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ABSTRACT 

A plan  for the accomp l i shment of the TMI-2 Vessel Integrity Program, 

wh1ch i s  sponsored by the Uni ted States Nuclear Regul atory Commission  1 n  

partnership with the Organi zation for Economic Co-operation and 

Development, i s  presented. The end state core conditions and the presently 

understood scenario of the TMI-2 accident are descri bed and the analys i s  

that has been performed to understand the attack o f  the reactor pressure 

vessel i nterna l s and the vessel l ower head are revi ewed. A method for 

determining  the marg i n-to-fai l ure for the TMI-2 lower head i s  i ncorporated 

i n  the program p l an which should suppl y ana l yt i cal too l s  based on the 

understandi ng of the accident that can be used for accident m i tigation and 

management. The integration of the NRC/OECO Vessel Integrity Program and 

the DOE Accident Evaluation Program i s  described. The results of these two 

programs should provide a complete and accurate understanding of the TMI-2 

accident. 
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SUMMARY 

The recovery, cleanup, and debri s  1 nspect1on and examination of the 

Thre. M 1 lt I sland Uni t  2 ( TMI-2) pressuri zed water reactor plant,  which 

underwent 1 s-.11 break loss-of-coolant accident on March 28, 1979, has 

provtdtd 1 wealth of info�tton that 1 s  bt1ng ustd to expand upon the 

present knowledge of severe accident and core �lt progression and the 

associ ated behav ior of  f1sston products, and that can be ustd in the future 

to aid in acctdtnt a.nag ... nt. Tht Uni ted Statts Oepart.ent of Energy 

(DOE) has sponsored the TMI-2 Accident Evaluat1on Progra• to take full 

adva�tage of this i mportant i nfonaation. The DOE Accident Evaluation 

Progra. (AEP) included sa•plt acqu i s i tion and examination for •attr t a l s  

vtthtn tht reactor pressure vessel, within the reactor coo l ant syste•, and 

�ithtn tht conta f n  .. nt and auxt l t ary butldtng s .  Although the DOE AEP has 

or � i ll cover a l l  of these areas � t th respect to the progra• objectives. 

when thl DOE progra• �•s establi shed 1 t  was not known that almost 20 .. trtc 

tons of previously .alten -.tertal had rel ocated to the lower head of the 

TMI-2 reactor pressure vessel and therefore there �•s no provi sion 1 n  the 

DOE progra• for acqu t s t t i on and exa•1nat1on of sa•plts of  the reactor 

vessel lower head nor of the �tert a l  di rectly adjacent to the vessel lower 

head. 

Although al.ast 20 .. tr1c  tons of molten core materials relocated from 

the TMI-2 core reg1on and ca .. to rest on the reactor pressure vessel lower 

head, �he lower head did not fa i l .  Since the margi n-to-failure of the 

reactor vessel lower held 1 s  v i tally 1•portant to future accident 

-.nag..ent strategies, the United Stites Nuclear Rtgulltory C�i ssion 

(NRC) fo� an agree .. nt with the Organ tz1tion for Econo•i c  Co-operation 

and O.vtlo�nt (OECO) to tnvesttg1te the TMI-2 reactor pressure vessel 

lower held 1nd ca.panton sa•plts of debr i s  1djacent to the lower held. 

Tht s  progr .. t s  denoted as the NRC/OECO TMI-2 Vessel Integ r i ty Progra• and 

th1 s doc�nt t s  1 plan for the accomplishment of the NRC/OECO progr1•. 

In  erder to understand the TMI-2 Vessel Integrity Program Plan, t t  t s  

necess1ry to have a n  understlnd i ng o f  tht post-acctdent core condttt ons.  
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the way that i t  i s  bel i eved that the accident progressed (the accident 

scenari o ) ,  and the analysi s that has been performed to date on the 

cha l l enges to the reactor pressure vessel i nterna l s  and l ower head 

resu l t i ng from the relocation of the mol ten core debri s .  

The post-accident core conditions  were determi ned from: v i sual 

i nspections of reactor vessel i nterna ls ;  meta l l urgical /radiochemical 

examinations of samples acqui red during the course of defuel1ng the 

reactor; readings  from on- l i ne i n strumentation during the accident; and 

experimental data developed from tests sponsored by the NRC i n  various 

faci l i ti es i nc l ud i ng ACRR, LOFT, NRU , and PBF. 

The major physical  damage to the p l ant was l i mi ted to reactor pressure 

vessel i nternal s. Sma l l  quant it ies  of fi s s i on products were transported to 

the containment bui ld i ng through the stuck open p i l ot-operated rel i ef valve 

(PORV, which was the 11smal 1  break" causing the l oss-of-coolant) and to the 

aux i l i ary bui ld i ng through the letdown, ma�eup and puri fication systems. 

Only a very sma l l  amount of core materi a l s  were transported from the core 

region to the reactor coolant system by coolant f l ow and thi s consi sted of 

fine s i l t  and sma l l  part i c l e s .  

During the accident, peak temperatures ranged from approximately 

3100 K at the center of the core (molten uo2) to 12SS K immediately above 

the core to 723 K at the hot l eg nozzle e l evations .  The upper grid 

structure (sta i n less stee l )  was ablated in  two zones. At least 42% of the 

ori g i nal core mel ted during the accident. Lower portions of  three baffle 

p l ates on the east side of the core mel ted and some of the mol ten materi a l  

fl owed i nto the core bypass reg i o n .  

The end-state configuration o f  the origina l  core regi on i nc l uded a 

core void or cav i ty at the top of the core region that was surrounded by 

portions of 42 of the ori ginal  177 fuel assembl i e s .  Bel ow that, a loose 

debri s bed rested on a resol i d i f i ed mass of material  that was supported by 

standing  fuel rod stubs that, i n  turn, were surrounded by portions  of fuel 

assembl i e s .  Most of the loose debri s bed consi sted of shattered and 
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resolidifi� a.tertal that contained regions of previously-•olten U-lr-0, 

tndtcating pea� t .. peratures gretter than 2200 K. Thtrt wert tlso �any 

debris bed saaples of previously �lttn {U,Zr)02, tndicattng ptak 

t.-peratures greater than 2800 K ,  and a few sa•ples of previously .olten 

uo2• tnd1cattng t .. peratures of 3100 K .  

The large, crust-enclosed, resoltdtfted •ass below tht dtbr1s bed was 

approxt .. tely 3 • in d1 ... ttr, l.S • thick at its center, and O.ZS • thick 

at tu periphery • .  The center of thts reso11dH1td IUSS consisted of a 

•ixture of structural, control, and fuel .. tertal that rtachtd t .. ptraturts 

of 2700 K and possibly as high as 3100 K dur1ng tht accident. Tht bulk 

c�ositton of the .. talltc phases tn the ctntrtl region conststtd 

prt .. rily of Fe-Nt and Ag-In phases and co.prtstd about lSI of the central 

regton. Thus, the central portton of tht resoltdtfttd •ass contained •uch 

.are .. tal than the upper debris bed which was essentially devoid of 

•u 11 tcs. The upper and lower crust regions of the reso 1 idi fied •ass also 

contained .. tallies. The upper consisted of ZSS .. tallies which were tn 

three phases, Fe-Nt, Ag-In-u, and Nt-Sn. Ctr .. tcs, whtch co.prtstd the 

other 7SS of the upper crust, reached t .. peraturts of at least 2700 K. Tht 

1owtr crust consisted of previously �lten .. ullfc .. urtal surrounding 

vtrttcal fuel pellet stacks. There was 1 htgh percentage of z1rcont� tn 

tht lower crust .. tallies which conststed of three phases, Zr-Fe-N1-Cr, 

Ag-In. and Zr-Nt-ln. The ... ,.� t .. perature of the lower crust was 

bttw.en 1400 and 2200 K .  

The core bypass region consists of vertical core baffle plates that 

fo� the peripheral boundary of the core; horizontal cort for.er plates, to 

which the baffle plates are bolted• the core barrel; and the thermal 

shteld. Inspection of the baffle plates indicated that they were in good 

condition wtth one notable exception: on the east sida of the core there 

was a large holt approaiaately 0.6 • wide and l.S • high, extending tcross 

the lower portion of thrtt baffle plates. Molttn core •atertal fr� the 

cort region flowed through th1s holt tnto the core bypass region. 
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The core support assembly region con s i sts of  f i ve stain l ess steel 

structures: four f l ow plates and a lower grid assembly. li quiefied 

material fl owed through the peri phery of  these structures and came to rest 

on the l ower head. There was reso l i d1 fied  material at various l ocations on 

the c i rcumferences of  these structures .  The l argest accumulation of 

reso l i di f i ed materi al appeared to have fl owed i nto the core support 

assembly from the east s i de of the core. 

The debri s resting on the l ower head accumulated to a depth of 0 . 75 to 

1 m above the lowest head el evation and to a diameter of 4 m .  Lower head 

part i c l e  s i zes ranged from l arge 11rock.11 (up to 0 . 2  m) to granular s i zes  

( l ess than 1 mm). The peak temperature of the l ower head debr i s  was in  the 

range of 2700 to 3100 K .  

The TMI-2 acci dent was i n i t i ated by a series of  events progress ing 

from problems i n  the secondary system that eventua l l y  l ed to opening of  the 

PORV which stuck open. For the fi rst 100 min after the acci dent was 

i n i tiated, al though there was coolant loss ,  the pri mary coolant pumps 

provi ded two-phase coolant to the core preventing overheating .  However, 

shortly after 100 min the l ast two reactor coolant pumps were turned off 

and the top of the core started to uncover and water separated i nto steam 

and l i qu i d  phases. By 140 min the core l i quid l evel had dropped to about 

m i d  core and the upper regions of the core would have heated sufficiently 

( 1100 to 1200 K) to result i n  bal looning and rupture of the c l addi n g .  When 

the temperature reached about 1100 K the s i l ver, indium and cadmi um control 

materi a l  mel t  but i s  contai ned within the stainless steel c l addi n g .  The 

fi rst mel t to form that i s  free to flow downward results from the eutec t i c  

i nteraction between the Inconel spacer grids and the Z i rcaloy fuel rod 

claddi ng ;  and, between the Zi rcaloy gu ide tubes and the sta i n less  steel 

cladding of the control rods at about 1500 K .  Temperatures of 1500 K were 

reached between 150 and 165 m i n .  Once the fi rst l i q u i d  i s  formed additional 

eutectic ( such as between Inconel and Zi rcaloy reaction products and the 

sta i n l ess steel control rod cladding which would a l l ow the al ready molten 

s i l ver,  i ndium and cadm i um to join  i n  the eutectic formation sequence) 

forms more rap i dly due to enhanced atomic mob i l i ti e s  i n  the l i quid 
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as opposed to tht soltd state . Tht co.btnatton of ltquid claddfng. 

structural and control •attr i a l s  ts then capable of flowing downward . By 

16� atn tht water ltvtl had dropped to about 1 • above tht botto• of tht 

co� aftd any �lttn .. ttr1 al that flowed down to this t l tvat1on would bt 

expected to fre.ze. 

The teaperatures 1 n  tht upper rtgtons of the core tncreastd •ort 

raptdly when tht c l adding t.-ptratures reached about 1700 K ( so.eti.e 

btt-..n 16� and 174 • 1 n )  because raptd oxidation of the Ztrcaloy cladding 

begtns at tht s teaperature and tht heat of ox tdatt on froa the rtrcaloy 

e l evates t .. ptratures •uch �re rapi dl y . Also. the sta inless steel control 

rod c l adding �lts at about 1700 K releasing •uch •ort aolten s11vtr, 

tndtua. cadatua control •attrtal  at l ocations other than spacer grids which 

interacts wtth the Ztrcaloy control rod gu1dt tubes as dots the aolttn 

stai n l ess steel .  After the cladding .. lting t .. perature was rtachtd ( 2 125 

to 2245 K dependi ng on oxygen content) the .alten z t rcon1ua began 

d1 ssolut1on of  the uo2 fuel pellets and added urantua to the downward 

f l ow i ng .. l t .  Tht s downward flowing Melt would a l so freeze whtn 1 t  reached 

tht water l evel . 

Begi nn i ng at 174 •i n ,  suf ficient coolant was i njected 1 nto tht reactor 

vessel by operation of the 28 priMary coolant puMp to fill the reactor 

vesse l .  Ox i d t ztd fue l rod c l adding 1 n  the upper region of the core would be 

expected to have shattered and foraed the upper debris  bed when tht coolant 

t�Jectfon occurred leadtng to the beginn i ng of the fo�atfon of the upper 

core votd reg ion.  Al though the ZB puap was on for 19 Mfn , signi ficant flow 

1� the B-l oop hot leg was .. asured for only 15 s.  

At ZOO •tn  tht ECCS coolant t njtct1on was i n i ti ated and subsequently 

f t 1 1 td  the reactor vessel 1n 7 to 10 at n .  The upper dtbri s  bed probably 

qu.nchtd durtng this ti .. period. Tht degraded core conti nued to htat up 

after 180 ain and by 224 atn calculations i ndicate that tht central .al ttn 

region. conta t n i ng up to 4ZS of tht core. was formed . The priMary cort 

reloca�tc� event occurred between 224 and Z26 mfn. It fs bt 1 1tvtd that the 

supporting crust fa f l td near the upper. peri pheral region on the east side 



of the core. The molten materi a l  rel ocated through peripheral fuel 

assembl ies on the east side of the core and through the core bypass region 

where the baffle pl ates had melted. The parti t ion ing of  the molten core 

material  f low through the assembl i e s  and the core bypass has not been 

resolved. As a result of the relocation event, 1 9 . 2  metric tons of molten 

core material  fl owed to the l ower head region and cha l l enged the i ntegri ty 

of the reactor pressure vessel . 

When the molten corium rel ocated to the l ower head a pressure pul se 

occurred and l asted from 224 to 240 mi n i ndicating that heat transfer and 

steam generation within the l ower head debris was s igni ficant for at least 

15 mi n .  The source range monitor response i ndicates that some core 

materi a l ,  probably molten corium from the conso l i dated region i n  the center 

of the core, may have conti nued to relocate to the core bypass regi on 

between 230 min and 15 .5  hours. At 15 . 5  hours after reactor scram, forced 

coolant flow through the reactor pressure vessel was reestabl i shed with one 

of the A-loop pri mary pumps. 

Several calculations were performed to evaluate the response of the 

reactor pressure vessel internal s  and lower head to the attack resu l t i ng 

from molten core movement. These incl ude: (a) the potenti a l  for an 

energetic molten fuel-coolant i nteraction (which did not occur); (b) the 

thermal ablation of the core baffle pl ates, former p l ates , and reactor 

l ower head by the impi ngement of molten core material s ;  (c) the thermal 

fai l ure of the i n strument penetration tube nozzl e s ;  and , (d)  creep rupture 

of the lower head under condi tions of e l evated temperature and pressure. 

A 20 ,000 to 40 , 000 kg corium mass is bel i eved to be necessary to 

produce marginal reactor vessel l ower head f a i l ure. However, a corium mass 

of only 500 kg was calcul ated to have been ava i l ab l e  during the relocation 

of the TMI-2 core for part1c�pation in a steam explosion event i ndi cating 

that the theoretical poss i bi l i ty for the fa i l ure of  the TMI-2 reactor 

pressure vessel i s  not evident. In any event, the high pressure condition 

in the TMI-2 vessel at the time of the core relocation most l i kely 

prevented the occurrence of a c l assi cal steam exp l o s i on al together. 
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The tt .. for baffle plate .. lt-through was assessed on the basis of 

conduction controlled heat transfer, for the assUMed gtometry of 

s .. 1-1nf1nfte .alttn dtbr1s 1n contact with 1 steel slab of finite 

thickness. Coaplete .. lt•through of the baffle wall thickness was 

calculated to occur in about S •1n. Calculations were also performed for 1 

.alten jet i�1ng1ng on the baffle plate. Results of the .olttn jet 

i�ing ... nt calculations 1nd1cate 1 3-to-26 s baffle plate Melt-through 

t1 .. O.pending upon tht dia�ter of the jet, the superheat in the jet 

coriu., and the relocation duration. 

An asses�nt was also .,de of the •1grat1on behavior of corium during 

relocation through the core bypass and of the potenttal for Melt ablation 

of the O.Oll7S�th1ck stainless steel fo�r plates. Co•par1son of tht 

area of tht holt in the baffle plates and tht area of tht 80 holts 1n the 

fo�r plates at any elevation, indicates that the core bypass region could 

fill faster than it could drain. Hence tht relocation of coriUM around the 

:ore ptr1phery in the core bypass region. The tiMe required for 1 

ca.pltttly cor1�fi11ed region bttwttn two fo�r plates to drain was 

calculated to bt 15 s. Calculations 1nd1cated that the ti .. to eelt 

initiation of the fo�r plates at 1 distance of IS c• fro. fro. the baffle 

plate .,lt-through location is .art than 1 �inute. Thus, the calculations 

would only predict for.er plate �elt1ng close to tht baffle plate 

.. lt-through location. 

