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ABSTRACT 

The TM I-2  acci dent resu l ted i n  approximatel y 40% o f  t h e  reactor' s core 

mel t i ng and col l ecting on the l ower head of the reactor pre s sure ves sel . 

The s�verity of the accident has raised questions about the margin o f  

safety aga i n st rupt u re of t h e  l ower head i n  thi s acc i dent since a l l 

e v i dence seems to ind i cate no maj or bre ach o f  the vesse l  occu rred . 

Scoping heat transfer ana l yses of the relocated core debr i s and l ower head 

h1ve been made based  u pon assumed core mel t i ng scenar i o s and core m ater i a l 

debr i s format i on s  whi l e  in cont act with  the  l ower head. 

Thi s report descr i bes  the s tructural f i n i te element creep r uptu re 

an a l ysis of t h e  l ower head using a temperatu re t rans i ent judgeJ mo s t  

l i kel y t o  ch allenge the st ructural capacity of  t h e  ve s sel. Th i s  

evaluation o f  vessel response to  thi s tran s i ent h as prov i ded i n s i gh t  i nto 

the creep mechan i sms  of the ve s se l  wal l , a real i st i c  mode o f  fai lure , and 

a mean s by whi ch margi n to fail ure can be eval u ated o nce exam i n at i on 

prov i de s  e s t i mated max i mum wal l temperature s. Suggest i on s  for more 

e�tens i ve  re s e a rch in th i s  area are als o  prov i ded. 
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SUMMARY 

The l ower head of the TM I - 2 reactor pres s u re ves se l  ( RPV) wi t h s tood a 

con s i derabl e thermal cha l l enge from the 15 to 20 metric  tons  o f  mo l ten 

core mater i al wh i ch settl ed upon i t  dur i ng  the TMI - 2 acc i dent. 

Inte rpre t at i on of t h e  TM I - 2 in strument at i o n  measurement s sugge sts t h at the 

molten core material settled from the core to the lower head in less than 

one minute. Important questions remain t o  be a n swered regarding t h e  h e at 

tran s fer from the core debr i s to  the head , the l ocal i zed damage to the  

head , and marg i n - to - fa i l ure of  the  l ower head. These quest i o ns are  of key 

i mportance i n  understand i ng severe acc i dents and the  capab i l i ty o f  seve re 

acc i dent model s to  predict core d amage proges sion  l ead i ng to ve s se l  

fa i l ure. There are a n umber of uncerta i nt i e s  i nvol v ed w i th  t he  mechani sms 

of t h i s  rel ocat i on .  The debris conf i gurat i on, debr i s  heat  transfer 

propert i es,  and  ves sel  wal l mech an i ca l  response  to these severe cond i t i ons 

have not been cl ear l y understood. Th i s  report focu ses  upon t h e  questi ons  

i nvo l ved w i th the ves se l  mechan i cal respon se: u l timate  strength  and cre ep 

behav i or of  t h e  ve s sel . F rom t h i s i nvest i gat i o n t h e  i mportance o f  ve s se l  

wal l i nn e r  s urface temperature magn i tude s and t he  e ffect of  acci dent  

tempe ratu res  o n  i n strument a s sembl y penetrat i o ns are a s sessed . 

Heat  tran sfe r  ana l y ses  have  been performed us i ng bound i ng assumptions 

i n  t he l ower head d ebr i s  con fi g u rat i on and heat tran sfe r  propertie s 

between the  debr i s and the vesse l  wal l ( 1 ) . The  upper bound thermal 

cha l l enge to the  ves sel i s  postul ated to re su l t from a con sol idated 

meta l l i c/ceram i c  l ayer of core mater i a l  adj acen t  to  the ves sel wal l .  The  

l ower bound t hermal challenge i s  env i s i oned to  res u l t from a porou s  deb r i s  

bed separated from the  ves se l  wal l by a l ayer of non - fuel structura l  

mate rial. An  intermediate l eve l of  t hermal  ch a l l enge is considered to 

result from a poro u s  debri s bed resting d i rect l y  upon  the  l ower h e ad . In 

addition to t hese debr i s bed con f i gurati o n s, a s sump t i ons  in debri s 

coolabi l ity i n  the  pre sence of operat i ng system coo l ant h ave a l s o  been 

made . As sumpt i on s  of  d ry d ebri s coo l i ng a s  we l l a s  quench i ng by reacto r  

coo l ant have been made for each o f  the debr i s bed confi gurat i ons. 
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S i mpl e cal cu l at i ons  o f  stre ss  based upon force equ i l i br i um i n  the 

v e s se l  walt i nd i cated that some of the temperature d i s t r i but i on s  

e nv i s i oned wou l d cau se  v e s se l  head fa i l ure b ased s o l e l y upon materi a l  

u l timat e  s trength at t h e  i nd i cated temperatures. This cal cul at i on 

con s i dered the  m i n i mum pre s su re w i th i n  the reacto r  ves se l  dur i ng the 

rel oca t i on temperature trans i en t  and the ul t i mate strength of the v e s se l  

materia l , whi ch i s  a funct i on of  temperature. Th i s  obse rvat i on showed that 

a l l of the ass umed d ebri s con f i gurat i on s  wi th non - quenched coo l i ng and the 

upper bound debr i s conf i g uration w i th quenched cool i ng wou l d fa i l  the 

ve s se l . Th i s  fa i lure wou l d be cau sed by h i gh temperatu res  l owe r i ng the 

ve s se l  wal l ul t i mate strength bel ow stre s s  l evel s cau s ed by reactor system 

rre s s ure. The rema i n i ng temper ature scen ari o s  to be i nvest i gated requi red 

more deta i l ed a na lys i s  i n  wh i ch materi a l  creep propert i es were con s i dered. 

The mo st s evere of these  was the i ntermed i at e  quenched debr i s ca se, wh i ch 

wa s t h e  one  con s i dered i n  thi s anal ys i s. 

The  det a i l ed structura l  anal y s i s was perfo rmed us i ng ABAQUS, a 

structural  fi n i te e l ement  code wi th geometri c  and mate r i a l  non l i near  

capab i l i t i es. T i me d ependent system operat i ng pre s sure was con s i de red a s  

well a s  the se l ected temperature h i story. Materi a l  creep behav i or and 

u l t i mate strength p ropert i es were deri ved from dat a  resu l t i ng from 

mater i al tests  performed up to 9 2 2K ( 1 200°F) {2) . 

