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PREL IMINARY CALCULAT IONS RELATED TO THE  

ACC I D ENT AT 

THREE M ILE  I SLAND  

by 

J. R .  I rel and , P .  K .  Ma st , T .  R .  Wehner , 
P .  B .  B l e i we i s ,  W .  L .  Ki rc hner , a nd M .  G .  Stevenson  

ABSTRACT 

The Three M i l e  I s l and nuc l ea r pl a nt  ( TM I -2 ) wa s model ed 
u s i ng t he Trans i ent  Reactor  Ana l ys i s Code (TRAC - Pl A ) l and  a 
prel imi nary ca l cu l a t i on , wh i c h s i mu l a ted t he i n i t i a l  part of  
t he  acc i dent t ha t  occu rred on  Marc h 28 , 1 979 , wa s performed . 
The purpose  of th i s  ca l cu l a t i on wa s to provide a better u nder
stand i ng of the  sys tem.therma l - hyd ra u l i c and core therma l 
mec ha n i ca l  res ponse  d ur i ng  the f i rst  3 h a nd to eva l ua te how 
wel l TRAC compared to the overa l l acc i d ent scena r i o  a nd mea s 
ured system parameters . A s  a resu l t of  t h i s ba se-ca se  ca l cu 
l at i on , severa l pa rametr i c  ca l c u l a t i o n s  were performed t o  i n 
vest i gate hypothet i ca l  var i a t i ons  to the TM I -2 acc i dent  s e 
quence to determ i n e  the s i gn i f i c a nce  of system/o pera tor a ct i o n s  
o n  t he  cou rse of t he acc i dent . F i na l l y ,  ba sed u pon t he resu l t s  
of  t he  ba se-ca se  ca l c u l a t i o n , e st imates  were made regard i ng 
the extent of core damage a nd the amount  of hyd rogen  produced 
a s  a result of the  z i rconi um- steam react i on . 

1 



I .  I NTRODUCT ION AND SUMMARY 

The Lo s Al amos  Sc i ent i fic La boratory ( LASL ) ha s a n  exten s i ve program , 
fu nded by the  US  Nuc l ear Regu l a tory Commis sion ( NRC ) , i n  the  dev el opment , 
ver i f i c at i o n , and a ppl i ca t i on of computer method s ,  s pecif i ca l l y  t he Tra n 
s i ent Reactor Anal ysis Code (TRAC ) , for t h e  a na l ysis of Lig ht-Water Reac 
tor ( LWR ) acc i dents . 1 Add i tiona l efforts for NRC i nvo l ve i nvestigat i o n s  
o f  phenomena rel evant  t o  High -Temperature Gas�Coo l ed Reactor ( HTGR ) and 
L i quid -Meta l Coo l ed Fa st  Breeder Reactor ( LMFBR ) accid ent s . This report 
disc u s ses  prel im i nary stud i es of  the Three Mile I s l and  Un i t  2 ( TM I -2 ) ac 
c i dent ba sed on a va i l a bl e method s and da ta. The report reproduces , w i th  
the except ion  of m i nor ed i ting , a draft report su bmitted September 1 ,  1 97 9  
to T he  President's Commi s sion on t he  Acc i dent a t  Three M i l e  I s l a nd and  to 
the NRC S pec i a l  Inqu i ry Group. The work  reported inc l udes: 

2 

• A TRAC ba se-case  ca l cu l a t i on out to 3 h into the acc i dent sequence . 

• TRAC pa rametr i c  calcula t i ons . These  are the s ame a s  t he ba se case  
except for a s i ng l e hypothet i c a l  c hange in  the  system cond i t i on s , 

su c h  a s  a s sum i ng the  h i g h - pres sure i njection ( H P I ) system operated 

a s  des i g ned rather than a s  i n  the accident . 

• Fuel  rod c l add i ng fai l u re ,  c l add i ng oxida t i o n  due  to zircon i um 

meta l - s team react i o n s , hydrogen rel ea se due  to c l a dding oxi da 

t i on , c l add i ng ba l l oon i ng , c l adding embrittl ement, a nd su bsequent 

c l add i ng brea ku p est imates ba sed on  TRAG-ca l cu l a ted c l add i ng tem

peratu res a nd system pressures. E stima tes beyond i n i tia l g ro s s  

fu e l  rod deformat i on  mus t  b e  regarded a s  s pecu l a t i ve s i nce  the 

TRAC ca l cu l a t i ons  currentl y a ssume i ntact core geometry . 

Some conc l u s i o ns  of t h i s work are : 

• The TRAC ba se-ca se  acc i dent ca l cu l a t i on agrees very wel l wi t h 

known system cond i t i o n s  to nearl y 3 h i nto t he acc i dent . 

• The parametri c c a l c u l a t i o n s  ind i cate  that , l o s s -of-core cool i ng 

wa s mo st i nfl uenced by the throttl i ng of  H P I  fl ows , g i ven  the 



acc i dent i n i t i a t i ng events  and t he pressur i zer e l ectromagnet i c 

operated rel i ef va l ve ( PORV ) fa i l i ng to c l o s e  a s  des i gned . 

• Fa i l ure of nearl y a l l the  rod s and ga seou s f i s s i on product  g a s  re 

l ea se from the fa i l ed rod s i s  pred i c ted to have occurred a t  a bou t 

2 h and 30  m i n .  Th i s  i s  con s i stent wi th  rad i at i o n  mon t i ors  a t  

TM I -2 . 

• C l add i ng ox i dat i on  ( z i rcon i um-s team react i on ) u p  to 3 h resu l ted 

i n  the produ c t i on of approx imatel y 40 kg of hyd rogen . I t  i s  

h i g h l y  probab l e that hydrogen generat i o n  cont i nued beyond t hat  

t ime . 

A .  TRAC Ba se-Ca se  Ca l cu l a t i on 

A descr i pt i o n  of  the f i rst  rel ea sed ver s i on of the  TRAC code , 

TRAC-P l A ,  a nd the  current  statu s of i ts ver i f i cat i on  i s  conta i ned i n  

Ref . 2 .  TRAC-P l A i s  a s team-water ( two -pha s e )  systems a na l ys i s  code 

des i g ned spec i fica l l y  to produce p hys i c al l y  accura te ( best  e s t imate ) 
pred i c t i ons  of l arge- brea k l o s s -of-cool ant  a cc i dents  ( LOCAs ) .  TRAC ca l 
cu l a t i ons  of a l arge number of LOCA-rel ated ex per iments , s uc h  a s  i n  the  

Semi scal e a nd LOFT fac i l i t i es at  the I daho Nat i ona l  Eng i neer i ng La bora 

tory ( I N EL ) , have agreed very wel l wi t h  t he exper imental  data , a nd con

s i dera bl e  confi dence can  be  pl aced i n  i t s model i ng of  t he ra p i d  bl ow

down , ref i l l ,  and refl ood pha ses  typ i ca l  of  l arge -brea k LOCAs . I ts 
ca l culat i onal ca pa bi l i t i es were not devel oped for a nd have not  been 

tested aga i nst  l ong  t ime dura t i on exper iments typ i ca l  of the  TM I -2  ac 

c i dent . I n  part i cu l ar ,  TRAC - Pl A does not present l y account  for nonco n 

dens i bl e  gases  ( su c h  a s  hydrogen genera ted by z i rco n i um- s team reac t i o n s  

or  nitrogen wh i c h  may be i njected from core fl ood i ng accumu l ator s ) , nor 

does i t  account for c hang i ng core geometry due to c l add i ng ba l l -oon i ng ,  

ru pture , ox i dat i o n ,  brea ku p ,  or fuel mot i on . Neverthel e s s , the  TRAC

Pl A base-case  resu l ts are i n  very good a greement  wi t h  known system 
cond i t i ons duri ng t he f i r st  3 h of the  TM I -2 acc i dent . Further , muc h 

can  be l earned concern i ng the system hydrau l i c s  and  the  core t herma l -

3 



mec ha n i ca l  behav i or  by exami n i ng the TRAC resu l ts ,  a s  s umma ri zed bel ow 

and d i scu s s ed i n  deta i l  i n  Sec . I I . 

The TRAC model  of t he TM I -2  system for these  ca l cu l a t i ons  u sed 24  

cel l s  i n  the  reactor ves sel and 42  cel l s  for t he two system l oops . The  
core fuel  rod s were model ed i n i t i a l l y  u s i ng three ax i a l  l evel s and two 

az imu tha l reg i ons  per l eve l , wi th  average , h i g h - power , and  l ow-power  

fue l  rod s per  reg i on .  T h i s ves sel  nod i ng wa s u s ed to  ca l cu l ate t he 
steady-sta te system cond i t i o n s  and t he fi rs t 8 1  m i n  of the  trans i ent . 

The pres sur i zer rel i ef va l ve  ( PORV ) was model ed u s i ng a p i pe modu l e ,  
a l l owi ng a d i rect ca l c u l a t i o n  of  the fl ow out the  PORV . The once

t hrou g h  steam generators ( OTSG ) were model ed on both  pr imary a nd 

secondary s i des , bu t wi t h  boundary cond i t i ons  u s ed to mode l  t he ba l a nce 

of the secondary system . Ba sed on  the  TM I -2 recorded power l eve l , a 

TRAC s teady-state  ca l c u l at i on wa s performed to genera te t he i n i t i a l 
cond i t i ons  pr i or to the acc i dent . These  cond i t i ons  are i n  v ery good 

agreement wi th  ava i l a bl e  TM I -2 data . 

U s i ng these  sel f-consis tent i n i t i a l  cond i t i ons , the  TRAC tra n s i ent  

ca l cu l at i o n  wa s begu n .  Operator and  system act i o n s  were s i mu l a ted i n  

TRAC u s i ng pl ant  data , event c hronol og i es ,  and  i n  c erta i n  ca ses , a s sump

t i ons  neces sary to  g i ve resu l ts wh i c h  matc hed known system cond i ti on s  

( these a re out l i ned i n  deta i l i n  Sec . I I ) . T he  f i rs t 30 m i n  of t he  ac 

c i dent sequence are wel l s i mu l a ted by TRAC , part i cu l ar l y system pres sure , 
l oop temperatu res , and pressur i zer l evel . Du r i ng t he per i o d  from 30  m i n 
to 8 1  m i n cool ant  i s  cont i nuou s l y  l ost  t hrou g h  the  PORV a nd the  l etdown 

system . Ca l c u l a ted core temperatu res  rema i n  l ow, however , due  to the  

good coo l i ng prov i ded by bo i l i ng in  the  core , wh i c h  offsets  t he cool a n t  
* 

l os se s  a nd ma i nta i n s the  system pressure s tab l e .  

At 81 m i n ,  a more f i nel y noded vesse l  model  wa s u s ed to prov i d e  
more a x i a l  l eve l s. Th i s  en hances t h e  accu racy o f  pred i ct i ons  of  the 

core t herma l cond i t i on s  a nd two- pha se  natural  c i rc u l at i o n  throug h  the 

system . Due to cont i nu a l  cool ant  l os s , ca l cu l ated core vo i d  frac t i on s  

* 

4 

Throug hou t t h i s d i sc u s s i on  we wi l l  u se present ten se  when descr i b i ng 
ca l cu l a ted events a nd cond i t i on s  whi c h  may or  may not be known to hav e  
occurred i n  t h e  acc i dent . 



i ncrea se and pr imary cool ant  pump f l ow rates s l owl y decrea se du e to 

v o i d  format i on  i n  the cool ant . Pr imary system pressure fa l l s  stead i l y  

after 9 1  m i n  a s  i ncrea sed a ux i l i a ry feedwater fl ow i s  i ntroduced i nto 

t he A l oo p  OTSG . After the  A l oop  pumps are tr i pped at  1 00 m i n ,  pha s e  

sepa ra t i o n  occu rs throug hout  the system . Th i s resu l ts i n  part i a l  core 
u ncoveri ng a nd l os s -of-coo l a nt c i rc u l a t i on throu g h  the l oops . At 1 20 

m i n ,  upper core temperatu re s beg i n  to ri se ra pi d l y  { 0 . 25 K/ s ) . At 1 38 

mi n ,  the PORV bl ock  va l ve i s  c l osed resu l t i ng i n  a gradua l  i ncrea se i n  
core l i qu i d  i nventory . At a bou t 1 60 m i n ,  the water i nventory i n  t he 
core ha s bo i l ed down aga i n  suc h that  water i s  in the  l ower p l enum and 

pa rt i a l l y  i n  the l ower core , resu l t i ng i n  a steep ax i a l temperature 

grad i ent i n  the core . S i nce u pward -mov i ng steam ve l oc i t i es are very 
l ow { l es s  tha n  0 . 1  m/ s )  t he s team becomes very su per heated i n  the  u pper 

pa rt of the core a nd , as a resu l t ,  the c l add i ng a nd fuel  heat  up s harp l y .  

When t he c l add i ng temperatures reac h 1 300 K ,  z i rcon i um-s team reac t i o n s  
{ exotherm i c ) beg i n  and the u pper core temperatu res beg i n  r i s i ng a t  a bou t 

0. 7 K/ s .  Th i s  temperature excurs i on wa s proba bl y  term i nated i n  the a c 

c i dent when t he H P I  was retu rned to nonthrottl ed fl ow ra tes a t  3 h a nd 

20 mi n ,  enhanc i ng the core cool i ng rate { TRAC ca l cu l a t i o n s  were  term i n 

a ted a t  3 h s i nce the core model i ng wa s no l onger rea l i st i c ) . 

The resu l ts of  th i s  TRAC base-case ca l cu l at i o n  s how good a greemen t  
wi th  measu red system pa rameters ou t to nearl y 3 h a nd prov i d e  a founda 
t i o n  for : ma k i ng deta i l ed compa r i sons  aga i nst a l ternat ive system/opera tor 

res ponses during the acc ident  s equence ,  i nvesti gat i ng l onger term TM I - 2 

acc i dent events , a nd ma k i ng est i mates of the reactor  core t herma l 

mec ha n i ca l  behav i or .  

B .  TRAC Pa rametr ic  Ca l cu l a t i o ns 

Th i s secti on  of the stu dy wa s performed to i nvest i gate hypothet i ca l  

variat i ons to the TM I - 2 acc i dent sequence to determ i ne t he s ign i f i ca n c e  

of system/operator act i o n s  on  the course o f  the acc i dent. I t  i s  not 

i ntended to j udge system des i g n  or operator response as rel a ted to the 

TMI - 2  acc i dent ; rather , i ts pu rpose i s  to serve a s  a bas i s  for future 

d i scu s s i o n  on reactor system des i gn , i ns trumentat i on , a nd o perat ion . 
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Wi th i n t he t ime constra i nts of t h i s pre l i m i nary study , f i v e  pa ra

metri c ca se s  were run wi th  TRAC . These s pec i fi c  cases were requested 

by the  NRC TM I S pec i a l  I n qu i ry Grou p .  The I N EL i s  su ppl yi ng add i t i ona l 
parametr i c  ca ses . The primary var i at i ons  of i nterest  were : ( 1 ) start  

of aux i l i a ry feedwater s u ppl y a fter i n i t i a t i on of t he  acc i dent , ( 2 )  t h e  

effect  o f  degraded HP I ,  ( 3 )  the effec t o f  earl y tri pp i ng o f  t he ma i n  
cool ant  pumps , a nd ( 4 )  the effect of a co l d-l eg brea k of area equ i va l ent  

to the  PORV throat area . T he  del ay ( u p  to  1 h) of aux i l i ary feedwater 

supp l y as  compared to  immed i ate i n i t i at i on  resu l ts , in  the TRAC ca l c u 

l a t i on s , i n  v ery l i ttl e d i fference i n  the l ong-term beha v i or of the sys

tem from that of the bas e  case . Th i s  co nc l u s i on i s  of importance to 

the TRAC ba s e  ca l cu l a t i on  s i nc e  i t  demonstrates t hat  the primary syst em 

behav i o r  was a rel at i vel y wea k funct i o n  of the deta i l s of  the seconda ry 

system·performa nGe . 

The parametr i c  ca se  wi th  HP I operat i ng a s  des i gned resu l ted i n  

s ign i f i cant d ev i at i ons  from the ba se  ca se . After the pre ssure dropped 

be l ow the HP I setpo i nt a nd fu l l  fl ow wa s i n i t i a ted , the HP I f l ow wa s 

suffi c i ent  to ma i nta i n  t he system pres sure at  a h i g her l eve l  t ha n  t he 

ba se case . T h i s res u l ted in  a h i g her brea k f l ow t han  the  ba se case , 

but more importantl y ,  ma i nta i ned the  coo l ant  i n  a su bcoo l ed state , pre
vent i ng a core temperature excurs i on . T h i s ca l cu l a t i o n  i nd i cates  tha t  

no core damage  wou l d  have occurred a s  l ong a s  H P I  fl ow wa s su ppl i ed .  

The i nfl u ence of the ma i n  cool ant  pumps  wa s exam i ned by a pa ra 

metri c  cas e  i n  wh i c h  the  pumps were tri pped immed i ate ly  u pon i n i t i a 
t i on  o f  the acc i dent . Th i s  ca l cu l a t i on wa s not ru n a s  far out  i n  t ime  

a s  the  ba se case , but the ava i l ab l e resu l t s i nd i ca te that  after a f l ow 
coa stdown tran s i t i on peri od of 40 m i n ,  pha se  s eparat i on  beg i n s i n  the  

system . Ba sed on compar i son wi th the  base-ca se  ca l c u l a t i o n  i n  wh i c h  

pha se  separat i on occurred after the A l oop  pumps  were tri pped , we ex 

pect t hat  t h i s ca se  wou l d resu l t i n  a s i m i l ar core tempera ture tran s i ent  

beg i nn i ng approx imatel y 4 5  mi n earl i er t han the ba se ca se . 

