn the s .. t sca le  Mod-28 syst� a t  

trans t en t  t n t t t at t on (fro. Ref . 7 ) .  E xper t .enta l sequenc e o f  even ts  can be 

10  
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TABLE  1. CONDITIONS AT TRANSI ENT I N I TIATION--TE ST S-Pl -3 

Core power , MW 

Sys tem
b

pressur e ,  MPa 
( ps 1 a )  

Intac t l oop cold  l eg 
f l u 1 d  tempera ture ,  K (°F) 

Broken l oop cold l eg 
f l u 1 d  temperature,  K (0f) 

Intac t l oop hot leg to 
cold  leg temperature 
d1 f ferent 1 a l , K (°F) 

Broken l oop hot leg to 
cold  l eg temperature 
d1 fferen t 1 a l , K (0f) 

Intac t loop cold leg 
f l ow,  Li s ( gpm) 

Broken loop cold l eg 
f l ow,  l/s ( gpm) 

Pres s u r 1 zer f l u 1 d  level , 
em ( 1 n . ) 

Steam generator feedwater 
temperature , K (0f) 

Intact  l oop steam 
generator 1 1 qu 1 d  mas s ,  
kg ( lb )  

Broken l oop s team 
genera tor 1 1 qu 1 d  ma s s , 
kg ( l b )  

Measured
a 

2.096 

15.2 (2205) 

571 (568) 

568 (563) 

34.4 (62.0) 

36.3 (65.3) 

9.69 (153.6) 

3.18 (50 .4) 

263 (103.3) 
439 (127. 9) 

512 (562) 

60 (133)d 

27.5 (60.&)d 

Spec 1 f 1 ed 

2.18 .t 0.05 MW 

14.8 .t 0.2 MPa (2146.6 ± 29 p s 1 a) 

56 7 .t 2 K (56 1 + 4°F) 

56 7 .t 2 K (561 ± 4°F) 

38 .t 2 K (6 8 .t 4°f) 

38 .t 2 K (68 .t 4°F) 

9.7 .t 0.1 L/S (1537 .t 2 gpm) 

3.2 .t 0.1 L/s (50.7 ± 2 gpm) 

215 .t 5 em, c o l d  
358.7 em, (141.2 1 n . , hot ) 

495 .t 2 K (431 .t 4°f)C 

78.5 .t 1 kg (173 ± 2 1b)C 

26.2 .t 1 kg (58 .t 2 l b) e 

a .  Measured 1 n 1 t 1 a 1  cond 1 t 1 ons  are taken f r om d 1 g 1 t a 1  data acqu 1 s 1 t 1 on 
sys tem read1 ng pr 1or to trans 1 ent  1 n 1 t 1 a t 1 on . 

b .  parenthe t 1 c a 1  expres s 1 ons  and number are E ngl 1 sh un1 t s . 

c .  One source of feedwater for 1 ntac t and broken loops . 

d .  Measurement taken 20 s a fter tran s 1 ent  1 n 1 t 1 a t 1 on .  

e .  The s team generator 1 1 qu 1 d  leve l s  were adj us ted to a c h 1 eve the r equ1 red 
d 1 f ferent 1 a l  temperature across  the core . 

13 



TABl E 2 .  PRIMARY COOl ANT TE MPE RATURE D I STR IBUT I ON BE F ORE TRANS I E NT' 

Intact l oop hot l eg ( near 
ves se l ) 

Intac t l oop cold leg 
( pUIII) suct\ on )  

Intac t cold leg ( near 
downc.er ) 

Intac t loop cold  leg 
( near dovnc.er ) 

Broten loop hot leg ( near 
vessel ) 

Br oten l oop  cold  l eg 
(near dovnc.er ) 

Cor e ( top of heated 
length ) 

Core C•\ dd l e  of hea ted 
length ) 

Core ( bottu. of hea ted 
length ) 

Ves sel  lower plen� 

Detec tor 

Tf 1•1 

Tf 1•2388 

Tft1Perat ure K 
( •F) 

Tes t  Tes t Tes t 
S-Pl-1 S-Pl -2  S-Pl -3 

587 ( 597)b 584 ( 59 1 ) 605 ( 629) 

55 1  ( 532 ) 550 (530 ) 571 (568 ) 

550 ( 530 )  549 (528 ) 

571 ( 568 ) 

TF &•5o 586 ( 595 ) 584 ( 591 ) 604 (627 ) 

TF 8•79 554 ( 537) 

TF¥•83+1 66 572 (57 0 )  

TF V•83+46 552 ( 534 ) 

TF V•LP-522 546 (523 ) 

551  (532 ) 568 (563)  

587 ( 597) 606 ( 631 ) 

569 ( 564 ) 587 ( 597 ) 

55 1  ( 532 ) 570 ( 566) 

551  ( 532 ) 570 ( 566) 

a. Averate of data taken fru. -30 to - 10  s before trans \ ent  \ n \ t \ a t\on . 

b .  Par enthe t \ c a l  t.-peratures \ n  • f . 

• 



found 1 n  Table 3 .  The exper 1ment was 1 n 1 t 1 ated by c l os 1 ng the ma 1 n  steam 

va l ve on both steam generators. fol l owed by coa stdown of the pr 1ma r y  

coolant pumps. The decreased pr 1mary-to- s econdary hea t transfer. a l ong 

w 1 th the s u s ta 1 ned core power ( scram was not 1 n 1 t 1 a ted unt 1 1 5 . 2  s as 

s pec 1 f 1 ed ). resulted 1 n  an 1 n 1 t 1a l  p r 1 mary system temperature 1 ncreas e  and 

pressur 1za t 1 on as  s hown 1n  F 1 gure & .  F rom scram 1 n 1 t 1 a t 1 on. power to the 

elec t r 1 ca lly heated core was automat 1 ca l ly  control l ed to s 1mu l ate the 

therma l decay response of nuc l ear fuel rods. Natura l c 1r c u l at 1 on was  

es tab1 1 shed by 1 60 s and  resul ted 1 n  pr 1mary sys tem coo1 1 ng and 

depressur 1za t 1 on unt 1 1  some 2000 s. The 1 ntac t  l oop s t eam generator bo1 1 ed 

dry at  21 00 s and the secondary s 1 de of the broken l oop s team genera tor was 

dra 1 ned at  the same t 1 me. Consequen t l y. due to the l o s s  of  s econda r y  heat 

s 1 nk. primary temperatures and pres sures rap 1 d l y  1 nc r ea s ed unt 1 1  the 

primar y code safety va l ve set -po 1 nt [1 5.9 MPa ( 230& ps 1 )] was  reached at 

41 1 7  s. The code safety va l ve began cyc l 1 ng and he l d  pr 1mary pres s ure  a t  

1 5.9 MPa for 1 00 s at  wh 1 c h  t 1 me the PORV was latched open and H P I S  

c harg1 ng f l ow 1 n 1t 1 ated. The 1 n 1 t 1 a l  f l owrate through the PORV great l y  

exceeded the HPI S  charg1 ng f l ow a s  show n  1 n  F 1 gure 7. T h 1 s. c oupl ed w1 th  

liqu 1 d  hol dup 1n  the s team generator U-tubes. resul ted 1n  enough ma s s  l os s  

from the system t o  uncover the core and was fo l l owed by severa l  d 1 s t 1 nc t  

heater rod tempera ture exc ur s 1 on cyc l es. Th 1 s  effec t  1 s  a l so obser ved 1 n  

F 1 gure 6 from roughl y  &000 s to 8500 s. 