T he cal cu l ated ves se l  wal l maximum plastic and creep deformations were 

approximat el y  1% stra i n. The s e  stra i n s  were not l arge,  however, compared 

to te st dat a i ndicat i ng creep stra i n s at rupture of a bout 35% and u l t i mate 

s trength e l ongat i on s  �f 2 5%( 3 ) . Thi s  po i nt s  out that even though 

temperatJre magn i tudes were qu i te h i gh on the i nn e r  surface of th� wal l 

{ 1300K), s evere thermal  damage in the form of mat er i a l  y i e l d i ng and 

creep i ng was restri cted to  a rather l ocal i zed are a near the i nner 

s urface . The cal culat i on s  indicate that  the aver age v ess e l  wal l 

temperatuie s woul d not have re sulted i n  s i gn i f icant creep dur i ng the 

se l ected ten1perature tran s i en t. Some redi s tr i but i on of  the load i ng  from 

the reg i on near  the i nnpr surface to the outer, cool er reg i ons of the 

ves sel wal l di.� occur, howeve r, cau s i ng pl a s t i c  d eformat i on on  the outer 

s urface of the wal l and at  po i nts  nGar the m i d surface. 
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Major findings based on the s e  in i tial structural calcu l ation s i nclude: 

1 .  Even  though t h e  wa l l i nner s urface temperature is i mportant, 

average wal l temperatures are more cri t i ca l to t he s tructural 

capaci ty of the vessel . 

, 2. Addition al cal cul a tion s s hou l d  be  made to corre l ate the 

marg i n - t o-fa i l ure of the ve s sel {structural capaci ty) 

w i th po s sibl e ves s e l  wal l  t emper ature histori e s. 

3. Pri or t o  such cal cu l at i ons, mate rial test dat a at t emperature s 

beyond t hose p resentl y ava i l abl e must be p erformed t o  provi de 

more accurate h i gh-temperature mater i a l properties of the l ower 

head . 

4. The nozzl e penetration s are not expected t o  s i gnif i cant l y  reduce 

the  overall capac i ty o f  th� l ower head� but thi s i s  an area 

requiri ng further study before more defin i te concl u sion s can be 

made� 
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1 . 0 INTRODUCTION 

The TMI-2 acc ident  resul ted i n  exten s i ve core damage . The defue l i ng 

effort of the  rea ctor vessel  by EG&G Idah o  h a s  shown that about 40% of the  

or i g i na l  core  ach i eved mel t i ng temperatures and  approx i matel y 20 met r i c  

ton s of  mo l te n  core materi a l  re l oc ated from t h e  core reg i on and sett l ed on 

the l ower head of the reactor pres sure v e s sel ( RPV ) (l ) . The h i g h  

temperatures i n  t h e  RPV wal l resul t i ng from th i s  rel ocat i on h ave cau sed 

quest i ons  to be r a i sed about the marg i n  o f  s a fety between the  actua l 

acc i dent cond i t i on s  and those requ i red to  breach the  vesse l . 

The us age o f  s i mpl i f i ed methodol ogy for an swer i ng these  quest i on s  i s  

preferrabl e s i nce  the i n fo rmat i on needed to c al culate structural capac i ty 

of the  vesse l  i s  not now, nor may ever be, wel l def i n ed for TMI - 2 .  

However, s i mpl i f i cat i on of  a compl ex structural respon s e  requ i re s  

as sumpt i on s  and approx i mat i on s  wh i ch mus t  b e  ver i f i ed i n  order to p rov i de 

a reason abl e est i mate of marg i n -to- fa i l ure for vesse l  rupture . The 

obj ect i ves  of  th i s  i nvest i g at i on were to e stabl i sh a method by wh i ch 

s a fety marg i n  cou l d b e  as s es s ed, perform seep i ng ca l cul at i on s  to  prov i de 

i n s i ght  i n to the mec h an i sms of  fa i l ure and �arameters  cr i t i c al to  t he i r 

cause, and p rov i de s ome asses sment of  the  va l i dity of us i ng s i mp l i f i ed 

techniques for predicting safety marg i �  of  reactor vesse l s in such severe 

acc i dents. 

S i nce t he exact scenar i o of core rel ocat i on i s  n ot known, bound i ng 

a s sumpt i on s  were macte i n  t he fin i te element h e�t t ran sfer anal yses  

model i ng the  energy t ran s fer from the  mo l ten debr i s to  the  ves s e l  wal l .  

The resul ts o f  t hese  bounding an al yses were temper�ture d i str i but i on s  

wh i ch coul d resu l t from t h e  vari ous debr i s con f i gurat i on s  a nd c ool i ng 

a s sumpt i on s . Some o f  the s e  d i str i but i on s  were i dent i fi ed by simpl e 

ana l yses  a s  be i ng ab l e to fa i l the vesse l . The  rema i n i ng ones  requ i red a 

more deta i l ed eva l uat i on for margin - to - fa i l ure determ i n ation . 
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Subs equent l y ,  a s tructural  f i n i te e l ement  stress  an a l ys i s  was 

performed con s i der i ng: a p l aus i bl e  temperatu re d i str i bution h i story, 

operat i ng system pre ssure, mate r i al temperat u re-dependent p l a s t i c  and 

creep propert i e s, and non l i near structural respon se . F rom th i s ana l ys i s , 

ins i gh t  i s  offered u pon the  pos s i bl e  fa i l ure mechan i sms and the  

appropr i atene s s  of  s i mpl i fy i ng a s s umpt i ons for margin - to - fa i l u re 

dete rmin at i on . Addit i ona l l y, areas  o f  needed research for i mp roved marg·in 

e st i mates  are d i scu s s ed .  

Sect i on 2.0 o f  th i s  report de scr i bes  the characte r i s t�cs o f  t h e  l owe r 

head o f  the  RPV . Sec t i on 3.0 d i scu s se s  the l og i c  for determ i n i ng 

marg i n - to - fa i l ure and for using th� se l ected temperat ure d i str i but i on i n  

t h e  deta i l ed anal ys i s  wh i l e Secti0n 4,.0 descr i be s  t h e  h eat transfer  and 

structural  model i ng for t h i s i nve st i g at i on. Sect i on 5.0 prov i des  resul t s  

o f  the  analy s i s  and S ection 6.0 draws concl u sion s and make s 

recommendat i on s . 
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2 . 0 DESCR I PT I ON OF THE VESSEL LOWER HEAD 

The TM I - 2 R PV is  a s kirt supported ves se l  designed by Babcock  and 

Wil cox. A cro s s  s ection of  the ves s el arrangement is shown in Figure 1 .  

The cyl indrical portion of  the  RPV h a s  an inne r  radiu s of 2 1 7  em ( 85 . 5  

in . )  and a wal l th i c knes s of  24 . 1  em ( 9 . 5  in . )  wh i l e  the s pher i cal  bottom 

head has an i nner rad i us of 222 em (87 . 25 i n.) and a mi n i mum wal l 

th i ckness of  12 . 7  em ( 5 . 0  i n . ) .  The s k i rt th i c kness i s  5 . 1  em (2 . 0  i n . ) . 