The f i na l  parametri c case performed wa s a co l d - l eg brea k s i mu l a t i o n . 

A brea k area equ i va l ent to the PORV throat area wa s a s s umed a nd l ocated  

i n  the  A l oop  pump d i sc harge l i ne . The i n i t i al tran s i ent i s  c haracter

i zed by a h i g her system pressure than  i n  t he ba se case . T h i s occurs  
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becau s e  the equ i va l ent area co l d - l eg sma l l -brea k fl ows are l ower than 

ou t the PORV i n  the base  ca se . Th i s  case  wa s not ru n to compl eti o n , 

bu t ,  g i ven  the  same character of l etdown and ma keu p  fl ows a s  occu rred 

i n  the bas e  c a se , th i s  case cou l d depressur i z e  wi th  core f l ood ta n k  

act i vat i on and su bsequent core fl ood i ng .  

C .  Core Therma l -Mec han i c a l  Response 

The concern in  a reactor acc i dent i s  the potent i a l  for rel ea s e  of 

rad i oact i ve materi a l s .  The amount of rad i oac t i ve mater i a l  ava i l a bl e  

for re l ea s e  i s  determ i ned by the sta te of the reactor core before the  

acc i dent , bu t the amount actua l l y  rel ea sed i s  determined by tempera tures  

a nd other system cond i t i ons d ur i ng the acc i dent. Of part i cu l ar i nterest  

are when  s i g n i f i cant c l add i ng fa i l ures  f i rst  occur  a nd a l l ow rel ea se of  

f i s s i on product gases  to  t he pr i mary coo l ant  system . Cont i nued fuel  

heatu p ca n resu l t i n  rel ea se of vol a t i l e  f i s s i on products  from the  s u r 

face a n d  matr i x  of  t h e  fuel pel l ets a nd , i f  not term i nated , fue l  pel l et 

mel t i ng .  P henomena wh i c h  i nfl u ence the core behav i o r  i nc l ude c l add i ng 

ba l l oon i ng before fa i l ure , c l add i ng ox i d at i o n ,  embr i tt l ement , and hydogen 

genera t i o n  from z i rcon i um- steam react i o ns . 

Cal c u l at i ons  i nd i cate that  con s i dera bl e l oca l  c l add i ng ba l l oo n i n g  

wa s l i kel y pri or to fa i l ure a nd s hou l d  have  res u l ted i n  some degree of 

l oca l  fl ow bl oc kages . However , t he bes t est imate c l add i ng fa i l ure  t ime 

of a bout  2 - 1 / 2 h u s i ng TRAG-ca l cu l ated temperatures , wh i l e  not i nc l u d i ng 
l oca l fl ow s tarvat i o n s , agrees wel l wi th  i nd i cat i on s  of  su bs tant i a l  

rad ioac t i ve mater i a l  rel ease .  S i nce  ther� wa s very l i ttl e steam fl ow 

through  the core du r i ng the temperatu re excurs i o n  l ead i ng to these  

i n i t i a l c l add i ng fa i l u res , t hen  ba l l oon i ng s hou l d not have  i nfl uenced 

fa ilure times su bsta nt i a l l y .  However , l oca l  fl ow red uctions  due  to 

ba l l oon i ng cou l d have been a contri bu tor to a namo l o u s  fu el bund l e out l et  
temperatures measured l a ter i n  the acc i dent . 

The ca l cu l a ted c l add i ng fa i l ure t i mes of a bout 2-1 / 2  h a re s hown 

( Sec . D) to be not v ery sen s i t i ve to i n i t i a l  rod pre s s u res  or t he ac 

cepted cr i ter i a  u sed for fa i l u re pred i ct i on s . The maj or  control l i ng 

factor i s  the h i g h  c l add i ng temperatu res occurr i ng i n  the  u pper part of  
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the core after about 2 h .  The ca l cu l at ions  i nd i cate that e s sent i a l l y  
a l l of the rods s hou l d  have fa i l ed ,  thu s rel ea s i ng most  o f  the core 

i nventory of ga seou s f i s s i on products . 

Further ca l cu l a t i on s  ba sed on TRAC resu l ts i nd i cate a bout 37 kg of 

hydrogen were produced by 3 h i nto t he trans i ent ( t he TRAC ca l cu l at ions  

were term i nated at that t ime ) . Th i s reac t i on cau ses swel l i ng a nd em

br i ttl ement of t he Z i rca l oy c l add i ng . Cal cu l a t i ons  of  pos s i bl e  t herma l 

s hoc k i nduced fa i l u res a s s um i ng the hot c l add i ng wa s quenched s hortl y 

after 3 h show that duct i l e  c l add i ng wou l d  not have s uffered further 

fa i l ures  from therma l s hock . However , the swol l en a nd embr i ttl ed ox i 

d i zed c l add i ng proba bl y  wou l d  have . Thu s , the ax i a l l ength  of c l add i ng  
wh i c h  wa s ox i d i zed ( roug h ly  the upper t h i rd of t he core ) m i g ht have 

fa i l ed extens i vel y d ur i ng refl ood , i f  refl ood occu rred qu i c kl y .  We 
have not performed deta i l ed ca l cu l at i ons  beyond 3 h ,  a nd s i nce the  TRAC 

ca l cu l a t i ons  beyond a bout 2-l /2 h do not model  many of the  compl i cated 

core phenomena , these  est imated c l add i ng cond i t i on s  are somewhat spec 

u l at i ve . However , the TRAG-ca l cu l ated system pressure does agree qu i te 

wel l wi th  the measured pres sure out to a l most  3 h ( to the t i me at  wh i c h 
su bstant i a l hyd rogen generat i on beg i n s ) .  Thu s , the core t herma l cond i 

t i ons  u s ed for t he c l add i ng behav ior  ca l cu l at i on s  to t h i s t ime s hou l d 
not be too u nrea l i st i c . 

D .  Hypothet i ca l  Sequence Que st ions  

Some s pec i f i c  quest i ons  were add ressed to  u s  by the  Pre s i dentts  

Comm i s s i on on the  Acc i dent at Three M i l e  I s l a nd .  Several  of these  are  

covered by the pa rametr i c  ca ses  summari zed in  the  preced i ng sect i on . 

Res ponses  to the compl ete s et are prov i ded bel ow . Those wh i c h  go beyond 

the ana l yses  d i scu s sed a bove mu st be regarded as s pecu l at i ve .  

1 .  What wou l d  have been the effect i f  the  aux i l i a ry feedwater 

sys tem had been ava i l a bl e  a s  des igned? 

I n  th i s case  ( a s  d i scus sed a bove and i n  S ec . lii . C  of t h is  report ) ,  

the system wou l d  have s tarted depres sur i z i ng somewhat ear l i er t han  
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occu rred , bu t after a bou t 30  m i n  there wou l d  have been l i tt l e d i fference 

i n  the two ca ses . 

2 .  What wou l d have been the  effect i f  the PORV had c l osed a s  

des i gned ( a ssum i ng a ux i l i ary feedwater was made ava i l a bl e 

a t  8 m i n a s  occurred )? 

Al thoug h  we d i d  not anal yze th i s case , i t  i s  l i ke l y  there wou l d  

have  been no severe probl em .  I n  the acc i dent , water wa s l o s t  throu g h  

t h e  PORV a nd  not restored throug h the HP I system .  I f  t h e  water had not 

been l ost , t hen a rel at i vel y m i l d  pressure trans i ent wou l d  have occu rred 

unt i l aux i l i ary feedwater restored coo l i ng .  

3 .  Wha t  wou l d  have been the effect i f  the HP I had not been 

throttl ed? 

The TRAC parametr i c  case that exam i ned th i s s i tu at i o n  i s  reported 

i n  Sec . I I I . A .  There i s  more wa ter put i n  by the H P I  t han l o st  throug h 
the PORV. The core rema i ns covered and no primary system vo i d s  occu r . 

Thi s s i tuat i on cou l d cont i nue  a s  l ong a s  s uffi c i ent water wa s a va i l ab l e 

to the HP I .  Evenuta l l y ,  some fi na l  heat s i n k  other tha n t h i s ma keu p 

water , suc h as  the l ow- pressure safety sys tem , wou l d  have to be u s ed to 

cont i nue  cool down . 

4 .  What wou l d  have been the effect i f  aux i l i ary feedwater had 

not been ava i l ab l e at a ny t ime? 

A TRAC parametri c ca se ( reported i n  Sec . 111.8) a s sumed a 60-m i n 

del ay i n  aux i l i ary feedwater . The system equ i l i brates between energy 

produced i n  the core and removed t hrou gh  the PORV.. The system pres s ure 

rema i ns a bout 1 . 5 -2 . 0  MPa ( 22 5- 300 ps i a ) h i g her than i n  t he ba se  ca se 

due to the l ac k  of heat transfer i n  the steam generators .  The fl ow out  

the PORV i s  h i g her a nd the  system wou l d  empty sooner t ha n  i n  t he ba se 
case . Core uncover i ng a nd heatup  wou l d  proba bl y beg i n  a bout  1 h earl i er 

than i n  the base case . 
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5 .  What woul d have been the effect i f  the pressur i zer re l i ef 

b l oc k  va l ve had not been c l osed at 2 h and 20  m i n? 

Al t hou g h  we have not anal yzed th i s  ca se , we expect t he system wou l d  

have depres sur i zed unt i l the core fl ood tan ks were acti vated , wh i c h  

wou l d  probab l y ha ve refl ooded and cool ed the core . 

6 .  What wou l d  have been the effect i f  the H P I  had rema i ned 

throttl ed i ndefi n i te l y? 

The  TRAC base-ca se ca l cu l at i on i nd i cates a core pea k temperatu re 

ri se rate of a bout 0 .7 K/ s over the l a s t  1 000 s ca l cu l a ted ( ou t  to 

1 1  000 s ) . I f  extra po l ated l i nea rl y ,  t h i s i nd i cates i n i t i at i on of fue l  

mel t i ng at  a bou t 3 h and 4 5  mi n .  However , t he TRAC model i ng does not 

i ncl ude severa l effects ( s uch  as  c l add i ng ba l l oon i ng , c l add i ng swel l i ng , 
nonconden s i bl e  gas  i n  the steam fl ow , rad i a t i o n  heat transfer ) wh i c h  

m i g ht have i nfl uenced the core heatu p  rate beyond 2 -1/2  h .  T h i s  extra 

po l a t i o n  to i nc i dence of fuel mel t i ng is thus  specul at i ve . 
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I I .  TM I - 2  BASE-CASE  CALCULAT ION 

The TRAC-P l A computer code1 wa s u s ed to model a nd s imu l ate the  

i n i t i a l  part of the acc i dent that  occurred at the Three M i l e  I s l and ,  
U n i t-2 , nuc l ear power pl ant on  Marc h 28 , 1979 . The pu rposes  of t h i s 

ca l c u l a t i o n  were to: 

• Prov i d e  i ns i ght i nto the system therma l -hydrau l i c phenomena wh i c h  

occu rred du ri ng the i n i t i a l acc i dent stages .  

• Prov i de a ba s i s  to eval uate hypothet i ca l  a l ternat i v e  system/ 

operator res pon ses  dur i ng the acc i dent . 

• Prov i d e  an est imate of core therma l res ponse  a s  a ba s i s  for ca l 

cu l at i ons  of c l add i ng deformat i on , ox i d i zat i on , a nd fa i l u re .  

• Eva l uate and a s ses s  the a ppl i cab i l ity o f  TRAC to non -LOCA 

acc ident scena r i os . 

TRAC i s  a best  est imate ,  nonequ i l i br i um ,  mu l t i d imen s i ona l , t herma l 

hydra u l i c , steam-water (two -pha se ) systems ana l ys i s  computer code wr itten  

s pec i f i ca l l y  to  a na l yze  LOCAs i n  LWRs . References 1 a nd 2 to t h i s report 

conta i n  a compl ete descr i pt i on of  the code a nd a demonstra t i on of  its  

succes sfu l  a s sessment aga i n s t  a wide  range of ex peri ments . One i mporta n t  

po i nt concern i ng TRAC i s  made here . The max imum t ime-step s i z e for 

stabl e computat io n s  i s  l im ited to a va l ue whi c h  when mu l t i pl i ed by the  

fl u i d vel oc i ty in  eac h  computat i ona l c el l , y i el ds  a l ength  sma l l er t ha n  
the l eng th  o f  that  compu tat i onal  cel l . Typ i ca l l y ,  th i s  resu l ts i n  t ime

step s i zes  l ess  than a tenth of a second . For a ppl i cation of TRAC to 

l a rge-brea k  LOCAs , t h i s i s  not a l im i t i ng concern; however , for tra n s 

i ents  of  cons i dera bl e durat i o n  ( severa l t housand sec onds ) computer run

n i ng t imes are qu i te l a rge (ma ny hou rs on a CDC-7600 c l a ss mac h i ne ) . 

F i na l l y ,  even when rel at i vel y l a rge t ime steps (fractions of a s ec ond } 
are perm i s s i bl e  ba sed on the a bove cond i t i o n , sma l l er t i me s teps a re 
necessary to control  numer i ca l  error . Th i s  probl em has  a d i rect bear i ng 
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on the model d escri bed i n  the next  sect i o n . Typ i ca l l y ,  TRAC c a l cu l a t i on s  

o f  reactor systems u se on the order of  750  cel l s ; for t h e  TM I -2 acc i dent  

pred i c t i on , pract i ca l  compu t i ng l im i tat i on s  con stra i ned the tota l number 

to l es s  than 1 00 .  

A .  TRAC TM I -2 Model 

A sc hemat i c  of the TRAC nod i ng u sed for the TM I -2 model i s  s hown i n  

F i g .  1 .  The model  cons i sts of a vessel  a nd two pr imary cool ant  l oops . 

Eac h l oop  conta i n s a pr imary coo l a nt pump and OTSG. The H P I  to eac h 

col d l eg i s  mode l ed , and the l etdown system a nd pressu ri zer are attac hed 

to the A l oop . I n  the actua l  system there a re two co l d l eg s  per l oop , 

eac h w i t h  a primary coo l ant  pump , but these were combi ned i n  the TRAC 

model to reduce the number of cel l s . 
The three-d imen s i onal  vessel nod i ng i s  s hown i n  F i g . 2 .  The vesse l  

cons i sts of 1 77  fue l  a s sembl ies  wi th 208 fue l  rod s  per  a s sembl y ( t he 

1 5  x 1 5  array a l so i nc l udes  gu i de tu bes ) .  These fuel  a s sembl i es are 

model ed i n  TRAC u s i ng three ax i a l  l evel s ,  one rad i a l  r i ng , a nd two 

azimutha l sectors , for a tota l of s i x  TRAC core cel l s . ( Level s 2 ,  3 ,  

and 4 i n  F i g . 2 . ) W i th th i s  nod i ng ,  on l y  two average fuel  rod s 

( 24 . 3  kW/m ) are used for coup l i ng the fuel  rod heat tra n sfer to the f l u i d 

dynam i cs . Two add i t i onal  rods  are a l so u sed to model  the  h i g h- a nd l ow
power rod s i n  the core ( 3 5 . 8  a nd 1 2 . 0  kW/m , respect i vel y ) . The l ower 

pl enum , u pper p l enum , and u pper head reg i on are eac h  mode l ed us i ng one  

ax i a l  l evel . The enti re TRAC vessel model  con s i sts  of 2 rad i a l  r i ngs , 

6 ax i a l  l evel s ,  a nd 2 az imuthal  segments for a tota l of 24 vesse l  ce l l s .  

The ves sel  nod i ng descr i bed a bove wa s u sed for the  steady- state ca l c u l a 

t ion  and dur i ng the f i rst  8 1  mi n o f  the tran s i ent . After 8 1  m i n ,  the  
vessel  nod i ng wa s c hanged to yi el d more a x i a l  deta i l  for natura l  con 

vect i on a nd core therma l  cal cu l at i ons . Th i s  rev i sed nod i ng i s  s hown i n  

F i g . 3 .  

The hot- l eg nod i ng cons i sts of three cel l s  i n  eac h hot l eg to mode l  

the  i nl et nozz l e ,  vert i cal  r i ser , and 1 1 candy-cane11 reg i on s . ( Component s  

1 and 1 1 ,  F i g .  1 . ) T h e  pres sur i zer i s  mode l ed a s  a co nstant  pressu re 

brea k for the steady-state ca l cu l a t i o n  ( component 1 2 1 i n  F i g . 1 ) . For 
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the tran s i en t  cal cu l at i on , however , the pres su r i zer i s  model ed u s i ng two 

pi pe components  a s  s hown i n  F i g . 4 .  The l ower p i pe mod el s part of the  

pres su r i zer s urge l i ne and the bottom sect i o n  of  the pres su r i zer a nd 
the u pper p i pe model s the top of the pres sur i zer and the pre s s ur i zer  

rel i ef val ve .  The c ho k i ng i n  the rel ief va l ve i s  model ed by u s i ng the  

ful l y  impl i c i t  hydrodynami c s  opt i on ( one-d imen s i onal  components ) i n 

TRAC . U s i ng  very f i ne nod i ng ,  the c ho k i ng i s  ca l c u l ated natu ra l l y  from 

an impl i c i t  sol u t i on of the equat i ons  of ma s s , momentum , a nd energy . 