The the�al da .. gt potential to the lower head was assessed for the 

configuration of a coherent jet i•pfng..ent of relocating corium. 

Calculations indicated that 1t would take 1 jet 1•p1ngement time of 15 to 

20 •in to ablatt half way through the vessel thickness. For a jet 

1�ing ... nt ti .. of 1 to Z •1n, which is believed to be tht ttme for the 

relocation of the TMI-2 cori�. 11ttlt the�l da .. ge to tht reactor vessel 

lower head would result. 

The�l an1lyses wert performed to assess the potential for failure of 

the 1nstr�nt penetration tube nozzles prior to the observation that the 



R6 sta i n l ess steel nozzle guide tube had melted. The analyses i nd i cated 

that mel t ing of the nozzles could be expected i f  they were in contact with 

cori um at temperatures i n  the range of  1600 to 1800 K, or wtth 

"meta l l i c- l i ke" debri s  at temperatures greater than 1620 K .  Thermal attack 

by molten stai n less  steel approximately 200 k above i ts mel t i n g  potnt was 

a l so assessed to l ead to nozzle mel t  fai l ure . However, cori um freez i ng and 

pl ugging  in the i n strument tubes were predicted, which would prevent core 

material from escaping the reactor vessel . 

The thermal response of the reactor vessel l ower head was cal cul ated 

u s i ng the COUPLE/FLUIO code for three assumed debr i s  configurations ( a n  

upper and l ower bound and an i ntermediate case) and for quenched and 

unquenched debri s beds i n  each configuration. For a l l  three cases us ing  an 

unquenched debri s  bed the temperatures trend ever upward with time, whereas 

for a quenched debris bed a l l  three cases eventual ly decreas e .  For a l l  the 

unquenched debri s bed calculations and for the quenched upper bound case 

the u ltimate strength of  the lower vessel head steel would be expected to 

be reached and the vessel would fai l .  Thus, only the quenched i ntermediate 

and lower bound cases were real i stic  for the TMI-2 vessel . 

Calculations were performed using the ABAQUS code for the quenched, 

i n termediate configuration (porous debr i s  bed resting on l ower head) to 

determine the creep rupture potential of the vessel lower head and to 

estimate the margi n-to-fai l ure of the l ower head. Results  of the 

calcul ations indi cate that the vessel wal l  would be expected to p lastica l ly 

deform, but both the pl asti c and creep strains would be i n  the 1% range , 

whereas creep rupture stra i n s  of about 35% are requi red at 783 K. Thu s ,  

creep rupture of the vessel lower head i s  not expected and the 

margin-to-fa i l ure appears to be quite large. 

The NRC/OECO Vessel Integri ty Program wi l l  be ful ly i ntegrated with 

the DOE Accident Eval uation Program. An acti v i ty l i st and schedule for the 

proposed i ntegration have been prepared . The remain i ng sample exami nations 

are designed to provide data that can be i ntegrated i nto the TMI-2 accident 
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understandi ng. These data i nc l ude: the .. chan i s•s respon sible for the 

transport of the .olten cort aatertal to the l ower htad; probable  f l ow 

pathways; v 1 scos 1 ty  of  the .olten aateri a l s; relocation rates; and, maximum 

t .. peratures and .. thods of surface attack. The resul t i ng iMproved 

accident understanding wt l l  atd t n  the deten.tnation of RPV safety marg i ns 

and i n  developMent of i .provtd analytical tools for severe acctdent 

•1 t1gat1on and .. nag ... n t .  

Sevaral organi zations art i nvolved in tht cooperative effort to 

achieve the goa l s  of the NRC/OECO Vessel Integrity Progra•. I n  addttton to 

the NRC and tht OECO partners, Argonne National Laboratory ( ANL-Ea st ) ,  the 

ld&ho National Engineeri ng Laboratory (INEL), General Pub l i c  Uti l i t i es 

{GPU)-Nuc lear , MPR Associate s ,  I nc . ,  and Power Cutting I ncorporated ( PC I )  

w i l l  be responsfblt for the various parts of  the Vessel Integrity Progra•. 

The two sa�le tYl)es for the Vessel Integrity Progra• are lower htad 

sa.ples and saaples of debr i s  directly adjacent to the l ower head and 

actf v f tfes for the two sa�p l e  types i nc l ude: ( 1) vessel l ower head sa•p le 

acqu i s i t i o n ,  sa•pl e  preparation and shf�nt, experf�ental determination of 

ti  .. -t.-peraturt plots of the response of archive {or equivalent) sa•ples 

of the vessel lower head, .. tal l urgtcal exa•t n&tfon,  and dtter.1nat1on of 

the -ost l f kely t.-ptrature di stribution fn  the l ower head; and, 

(2) :o•oanfon sa•ple acqu f s i t f o n ,  shi pment ,  and meta l l urgical examination, 

calculation of the cr .. p stresses f n  the lower vessel head as 1 function of 

t f Me  durfng tht accident, deten.inatton of the marg i n-to-fai l ure of the 

lower vessel �eaa and program f ntegratfon. 

Vedgt shaped sa•p les wi l l  be cut fra. the lower head fn reg i ons  where 

�ge to tht l ower head would bt expected to have the highest probab1 1fty 

of �ge. I n  these regions, s .. ples that conta i n  i nstru•ent penetrations 

and saaples that do not contain i nstrUMent penetrations,  will bt obta ined. 

Saaplts wf l l  a l so bt obtained for reference fro. 1 l ower head reg ion where 

no d.-.ge 1 s  expected. The saaples wi l l  be cut about hal f-way through the 

l ower head thickness. 
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At the present time i t  i s  bel ieved to be necessary to obtain samp l e s :  

(1) a s  c l ose a s  possi ble  to the area o f  impact on the lower head o f  the 

pri mary jet of molten core materi a l �  ( 2 )  toward the radial center of the 

l ower head underneath the maximum thickness of debri s;  ( 3 )  in the quadrant 

of the l ower head where a "wa l l "  of conso l i dated debris s i milar to a lava 

front has been observed; and,  (4) in  a location of  the lower head not 

contacted by the molten core material to act as a "control" samp l e .  

Core debris may be fused to the l ower head samp les and i n  thi s  event, 

the companion samples  wil l be obtained w1th the l ower head samp l e s .  The 

material adjacent to the l ower head i s  a vital data source and must be 

preserved during sample acqui s ition .  

The vessel lower head samples wi l l  be shipped from TMI-2 to ANL-East.  

MPR Associates i s  responsible for both the acqui s i t i on and shi pment of  the 

l ower head samples  to ANL-East.  ANL-East has the respon s i bi l ity to recieve 

a l l  vessel l ower head steel samples ;  verify that the location ,  s ize ,  

ori entati on , etc . ,  of the samples that wi l l  have been documented by MPR i s  

consi stent and reasonable ;  decontaminate the appropriate specimens as 

necessary for unrestri cted handl ing; section the sampl e s  into 

meta l l ographic and meta l l urgical specimens or blanks; machine into 

specimens as requi red and di stri bute the appropriate materi a l s  to the 

cooperating partner l aborator i e s .  

ANL-East a l so has the responsibi l i ty for the l ower head archive 

material  program which has two objectives. One is to provide a set of 

standards for comparison with the samp les removed from TMI-2 to increase 

the accuracy of the estimates of the thermal hi story of the lower head; the 

other i s  to provide enough material  for the determi nation of the mechan ical 

properties of the vessel lower head during the accident. 

ANL-East has the responsibi l i ty for the characterization of the vessel 

lower head steel mechanical  properti e s .  The objective of th i s  work i s  to 

determi ne the mechan ical properties of the vessel lower head under the 
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conditions of the core-.. lt accident. AHL·East has the responsibility to 

integrate all .. chanical property and Metallographic studits performed by 

the OECO partners and tht INEL: to coordtnatt with the Vtsstl Integrity 

Prograa tfforts at tht INEL; to part1c1patt in the preparation of a rtport 

that dtscribts tht condition of the TMI-2 lower head steel, dtttra1nes the 

probAble te.peraturt history of the steel. and 1ssesses tht integrity of 

the lower head during the accident. 

Tht INEL has the responsibility for deterMining the �t1llographic 

character1sttcs of the vessel lower htad stttl 1nd to accu.ulatt, 1nalyze 

and integr1te all cooperlting partner results 1nd analyses pert11n1ng to 

properties, temptrlture and 1nttgr1ty of the TMI-2 lower head steel. Tht 

INEL �ill tilt tht lead in prep1ring the final report on tht reactor vessel 

lower held eaaaintt1ons and �ill collaborate with AHL-East as full partners 

in tht preparation tnd revi.w of this final report. Tht fintl report �111 

dtscr1bt the .. tert1l condition of the re1ctor vessel lower held steel, its 

problble t .. peraturt history, and 1ts creep 1nd pl1stic deformation during 

the accident. 

The t .. peraturt distribution calculations for the lowtr head clt1rly 

1nd1cattd that the c�sit1on and properties of the relocated aaterial 

a:jacent to the lower head •ust be deterMined before 1 reliable analysis of 

the potential creep rupture and •lrgin-to-failure of the lower head can be 

perfo�. The objectives of the lower head comp1nion sample txa•1nation 

and analysis portion of t�� NRC/OECO Vessel Integrity program are to: 

(a) develop 1 plan (this doc�nt) for the selection, separation, 

transport, exa•inatton, and analysis of m1terials adjacent to or ne1r the 

proposed aetallurgical speciaens in tht TMI-Z reactor vessel lower head 

progra•; (b) ptrfo� the selection, acquis1t1on (GPU-Nuclear will acquire 

tht sa.ples) , transport, ex .. inat1on and analysts according to the plan 

after tt h approved by NRC; 1nd, (c) dtUra1ne the �nost lH.tly 

�eraturt distribution thlt occurred in the lower head and, using this 

t.-ptrlture distribution per'orm c1lcul1tions of the resulting lower head 

stress d1s�ribution in order to assess tht �nargin-to-fatlurt of tht TMI-2 
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lower head. The INEL fs responsible for the NRC/OECO lower head companion 

sample examination and analysis portion of the Vessel Integrity Program. 

The companion samples will be obtained by GPU-Nuclear using tools that 

are presently available for the removal of debrfs. If the companion 

samples are tightly adhered to the lower head and cannot be removed at 

TMI-2, then they will be removed at ANL-East, examined and shipped to the 

INEL. The companion samples can be shipped in the DOE cask designated the 

CNS l-13C II cask. The samples will be placed in 2R containers that have 

been used previously for ship•ent between the INEL and TMI-2. The 

companion samples will undergo extensive metallurgical examination at the 

INEL including optical metallography, SEM/WOS examination and Inductively 

Coupled Plasma Spectroscopy. However, the thermal conductivity of the 

material must be determined and the methods and experience for this 

determination do not exist at the INEL. The metallurgists at Windscale in 

the United Kingdom do have the technique mastered and are presently 

measuring thermal diffusivity of other TMI-2 samples shipped to them. It 

is recommended that the U K perform these measurements for the lower head 

companion samples. 

The purpose of the lower head analysis is to determine the creep 

stress and resulting plastic deformation in the steel that resulted from 

the temperature transient caused by the molten corium relocation to the 

lower head; and then to calculate the temperature and stress distribution 

required to cause creep rupture of the lower head and thereby establish the 

margin-to-failure of the TMI-2 reactor pressure vessel. To achieve this 

the COUPLE/FLUID code will be used with the measured thermal conductivity 

of the lower head companion samples and the actual geometry of the lower 

head debris determined during defueling used as input. The results of the 

COUPLE/FLUID calculations will be compared with the lower head temperature 

distributions determined from examination of the vessel lower head samples 

and the time-temperature measurements made with the lower head archive 

material. The best estimate of the time-dependent temperature distribution 

will then be determined based on these comparisons, engineering judgement, 

and possibly some further calculations. 

xiv 



Th. tt•�ndent st�ss•s 1ft the lower hud wt11 �n � calculated 

wstng the A8AQUS cOde w i th the �st •st1 .. te ti-.-dependent t.-peratu� 

distribution c»scr1� abov• and t� ... sured physical pro�rt1 t s  of the 

lower� st-.1 us� as fnput. Ft�1lly. the t�ratu� dfstrfbutfon 
needed to cause c,..., rupt"" of the tower head wi l l  tM c»urwtn� using 

t.M A8AQUS code ,..sultt.-g ta 1 c»urwtnu1on of tM .. rgi n-to-h1lu�. 

rt. 1 ftt�raud NRC/OECO and OOE progr .. s for t"le c� l etfon of the 

TMI-2 accideftt •valu.tton wfll prowtde 1 coordtnat� progra• that 

�sfz•s: (1) 1c�tsttton and ea .. tnatton of �les to �terw1ne �gt 

to the lower head; (b) usessetnt of the lower head .. ,tn-to-flt lu,..; 

(c) �vel�nt of 1n understanding of the pat�ys and .. chant�s that 

c:.troll �  traftsport of ., l te ,. .. u�iah to the reactor nss•l lower 

pl�u.: (d) 1fttegratton of thi s  1 nfo�t1 on 1nto the final acci dent 

sctNrfo; (e) CG��Parhon of these diU wtth the ,..sults of the OECO 

ana ys1s eaerctse (standard probl.- eaercfse): and. (f) appltc1tfon of the 

�rsundfng o1 the TMI-2 accfdtnt to analytical tools used for ICCf�nt 

•� tfgat, on a�c .. nag.-e�t. The ' nttgrated prograa should ·�rove t� 

c�ltt.Ness of :>ct .. the OOE Acctc»nt EvalUAtion ProgrM And the NRC/OECD 

Wessel lnt.grfty Protr .. aftd develop the .,st c�lete and accurate 

unoersUftdf"-9 of the TMI-Z accfdeftt that can be obU1ned w1t., the 

awaf1ao·e �sources. 
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1. INTRODUCTION 

The �rch 1979 accident at the Thrtt Milt Island Unit 2 (TMI-2) 

pressurized water reactor was tht MOSt severe accident to occur 1n a 

c�rcial operating power reactor in the United States. At least 4SI of 

tht core was �lten during the accident and al.ast 20 .. tr1c tons of .alten 

core Mterh 1 relocated fro�� tht core region and came to rest on the 

reactor pressure vessel lower head. However, the progression of the TMI-2 

acc1dtnt was •1t1gated by the presence of cooling water in the pressure 

vessel. Although the 1ntegr1ty of tht reactor pressure vessel lower head 

w&s challenged by the .alten core •aterfal. it did not fail. Therefore the 

.alten core was conf1ntd1 within the reactor pressure vessel bound&ry. 

Very little f1ss1on product release occurred 1s 1 result of the accident. 

TMI-Z prov1dts 1 wealth of 1nfor.�t1on that 1s btfng used to expand upon 

tht present knowledge of severt accident &nd core .. lt progression and the 

assocfattd behavior of f1sston products, and that can be used fn the future 

to aid in accident a.nag�nt. 

The Un1ttd States Oepar�nt of Energy (DOE) has sponsor� the TMI-2 

Accident Evaluation Progra• to take full advantage of this f•portant 

fnfo�tfon. Tht objectives of the DOE Accident Evaluation Progra• are to 

understand what happened during the accident in terms of core melt 

progression; 1ission product retentfonj and materials temperatures, 

ox�datfon, and inter&ct1ons� to develop an accident scenario based on th1s 

understanding: and, �o p��duce a ·v:-z Standard Problem E�erc1se and a 

:��=�ter1zed data base containing T�I-2 research results, examination data, 

and supporting analyses. ·�e DOE Accident Evaluation Program included 

S&8Plt ·���isition and exa•ination for •aterials within the reactor 

pressure vessel, withi� the re&ctor coolant system, and w1th1n the 

conUtft8ent and aux11hry bu11d1ngs. Although the DOE progra�t� has or wfll 

adequately cover all of these areas wfth respect to the progra• objectives, 

thtrt 1s no provision for &cquis1tion of sa•ples of the rt&ctor vessel 

-- ----

a A tery �Tall amount of core debris was t�•�sported �o �oactor coolant 
syste• internals Dy coolant flow. 
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lower head nor of the materi a l  di rectly adjacent to the vessel l ower head. 