The ves s e l  h a s  a s t a i n l e s s  steel l i ner o f  18-8  we l d  o verlay w i th  a nom i nal 

th i cknes s of . 48 em (3/ 16 -in . )  and a min i mum th i ckn e s s  of . 3 2  em 

( 1/8- i n . ) . The  l ower head contain s 52 ins trument penetration nozz l es  made 

of  I ncone l  th rough which the in-core i ns trument  as semb lie s acce s s  the  

reactor ve s se l . 

The l ower head i s  con structed o f  an ax i symmetr i c forged sect i on  in the 

reg i on of the ves s e l - s kirt j unct i on wh i ch i s  i nd i cated i n  F i gure 1 .  Th i s  

forg i ng is !co n struc ted of  SASOS- 64 ,  C l as s  2,mater i al . The l ower s ect i on 

of t he h e ad is  con s tructed o f  SA533 Grade B, C l ass  1 ,  p l ate mater i al . A 

c i rcumferential full penetration weld connects  the forging t o  the  p l ate  

sect i on of  the  head near  the  shell -skirt junction . For t his  anal y sis , the 

deb r i s  was  a s s umed to h ave s ettl ed uniforml y on the bottom h e ad . Th i s  

l i m i t s  t h e  region o f  the  ve s sel undergo i ng thermal attack to  the bottom of  

the ves s e l , wel l away from t he ful l penetrat i on we l d  but i n  a region where 

numerou s  i n strument  a s sembl y penetrat i on s  are l ocated . 
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3 . 0 DISCUSS I ON OF LOWER  HEAD MARGIN-TO- FA I LURE 

Marg i n - to - fa i l ure d eterm i nat i on require s knowl edge of t he  ves se l  

head ' s structural c apacity and  the  l oad i ng actu al l y  appl i ed t o  the  head . 

Because  of a l ack  o f  phy s i ca l  data  on the debr i s bed and no measurement s  

o f  ve s se l  wal l temperat ure s dur i ng  t he fue l  rel ocation p eri od , the thermal 

l o adi ng on  t he head wa s envel oped ut i l i z i ng l i m i ted i n format i on known 

about  the debr i s bed, a s s umpt i on s  i n  the character o f  t he  debri s bed, and 

fi n i te e l ement  heat trans fer anal yses . The mec h an i c al  l oad s were l i m i ted 

to operat i ng system pre s sure , wh i ch was mon i to red duri ng the rel o c at i o n . 

Mater i al propert i e s are not  comp l etel y def i ned for temperatures i n  the 

upper bou nd temperature prof i l e .  Therefore , e s t i mates  i n  propert i es were 

made i n  the  s tructural fi nite e l ement mod e l s i n  ord er to determi n e  ves sel 

capac i ty .  

The fol l ow i ng subs ect i on s  descri be the thermal and mecha n i cal  l oad i ng 

and d i scus� the method for maki ng  in i tia l  est i mates  of c apac i ty and 

subsequent sel ect i on of  temperat u re prof i l e s for ref i nement o f  these 

est i mates by u s i ng a s tructura l fi n i te  element mode l . 

3 . 1  Bo•md i ng_ Ves sel Wal l Thermal  H i stor i es 

A l ac k  o f  phy s i cal  data  on the l ower head debr i s bed has  cau s ed 

uncerta i nty i n  the understand i ng of the actual  rate of heat tran s fer from 

the  debr i s to  the vessel wa l l . Th i s  affects  the wal l temperature 

d i str i but i on cal c u l ated in the heat trans fer anal y s i s  and i t s  s ubsequent 

effect upon t he v e s sel head ' s  structural anal ys i s .  Ther�fore , a study 

a i med at boun d i ng the pos s i bl e  ves se l  thermal response h a s  p ostu l ated 

three debri s bed conf i g urat i ons  as s hown i n  F i gure 2. Th i s  study was 

ba sed upon  i n format i on from the prel i m i n ary i n spect i on of t he debris bed. 
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Figur� 2(a) illustrates the debris bed configuration thought to result 

in an upper bound thermal l oad i n  the vessel  wal l .  This con s i sts  of a 

porous deb ris bed w i th regions adjacent t o  the  ves se l  wall having 

i nterstices fill ed w i th mol ten control rod material , re s u l t i ng in a 

consol i dat ed metall i c/cerami c  subl ayer . Th i s s ubl ayer is assumed t o  

tran�rn i t heat to the ves s el wail very rapidl y .  The l ower bou nd case shown 

in �igure 2{b) is assumed to consist of a layer of solidified control rod 

material a�jace�t to the vessel wall which had relocated prior to the 

major core relocat ion. This l ayer was t hen  covered with porous debris 
ft·om the:: core. In tn is c asr ; the 1 ayer of so 1 i d i fi ed cont ro 1 rod rna teri  a 1 
acts as a heat sink and addit i onal therm al resist ance to heat transfer 

between the debris a nd the ve s sel wal l . 

The cooling of t h� debris and transfer of heat to the lower plenum 

coolant is another important uncertainty. Debris cooling was estimated in 
the calculatiors by bo u nd i ng assumptions en the heat transfe r ard 

quenching ratas of t he debris. An upper bound on the ratP �f debris 

cool i.;g was  assumed to resul t fro:r1 .;ater penetrat i on into the debr·i s bed 

and resulted in cool i ng of the debris within 20  mi n utes . A lower bo und 
assumpt i nn on the  r ate of debr i s cool i ng as s�med n o  wate r  penetrat i on into 

the �ebris bed, thus l i m i t i ng he1t transfer from the  debr i �  t o: conduction 

through the debris, surface convect i on to the  coolant at the upper debris 

surface, and con vection and conduction to the ves s el wa l l at the 

c!abr i s/ve s sg 1 1 nterface . 

Figu re 3 ·illustrates the results of the heat transfer analyses. The 

inside vessel wall tempe ratu re s , l a bel ed " I . S." , and outside wall 

tempe�atures, "O.s.�, a re i nd i cated. The vessel wal l temperatures for t he 

ass umption of no liquid penetrat i on and quenching of the porous debris, 

are shown as solid lines while the temperatures assuming quen�hing of t he 

porous debr i s  are denoted by dashed lines. 
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3.2 �echan ical Loads 

Figure 4 shows the variation in the operating system pressure during 
and aft�r the relocation. This pressure, which was monitored by pressure 

transduc�rs during the accident, was the major contributor to the 

mechanical loads on the lower· head. The combined pressure on the lower 

he a d  resulting from water in the RPV and the weight of the core materi a l  

dis tr i buted over the lower he ad amount ed to about .07-.14 MPa (10-20 psi ) 

compared to operating system pressures as high as 11 MPa (1600 psi) during 

the relocation period. fhe weight of the reactor vessel is transferred 
through the cylindrical portion of the RPV down to the skirt support which 

is well away from the high temperature region. Therefore, the system 

tran�ient pressure was the only s i gnif i cant force causing primary stress 

in the lower h ead . 