The OTSGs a re model ed u s i ng seven ce l l s  on  the pr imary s i de and  f i v e  
cel l s on  t h e  secondary s i de ( Fi g .  5 ) . The compl ete s econda ry system i s  

not model ed ; the boundary cond i tions  to the  OTSGs descr i b i ng the feed 

water fl ow a nd steam l i ne back -pres sure are g i ven by known system cond i 
t i ons  dur i ng t he acc i dent . 

B. Steady-State Cal cu l a t i on 

Based on  the  geometry and  nod i ng descr i bed a bove , a steady-sta te 

cal cul at i o n  wa s performed to obta i n  i n i t i al cond i t i on s  pr i or to the  ac 
c i dent . The i n pu t parameters for t he s teady-state  cal cul a t i o n  are 

s hown in  Ta bl e I . 3 TRAG-cal c ul ated i n i t i al cond i t i ons  a re s hown i n  

Tabl e I I  al ong wi th a compar i son wi th  the  resu l ts from the  Ba bcoc k a nd 

Wil cox ( B&W ) code CRAFT-2 . 4 The agreement  a ppea rs to be qu i te good for 

al l parameters .  The d i fferences i n  fl ow rates a nd temperatu res ca n be 

a ttri bu ted to the fact that CRAFT-2  u s ed 1 00% power , wherea s ,  for TM I -2 
on Marc h 28 , 1 97 9 , the power wa s actual l y  97% , wh i c h  wa s the  val ue  u sed 

i n  TRAC . The d i fference between the cal cu l a ted pr i ma ry system water 

ma s ses i s  due  to the  fac t that TRAC i ncl udes  the  ma s s  of the  steam gen
erator secondary s i de  but CRAFT-2  does  not . 

C .  Tra ns i ent  Cal cu l a t i on 

U s i ng the steady- state resul ts , the  tra n s i ent cal cul a t i o n  wa s 

i n i t i a ted . For the trans i ent ,  bou ndary cond i t i on s  were requ i red for t he 

steam generator s econdary s i de , pres s ur i z er rel i ef va l ve bac k-pres s u re , 

etc . These bounda ry cond i t i ons  are summar i zed i n  Ta bl e I I I  a nd s hown 

1 6  
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TABLE I 

THREE M I LE  I SLAND - UN IT  2 

TRAC I nput Pa rameters 

Parameter 

1. I n i t i al Power ( 97%  of rated ) 
2 .  Rel at i v e  Ax i al Power S ha pe 

( 3  l evel s - bottom to top )  

3 .  Rel at i v e  Rad i al Power Shape 
4 .  Core Average  L i nea r  Power 

5 .  Pea k Rod L i near Power 
. 

6. H i g h  Power Rod L i near  Power 
7 .  Low Power Rod L i near  Power 

8. Pressur i zer Pres sure 

Val ue  

2 . 7 1 1  78  X 1 09 W 

0 . 64 ' 1 . 0 ' 0 . 7 6 

1 . 0 
2 . 01 4  4 X 1 04 W/m 

2 . 444 2 X 1 04 W/m 

3 . 589 2 X 1 04 W/m 
1 . 1 97 5 x 1 04 W/m 

1 . 477  2 1  X 1 07 Pa 

i n  F i g s . 6- 1 1. A sequence of events wa s al so needed to s i mul ate  operator 

i nteracti on  wi th  t he sys tem a nd actual pl ant  s i gnal s or tri ps  t hat  
occurred . U s i ng ava il a bl e  i nformat ion , 5 -8 a sequ ence of event s  wa s de 

vel oped a nd i s  shown i n  Ta bl e IV . T he  val ues  u sed for H P I , ma keu p ,  a nd  

l etdown fl ows were obta i ned from pl ant  data a nd  event c hro nol ogy , where 
ava i l abl e .  For c erta i n  port ions  of t he tra n s i ent  some of the  cond i t i ons  

had to be  a ssumed . These a s sumpt i o ns and  ot hers u sed for  the tra ns i ent  

are  s hown i n  Ta bl e V . 

The trans i ent ca l cul at i on wa s i n i t i ated by tu rn i ng off the  feed 

water fl ow to the s team generators . As the system pres s ur i ze s  a bove 

norma l operat i ng range the PORV at the  top of the pres s ur i zer open s . 

The system pressure cont i nu es to r i se unt i l  the reac tor i s  scrammed a t  

about 10 s .  A depressur i zat ion  per i od then beg i ns a nd t h e  system pres 

sure drops  unt i l  the s team generator  secondary s i de d r i e s  o u t  at  a bou t 
2 mi n .  The system aga i n  beg i n s to pres su r i ze  due  to l os s  of  hea t s i n k  

i n  the steam generators a nd cont i nues u nt i l  a ux i l i ary feedwater fl ow i s  

esta bl i shed a t  a bout 8 m i n . Then , the system depressur i zes  due  to en 
ha nced heat tran sfer . i n the steam generators unt il an  equ i l i br i um s ta te 

i s  ach i eved between the decay heat produced i n  the core , energy removal 

18 . 



TABLE I I  

THREE  M I L E  I S LAND - UN IT  2 

Ca l cu l ated I nitia l Conditions  a t  Steady State 

Parameter 

1 .  Average Hot - l eg Temperature 
at  Ves sel  Out l et ( K ) 

2 .  Average  Col d-l eg Temperature 
at Ves sel I n l et ( K ) 

3 .  Tota l Primary System Fl ow 
Rate ( 2  l oops) ( kg/ s) 

TRAC 

592 . 3  

564 . 1  

1 7  027 . 0 

CRAFT-2 

593 . 0  

564 . 5  

1 7  375 . 5  
4 .  Averag e Hot- l eg Pres sure a t  

Ves sel Outl et ( Pa) 
5 .  Average Co l d- l eg Pres sure a t  

Ves sel  I n l et ( Pa) 

6 .  Pump !1P ( Pa) 

1 . 47 5 X 1 07 

1 .  504 x 1 o7 

7 . 87 X 1 05 

1 . 472  X 107 

1 .  534 x 1 o7 

7 . 87 X 105 

7 .  Steam Generator Secondary Side 
F l ow Rate ( eac h) ( kg/ s) 

8 .  Average Steam Generator 
Secondary Side Pres sure ( Pa) 

9 .  C l adding Surface Temperatu res 
a t  Core Level 2: ( K ) 

a .  Average Rod 

b .  Hig h Power Rod 

c .  Low Power Rod 

7 00 . 0  

65 . 5  X 1 06 

605 . 0  

6 1 4 . 1  

595 . 0  

1 0 . Tota l Primary System Water 
Mas s ( kg) 2 .  7 74 X 1 05 2 .  765  x 1 o5 

in the steam generators.and energy remova l  throu g h  the  brea k . F i gu re  12 

s hows the actua l  TMI-2  pres sure history for the first  30 m i n  of the ac

cident a nd the compa ri son  with  t he TRAC ca l cu l at ion . 9 Figure 1 3  s hows 

the l oop  fl uid temperature resp0nse for the first  30  m i n a nd t he compa r

ison wit h  TRAC . The pressure and temperatu re compar i sons are  i n  good 

agreement with the data for this  period . 
During the f i r st 30  min ,  the pres surizer wa ter l eve l  initia l l y  d rops , 

then rises , a s  s hown in Fig . 1 2 .  When the PORV open s , sa tu ra ted steam 
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_ TABLE I I I  
THREE M I L E  I SLAND - UN I T  2 

Boundary Cond i t i ons  

1 .  Reactor Power v s  T ime 

2. Pump Speed v s  Time : 

A .  Pump Loop B :  0 s t s 4 380. 0 

B .  Pump Loop A: 

3. HP I F l ow v s  T ime 

t > 4 380.0 
0 s t s 6 000. 0 

t > 6 000. 0 

125. 7 rad/s 

0. 0 rad/ s 

125. 7 rad/ s 

0.0 rad/s  

4 .  Pressur i zer Rel i ef Va l ve Bac k-pres sure v s  T ime 

5 .  Steam Generator Steam L i ne Bac k-pres sure v s  T ime 

6 .  Steam Generator Feedwater Fl ow v s  T ime 

30 �--��---r----,---��--�-----

20 

28 
26 -., -t;24 

• 
-22 

CDO -2o X 

; 18 
f 16 
� 14 
� � 12 
��o 
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6 

�------------� 

4 
2 �--�----�----�----L---�----� 

0 4 8 12 16 
Tl ME ( s) 

F i g. 6. Reactor power . 

20 24 



36�--�-----r--��---,� 
32 
28 

-;; 24 
..... 
0 � 

-

� 16 

a:: 12 3: 
g 8 � 

4 
0 

-4 
-eo 

1.6XI06 

1.4XIO 

1.2Xi()6 

f 
-

I XI06 Ill It: 
:;:) 8XI05 (I) (I) Ill It: 6XIOI5 a.. 

200 400 600 800 4860 5460 6060 7170 
TIME(s) 

F i g .  7 .  H P I  fl ow rate for eac h  l oop . 

DRAIN TANK PRESSURE 
(BOUNDARY CONDITION FOR PRESSURIZER 

RELIEF VALVE) 

0 200 400 600 800 1000 1200 1400 1600 1800 

TIME (s) 

F i g .  8 .  Rel i ef va l ve  bac k -pre s sure . 

I 

21 



'J&OOOOO 

7200000 

7000000 

,-... 6800000 
c:C c.. '-' 

. 6600000 
C&l 
p:: 
::> 6400000 
rn rn C&l 
p:: 6200000 
c.. 

6000000 

5800000 

5600000 

5400000 
0 500 1000 1500 

F i g . 9. A Loop 

'J&OOOOO 

7200000 

7000000 

,-... 6800000 
<( c.. '-' 

6600000 
C&l 
p:: 
::> 6400000 rn 

' rn C&l 
p:: 6200000 
c.. 

6000000 

!)8(jtJQOO 

5600000 

5400000 
0 500 1000 1500 

F i g .  1 0 . B Loop 

22 

2000 2500 3000 3500 4000 4500 !SOOO 
TIME (S) 

s team generator bac k�pressure . 

- · · - ------

2000 2500 3000 
TIME (S) 3500 4000 4500 5000 

steam generator  bac k-pressure . 

CELL 
--! 

I 

5 

STeEN 

�b�E 
12 

CELL 
5 

STeEN 
�h�E 2 



no---------------------------------------------, 

100 

1&.1 

i 60 
� 40 

0 200 400 600 800 1000 1200 1400 6600 

TIME (s) 

F i g . 1 1 . Aux i l i ary feedwater fl ow for eac h  steam generator . 

at  the top of the pres sur i zer ra pi d l y  e scapes  and the pres sur i zer water 

l evel  r i s es as the s team vol ume at the top of t he pre s s ur i zer i s  re 

p l aced wi t h  a two-phase  m i xture . When the two - pha se  m i xtu re beg i ns to 

l ea ve the PORV , the ma s s  fl ow rate i nc rea ses  a nd the water l evel  beg i n s 

to drop rap i d ly  a s  the pres su r i zer empt i es . The pres s ur i zer cont i nues  
-to empty until  Yhe m-a-keup- and HPfsy-stems are- started , ·a t  wh i c h  t ime 
the water l evel beg i n s to r i se .  The ma keup , l etdown , a nd HPI fl ows 

u s ed dur i ng the fi rst  8 m i n  were ma i n l y  to control t he water l evel  i n  
the pres s ur i zer . The pre s sur i zer t hen rema i n s  fu l l  u nt i l the water be

comes saturated at a bou t 1 0  m i n .  At th i s t ime , fla s h i ng of the water 
beg i n s a s  the system depressur i z es and the water l eve l  drops u nt i l  the  

system pres sure stab i l i zes . The pres s ur i zer t hen f i l l s  a nd rema i n s  

ess ent i a l l y  fu l l  u nt i l a pprox ima tel y 8 5  m i n .  

For the  per i od from 30  m i n u nt i l 80 m i n ,  the system i s  i n  a quas i 

steady- s tate mode i n  wh i c h  the energy produced i n  the reactor core i s  

removed primar i l y  i n  t he steam generators . Due to good heat tran sfer 

i n  t he s team generator s, t he pr ima ry system pres sure c l o sel y fol l ows the  

bac k- pressure on the  s econdary s i de ( F i g s .  9, 1 0 ,  and 1 4 ) . The fl u i d 

temperatures i n  the system a re at  satura t i on du r i ng t h i s  t ime a nd a re 
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TABLE I V 

THREE  M I LE I SLAND - UN IT  2 

Sequence of Events U sed for Base�ca se Ca l cu l a t i o n  

T ime ( s )  

0 . 0  

1 0 . 5  

1 3 . 0  

1 20 . 0  

1 94 . 0  

278 . 0  

300 . 0  
4 1 8 . 0  

480 . 0  

624 . 0  
700 . 0  

3 824 . 0  

4 380 . 0  

4 860 . 0  

5 460 . 0  

6 000 . 0  

6 060 . 0  

7 1 7 0 . 0 

8 280 . 0 

Event 

Lo s s  of Feedwa ter F l ow 

Tri p Reactor Power 

Start Ma ke- up  Pump l A  Fu l l  F l ow 27 . 5  kg/ s 

Start Ma ke -up  Pump l C  Fu l l  F l ow 27 . 5  kg/ s  
Throttl e Pumps l A  a nd l C  to 6 . 1  kg/ s  each 

Tr i p  Pump l C - Cont i nu e  Pump l A  at 6 . 1  kg/ s 

I n i t i ate Letdown Fl ow of  8 . 6  kg/ s  
Red uce Letdown Fl ow t o  4 . 5  kg/ s 

Start Aux i l i ary Feedwater F l ow of 3 1 . 3 kg/ s  
{ each  OTSG ) 

Tr i p  Pump l A  - Cont i nu e  Letdown Fl ow 
Start Pump l A  { Ma keu p + HP I = 1 , . 85 kg/ s ) 

Turn  Off Letdown 

Tri p Pr ima ry Pumps - Loop  B 

Turn Off HP I a nd Aux i l i ary Feedwater Fl ow 

I n i t i ate HP I - 4 . 4  kg/ s 

I n i t i ate Letdown - 4.4 kg/ s 

I n i t i ate Aux i l i ary Feedwater Fl ow to 
OTSG "A" .. 31.3 kg/ s  

Tr i p Pr imary Pumps - Loo p  A 

Reduce HP I - 2 . 2 kg/ s 

I nc rease  Letdown - 1 5 . 0  kg/ s 

Turn Off H P I  a nd Decrea se Letdown -
4 . 5  kg/ s  

Shut  Pres sur i zer Bl ock Va l ve a n d  Turn Off 
Letdown 



TABLE V 

ASSUMPTI ONS FOR TM I BASE CASE  

1 .  Decay Power Obta i ned from 1 1 Nuc l ea r Leg i s l a t i ve Adv i sory Serv i c e ,  . .  
I s su e  1 7 ,  Apr i l 1 3 ,  1 97 9 . 

2 .  Feedwater Fl ow v s  T ime Ramped to Zero Over a 90- s T ime I n terva l a t  
Beg i nn i ng of  Transient . ( 90 s was u s ed i n  order t o  account for the 
stored water ma s s  i n  the OTSG downcomer . )  

3 .  Ma ke-u p Pump Fu l l  Fl ow Ca pac i ty of 27 . 5  kg/ s ( each ) . 

4 .  T hrottl ed Fl ow Rate for Ma ke-up  Pumps of 6 . 1  kg/ s . 

5 .  Letdown Fl ow i s Assumed to be Equa l  to Ma ke -u p  F l ow for T < 1 3  s 
for T > 8 280 . 0 .  

6 .  Letdown Fl ow Greater Than  Ma ke-u p+ HP I  for 600 � t � 8 280 s .  

7 .  Aux i l i ary Feedwater Fl ow i s  3 1 . 3  kg/ s for each  OTSG ( l ater reduced 
to match secondary s i de  water l eve l ) .  

8 .  Pressur i zer Rel i ef Va l ve Nad i ng Determ i ned by U s i ng Rated Saturated  
Steam Fl ow Cond i t ions  of  1 5 . 0  kg/s . 

9 .  From t = 1 01 m i n unt i l 1 20 m i n ,  1 5  kg/ s Letdown Fl ow wa s U sed to 
Match Primary Sys tem Pres sure . 

1 0 . Pressur i zer heaters a nd s prayers were not model ed . 

fo l l owi ng the system pres sure . F i gures 1 4 - 1 6 s how the actua l  pres s u re 

and tempera tu re h i stor i es , a l ong wi th  t he TRAC ca l c u l a t i o n . S i nce the 

pressure i s  rel a t i ve ly  cons tant  dur i ng th i s  peri od , the brea k f l ow o u t  

the PORV i s  a l so constant  at  a bout  2 0  kg/ s . ( F i g . 1 7 . )  Cool ant i s  c on 
t i nua l l y  bei ng l o st from the system throug h  the PORV . Al so , coo l a nt  i s  
be i ng l ost  throug h  the  l etdown system s i nce i t  wa s a s sumed tha t  l etdown 

fl ow wa s i n  excess  of HP I a nd ma keu p f l ows by a bout 2 . 7 kg/ s . The sys 

tem i s  at  saturat ion  d ur i n g  thi s  per i od a nd cool ant i s  be i ng cont i nua l l y  
l ost , produc i ng vo i ds  throughout  the  pr imary s i de . F i gure 1 8  shows a 

vo i d  fract ion  profi l e  i n  the vesse l  for the f i rst 80 m i n .  The c u rves  

represent the  vo i d  fract ion  in  eac h ax i a l l evel from the bottom to  the 

top of the ves sel ( refer to F i g . 2 for the vessel nod i ng d i agram ) . The 

u pper head compl etel y vo i d s  at a bou t 27 m i n  a nd rema i ns vo i ded for the 

ent i re ca l cu l at ion . 
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F i g .  18 . Vessel  vo i d  fraction profi l e  out  to 81 m i n .  