Since the margi n-to-fa i l ure of the reactor vessel l ower head is vi tal l y  

i mportant to future accident management strategi e s ,  the Uni ted States 

Nuclear Regulatory Commis sion (NRC) formed an agreement with the 

Organi zation for Economic Co-operation and Devel opment ( OECO) to 

i nvesti gate the TMI-2 reactor pressure vessel lower head and compa n i on 

samples of debris adjacent to the l ower head. This  program fs denoted as 

the NRC/DECO TMI-2 Vessel Integrity Program and thi s  document i s  a p l an for 

the accompl i shment of the NRC/OECO Program. 

The sponsoring partners of the NRC/OECO TMI-2 Vessel Integrity Program 

are : the Federal Republic of Germany , F in l and, France, Italy,  Japa n ,  Spa i n ,  

Sweden, Switzerl and, the USNRC, and the United K i ngdom. 

Section 2 of thi s  document i s  an overview of the post-accident 

conditions of the TMI-2 Core, and Section 3 i s  a review of the TMI-2 

Accident Scenario . Analyses of the challenges to the reactor pressure 

vessel interna l s  and lower head are revi ewed i n  Section 4 .  Section 5 i s  a 

description of the i ntegration of the NRC/OECO Vessel Integrity Program and 

the DOE Acci dent Evaluation Program Resu l t s .  Section 6 i s  the p l a n  for the 

accompl i shment of the NRC/OECD Vessel Integrity Program. 

2. POST-ACCIDENT CORE CONDITIONS 

An accurate determination of the post-accident conditions of the TMI-2 

Plant was requi red to understand not only the accident progression and 

fi ss ion product transport and deposition but a l so to understand the 

properties of post-accident core mater i a l s  i n  order to defuel the reactor. 

Thi s i nformation was developed from several sources .  The sources were: 

vi sual inspections of reactor vessel i nterna l s ;  meta l l urgical /radiochemical 

examinations of samples acqui red during the course of defue l i ng ;  readings 

from on-line i nstrumentation during the accident ; and , experimental data 

devel oped from tests sponsored by the USNRC i n  various faci l i ti e s  i n c l ud i ng 

ACRR, LOFT , NRU, and PBF. The post-accident condi tions of the TMI-2 Core 
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havt been well characterized and aany of the early post-accident conditions 

have been reported. l-5 

2.1 Plant Conditions 

The .. j or ph1s1cal daaage to the plant was li•ittd to reactor pressure 

vessel internals. Fission products were transported by the reactor coolant 

systea (RCS) through the stuck-open pilot-operated relief valve (PORV), an 

overpressure protection device aounttd on top of the pressurizer, to the 

reactor coolant drain tank, which ruptured, and to the containMent 

bls�nt. Also, 5' to �of the core Inventory of cesiu� and iodine and an 

approxiaately equal aaount of noble gases were transported to the auxiliary 

building through the letdown, •akeup, and pur1f1cat1on systems. 

Inspections of the stea• generators, reactor coolant puaps, RCS hot and 

cold legs. and pressurizer showed 1 ftne layer of silt and particles 

throughout the RCS. Tht largest collections of fuel debris were identified 

;n the pressurizer (aporox1 .. tely 10 kg), 8 steam generator upper tube 

sheet (approxi•ately 50 kg), and the decay heat drop line (possibly greater 

than SO kg). General conditions within the reactor and auxiliary 

�1ld1ngs have bten reporttd.
6-9 

2.2 Reactor Vessel Internals Conditions 

Our1ng the accident, peak te.peratures ranged from approxi�ately 3100 

K at the center of the core (molten uo
2) to 1255 K immediately above the 

core to 723 k at hot leg nozzle elevations. The upper grfd structure 

(stainless steel) was ablated in two zones. Mort than 401 of the original 

core .. lttd during the accident. Lower portions of three baffle plates on 

tht east side of the core �elttd and soae of the molten Material flowed 

1nto the core bypass region. About 20,000 kg of .al�en materials flowed 

fra. the core and the core bypass region through the lower Internals. 

coa1ng to rest on the reactor vessel lower head. Figure 1 illustrates tht 

.. Jor reactor vessel co.ponents and the post-accident configuration of the 

core . 
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Figure 1 .  TMI-2 core end state configuration. 
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Post-acc i dent conditions of tht upper plenUM asse.al y ,  the original 

core region, the core bypass region, tht lower cort support as�.-bly (CSA ) ,  

and the lower head region art described i n  tht followin� substcttons.  

2.2.1 Upper Pltnua AssMbly 

The upper plen� ass.-bly, which experi enced no .. jor structural 

�ge , was �vtd intact. However, two da�ge zones wert fon.ed on the 

bott� of the pltn� ass..Oly. local i zed v•ri ations of d1.age were evi dent 

in .. ch zont. For exa�lt, in the l i •ited area abovt one fuel ass..Cly, 

ablation of the sta 1 n ltss stttl structure was observed; however, grid 

structures adjacent to the ablated zone appeared to be und••aged .  In  so-e 

�ions tht -al ten gri d .. terl1l had a foa.y texture, which occurs when 

stllnl ts s  steel o x 1 d t zes ne1r its  -.lt1ng point. A �lten .. ss c l ose to 

thi s  gri d .. ttrial appeared unoxidiztd, suggesting thlt so-. of tht hot 

gases exiting the core were oxygen deficient. The da•a�e to the upper gri d 

ass..Oly suggested that the ca.pos1tlon and te�perature of core ex i t  gases 

warted s1gn 1 f 1 cantly w1th1n  the flow strea•. 

Z . Z . 2  Core Regton 

As i l l ustrated i n  Figure 1, the e��-state confi guration of the 

original core region t�c l uded 1 core void or cavity at the top of the core 

region. Below that, a loose debris  bed rested on 1 reso l i d i f ied �ss of 

••ter1al that was suppor�ec by s�•r�'�; fuel rod stuts �hat, in turn , were 

s�rrounded by por�1ons of fuel assembl ies. fhe previously .alten, 

reso 1 i d1f1td �•terlal was surrounded by • di stinct crust of �terial in 

wh1c� othe� frag.ent s ,  shards of c l •dd1ng, etc . ,  could be Ident i f i ed .  

Tht core void was approxi .. tely l.S m deep wi th. an overal l  voluMe of 

9.3 •3 . Forty-two of tht or i ginal 177 fuel ass..Ol ies were standing at 

the periphery of tht core voi d. Only two of these fuel asse.011ts 

contained .art thtn 90\ of tht i r  f u l l-length cross section s ,  with the 

.. jorit1 of fuel rods intact. 



The loose debris bed at the base of the cavity i n  the core ranged i n  

depth from 0 . 6  to 1 m and consi sted o f  whole and fractured fuel pe l lets ,  

control rod spiders , end fitti ngs , and resol i d i f i ed debris tota l i ng 

approxi mately 26 , 400 kg. Most of the loose debris bed consi sted of 

shattered and reso l i d i fied materi a l  that contained regions  of 

previously-molten U-Zr-0, i ndicating peak temperatures greater than 

2200 K.  Many of  the samples obtained from the debris bed were prev i ously 

molten ( U ,Zr)02 , i ndicating peak temperatures greater than 2800 K .  There 

were a l so a few samples  of previously-molten material that were a l most pure 

uo2 , i ndicating temperatures above 3100 K. Metal l ographic exam1n•tions 

of i ndividual parti c l e s  indi cated that most of the debr i s  bed remained at 

temperatures below 2000 K or was exposed to high temperatures for only a 

short time . 

Beneath the loose debri s bed was a l arge resol id if ied mas s ,  

approximately 3 m  i n  di ameter ,  1 . 5  m thick a t  i t s  center, and 0 . 25 m thick 

at i ts periphery. The reso l i d i fi ed mass compri sed approximately 32 , 700 kg 

of core debri s .  The center of thi s sol id metal l i c  and ceram1c mass 

consi sted of a mi xture of structura l , control , and fuel material that 

reached temperatures of 2800 K and possibly as high as 3100 K during the 

accident. It i s  beli eved that th1s material was f u l l y  mol te n .  The upper 

crust of this  mas s ,  which consi sted of the same material and whi ch al so 

reached 2800 K ,  contai ned fuel pel l et fragments ( unmel ted) near the crust 

periphery. The l ower crust consi sted of previously-molten stai n less  steel , 

Z i rcaloy cl addi ng,  and control rod mater i a l s  surrounding intact fuel 

pe l l ets . The peak temperature of the lower crust material was greater than 

1400 K but less than 2200 K .  The reso l i d i f i ed mass was shaped l i ke a 

funnel extending down to the lower end f i tt i ng at an assembly near the 

center of the core. 

The standi ng,  undamaged fuel assembly stubs extended upward from the 

lower grid pl ate to the �ottom surface of the reso l i di fi ed region of the 

previousl y-molten materi a l s .  These stubs varied i n  l ength from 

approximately 0 . 2  to 1 . 5  m .  Longer partial fuel assembl ies stood at the 

periphery of the resol idified ma s s .  On the east· side o f  the core , four 

adjacent fuel as sembl ies were nearly comp letely repl aced with 
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prtvfously-.olttn core .. ttr1 a l � this fndi cattd 1 possible rtlocatfon path 

of .ol ttn .. ttr1 a l  into tht l ower CSA and cort bypass rtgfon .  The standing 

futl ass.-bly stubs and perfphtral asst•b l i t s  consti tuted about 44, 500 kg 

of core �rh. 

Th1s region consists of vertical core baffle  pl ates that form the 

peripheral boundary of tht core; horizontal core forMer p l ates ,  to which 

tht bafflt pl ates are bolted; the core barrel ; and the ther.al shield 

( F t gurt 1 ) .  Thtrt are a n�r of flow holts 1 n  the baffle  and core former 

plates ( 0 . 035 and 0 .033 a 1 n  d1a-.ter, respectively) through which coolant 

flowed durtng nonaal operations.  Visual inspection (via closed-c i rcuit 

ttlevtston) of baffle plates and core fo�r plates indicated that they 

wert in  good condt t t on .  with one notable exception:  on tht east stde of 

tht core there was a large holt approxf .. tely 0 . 6  • wfde and 1 . 5  m high,  

extending across the lower portion of three baffle p l atts. The 

0 . 019-.-thtck baffle pl ates and sections of three horizontal core fo�r 

pl ates (approxt .. tely 0 .032 • thick} , were aelttd in thi s region .  Molten 

core .. terial fro. the core region appeared to have fl owed through th1 s 

hole tnto tht core bypass region.  The area behind the baffle plates 

contained ' oose debri s a l l  the way around the core reg i on .  The depth of 

debris  wfth i n  �he core bypass region was approximately l . S  m on the north 

stdt and a few •f l l i-.ters thtck on the southwest  side. There appeared to 

bt a resol id1 f t ed crust, which varied f n  thickness from approxi�ately 

0.005 to 0 .0•0 m ,  on the upper hori zontal surfaces of the three bottom core 

for.er plates. The -alten •ateri a l  moved down i nto the CSA through the 

flow holts (0 . 03�) i n  the core forMer p l ates. It ts estimated that 4200 

kg o 1  core debrf s  were retained in  this  region .  No aajor damage to the 

core barrel or the the�l shield  has been observed . .  

Tht O.OZS-.-annulus between the core barrel and the thermal shield was 

t � spected and only fint particulate was observed . 
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2 . 2 . 4  Core Support Assembly 

The CSA region consists of  five stainless  steel structures :  four flow 

p l ates and a lower grid assembly .  The structures vary 1n thickness from 

0 . 025 to 0 . 33 m with 0 . 080 or 0 . 15 m di ameter flow holes.  L iquified 

material fl owed through the periphery of these structures and came to rest 

on the lower head. There was resol i d i f i ed material  (5800 kg) at various 

l ocations on the ci rcumference of  these structures . I n  several p l aces ,  

reso l i d i fi ed materi a l  compl etely fi l l ed the f l ow hol e s .  and col umns o f  

once-molten materi a l  were observed between the plate s .  The largest 

accumulation of resolidified material  appeared to have fl owed i nto the CSA 

from the east side of the core. Al though most of thi s material  was seen on 

the east to southeast sides,  many col umns of resol i d i fied material were 

seen a l l  the way around the core beneath the core bypass reg i o n .  The 

condi tion of the CSA structures wi l l  be better defined when thi s  region i s  
defue l ed .  

2 . 2 . 5  Lower Head Regi on 

The debris in the l ower head region accumul ated to a depth of 0 . 75 to 

1 m above the lowest head elevation and to a diameter of 4 m. Inspections 

revea led that a large quantity of previously-molten core material  rested on 

the lower head. The spatial di stribution of these materi a l s  was neither 

uni form nor symmetr i c .  Particle si zes vari ed from l arge "rocks" ( up to 

0 . 20 m) to granular  particles ( l ess than 0 . 010 m ) .  Vi sual i n spections 

i ndi cated that l a rger rocks, espec i a l l y  in the northeast and southwest 

areas, were l ocated towards the periphery and the debris p i l e  was l ower at 

the vessel center than at the periphery. Granular or " grave l - l i ke" 

material was observed i n  the central region of the vessel . A l arge 

"c l i ff-li ke" structure formed from previously-mol ten core material exi sted 

i n  the northern region.  The c l i ff face was approximately 0 . 38 m h i gh and 

1 . 25 m wide . I t  was esti mated that 19 ,200 kg of core material  rel ocated to 

the lower head region . 

The only s ign if icant structural damage observed to date i n  the lower 

head region was mel t i n g  of an i ncore i nstrument gu ide tube. Tests 
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perfo� on th• t nco� t nstr�ntatfon after th• accident show�d that 

twelv• of tht tnco� th��coupl�s had n�w junctions t n  the l ower h�ad 

�ton.6 

T� or1g1nal co� 1nv�ntory incl uded 1pproxia1tely 94, 000 kg of UOz 
aftd JS .� kg of c l adding.  structura l ,  1nd control aatert a l s .  Accounting 

for o•tdltion of cor• mater i a l s  during the 1ccidtnt and for portions of the 

U9per pl•n� structure that .. lttd, th• total amount of post-accident core 

.. tert1l was �st1uttd to be 133,200 kg. The post-accident saterial  

�l ance 1s  l i sted in  Tabl� 1 .  Th• accuracy of the nu.bers tn  Table 1 f s  

tstiuttd to vary f� Sl for tht original core region (whtch has been 

�fueled) to 401 for th• CSA and lower head reg ions (wh i ch have not y•t 

been dtfue l ed ) . As each t"ttCJiOn h defueltd the unc�rta tnty of core 

utertal located t n  tMt regi on decreases. 
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TABLE 1.  ESTIMATED POST-ACCIDENT CORE MATERIALS DISTRIBUTION 

Esti mated 
i 

Quantity Uncerta i nty 

Core Regi on (kg} (t;) 

Intact fuel assembl i e s  44, 500 5 
( part i a l ly or ful ly i ntact) 

Central core reg ion  32 , 700 5 
resol idi fied mass 

Upper core debri s bed 26, 600 5 

Prior molten material on the 19, 100 200 
l ower reactor vessel head 

Lower core support assemblyb 5 ,800 40 

Upper core support assemblyb 42 , 000 40 
I 

450 c Outside the reactor vessel --

Percent of  

Total Core 

(%) 

3 3 . 4  

2 4 . 5  

1 9 . 9  

1 4 . 3  

4 . 3  

3 . 2  

0 . 3  

a .  The uncertai nty estimates are based on defuel i ng .  Those areas which 
have been defueled at thi s time have relatively low uncerta i n t i e s ,  whereas 
those which have not have rel at i vely h igh uncerta i nt i e s .  

b .  The l ower core support assembly i s  that portion of the reactor vessel 
bel ow the core which i nc l udes the lower grid assembly and f i ve f l ow 
di stri butor pl ates. The upper core support as sembly i s  a coolant flow 
region outside the vertical baffle pl ates which make up the peri pheral 
boundary of the core. 

c .  Estimates of the amount o f  fuel material  outside the reactor vessel are 
based on nondestructive evaluations of reactor components i n  the reactor 
and auxi l i ary bui l d ings .  They range from 60 to  about 430 kg . 
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3 .  THE ACCIDENT SCENARIO 

A scenario of the TMJ-Z accident f s  befng developed us i ng the data 

s�rfzed i n Section 2 o f  t h i s  report , �asure•ents fro- on·l f ne 

tnst�nta t i o n .  and supporti ng analytical stud1es
10

, together with 

eaperi .. ntal data fro• in-p 1 1 e  and out-of-pi l e  research fac t l t t f e s .  The 

present accfdent scenar i o  i s  described t n  the following paragraph s .  