The gradua l drop 1 n  sys tem pre s s ure due to ma s s  l os t  through the POR V  

a l l owed the HPI S  charg1 ng ma s s  f lowrate t o  1 nc r ea s e  and a gradua l r ef 1 1 1  of 

the ves sel  took place. At 1 2 , 000 s. a qua s 1 -s teady-state  cond 1 t 1 on wa s 

reached , resul t 1 ng 1 n  cons tant pr 1mary temperature and pres s ur e . T he 

osc 1 1 lat 1 ons  occurr 1 ng after 1 2,000 s were caused by condensat 1 on 1 n  the 

broken loop s team generator U-tubes . The tes t was term1 nated at 17,500 s 

1 nto the trans 1 ent. 
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TABlE 3 .  SE QUE .CE Of E VE NTS 

T\.e Rela t , ve to Trans t ent  
(s)  

E vent 

Core  power l evel es tab l \ shed 

loss  of of f s \ te ac power 

Na\n s te .. va l ves s tar t to c lose 

F eedwater to ll  and Bl s tea• generator s  
tr \ pped off  

SCRAM (c ore power decay  trans \ ent  s tar ted ) 

S-Pl - 1  

-527 

0 

0 

2. 0 

2 . 0  

5 . 3  

E.ergency power es tab l \ shed 27 . 0  

Aux \ 1 \ ary  feedwlter ava \ lable for \ nlec t \ on 27 . 0  

Stea. generator rel tef val ves \ n t t ta 1 1y  
opens 

I ntac t loop 
Broten loop 

Aux \ 1 \ary  feedwiter t n , t ta ted 

Pres sur t zer l tqu\d  f u l l 

Pres sur t zer re1 \ ef va l ve t n \ t \a 1 1 y opens 

f eed and bleed recover y proc edure t n t t t a ted 
PORV latches open 
HPI S/chargtng t n \ t tated 

I n t t t al core t.-pera ture excur s \on 

Tes t  ter•tnited 

1 , 950 
2 , 1 26 

3 , 246 . 0  

4,900 

S-Pl- 2  

-765 

0 

0 

2 . 6  

2 . 9  

5 . 2  

1 ,584 
1 , 8 14  

7 , 844 

7 , 844 

1 0 , 589 

1 0 , 800 

S-PL -3 

-520 

0 

0 

2 . 87 

2 . 2  

5 . 2  

225 
234 

4 . 1 17 

4 , 1 1 7  

4 , 211  
4 , 211  

1 1 , 500 
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3 . 3  Ver \ f \ cat 1on of CO!pu ter  Progr am 

Ci lcula t t ona l cond \ t \ ons for ver\f tcat ton of the progra• us 1 ng the 

Sea\ sci le  da ta are as  fo l l ows :  

• d \ scharge coef f \ c \ ents  (Cd ) • 0.600 for subcooled f l ow and 

0.717 for satura ted f low, and 

• ful l -sca le leve l ( l
ful

) 
• 6.32 •· 

The above d t scblrge coef f \ c \ ents  wer e der t ved fr� some exper\ments 

exp l a t ned tn the nex t  c hapter . 

f tgure 8 shows ca l c u lated .. s s  f l� a tes  through the PORV for the 

exper t .. ntal  data shown \ n  f tgur e 9. W\ l son's equa t t on was used to obta tn  

s te .. vel oc 1 tJ t n  tht s  calcula t t on .  The agre�nt ts  good except  dur t ng an 

1n 1 t1a l  peak -f low per t od as shown \ n  the superpos t ng plot of f t gure  1 0. 

I n  the per t od between 4250 s and 4760 s ,  the -.asured f l owrate shows a 

sharp peak whereas  the c alcul a t t on g \ ves a l ow f lat -head shape. Th t s  

d \ f ference t s  cons t dered t o  c a.e  fr� t nc a.p lete  .ade 1 1 ng t n  the 

calcul a t t on .  One of the er r or s  \ s  tha t  the ca lcu lat t on as su-.s satura t t on 

\ n  the pressur t zer as shown t n  f \ gure 3 .  I n  fac t ,  at the beg 1 nn 1 ng per t od 

when the PORV was lat ched open and c oo l  water f r o.  the RCS en tered the 

pres sur t zer through the surge- l t ne ,  the ups treaa cond\ t \ on of the PORV 

should  be assu.ed to be subcooled . Th t s  t s  ev \ dent fro. the meas ured f l u\d 

te.pera ture of the pressur t zer shown t n  f t gure 1 1 . 

The calcul a t t on progr ... .ad t f t ed wt th a subcooled-c a l c u l a t\on rout\ne 

us t ng the .. a sured pres sur t zer f l utd-t.-pera tur e for the beg 1 nn\ng per tod ,  

pred t c t s  1 sha r p  r \ se t n  .. ,s f l owrate as shown \ n  f \gure 12. However , 

d t fferences t n  peak va l ues s t t l l  ex \ s t  between the exper\ment and the 

1 8  
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ca lcula t t on .  On• of t h• causes of th t s  d \ f f•renc� t s  that  t nsuf f \c t ent 

\ nfor .. t t on t s  ava t lable  concer n t ng ups trea• cond t t tons of the PORV . Par t  

of the d t screpanc J .. , a l so resul t fro. the d t f feren t t a t\on o f  the catch  

tank data to obta t n  the PORV .. s s - f lowr a t• ( d t scharg• f r o.  the PORV was 

col lected t n  the catch tank and con t t nuou s l y  wet gh•d us t ng a load c•l l ,  

thus provt d t ng 1 ... s ur ... n t  of the t n t•grat•d .. s s  ext t t ng the systeM 

through the PORV ) .  F tgure 1 3  ca.pares the subcooled-calcul a t \ on resul t s  

for tota l .. s s  loss  wt th the expert .. ntal  data . The calcul a t t on r esul ts  \ n  

a tota l .. ss  l o s s  through the PORV wh t ch t s  s ome  11 lower than the .. asured 

.. s s  loss . 