The core reg i ons  are produc i ng vo i d s  at  rough l y a constant rate · 

unt i l the B Loop pumps are tr i pped at  73  m i n .  At t h i s t i me ,  pha se  

s eparat ion  occurs i n  the B Loop a nd the resu l t i ng el evat i o n  head i n  

t he l oop  i s  h i g h  enoug h to force some water i nto t he ves sel . Thi s  re

su l ts i n  a vo i d  fract i o n  d ro p  i n  the  core reg i on ,  but thi s add i t i ona l  

water i s  ra p i d l y  bo i l ed off . Al thoug h the  vo i d  fract i on  i n  the core is 
i ncrea s i ng dur i ng th i s per i od , the fuel rods  rema i n cool due to nuc l eate 

bo i l i ng heat transfer i n  the core reg i on .  The fue l  rod s  rema i n  cool  

unt i l the core parti a l l y  uncovers a t  101 m i n . S i nce there are s i gn i f 

i cant vo i d s  throug hout t he system , the  pump head s and ma s s  fl ow rates  

are degrad i ng due to  two - pha se  fl ow l os ses . ( See Append i x  for pump mass 
fl ow rates and other system var i a bl es dur i ng t h i s per i od . ) Al thoug h  the 
B Loop pumps are tri pped at  73 m i n ,  the fue l  rod s rema i n cool  due to 

adequate forced convec t i on from the A Loop pumps  a nd the PORV f l ow .  
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For t he peri od from 80 m i n to 1 38 m i n ,  the system i s  i n  more of  a 
tran s i ent mod e a s  o ppos ed to the prev i ou s  qua s i - steady mod e . The 

trans i ent mode f i rst s tarts when the B Loop pumps are tri pped and the  

secondary s i d e  pres sure of the B Loop OTSG beg i ns to  drop ( F i g . 1 0 ) . 

Th i s drop  i n  bac k-pressure cau ses  t he pr imary s ide  to a l so d rop  s l i g htl y 

i n  pressure  unt i l adequate heat transfer ( forced convect i o n ) i s  l o s t . 

When t h i s happen s , the system pres sure beg i n s  to r i se ( F i g .  1 4 ) d ue  to 

l os s of hea t  transfer i n  the B Loop steam generator a nd the i nc rea s i ng 

A Loop s team generator bac k-pres sure ( F i g .  9 ) . S i nce t he A Loop pumps 

a re st i l l  r unn i ng , good heat  tra n sfer i s  s t i l l  ava i l a bl e  throu g h  the A 

Loop steam g enerator , cau s i ng the primary system pres sure to fo l l ow the  

s econda ry s i de pres su re . At  9 1  mi n ,  the  pri mary system pres s ure beg i ns 

to decrea s e  due  to i ncrea sed aux i l i ary feedwater fl ow to the A Loo p  

steam generator a nd _ i ncrea sed l etdown fl ow .  Th i s a l so  causes  t h e  pres 

s ur i zer water l evel to decrea se  ( F i g .  1 9 ) .  The system pressure cont i n 

u es to decrea se a t  a con stant rate unt i l the  A Loop pumps are tr i pped . 
The s l ope of the pressure curve then c hanges  due  to l o s s  of forced con 

vect ion  throug h the A Loop steam generator . The TRAC ca l c u l a t i on d oe s  � 

not s how th i s  change i n  s l ope a s  dramat i ca l l y a s  the data ( F i g .  1 4 ) ; 

however , the agreement i s  st i l l  rea sona bl e .  The l oop  temperatu res are 

s hown i n  F i g s . 1 5  a nd 1 6 .  Du r i ng t h i s t ime , the temperatures a re e s 

sent i a l l y  fo l l owi ng the system pressure . 

When the A Loop pumps are tri pped at  1 00 m i n ,  pha s e  sepa ra t i o n  oc 

curs  throug hout the system a nd the co re becomes part i a l l y  u ncovered ( to p  

two core l evel s i n  the ves sel , F i g . 3 ) . Th i s  i s  gra p h i ca l l y  i l l u s trated 

i n  F i g .  20  whi c h  s hows the vo i d  fract i on prof i l e  i n  t he vessel ( note 

that  the vessel  nod i ng wa s refi ned at 80 m i n to more accuratel y tra c k  

the water l evel  i n  the core , F i g .  3 ) . When the core u ncovers , the  fuel  

rod temperatures ( hot rod ) i ncrea se to abou t 7 00 K ( F i g .  2 1 ) .  T h i s tem 

peratu re r i se wa s termi nated d u e  to core rewett i ng cau sed by some of  t he 

water i n  the l oops  emptyi ng out i nto the ves sel . As  i n  t he c a s e  when 

the B Loop pumps were tr i pped , pha se  separat i o n  i n  the l oops  resu l t s  i n  

an  el evat i o n  head i n  the steam generator wh i c h  i s  l arge enou g h  to force 

some water i nto the ves sel . Th i s  add i t i onal  water i n  t he core beg i ns to  

bo i l  off as  the system depressur i zes  a nd the core aga i n  beg i n s to u ncover  
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F i g . 1 9 . Pres sur i zer water l evel  compar i sons  out to 1 20 m i n .  

a t  a bout 1 20 mi n .  From th i s po i nt on , the fue l  rod s cont i nue to i n 
crea se  i n  temperature . 

The beg i nn i ng of core uncoveri ng at 1 00 mi n ,  a s  c a l cu l a ted by TRAC , 

i s  i n  agreement wi th the data ana l yz ed by EPRI . 5 For· exampl e ,  i n  com 

par i ng the ma s s  i nventory i n  t he pr imary system from the  TRAC ca l c u l a t i o n  

to t hat reported by EPR I , i t  i s  seen that after 1 00 m i n TRAC ca l cu l a te s  
t he tota l system ma s s  l os s  to be 1 . 2 75  x 1 05 kg , wh i l e  EPR I  g i ves  a 

range of 1 . 05  x 1 05 kg (m i n imum ) to 1 . 23 5  x 1 05 ( max imum ) . TRAC i s  

ca l cu l a t i ng about 3% h i g her ma s s  l os s  than the EPRI  max i mum est imate . 
I t  i s  important to note t ha t  i n  order for TRAC to ca l cu l a te the  

d epre s sur i zat i o n  from 1 00- 1 38 m i n ,  a l arge l etdown fl ow had  to  be  u sed 
( 1 5 . 0  kg/ s ) . Th i s i s  becau se the  PORV fl ow severel y degrades  ( F i g .  2 2 ) 

after the A Loop pumps tri p a nd the  water l eve l  d rops  i n  the  pre s s ur i z er 

( F i g .  1 9 ) . The PORV fl ow drops  from 20  kg/ s  to a n  average  of a bout 

6 kg/ s  over th i s  peri od . Another var i ab l e that i s  importa nt  dur i ng  

thi s  per i od i s  the  H P I  fl ow rate . Severa l  sequence of events reports 
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F i g .  22 . Pres sur i zer rel i ef va l ve  fl ow rate after 8 1  m i n .  

state that HP I f l ow was i ncrea sed after 1 00 m i n ,  bu t no va l ues  are g i ven . 

I f  i t  was i ncrea sed , condensa t i o n  wou l d  a l so cau se the system to d epres 

sur i ze . However , s i nce  no va l ue  wa s g i ven , the best  est ima te va l u e of  

2 . 2  kg/s  wa s u sed . The l etdown fl ow u s ed duri ng th i s  peri od accounts 

for the fl ow rate drop i n  the PORV a nd the i nc reased H P I  fl ow . 

From a bou t 1 20- 1 38 m i n the water l evel  i n  the core i s  dropp i ng  a nd 

the rod s are heat i ng u p  at roughl y 1 K every 4 s .  The vapor ve l oc i t i es 

are on  the order of 0 . 5 m/ s and the PORV a nd l etdown fl ow rates enhance  

the fl ow rate through the core . Thi s causes  the heat tran sfer coeff i 

c i ents to be h i gher than tho se ca l cu l ated by natura l  convect i o n . The 

l oo ps are e s sent i a l l y  vo i d  after 1 38 m i n ,  water rema i n i ng on l y in  the 
pump suct i on l eg s . ( Refer to the Append i x  for add i t i ona l p l ots  d ur i ng 

thi s  per i od . ) The pres sur i zer l evel  d rops , due ma i n l y  to l i qu i d fl a s h 

i ng cau sed by depres sur i zat i on  a nd i nc rea sed l etdown . 

At 1 38 m i n ,  the b l oc k  va l ve wa s shut on the pressur i zer . I n  the 
TRAC ca l cu l at i on , i t  wa s a l so a s s umed that after 1 38 m i n the ma keup and  
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l etdown f l ows are equa l . When t he b l oc k  va l ve  i s  s hut , the steam f l ow 

in  the core stagnates , s i nce there i s  no path  for the vapor to  escape . 

Al so , the water i n  the pump sucti on l egs  ( l oop  sea l s )  prevents a ny f l ow 

through  the l oops , hence , there i s  no natura l c i rcu l a t i o n  throug h  the 

system . The  system beg i ns to pres sur i ze  and conti nues  to pressur i z e  

for the rema i nder o f  the cal cu l a t i on . F i gure 2 3  s hows the  TRAC ca l cu 

l ated pres s u re h i story compared to the TM I data . Al so shown i s  the  
pressu ri zer water l eve l  h i story .  Dur i ng t h i s per i od the  vapor  vel oc i t i es 

through  the core a re genera l l y  1 e s s  than  0 . 1  m/ s a nd the  hea t tra n s fe r  

coeff i c i ents  are very l ow ( on t he order o f  50  W/m2 s K ,  representa t i v e  

o f  natura l convect i on  to su perheated steam ) . The vapor beg i ns to su per

heat s i nc e  the fl ow i s  stagna nt a nd t he rod temperatu res cont i nue  to 

i ncrea se  ( F i g .  2 1 ) .  F i gure 24 shows the vapor temperature i n  the c ore  
duri ng t h i s per i od for each ax i a l  l evel i n  the vessel . The corres pond 

i ng core vo i d  fract ion  profi l e  i s  s hown i n  F i g . 2 5 . 

As soon a s  the PORV i s  s hu t ,  a pressure osc i l l a t i on moves t hrou gh 

the system wh i c h ca u ses some of the water i n  the l ower pl enum to be 
forced up i nto the core . Th i s  i s  the reason  core l evel  4 ha s a decre a s e  

i n  vo i d  fract i on for severa l hundred second s . Eventua l l y ,  t h i s core  

l evel  dr i e s  out  at a bout 1 60 m i n .  Before t h i s core reg i on dr i es ou t 

i t  beg i ns to bo i l  the water rap i d l y a nd the bo i l i ng causes  the v a por 

ve l oc i t i es throug h  t he core to  i ncrea se for a short per i od of  t i me . 

The i nc rea s ed vapor  vel oc i t i es cause  the hea t tra nsfer coeff i c i ents  to . 

i ncrea se  and the va por temperatures to drop , w i t h  a resu l t i ng drop i n  

rod temperatures ( see F i gs . 2 1  a nd 24 at 9 600 s ) . But , a s  soo n  a s  thi s  
core l evel  d r i es out the vapor vel oc i t i es decrea se , the  va por beg i n s to 

s u perheat , a nd the rod s  aga i n  heat u p . The rods  co nt i nue to heat up a t  

roug hl y the same rate a s  before ( 1  K every 4 s )  u nt i l t he z i rcon i um 

steam react i on beg i ns to prov i d e  a s i gn i fi ca nt add i t i o na l  heat sou rce  

( at 1 273 K ) . After t h i s t ime the temperature ri se rate i ncrea ses  to  

a bout 1 K per s .  The  ca l cu l a t i o n  wa s stopped onc e  t he temperatures  ex 
ceeded 1 6�0(. K .  

Dur i ng th i s per i od , the l ower pl enum i n  the  ves sel  rema i ns fu l l of 
water and the bottom core l evel  ha s rough l y 70% water rema i n i ng i n  i t .  

On l y  the top 75% of the core i s  u ncovered . The fuel  rod temperature s  
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rema i n  rel at i ve l y  cool i n  the l ower core reg i on ( see Append ix  for a dd i 

t i ona l pl ots d ur i ng t h i s per i od ) . A l so , referr i ng bac k to F i g . 23 , t he  

press ur i zer l eve l  i s  i ncrea s i ng both  i n  t he TRAC ca l cu l a t i on  a nd the TM I 

da ta duri ng th i s t ime . The pressur i zer never empt i es becau se  steam pro 

duced i n  th.e core " ho l d s  u p "  the water i n  the pres sur i zer . 

Overa l l , for the sequence of events and a s sumpt i on s  u sed , the  TRAC 

res u l ts are i n  good  agreement wi th the TM I -2 data and  they sat i sfy the  
obj ect i ves  l i sted a t  t he beg i nn i ng of t h i s sect i on . 
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I I I .  TRAC PARAMETRI C  CALCU LAT IONS 

Th i s s ect i o n  summari z es t he resu l ts of fi ve TM I - 2 parametri c ca l 

c u l at i ons  performed wi th TRAC . The f i rst  three parametri c cases  ( s ee 
Ta bl e V I ) ·i nvo l ve vari a t i on s  i n  the t ime of i n i t i a t i on of the  aux i l i a ry 

feedwater and a l so vari at i o n s  i n  the H P J  fl ows . The auxi l i a ry feedwater 

i s  de l ayed 60 mi n fol l owi ng acc i dent i n i t i a t i on i n  cases A -3 and A-6 . *  

Ca se A-3 u ses fu l l HP J when the pres sure i s  l es s  than 1 1 0  x 1 05 Pa 

( 1  600 ps i a )  a nd ca se  A-6 a s sumes 1 1degraded 1 1 HP J fl ows ( degraded mea n s  

as  i t  happened duri ng the TM I -2 acc i dent ) .  Ca se  A-4 a s s umes that the  

aux i l i ary feedwater i s  turned on at  t he t ime of acc i dent i n i t i a t i on and  

a l so a s s umes degraded HP J fl ows . The fourth parametr i c  ca l c u l a t i o n  a s 

sumes that a l l ma i n  cool ant  pumps tr i p  s imu l taneou s l y  wi th t h e  reactor 

tri p at  1 0  s .  The l a st  case  i nvest i gates the effect of a sma l l brea k 
i n  a pr imary coo l ant  co l d  l eg .  Al l other boundary a nd i n i t i a l cond i t i on s  

for these ca l c u l at ions are the same a s  i n  t he  ba se  case  descri bed i n  t he  

prev i ou s  sect i o n . T he  pres sure on  the secondary s i de of t he OTSG u sed 

for these cases  was a s s umed to be t he same a s  t hat u s ed for t he ba se  

case . S i nce the steam generator secondary s i de tend s to  d ry out i n  the  

ca l cu l a t i o n s  to  be  descr i bed , there i s  on l y a wea k  dependence on  OTSG 

secondary s i d e  pressure . The TRAC system nod i ng wa s a l so the  s ame a s  

u sed i n  the ba se case  ( F i g s . 1 -4 ) . 

A .  Del ayed Aux i l i ary Feedwater/ Fu l l H P J  ( Case  A-3 ) 

F i gure 26  s hows the c a l c u l ated pressure i n  a TRAC cel l l ocated i n  

the u pper pl enum for the fi rst 5 000 s of the tran s i ent i n  c a se  A -3 . 

Al so  s hown i s  the base  case  pressure for the same cel l ( other pre s s u re s  
i n  the vessel  a re s imi l ar ) . As ment i oned prev i ou s l y ,  case  A-3 a s s umes 

fu l l  HP J fl ows a t  a setpo i nt of a pprox imatel y 1 1 0  x 1 05 Pa ( 1  600 ps i a )  

* 
These s pec i fi c  cases  were requested by the NRC/TMI S pec i a l  I n qu i ry 
Grou p  and the ca se number des i gnat i o n s  are t ha t  groups . ( The ba se  ca se  
wa s des i gnated A-5 . )  Other  ca ses are  be i ng prov ided by t he I da ho Nat i on 
a l  Eng i neeri ng La boratory . 
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TABLE V I  

TRAC PARAMETR I C  CALCULATIONS 

Run Cond i t i on s  

1 .  Aux i l i ary feedwater del ayed 
u nt i l  60 m i n fol l owi ng ac 
c i dent i n i t i at i on . Fu l l  
HP I  on when P < 1 600 ps i a . 

2 .  Aux i l i a ry feedwater de l ayed 
u nt i l 60 m i n fo l l owi ng ac
c i dent i n i t i at i on .  De
graded H P I . 

3 .  Aux i l i ary feedwater tu rned 
o n at acc i d ent i n i t i at i on . 
Degraded HP I .  

4 .  Al l ma i n  coo l ant  pumps 
tri pped at  acc i dent 
i n i t i at i on . Degraded HP I . 

5 .  Co l d - l eg brea k wi th  a rea 
equ i va l ent to EMOV . De
graded HP I . 