The TMI-Z acc 1 dtnt resulted fro. 1 serfes of events 1 n 1 t f ated by 

probl.-s f n  the secondary cooling syst... Th1s l ed  to 1 loss of feedw1ter 

to tht stt .. gentrltors . Loss of secondary side coo l i n g ,  i n  turn, led to 

over-pressurfzltfon of the reactor cool ant syst.- (RCS) 1nd subsequent 

opening of tht PORV . The PORV f1iltd to close 1s the prt•ary syst� 

pressure was reduced. thus resulting f n  1 • sma l l  bre1k• l o s s-of-coolant 

accident . The reactor operators. • f s t n terpret f ng me1sureMents of the RCS 

cond i t i o n .  be l i eved that the RCS was wf thf n  oper1t f ng l t • t t s .  Bec1use o f  

thf s •i sconctptfon . the emergency core coo l f ng systeM (ECCS) Mlkeup w1ter 

to the RCS was throttl ed  to reduce the coolant i njection rate. Continued 

coolant loss over the next 140 • f n  left the core uncovered 1nd a l l owed 

overheattng ana eventual Me l t i ng of core .. ter t a l s .  

3 . 1  los s-of-Coo l an t  Period (0 to 100 m i n) 

The events 1 � t t• a t 1 ng the accident and the RCS thermal hydraul i c  

response duri �; tht f i rst 100 m i n  are documented i n  Reference 1 1 .  The 

:lf"i .. ry coolan t  ;,u:r.os provided two-phue coo l t ng to the core durtng thi s 

pe r t oa ,  thus preventing core overheat i ng 1nd damag e .  Ourfng the f i rst 

phase of the accident, the a-aunt of water i n  tht pri mary coolant system 

decreased because the RCS aaktup was f n s u f f f c f en t  to compensate for coolant 

loss � � r : �;�  the PORV. 

3 . 2  l n t t t a l  Core Hta t t ng (100 to 174 M i n) 

���- � � e  l a s �  :wo reac:cr coo1ant pumps were turned o f f ,  shortly •'ter 

100 � t � .  the top of the cort started to uncover a�c w1ter separ1ted f nto 

stta• and l f ��td pnasts. Temptrltu rts 1 r  t�e upper rtg f ons of tht 
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core then i ncreased more rap idly.  The core l iq u i d  l evel dropped to 

approximately the mid-core el evation at approximately 140 min and fuel rod 

temperatures at the top of the core i ncreased suffi c i ently ( 1 100 K) to 

cause cladding rupture. At approximately th i s  time , the operators rea l ized 

that the PORV was faulty, and they closed the pressurizer b l oc k  valve,  thus 

1 1m1ting further l oss-of-cool a nt and gaseous f i s s i on product release from 

the primary cool i ng system to the containment bui l ding .  However, the block 

valve was cycl ed, open and closed, to mai nta i n  system pressure . 

Rapid oxidation of the Z i rca l oy c l addi ng at the top of the core began 

at approximately 150 m i n .  The heat o f  oxidation el evated fuel rod 

temperatures above the cladding mel ti ng point (,2125 to 2245 K depending on 

oxygen content) and molten cladding began di ssolving some of the uo2 
fuel . Prior to thi s ,  the l ow-me l t i ng-temperature control mater i a l s  

( si lver,  indium, and cadmium) melted, the cadmium volati l i zed , and a s  the 

control rod sta i n l ess steel c l adding temperature i ncreased, the control 

rods fai led.  It i s  bel i eved that the resulting molten mixture of fuel , 
I 

cladding, structural ( stai n l ess steel and i nconel ) ,  and control mater i a l s  

fl owed downward and reso l i d i fied around i n tact fuel rods near the l i quid  

level i nterface. The responses of  i ncore i n strument�tion and source range 

monitors i ndi cated that a l arge region of partial ly-molten core mater i a l s  

formed by 174 mi n ,  as shown i n  Fi gure 2 a .  The first materi a l  that fl owed 

was probably formed from the eutectic between the i nconel spacer grids  and 

the z i rcaloy fuel rod c l addi ng �  and , between the z i rcaloy guide tubes and 

the stain less steel cladding of the control rods at about 1500 K .  Once the 

fi rst l i quid was formed, additional eutectic ( s uch as between Inconel and 

z i rca l oy reaction products and the sta i n l e ss steel control rod cladding 

which would a l l ow the al ready molten s i l ver, i nd i um and cadmium to j o i n  1 n  

the eutecti c  formation sequence) formed more rapidly due to enhanced atomic 

mobi l i ties in the l i quid as opposed to the sol i d  state. The comb i nation of 

l i quid c l addi n g ,  structu:a l  and control materi a l s  i s  then capable of 

flowing downward. 
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3 . 3  Pump Transient (174 to 180 min) 

At 174 min  coolant was i njected into the reactor vessel by operation 

of the B-2 primary coolant pump. The coolant flow was sufficient to have 

fi l l ed the reactor vessel . Thermal-mechanical interaction of the coolant 

with the oxidi zed and embrittled fuel rod remnants in the upper core 

regions i s  bel ieved to have fragmented these standing remnants and formed 

the upper core debris bed. This configuration i s  i l l ustrated i n  Figure 2b. 

The i nteraction of the i njected water with the upper debris bed during 

thi s  period and the flow pattern of gas exiting the core through the upper 

pl enum have been assessed. The observed damage pattern to the upper fuel 

assembly was consi stent with expected flow pattern s ,  considering the 

location of the exit flow orifices.  Rapid oxidation within the debris bed 

and the subsequent interaction of the upper grid structure with the h i gh 

temperature gases exiting the core at high veloci ty probably caused the 

observed l imi ted damage. The lack of extensive mel t ing of upper plenum 

structures a l so indicates that vigorous , long-term natural convection heat 

transfer probably did not occur from the core to these structures .  

3 . 4  Degraded Core Heating (180 to 224 min) 

The RCS thermal hydraul ics  were compl i cated by i njection of emergency 

core coolant water and cyc l i ng of the pressurizer block valve.  ECCS 

coolant injection was i n i ti ated at 200 min and subsequently f i l led the 

reactor vessel i n  7 to 10 mi n .  Studies of debris bed cool ing12  i ndicate 

that final quenching of the upper core debris bed probably occurred during 

the last several mi nutes of this time period. Effective cool i ng of the 

molten core material probably was l imi ted to the surroundi ng , supporting 

crust materi a l .  Thus, the amount of molten material  i n  the central region 

probably conti nued to increase because of decay heat from retained fi ssion 

products and l ack  of coolant. Calculations simulating the accident suggest 

a molten pool of 20% to 45% of the original  core materi a l s  was formed 

within the consol idated region 13 by 224 m i n .  This i s  consi stent with 
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the observtd � l ttn .. tertal found f n  the reso l 1 d t f i td cort ma s s ,  tht CSA, 

and the lo�r head rtgfons (Table 1 ) .  

3 . 5  Crust Fa i l ure and Mol ten Core Relocation (224 to 230 • t n) 

The prt .. ry core relocation event occurred bttween ZZ4 and ZZ6 ai n ,  

probably t n  about 1 ai nute. Thi s  event was i nd1 cattd by the RCS pressure 

aonttor, sel f-powered neutron detectors, and the source range mon i tors . It 

ts bt l 1 evtd that fa i l ure of the supporti ng crust occurred in the upper 

�ton of the conso l i dated .. s s  of aolttn core �•ttr1a l ,  probably near the 

core peri phery about l .S • above the bottoa of the core and on the east 

s1dt of the core , as shown in Figure Zc . Vtsual i nspections conducted 

during core defut l 1 ng indi cated a f l ow of eolten core .. ttrt a l s  1 nto the 

CSA i nterna l s  occurred on tht east side of the core. The part i t i on i ng of 

flow of aol ten core aatert a l  down through the open fuel asse�ltes  versus 

flow through the .. l ted baffle plate and the core bypass region i s  not 

obvious. Analyst s of the flow of molten core mater i a l s  through open fuel 

ass..Ol i e s  indicates that a l l  of the aolten core mate r i a l  could have 

relocated into the lower CSA intern a l s  and lower head i n  less  than 1 Min  

through on ly  one or  two fuel rod ass..Cl ies 1 3 . The ti� for baff l e  plate 

-.lt-through was assessed on the bas t s  of conduction-control l ed heat 

��ap sfe�. for the assUMed geoaetry of semi - i n f i n i te mol ten debri s i n  

contact with a steel s l ab of f i n i te thickness. Ca.plete mel t-through of 

the baffle wa l l  thickness was calculated to occur i n  about S •1n. 14 

Calculations were a l so performed • o r  & MOl ten jet impinging on the baffle 

p l ate. Results of the eo l ten jet impi ngement calculations indicate a 

3-to-26-sec baffle plate mel t-through t1•e depending upon the di ameter of 

the jet, the superheat 1n the jet corium. and the relocation durati on. 15 

Since the ••t a l  location of the large baf f l e  plate �lt hole ( about 

l.S •)  t s  s�t low.r than the i n i ti a l  e levation of the uncoolable 

debri s  bed ( 2 . 4  to 2 . 7  •). and s i nce the aajor melt relocation tvent at 

225 a i n  i s  thought to have l a sted only about 1 to 2 m i n ,  baf f l e  platt 

ael t-through aay not directly coincide w i th the molten core rtlocation.  It  

ca�  be postulated that holdup of a port ion  of  the relocating debri s  during 
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downward relocati on ,  for a period of 10  to 1 5  min  i n  the region of the 

baffle p l ate melt hol e ,  cou l d  have been responsible  for mel t  ablat i o n .  

However, partial  mel t  debri s drainage t o  lower e l evations earl ier  i n  the 

accident, with a loca l i zed uncool able bl ockage configuration could a l so 

have been respons i b l e  for baffle plate mel t-through which could have 

occurred i n  this  instance, coincident with the molten core relocation. 

Thu s ,  a c l ear understanding does not yet e x i st for the timing and nature of 

the in teraction of molten core materi a l s  with the core bypass region and 

fuel assembl i es after fail ure of the support i ng peripheral/upper crust. 

Several hypotheses on fai l ure of the supporting peripheral/upper 

cru�t have been proposed . These i ncl uded a reduced crust thickness 

supporting the debri s b�d caused by continued melting of  core materi a l s  

�ithin the conso l i dated mass ;  a stress-i nduced fai l ure o f  the upper crust 

caused by the reactor system depressuri zation that occurred at 220 m i n ;  and 

a thermal/chemical i nteraction of the crust material  with core baffle 

p l ates. �t was not cl ear i f  any s ing le  fa i l ure mechan i sm or a comb i nation 

of mechani sms was the primary cause of crust fai l ure . Howeve r ,  further 

core material examinations and thermal /mechanical analyses of the crust 

should provide valuabl e data to focus on a most probable cause for fai l ure 

of the support i ng peripheral of upper crust. 

The rapid relocation of such a large quantity ( about 1 9 , 200 kg) of 

molten core material posed at least two cha l l enges to the structural 

i ntegrity of the reactor pressure vessel . The fi rst was from the 

hypothetical potentia l  for an energetic molten fuel-coolant i nteraction .  

The measured RCS system pressure confi rmed that such an i nteraction did not 

occur. 

The second chal l enge to the reactor vessel integrity was from a di rect 

thermal i nteraction of molten core materi a l s  with the reactor vessel lower 

head. The reactor vessel lower head d i d  not fai l .  Thus, a margin of 

vessel safety exists .  Several calculations have been performed to estimate 

the potential for a molten fuel-coolant i nteracti on ,  possible  thermal 

ablation of the lower head by mol ten core jet impi ngement,  thermal fai l ure 

of the seal welds around i nstrument penetration s ,  and fai l ure of the lower 
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head by cr.ep rupture undtr condi tio"' of tl tvattd te•ptraturt and RCS 

prtssur.. A d i scussion of the results of thtst calculations 1 s  contained 

i ft  Stct1on 4 of this report. 

3 . 6  Long-Ter. O.gradtd Core Cool i ng (224 •in  to lS .S h) 

There was no tvidenct of 1 second .. jor relocation of molten core 
.. ttrtals  i "to tht CSA. Thus, tht post-accident configuration of the core 

prtstnttd t n  Fi gure 1 represents a stable and coolablt conf1gurat1on for 

tht .. ttr1 als  i n  the core, CSA, and lower head rtg i on s .  Oeta t l td thermal 

analyses are 1 n  progress to 1nvtst1gate the l ong-ter. cooling of the 

conso l i dated �•ss w1 th1n tht core region .  Prtl1•1 nary rtsults frOM these 

stud1ts suggest that cool i ng of tht s �•ss took .. ny days.  
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4 .  ATTACK O F  THE REACTOR PRESSURE VESSEL 

The rapid relocation of 1 9 , 200 kg of molten core material to the TMI-2 

reactor pressure vessel l ower head reg i o n  posed a serious chal lenge to the 

i ntegrity of the l ower head. The reactor pressure vessel l ower head d i d  

n o t  fai l ;  but, si nce the vessel i ntegri ty was cha l l enged, the 

characterization of the condition of the lower head wi l l  provide data that 

i s  i nva luable for con s i deration of reactor pressure vessel fai l ure during 

severe accidents. The data that can be obta ined from TMI-2 reactor vessel 

l ower head exami nati on , and examination of prev1ouly-molten core material  

adjacent to the lower head, coupled with  the results of calculational  

mode l s  of  the reactor vessel l ower head response to the attack wi l l  support 

the development of l ower head damage and accident management model s to 

predict the margi n-to-fa i l ure of the reactor vessel l ower head and the 

consequences of possible  recovery options .  

Several calcul ation s  have been performed to  evaluate the response of  

the TMI-2 reactor pressure vessel to  the attack resul t i ng from molten core 

movement. These i nc l ude : ( a )  the potent i a l  for an energetic molten 

fuel-cool ant interaction (which d i d  not occur i n  the TMI-2 accident) ; 

(b)  the thermal ablation of the core baffle plate s ,  former p l ates ,  and 

reactor l ower head by the imp i ngement of molten core materi al s ;  ( c )  the 

thermal fai l ure of the i n strument penetration tube nozz les ;  and,  ( d )  creep 

rupture of the l ower head under conditions of el evated temperature and RCS 

pressure . The results of these calculations are di scussed i n  the fol l owing 

subsection s .  Deta i l s  o f  the configuration of the reactor pressure vessel 

i nternal s are descri bed i n  Appendi x  A. 

4 . 1  Molten Fuel Coolant Interaction Potential  

A report prepared by the Steam Expl osion Review Group ( SERG) concl uded 

that the occurrence of a steam expl osion of sufficient energetics to lead 

to a lpha-mode containment fai l ure has a low probabi l i ty .
16 

A central 

feature of the quantitative responses i n  thi s assessment was a mechan i stic  

treatment of various stages of  the steam explos ion sequence, with  empha s i s  

o n  estimation o f  the mass of me l t  that parti c i pates i n  the expl osion .  The 
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lo� probtb 1 l t ty of etrly contt i n  .. nt fti l ure suggested by the SERG steMs 

l • rgely fra. the bel i ef thtt the fuel ••ss part1c1ptt1ng i n  • potential 

stea• explosion 1 n  1 l ower vessel plenum fol l o�1ng molten core relocation 

1 s  quite Hatted. 

The l i• f tttfon 1n fuel part i c 1 ptt1ng t n  • possible stea• explosion w•s 

rel ated both to the l i kel i hood of • large, coherent pour of molten core 

.. teritl into 1 l ower plen� tnd to the subsequent potent1•1 of mol ten 

core-coolant atx tng. Esti-.tes aaong the SERG .. .oers varied over 1 wide 

range (700 to 24 ,000 kg ) .  These estiaates ctn be ca.pared �tth 20 ,000 to 

40,000 �g of aol ten core ••tert•l that •ust relocate to a l ower plen� 

within 1 few seconds , to ch& l l enge the integrity of the re&ctor vessel . 

The aol ttn core relocation process be l i eved to occur during the TMI-2 

accident c l early supports the SERG conc l u s i on that 1n energeti c  tn-RPV 

stet• explosion captble of e&rly conttin-.nt f1t lure 1 s  a low prob&bt l t ty 

event. 