Despt te sa.. l t•t ted d t sagr .... n t  for a per t od of subcool ed f l ow,  the 

c a l cula t t on gt ves genera l l f  good resul ts c o.pared w\ th the exper t .. n t , and 

thus t s  cons t dered to be va l t da t t on for the PORV .. s s - f l owr ate  

ca lcu lat tona l rout t ne .  I t  \ s  con s \ dered adequa te tha t  mod \ f \ c a t \ on shou l d  

be added t o  t he progra• for subcool ed cond \ t t ons \ n  ana l ys t s  of the T"I-2 

PORV f l owra tes . 

• 
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4 .  CAlCUlAT IONAl COND I TIONS FOR D I SCHARGE F lOW 

4 . 1 TRI -2 P l ant Sxs t� Conf \gur a t \ on
8 

F \ gure 14 shovs the .. , n  RCS co.ponen ts . Nuc lear  fue l  \n  the r eac tor 

vessel  \ s  cooled by water tha t c \ rculates tnto two \ ndependen t coolant 

loops . each  equt pped wt th a once-through s tea• gener ator ( OTSG )  and two 

reac tor coolan t  pu.ps ( RCP ) .  The two s t ea• generators a re  shel l-and-tube 

hea t exchanger s  and are  of t he once- through t ype . A un tque fea ture of th \ s 

Babcock ' W\ lcox des \ gn t s  tha t  the s tea• genera tor s are  not e levated above 

tbt heated core . Therefore, \n the event of a loss  of pu.p\ ng power , wa ter 

\n  t he lower ha l f  of the s te .. genera tor s w\ 1 1  be d \ f f tcul t to �ke 

ava \ lable for core cool t ng \ f  the wa ter level 1n t he syste. drops belov the 

•1dplane of t he s te .. generator s . The pressurt zer can on l y  ca..un \ cate  

wt th the  A loop stnce \ t s surge 1\ne ca.es off  fro. the A loop hot  leg . 

letdown f lov \ s  drawn f r o.  the base of the A l oop cold l eg and 1s coo l ed 

vta letdown cooler s  before f lovtng t nto the .. keup tank . The h t gh pres sure 

\ nJec t \ on ( HP J )  po \ n t s  are loca ted tn a l l  four cold legs on the pump 

d\ scharge s \ de. There \ s  a l so prov t s \ on for two core f lood tanks to 

aut�t \ ca l l y t nj ect water d \ r ec t l y  tnto the cor e when the sys teM pres sure 

fal l s  below 3 . 5  MPa ( 500 ps ta).  

Dur t ng nor .. l plant  opera t \ on ,  the func t \ on of the pr essur \ zer  \ s  to 

control  sys te. pressure. Thts ts acca.pl \ shed through the use of 

pressur t zer hea ters to tncrease f l u \ d  t.-perature tn  the saturated ves sel , 

thus \ nc r ea s \ ng syst  .. pressure , and by use of the spray l t ne to \ nJec t 

cold l tqu \ d  t n to the ves se l , thus r educ \ ng t.-pera ture and pressure. A 

cross -sec t tonal d t agra• of the pres sur t zer vesse l  \ s  shown \ n  F \ gure 1 5 .  

The PORY t s  t n s ta l led on t op  of the pressur \ zer to qu \ck l y  r e l \ eve pressure 

under cond t t t ons  such as  a feedvater p� t r \ p .  Th \ s  \s  the va l ve that 

s tuck open and resul ted t n  the TRJ-2 acc \den t . 

g 
4 . 2  PORY Throat  Area and 0\ scharge Coef f \ c \ ent 

The POlY used on the top of the pressur \ zer was manufac tured by 

Dresser Jndus tr tes w t th a .ade l n�er of 31 533YX-30 . Accord \ ng to  the 
• 

• 
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F 1 gure 14. TMI-2 r eac tor coolant sys tem s how \ ng ma \ n  c omponent s . 
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F 1 gure 1 5 .  LOni1 tud 1 na 1  cut-ou t v,ew of the pres sur,zer . 
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1 0  
repor t o f  the EPRI  safety and rel 1 ef va l ve t e s t  program, var 1 ou s  

Dre s s er val ves w 1 th the same model number have d 1 fferent or 1 f 1 c e  s 1zes. 

S \ x reactors use va l ves  w 1 th a 1-3/32 \ n: or 1 f 1 c e , thr ee r eac tor s  u s e  

va l ves w 1 th a 1 -5/32 in . or 1 f 1 ce, and e l even r eac tor s u s e  va l ves wi th  a 

1 -5/ 1 6  \ n. or 1 f \ce . The E PRI  repor t \ dent \ fied the TMI - 2  PORV a s  hav 1 ng an 

or \ f \ce  size of 1 -5/1 6  \ n .  Al though there a r e  severa l  r epor t s  describ 1 ng 

\ ncons \ s tent  or \ f 1 ce s 1zes  for the va l ve ,  the ident 1 fica t 1 on made i n  the 

EPRI  repor t 1 s  con s 1 dered to be mos t  rel 1 a b l e  s 1 nce  t h 1 s r epor t came out 

later 1n t \ me and speci f 1 ca l l y  addres sed the r elief capaci t 1 es of  va l ves 

used 1n nuc l ear power plants . The present  work a s s umes an  or 1 f 1 ce size of 

1-5/ 1 6  1 n .  for the computation . ( NOTE: The TMI- 2 PORV va l ve 

rece1 ving/inspec tion repor t identi fies the or 1 f 1 ce diameter as 1 -5/ 1 6  i n . ,  

and the va l ve seria l number as  BN4233 . Th 1 s  1 nforma t 1 on was  r ecorded f r om 

the va l ve informa t 1 on p l a t e  a t tached to the va l ve .) 

The PORV 1 n  TMI-2 proper l y  opened a t  1 ts s e t -poi n t  of  1 5.65 MPa 

{2270 psig) a few seconds af ter the ini tia t 1 on of the acciden t and 

thereafter remained in the s tuck-open pos 1 tion . I n  the E PR I  tes t s  u s 1 ng 

the same type of va l ve , a l l  the tes ted va l ve s  opened f u l l y  upon a c t ua t 1 on .  