Comments 

11 Degraded 11 HP I 
means  as  occur
red duri ng  TMI -
2 acci dent . 

Ca se  
Des i gna t i o na 

A-3 

A-6  

A -4  

D -2 

aCa se nomenc l ature adopted by NRC/TM I S pec i a l  I n qu i ry Group . 6 Base  c a s e  
wa s des i gnated A-5 . 

and a del ay i n  aux i l i ary feedwater of  60 mi n .  As  can  be seen from F i g . 

26 , the i n i t i a l  pres sure for case  A-3 matc hes that of the ba s e  case  u n t i l 
the HP I setpo i nt i s  reac hed . Beyond th i s  po i nt , the  HP I i s  su ffic i en t  

1 to keep the  pres sure i n  cas e  A-3 at  a qua s i - steady- state l evel  much  

h i g her than  t he  pres sure of the ba se  ca se . F i g ures 27 and  28 s how the  
HP I mas s  fl ow rate ( there a re two HP I  sy stems wi th  equa l  fl ow rates ) and  

the ma s s  fl ow rate out of t he brea k for ca se A-3 , respec t i v el y .  Due  to 

a l ac k  of deta i l ed i nformat i on , the  HP I fl ows are model ed as consta nt  

ve l oc i ty fi l l s  after t h e  setpo i nt i s  reached . Thus , both  HP I fl ows re 

ma i n  constant at  a pprox i mate l y  32 kg/ s . The tota l H P I  fl ows exceed t he 
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F i g .  26 . Parametri c case  A-3 pres sure compari son wi th  ba se ca se . 

fl ow ou t of  the brea k for the fi rst  3 000-4 000 s of  the trans i ent . 
From th i s po i nt on  the total HP I fl ow rate i s  a pprox imate ly  equ a l  to the  

brea k mas s  fl ow rate . Thus , the  system i s  es senti a l l y  runn i ng i n  a 

s teady-state forced convect i o n  mod e throu ghout  t he tran s i ent  (a s sumi ng 
the  ma i n  coo l ant pumps rema i n o n ) a nd there are no vo i d s  formed i n  the 

ves sel a t  a l l for case  A-3 . F i gure 29  s hows mi dpl a ne hot -rod tempera 

tures for case  A-3 and the ba se  ca se . S i nce  no vo i d s  form i n  the  core 

for case A-3 the rod temperatures are wel l bel ow those of the ba se  case . 

Thi s ca l cu l a t i on wa s run further ou t i n  t ime than shown i n  t he graphs  

a nd the  rod temperatures for ca se A-3 rema i ned l ow .  The  del ay i n  a ux i l i �  

ary feedwater i nj ect i o n  of 60 m i n had no effect on  t he l ong -term res u l ts  

of  th i s  tra n s i ent . Thu s , for th i s  part i c u l ar ca se  t he importa nce of  fu l l 

H P I  fl ows far outs hadows any d el ay i n  the  aux i l i a ry feedwa ter a nd ma kes 

t he consequences of t h i s tran s i ent  m i l d compa red to t he ba se ca se . 

3 9  

( L 



";;) - 15 · 

....... 
� ....... 

� 
!;;: 
0: 

a= 0 � ta.. 
I'll I'll 
< 
:=.= 

-20 . 

-25 

-30 

-:J5 0 . � 1000 1500 2000 2!500 3000 3500 4000 4500 5000 
TI ME (S) 

TEE �b�E 14 

F i q .  27 . Ca se A-3 H P I  fl ow rate (m i nu s i nd i ca tes f l ow i nto system } , 

40 

10 

' 0+---����--�--�--�--�--��--� 
o 500 1000 1500 rooo 2500 3000 3500 4000 4500 5000 TI ME (S) 

F i g . 28 . Ca se A-3 ma s s  fl ow ou t PORV . 

. .,  
4.J 

PI PE 

1 0= 23 



-

� 575 
-

BASE CASE 
0 
i 565 ,, /.-----... , , \ _ ... .... �-- ...... b 
z 

555 

' ... , 
.. ... I 

' �' 

5 50 

54 5 ��--�--��---L--���-L--�-J 0 2000 3000 4000 �000 
T l  M E  ( s ) 

F i g .  29 . Ca se  A-3 hot-rod temperature v s  base  case . 

B .  De l ayed Aux i l i ary Feedwater/Degraded HP I (Ca se A-6 ) 

Ca se A-6  i s  s i m i l ar to case A-3 except t ha t  deg raded HP I fl ows are 

u s ed rather than  fu l l HP I fl ows . F i g ure 30 s hows the t ime h istory of 
the pres sure for ca se A-6 a nd the ba se  case  for t he fi rst  5 000 s of t he 

tra n s i ent . S i nce  the aux i l i ary feedwater i s  del ayed 60  m i n i n  ca se A-6 , 

the pres sure i n  t h i s case  rema i ns h i g h  compared to the ba se  case  u nt i l  

the  heat s i n k  i s  restored a t  3 600 s ( t he ba se -case  aux i l i ary feedwater 

comes on at a bout 500 s ) . U n l i ke case  A-3 , t he pressure rema i ns h i g h 

due  to vapor product ion  a nd a l ac k  of adequate energy remova l , s i nce 

there i s  very l i ttl e HP I fl ow enteri ng  the  vesse l . The u pper head i n  

the ba se  case  vo id s  more ra pi d l y  t han  ca se A-6 wh i l e  the core and u pper 

pl enum i n  case  A-6 vo i d  more rap i d l y  than the bas e  case , wh i c h  expl a i n s 

the h i g her pres sures i n  ca se  A-6 . Hot-rod temperature compar i son s  a re 

s hown i n  F i g .  3 1  for case  A-6 and the base  case . The be hav i or i s  very 

s im i l ar to t hat  of the pressure . Case  A-6 temperatures are 30�40 K h i g her 
than  the ba se case  u nt i l t he aux i l i a ry feedwater i s  i n i t i a ted at  3 600 s ,  

then  these temperatures drop becau se of more effi c i ent energy remova l  a nd 
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fol l ow t he ba se case . I t  appears tha t  a del ay i n  aux i l i ary feedwater , 

a t  l ea st  dur i ng the i n i t i a l 5 000 s of  t he acc i dent , does not ma ke a n  

apprec i a bl e d i fference i n  t he l ong-term response  of t he  system s i nc e  

t h e  behav i or o f  ca se A - 6  matches , very c l ose l y , t hat  of t h e  ba se case  

after i n i t i at i on of a ux i l i a ry feedwater fl ows . 

C .  Fu l l Aux i l i ary Feedwater/ Degraded HP I ( Ca se A-4 ) 

Case A-4 d i ffers from t he ba se  case  and case  A-6 s i nce there i s  no 
t i me del ay a s s umed for the i n i t i a t i on of aux i l i ary feedwater . Case A -4 

a s sumes degraded HP I  fl ows . F i gure 32  s hows a pres sure compar i son of 

case  A-4 and the base case  for the fi r st 3 500 s of the trans i ent . S i nce  

the ba se case  a ssumes a del ay of a bout  500 s for aux i l i ary feedwater , 

the pres sure decay for the ba se ca se i s  not a s  rap i d  a s  t hat of case A-4 .  

However , after a bout 1 000 s ,  the pressures for the two cases  are a l mo s t  
i dent i ca l . The hot -rod temperatu res fo l l ow th i s  same trend a s  s hown i n  

F i g .  33 , where t he ba se  case temperatures rema i n  h i g her than  those for 

case A-4 u nt i l  500 s ,  at wh i ch t i me the base-ca se temperatures drop to 

a bout the same l eve l  as those for case  A-4 . It i s  o bv i ou s  from the re

su l ts of case A-4 that , aga i n ,  aux i l i ary feedwater del ay ma kes  l i ttl e 

d i fference on  the l ong-term behav i or  of the tra n s i ent . 

D .  Ma i n  Cool ant  Pumps Tr i pped ( Ca se D-2 ) 

Th i s  pa rametri c c a l c u l at i on  i s  des i gnated case  D -2  and  a s s umes t hat  

a l l ma i n  cool ant  pumps tri p a t  t he  t ime of reactor tri p ( t ; 1 0  s ) . 

The ca l cu l a t i o n  was not run fa r enough  to be c ompa red i n  deta i l wi t h  t he 

ba se case . The d i scu s s i on  to fol l ow wi l l  be ba sed on compar i sons  of 

ca l cu l at i ons of the f i rst 4 000 s of the tran s i ent  a nd somewhat  specu 

l at i ve extra po l at ions  beyond that t ime . F i gure 34 s hows a p l ot  of the 

u pper pl enum pressures for the ba se  ca se and  case  D -2 for the f i rst  
4 000 s of the trans i ent . I n i t i a l l y ,  t he pres su re decays monoton i ca l l y  

for the  fi rst  600 s to a l evel  s l i g ht l y  h i g her than the ba se  case . At 

a bout 2 500 s the pres sure r i ses bac k  up to a l evel  muc h  h i g her than t h e  

ba se case . Th i s  i s  ma i n l y  due  to i nc rea sed vapor  product i on i n  the  core  
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F i g .  34 . Ca se D-2 pres sure h i story v s  ba se case . 

and upper p l enum resu l t i ng from phase  separat i o n  i n  t he ves se l . F i gu re 

35  s hows vo i d  fract i on pl ots for eac h l evel  i n  the vesse l  at  t he same 

rad i a l  and ax i a l  pos i t i on .  It can be seen from th i s fi gure that  p ha se 

sepa rat i on occurs i n  ca se D-2 arou nd 2 500 s ( the l ower l evel s f i l l w i th  

water and  t he u pper l evel s � i d ) . A s i m i l a r p l ot for t he  ba se  case  can  

be  found i n  F i g .  1 8 .  Part i a l  p ha s e  separat i on i n  t he  ba s e  case  occu rs  
at  a bou t 4 400 s ( when the  B Loop pumps  a re tri pped ) . A more compl ete 

pha s e  separa t i on occurs  i n  the ba se case  at  a bou t 6 000 s when the  A 
Loop pumps are tri pped . Therefore , i t  mi g ht be expected t ha t  t he c l ad 

d i ng tempera tures i n  c a se D-2 wou l d  i ncrea se  rap i d l y  on the  o rder of 1 h 

before they do i n  the ba se  case . One m i ght  a l so expect c l add i ng fa i l ure  
to  occ ur  at  1 - 1 / 2 to  2 h i nto the tran s i ent for t h i s ca se . 

E .  Co l d -Leg Brea k Parametr i c  Case 

As a compar i so n to the ba se case , a col d - l eg brea k wa s ca l cu l ated 
u s i ng TRAC wi t h  the same brea k fl ow a rea a s  t he PORV i n the  ba se  ca se . 
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The brea k was l ocated on  the A Loop i n  the pump d i scha rg e  l i ne  ( F i g .  1 ) .  

Al l other cond i t i ons were the same a s  i n  the base  case  w i t h  t he except i on 

of the  HP I on the A Loop , wh i c h  was not model ed . 

The ca l cu l at i on  was carr i ed out  to a bout 20 mi n when the  system 

pressure had stabi l i zed . The pres sure after 20  m i n  wa s a bout  1 5  bars 

h i g her than  the base case . S i nc e  the  brea k i s  l ocated o n  the co l d l eg ,  
a l ower qua l i ty two-pha se  m i xture esca pes from the system than  i n  the  

ba se cas e ;  thu s , the vo l umetr i c  fl ow rate i s  l ower and t he pressure re

ma i n s h i gher . Du ri ng th i s  t ime , the pres sur i zer rema i ns  a l most  fu l l  of 

water a s  i n  the ba se ca se . 

Thu s , i t  appears from the ca l cu l a t i o n  that i f  the brea k occu rred i n  

the co l d  l eg wi th t he same fl ow area a s  the PORV , the system wou l d  have 

depres su ri zed a t  a s l ower rate a s  compared to the base ca se . Ba sed o n  
these resu l t s ,  after the pumps tri p on A Loop a nd  pha se sepa ra t i on oc 

curs  a s  i n  t he ba se case , the water i n  A Loop wou l d  pro ba bl y dra i n  out  

the brea k rather tha n  empty i nto the  vessel  a s  i n  the  ba se  case . T h i s 

wou l d  resu l t  i n  the core u ncover i n g  a nd rema i n i ng uncovered . Some f l ow 
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wou l d  st i l l come i nto the vessel  from B Loop a s  i n  the ba se  ca se , bu t 

t h i s probab l y wou l d  not be suffi c i ent enough  to compl etel y qu ench  t h e  

core . T h e  fue l  rod s wou l d  then heat  u p  s im i l ar t o  t h e  ba se case a ft e r  

1 00 mi n .  I t  i s  po ss i b l e ,  however , that i n  t h i s case  t he system wou l d 

d epressu r i z e  suffi c i ent l y ( bl oc k  val ve  c l osure prevents t h i s i n  the 

ba se case ) such t hat  the core fl ood tan ks wou l d be act i vated and term i n 
ate t he heat u p . 
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I V . CORE THERMAL-MECHAN ICAL RESPONS E 

The  s evere off-norma l cond i t i on s  tha t  t he Z i rca l oy-c l ad fue l  rod s 

were s u bj ected to duri ng the TM I acc i dent were l i ke ly  to have  cau sed 

severa l potent i a l l y  important p henomena , i nc l ud i ng c l add i ng  ba l l oo n i ng  

pr i or to  fa i l u re ,  c 1 add i ng fa i l u re ( ru pture ) , c l add i ng swel l i ng a nd  

hyd rogen evo l ut i on cau sed by z i rcon i um oxi dat i on ,  and , f i n a l l y ,  pos s i bl e  

thermal stress - i nduced c l add i ng fracture and fragmentat i on dur i ng refl ood . 

Eac h  of these  f i ve phenomena wi l l  be con s i d ered i n deta i l  ba sed o n  t he 

TRAC ca l cu l a t i ons  out to 3 h i n  the acc i dent . I nc l uded bel ow i s  a s ec 

t i o n  deta i l i ng the ca l cu l a t i ons  rel ated to eac h  pa rt i cu l ar  phenomenon . 

Where po s s i b l e ,  the pred i c ted behav i or  wi l l  be compared to the  actua l  

behav i or a s  i nferred from t he  data accumu l a ted dur i ng the  acc ident . 

Thu s , for exampl e ,  the pred i cted fuel  rod fa i l u re ( ruptu re ) t ime can be 

compared to the t ime at wh i c h  h i g h  rad i at i o n  l evel s were f i r st  observed . 

The ca l cu l at ions  reported be l ow u sed the resu l t s of  t he ba se -c a s e  

TRAC cal c u l at i on . The i nformat i on  u sed from TRAC i nc l uded t he system 

pres su re and c l add i ng temperatures a s  a fu nc t i on  of t ime . For the  sys 
tem pres sure , we u sed the  u pper p l enum pressure s hown i n  F i g .  36 . T h i s 

s i ng l e pressure can  be u s ed to represent the pres sure everywhere i n  t h e  

core s i nce the pressure d rop  acro s s  t h e  core i s  sma l l compa red t o  t he 

average system pres sure . The TRAC representat i o n  of t he core i nc l udes  

-one rad i a l - n ode , two a z i muthal  sectors ,: .and f i ve a.c i a l  nodes i n  the  c ore . 

Thu s , we have c l add i ng temperature data for two average rod s ( t he  two 

a z imu tha l nodes ) at f i ve ax i a l  l eve l s ( F i g s .  37 and 38 ) .  I n  add i t i on to 

the average rods , TRAC a l so ca l cu l a tes temperatures for a hot rod . T he  

hot-rod c l add i ng temperatu res ( for  t he  two a z i mutha l  nodes ) a re s hown 

i n  F i g s . 39 a nd 40 . I n  add i t i on ,  the vapor fracti ons  at eac h of t he 

fi ve  ax i a l  l evel s ( represent i ng the  water i nventory i n  t he  core a s  a 

funct i on  of t ime ) are s hown i n  F i g .  4 1 . T h i s p l ot i s  u sefu l i n  u nder 

s ta nd i ng some o f  the ax i a l  var i a t i on s  i n  t he c l add i ng temperature . 

A .  Cl add i ng Ba l l oon i ng 

Cl add i ng ba l l oo n i ng i s  the rel a t i v el y  l arge permanent  i nc rea se i: n 

d i ameter ( a l so ca l l ed az imu tha l o r  d i ametra l stra i n )  tha t  the  Z i rca l oy 
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c l add i ng exper i ences dur i ng a trans i ent  pri or to eventua l  fa i l ure . 

There are fou r  features of the fue l  rod s and/or the tran s i ent t hat  tend  

to  promote ba l l oon i ng . These  are : 

1 .  Z i rca l oy c l add i ng i s  very ducti l e  ( that i s, i t  ex per i ence s 
l arge deformat ions  pr i or to fa i l ure ) , 

2 .  The rod s are i n i t i a l l y  prepres suri zed to a bout  30  atmos pheres  
( at room temperature ) to  prevent c l a dd i ng c reepdown dur i ng 
norma l steady-sta te operat i o n ,  

3 .  T he system pres sure dur i ng the  tran s i ent i s  con s i dera b ly  
bel ow the normal operati ng  pressure of a bout 2 2 00  ps i a , 
and 

4 .  The c l add i ng temperature i s  cons i derab ly  a bove the  norma l 
steady-state o perat i ng temperature . 