Thi s type o f  s tre s s  i s  not self-limiting, i.e., it does not reach a 

limit as strains increase. Therefore, thi s load mus t  always be  carried by 

the lower head vessel wall to maintain structural integrity of the RPV. A 
simple calculation of the tangenti al stress in the lower head, a uniform 

stress through the wall resulting from the system pressure, i ndicates a 
minimum stress resulting from system pre ssure dur ing the transient of 74 

MPa (11 ksi). 

3 .3 Ves sgl Margin-to-Failure 

The effects of creep on a structure's capacity are quite compl ex and 

not easily determined when temperatures are not uniformly distr i but ed 

throughout the s truc ture. Th i s s truct ural chara c t er i s t i c  accompan i e s the 

mater i al's ult i m ate  s t rength at tempera ture s above 700°F for carbon 
stee l s  such a s  is found i n  RPV's. However, s i n c e  ul tima t e  s trength i s a 

t emperature-dependent but not a time - dependent material characteristic as 

is creep, it can be used to screen some temperature distributions out of 

the list of possibilities, con sider i ng that the vessel capacity was n ot 

exceeded during the a c c i d e n t. 

9 
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Inspection of Figures 3{a), 3{b), and 3{c) shows the dry cooling 

assumption in each debris configuration causes temperature d·istributions 

through the wall whose average temperatures trend linearly upward_beyond 

2 000 s after the core relocation. If one extends the ultimate s trength 

curve of SA533 Grade B Class 1 ,  the material in the vessel wall under the 

settled debris, the ultimate strength is approximately 69 MPa ( 1 0 

ksi){2) at 1144K. This is about the minimum stress induced in the 

vessel wall by operating pressure during the early stages of the 

relocation when the vessel wall temperatures would be highest. A� can be 

seen in Figure 3 ,  the temperature distributions resulting from the dry 

debris cooling for all of the configurations either exceed this 

temperature throughout the wall within the first 2000 s of the transient, 

as in the case of the upper bound� or indicates a trend in which minimum 

wall temperatures would exceed 11�4K within 7000 s of the transient in tht 

intermediate and lower bound debris configurations. This would indicate 

that the dry porous debris cooling assumptions do not appear to be 

credible without a vessel breach, which does not appear to have happened. 

By the same reasoning, the upper bound configuration with quenched porous 

debris cooling would also have low probability of occurrence. 

This essentially leaves the intermediate and lower bound 

configurations with the quenched porous debris cooling assumption being 

the more probable temperature scenarios. In both cases, the � nside 

temperature would be te�potarily high enough to reduce the ultimate 

strength on the inside below expected pressure stresses; however, the 

outside temperatures would be low enough that ultimate strength could 

easily exceed expected prima�y stresses. Therefore, these scenarios could 

not be screened out for having low probability of occurrence in the 

simplistic manner discussed above. Thus, these scenarios were ones 

requiring closer scrutiny with a detailed structural model. 

'I 1 
...... 



4. 0 MODEL I NG OF  THE DEBRIS HEAT TRANS FER  

AND THE  VESS EL WAL L STRUCTURAL  RESPONS E  

T h e  screening process  was performed t o  focus  o n  t h e  more probab l e 

temp erature histories in the  accident . The gro s s  a s sumption o f  negl ecting 

the  e ffect s  o f  thermal bending in the  wal l did not  a l l ow a determination 

with high certain ty of  the po i sible failure modes  o f  the accident. It 

only produced a place to s tart the analysis. By u s e  o f  the detailed 

stre s s  ana l ysis , in sight into the  effects o f  thermal  bending , cree p , and 

p l asticity was anticipated . 

The  intermediate  l eve l  debris configuration was chos en a s  the 

transient to inves tigate since  it was the more stringent  of the  two 

remaining plaus·ible transient s when ves sel creep re s pon se  was con sidered. 

4. 1 Heat Transfe r  Model 

Figure 5 shows a schematic o f  the  axisymmet ric finite element heat 

transfer model of the l ower head and re l ocated core material . The  

illustration indicates l ocations , or  s tations , al o ng a meridian of the 

lower head for which radial temperature dis tributions  are de fined for the  

structural model o f  the l ower head. This particu l a� model is a 

modification of the  original  model  by Moore ( l) u sing t h e  

COU P L E/FLU I D(4 )  finit� element  code t o  provide a radial temperature 

distribution at five poin t s  t h rough the  wal l corresponding to  nodal  

locations on the s t ructural  mode l .  This heat t ransfer code s olve s  the two 

dimensional energy tran sport equation us i ng quadratic e l emen t s. 

12 



l .i!liil . •  i' 

2.2 

2.0 

:::1 
1.4 

U1 
a: 1.2 UJ 
t-
lJ.J 

- � 
1.0 w 

c.n 
t-1 
X 
< o. a r 
N 

0.6 

0.4 

0.2 

II , ,111 Ill . .. 

"" 

Cii L.......i-0'•' t \ .. .l l l \G c: t: c Cr _(__ ! __ (// // "-- RPV Lower Head 

� 
Sta.l Sta.3 Sta.5 

Sta.7 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 
R AXIS {METERS) 

Figure 5 .  COUPLE Finite Element Model of TMI-2 

Lower Head Debris and Vessel Wall 



The heat tran sfer model of the debr i s and l ower head o f  th� ves sel 

as s umes ax i symmetr i c behav i or around t he RPV centerl i ne and co n s i st s  o f  a 

porous debri s reg i on of  121 el ements and a ves sel wal l reg i on o f  44 

element s . The o uter s urface of t he ves sel wal l s i mu l ated heat tran s fer 

through the t hermal s h i el d  t o  the i nter i or o f  the RPV support pedestal . 

The con ta i nment temperature was a s sumed to be 3 1 1 K {IOO•F) and the 

i n i t i a l temperat u re of the head was 5 59K (547°F ) wh i l e  the in i ti al 

deb r i s t emperature was assumed to be 2 500 K (4040°F ) .  A q uen c h  time 

of 20 m i n was used and the quench fro nt was a s s umed ta move rad i al l y from 

t he outer edge of t he debri s bed t owards the ves sel centerli ne .  A 

con stant energy removal rate from the debr i s was assumed to determine the 

rad i al quench  front  l ocat i on wi th  respect to  t i me for the anal y s i s. 