I t  i s  a s s umed in thi s  ca l cu la tion that the TMI -2 PORV opened ful l y  during 

the accident .  After the PORV opened, whether there was any f l ow t h r ough 

the PORV depended on the s tatus of the b l ock va l ve ( a  2-1/2-i n . 

motor -opera ted ga te val ve) situated ups tream of the POR V .  Because t he 

block val ve f l ow area was more than twice  tha t  of the PORV, when both  

va l ves  were  open the f l ow out  of the  pressurizer was  lim1 ted to  the  

cri tical f l owrate through the PORV . 

Tab l e  4 show s the E PR I  va l ve tes t data together w 1 th ana l ys 1 s  

resul ts. The va l ve chosen for tes t 1 ng had the Dres ser model n umber 

31 533VX -30 w 1 th an orifice size of 1 -5/1 6  1 n. ,  the same type a s  u s ed a t  

TMI -2 . Ten va l ves were tes ted . Nineteen tes t s  were r epor ted w 1 th meas u r ed 

f l owrates . These tes t s  were compr 1 sed of two s team tes t s  a t  Mar s ha l l  Steam 

Sta t 1 on ,  and s eventeen s team/ s ubcool ed-water t e s t s  a t  Wy l e  Labora tor 1 e s . 

Cri tical ma s s  f l ux {Gc r \ t ) g 1 ven in  Tab l e  4 was  obta \ ned from Dav \ s' s  

cri tical f l ow tabl es . F l ow area ( Area) i s  the effec tive f l ow area o f  the 

ori fice computed by dividing meas ured f l owrate by c ri tica l ma s s  f l ux . The  
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TABLE 4 .  E PR I  DRE SSE R MODE L 31S33VX-30 VALVE f lOW TE STS 

Tsat  
6 

crH Area Tes t a 
p T f low 

IUIIber u•a) ..J.!L ..J.!L tkg/s)
b 

(ka/•2 
- s)

c 
(10 -4 112

) 

1 15 . 82 619 . 6  619 . 6  1 9 . 54 ( s )  24 , 315 8.04 
2 1 5 . 89 619 . 9  619 . 9  19 . 54 ( s )  24 , 445 7. 99 
3 1 6 . 23 621 . 7  626 . 5  18 . 27 ( s )  24 , 866 6 . 94 
4 4 . 34 528 . 4  462 . 6  41 . 72 (l) 7 3 , 884 5 . 65 

5 16 . 75 624 . 2  514 . 3  41 . 34 (l) 1 5 , 110 5 . 50 
6 16 . 07 620 . 8  538 . 2  74 . 36 (l) 1 33 , 727 5 . 56 
1 16 . 27 621 . 8  503 . 7  80. 79 (l) 150 , 9 24 5 . 35 
8 15 .98 620 . 4  620 . 9  16 . 79 ( S )  24 , 585 6 . 90 

9 16 . 70 624 . 0  611 . 6  37 . 2 1  (l) 71 , 465 5 . 21 
10  4 . 71 534 . 1 507 . 0  33.12 (l) 57 , 202 5 . 79 
1 1  16 . 00  620 . 5  508 . 7  78 . 49 (l) 147.471 5 . 32 
1 2  4 . 56 531 . 4 320 . 4  49 . 00 (l) 98 ,851 4 . 96 

13 16 . 62 623 . 6  616 . 5  38 . 11 (l) 72 , 012 5 . 29 
14 16 . 27 621 . 8  608. 7 4 1 . 74 (l) 71 , 568 5 . 38 
15 1 5 . 83 619 . 6  61 5 . 4  16 . 33 ( S )  24 , 333 6. 70 
16 1 6 . 55 623 . 2  607 . 0  40. 84 (l) 80 ,856 5 . 05 

1 1  1 6 . 48  622 . 9  609 . 8  39 . 02 (l) 1 7 , 933 5.00 
18  1 5 . 72 619 . 1  61 3 . 7  1 6 . 70 (S) 24 , 128 6 . 92 
19 1 6 . 55 622 . 9  608 . 2  39 . 93 (l) 29 , 796 5 . 00 

•• F t r s t  2 tes t s  fra. Nir sha11 s te .. s t a t t on, Ter rel l ,  NC ( Duke Power 
Co . ) ,  other s fro. W,1e L abora tor \ es , Norco. CA.  

b .  ( s )  • s te .. 
(l) • Hqu\ d  

c. &cr t t  fro. C1 \ ff Oav \ s' progra• . 

• 
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• 

effect i ve area for steam f l ow was determ1 ned to be 

( 8 . 02 ± 0 . 03) x 1 0
-4

m
2 

based on the Mar s ha l l  s team tes t s  ( the f i r st 

two tests 1 n  Table 4) , and based on the Wyl e  Tes t s , 1 t  was 

( 6 . 87 ± 0 . 1 1) x lo
-4 

m
2

. Because the phys 1 c a l  area based on the 

nom1 na l 1 -5/1 6  1 n .  or i f i ce 1 s  8 .7 3  x 1 0
-4

m
2
, t he d 1 scha r ge coef f 1 c 1 ent 

for  steam f l ow 1 s  0 . 9 1 9  ± 0 . 004 for the Mar sha l l  tes t s  and 

0 . 787 ± 0 . 01 3  for the Wy l e  test s . The d 1 scharge coef f i c 1 en t  for 

subcool ed f l ow 1s deduced from the Wy l e  test s  to be 0 . 60 ± 0 . 03 .  In the 

present work ,  d i scharge coef f 1 c 1 ents  of 0 .787 for s team and two-phas e  f l ow, 

and 0 . 60 for s ubcool ed f l ow ( upstream stagna t i on cond1 t 1 on )  are a s s umed 1 n  

the ca l c u l at i on .  

1 1  1 2  
4 . 3  Operat i on of PORV and Therma l Hydraul i c  Tran s i en t  ' 

The loss  of f l u1 d  from the RCS wa s the key factor lead 1 ng to sever 1 ty 

of the TMI -2 acc 1 dent . The acc i dent was 1 n i t 1 ated by a l o s s  of normal 

feedwa ter to  the steam generators result i ng 1n  a t u r b 1 ne tr i p .  Between 

2 and 6 s a fter the tur b 1 ne t r 1 p ,  the RCS pressure  reached the PORV 

set-po 1 nt of 1 5 .7 MPa ( 2275 p s 1 a) but con t 1 nued to r i se des p i te open1 ng of 

the PORV . The reac tor shut down aut oma t 1 c a l l y  due to a h i gh-pres s u r e  

s 1 gna l exceed i ng the set po 1 nt for sc ram, as  expected . W1th 1 n  a few 

seconds the RCS pres s ure dr opped to norma l va l ues . T he PORV , wh1 c h  

rel i eved exces s pressure as  i ntended, s hould  have c l os ed when pres s ur e  wa s 

reduced suff i c i en t l y . I n s tead , i t  fa 1 1 ed and caused a f urther dec rease i n  

system pressure . F i gure 1 6  s hows the RCS pres sure  and the pres s u r izer 

l evel as  a func t i on of t ime dur i ng the acc 1 dent . 