Ba l l oon i ng i s  d i rectl y rel a ted ( to fi rst  order ) to the  pres s ure 

drop  across  the  c l add i ng ( rod i n terna l pres su re m i n u s  sys tem pre s s ure } 

and  t he l oca l c l add i n g  temperature . The l a rge pressure dro p  acro s s  t he 

c l add i ng and the h i g h  c l add i ng tempera ture are expected to l ead to l a rge  

c l add i ng bal l oon i ng a nd l i ke l y c l add i ng  fa i l ure . As  wi l l  be  s hown i n  

t he next sect i on , c l add i ng fa i l u re i s  i ndeed ca l cu l a ted to occur . 

A l a rge d i ametra l c l add i ng stra i n  i s  potent i a l l y  important bec a u se  

of  t he  effect on t h e  coo l ab i l i ty of  t h e  fuel  rod s . The  i nc reased s i ze 

of the fuel  rod s l eads  to a d ecrease  i n  the vol ume ava i l a bl e  for the  
coo l ant  ( steam and/or water ) .  Hence , to ma i nta i n  the same l eve l  of  

cool i ng ,  i t  wou l d  be  necessary to  i nc rea se  the cool ant vel oc i ty by a n  

amount  that i s  ( negl ecti ng changes i n  t he heat transfer coeffi c i en t )  

i nversel y pro port i o na l  t o  t he c hange  ( d ecrease ) i n  t h e  coo l ant  channe l  
a rea . Th i s c hange i n  cool a nt channel area wi th  i ncrea se i n  c l add i ng  

d i ameter i s  i l l u strated i n  F i g . 42 . 

For the TM I p l ant  des i gn , the p i tc h-to -d i ameter ra t i o  ( S/D ) i s  a bou t 
1 . 3 a nd the fl ow a rea A can be expressed as  
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defonned rod 

undefonned 
roo 

s = rod-to-rod spacing (rod pitch) 
D = undefonned cladding dianeter 

A = initial coolant channel area per rod 

2 D2 A = S - rr 4 

D '  = defo:rmai cladding diameter 

A '  = restricted coolant channel area per 
rod 

A '  = S2 - rr (D� ) 2 

F i g .  42 . Reduct i on  i n  c ha nnel  area wi th  c l add i ng ba l l oo n i ng . 

fission gas plenum 

cladding 

fuel pellets 

F i g .  43 . Fuel rod model . 
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I n  other word s , the vo l ume occu p i ed by the cool a nt i s  53 . 6% of  the c ore 

vol ume . 
The max imum i ncrea s e  i n  c l add i ng d i ameter that can occur  pr i o r  to 

contact between adjacent fue l  rod s , occurs when the deformed c l add i ng 

d i ameter D ;  j u s t  equa l s the rod p i tc h , S .  The d i ametra l stra i n  for t h i s  
ca se  i s  g i ven by 

�D _ o •  - D 
o =  o 

= S - D 
D 

- 0 . 3  

( 2 )  

Thu s , a d i ametral stra i n  of 30% j u st barel y resu l ts i n  rod �to -rod con � 
tact . The restri cted cool ant  c hanne l  area , A ' ,  for t h i s c a se  i s  g i ve n  

by 

- 2 - 0 . 2 1 5  s . 

( 3 )  

I n  other words , the cool ant  vol ume fract i o n  ha s been reduced from a bou t 
53 . 6% down to 2 1 . 5% .  

I n  the next sect i on  o f  th i s report , i t  wi l l  be s hown that t h e  fuel  

rods are cal cu l ated to fa i l  ( ru pture ) duri ng the fi rst  3 h of the acc ident . 

U s i ng th i s fac t ,  i t  i s  re l at i vel y s i mpl e to ca l cu l ate a max imum c l a dd i ng 

d i ametra l stra i n  that occurs  j ust  at the t ime of fa i l ure . The  accepted 

ha nd book of ma ter i a l s propert i es for u se i n  t he a nal ys i s  of  UIR fue l  

rod behav i or , MATP RO-Vers i o n  1 1 , 1 0  prov i des a corre l at i on t h a t  rel a te s  

the c i rcumferent i a l  c l add i ng e l ongat i on ( or d i ametra l stra i n )  to t he  
l ocal  temperature . 1 0  ( Note tha t  t h i s correl at i on i s  q u i te a pprox i ma te 

becau se the effects  of c l add i ng stres s ,  stra i n ,  and stra i n rate are  

i gnored . ) Th i s  correl at i o n  i s  g i ven by 
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for T < 1 090 

go = ( 0 . 1 98 + 4 . 1 6  x 1 0 -4 T + 2 . 06 x 1 0- 7 T2 ) R  F 

for 1 090 < T < 1 1 70 

go =  ( 9 . 0623 - 7 . 492 X 1 0-3 T ) F 

for 1 1 7 0 < T < 1 600 

go = ( - 1 . 436 + 2 . 045 X 1 0-3 T - 4 . 82 x 1 0 -7 T2 ) F  

for T > 1 600  

�O = 0 . 6021  F o 

where 
T = c l add i ng temperatu re ( K ) ,  

( 4 ) 

( 5 ) 

( 6 ) 

( 7 ) 

R = factor to account for the effec t of col d wor k  a nd i rrad iat i. o n , 
and 

F = factor to accou nt for the effect of c l add i ng temperature 
grad i ent . 

The ca l c u l ated fa i l u re temperatures from Sec . I V . B  are h i g h ( abou t 
1 000 K ) . I t  ca n be seen from Eq . ( 5 )  that t h i s temperature i s  very 

c l ose to the  temperatu re of 1 090 a bove wh i c h  t he effects of col d wor k  

a nd i rrad i at i o n  n o  l onger need to be con s i dered ( they are compl ete l y  a n 
nea l ed out ) . Fu rthermore , the c l add i ng i s  s hown to be hot for a n  ex 
tended peri od of t ime pr i or to fa i l ure ( F i g s . 37 -40 ) . T hu s , i t  i s  

reasonabl e to a s s4me that the effects  of col d work  and i rrad i a t i on are  

very nearl y a nnea l ed ou t and  R i s  about 1 . 0 .  I n  add i t i on , the tempera 

ture grad i ent acros s t he c l add i ng i s  very sma l l ( a few degree s ) beca u s e  

the tra n s i ent i s  muc h  l onger than t he therma l t i me con s tant  of  the fue l  
rod . The ex pre s s i on for the factor F 1 0  i s  g i ven a s  

F = exp ( - 0 .  01 1 1  �T ) ( 8 ) 
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where 6T = temperature vari at ion  acro s s  t he c l add i ng ( K ) .  For a 6T of  
on l y  a few d egrees , F i s  a l so very c l ose  to  1 . 0 .  

Ma k i ng these a pprox i mat i ons  a nd u s i ng a typ i ca l  ca l cu l ated fa ·i l u re 
temperature of a bou t 1 000 K ,  Eq . ( 4 ) pred i cts  a d i ametra l fa i l u re stra i n  

of 0 . 82 .  T h i s i s  c l ear ly  l a rger than the stra i n  of 0 . 3  that i s  requ i red 
to cau s e  rod -to -rod contact . T hu s , i t  a ppears that even i f  we are over 

pred i ct i ng t he c l add i ng stra i n  u s i ng Eq . ( 4 ) , i t i s  mo st l i ke l y  that 

enough  stra i n  does occur to cause rod -to -rod contact a nd the a s soc i ated  

restr i ct i on i n  fl ow area . Any po s s i b l e feedback  on the s u bsequent coo l 

a bi l i ty of  t he core ( see for examp l e ,  Ref . 1 1 ) i s  not i nc l uded i n  the 

TRAC ca l cu l a t i o n s . 

The l a rge s tra i ns ca l cu l ated a bove do not occu r over the ent i re 
ax i a l  extent of t he fuel p i n s . From F i g s . 37 -40 i t  can be seen that 

on l y  ax i a l  nodes  6 and 7 ( the u pper th i rd of t he core ) reach  a h i gh 

temperature pri or to c l add i ng fa i l ure at  a bout 1 900 K .  The ax i a l l ev e l  

j u st  be l ow t hese two nod es i s  a l most  200 K cool er at  the t ime of  rod 

fa i l u re .  Thu s , t he c l add i ng ba l l oon i ng i n  a l l bu t the u pper t h i rd of  

the core  i s  expected to  be  muc h  sma l l er .  Al so , t he l a rgest  deformat i on s  

are l i ke ly  to be l oca l i zed s o  t hat the fl ow area reduct i o n s  may not be 

as l arge a s  noted above . 

B .  I n i t i a l  C l add i ng Rupture 

Fue l  rod c l addi ng ru pture i s  an important phenomenon becau s e  of 

the a s soc i ated re l ea se  i nto t he system of the free ( not in  the fuel  

matr i x ) gaseou s fi s s i on product i nventory conta i ned i n  t he rod . T h i s  

sec t i on of the report deta i l s  t he a s s umpt i on s  u sed and the ca l cu l at i o n s  

done i n  determi n i ng the t ime o f  i n i t i a l  fuel  rod ru pture dur i ng  t he TM I 

acc i dent . The po i nts  d i scu s sed wi l l  be the  t i me of  i n i t i a l fuel  rod 

fa i l ures ( pred i c t i on s  for the hot rod s ) ,  the tempora l coherence  of thes e 

fa i l ures  ( fa i l ure of the hot rod v s  the  average rod , for .exampl e ) , and  

t he sens i t i v i ty of t he ca l cu l ated rod fa i l ure t ime to  the  a s s umed pre s 

s ure i n  the rod . 

The cond i t i on s  t hat  l ead to fue l  rod fa i l ure a re the  same cond i t i o n s  

l i s ted a s  cau s i ng c l add i n g ba l l oon i ng ( h i g h  i nterna l rod pres s ure , l ow 
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system pre s s ure , and h i g h  c l addi ng temperature ) . The con sequences of 

fuel rod fa i l u re are rel ea se  of the free gaseous  fi s s i o n  product i n 

ventory i n  the  rod . For th i s part i c u l ar ca l c u l at i on , i t  i s  pos s i bl e  
to chec k  o n  the accuracy of the pred i ct i on s i nce  the t i me at  wh i c h  h i g h  

rad i oact i v i ty l evel s were f i rst measured s hou l d  corres pond to the t i me 

of mu l t i p l e fuel  rod fa i l ures . 

Two sepa rate pred i ct ions  of rod fa i l ure were made ; both of wh i c h  

requ i re a knowl edge of the Z i rca l oy c l add i ng hoop stres s and temperature . 

To ca l cu l ate the c l add i ng hoop stress , we model the fue l  rod a s  a c l o sed  
cyl i nder a s  s hown i n  F i g .  43 . The vo i d  vo l ume i ns i de t h i s fuel rod 

( f i s s i on ga s  p l enum , fuel -c l add i ng gap  vol ume , fu el crac k vol ume , pe l l et 

d i sh  vo l ume , etc . ) i s  pres su ri zed by the i n i t i a l f i l l  g a s  ( t he rod s are  

prepressur i zed to  about 30 atmo spheres to  prevent creepdown of t he  c l ad 
d i ng dur i ng steady-state i rrad i a t i on )  a s  wel l a s  any fi ss ion  gas  re 

l eased from the fuel  matr i x  dur i ng power operat ion . Becau se of the l ong 

ti me sca l e of the TM I -2 acc i dent , it  i s  rea sona bl e to a ssume tha t  t h i s 
i nterna l rod pres sure i s  ax i a l l y  u n i form wi th i n  the rod . 

G i ven the i nterna l rod pressure a s  we l l a s  the pres s ure out s i d e  t h e  

fuel rod i n  the coo l ant c hannel , we can approx imate the three pri nc i pa l  

stres ses ( rad i a l , c i rcumferenti a l , and ax i a l ) i n  the c l a dd i ng a s  

a = r ( P i + P0 ) / 2  ( 9 )  

( P . d ( 1 0 )  ae = Po ) 2t  1 

where 

az = d ( P i - Po ) 4t 

P .  1 = i n terna l rod pressure , 

P0 = coo l ant  c hannel  pressure , 

d = average d i ameter of Z i rcal oy c l add i ng ,  and 

t = th i c knes s of the c l add i ng . 

( 1 1 }  

The c i rcumferent i a l stres s  [ Eq . ( 1 0 ) ] , together wi th  the  l oca l  

cl add i ng temperature can  be  u s ed to  ma ke a pred i ct i o n  of  c l add i ng fa i l u re . 
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I n  our  ana l ys i s , we have u sed two separate , i ndependent fa i l ure cr i ter i a .  
The f i rst  of thes e i s  a fa i l ure  hoop stres s cri ter i on a s g i ven i n  

MATPR0- 1 1 . 1 0 Th i s cri teri on pred i cts c l add i ng fa i l ure to occu r when t he 

c i rcumferen t i a l  stres s  [ a s  c a l cu l ated i n  Eq . { 1 0 ) ]  exceeds a ru ptu re 

stress  g i ven  by 

= 1 0 { 8 . 42 + 2 . 78 x 1 0 -J T - 4 . 87 x 1 0-G T2 + 1 . 49 T3 ) { l 2 )  0rupture 

where T = t he c l add i ng temperature { K ) .  

To c hec k the val i d i ty of t h i s cri teri on , we a l so u sed a fa i l u re 

cr i teri on ba sed on  the resu l ts of  some Z i rca l oy creep -ru ptu re tests  
performed at  the Cha l k R i ver Fac i l i ty i n  Canada . 1 2  In  these tests , 

sect i ons  of  u n i rrad i a ted c l add i ng were pres suri zed to some known i n � 

terna l  pres sure and heated to temperatu res typ i ca l  of t hose t ha t  m i g ht 

be exper i enced duri ng a n  acc i dent . The mea sured c l add i ng fa i l u re t i mes  
from these te sts  are  s hown i n  F i g .  44  a s  a funct i on  of c l add i ng temper 

ature a nd i nterna l pres sure . 
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To u s e  t h i s  c l add i ng ru pture data , i t  i s  n eces sary to extra pol ate 

from the temperature/pres sure data po i nts i n  the exper i ments to t he con 

d i t i o n s  encountered dur i ng the TM I - 2 acc ident . The Larson -M i l l er param
eter1 3  i s  a u sefu l too l to a i d  i n  t h i s extrapol at i on . I t  ha s been fou nd 

that , to a good approx imat i o n , one can defi ne  a temperatu re i ndependent 

constant that rel ates the  stre s s -rupture l i fet i me of a mater i a l  to the 

. mater i a l  temperature . For any g i ven stress  sta te , t h i s consta nt ( the 
Larson-Mi l l er parameter ) i s  g i ven  by 

LMP = T · [ l og tr + c ] ( 1 3 ) 

where 

T = materi a l  temperature , 

tr = stre s s- ru pture l ifet ime , and 

c = constant dependent on l y  on  what the mater i a l  i s  ( u sua l l y  ta ken 
as a bout 20 )  . 

A l ea s t  square s  f i t of the stres s -ru pture  data ( from F i g .  44 ) to 

Eq . ( 13 )  wa s made  i n  order to determi ne the Larson -Mi l l er parameter a s  

a funct ion  o f  c l add i ng c i rcumferenti a l  stre s s . ( Actual l y , t he La rson 

M i l l er parameter wa s ca l c u l ated at  seven stress  l eve l s a nd  a l i near i n 

terpo l at i o n  wa s u sed e l sehwere ) . Thu s , knowi ng  t he c l a dd i ng hoop stress , 

one can  ca l cu l a te a n  a ppropri ate Larson-M i l l er parameter . Th i s  va l u e , 

a l ong wi th  the  c l add i ng temperature , can  then be us�d [ Eq . ( 1 3 ) ] to c a l 

cu l ate the c l add i ng stres s -rupture l i fet ime . 

Knowi ng  the stres s -ru pture l i fet ime a s  a fu nct i on of  t ime , one  c an  
u se a l i near l i fe fract i on ru l e  fa i l ure cr i ter i on 1 4  to  ca l cu l ate c l add i ng 

fa i l ure .  Suc h a cr i teri o n  states t hat  over a n  i nc rement of t ime �t d u r 

i ng wh i c h  t he c l add i ng s tres s -rupture l i fet i me i s  tr (cr8 , T ) ( thu s cr8 a nd T 

are constant dur i ng the  t i me i ncrement ) , a frac t i on of the  c l add i ng 
1 1 l i fe 1 1  i s  consumed equal  to 

(1 4 } 

Th i s  can ea s i l y  be extended to the case  where cr8 a nd T vary wi th  t ime 

( a s  dur i ng the acc i dent ) by defi n i ng a l i fe fract i o n  a s  a funct i on of 
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t ime g i ven by 

L F ( t )  ( 1 5 ) 

Fa i l u re i s  a s sumed to occur  when LF  = 1 . 0 .  

For each  pred i ct i on of c l add i ng fa i l ure , the state of the fue l  r od 

wa s obta i ned from the resu l ts of the ba se-case  TRAC ca l cu l a t i on . T he  

TRAC ca l cu l a t i o n  prov i ded the  hot- and average -rod temperatu res ( F i g s . 
37 -40 )  and t he system pres sure ( F i g . 36 ) . To ca l c u l ate the  c l a dd i ng 

hoop stres s , i t  was a l so necessa ry to est imate the rod i nternal pres s u re . 