F i gures 6 th rough 1 1  pl o t  the temperature h istor i e s  at the f i ve  rad i al 

po i nts through t he wal l at s tat i o n s  1, 2, 3, 1 3, 1 4, and 1 5  w i th  i nner 

surface tempe ratures  bei ng i n i t ia l l y  h ottest . These temperat ure h i s tor i e s  

�orrespond to  t he anal y s i s o f  the i ntermed i ate l evel debr i s  confi g u rat i on 

wi t h  quenched coo l i ng. The quen c h  front , i .e . , t he c ool i ng wave mov i ng 

from the edge of t he debri s to  the centerl i ne of  the ves sel , i s 

represented i n  F i gures 6 through 1 1  by the abrupt drop i n  i nner surface 

temperat ure . The f ir st  three stat i on s  ( i nd i cated on F i gure 5) range from 

the RPV cen terli ne outward wh i l e  t he l ast  three stat i ons  show temperat ure 

d i s tr ibut i on s  near the outer edge of t he rel ocated debris. Stat i ons 4 

t hrough 1 2  are not  p l otted but offer i ntermed i ate val ues i n  temperat ures 

and quench  front  t i mes . The res t  of t he s tructure was as sumed to remai n 

at a con s tant temperature o f  559K throughout  the structural anal ys i s .  

1 4  
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4.2 S tructu ral Model 

An axisymmet r i c mode l  of  the l ower head , s kirt , and a cylindr i c a l  

port i on of  the RPV was made u s i ng the ABAQus(S) non l i near  struc t ura l  

.fin i te el ement  code. An e i ght node , ax i symmetric con t i n uum el emen t , t he  

ABAQUS CAX8 e l ement , wa s the  primary e l ement  used i n  t he  model . This 

elemen t  u ses  a b i qu adrat i c i nterpolat i on wi t h  3 x 3 i nt e�r at i on. The CAX6 

element, a s i x  node vers i on  o f  the con t i n uum el ement , was used i n  the 

model  where t r i ang u l ar  e l eme n t s  were requ i red. The model  i s  s h own i n  

F i g ure 1 2. The  c r i tica l  port i on of  the model , the spher i ca l  head reg i on 

be l ow t he s ki rt j un ction, wa s mode l ed w i th  two el emen t s  t h rough  t he  

th i c kn e s s  and ten a l ong the  mer i d i an of  t he l ower head  up  to t h e  s k i rt 

junct i on. Symmetr i c al boundary cond i t i o n s  ( f i xed h or i zonta l  tran s l at i on) 

were app l i ed at the RPV cente rl i ne degrees of freedom wh i l e  boundary 

cond i t i on s o f  cont i nu i ty ( f i xed v ertical trans l at i on) at t he  degrees  of 

freedom on t he cyl i nd r i cal port·1on of  the  RPV ax i symmet r i c model  were 

impo sed . 

S i nce t he scope of t h i s anal y sis was  l i mited to an axisymme t r i c 

response  of the  l ower head to the core rel ocat i on ,  the p l ate mater i a l , 

SA533, Grade B Cl ass 1 ,  was the  p r i mary mater i al of  concern. 

H i g h-temperature e l ast i c-p l a s tic and c reep propert i e s  for SA533 Grade 8, 
C l as s 1 mater i a l  h ave been documented by Reddy and Ayres (3) from test s 

performed up  to  922K  ( 1 200 °F).  Such  p ropert i es beyon d  t h i s  

tempe rature are not  ava i l abl e at t h i s t i me .  The ABAQUS model  u ses  the 

922K p ropert i e s for any h i g her  temperatures  encountered at  the el ement  

integ rat i on points . 

Appendix A contain s pl o t s  of  the fo l l ow i ng data  at  various 

temperature s up  to  9 2 2K (1200°F) as ext racted from Reference 3: 

stress-strain curves, Young's modulus and p roport i onal l im i t s t resses, and 
mate r i a l  creep properties. Al so  i nc l uded i n  t h i s append i x  are me an  

coeff i c i ents o f  t hermal expan s i or as der i ved  from th i s  re feran ce and used 

i n  the analysis. 

2 1  
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The creep strain plots from Reference 3 compare test data with an 

analytical constitutive equation developed to represent that test data. 

That equation relates creep strain to temperature, effective stress, and 

time in the following general form: 

(1) €c = A
B Gm

J t
B 

where: fc = creep strain 

A, B, and C = functions of temperature 

t = creep time 

a = effective stress 

am = function of effective stress and temperature. 

The actual form of the equation and its assoc·iated parameters as 

stated in the reference are also listed in Appendix A. Inspection of 

these comparison plots show that the actual test data for the higher 

temperatures was limited to smaller stress ranges. As will be discussed 

later in more detail, some effective stresses encountered in the TMI-2 

analysis were beyond these stress ranges and the constitutive law was used 

as an extrapolation to this test data to approximate creep strains at the 

higher stresses. 

ABAQUS provides the option of either using a creep law supplied 

directly in the ABAQUS coding or a user-supplied creep law subroutine. 

For this analysis, the ABAQUS creep law was used and, even though of 

slightly different form, was typically within about 10% of the creep 
strain calculated by Equation (1) when appropriate parameters were used. 

This was acceptable for these scoping calculations. The ABAQUS creep law 

{in time hardening form) is as follows: 
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(2) E = A a" t
m+l 

c 
m+l 

where: fc = creep s train 

A, m, n = funct i o n s  of temperature 

a = effective s tres s 

t = creep t i me 

Comp ari s o n  o f  Equ at i ons {1) a nd (2) s how them t o  be qu i te s i m i lar in 
genera l form w i th the excep t i on o f  the variabl e am i n  equ a t i on (1) 

whi ch i s  jo i nt l y  dependent upon effect i ve. stre s s, a, and temperature. 

However, by adju s t i ng the t emperature dependent parameters at d i s crete 

temperat ure s  o f  672K (750 ° F), 755K (900°F), 839K (10 50°F), and 9 22K 

(1200.F) and  a t  discrete effec t i ve stre s s e s  corre s p o nd i ng t o  tho se o f  

the tes t d a t a  o f  Reference 3, plo t s  o f  Equat i ons (1) and (2) agree qu i te 

well. F i g u re 13 shows a compari s on o f  the two equ a t i on s a t  83 9K and 

effec t i ve s tre s ses o f  68.95 MPa (10 ks i ), 137.9 MPa {20 ks i ), and 206.35 

MPa (30 k s i ). 

In actuality, ABAQUS cannot use the creep l aw in the form o f  (2) but must 

formulate the law i nto  an incremen t a l  form. Thi s i s  d one by f i rst 

determining the creep ra te from (2): 

(3) 

and 

(4) 

dE
c 

= A a" tm 

d t  

then expres s i ng the creep 

�fc = A an 
t

m 
At 

where: t = creep t i me 

�t = t i me step 

i n  i ncremental form: 
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I n  creep an a l yse s , t here are two general ly accepted fo rms of the  cree p 

l aw. The first i s  the t i me h a rden i ng form a s  s hown i n  (3 ) where creep 

s t ra i n rate is  expressed as a funct i on of temperature , st ress , and t i me. 

The second and more w i de l y accepted form, ca l l ed t he strain harden i ng  

form, expresses creep strain rate as a function o f  tempe rature, stress , 

and accumul ated c reep s tra i n .  The s t ra i n harden i ng form i s  deve l oped by 

so l v i ng for t i n  ( 2 )  and subst i t u t i ng  that  resu l t  i nto  (3). The str a in 

harden i ng form of the creep l aw was used i n  th i s  analys i s. 