As described t n  Subsection l . S .  the TMI-2 .ol ten core reloc&tton t s  

bel i eved to have started �fth the fai l ure of peripheral /upper crust 

containing tht aolten core aateri&l (cor1�) and the subsequent pouring of 

t � � s  .. ter1 • 1  into the l ower p1enua. The pouri ng molte� cor� materf&l  

s�rea•( s )  or jet( s )  •i•es with the water as  it  desends to the l ower pl enuM 

1t a rate control l ed by i nterf&c f & l  1 nstabi l 1 ti e s . 17 The energeti c s  of 

tne v&por explosion, i f  it occurs ,  i s  commonly bel i eved to be d i rectly 

:�::: �:tona 1 �o the e x �e�t o� :he cor i um melt-water m i x i ng zone at the time 

thlt the vapor explos ion i s  t n t t f ated. Once the extent of the m t x f ng zone 

1s dete�tned, an upper bound to the �ech1nfca l  energy release can be 

ca i : �l lted by •ul t i pl y t ng tM tneraal energy "stored" i n  the cor1ua 

coaponent of the mi xture by an appropri ate thermodynamic  conversion 

rat t o .  16 

A cori� -.ss of SOO kg was c1l culattd to h&ve been &v&ilable during 

the relocttton of the TMI-2 core for part i c i pation in a ste1m explosion 

event. 18 .The theoretical  posstbt l f t v  for the fai l ure of the TMI-2 

retctor pressure vessel Dy 1 steam explosion t s  not evident wnen the SOO kg 

·cort� aass t s  coap1rtd wtth tht 20,000 to 40 ,000 kg cor1um m1sses thought 

19 
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necessary to produce margi nal reactor vessel lower head fa1 1 ure. 19  I n  

any event, the h i g h  pressure condi tion i n  the TMI-2 vessel a t  the time of  

the core relocation most l i kely prevented the occurrence of  a classica l  

steam explosion al together. 20 

4 . 2  Thermal Abl ation of RPV Components 

As di scussed i n  Subsection 3 . 5 ,  complete mel t-through of the baffl e 

wal l  thickness was cal cul ated to occur i n  10 to 15 m i n .  Partiti oning of 

the flow of corium down through the open fuel as sembl i es versus through the 

abl ated hole i n  the baffle plates and the core bypass region has not been 

resolved. Exami nation of sampl es of previously-molten materi a l  from the 

east side of the core in the R6 assembly location would help resolve this  

parti tioning .  S i nce fai l ure of  the baffl e pl ates can lead to  potential  

corium flow into the bypass region between the baffle pl ates and the core 

barrel , corium attack of the horizontal former plates that reside between 

the baffle p l ates and core barrel was a l so analyzed. 

4 . 2 . 1  Thermal Abl ation of Former Pl ates 

A s ignifi cant amount of core debris relocated to the horizontal former 

pl ates. Estimates i ndi cate that 4200 kg of previously-molten corium 

reso l i di f i ed i n  the core bypass region ,  with the highest bl ockage of  the 

holes in the former pl ates on the east side of the core. An assessment was 

therefore made of the migration behavior  of cor i um during relocation 

through the core bypass and of  the potenti al for melt ablation of the 

0 . 03175-m-thick sta i nless steel former plate s .  

The core bypass vol ume , between the baffle pl ates and the core barrel , 

i s  occupied by a series of horizontal former pl ates at 8 di fferent l evel s .  

Each former pl ate has 80 flow hol e s  that are 0 . 03334 m i n  di ameter and are 

al igned top to bottom. An assessment was made of the potential for l ateral 

melt migration al ong the surface of the former pl ates versus drainage 

through the flow holes to characterize mel t  debris migration behavior 

within the core bypass reg i o n .  A comparison of the flow area associ ated 

with the breached east-quadrant baffle pl ates and the flow hol e  area 

associ ated the 80 holes in a former p l ate, i ndi cate that the breached 
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baffle plates offer 1 l arger holt area than the fon.tr plates. The 
t�ltcatton of such 1 c�par f son i s  that lateral •tgratton of Molttn cortum 
al ong the surface of the for.er pl att can be expected. Lateral Mel t  
•tgratton h supported by the observati on of debrh on both the north and 
east quadrants of the for.er plates. 

Aft esti .. te was a l so .. de of 1 characttrfsttc drai nagt ti� for 
downward .. l t  •tgration through the holts t n  the fo�r plate. Ass�ing 
cort� occupt� tht ent i re vol� bttw.en two fo�r plates, and that a l l  
holts i n  a for.er platt are ava t l ablt for drainage, 1 drai nagt tt.e of 

about lS s was estimat� . 14 The i�l i cation o f  tht s result 1 s  that t f  

the cort� � fned molten, rapid drainage of the cort� through the fo�er 
plate holts would have occurred. However, tht fact that 1 s i gn i f i cant 
180Uftt o f  debrh hn bten obstrv� to rtt�� 1 n  i n  the cort bypass region 
conft�s t�t cort� was frozen in tht bypass regton. A l so ,  the vessel was 
reflood� by ECCS tnjtctfon between 200 and 207 •t n so that water was 
prtsen� t n  the core bypass wfttn the baffle p l ates fat t ed .  In-place 
fre.ztng of cort� fn contact w ; th coolant i n  tht cort bypass region t s  
const sttnt with the observati on s .  Tht free z i n g  of cor t �  i n  the core bypass 
regton dots not, howeve r ,  i � l y  that cort� did not relocate to the l ower 

ple�� through tht core bypass � e ; � o� 

� ex .. t"a t � on of dtbrf s characte r i st i c s  (compos i ti on ,  s t z e ,  surface 

-orphology) and the extent of the�l tnter&ctton w1th the fo�er plates 
( �·�sed debris to fonaer plates versus loose rubble)  w 1 t"'l the debri s  i n  �he 
lower plen� t s  rec�nded to dtte�tne t f  s t gn i ftc&nt d i f ferences i n  
debri s c�si t 1 o n ,  .. ,n part i c l e  s t z e ,  and ret&t ned ft sston products 
tx1st. These data wi l l  enhance understand 1 r q  of tht debrf s coo l i ng and 
ooten t t a l  tht�l daaagt to vessel structur&l c�ontnts.  

The�l daaage potenti a l  to the lower head was &ssessed for tht 

configurati on c •  coherent jet i•pi nqement of reloc &ttng cor t um . �or thts  
ass� con f i gurat i on .  the the�al res�o�se of the lower he&d t s  largely 
dtctated by the contact ttme and heat transfer character t � t 1 c s  at tnt jet 

21 



impi ngement surface. Assuming a jet di ameter equal to the flow area within  

a s i ng l e  undegraded fuel a ssembly,  the time for melt relocation a s  a jet  

was estimated to  be  about 75 s .  This  estimate i s  consi stent with 

source-range monitor data which indicates that major core relocation 

occurred during about a 1-minute period. 

Two l imiting condi tions were assessed with respect to jet impi ngement 

heat-transfer characteri stics.  The fi rst was fot a weak jet,  with 

conduction- l i mi ted heat transfer. The second was for strong jet forces,  

where turbulent mix ing and mass transfer effects at the impact surface lead 

to an enhanced convective-control l ed heat transfer proces s .  For 

conduction-control l ed heat transfer, surface ablation of the lower head by 

d i rect heat transfer was not i ndicated due to the poor conducti v i ty of the 

molten core material and the high thermal capacity of the lower head, which 

serves as an  efficient and qui ck-response heat s ink .  However, 

calculational resul t s  for convection-control led heat transfer i ndicate 

l i mited melt ablation at the surface of the lower head sta i n l e s s  steel 

l i ner.  The calcul ated depth of penetration of the mel t  front i s  about 

0 . 0127 m ( compared with a head thickness of 0 . 1397 m) for a jet impi ngement 

time of 75 s .  I t  would take a jet impi ngement time of 15 to 20 min  to 

ablate hal f-way through the vessel thickness according to the 

calculati ons.  Thu s ,  for a jet impi ngement time of 1 to 2 mi n ,  which i s  

bel ieved to be the time for the relocation of the TMI-2 corium, l i ttl e 

thermal damage to the reactor vessel lower head would res u l t . 14 

An examination of the l ower vessel head, particularly in the 

east-quadrant, i s  recommended to establ i sh whether a jet actua l l y  channeled 

i ts way to the vessel bottom and therma l l y  attacked the lower head. 

However, because l i ttl e damage to the lower head is predicted (ei ther for a 

strong jet or for coherent spreadi ng of me l t  debr i s  al ong the head 

surface) , i t  may be more important to examine for mel t  ablation of the 

bottom-entry i n strument guide tubes and penetration nozz l e s ,  s i nce the 

l imi ted thermal capacity of these structures make them more susceptible to 

melt ablati on .  
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4 . 3  l n\tr�nt Ptnttration Tubt Fa i l ure Poten t i a l  

Both S.bcoc� a nd  Wilcox (TMl-2) and Wtsttnghoust PWRs cont� t r.  
tftst�nt penttrat ion tubts through the lower htad. vhich strvt as ent� 
ports for neutron f l ux �nttors and other i n-co,. t nstr�ntat i o n .  Because 
of the l argt n�r of penetrations ( S2 for TMI-2) and the 
th,.e-d1-.ns1onal nature of tht�l attack that these tubes would 
taPtritnce (as oppostd to esstnt t a l l y  one di .. nstonal heat transfer t n  the 
.art .. ssive vessel head), the 1 n str�nt penetration tubes could bt 
subject to early fa i l ure and tht attendant potential to duct core _.tertal 
froa the pressure vessel to the conta t n  .. n t .  

Each bott�-ent� t nstr�nt penetration t s  essent i a l ly 1 conti nuous 
tube that starts fro- an tnst�nt pantl located i n  the contai n-.nt 
bui l d i ng abovt the top of the reactor vtsstl as indi cated i n  Append i x  A. 
Ffgurt A. The access path i s  downward through the t nstru.�nt tunnel and 
�ctor cavity. turrtng upward bt l ow  the reactor vessel , and penetrating 
t�e reactor vessel through holts i n  tht lower head forg i n g .  Tht t nstruaent 
peftttratton tubes a,. sta l ed  to the reactor vessel l ower head by � l d i ng 
braz ... nts. I n-core tnstru-ents art i nserted i nto the RPV through these 
t�s and art iftdeaed by 1 switching device to aap tht neutron f l ux and 
t.-peratu�e d 1 stribut t : � s  with1r.  the core. A deta i l ed  description of the 
1nstru-.ntat1on witht� tht tubes and the geoeet� of the i n strumentation 
tubes are given i �  Appendix  A . 

' ' gr.;re 3 t 1 l ustratts the geoeet� of an i nstrument penetration nozzle 
located Just inside ��e reactor vessel lower head . which i s  subject to 
•�tick by �l ten core aater i a l . A feature contr,buting to the fa i l ure 
potenthl h tht • f 1 n-tfftct• of the tubt stub \urroundtd by hot cori�. 
Lf�fst. the �raturt o f  the weld aatert a l  It the penetration-head 
j�rctton would increase fasttr than the vessel wa l l  itse l f .  si nce tht 
P•�etratton nozzel acts as 1 conduction path for htat transport fro. tht 
cor : ua  to the welds.  Consequen t l y .  the ptnttration junct ions can be 
tiPtC�ed to fa i l  btfore t�t lower head . 
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Figure 3 .  Instrument penetration nozzle configuration . 
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Tht�l ana l y sts wtrt ptrfo� to a s se s s  tht potent i a l  for fa i l ure of 

tht nozzles prtor to tht observation that tht R6 sta t n l tss stttl guide tubt 

had bttn .. 1 t.o .
21 

Tht analysts tndt cattd that mt l ttng of tht nozzles 

could bt taptcttd ff thty wtrt in contact with cort� at t .. per&tures i n  

tht rangt of 1600 to 1800 K ,  or wtth .. tal l i c- l t �t dtbrt s at tt•ptraturts 

greater than 1620 K .  Tht�l attack by .al ttn statnltss sttt l 

approat .. ttl y  200 K abovt t ts .. l t t ng potnt was a l so assessed to lead to 

nozllt .. l t  fat l ure.
21 

However,  cort� frte z t ng and p l uggtng t n  tht 

t nstr�nt tubts wt rt prtdicttd, which would prtvtnt cort aattrt a l  fro� 

tscapt n g  tht reactor vtsstl . 

ln a stparatt study by BAbcock and Wi lcox23 tht transttnt hta t t ng of 

an t nstru-tnt tubt nozzle surrounded by 1 corium stalagmite was a n a l yzed 

ustng an aa i s�trtc �tl t n  tht FELCON computer codt. An i l l ustration 

of tht .adtl ustd tn tht calculation t s  shown in Ftvure 4 .  Tht 

aa i s�trtc gt�try was ustd for a cyl t nd r t ca l  col �n ( stalag•itt) of 

1ape�tablt cort�. surrounding an Incontl nozz l e  and tn  contact with the 

TMI-2 lower htad . Tht t n t t t a l  t .. ptraturt of the surfact of tht cortum t n  

contact w t th t ht  l ower htad was taken to bt 2477 K and tht remat ndtr o f  the 

cor,� was stt at 3033 l t n t t ta l l y .  Tht only coo l i ng provtdtd was by 

bot l • �s on t� o � � s i dt cy1 t ��r1cal  surf&ct o f  the corium stalagmite a r :  - �  

1 0. 9S2S-c•-widt r i ng o f  steel where the l ower head e x tended beyond the 

cor t � col�n t n  the �tl . The 1n1tta1  temperature of the l owtr htad and 

nozzle wtrt stt at 608 k .  

For thtst assUMed cond t t tons tht FELCON-c a l c u l ated r e s u l t s indi cate 

that tht t.-ptrature of • s t gn t ' t cant port ton of the lower htad would reach 

11 .. l or hotter .  At these t.-ptraturts , the u l t i mate strtnqth of the 

lower htad t s  on l y  1 3 , 400 ps1 and undtr thtst cond i t i o n s  tht l owtr head 

would havt ruptured or p l a s t i ca l l y  dtfo�d dur t ng the TMl-2 pressure 

transttnt ( 2300 p s i ) .  St nct tht reactor vtsstl l ower head d t d  not fat l 

durtng tht pressure tran s t tn t ,  i t  wu conchldtd that the FELCON 

calc � : attons wert too constrvat1vt ( i . t . , the corium was cooler than 

• 

lOll K ,  t�t sta l av-ttts were s�al l e �  than 0 . 254 � 1 n  outstde d1amtt•r. or 

t�t�t waJ -are th•n 14' of the surface of the l ower he&d eaposed to coo1 1 ng 
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Figure 4 .  Model of i nstrument penetration calculations used 1 n  FELCON. 
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wat�r). In any event , the FELCON resu l ts pred i ct that netth�r thf lowfr 

h�ad nor the nozzle weld a�tertal r�achtd tht t r  me l ting tempera tur�s. 

The FELtoN cal cul ations did prtdi c t  that thf upper part of tht lncon!l 

_ftOUlt would rt&ch teaperatures wt l l  above th� ��e l t i ng poi nt .  The noult 

was ass� surrounded by hot cort� with no cool t ng .  except for conduction 

down the nozzle and into tht lower head . The ctnti .. ter or so of tht 

nozzle attach� to the l ower head i s  close enough to the heat s tnk  ( l ower 

htad) to keep the welded portion of the nozzle fro. Mfl t1 ng .  

Othtr calculations were a�dt usi ng FELCON and the stalagm1tf geomftry 

to stud� the effects of 1 lower cor1u� thenaa l conducti v i ty ;  a n i gher heat 

transfer coefficient between the coriUM and thf l owfr head , and a l owfr 

heat transffr cotfficttnt bttwetn the nozzle and the lower head . In  no 

cast dtd tht calculated peak t.-ptr&turt 1 n  the ht&d or the nozzle weld 

••ceed 1577 K. However, s t nce the Inconel weld .. l ttng t .. peraturt 

( 1616 k) i s  ltss than 100 K hi gher than tht calculated val ues , and since 

��cert1inttes exist  tn dtbr1 s  cool ing Chlracter t sttcs,  the poss tbi l t ty 

e•tsts th1t tht weld region could have suffered s�e theraal d1•age. Thi s 

i s  esp!c i a l ly true because corium could have entered a f1t led noz z l e ,  

drained to the regt o �  o f  the wel d ,  1nd a l l owed two-si ded theraal attack on 

t� weld req1on as t ' l �s�rated t n  Ft gure S .  Thus, add i t i onal  ana l y s t s  t s  

present · ,  betng conducted by ESA, Inc . for vari ous poss ible heat transfer 

conai t1ons at the weld loc1tton. 

� . 4 Lower Mead Cr�ep Rupt ure Potent ia l  

Th� thermal response of thf lower htld was ca lcu l ated using 

COUPLE/FLUID, a two dt�nstona l ,  f 1 n 1 tf element ,  transient he1t conduction 

and convection ca.puter code.
24 

Btcaus� of th� wide range of physical  

chAracteri stics obs�rvtd tn the l ower plenum debr i s  ( p1rt t c l e  size,  

texture, ca.posttton)  and, particularly.  because of the uncertai nty 1n  the 

co.posttton of the materi a l  adjacent to the lower head , three assumed 
z� debri s  confi gurat ions were eva l uated. These three conftgurattons 
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Figure 5 .  Double-sided attac� of instrumentation penetration nozzle. 
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�prese"t IR uo�r boUftd . 1 low.r bouftd, 1Rd an t �tt�1 1tt conftguratto� 

�� ' "  Figure 6 .  