As was ment i oned prev i ous l y ,  the  rod s were prepres sur i zed to a bout  30  

atm ( room temperature ) to  prevent c l add i ng creepdown . I n  add i t i on , t he 
fi s s i on gas  produced dur i ng s teady-state operati on ( that ga s not trapped 

wi th i n  the fuel gra i n s )  a l so contri butes to the rod pressur i za t i o n . 
B&W est imates 1 5  of t h i s contri but i on ra i se the effect i ve i n i t i a l rod 

pressure ( at room temperature ) to about 4 2  atm .  

Knowi ng the i n i t i a l  i nterna l  pres sure , the pres sure du ri ng the  

trans i ent can  be  est ima ted from 

where 

P i o  = room temperature pres sure o f  gas  i n  rod a nd 

<Tga s> = average temperature of gas  i n  rod (K ) . 

( 1 6 ) 

For s i mpl i c i ty ,  the ax i a l l y  a veraged c l add i ng temperature <Tc l ad> i s u sed 

as the average ga s temperature ( s i nce th i s  i s  read i l y  ava i l a b l e from t he  

TRAC resu l ts ) .  
I t  s hou l d  be noted that Eq . ( 1 6 ) does not account  for poten t i a l  

c hanges i n  the amount of vo l ume ava i l a bl e  to accommoda te f i ss i o n  g a s  

( du e  t o  t h e  l oca l l y  l a rge  c l add i ng stra i ns d i scus sed i n  t he prev i o u s  

sect i o n ,  for examp l e ) . Becau se  o f  the po s s i bl e  error a ssoc i a ted wi t h  
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i gnor i ng th i s  effect , as  wel l  a s  the uncerta i nty i n  the i n i t i a l ( room 

temperature ) pressure i n  the rod , we anal yzed rod fa i l u re for a ra nge 

of i n i t i al  rod pressures ( 25-42 atm ) . 

A f i rst  i tem of concern i s  the rel at i ve agreement between the  two 
method s  of pred i cti ng fa i l u re .  I n  most cases , the ca l cu l a ted a greement  

i s  excel l en t  ( wi th i n  2 m i n ) . On l y  for l ow i n i t i a l rod pressure i s  i t  

po s s i bl e  to see a d i screpancy of a s  muc h a s  1 0  m i n .  T h i s occurred when 

fa i l u re was ca l cu l ated to occur near the d i p i n  the c l add i ng tempera 

ture ( at a bou t 9 700 s ) . I n  th i s  ca se , t he l i fe fracti on fa i l u re pre 

d i ct i on gave the  earl i er pred i ct i on i n  a l l cases . Th i s i s  rea sona bl e 

becau se  a ·1 i fe fract i on cri teri on  i s  capa bl e of  cal cu l a ti ng  i ncrementa l 

"damage "  dur i ng the peri od of t ime from a bout 9 600 s to about 1 0  000 s ,  

wherea s the u l t ima te hoop stress  cr i ter i on wou l d  not pred ict  fa i l u re to 

occur wi th i n  t hat range .  Ba sed on  these resu l ts ,  we wi l l  u s e  the l i fe 

fract i on ru l e  fa i l ure pred i ct i on  a s  the best est imate . 

C l add i ng fa i l ure wa s ca l cu l ated for average rod No . 1 for i n i t i a l 

rod pressures rang i ng from 2 5-42 atm . These resu l ts are  s hown i n  Ta bl e 

V I I .  For a wi de range of i n i t i a l  press ures ( 3 0-42 atm ) , c l a dd i ng fa i l 
ure i s  cal cu l a ted to have occurred over a narrow 8 -mi n per i od of t i me 

l ast i ng from 2 h and 2 5  mi n to 2 h a nd 33  m i n .  Onl y a t  the  l owest  

i n i t i a l pres sure of 2 5  atm does the c l add i ng surv i ve throug h  t he ent i re 

d i p i n  c l add i ng temperatu re ( a t  a bout  9 7 00 s )  and  fa i l  a t  t he l ater t i me 
of 2 h and 50 m i n .  I n  a l l cases , fa i l u re i s  ca l cu l a ted to occu r  i n  the  

to p ax i a l  fuel rod nod e  ( i n  the  top 0 . 5  m of the  core ) . 

The genera l i nsen s i t i v i ty i n  c l add i ng fa i l ure t i me wi t h  c ha nges i n  

i n i t i a l  rod pres sure i s  a n  i nd i cat i on of how rap i d l y  the  c l add i ng tem 

perature i s  i nc rea s i ng a t  t hat  t i me { a bout 0 . 5  K/ s or  more ) . T hu s , 

s i nce the fa i l ure temperature at  2 5  atm ( i n i t i a l  pre s s ure )  v s  42 a tm 

( i n i t i a l pressure ) var i es by a few hundred degrees , i t  i s  o n l y a matter 

of m i nutes before the c l add i ng temperature i nc reases  from the  l ower 

fa i l ure temperature ( h i g h  pres sure ) to the h i g her fa i l ure temperature 

( l ow pres sure ) .  

A s imi l a r  a na l ys i s wa s performed for the  hot rod . A compar i son  of 

F i g s . 37 and 3 9  s hows the genera l s im i l ari ty between the temperature 

traces for the hot and average  rod s . Thu s , we expect s i m i l ar behav i or 
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I n i t i a l  

TABLE V I I 

VAR IAT I ON I N  AVERAGE ROD FAI LURE TIME  W ITH  

I N I T IAL ROD PRESSURE 

Rod Pressure 

2 5  

. 3 0  

3 2 . 5  

3 5  

4 0  

4 2  

( atm)  Fa i l ure T ime ( s )  

1 0  230  ( 2  h a nd 5 0  m i n )  

9 1 95 ( 2  h a nd 33  m i n )  

8 985 ( 2  h a nd 30  m i n )  

8 872 ( 2  h and  28 m i n )  

8 743 ( 2  h and  26  m i n )  

8 7 1 1 ( 2  h and  2 5  m i n )  

to that ca l cu l ated for the average  rod wi t h  somewhat ear l i er fa i l ure  

t imes . The re su l t s  of the anal ys i s  for the  hot rod are s hown i n  Ta bl e 

V I I I . As c a n  be s een from th i s tabl e ,  t he fa i l ure t i mes for t he hot rod 

are a bout 2 - 6 mi n earl i er t ha n  t he fa i l ure  t imes  for t he average rod . 

Thu s ,  there i s  l i tt l e var i a t i on i n  fa i l u re t ime acro s s  the  core . However , 

t hes e resu l ts have not accou nted for the po s s i b i l i ty of random ear l y  
and  l a te fa i l ure .  

U s i ng the TRAC ba se  case  for temperature h i stori e s , i t  i s  conc l u d ed 

that mu l t i pl e  fuel  rod fa i l ures occ urred at  between 2 h and  2 5  m i n a n d  

2 h a nd 35  m i n i nto t h e  acc i dent somewhere i n  t he u pper 0 . 5  m o f  t he  c ore . 

I n i t i a l  Rod 

2 5  

3 0  

3 5  
40 

42  

62  

TABL E  V I I I  

VAR IAT ION I N  HOT- ROD FAI LURE T IME  W ITH 
I N ITIAL ROD PRESSURE 

Pres sure ( atm)  Fa i l ure T ime (s l 
9 237  { 2  h a nd 34 m i n )  

8 840 ( 2  h a nd 27 m i n )  

8 679  ( 2  h and 2 5  m i n )  

8 6 1 4 ( 2  h a nd 2 4  m i n )  
8 582 ( 2  h a nd 2 3  m i n )  



For very l ow i nterna l  rod pres sures , the fa i l ures cou l d  have been del ayed 

a s  l ate a s  u nt i l  2 h and 55 m i n .  I n  add i t i on ,  i t  i s  conc l uded that  mos t  

o f  the rods i n  the  core fa i l ed ( ba s ed o n  the compar i son between the aver

age  a nd  hot rod ) . T he  ca l cu l ated fa i l ure t ime of 2 h and 30  mi n i s  
con s i stent wi t h  the observed response of the conta i nment  dome rad i at i o n  

detector . A l arge i ncrea se  · i n  t h e  rad i a t i on l evel  was observed at about 
2 h a nd 35  m i n i nto the acc i dent , 7 very c l ose to the t ime of our fa i l u re 

pred i ct i on . 

C .  Ox i dati o n  of C l add i ng 

Th i s  sect i on summari zes  resu l ts of ca l cu l a t i on s  to determ i n e  t he 

c l add i ng z i rcon i um d i ox i de l ayer th i c kne ss , the fl ow area reduct ion  due  

to the vol umetr i c expan s i on a s soc i ated wi th  ox i da t io n , c l add i ng we i g ht  

ga i n  due to  ox i da t i on , a nd hydrogen generat i on  dur i ng the  earl y stages  

of the TM I acc i dent . C l add i ng temperatures , f�om the ax i a l segment of 
the fuel rod wi t h  t he h i g hest  temperatu res ,  and p l enum pre s sures u sed 

i n  the ca l cu l a t i ons  come from TRAC code resu l ts . C l add i ng propert i es 
u sed are · ta ken from MATPR0- 1 1 . 1 0 

Temperature data can  be u sed to determi ne the extent of  ox i dat i o n  

o f  the other c l add i ng surface expo sed t o  water o r  steam . C l add i ng tern� 

peratures vs  t i me are obta i ned from TRAC code resu l t s as s hown in F i gs . 
37 -40 . 

C l addi ng ox i dat i on  du ri ng the a pprox imatel y three-months  steady

s tate reactor operati on pr i or to the start of the tra n s i ent  i s  neg l i g 

i bl e .  Because  ox idat ion  i s  s o  muc h fa ster at  h i g her temperatures 1 0 on l y 

h i gh-temperature ox i dat i on  i s  cons i dered . For temperatures  a bove 1 083 K 
the ox i de th i c knes s 1 0  i n  meters can  be ca l cu l a ted from 

where 
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t = t i me ( s ) ,  

t1 = t i me a t  beg i n n i ng of t ime i nterva l  ( s ) , 

t2 = t i me a t  end of t ime i nterva l  ( s ) , 

T = temperature ( K ) , 

x 1 = ox i d e  th i ckness  at beg i nn i ng of t i me i nterva l (m ) , a nd 

x2 = ox ide th i c knes s at  end of t ime i nterval  (m ) . 

The i ntegra l  i n  Eq . ( 1 7 )  i s  eval ua ted wi th  the tra pezo i da l  ru l e .  

Temperatures vs  t ime , extracted from F i g .  37  for eva l uat i ng the  i nteg ra l , 

are s hown i n  Ta bl e I X . L i near i nterpo l at i on  i s  u sed between ta bu l a ted 

va l ues . The ox i de th i c knes s , pl otted vs t i me i n  F i g . 4 5 , reac hes a max 

imum of about  1 1 3 �m at  a bout  1 1  050 s ( 3 : 04 : 1 0 ) .  

Al thoug h c l add i ng ox i da t i on resu l ts i n  a 50% vol ume expa n s i on , t he  
reduct ion  of the  effect i ve c ro s s -sect i onal  cool ant fl ow a rea i s  neg l i g 

i b l e  beca u se  o f  the i n s i gn i f i cant i ncrea se  i n  c l add i ng d i ameter . Of the  

ori g i na l  675 �m t h i c knes s of Z i rca l oy c l add i ng ,  600  �m of  Z i rca l oy rema i n s 

TABLE I X  
TEMPERATURES V S  T I ME USED  I N  CALCULAT I ON O F  

OX I DE TH I C KNESS AND WE I GHT GA I N  

Time ( s ) Temperatu re ( K} 
9 37 9 1 033 

9 930 1 1 03 

1 0  020 1 1 33 

1 0  1 7 0 1 1 73 

1 0  260 1 2 1 6 

1 0  330 1 305 

1 0  470 1 433  

1 0  570 1 503 

1 0  660 1 523 

1 0  760 1 620 

1 0  330 1 643 

1 1  000 1 7 1 0 

1 1  050 1 732  
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F i g . 45 . P l ot of z i rcon i um-ox tde th i c kness  v s  t ime . 

at  1 1  050 s ( 3 : 04 : 1 0 ) . The ox i dat i o n  i s  s i gn i f i cant a l so s i nce i t  em

bri ttl es  the c l add i ng ,  ma k i ng i t  more s u scept i bl e  to br i ttl e fractu re . 

I n  the s ame manner , t he c l add i ng wei ght ga i n from ox i da t i on i s  c a l 

cu l ated . For tempera tures a bove 1 083 K ,  the tota l we i g ht ga i n 1 0  i n  

kg/m2 can be ca l cu l ated from 

where 

lt2 1 / 2  

w2 = [< w1 ) 2 + 3 . 360 x 1 01 exp ( - 2 . 007 x 1 04/T ) dt ] , 

1 

w1 = total we i ght ga i n  at  beg i nn i ng of t ime i nterva l ( kg/m2 ) ,  

w2 = tota l we i g ht ga i n  a t  end of t ime i nterva l  ( kg/m2 } ,  

( 1 8 )  

and other quant i t i es are a s  prev i ou s l y defi ned . The tota l wei ght ga t n , 

pl otted vs  t ime i n  F i g . 46 , reaches a max i mum of a bout  0 . 23 kg/m2 a t  

a bout 1 1  050 s ( 3 : 04 : 1 0 ) . 
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F i g .  46 . Z i rco n i um-ox i de we i g ht ga i n  per un i t  c l add i ng a rea . 

S i nce t he outs i d e  d i ameter of the  c l add i ng i s  1 0 . 92 mm , the we i g ht 

ga i n  per un i t  l ength  of fuel  rod i s  ca l cu l a ted to be 7 . 9  g/m . Th i s  i s  

the ma s s  of oxygen per u n i t  l ength of fu el rod that has reacted wi t h  t he 

c l add i ng . Assumi ng tha t  a l l of th i s oxygen wa s produced by d i s soc i at i o n  

o f  water a nd ba s ed on the mol ecul ar  we i ghts o f  hydrogen a nd oxygen , the  

ma s s  of hydrogen re l ea sed i s  one-e i g hth  the  ma s s  of oxygen  reacted , 

a bout 1 . 0 g/m . 

The perfect gas  l aw i s  u s ed to determi ne the vol ume of hydrogen re

l ea sed per un i t  l ength of  fuel rod . 

where 
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V = mRT 
MP ' 

V = vo1 ume of hydrogen per u n i t 1 engt h of  fue l  rod (m3 /rn } , 

m = ma s s  of hydrogen per un i t  1 ength  qf fue l  rod ( kg/rn } , 

R = u n i versa l gas  constant , 8 . 3 1 ( J /mo l e · K ) ,  

T = pl enum temperature ( K ) , 

( 19 }  



M = mol ecu l ar wei g ht of hydrogen ( kg/mo l e ) , and  

P = p l enum pressu re ( Pa ) . 

Va l ues  for p l enum temperature and pressure of 1 500 K and 8 . 5  MPa , 

res pect i vel y ,  a re estimated from TRAC code resu l ts .  

V = ( 1 . 0 X 1 0-3 ) ( 8 . 3 1 ) ( 1 500 ) 

( 2  X 1 0-3 ) ( 8 . 5  X 1 06 ) 

= 0 . 73 R./m . 

Thu s ,  approx imate ly  0 . 73 l i ters of hydrogen are generated per meter 

of ox i d i zed fu el rod . From TRAC resu l ts , the total amount of hydrogen  
generated c a n  b e  determ i ned by a s sumi ng a 1 -m l ength  of c l add i ng surface  

ha s  oxi d i zed on  each  of t he 36 , 81 6 fue l  rod s . The res u l tant vo l ume of  

hydrogen produced i s  27 m3 ( 37 kg ) ,  a su bstant i a l  qua nt i ty o f  hydrogen . 

Th i s  ca l cu l a t i o n  may be i ncorrect compared to t he actua l cond i t i on 
· of the reactor . Not a l l of the fu �l rod s were a t  t he temperatures i n 

d i cated from TRAC code ca l cu l at i ons . I n  fact ,  i n -core thermocoupl e 

read i ng s 4-5  h after t he s tart of the acc i dent7 i nd i ca te some l a rge 

var i a t i ons in  temperature from suba s sembl y to  s u bas sembl y .  I n  add i t i o n , 

the l ength a nd t h i c kness  of  c l a dd i ng ox i d i zed on  eac h fue l  rod can  be 

expected to vary con s i dera bl y acros s the core .  I n  l i ght  of t he s e  con 

s i derat ions , the ca l cu l ated ox i dat i on  a nd hydrogen generat i on  are tho u g h t 

to be a n  overest i mate of the actual  ox i dat ion  and hydrogen generat i on i n  

the ear ly  sta ges ( before 3 h )  of the TM I acc i dent . However , hydrogen 

generat i on probabl y conti nued a fter 3 h .  