The temperature dependent stress - stra i n  curves o f  �aference 3 which 

a re i l l ust r ated i n  Append i x  A were u s ed i n  the mode l  i n  tabu l ar form . In 
the same manner , t he  temperature dependent me an coe ff i c i ents of thermal 

expan s i on, Young's modu l i ,  and y i e l d  stresses were a'lso tabu l at�d in the 

mode l .  ABAQUS i n terpol ates between th�se d i screte  tabul at i ons to arr i ve 

at t he  various parameters , as needed, during t he  thermal  t i me h i story 

ana l ys i s. 

As was discussed i n  Sect i on 3.0, time vary i ng  temperatu res wera 

app l i ed at al l n odes i n  the  vesse l  wal l i n  t he  debr i s  reg i on of the  

struct u ral  model . The  rema i nder o f  the model n odes were kept  at a 

c onstant 560K (547°F) . 

S i nce i soparamet r i c  f i n i te e l ements were used i n  t h i s ana l ys i s, 

e l emental  p ropert i es are dete rm i ned as a funct i on of e l ement i nteg rat i on  

po i nt temperatures. These temperatures are determ i ned  v i a an 

i nterpolation, or shape , funct i on wh i ch i s  dependent upon the  chosen 

e l ement type. A quadrat i c  pol ynomi a l  is used to  i nte rpo l ate nod al 

t empe ratures of each e l ement  to  get i ntegrat i on po i nt temperatures. Th i s  

i nterpol ation causes a s i gn i f i cant d i fference between the i nner wall nod al  

temperatu res and t he  i nner most i ntegrat i on point temp�ratures i n  t he 

structura l elemen ts. T h i s  seems justifiable s i nce , for the g i ve n  

tempe rature scenar i o, the ext reme temperatures a r e  h i ghl y 1ocal ized in the 
reg·ion of the i nner  surface of the  vessel wall . Thus , the affected region 
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woul d l oad up, stre s s  re l i eve , and red i str i bute load on t h e  i nner e l emen t s  

i n  a smooth i ng manne r  s i m i l ar to  the  e ffect of  i n terpo l at i on .  Th i s  i s  an  

appro x i mat i on wh i ch s eems app.�op r i ate s i nce i ncre ased  accuracy of the 

temperature representat i on at t ha e l tamental l evel woul d requ i re a very 

l arge i ncre a s e  i n  model s i ze .  A s  a resul t of  t h i s t emperature 

i nterpo l at i on ,  max i mum i ntegrat i on point tempe rature s encounte red i n  the 

s t ructural mode� were app rox i mately lOOOK (1340°F) wh i ch is only 

s l ig h t l y  h i g h e r  than temperatures  for wh i ch mater i al cr�ep and  ultimate 
s t renqth test data  are av a i labl e .  

I n  add i t i on to the  temperature l oad i ng ,  the  reactor sy s tem operat i ng 

p res sure time h i story of  Fig u re 4 was  appl i ed at al l e l ement s on the  

i n s i de surface of the  structura l  mode l .  Th i s  p re s sure ranged  from a 

max i mum of  11. 6 mPa (1683 ps i )  to  a m i n i mum of  9 . 7  mPa  (1406 p s i )  during 

t he · �  n a 1 y s i s . 

The  st ruct u r�l an aly sis wa s bro ken  i nto  thre e  sequent i a l steps . The 

fir s t  s tep brought t he  s truct u re to  a stat i c  equ i l i br i um s t ate at 9.7 MPa 
( 1407 p s i ·) i nterna  1 pres sure and a uniform temperature of  559K 

{547°F) . The\·e was n o  non l i near  s t ructural behav i or dur i ng t h i s 

s tep . The s e  were the cond i t i ons  p r i or to the  re l ocat i on t ran s i ent . Th i s  

cond i tion p roduced an ave rage e ffect i ve stre s s  ( von M i s e s  stre s s) i n  the 

wall of 86. 9 MPa  (12. 6 ksi) wh i ch agreed wi th the  ca l cul at i on: 

(5) a = Q! 
2t 

where: a = tangent i al stre s s  i n  a sphere 

p = inte rna l  pres sure 

r = mean rad i u s  o f  the s p here 

t = wal l t h i c kne s s  
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This s tre s s  chang ed very little thro ughout the region of the mod el under 

the debri s indicating very little influence re s ulting from boundary 

e ffec t s  in this critical region for uniform pre s s ure loading. 

The second step of the an alysis kept the internal pre s sure lo ading at 

a con s t ant 9.7 MPa but increased nod al temperature s in the ve s s el wall 

under the debris to the initial values of the temp erat ure transient which 

is partially illus trated in Figure s 6 to 11. The s tructural model 

inc urred pla stic de formation but had no material (time-d ependent) creep 

prop erties in this ste p. 

The third and final st ep utilized the end st ate of  the s econd s t ep for 

initial conditions and added material cre e p  prop erties to the structural 

model. This third step analyzed the time -dependent nonlinear structural 

re s pons e  of the lower he ad t o  the internal pre s s ure ·loading exhibited in 

Fig ure 4 and the nodal temperat ure histories exemplified in Fig ures 6 to 

11. This an alytical s t ep extend ed over the first 1600 s of the loading 

transients. 
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5. 0 RESULTS 

The resul t s  of  the  c reep anal ysis are summar i zed by the  t hroug h - wal l 

s t re s s  gradient s  i n  F i g u res  1 4  and 15 . Bot h  p l ot t he tangent i a l s t re s s  

component grad i ent s o f  a l l t hree anal ys i s  steps  d e s c r i bed i n  Sect i on  5. 0. 

Stre s s e s  are  plotted at i ntegrat i on po i nt s  d i s tr i buted rad i all y through 

the wal l th i ckn e s s. F i g ure 14 pl ot s the  stre s s  d i s t r i but i on thro ugh the 

wal l near the  RPV centerline and F i gure 15 pl ot s  t he  d i s tr i but i on c l o ser 

to  t he  edge o f  t he  debr i s bed at stat i o n  11 a s  de s i gn ated i n  F i gure 5. 

Step 1 ,  t he  el a s t i c s tep , i s  des i ghated a s  "S l " wh i l e  s tep 2 ,  the  

el a st i c -pl a st i c  step ,  i s  l abel ed "S2" . The  grad i ents  from the 

e l a st i c -pl a st i c - creep port i on ,  step 3, are pl otted from respon se  s t re s s  

components a t  var i ous t i me s  th roughout th i s  step . Each grad i ent i n  th i s  

step i s  l abel ed w i th the  t i me i n  seconds o f  the  v i s co - elast i c  ana l y s i s  at 

wh i c h the g rad i ent occurred . On l y  one of the tangen t i al s tres se s  wa s 

pl ot ted becau se  bo�h compone nts were appro x i mate l y equal  t hroughout the 

anal ysi s . Integration po i nt stres ses wh i c h i ndic ated y i e l d i ng in step  2 
are l abe l ed w i t h  a "Y" whi l e i n teg rat i on po i nt s  i n  step 3 ,  wh i ch i nd i cated 

pl ast i c  re spon se  occur r i ng at t he time of the  grad i ent , are de s i g n ated 

w i t h  an "AY" ( act i ve l y  y i e l d i ng) . 