Ft�-" &. � icts t�t coaftgur1t t on  thoU9ht to represent an uope� 

bouftd t'-,...1 chil l .-,.  to the vessel . A l�r of porous debrh wu 

IS� to settle onto the l o.wr vessel �eld . The interstices bet�•� the 
O.Orts �rtt c les .,.,.. auu.G t.o �·• f t l l e-d  111i t"' .olten control rod 1nd/or 

c� st�uctural �te� · • l s .  resul t i ng  in  1 co�sol1dlted ( zero porost ty) 

l 1,er of ��! 1 1 c/cerAaic .. tert a l  adjaceRt to the vessel . Tht s  layer 

liiCNld traas-1t heat. to the i o.er held -ore rapidly t�n the cerg1c 

Nter h l .  A porous det)rt s  bed wu usuwd to reside or the 1roUI'I upper 

c"'�t of the COflsol idite-d � t Oft .  

�· gure 6t» repres.ftU 1 lo.er bou� venel thei"'Nl c�l lenge 1nd 

co-shu of 1 porous det»rh bed separAted fr"'Ot the lower held by 1 l ayer of 

scl td1 f�.a COfttrol rod .. urt a l  thit 1 s  us� to Mve rel ocated t.o the 

'ower htid . � c  6roZ� or1or � :  �� -.jor co�e rel�t1o� 1� t .. ; s  c1se, 
�� ���;er control rod l1yer .ould 1ct IS 1 heat s t � k  and idded the,...l 

resh�nce to heat flow fro- the det»rh to the l �r "tid. 

·�e thtrd c c r f " ; . r 1� 1 � · .  t � c w g � �  to De 1n 1 nter.ed1 itt conf1;wrat1on 

be��,. � bo�� c · � g  CiStS � .. :.� � �  � - gures 61 1nd 6b. i s  � r : w r  t �  �igure 
6c .  The 1nte�1ate co� � · ; .· a : 1 on cons· sts of • porous de0r1s bed 1 1 ke 

tn.t of t�e lower OOund c1se but w · th  no l1yer of frozen : : � t · o l  rod 

-cter1al bet�r �he oe: r · s  bed lftd i �-er held. 

i� idd1 t 1 or to u n c t r t • · � :y 1 ·  the cseorts conf1gurit1on, uncertA inty 

eatsts re:1ttve to tne coola�1 1 1 ty c 6  the vArious types of debrf s .  

Milyttcal --ort t.o eul�te the de0r1 s coo l ' ng of the TlU-2 upper core 
a.c.-fs t nd i Cit�s �t for a ����ws  deDr1 s  confi;Yrltlon, Quei'ICh t 1 -. s  on 
the orde� of ZO • • n  1re ••pee�. :z Howewer. the ·w1-2 · n-core 

t.he•w.coupl e  cSAU recot"deCS dudftg t he  •cc1dent 1nd post-•cctcsent 

�asw��rts to CS.te�t"• t�� location of t�e tner.ocouolt junctions both 

JY99tlt t�at the l ower plenu= Gebris .. Y �a�e O.tn a� •ltvat� t.-per&tJres 

for � to z p aft•r ��e rtlocatton event.
1 1  

For t�t thrtt debris 

configyrati or s  s� t� F i gure 6,  tnt i�•ct of u�ct rt• t � ty tn coolab 1 1 1 ty 
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(a) Upper bound 
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(b) Lower bound 
configuration 
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(c) ·Intermediate• 
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�������::=.__ __ Solidified 
control rod 
material 
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Fi gure 6 .  COUPLE/FLUID models for upper- and lower-bound and intermediate 
lower head region configurations. 
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of the porous d•brt s  on the l o�r h•ad the�a l  response was a l so 

;nv•sttgated. 

A l ow.r bound for tht porous d•brt s  coo l i ng w1s 1 ssueed to be no 

coolant peft•tration i nto th• debri s  bed . On ly the upper surf1ce of the 

debris bed was ass� to qu•nch; 1nd th1s qu•nch w1s 1ssumtd to occur at 

the btgtnnfng of the t .. per1ture trans1•nt. Thus, heat tr1nsfer fro� the 

debrf s bed was l 1• 1 ted by heat conduction through the porous debr i s  1nd 

COftvtction at the debri s outer surf1c1. 

An upper bound for the porous debri s coo l i ng w1s 1pproxt�1ted by 

• s � � ; ng coolant penetrat\on tnto the debr i s  bed and coapltte quenching of 

the dtbrf s .  The quench froftt w1s ass� to stlrt 1t the periphery of the 

debr i s  bed and .ave radi a l l y  i nward. The top surface of the debri s  bed was 

ass� to bt quenched at the i n i tiation of the transient w i th no further 

-���teal Quenchi ng . The radi a l quench front versus time was determined by 

ass�tng the energy r.-oval rate from the debr i s  to be constant durfng the 

Z0-.1n quenching peri od .  The debrf s  quench configuration and associ ated 

qutftch front position versus t f  .. based on these assumptions are shown i n  

� ' gure 7 .  

COUPLE/�LLIO calcwlatfons were perfonmed for �he upper, i n termed i ate , 
and l ower bound debri s  conf igurati ons u s i ng assumed dry and quenched porous 

ee�rfs cool ing  for each of the debri s  configuration� . For the calculations 

· � was a ssu�d t�at  the 4 r i ti a l  �eb r ; s  te�pera: Jre was 2500 K .  Resu l t s  of 

�he ca lcu l a: i ons are shown t n  Figure 8. 25 For a l l three cases of upper, 

� ��e�edt ate and lower bound, using a dry porous debri s  bed, the l ower head 

teeperatures trend upward · · th t i me. For a l l  three cases us i ng a quenched 

debri s bed, the l ower head teeperatures eventua l l y  decre1se. 

The variation 1n the operating systee pressure during and after the 

core re location at Z2S • i n  t s  shown t n  Figure 9 .  This  pressure , whfch was 
.. asured w i th pressure tran�ducers during the accident ,  was the major 

: o n � r tbvtor to the mechan fcll  loads on the l ower head . The combined 

pressure on the lo�r head resu l t i ng fro• water f n  the RPV and the we i ght 

'of the core mate r i a l  d 1 s t ' · buted over the lower head amounted to about 0 . 07 
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to 0 . 14 HPA coapared �fth operating syst .. pressures as h i gh as 1 1  MPA 

during the relocation period. The �eight of the reactor vessel f s  

transferred through the cyl i ndrical portion of the RPV do�n to the skirt 

support ( see Appeftdf x A .  Ffgure A ) �hich f s  wel l •�•Y from the high 

�.-perature �fon of the lower head. Thus. the syste• transient pressure 

was the only  s f g n f f i cant force causfng stress 1 n  the lower head. Thfs type 

of stress f s  not sel f-1 1•i t1ng , 1 . e . •  f t  does not reach 1 1 1 •it as  strains 

increase. Therefore . this  load •ust al�ays be carried by the lower head to 

.. f ntaf n  structura l i ntegri ty of the RPV. A s f •ple calculation of the 

ung ... thl stress f n  the l ower head. 1 un 1 fo,.. stress through the wa l l  

resul t i ng f ree the systM pressure. i nd f cites 1 af n i mu11 stress re su l ti ng 

froa syst" pressure during the transient of 74 MPA . 26 

Tht effects of creep on 1 structure ' s  capacity art quite c�plex and 

not eas i l y  dettr.1ntd wn.n t .. peratures art not unf for.ly di stributed 

throughout the structure. Tht s1gn1 ffcant effects of creep beg i n to occur 
at t.-peratures above 644 K ( 700°F) for ca rbon stee l s  used i n  RPVs. 
�ver, s i nce u l t f  .. tt strength f s  a teMperature-dependent but not 1 

t1�-dependent .. ttrfal character i s t i c ,  as  i s  creep , 1 t can be used to 
evaluate the TMI-Z lower head response for so-. of the calculated 

t�erature d 1 strfbutfons shown i n  F i gure 8 .  I f  one extends the u l t faate 
st����t� curve of SAS33 Grade B C l a s s  ! ,  t�e �ea:tor vessel l ower head 
-.teri a l ,  the ul t · �a t e  strength i s  about 69 MPA27 at 1 144 K .  Thi s f s  

about the • 1 n 1 •� stress ( 74 �PA) f nductd f n  the lower head by opera t i ng 
pressure � � r • ng t�e early stages 0 �  the core relocation when the lo�er heaj 
t.-oeratures would be the hi ghest. For a l l  lower head debri s 
conf·gurat1c�s f:r the dry debri s  bed , and for t�e upper bound 

configuration w i th tht Quenched debr i s  bed , the l o�er head temperatures 
reach 1144 K ( ste F i gure 8, for tht upper bound, quenched debrf s bed the 
�rature would reach 1 1 44 K at about 7000 s )  and therefore the lower 

head would bl prtdf cttd to faf l  for these four cases. 

S i nce fa 1 1 vrt of the reactor vessel l o�er head dfd not occur. 1 t can 

be f n ferr �� that both the upper bound configuration and the dry debri s bed 

assyept l ? r are both too conservat i ve .  Thus , a consol idated ( :•ro poros i ty )  
·pre v 1 v w s 1 y-MOlt•� � 1 •ture of core mater1 a l s  most l i ke l y  does not completel y  

3S • 



cover the l ower head and the debri s bed that does cover the l ower head was 

probably quenched. Some combi nation of the i n termediate and l ower bound 

configurations with possibly very l ocal i zed corium i s  now thought to be the 

most l i kely cond i tion  of the debris resting on the l ower head of the TMI-2 

RPV. These calculational results empha s i ze the need to better understand 

the cond i tion of the molten core materi a l  adjacent to the lower head and to 

understand the mechani sms contro l l i ng breakup (debri s formation) of the 

prev iously-molten core materi a l .  The calculati onal results a l so emphasize 

the importance of debri s coolabi l i ty i n  l im i t i ng the temperatures reached 

by the l ower head of a RPV. 

Add i t i onal calculations were performed for the quenched, i n termedi ate 

configuration ( porous debri s bed resting on l ower head) to determ i ne the 

creep of the l ower head for thi s cond i t i on in an effort to quantify the 

margi n-to-fai l ure of the l ower head. The axi symmetric model of the l ower 

head, skirt,  and cyl i ndrical port i on of the RPV used i n  the calculations i s  

i l l ustrated i n  Fi gure 10 . The ABAQUS28 nonl i near , structural f i ni te 

el ement code was used for the creep calculati ons with the lower head 

temperatures calcul ated using COUPLE/FLUID used a s  i nput to the ABAQUS 

code. Si nce the scope of the creep analysi s was l im i ted to an  ax i symmetric 

response of the l ower head to the core relocat i o n ,  the plate materia l , 

SA533 Grade 8 Class  1 ,  was the pri mary material of concern. 

Elastic-plastic and creep propert ies for SA533 Grade 8 ,  Class  1 materi al 

have been documented from tests u p  to 922 K ( 1200°F}28 . Stress-strain 

curve s ,  Youngs modulus and proportional l i mit  stresses, materi a l  creep 

propert i e s ,  and mean coefficients of thermal expansion were al l derived 

from Reference 28 for use in the ABAQUS calculation s .  The ABAQUS code used 

the 922 K properti es  for temperatures above 922 K .  

The results of the ABAQUS calculations26 shown i n  Figures 1 1  through 

14 i l l ustrate four time �gments of the temperature and resu l t i ng stress 

di stribution i n  the axi symmetric structural analys i s  of the TMI-2 l ower 

head after core relocation .  Contour l i nes  connect regions  of  equal 

temperature i n  the four p l ots on the left s i de of each fi gure whi le  on the 

right side they connect regions  of equal stre s s .  The time i n  seconds ' ' 

after i n i t i ation of the thermal transient (t ime of core relocation)  at 
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F1 gure 1 0 .  ABAQUS •odel o f  TMI-2 re1ctor pressure vessel l ower head. 
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which these stresses were calcul ated, i s  i nd i cated 1 n  the center of each 

f i gure. The stress component i l l ustrated i s  oriented para l lel to the " 1" 

a x i s  i nd i cated i n  the l ower left corner of  each fi gure. This component o f  

stress was sel ected because i t  was typica l ly  l arger than the hoop d i rection 

component and offers the c l earest p i cture of  the stress scenario resul t ing  

from thi s  postulated thermal transient. The four figures cover a period of 

about 25 s after core relocation. 

As i nd i cated in Fi gure 1 1 ,  the unquenched temperature gradient i s  

maintai ned i n  the vessel wal l  untf l about 225 s .  The h igh  i n i t i a l  gradient 

decreases with i ncreasing time because of the exponential reduction of the 

i nner wal l  surface temperature over this  part of the transient. During 

this period, stress di stri bution through the wal l  con s i sts of  compression 

on the i ns i de and tension on the outside a s  the hotter i nner portion 

expands and i s  constrained by the colder outer port i o n .  Note the h i gh 

stress gradient at the midsurface, which would a l so i nd i cate h i gh shear 

stresses i n  the mi dsurface reg i on .  Thi s  i s ,  essenti al ly .  a bending stress 

di stribution through the wal l  during th i s  interval .  

Approximately 229 s i nto the transient the quench starts at the outer 

region of the l ower head and proceeds i nward. The quench i s  i nd i cated by 

the temperature contours, shown i n  Fi gure 11 at 229 s ,  curl i ng back toward 

the RPV centerl i ne near the inner surface at the outer edge of the debris 

bed. Thi s i s  in response to the coo l i ng i nner wa l l  temperatures .  Thi s 

produces a loca l i zed tensi on-compression-tension stress gradient through 

the wall at the quench front. Thi s gradient attenuates spaci al ly towards 

the RPV centerl i ne from the current quench front location but ma i nta i n s  i t s  

bas i c  configuration.  

In  the succeedi n g  time frames , the temperature contours mi grate 

towards the RPV centerl i ne as the quench front progresses towards the 

center of the debris bed. A high local stress gradient through the wal l  

continues to accompany the quench front as i t  moves. Trai l i ng the quench 

front, the loca l i zed tensi on-compressi on-tens ion di stribution g i ves way to 

a residual bending stress which has reversed d i rection from the pre-quench 
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distribution. At 1601 s, t� t.-perature gradient ts •uch �re un1 for8 and 

l owe r  than the i n f t 1 1 l  p�sts s ign1l 1 ng the end of s ignff tc1nt thtr.ll 

tff.cts on the vessel w1l l .  

Throughout tht the�l tr1nsient, note that the hi ghest stress 

gradf�ts general l y  occur on tht inner hal f  of the vessel w1l l .  Tht s •tght 

offer 1 sfgnlture for tht s postul1ted t.-perature scenario which could bt 

16tnt 1 f i ed  i n  post-lccidtnt exa•fnatfon. 

The overa l l  stress gradients in the RPV lower head calcul ated to 

�sult fro8 tht relocation of .alten core .. terfal are do.fnattd by the 

����1 gradients in tht l owe r  htad wal l .  Plastic and creep deforaat1ons 

occur causing redfstrfbutfon of st,.ss throughout the wal l  thickness. 

St�ss grad i ents a l so undergo �ver�al s  durfng tht t .. peratu,. transient. 

Plastic O.foraAtfons occur at various locations throughout the wa l l  

thtc�ss at vari ous t t-.s during tht transient. Both co.press f vt and 

ten s i l e  yteldt�g occur on tht fnner hal f  of the wal l  whf l e  prf-.rf ly 

ten s i l e  y ielding  i s  exhibited in the outer portion. Even though plasttc 

dtfo�tfon was • i O.ly dfstrfbuttd, ft  was not very h1gh.  Max1•u. plasttc 

and c� strains wert each c1lculattd to bt i n tht lS range. Reference 29 

�po�s c�p rupture stra i ns 1t 783 K (950°F) of about 35� 1nd e1 ongatfons 

1t ul�f  .. tt strength and 783 K of about ZSS. It i s  esti•ated that 

1nclus1on of physical propert ies for t.-otrltures above 922 K would 

1ncre1se p l astic  deforaations in the a&jor1ty of the lower head wa l l  only 1 

sr.• ' 1  a-c�"t �cause o•  the •try loc• l , zed di str , bu : i on of high 

tea;er1tures on the f n side surface of the lower head. 