The pres s ur 1 zer l evel  showed an 1 n 1t i a l  drop f r om the ha l f -f u l l 

pos it i on but qu1 c k l y  tur ned around and rose shar pl y to of f-sca l e  h 1 gh 

(greater than 1 01 6  em or 400 i n .) .  The pres s ur 1zer l evel 1 nd 1 cat 1 on 

retur ned on sca le  after 1 0  m1 n i nto the acc i dent but rema i ned h i gh , rang i ng 

from 9 1 4  to 990 em unt i l  94 mi n .  At t h i s t 1 me ,  the a ux i l i a r y  feed water 

( AFW) wa s 1 ncreased to the A- loop steam generator ( SG )  resu l t i ng 1 n  a s hort 

RCS depres s u r i zat i on ,  and a drop i n  the pres sur i zer l evel . Dur i ng the 

f i r st 1 00 mi n, cont i nued system depr es sur i zat i on ,  due to f l ow out of  the 

open PORV , resulted in an  i ncrea s 1 ng 1 y  vo1 ded RCS . The RCS f l u i d  

29 



l 
2 -
! :I • • 
! 

a. 

20 Phase eli 3 + Phase4 ..... 
PORV I HPt 
opened 

,,J I " /""'\' , ,,... 'i I 
I 
, 

5 

o�����������������-L-L-L-L-L��� 
0 50 100 

Tlme(mln) 
150 200 250 

F t gure 1 6 .  Pres sur t zer level and pr t .. rJ SJS t .. pressure . 

• 

30 

1,200 

1,000 
-E .!:!. 
a; 

800 ' ...J 
'tJ "3 CT � 

600 



tempera tures were nea r l y  equa l to the satur a t i on tempera t u r e  a s  1 nd 1 ca ted 

1 n  F \ gure 1 7 .  The f l ow throughout the RCS wa s ,  therefore ,  homogeneous  

two-phase f l ow .  

A s  a resul t o f  \ nc rea sed feedwater t o  the A-l oop OTSG a t  94 m1 n ,  the 

s team condensa t i on rate i ncreased , caus \ ng pr e s s ur e  \n the RCS to  drop  

s harp l y .  Th\ s abrupt drop in  pres sure  and  tempera t u r e  r e s u l ted in  a d r op 

\ n  the pres s ur \ zer l evel a s  the prev\ ous l y  s a tura ted 1 \ qu i d  i n  the 

pres sur \ zer f l ashed \ nto s team. Bac k f l ow out of  the pres sur 1 zer might  a l so 

have occurred ,  resul t \ ng i n  a dec rease of  the l evel . 

At 1 00 m\ n ,  both A-l oop pumps were  s topped ( the B-loop pumps had been 

s topped at 73 m\ n ) , and the prev\ ous l y  homogeneou s  two-phas e  m\ x t ur e  i n  the 

RCS s tra t 1 f 1 ed w\ th a l evel 1 n  the v 1 c 1 n i ty of  the top of  the core ( be l ow 

the s ur ge-l i ne eleva t 1 on \ n  the hot l eg ) . Sta r t i ng a t  t h i s  t i me , the 

1 \ qu\ d  pool \ n  the core was boi l i ng , send i ng s team f l ow 1 nto  the 

pres s ur i zer s urge-1 \ ne and out of the PORV . Unt \ 1  the PORV bloc k  va l ve was 

c l osed by an operator a t  1 39 m\ n ,  s team vel oc 1 t i es were h i gh enough 1 nto 

the surge 1 \ ne that backf l ow from the pres s ur i zer was 1 \m\ ted by 

counter -cur rent f l ow 1 n ter ference . The pres s ur \ zer l i qu 1 d  level c on t i nued 

to dec rease due to steam genera t i on by the pres sur \ zer hea ter s and thus 

satura t \ on condi t \ ons were ma \ nta i ned in the pressur i zer . 

At 1 74 mi n ,  the RCP-B pump was br i e f l y  r e s tar ted , and the pre s s ur i zer 

l evel abr upt l y  \ nc r eased due to a large \ n-surge r e s u l t \ ng from t he abrupt 

\ ncrea se \ n  RCS pres s ure . The pres s u r \ zer dra \ n  at 200 m\ n wa s a r es u l t of  

RCS depres sur 1 zat 1 on i nduced by s team condens a t i on due to  the cold HPI 

1 nl ec t 1 on 1 1 qu i d  \n  the cold l egs and the c or e .  Ref \ 1 1  of  the p r es s u r 1 zer 

a t  21 0 m\ n wa s a resul t of  the con t \ nua t \ on of HPI 1 nl ec t 1 on \ nto the RCS 

enough to cover the surge 1 \ ne entrance . The PORV b l oc k  va l ve was opened 

at 220 m\ n ,  resul t \ ng \ n  the pres s ur \ zer l evel  retur n \ ng on s ca l e .  

Surge- 1 \ ne tempera ture was recorded a t  206 m\ n t o  be 578 K ( 581 ° F )  a s  

\ nd \ c a ted \ n  F \ gure 1 8 .  The PORV b l ock va l ve was oper a t ed seve r a l  t 1 me s  to 

con trol  the pr \ ma r y  sys tem pressure  dur \ ng th i s  t \me per i od .  
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At 225 mi n ,  the A-l oop c o l d - l eg tempera ture  l umped by 70  K ( 1 30 o f ) , 

probab l y  due to rever se f l ow i nto the A-loop c o l d  l eg .  Thi s i s  bel i eved to  

have been caused by  mo l ten fuel  fal l i ng i nto the l i qu i d  pool  in  the l ower 

p lenum,  forc ing the hot l i qu i d  i n  the downcomer bac k  i nto  the c o l d  l egs . 

Sus ta ined HPI l i qu i d  i nj ec t i on i nto the pr i ma r y  sys t em began a t  

267 mi n .  Consequent l y ,  the pr imary sys tem temperature  decr ea s ed and the 

pres suri zer s urge-l i ne temperature was recorded a t  31 5 mi n a s  424 K ( 303.F ) 

a s  s hown i n  F i gure 1 9 .  The pre s s ur i zer l evel br i ef l y  i nc r ea s ed to  

off-scal e  h i gh due to s u s ta i ned HPI  i nj ec t i on and  f l ow out of  the PORV a t  

270 mi n .  Satur a t i on cond i t i on was probabl y ma i ntai ned i n  the press ur i zer 

dur i ng thi s t i me s i nce suf f i c i en t  heat was s upp1 1 ed by the pres s ur i zer 

heater s ,  and RCS pres s ure  was s t i l l  l ow.  