In spect i on of  the se  two f i gures  s h ows that the s t res s grad i ent 

throughout the accident i s  dom i nated by the  tempe rature effect s  even 

thoug h the maximum i n tegrat i on po i nt temperature wa s on l y  about lOOOK 

( 1350°F). Compar i son  o f  the  pressure stre s s  grad i ent, "S 1 " , i n  e ach 

l oc at i on w i th the s u b sequent stre s s  grad i ent s  i l l us t rates  th i s po i n t .  

Step 2 re sul ted i n  a h i gh thermal bend i ng s tre s s  g rad i ent wh i c h produced 

yield i ng t h roug hout a maj o r  port i -on o f  the  i nner  h a l f of the  ve s s e l  wall. 

As  the an a l ys i s proceed ed through step 3 ,  creep re l axat i on o f  the i nner 

surface stres s e s  c aused a red i stribut i on o f  the l o ad to the center  and 

outer port i ons of the wa l l . Enough of  the l o ad wa s s h i ft ed to  the outer 

port i on o f  the wa l l t o  ach i eve s ome pl as t i c i ty at the  outer s u rface . Once 

the  outer  surface yie l ded , the l o ad was ag a i n  red i s tr i buted so t h at the 

m i dd l e portion of the wal l temporari l y  carr i ed more of the  l o ad . Howeve r, 
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by t h i s t i me (t � 2 7 7  s )  t h e  temperat u re d i fference acro s s  t h e  wal l at 

a l l l ocat i on s  under the  'debr i s  had reduced s i gn i f i can t l y  and the  quench i ng 

effects  from t he  wal l sect i ons  out at t he  edge o f  the debri s bed st arted 

to  take e ffec t . Th i s  resu l ted i n  temporary compre s s i ve stre s s  acro s s  mo st  

of  the  wal l t h i c knes s  at the  RPV centerl i ne at  a t i me of 1 070  s .  At  the  

s ame t i me ,  a general  revers al of the thermal stre s s  grad i �nt (from the  

i n i t i a l cond i t i on of  step 2) occurred as the  quench front moved from the  

outer  edge of  the  debr i s towards  the RPV centerl i ne .  After  t h i s  reversal , 

· t h e  s ame proce ss of  l oad red i str i but i on  occurred as i t  h ad before . The  

i nner  surface wal l stre s s e s  creep rel i eved in  wal l sect i ons  ahead of the  

quench front and red i str i buted the  l oad to  the center  and outer port i ons 

of  �hese sect i on s . Some y i e l d i ng ,  even i n  the center port i on , re su l ted 

from th i s  red i s tr i but i on a s  seen at a t i me of  1 60 0  s at the RPV 

centerl i ne .  Wal l sect i on s  through wh i ch the quehch front had al re ady 

pa s sed d i d not creep rel i eve because of t he  l ower temper ature s but  the 

thermal stre s s  g rad i ent reduced as  the  temperature d i fferenc e  t h rough the 

wal l reduced at the  RPV centerl i ne .  

Even though y i e l d i ng d i d  occur  at  var i ous  t i mes  at l ocat i on s  

d i s tr i buted t hroughout the wal l t h i c kne s s , the i ne l ast i c  deformat i ons  were 

rather smal l .  Max i mum e l a st i c  s tra i n s , i ncl ud i ng thermal expan s i on ,  were 

of  the  order of  2% wh i l e  max i mum p l a s t i c  and creep strai ns we re each  

approx i matel y 1 % .  

From t h i s p i cture of  the  structural  respon se  to  t h e  g i ven temperat ure 

h i story ,  a l i s t of cr i t i ca l  parameters  t o  the sever i ty 0 f  st ress i n  the  

wa l l can be  made . They are as fo l l ow s : 

1 .  Thermal  conduct i v i ty th roug h the  ve s se l  wal l 

2 .  Heat capac i ty of  the materi a l  

3 .  Quench  front ve l oc i ty 

4 . Contact temperatu res 
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5 .  C re ep. and p l a st i c i ty propert i(: .S \:t f the  wa l l mater i a l above 922K  

( 1 200 ° F )  

6 .  C reep p rope rt i e s i n  t he  6 7 2K ( 750 ° F )  t o  922K at h i gh st re s s .  

The fi rst  four parameters  affect  t he ,  s everi ty of the  t herm a  1 1 o ad i ng wh i 1 e 

t he  l a s t  two affect sever ity o f  mater i a l  deformat i on .  
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6 . 0  CONC LUS I ONS AND RECOMMENDAT I ONS 

The  s t ate of  s tre s s  through  the  ves se l  wal l i s  qu i te comp l i c ated . The 

overal l stre s s  gr ad i ents  are dom i nated by the thermal grad i ents  i n  t he  

ves s e l  wal l under the debri s bed . Pl a s t i c and  c reep deformat i on s  occur  

c aus i ng red i str i but i on of  stre s s  throughout the wal l t h i cknes s .  Stre s s  

g rad i ents  a l so  undergo rever s a l s over the  l i fe o f  the  t ran s i ent . Pl a s t i c  

defo rmat i on s  occur  at var i ou s  l oc at i on s  throughout the  wal l t h i c kne s s  at  

var i o u s  t i mes  dur i ng the  tran s i ents . Both c ompre s s i ve and  tens i l e  

y i e l d i ng occur  on the  i nner ha l f of  the wal l wh i l e  pr i mari l y  ten s i l e  

y i e l d i ng i s  exh i b i ted i n  the  outer  p ort i on .  Even t hough p l a s t i c  

defo rmat i on was w i del y d i st r i buted , i t  was  not very h i gh .  Max i mum p l as t i c  

and creep stra i n s were e ach  i n  t he  1% range . Reference 3 report s creep 

rupt u re s tra i n s  at  783K ( 950 ° F )  of  about 35% and e l ong at i on s  at  

u l t i mate strength  and 783K ( 950 ° F ) of about 25% .  

I ne l a st i c  mater i al t e s t  d ata  for SA533 Grade B C l a s s  1 mater i a l are 

present l y on l y av a i l ab l e for temperatures  up  to 922K . Th i s  t ran s i en t  h ad 

a br i e f per i od i n  wh i ch a h i gh l y l ocal i zed port i on o f  t he  ve s se l  wal l 

i nner  surface exper i enced t empe ratures a s  h i gh a s  1 2 55K ( 1 800 ° F ) . 