T� ABAOUS-calculattd results for the teaperaturt i nput calcul ated 

with COUPLE/FLUID u s i ng 1 quenched, porous debris  bed i ndi cate that rupture 

of the lower held f s  not very pro�ble. The calcul ated h i gh t .. peratures 

-.re �estrtcted to the f n s f de surface of the lower head and the t .. perature 

tr1nsfent was not long enough to 80b 1 l f ze any sfgn t f f clnt cr .. p f n  tht 

lowe� �ad wal l  tn.t would lead to rupture. For thi s  type of t.-peraturt 

df st'fbut•o� . creep on l y  c1uses the high thtnaal compress i ve strtsses on 
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the i nner surface to rel ieve rather quickly and cause the lower head wal l 

to carry the load i n  i ts outer port i on s .  

The ful l penetration weld connecting the RPV forging with the pl ate 

material  1n  the lower head i s  a more probable l ocation for the RPV to 

fai l .  Thi s i s  because the welding process reduces duct i l i ty .  and 

therefore, a l l owable creep stra i n s  in the head affected zone. 30 However, 

because this  weld i s  much higher on the lower head and, based on the ABAQUS 

analysi s  and the postul ated corium relocation time, temperatures at the 

weld lo�ation could not have been high enough to cause substant i a l  creep at 

this  location .  

Another area of concern for creep rupture is  around the i nstrument 

penetration tube nozzle wel d .  As previously suggested , fai l ure of an 

Inconel nozzel could lead to the flow of hot corium down the i nstrument 

tube to the weld l ocation leading to the potential  for lower head creep 

fai l ure at this  very l ocal i zed posit ion .  

Resu l ts of  the thermal and creep analyses of  the response of  the lower 

head to the relocation of the molten core debri s provide important i nsight 

relative to the understanding of the l atter stages of i n-vessel core damage 

progression leading to the attack of the RPV l ower head. Further 

characteri zation of the lower pl enum debri s ,  especi a l ly the debris adjacent 

to the l ower head, and the lower head i tself  wi l l  be necessary to reduce. 

the uncertai nty i n  the estimated mechan i cal response of the lower head. 

Phys ical properties  of SA533 Grade B ,  C l ass 1 material need to be measured 

as a function of time and temperature for temperatures greater than 922 K .  

When these measurements are completed, samples of the RPV lower head can be 

compared with the measured samp les to determine the temperature 

di stribution and the creep i n  the RPV l ower head. This  data wi l l  then 

quantify the margin-to-fa i l ure of the TMI-2 RPV lower head and a l l ow 

benchmarki ng of computer codes l i ke COUPLE/FLUID and ABAQUS such that they 

can be used with confidence for the prediction of RPV lower head fai l ure . 
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S . NRC/OECO AND DOE PROGRAM INTEGRATION 

Thts stet t on de$Cribes the i ntegr1tt on of the NRC/OECD-sponsored 

Vessel ht.egrt� Progr• (VIP) for TlU-Z 1nd the DOE-sponsored TMI-2 

Acct deRt Eval\ilttOft Progru (AEP). The objecttvu o f  the DOE-sponsored 

progr .. i nc l ude  develop t ng the physic1l underst�nd t ng of the TMI-2 accident 

1nd 1pplyt ng tht s  lnowl�• to assess severe accident scenarios and 

COftsequences. ;he NRC , i n conjunction w i th the OECO. t s  sponsoring 1 new 

t � ternlt1onal progr .. (YIP) to :  ( 1 )  char1ctertze the ••tent of lower held 

�ge; and. ( b )  esti .. te the -. rg t n  of s1fety to vessel fa i l ure. 

Int�ratton co-bl nes t�e DOE and NRC 'OECO resul ts to prov ide 1 ful l 

�noers�ndtng of the acctdent incl uding the lttack of the l owe r  held of  the 

TMI-Z RPY. The fol lowi ng subsecttons brtefl y describe the �sks covered by 

e1ch of the � progr .. s ,  which i n c l ude  tasks necess1ry to prov i de  

effective t n terconnectton a nd  i ntegration o f  the prograas. 

5 . 1  S�tus of DOE Accident Eva l uation Progra• 

Results of the DOE AEP are t nc l uded t n  the desc rt ptt on s given t n  

Secttons z .  3 1 Rd  4 of thi s  report. The st1tus of the sa•ple 1cqu i s t tion 

1nd eaaatn1tton efforts c�leted or pl 1nned i n  the DOE A£P are l t sted i n  

deta • l i n  Appe�a · x  B .  The DOE AEP i nc l udes exa•tnation o f  sa•pl es f�: 

( 1 )  the rt&ctor coolant systM; ( Z )  the ex-RCS ( conu i n�tent buf l d t n g ,  

aux i l iary bvtldtng, etc . ) ;  (3)  control rod l eadscrew s ;  (4)  the upper core 

de0r4 s  bed ;  ( 5 )  �uel rods 1nd control rods fr� the core per i phery ; 

(6) cort bore s�les f� the central • .a l ten core rtgton 1nd fr� fuel 

rods, control rods and burn1ble poi son rods fro- be l ow the central •olten 

core �ton; 1nd ( 7 )  debri s fra- the l owe r  pl en� . The DOE progr•• of 

ana lyst s 1nd interpretation of the TMI-2 accident dAti w t l l  produce: 

1 .  A descrtpt1on of the core 4aaage and relocAtion sequence of 

eve"ts ( updated acc1dent scenArfo) 
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2 .  An assessment of the l ocation of f iss ion products d i stri buted i n  

the pl ant a s  a result of the accident ( f i ss ion product 

di stribution) 

3 .  A computerized data base conta i n i ng TMI-2 research results ,  

examination data and supporting ana lys is  

4 .  The TMI-2 Standard Problem Exerc i s e ;  and, 

5 .  A comprehens i ve ANS topical meeting o n  the TMI-2 accident. 

In addition to the samples described above, other sampl e s  have been 

acqui red and pl aced i n  archival storage i ncluding :  (1)  fi ve "rocks" from 

the possible  mol ten core relocation path at core posi t i on R6 ; ( 2 )  l a rge and 

smal l "rocks" from the central molten core region after i t  was pulverized; 

and, (3) fuel rod assembly upper end f i ttings  and spiders.  Add i t i onal 

samples to be obtained by GPU Nuclear during defue l i ng i n c l ude : 

( 1 )  structural and core materi a l  from the core bypass region and the core 

support as sembly regi on ; and , ( 2 )  l arge vol ume samples from the l ower 

p l enum region and debris samples from adjacent to the lower head. 

Add i t i onal  sample examinations are being conducted or p l anned by foreign  

countries . Li sts of the TMI-2 samples furni shed to or  requested by 

European countr i e s ,  Canada, Korea and Japan for examination are l i sted i n  

Appendi x  C .  These countries are a l l  members of a Task Group o f  the 

Committee for the Safety of Nuclear Insta l l ations (CSN I )  of the OECD. 

Debris sampl e s  were shi pped to Europe and Canada during the summer of 

1987. The integration of DOE ' s  Accident Evaluation Program and NRC/OEC0 1 s  

Vessel Integri ty Program i ncorporates ava i l able  results of the forei gn 

country sample exami nations i nto the total package of TMI-2 sample analysi s 

and documentation .  

5 .2  NRC/OECO Sampl e Acqu i s i tion Overv i ew 

Based on the results presented i n  Sections 2 ,  3 and 4 of thi s report, 

i t  i s  clear that the TMI-2 reactor vessel lower head needs to be examined 

for evidence of thermal and chemical attack , and the debri s adjacent to the 
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lover head ne�s to be characttr1z� so that accuratt heat transfer 

calculations of the lower head response to the relocation of the corium can 

� ••dt Pr1 nciple areas of i nvtstigatton of the l ower head and 1dj1cent 

debri s  wi l l  include: 

1 .  The east quadrant t n  the region where t t  t s  be l i eved that the 

pri .. ry relocation of cor1� occurred 

2 .  The rad t a l  ctnttr whert tht �xtmum thickness o f  dtbr1 s  occurred 

and. 

3. The north quadrant tn tht reg ions where a wa l l  of conso l idated 

previously .al ttn .. ttr i a l  has been observed. 

S.-ples obta tntd at the 1bove locattons wi l l  not bt through w1l l  

s .. p l e s  but wi l l  bt thic� enough to provtde adequatt thtr.al 1nd 

.. t1l lurgtcal 1n1 l y s i s  (the ABAOUS calculations dtscrtbed 1 n  Subsectton 4 . 4  

predict that any p l a s t t c  dtfo�tion wt l l  bt on the tnntr portions of tht 

lower htld ) .  The s.-plts obtAined from the liSt quadr1nt wt l l  bt ustd to 

dtttr.tne the response of the l ower head and t nstru.ent ptnttratton weld 

jotnts where these structures wert attiC�� by rel ocated core dtbrt s and 

�� t � . c  bttn attlc�td by Jets of cor , um .  Samp les obtai ned at tht r1d i a l  

center o f  the vtsstl w i l l  be used to dettr.1nt tht response o f  the l ower 

htad 1nd t n stru..ntlt1on penetration welds under the deepest thickness of 

d� � i s  ICCw�w1 a�e� · - �� ,�� hea� and where thtrt may be 1 layer o f  

���-f�e · .. ttri a l s  such IS s i lver fr� tht control rods.  Samp l e s  obta i ned 

fro- tht reg ion where the wa l l  of conso l t dattd mattrtal  t x t sts w i l l  be 

exa•tntd to deter.int the vessel response to thi s attack. Tt�ptratures 

could have reached 1 100 K i n  t h i s  reg ion and t .. perature �easurements 

obUined ,,.. relocated (downward fr011 the core) i n-cort t.herwocouplt 

juncttons reached 1600 k t n  sa.. areas hours 1fter accident t n i t t ltton and 

thts could bt an t nd i catton of the�l attack on tht l ower htad. 

Deta i l s  of tht •••�tnation of the l ower head sa•p l t s  and the dtbri s  

sa•p l e s  adjacent t �  tht lowtr htld are described i n  Section 6 .  
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5 . 3  Integration of the NRC/OECD and DOE TMI-2 Programs 

Table 2 and Fi gure 15 are the acti v i ty l i st and the schedul e ,  

respect i vely,  for the proposed i ntegration of  the DOE and NRC/OECD TMI-2 

Programs. Table Z identi fi es the acti v i ti es that are : ( a )  DOE sponsored; 

(b) NRC/OECD sponsored, and; ( c )  con s i dered to be needed to connect the 

analyses of material s in the core region with the analyses of  the lower 

head and the lower vessel debris and which are currently unsponsored. The 

rema i n i ng sampl e  exami nations are designed to provide data that can be 

i ntegrated i nto the TMI-2 accident understandi ng such a s :  the mechani sms 

responsible  for transport of the mol ten core mater i a l  to the l ower head; 

probable flow pathway s ;  v i scosity of the molten materi a l s ;  relocation 

rates; and, maxi mum temperatures and method of surface attack. The 

resulting improved accipent understanding wi l l  a i d  i n  the determi nation of  

RPV safety margins  and devel opment of  i mproved analytical too l s  for severe 

accident mitigation and management.  

The products of the i ntegration of  the DOE and NRC/OECD programs wi l l  

i ncl ude { l i sted chrono l ogica l l y ) :  

1 .  TMI-2 Sample  Examination 

a .  DOE and NRC/OECD sample  examination reports 

b .  F inal  update o f  the DOE sample examination and examination 

work plan 

2 .  Data Analysis  

a .  An ANS Topical Meeting and Proceedi ngs  ( technical papers) on 

the TMI-2 accident (DOE) 

b .  A f i ss i on product i nventory report after the completion o f  

defuel ing (DOE) 
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TABLE 2 .  DOE AND NRC/OECO TMI-2 INTEGRATED PROGRAM TASKS 

Tuk. O.scr iptton 

C�lete TMI-Z SA•ple E•A•inAt1on 

. Core bore SEMIWX 
Lower heAd loose debrt s  physicAl  And rAd1och .. tcA1  
exutnAttons 
Coepl ete publ icAtion of s�•ple ex�m f i nAl reports 

Core position R6 consol td�ted core •Ater1Al  
CSHI (DOE pArtnership) sA•ple exa•s 

Lower heAd loose debri s MetAl l urgy 

Core bypass region core debri s  

BAffle plate t nteractton zones 

lnst�nt gutde tube tnteractfon zones 

Core support ass.-bly plate i nterAction zones 

Lower heAd sa.ple Acqu t st t1on 
Lower heAd sA•ple ex••fnatton 
Lower heAd coapAnton s••ple 1cqu i s t t ion 
Lower held ca.pan t on s1�l e exA•inat1on 

Instru.ent string nozzle interaction zones 

Annu.l report 
Saaple dt sposal (DOE sa�les) 

S.-ple di sposAl {NRC s••ples) 

TMI-2 Data Ana lys t s  

• 

TMI AHS Top i c a l  Mee t i ng paper publ i cation 
Core d ... ge progre s s i on scenario 
F i s sion product inventory report 
I-.,act of TMI-2 Lessons Learned report 

Oefue l f ng and CSNI (DOE partnership) exaMinations 
resul ts data base update 

Reactor vessel lower head data i ntegration 
Low.r head exuinatton data base date 
Lower heAd cr .. p rupture And .. rgtn-to-fa t l ure analysts  
NRC/OECD TMI-2 VIP  fi nal reporting 

TMI-2 Ftnal  Report 
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Sponsor 

DOE 

DOE 
DOE 

GPU/OOE1 

CSNI 

GPU/DOEa 

GPU/DOEa 

GPU/DOE
a 

GPU/00£1 

GPU/DOE1 

GPU/NRC/OECD 
NRC/OECD 
GPU 
NRC/OECO 

GPU/DOEa 

DOE 
DOE 
__ b 

DOE 
DOE 
DOE 
DOE 
_ _  b 

NRC/OECD 
NRC/OECO 
NRC/OECD 
NRC/OECO 
_ _  b 



TABLE 2 .  (conti nued) 

Task Description 

Standard Problem Support 

Compare CSNI results for Phase 4 and publ i sh final  report 

Compare NRC/DECO examination results with standard 
problem calculations 

DOE 

__ b 

Sponsor 

a .  Sample acqu i s it ion by GPU, shipping and archi v i ng by DOE. sponsor for 
exami nations to be determined . 

b .  Sponsor to be determined. 
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c .  An accident scenario update after defuel ing (DOE) 

d .  A resolution-of-issues topical report on core behavior 

safety (DOE) 

e .  A topical report on the reactor vessel behavtor and 

margi n-of-safety during the accident ( NRC/OECO) .  

3 .  Standard Problem Support 

a .  A report on the OECD-sponsored TMI-2 accident standard 

problem exerc i se (DOE) 

b .  An i ncorporation of the NRC/OECO V I P  results i nto the 

Standard Problem exerc i se (NRC/OECO) .  

4 .  F i na l  Documentation and Reporting 

a .  Expansion of the accident data base to i nc l ude additional 

results of defue l i ng 

b .  Expansion o f  the accident data base to i ncl ude the NRC/OECD 

lower head sample examinations (NRC/OECO) 

c .  Expansion of the accident data base to i n c l ude the results 

of foreign country sample examinations 

d .  F inal report on TMI-2 Program. 
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6 .  NRC/DECO VESSEL INTEGRITY PROGRAM 

Otta 1 l s  of tht acqu i s i t ion and txaminatfon of samples fro• tht TMI-2 

lower vessel head and sa•ple s  of debri s  d i rectly adjacent to the lo�er head 

a� described 1 n  th1 s section together with 1 d�scrtption of the analys t s  

of the lower head response to the t .. perature transient which wi l l  result 

tn an estiaatt of the aargi n-to-fa1 1 ure . Several organizations art 

involved i n  tht cooperative effort to achi�ve the goa l s  of the NRC/DECO 

Vessel lntegrfty Progr... I n  add i t i on to the NRC and the DECO partners, 

A�onne National Laboratory (AHL)-East,  the Idaho National Engineering 

labOratory ( INEL), General Pub l i c  Uti l i ties ( GPU)-Nuc lear, MPR Assoc i ates ,  

I nc . ,  and Power Cutting I ncorporated (PCI)  wi l l  bt responsible for various 

,.rts of the TMI-2 Vessel Integri ty Progr... Cooperation ••ong tht 

,.rt1c1pants i s  i aperativt to assure success of tht prograa. 