The pres sur i zer l evel i ncreased to off-sc a l e  ( h1 gh )  aga 1 n  a t  31 5 mi n ,  

but th i s  t i me the off-sca l e  l evel was s u s ta i ned and r educed hea t i nput by 

the ac t i ve pres sur i zer hea ter s sugge s t s  the i n 1 t 1a t 1 on of  s ubcool 1 ng 1n  t he 

pres sur i zer . At 31 8 mi n ,  the PORV b l oc k  va l ve wa s c l os ed to  repres sur i ze 

the pr i mary sys tem .  Wi th the b l oc k  va l ve c l os ed and con t i nued makeup , t he 

RCS pressure i ncrea s ed from 8 .  7 to 1 4 . 7  MPa ( 1 260 to 21 30 p s i g )  1 n  30 111 n .  

F rom th 1 s  t ime to 454 m1 n ,  the PORV block va l ve wa s cyc l ed open and c l o sed 

to mai nta i n  the RCS pres sure between 1 3 . 1  to 1 4 . 5  MPa ( 1 900 to 2 1 00 ps 1 g )  

a s  shown 1 n  F i gure 20 . Dur i ng the per i ods  when the PORV b lock val ve was 

open , f l ow out of the PORV was con s 1 dered to be a l l  1 1 qui d  s i nc e  t he 

pres s u r i zer l evel was meas ured to be off-sca l e  f u l l and t he pre s s u r i zer 

temperature was r ecorded at 433 mi n at 445 K ( 342•F ) ,  s ome 1 70 K bel ow t he 

satura t i on temperature . 

At 459 mi n ,  when the PORV bloc k  va l ve was opened , a r a p i d  s u s ta 1 ned 

depres sur 1 za t i on of th� RCS was i n i t i a ted as shown in F i gure 2 1 . The 

pres sure measurement  i ndicates 3 MPa ( 435 ps i g )  at  554 mi n when t he PORV 

block va l ve was c l osed for a shor t t ime . T h i s  depr e s s ur i za t i on ,  together 

wi th temperature r i se by the hea ter s ,  caused the pres s u r i zer tempera t u r e  to 

c l ose to the satur a t i on tempera t ur e ,  and at 625 mi n they wer e  e s s en t i a l l y  

equa l , as  shown i n  F i gure 22 . 
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The PORV b l ock  va l ve �s c l osed for the rest  of the acc \ dent a t  

795 • 1 n  and repres sur t za t \on and recovery o f  the pr \ .. r y  syste. t n \ t \ a t ed 

fra. th' s t ,.. .  Table  5 shovs the ent \ re  opera t \ on sequence of the PORV 

block va lve dur t nt the TMI -2 acc t dent . 

36 
• 



700 
u::- 600 
• -
cu ... 
.a soo 
t! Q) a. 
E 
� 400 
:'2 
:::J 
u: 

300 

200 

1 RC-1 5A-TE1·M·C 
3 RC-2·TE1·P 

•• • 
• 

500 600 

2 RC·5A·TE2·R 
4 TSAT·prlmary 

700 
Time (minutes) 

800 900 

1 0141 

650 
600 

2" sso -;  
... :::J 
e 500 & 
E Q) -

400 

350 

F 1 gure 22 . Compa r 1 son of sys tem temperatures  ( A- l oop hot and c o l d  and PZR ) 
w1 th sa tura t 1 on .  

37 



TABl E 5 .  PORV BlOCK VAl VE OPE NING AND ClOSING T I ME S  

Open t ng n. C 1 os t ng T t• Interval  
C•\n) «•t n) «•1 n} 

. 0  1 39 . 0  1 39 . 0 
19 1 . 6  1 94 . 8  3 . 2  
197 . 9  1 98 . 4  0 . 5  
220 . 0  31 8 . 0  98 . 0  
343 . 0  343 . 6  . 6  

345 . 5  346 . 0  . 4  
349 . 3  349 . 8  . 5  
350 . 5  352 . 5  2 . 0 
356 . 0  357 . 0  1 . 0 
359 . 1  360 . 4  1 . 3 

362 . 3  363 . 8  1 . 4 
366 . 5  376 . 9  1 . 4 
370 . 0  37 1 . 4  1 . 4 
374 . 0  375 . 5  1 . 4 
317 . 3  378 . 7  1 . 4 

381 . 1  382 . 5  1 . 5 
384 . 7  385 . 9  1 . 2 
387 . 9  389 . 2  1 . 3 
391 . 1  392 . 3  1 . 3 
394 . 4  395 . 6  1 . 2 

397 . l  398 . 9  1 . 3 
401 . 1  402 . 7  1 . 6 
405 . 0  406 . 2 1 . 2 
408 . 2  409 . 6  1 . 4 
41 1 . 1 4 1 3 . 1  1 . 4 

4 1 5 . 5  4 1 6 . 9  1 . 4 

4 1 8 . 9  420 . 3  1 . 5 

422 . 5  424 . 1  1 . 5 

426 . 1  427 . 1  1 . 0 

429 . 9  430 . 6  . 1  

434 . 0 435 . 0  1 . 0 
438 . 7  440 . 4  1 . 7 

445 . 8  447 . 6  1 . 8 

452 . 5  454 . 3  1 . 8 

459 . 0  554 . 4  95 . 4  

560 . 5 570 . 0  9 . 5  

589 . 0  589 . 1  • 1 
601 . 0  672 . 0  7 1 . 0  

7 54 . 5  763 . 0  8 . 5  

172 . 0  795 . 0  23 . 0  
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S .  CAl CUlAT I ONAl RE SUl TS AND ASSE SSME NT 

In th1 s chapter , ca.par t sons of calcula ted resu l t s be tween the 

saturat 1 on and the subcoo l ed .ode l s , and Wa l l 1 s ' s  and W\ l son · s  equa t \ ons 

are presented . Subsequen t l J ,  a .a x \� f low 1 1•1 t t ng case  and a 

bes t -es t \  .. te case  are con s 1 der ed to es t \  .. te the .. s s  f l ows through the 

PORY dur t ng the acc t dent . 