Because  o f  the  e l emental  sh ape funct i on s , the h i ghest  i ntegrat i on po i nt 

temp eratures  were about l OOOK ( 1 3 50 ° F ) . I t  i s  e s t i mated that 

i nc l u s i on  of t he s e  propert i e s ,  i f  they were known for the  h i gher  

temperature s ,  wo u l d i ncrease  p l a st i c  d eformat i on s  i n  t he  maj or i ty o f  the  

wal l on l y  a m i n i ma l  amount because  of the  h i gh l y l oca l i zed d i str i but i on of  

the s e  h i g h temper atures . 

The  conc l u s i on drawn from these  seep i ng C t l cu l at i on s  i s  that rupture 

of t h e  l ower head resu l t i ng from l arge temperat ure d i fferences  acro s s  the  

ves s e l  wal l i s  not  very pro bab l e .  The  t empe rat ure d i s tr i but i on u s ed h e re 

re st r i cts  the  h i g h  tempe rat u re s  to  the i n s i de s u rface a nd t h e  t r a n s i en t  i s  
real l y  not  l ong  e nough  to  mob i l i ze any s i gn i fi cant creep  i n  the  wa l l wh i c h 

wou l d l e ad to rupt ure . For th i s  type o f  temperature d i str i but i on ,  creep 

on l y causes  the  h i g h t h ermal compress i ve  stre s s e s  on  the  i nner  s u rface to  

rel i eve  rather  qu i ckl y and  cause  the  wa l l t o  carry l oad i n  i t s outer  

port i on s . 
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Bec a u s e  a l arge therma l grad i ent acro s s  the ve s sel wal l does not 

appear to  c au se rup t ure, the more probabl e fai l ure mode for rupt ure wo uld 

occur a t  h i gh un i form temperat u re s  i n  t he wa l l . When a s i gn i fi c ant 

p ort i on ,  s uch as hal f  of the ves s e l  wal l th i ckn e s s  or more , e xper i ences 

temperatures at wh i ch u l t i mate s treng th of the head mater i a l  i s  

appro x i matel y 68 . 9 5 MPa { 1 0 k s i )  and t h i s t emperat ure l evel occ urs over a 

fa i r l y l a rge a r e a  o f  t h e  l ower he ad , rupt ure wo u l d mo re l i ke l y o cc u r . A 
mo r �  defi n i t i ve es t i mate of  the requ i red d i stri but i on o f  hi gh temperatures 

to  c au se ru pt ure woul d requ i re further ana l ys i s and add i t i ona l  h i gh 

tempera t ures tes t i ng of the SA533 mater i a l . 

The p art of  the l ower head whi ch c o � l d cau se ves sel wal l ru pt ure and 

wh i ch i s  more s u s c ept i b l e to cre e p  than the SA533 mat e r i a l  i s  the fu l l 

penetrat i o n weld co nnect i ng the forg i ng w i th the pl ate mater i al i n  t he 

head . Th i s i s  bec a u s e  the wel d i ng proces s reduces d u ct i l i ty and , t h u s , 

a l l ow a b l e creep s tra i ns i n  the heat affec ted zone {6). However, t h i s  
we l d  i s  h i gher on the head and, based on t h i s ana l y s i s  and the po s t u l ated 

l eng t h  o f re l ocat i o n t i me, i t  does no t appear that h i gh eno ugh 

t emperatu res co u l d  be reached through a l arge enough p ort i on o f  the w a l l 

t o  c a u se s ub s t ant i a l creep s tra i n i n  the wel d .  

Another are a o f  concern for cree p ru p t ure i s  aro und t h e  l ower head 

penetra t i ons. The s e  p e n e t r a t i on s  c o n s i s t of Inconel nozzl es  w i th s l e e v e s  

fi t t ed through ho l es approx i matel y 2 . 54 em (1 i n . ) i n  d i ameter bored i n  

t h e  l ower head a n d  we l d ed a t  t h e  nozz l e b a s e  t o  the ves sel i nner s urfac e. 

I f  r u p t ure o f  the nozzl e occurred, mo l ten materi a l  co u l d  p o s s i b l y fl ow 

down thro ugh the penetrat i on unt i l l ower t emperat ures i n  the penetrat i on 

wal l s  froze the materi a l  i n  th8 t ube . Ag a i n, bec au se of the h i ghl y 

l oc a l i z ed t empe r a t u re s , t he effect i n  penetrat i ons wou l d a l s o  s e em to be 

l oc a l i z ed but f u r t h e r  i n v e s t i g a t i on i n t o  t h e  effe c t  on t h e  p e n e t r a t i o n 

a s s embl y s h o u l d be e v a l u a t e d  i n  mo re det � i l . 
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APPEND I X  A 

H I GH TEMPERATURE MATER IAL DATA FOR SA533 

Th i s  append i x  cont a i n s exper i mental  data  re s u l t s  from Reference 3 
wh i ch were u s ed i n  t h i s  ana l ys i s .  F i gure A - 1  p l o t s  stre s s - stra i n curve s  
from t he  ten s i l e  t e s t s  perfo rmed . Young ' s  Modul u s  and p roport i ona l  l i m i t 
s t re s s  for var i o u s  temperatures determ i ned i n  t hese  ten s i l e  te st s  are 
s h own i n  F i gure A- 2 .  

F i gure s  A-3  t hrough A -6  compare c reep stra i n test  data  w i th the 
con s t i t ut i ve creep l aw devel oped i n  Reference 3 .  Th i s  c reep l aw was  
determ i n ed by curve f i tt i ng the te s t  d ata to  a power fun ct i on hav i ng 
parameters  wh i ch are a funct i on of temperature and stre s s . F i gure A- 7 
s hows t h i s  creep l aw a s  extracted from the refe renced report . Comp ar i s on 
of t h i s creep l aw w i th  the l aw as mode l ed i n  ABAQUS  ·i s d i s c u s sed i n  
Sect i on 5 . 0  of  th i s  report . 

Coe ff i c i en t s  o f  t herma l expan s i on reported i n  the  reference are 
i n s t ant aneous  va l ues . Mean val ue s  from an amb i ent  refe rence temperat u re 
were c a l cu l ated from t h e s e  i n stantaneous  v al u e s  and are l i s ted i n  Tab l e 
A- 1 .  T he se  mean va l ues  were u s ed i n  t he mode l . 
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Tabl e A - 1 

Me an Coeffi c i ents  of  Thermal Expans i on 

i n  the Range o f  70 - 1 20o • F  

Temperature ( o f ) 

547 

600 

800 

1 000  

1 200 

A - 8  

Mean Coeffi c i ent  

(x  1 0 � 6 i n . / i n . / ° F ) 

7 . 1 3 

7. 20 

7 . 63 

7 . 98 

8 . 35 
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