For c l add i ng temperatures  a bove 1 273  K ,  the TRAC cod e  ca l c u l ates  

the  ox i de penetrat i on depth  a nd the  heat  generat ion  from the  exotherm i c  

meta l -water react i o n . Ox i d a t i on penetra t i on depth i s  ca l cu l ated from a n  

emp i r i ca l  rate l aw devel oped from i sothermal experiments . 1 6 The TRAC 

code does not i nc l ude the effect of the c hange i n  c l add i ng properti e s  

d u e  t o  ox idati on , nor does i t  i nc l ude t h e  effect of t h e  reduced cro s s �  

sect i ona l cool a nt fl ow � rea due to the 50% vol ume expa ns i on of  Z i rca l oy 

upo n  ox i dati on . 
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The TRAC ca l cu l at ions  i nc l ude fi ve ax i a l l eve l s i n  the  core . Th i s  

greater deta i l  s hows tha t  a l most  a l l c l add i ng ox i dat i on  occ urs  near , or  

a bove , the core m i d pl ane . The l ower port i on of t he core i s  cool ed by 

water wh i c h rema i n s  i n  the l ower port i on of the core dur i n g  muc h of the  

f i rst  3 h .  F i gure 41  s hows the ax i a l  vo i d fract i on d i stri but 1o n  for var 

i ou s  core l eve l s after the PORV bl oc k va l ve wa s c l osed . The  l ower l eve l  

ha s a con s i s tentl y l ow vo i d  fract i on i nd i ca t i ng t he  presenc e  of water i n  

the l ower reg i on of the core . The u pper port i o n  of the core i s  proba bl y 

not a s  ox i d i zed a s  the m i dpl ane  reg i on becau se  temperatures a re l ower d u e  

to a smal l er heat rate near the top of the core . 
By determi n i ng the vol ume of oxygen  reacted from the oxygen pene 

trat i o n  depths ca l cu l ated by the TRAC code , i t  i s  pos s i bl e  t o  quant i fy 

the amount of hydrogen produced by the metal -water react i on .  The re 

su l tant  ma s s  of  hydrogen ca l cu l ated wi t h  t h i s method i s  39  kg . The two 

methods of determ i n i ng hyd rogen generat i on  are c l ose  enoug h to g i ve c o n 

f i dence i n  t h e  res u l ts . Agreement i s  very good becau se  t he ax i a l l y  

varyi ng  amount o f  ox i dat ion  ca l cu l ated by the TRAC code can  be a pprox i 

mated by con s i der i ng oxi dat i on of a 1 -m secti on  of the core ' s  c l add i ng . 

D .  C l add i ng Mecha n i ca l  Response Duri ng Subsequent Coo l down 

Duri ng t he f i rst  3 h of the TM I acc i dent , the c l add i ng of t he fue l  

rods  exper i enced i nc rea s i ng l y  h i g her temperatures . Shortl y a fter 3 h ,  

rel at i vel y  co l d water wa s added to the reactor core due  to resumed H P I . 
- The mec han i c a l  react i on of the c l add i ng can be severe i n  these  c i rcum

s tances . I n  pa rt i cu l ar , i t  i s  i mporta nt· to determ i ne whether the c l ad 
d i ng  cou l d  have fa i l ed a nd perhaps fragmented due  to therma l s hoc k . 

The l i fe fract i on ca l cu l at i ons  d i scu s sed a bove s howed that  the  

c l add i ng fa i l ed at  approx imatel y 9 000  s { 2 : 30 : 00 ) . T h i s fa i l u re wa s 

due to a pressure d i fference between the i nner a nd outer wa l l s  of the  

c l add i ng at  the  el evated temperatures . T h i s duc t i l e  type of  fa i l u re ,  

not cau sed by the  temperature grad i ent i n  t he c l add i ng , c a n  be expected 

to produce  a perforat i on i n  the c l add i ng . T h i s perfora ti on  perm it s  

vent i ng of  fi s s i on  g a s  to  t he  coo l a nt c hannel , t hu s  el im i nat i ng a ny 

pressure d i fference between the i n s i de and out s i de of the c l add ing . 
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Therefore , pres sure effect s  cannot en hance fu rther fa i l ure du e to therma l 

s hoc k .  

To determi ne the po s s i b i l i ty of c l add i ng fa i l ure due  to therma l 

s hoc k ,  some e st imat i on of the  s pa t i al temperature var i a t i on i n  the c l ad

d i ng wi th  t ime du ri ng refl ood i s  essenti a l . W i thout a t hermal grad i ent  

i n  the c l add i ng ,  therma l s tres ses  wou l d  not  be  i nduced . To  s i mpl i fy 

the ana l ysi s of temperature i n  the c l add i ng , any z i rcon i um d i ox i de l ayer 

i s  i gnored and the i n i t i a l tempera tu re of the c l add i ng i s  a s sumed u n i form . 

At the t i me of refl ood , the outer s urface i s  a s sumed to be s udden l y 

coo l ed by the  co l d  water be i ng pumped into the core . Becau se  the  c l ad 

d i ng th i c kne s s -to-d i ameter ra ti o i s  sma l l ,  l e s s  t han  7% , the c urvature 

effects  can  be negl ected and the c l add i ng can be model ed as a s l a b . We 

a s sume t ha t  immed i atel y before refl ood , the c l add i ng a nd cool ant  temper

atures are  approx imatel y equal , and g i ven by T0 . At  t he t ime of reflood  

we  a s s ume that  the cool a nt temperature i n stantaneou s l y c hanges  to  some 

l ower temperature , Too . 
An approx imate tec h n i que u s i ng Kantorov i c h  profi l es 1 7  can  be u s ed 

to determi ne  the temperature d i s tri but i on wi th  t ime . I n i t i a l l y ,  t he 

outer  surface temperature wi l l  decrease  wh i l e  the i nn er surface  temper

ature rema i ns constant .  The temperature c ha nge at  the outer s urface  of 

the c l add i ng when the i nner surface j u s t  beg i n s to c ha nge , a pprox i ma tes  

the  l argest  expected d i fferen t i a l  temperature c hange , �T ,  to  be  u s ed i n  

the d etermi nati on of therma l s tre s s . Wi th  the approx i mate tec h n i que  

out l i ned above , �T can  be  s hown to  be  g i ven by t he expres s i on 

(.20 } 

where B i , the B i ot number , i s  g i ven by 

B i  = �t . (. 2 1 ) 

h i s  t he heat transfer coeffi c i ent , t i s  the c l add i ng th ic kness , and k 
i s  the therma l conduct i v i ty of the  c l add i ng . The d imens i on l e s s  B iot  

number i s  a rat i o of convect i ve he9 t  tra nsfer to  conducti: ve hea t trans  .. 

fer . The l a rger B i ot number becomes ,  t he  l a rger �T becomes .  

. . . . . . · .. 
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To e st ima te t he l arges t rea sona bl e �T , the l a rge va l ues  of  ( T  - T ) 0 00 
a nd Bi  s hou l d  be u sed .  From TRAC code resu l ts , a n  accepta bl e l arge va l u e 
of h i s  1 04 w/m2 · K . The th i c knes s of  TM I c l add i ng i s  0 . 67 5  mm . The 

therma l conduct i v i ty of Z i rca l oy1 0  i s  a bou t 25  w/m · K . From Eq . ( 2 1 ) ,  

B i  = 0 . 27 .  

At approx imatel y 3 h i nto the acc i dent , the c l add i ng temperature i s  
a bou t 1 650  K .  The l argest pos s i bl e  c hange i n  coo l ant  temperature , 

( T0 - T00) ,  a t  refl ood i s  approx imate ly  1 000 K .  W i t h  t hese  .va l ues  the  
l argest �T to  expect , from Eq . ( 20 ) , i s  about 1 20 K .  The va l ue of �T = 

1 20 K i s  u s ed i n  the su bsequent s tres s ca l cu l a t i o n s . Th i s  va l u e repre 

s ents  the l argest  pos s i b l e  d i fferenti a l  temperature c ha nge  i n  t he 
c l add i ng . 

The max imum s tres s i n  t he c l add i ng wi l l  be the ten s i l e  hoop stres s  

at t he  outer su rfac e g i ven by t he  expre s s i on 1 8  

0 _ f Ea�T 
- ( 1 -v )  ( 2 2 )  

where cr i s  stres s ,  E i s  You ng ' s  modu l u s , a i s  the l i near coeffi c i ent of 

therma l expan s i on ,  v i s  Po i sson ' s  rat i o ,  a nd f i s  a factor  to ta ke i nto 

account  i ne l a s t i c ,  or pl a st i c , deformat ion . You ng ' s  modu l u s  i s  a pprox 

imate ly  3 x 1 01 0  Pa , 1 0 the l i near coeff i c i ent  of t herma l expan s i o n  i s  

a bou t 4 x 1 0-3 K- 1 , 1 0  and Poi s son ' s  rat i o i s  a pprox i mate l y  0 . 5 ,  the 

correct va l u e for a mater i a l  wh i c h  behaves  p l a st i ca l l y .  

The factor f can  be s hown to be g i ven by the express i on 1 9  

f = [ l  + 1 E ( acr > - l rl , 2 ( l -v2 ) d E (23 ) 

where E i s  stra i n .  From the  MATPRO expre s s i o n  for the y i e l d s urface , 1 0 

for stra i n s  between 1 and 50% wi t h  a s tra i n rate of 1 0�4 s - 1 , acr/ aE i s  

between 1 a nd 50 MPa . An average va l ue  of 1 0  MPa i s  u sed to eva l uate f .  

Resu l ts  of the ca l c u l at i on yi el d f = 3 x 1 0-4 . 

The maximum s tres s  i s  ca l cu l ated to be 7 . 2  MPa . T h i s va l ue of  

stres s  i s  far bel ow the stres s a t  wh i c h  fa i l ure  due  to  therma l s hoc k 

can occu r accord i ng to MATPR0- 1 1  data for u nox i d i zed  Z i rca l oy .  
·' 

ox idat ion  embri ttl ed c l add i ng may fa i l  due  to thermal s hoc k .  
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by Ka s s ner , et a l . , 20 showed that for i sotherma l ox i dat i on at  1 300 K ,  

1 400 K ,  1 500 K ,  and 1 600 K for 1 0  000 s ,  2 000 s ,  700 s ,  a nd 300 s ,  
respect i vel y ,  fo l l owed by a quenc h from 840-4 1 0 K ,  c l add i ng fa i l ed .  
Temperature resu l ts from the TRAC code ca l cu l at i on i nd i c ated that th i s  
oxi dat i o n  cr i teri on i s  met . I f  refl ood i ng  of the ox i d i zed upper sect i on  
of the  core occurred ra p i dl y ,  t hen therma l s hoc k fa i l ure may have  occur

red . If  therma l s hoc k fa i l ure d i d  occur ,  then  the oxi d i zed u pper port i o n  

o f  the c l add i ng i s  expected to have  fragmented . Th i s  a s s umes that the 

Z i rca l oy had not me l ted before refl ood . 

E .  Summary of Core Therma l -Mechan i ca l  Response 

We have  presented c a l cu l a t i ons  deta i l i ng the l i kel y fue l  rod damage 

that occu rred duri ng  the fi rst 3 h of the acc i dent . The f i rst  form of 

damage that wa s ca l cu l a ted to occur was ba l l oon i ng of  the very duct i l e  
Z i rca l oy c l add i ng pri or to ru pture . The amount  of bal l oon i ng that  wa s 

ca l cu l a ted i s  su bstant i a l , u p  to 80% i nc l ud i ng the l arge stra i n s at  

t he l oca l i z ed rupture s i te .  T he  TM I fue l  bundl e de s i g n  a l l ows 30% ba l 

l oon i ng before rod -to-rod contact occurs . Thu s , at l ea s t  some s u bstan 

t i a l  reduct i ons  i n  f l ow a rea i n  a bou t the u pper 1 m of the  core seems 

l i ke ly . 
Th i s reducti on i n  fl ow area s hou l d  have res u l ted i n  some degree of 

l oca l f l ow s tarvat ion . However , the agreement between t he best  e s t ima te 

ma s s i ve c l add i ng fa i l u re t imes  a nd the t i me of the fi rst su bstant i a l  

rad i oact i ve mater i a l  rel ea se i nd i cate that the TRAC-ca l cu l a ted c l add i ng 
temperatures { at t ha t  t ime  i n  t he acc i dent ) a re rea sonab l y accurate . 

S i nce there was very l i ttl e steam fl ow through  the core dur i ng the  tern� 

pera ture excurs ion  l ead i ng to t hese  i n i t i a l rod fa i l ures , ba l l oo n i ng 

s hou l d  not have i nfl u enced fa i l u re t imes  s u bstant i a l ly . However , l oca l  

fl ow reduct ions  due to  ba l l oon i ng { a nd ox i dat i on - i nduced swel l i ng )  

cou l d  have been a contr i butor to some of the a noma l ou s  fuel  bu nd l e  out

l et temperatures mea sured l ater i n  the acc i dent . 

The l arge pressure drops  acro s s  the c l add i ng a nd t he h i g h  c l add i ng 

temperatures l ed to c l add i ng fa i l u res  { ru pture ) . The  bes t  est i mate  pre 
d i ct i on i nd i cates that fa i l ure i n  mos t  rod s occurred a t  between 2 h and 
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2 6  m i n  and 2 h a nd 35  m i n i n to the acc i dent i n  the u pper 1 m of the core . 
The l oca l  c l add i ng temperature at  th i s t ime was about 1 000 K .  As pre 

v i ou s l y  ment i o ned ,  these  times corres pond wel l wi th t he t ime a t  wh i ch 

h i g h  rad i at i o n  l eve l s were fi rst  measured . 

The range  of fa i l u re t imes  i nd i cated represents  both  the est imated 

va ri at i on  i n  fa i l u re t ime wi th  rad i a l l ocat i on i n  the core a s  wel l a s  

the uncerta i nty i n  fa i l ure t ime d u e  t o  uncerta i nty i n  i n ternal  rod pre s 
s u re .  Cal c u l a t i on s  i nd i cated that fa i l ure t i mes  were re l at i ve l y  i n sens i 

t i ve  to the rod pres sure . Rather , t he dom i nant contro l l i ng factor was 

the  h i g h  c l add i ng temperature . I n  add i t i on , the  d i fference i n  ca l cu l ated 

fa i l u re t ime s  between the TRAC average and  hot rod s  i s  smal l ,  on  the 
ord er of 1 0  m i n .  Thu s , i t  a ppears l i ke ly  that most  of the rod s i n  the 

core fa i l ed around 2 h and 30 mi n i nto the acc i dent . 

Subsequent to the  i n i ti a l  c l add i ng fa i l ures  and rad i oac t i v i ty re

l ea se ,  t he maj or  p henomenon the fuel rod u ndergoes i s  c l add i ng ox i dat i o n . 

Th i s ox i d at i on of the Z i rca l oy l ead s to three i mportant consequ ences : 

swel l i ng of the  ox i d i zed c l add i ng l ayer , re l ea s e  of hyd rogen gas  du r i ng  
the ox i dat i on  proces s ,  and embri tt l ement of the  c l add i ng due  to ox i dat i on . 

The ca l cu l at i on s  performed to pred i ct ox i de l ayer format i on i nd i cate 
that u p  to a bout 3 h i nto the acc i dent , the max imum ox i de l ayer t h i c kn e s s  

for the average rod i s  a bou t 1 1 3 �m c l add i ng th i c knes s . Thus , t he effec 

t i ve i ncrea s e  i n  c l add i ng d i ameter due to ox i da t i o n  to t h i s po i nt i s  o n l y 

a bout  76  �m . Th i s represents a negl i g i bl e  i ncrea s e  ( i n i t i a l  c l add i ng 

d i ameter i s  a bout 1 1  mm ) and s hou l d  not affect t he cool a bi l i ty of  the  
fue l  p i n .  

Ox i dati o n  of a bout  7 5  �m of the c l add i ng t h i c kness  does , however , 

l ead to s i gn i fi cant hydrogen generat i on .  Becau se of the  sma l l d i ffer

ence between the coo l - ,  average- , and  hot -rod temperatures , c l add i ng 

ox i dation  i s  pred i cted to occur  rad i a l l y  throug hou t the core . Ax i a l l y ,  

a bout  the u pper one- th i rd to one- ha l f of the  core i s  affected . U s i ng 

these a s sumpt i ons , the ca l cu l ated amount  of  hydrogen g enerated at  3 h 

i s  a bout 40  kg . At the temperature/pressure cond i t i on s  ca l cu l a ted ( by 

TRAC ) to ex i st i n  the core at  between 2 -3 h i nto the acc ident , th i s  amount 

of ga s wou l d  occ u py a vol ume of a bout  27 m3 . Further hydrogen rel ea s e  

s hou l d  have occurred after 3 h .  
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One other consequence of c l add i ng ox i da t i on i s  c l addi ng embr i ttl e 

ment . T h i s phenomenon i s  important  rel at i ve  to the pos s i bl e  fracture 

a nd fragmentat i on of t he c l add i ng duri ng the fi rst refl ood . W h i l e  the  

TRAC ca l cu l a t i o n  termi nates wel l s hort of the ( a t l east  parti a l ) refl o od 

that occurs  a t  about 3 h a nd 20 m i n ,  est imates have been made of t he 

therma l s tres s i nduced i n  the c l add i ng dur i ng refl ood a nd t he l i ke l i -

hood of fracture at that t ime .  These ca l cu l at i ons  i nd i c ate that the  

ducti l e  u nox i d i zed Z i rca l oy as  we l l as  the l i ghtl y oxi d i zed c l a dd i ng 

wi l l  surv i ve the  quenc h i n g  proces s .  On l y  the c l add i ng t ha t  has seen 

prol onged per i ods  of h i g h  temperatures  ( greater than a bout  1 600 K )  i s  

l i kel y to fa i l  under these cond i ti ons . Thu s , i f  refl ood occurred rap i d l y ,  

i t  i s  pos s i b l e that u p  to about one-th i rd of the ax i a l  extent of t he 

core may have undergone c l add i ng fragmenta t i o n . I t  s hou l d be remembered , 

however , that s i nce deta i l ed TRAC ca l cu l a t i ons  were not done for thi s 

stage of the  acc i dent , these  est imates of c l add i ng fragmen ta t i o n  a re 

specu l at i ve . 
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