S . l  CO!ptr t son of sa tura t \ on Mode l and Subcoo l ed Mode l 

F t gure 23 sh� ca l c u l a ted .. s s -f l�a tes thr ough the PORY a s  a 

func t t on of t t� fro. 0 to 390 •tn bf the satur a t 1 on mode l wt th Wa 1 1 1 s ' s  

equa t \ on .  I t  t s  seen fro. tht s f t gure tha t  the PORV b l oc k  va l ve wa s Cfc led 

open/c lose three t \�s af ter shut -off a t  1 39 •t n \ nto the acc 1 den t ,  and the 

a verage d 1 scbarge f l owrate dur t ng open t \� of the va l ve 1 s  approx t .. te l y  

1 9  kg/s . As desc r \ bed 1 n  the prev tous chapter , the pressur t zer surge- l t ne 

t.-perature �s r ec orded on a u t 1 1 1 ty pr 1 nter a t  206 • 'n  to be Sel •f , wh \ch  

1 s  near l y  equa l to the satur a t t on te.per a ture .  Between 206 •t n and 

31 S •1 n ,  there �s no r ec ord  of the f l u t d  te.pera ture t n  the v \ c t n \ tJ of 

the pressur t zer . The r ec ord of the surge - l t ne te.pera ture a t  31 5 •tn  was 

303•f , sa.. 30Q•f below the sa tura t \ on te.perature . Here a ... ,� f l ow 

1 1•1 t t ng case 1 s  cons 1 dered , t n  wh t ch a l t near dec rease t n  f l utd  entha l py 

vt th t t  .. fro. 206 •tn  to 31 5 •t n t s  assu.ed .  Ca lcula ted .ass-f l owra tes 

for th ts  subcoo l ed .odel are plot ted tn F t gure 24 , and the average 

d t scba r ge f l �ate t s  ca.puted to be about 31 kg/s , so.. l . S t t  .. s over the 

average va lue for the satur a t t on .ode l . f t gure 25 ca.pares  the 1 ntegrated 

.. s s -f l ovs of the tvo ca l c ulat t on .ode l s  dur t ng the 1 n 1 t 1 a l  320 M\ n .  

Dt f ferences of t n tegra ted .a s s - f lows beca.es -2 x 1 0
5 

kg a t  the end of 

tht s  t t .. . Not tce  tha t  the d t f ference becOMes obv 1ous f r om  206 M\n when 

the pres sur t zer f l u td  beg t ns to be subcooled . 

5 . 2  CO!pfr t son of Wa l l t s ' s  and Wt l son ' s  Equa t \ on 

f tgures 26 and 27 show the d t f ference between two ca l c u l a t t ona l c a ses : 

one t s  by Wt l s on ' s  equat t on ( E q .  ( 5 ) ]  and the other t s  by Wa l l \ s ' s  equa t t on 

( E q .  ( 4 ) ]  for the s tea• ve loc t ty ca l c u l a t t on .  As shown \ n  the vot d  
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frac t \ on plot  of F \ gure 26 , Wi l l t s • s  equat \ on underes t t  .. tes s team f l ows as  

co.pared to W\ l son ' s  equat t on .  The W\ l son correla t t on was deve loped f r om  

exper t .. n ta l  data obtat ned under cond t t \ons ver y s t•t lar t o  the T"l case 

bltng cons \ dertd , and ts  bel teved to produce more reasonable  resul ts . A 

case t n  potnt  \ s  the per \ od af ter 1 00 •t n ,  wt th the RCPs of f and no forced 

f l ow throuth the l oops . I ndependent ana l ys t s  t nd \ ca ted tha t  the hot- l et 

coolant  l evel Wis bel ow the surte-1 \ ne entrance . Thus , on l y  s tea• was 

f low\ ng t nto the pressur t zer , and f low out of the PORY would  have qu\ ck l y  

equ\ 1 \ brated to near l y  a l l  s tea• f low .  Ca.par \ son of the c a l c u la t \ ona l 

resul ts  by the W\ l son and W. l l t s  .ade l s  shows tha t  the W. l l \ s  .ade l  resul ts  

t n  .. s s-f lovrates �ch larter than the a l l-s tea• f l owrates , whereas the 

Wt l son .adel resu l t s  t n  near s tea• f lovrates a s  shown t n  F \ gure 27 . 

Dt f ference of t ntegrated .. s s - f l ow  beca.es -2 x 10
4 

kg a t  300 •t n as  

shown t n  F tgure 28 . As  a r esul t of  these cons \ derat t ons , the W\ l son mode l  

t s  cons tdered t o  be super t or for the T"l -2 Acc \ dent s t� l a t \on ,  and t s  used 

tn  the bes t -est t  .. te calcula t t on .  

I n  the fol lowtnt .  a n  exten s t on o f  the 1 1•1 t t ng case desc r t bed 1n 

Sec t t on 5 . 1  1s  cons t dered , t n  wh\ch a l t near 1 ncrease  \n  f l u 1 d  entha l py 

wt th t t  .. fro. 31 5 •tn to 570 •1n \ s  assu..d ,  then the .. asured 

pres sur \ zer - t..,era tures are used a t  every  2 •t n to obta 1 n  the eff l uent 

f lu t d  entha lpy fro. 570 •tn to 625 •t n .  F ur ther , fro. 625 •1 n ,  sa tur a t \ on 

cond t t t ons  are a s s u.ed for the pres sur t zer f l utd . F t gures 29 and 30 show 

calculated .,ss-flowra tes fro. 0 to 600 •t n by W1 1 son • s  equa t t on and by 

W. l l t s • s  equa t t on ,  respec t t ve l y ,  for th1 s  l t•t t \ ng case . F rom 206 •t n to 

625 •t n ,  the eff l uent f l ut d  WiS assu.ed to be subcoo led l t qu \d  w\ thout 

s te .. so tha t  there can be no d \ f ference between ma s s - f lowrates ca lcu la ted 

bf the two .odel s .  The f t ne s truc ture obser ved t n  these f t gures from 

350 •tn  to 454 •t n corresponds to  the open/c lose cyc l t ng oper a t \on of the 

PORV . Af ter 625 •t n ,  dt scharge f l ow  \ s  a two-phase •t xture w\ th low 

qUi l t tr :  thus , there can be s., l l  d t f ference between .a s s - f lowrates by the 

two .ode l s .  In  ter� of t ntetra ted .,ss-f low through the PORV , Wa l l t s ' s  

equat t on g t ves s� 2 x 10
4 

kg larter d t f ference than W\ l son ' s  at  the 

las t PORV c losure t t  .. of 795 •tn as shown t n  F t oure 31 . 
• 
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5 . 4  A Bes t-E s t 1ma te Case 

A bes t-e s t 1mate case 1 s  s ubsequen t l y  cons 1 dered a s  an 1 mpr ovement on 

the 1 1 m1 t 1 ng case desc r 1 bed 1n Sec t 1 on 5 . 1 .  I n  th1 s  bes t-e s t 1ma t e  c a s e , 

employ1ng the W1 l son model , satura t 1 on cond 1 t 1 on 1 s  a s s umed up to 31 5 m1 n 

1 nto the acc 1 dent , and then a 1 1 near decrease  1 n  f l u 1 d  en tha l py w1 th  t 1me 

from 31 5 m1 n to 433 m1 n 1 s  a s s umed .  Al though mea s u r emen t data of  the 

pres sur 1 zer temperature d1d not ex1 s t a t  31 5 m1 n ,  the pres s u r 1 zer l evel 

measurement 1 nd 1 cates tha t  the pres sur 1 zer wa s tota l l y f 1 l l ed w1 t h  1 1 qu 1 d  

af ter that t 1 me ,  thus the s ubcoo l 1 ng a s s umpt 1 on of  the pres s ur 1 zer  f l u 1 d  

should  be reasonable after 31 5 m1 n .  A compa r 1 s on o f  1 ntegra ted ma s s -f l ow 

1 s  shown 1 n  F 1 gure 32 , the bes t -es t 1 ma te case  resul t 1 ng 1 n  l ower ma s s - f l ows 

than the 1 1m1 t 1 ng case beyond 206 m1 n ,  as expec ted f r om dec rea s ed 

subcool 1 ng effec t s . F 1 gures 33 and 34 show c a l c u l a ted ma s s - f l owra t e s  for 

the bes t-e s t 1mate case and the ma x 1 mum f l ow 1 1m1 t 1 ng c a s e , r e s pec t 1 ve l y .  

P .  Kuan , EG&G I daho , c a l c u l ated d 1 schar ge f l ow out of the PORV bas ed 

on an approx1 ma t 1 on that the f l owra te 1 s  propor t 1 ona l to the square  root of  

the pr 1mary sys tem pres sure and 1 s  obta 1 ned for severa l  s ubd1 v 1 ded per 1 ods 

of the acc 1 dent t 1me .
9 

He a s s umed sa tura ted s team and s ubsequent 

saturated water f l ow from 220 m1 n to 31 8 m1 n .  Accor d 1 ng to h 1 s  

calcula t 1 on ,  the 1 n tegra ted ma s s - f l ow a t  800 m1 n 1 nto the acc 1 den t 1 s  

8 . 01 x 1 0
5 

kg , wh1 c h  1 s  some 1 0% sma l ler than the 9 . 20 x 1 0
5 

kg 

obta1 ned 1n the present bes t-es t 1mate c a l c u la t 1 on . Th1 s present va l ue 1 s  

cons1 dered adequate when compared w1 th  other repor ted va l ue s  bas ed on the 

measured l evel data of the Borated Wa ter S torage Tank .
1 3  
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• .  UNCE RTAINTY ANAL YS I S  

Perfor•t nt a c lass , c a l  uncer ta tnty ana l ys , s  on the es t t  .. ted PORV 

f l�a tes t s  extr ... l y  d t f f ,cul t .  As a resu l t ,  t t  was dec ,ded to prov\de 

an es t ,  .. te of the uncer ta,nty based upon ent, neer ,nt J ud�nt . Prev,ous 

uncer tat nty anal yses have shown tha t  eng, neer , ng J udg8tnt , s  a va l , d  .. thod 

for es t t81 t , nt uncer ta ,nt,es  when .ore r ttorous 8ethods are ,mpr ac t t ca l , 

and usua l l y  resu l ts  t n  es t ,81 tes tha t  are cons t s ten t  wt th a 95X conf t dence 

level . The 81jor sources of uncer ta , nty  , n  the PORV .a s s  f l owra te 

est t81 tes are cons ,dered to be : 

• Uncer tatnt t es ,n  the , nput da ta for the calcula t \ on ,  such as  the 

d , schartt c oef f \ c ,en t  and assu.pt \ ons \ n  the .odel about 

subcooled cond t t \ ons at the PROV . A tota l uncer ta t nt y  \n these 

par ... ter s of tl SX \ s  es t \ .a ted . Th, s  \ s  the do.\ nan t  

uncerta,nty  ca.ponent .  

• The uncer ta t n t y  \ n  the s tea• veloc t ty throuth the pres sur \ zer , as 

ca lculated fro. the Wt l son correl a t \ on us t ng the pressur t zer 

l eve l , , ,  es t 181ted at tlOI. 

• Uncer ta , n t , es \ n  the cr t t tcal  f l owra tes obta t ned fro. the Dav \ s  

c r , t ,cal  f l ow  tables \ s  es t \ .a ted a t  tSX. 

Ca.b, n t nt these uncer ta ,nty  ca.ponents  us ,ng the Root -SU8-Square 

.. thod resu l t s  ,n a total  uncer ta tnty  es t \.ate of t201. 
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7 .  CONCLUSI ONS 

A model has been devel oped for es t i ma t 1 ng the f l ui d  cond 1 t 1 ons  at the 

PORV dur i ng the TMI -2 acc 1 dent . Th 1 s  model a l l ows the f l owra t e  thr ough the 

PORV to be c a l c u l a ted for those per i ods 1n wh 1 ch the PORY b l oc k  va l ve was 

open . The f l u 1 d  cond 1 t 1 ons model i s  based upon W1 l s on • s  cor r e l a t 1 on 

between s team veloc 1 ty through the pres s u r 1 zer ves se l  and the vo 1 d  f r ac t i on 

i n  the pres s u r i zer a s  obta i ned from the l i qu i d  l evel meas urement , a nd 

i nc l udes effec t s  of f l u i d  subcool i ng .  The devel oped model was tes ted us 1 ng 

da ta obta 1 ned 1 n  a ser 1 es of semi sca l e  exper 1 men t s , and r e s u l ted i n  

measured f l owrates ( er r or i n  total c a l c u l a ted ma s s  f l ow was l es s  than 8%) . 
F o l l owing checkout of the model aga 1 n s t  the Sem1 s c a l e  da ta , the model was 

a ppl i ed to TMI - 2  dur 1 ng the f i r s t  795 mi n of the acc 1 dent ( a t  t h i s t 1me the 

PRY b l ock va l ve was c losed and rema 1 ned c lose  therea f ter ) .  Res u l t s  from 

thi s  ana l ys 1 s  have been presen ted , wi th  a tota l mass l o s s  f r om  the TMI -2 

pr ima r y  sys tem,  through the POR Y ,  of 920 , 000 kg ±20X dur 1 ng the 

acc i dent . These res u l t s  are con s 1 dered to be the c u r r en t  bes t  e s t 1 ma te of 

the PRY f lowra tes dur 1 ng the TMI -2 acc 1 dent . 
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