Rtspons1b1 l i t1ts  of the various organizations are c l early spec i f i ed 1 n  the 

fol l ow i ng two subsect1ons which dtscrtbt: ( 1 )  lo�r vessel head sa•plt 

acqui s i tion ,  sa•pl t  preparation and shi �nt ,  txp�ri•ental d�ter.1 nat1on of 

t t  .. -t.-perature plots of tht response of trchtve (or equivalent) sa•ples  

of  the lowe r  vessel head , .. tal l urgical exa•inatton,  dettn. i natton of  the 

aost l i kely t .. perature di stribution i n  the lower head, and progra• 

i ntegration ;  and, (Z) coapan1on sa•p le  acqui s i t i on , ship .. nt,  and 

-eta l l urgical exaainatt on ,  calculation of the creep str�ss�s i n  the lower 

vessel head as a function of ti .. during the accident, det�rm1nat1on of tht 

.. rgt n-to-fa t l urt of tht lower vessel head, and prograa integration. 

6 . 1  Lower V�ssel Head 

The object i ves of the lower vessel head sa•ple  examinations are to: 

dltt�lnt tht .. chan1cal propert1es and •etal l urgtcal characteri stics  of 

the lower head steel that resul ted froa the TMI-Z accident; deduct 1 

Jetnar1o for and dttt n. 1 nt tht t .. ptratures of the stttl 1 n  the lo�er head 

dur�"g tht accident; and, assess tht i ntegrity of tht lower head and 

.. � ; i n-to-fa i l ure based on thtst exa•inations . 

• 
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6 .1 .1  Lower Vessel Head Sampl e Acqu i s i t i on 

Wedge-shaped sampl es  wi l l  be cut from the l ower vessel head i n  regions  

where damage to the l ower head would be expected to  have the h ighest 

probabi l ity of damage. In these regions  sampl es  that contai n  i nstrument 

penetrations, and sampl es  that do not conta i n  i nstrument penetrations w i l l  

be obtained. Samp l e s  wi l l  a l so be obtained for reference from a l ower head 

region where no damage i s  expected. MPR Associates, I n c .  has the 

responsibi l ity for obta i n i ng the samples and shipping them to ANL-East.  

MPR Associates wi l l  use meta l -d i si ntegration-machi ne (MOM) techniques that 

were designed and tested and whose operation wi l l  be overseen be Power 

Cutting I ncorpprated to obtai n  the wedge-shaped samp l e s .  

Three types o f  sampl e s  wi l l  be obtained. Type 1 samples wi l l  be cut 

from the central region of the l ower head. Top and sfde v i ews of Type 1 

samples are i l l ustrated i n  Figure 16 for both i nstrument penetration and 

non-in strument penetrati on location s .  
, 

A poss ible  sample preparation scheme 

for Creep/Tensi l e ,  0 . 5  Compact Tensi l e ,  and Charpy V specimens i s  a l so 

shown i n  Fi gure 16 . Type 2 samples  wi l l  be cut from regions somewhat 

di stant from the cen�er of the l ower head denoted a s  ''hi l l side" reg i ons . 

Type 3 samp l e s  wi l l  be cut from regions that are sti l l  further from the 

center of the lower head and are denoted as "steep h i l l s ide" reg i o n s .  

Type 2 samples  are i l l ustrated i n  Figure 1 7  and Type 3 samples are 

i l l ustrated i n  Figure 18 .  The samples wi l l  not be through wa l l  sampl e s  i n  

order to avoid l eakage from the vessel , and therefore sample cutt i n g  must 

be done underwater . Samp les wi l l  be taken ha lf  way through the 0 . 1397 m 

thick lower head. Both the thermal ablation ana lysi s and the creep 

analys i s  descri bed in Sections 4 . 2 . 2 and 4 . 4 ,  respecti vely i nd i cate that 

hal f-wal l  thickness sampl es  wi l l  adequately encompass l ower head regions 

where both thermal ablation and plastic  deformation would be expected to 

occur. 

A TMI-2 core location d i agram i s  shown in Figure 19 that indi cates 

proposed lower head sample locations ,  l ower pl enum debris bed depth 

measurement s ,  damage zone locati ons, i ncore i n strument pos i t i o n s ,  

mechan ical probe l ocati o n s ,  and l ocations where damage occurred to the 

baffle plates {the probable relocation path through the core and the core 
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bypass �1on ) .  A pr1orittz� l i st o f  proposed lower head sa�p les that 

corresponds to the locations showft f n  Fi gure 19 i s  g i ven i n  Table 3 ,  

together wi th the rattonale for tht \elect1on. Tht actual locations of the 

�le eatractton wi l l  be dtter.ined after the debrf s  i s  re�oved froe the 

l�r head �ton and the l owe r  head i s  observed, but the propos� l i st of 

prioritized sa.ples w f l l  bt used as 1 quide i n  \electing final  sa•plt  

eatractton locations. A t i  .. window of 30 days wt l l  bt a l l owed for sa•pl t  

extractton and i t  i s  be l i eved that a •tnt•u. of eight samples can be 

obtained during thi s  wi ndow . 

At the present ti .. i t  i s  bt l iev� to be necessary to obtai n  sa•p l e s :  

(1)  as c l ose a s  possible to the area o f  1•pact on the lower head o f  the 

prt .. ry jet of .alten core .. terta l ;  (Z) toward the radtal  center of the 

lower head underneath the .. x t eua thi ckness of debr f s ;  ( 3) i n  tht quadrant 

of the lower head �re a •wa l l •  of conso l t dat� debrt s  st•t l a r  to 1 lava 

front has bien observed ; ( 4 )  in 1 location of the lower head not contacted 

by the -o l ten core .. tertal to act as 1 •contro l •  sa•p l e ;  (S)  froe 

locations including one or -ore t nstr�nt penetrations espec i a l ly t n  the 

areas noted 1 n  i t  .. s 1 through 4 :  and, {6) froe other locations as .. Y 
appear desirable once the debri s  f s  �ved froe the l ower head. 

The saaple f� t t  .. 1 above w1 1 1  bt iMportant to ascerta1n the depth 

of &blat1on ( i f  any) f� the 1•pact of the jet of molten core material , 

and the extent of interaction with the sta i n l ess steel l i ner and carbon 

st.el . The coro l l ary instr�nt penetration sa•ple w1 1 1  i nc l ude one 

observed to be M l ted off.  Thts  sa•p l e  wt l l  be important to deten�tne the 

extent of we l d  fa i l ure i n  such a region,  and the cond i t ion of the adjacent 

tnst�nt penetration tube. 

Sa•o les at the radial  center of the vessel l ower head ( i te• 2 above) 

w1 1 1  bt used to i nvesti gate the dl .. ge to the head and t nstru.ent 

penetration under the tht ckest l ayer of debri s  accumul ated on the l ower 

head and where there .. Y bt 1 l ayer of non-fuel Nltertal  coepostd of 

control and structural material . 

!»9 



TABLE 3 .  TMI-2 VESSEL
.

INTEGRITY PROGRAM PROPOSED LOWER HEAD PRIORITIZED 
SAMPLE LOCATION AND RATIONALE 

Sampl e location 

P6 

D14 

PS 

E14 

HS 

Ell 

GS 

Kll  

H7 

FlO 

F4 

llO 

FS 

M6 

K6 

E6 

010 

NlO 

R6 

M l 3  

Type 
Nozzle 

Nozzle 

Base 

Base 

Nozzle 

Nozzle  

Nozzle 

Nozzle 

Base 

Base 

Base 

Base 

Base 

Base 

Base 

Base 

Nozzle 

Base 

Base 

Ba·se 

60 

Rationa l e  

I n  path of  downflow jet: Abl ation 

Reference nozz l e ;  no debri s 

Pair  with P6 

Pair  with D14 

Central region 

Conso l i dated debr i s ;  longer coo l i ng? 
Short T/C junction at head 

Deep debri s ,  sport TIC junction 

Conso l i dated debri s ,  l onger coo l i ng? 

Pa i r  with HS 

Pa i r  with Ell  

Pair  with GS 

Pa i r  with Kll 

Short T/C junction 

Migration path 

Migration path 

Short T/C junction 

Nozzle submerged i n  melted core 
materi a l  

Pai r with 010 

Adjacent to nozzle damage 

Edge of � l ava" wal l  



Sa•plts fr� i t  .. 3 above wi l l  be used to i nvestigate the damage to 

the lower head i n  the area where 1 wa l l  of conso l i dated debr t s  has been 

observed and whtrt vessel temperatures could have reached 1 100 K .  

T.aperature .. asu�nts obtained after tht accident had progressed for 

s� hours fro. relocated t n-core ther.ocouplt junctions reached 1600 K 1 n  

s� areas. Tht s  could bt an t ndtcatfon--yet to bt conf1�d frOM 

.. tal l urgfcal analyses--of theraal threat to tht lower head. 

lht Sl�lt fro- itt• 4 f s  necessary tO ICt IS a •control "  SaMp l e ,  

whe re  t ht  ••cesstve t .. peraturts o f  the molten core ••tertal should not 

havt had 1 dt rtct effect on the lower vessel sttt l .  

The .. ta l -d1 s 1 ntegratton-.ach1nt (MOM) f s  expected to bt ablt to cut 

through tht layer of non-fuel .. tertal that may bt rtst t ng on tht lower 

head t f  that .. tertal dots not conta 1 n  any apprec iabl e ctra•fc •attrial . 

However. 1 f  sa-� ctra• i c  Nlttrfal  t s  contatntd t n  the layer of material 

adjacent to the l�r htad, that mattrtal  must bt re•ovtd prtor to cutting 

by MOM ttchn tquts. The INEL has tht responstbt l t ty to recoMMend to MPR 

Assoctatts (who has tht respon s i bt l t ty of obta t n t ng tht vessel lower head 

s.-ples) preferred .. thods of r.-ovtng tht ctraa1c or ctra•1 c/metal l 1c 

.. tertal pr1or to lowe� head samp l e  extraction. GPU Nucltar must of course 

�e . 1 tw and dett�1nt t f  any samp le  extraction ttchntqut can , t n  fact , be 

ustd t n  the TMI-2 plant .  

Tht actu1l ••tert a l  adjacent t o  tht l ower held i s  1 v t t1l dat1 source 

and •�st bt preserved durtng sa8p l e  acqu i s i t i on .  Tht •aterial  May bt fused 

to tht lower htad 1nd .. Y conta t n  thermoche•tcal  reaction product s .  I f  the 

.. tertal t s  not fused to tht l ower htad , samples of Mlttrt a l  adj1ctnt to 

tht �ad wt l l  bt obtained as part of tht dtfutl tng process by GPU-Nuc ltar 

and thfs  acqut sttton t s  dt scusstd tn Section 6 . 2 .  I f  �ht mater ial  t s  fused 

t.o tht lower head, and i t  dots contain cera•ics  ( t . t. the MOM cutting 

techniques w t l l  not wor�). then tht INEL rtco.-ends that an Abra s i ve 

�1orojet bt ustd to cut through tht fused l1ytr pr1or to samp le  cutting by 

tP\t M()t 
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The Abra s i ve Hydrojet uses a h i gh-pressure water stream w1th entrained 

abrasive di rected through a nozz l e .  The Abras ive Hydrojet has been shown 

to cut v i rtua l ly anythi n g ,  i n c l ud i ng sol id  meta l ,  massive cerami c s ,  and 

composites,  wi th speed and preci si on .  low reaction forces,  n o  i n-vessel 

moving parts (exclud i ng pos i t i o n i ng ) ,  and l i m i ted i n-vessel equi pment 

requi rements make the hydrojet an attract ive cho i c e .  A l s o ,  there 1 s  a pump 

un it  al ready l ocated at TMI-2, al though i t  should have i t s  final  stage 

upgraded for higher de l i very pressure. For thi s appli cati o n ,  steel shot 

abrasive i s  recommended in pl ace of the garnet abrasive used i n  early 

testing .  The cutting eff i c i ency of the steel shot i s  adequate, del i very to 

the nozzle i s  easi e r ,  and steel shot can be more easi ly  captured and 

removed from the vessel . The di sadvantages of the Abras i ve Hydrojet are 

that i t  requires h igh-pressure p l umbing between the pumps and the nozz l e �  

i t  i ntroduces abrasive to the reactor vessel that must be removed from the 

vessel ; the equi pment , i nc l ud i ng the pump s ,  i s  not contai nment ready� and , 

the nozzle and abrasive feed equi pment are not yet located at TMI-2. 

6 . 1 . 2  Lower Head Sampl e Shipment 

MPR i s  responsible  for the shi pment of the reactor vessel lower head 

samples from TMI-2 to ANL-East, and ANL-East, i s  respon sible  for sh ipment 

of the samples from ANL-East to the OECD partners and to the INEL. 

ANL-East has the respons ib i l ity to: receive a l l  vessel lower head steel 

samples ;  veri fy that the l ocation ,  s i z e ,  ori entat i on ,  etc . ,  of the samples  

that wi l l  have been documented by MPR i s  consi stent and reasonabl e ;  

decontami nate the appropriate specimens a s  necessary for unrestri cted 

handl ing ;  section the samples i nto metal l ographic and meta l l urgi cal 

specimens or blanks ; machine i nto specimens as required; and di stri bute the 

materi a l s  to the cooperating partner laboratories .  S i nce the l ower head 

samples wi l l  be decontaminated by ANL-East prior to shi pment , the shi pment 

from ANL-East wi l l  be rel�tively easy and inexpens ive .  Conversel y ,  

shi pment o f  the contami nated lower head samp l e s  (which may have 

fuel-bearing materi a l  attached to them) from TMI-2 to ANL-East wi l l  be 

nei ther easy nor i nexpen s ive .  A possible  method for shi pment of the 

contaminated sampl e s  would be to use the CNS 1-13C I I  cask owned by DOE. A 
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l arge conta1ntr was des1gntd and fabri cated by the INEL for the CNS 1 - l JC 

I I  cas� that could be us� for the shl�nt of the contaminated lower head 

saaples .  

The l arge shielded container that was designed and fabricated for the 

CNS 1 -1 3C I I  cask t s  t l l ustrated i n  F1gure 20. A bucket, whtch was 

designed to bt us� to r�ve the .. ter i a l  to bt shi pped froa tht reactor, 

fits I nside the shielded contai ne r .  The bucket, I l l ustrated f n  Figure 2 1 ,  

can only be used for non-fuel bearing .. ttrlal a t  the present t1me but i t  

.. Y bt possible to obtai n  approval froa the NRC to shfp the reactor vessel 

lower head saaples  I n  tht s  bucket f f  the shi e l ded conta i ner carrier 

( i l � ustrated In Fi gure 22) I s  aod1 ffed so that 1 t  can bt sealed. A 

fuel-bearing-..terfal bucket ( i l l ustrated I n  Fi gure 23) was a l so designed 

and f1brfcattd for use with the shielded conta i ner ,  but the l i cense for the 

CNS l - 13C I I  dots not presently 1 l l ow  I t s  use. A v i ew of the f i tup of 

fuel-bearing-.. terl a l  bucket, the shte ldtd conta i ner, the sh ielded 

container carr i e r ,  the CNS 1 -13C I I  cask, and the upper and l ower cask 

tap1ct l ta t ters t s  shown 1 n  Ftgure 24 . 

6 . 1 .  3 Arch1 ve Material Progru 

AHL-East has the responsibi l i ty for the Archtve Materi a l  Program. The 

PrG9rP has two prt .. ry object i ve s .  One i s  to provide a set of standards 

' o '  coap1rl son wi th the s1aples removed from TMI-2 to i ncrease the accuracy 

of � � e  estimates of the the�al h i story of the vessel ; the other i s  to 

provide e � o wgh mater i a l  to determine the mechanical  properties of the 

vessel lower held during the accident. An adequate supply of 0 . 127-m-thtck 

AS33-B steel (UNS Kl2S39) wi l l  bt obtat ntd. An attempt wi l l  be made to 

loc1te arc � 1 va l  •aterl ll  fro. the original  heat used for the head. I f  such 

.. terial does not e • t s t ,  an 1rchfve pl ate of slat l ar chemistry, 

fabrication, and htlt•tPeatment hi story wi l l  be procurred . 

The •�hive pl1tt wi l l  f 1 rst be subjected to the same fabri cation neat 

t�����nt as that o1ven to the TMI-2 lower head prior to serv i ce .  Through 

wa l l  , . r httons t n  microstructure wi l l  be determined, and "reference" 

spec i .. n s  w f l l  be prepared by d i v tdfng  ful l  thickness materi a l  i nto 

sectfons  of reason1b l y  homogeneous m i crostructure . These re1erencf 
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l im i ters .  
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spec1-.ns would then be subjected to a range of heat trea�nts 

corresponding to those postulated for the l ower vessel head during the 

TMI-2 acc i dent. The •icrostructural characteristtcs and hardness of these 

.. terials would then be deter.fned and co•pared with those of actual 

sa�les f� the vessel l�r head .  The results obtatntd will be discussed 

w1th the NRC , OECO partners , and the INEL, and the .ast probable ther.al 

hi story f� the range of those deten.ined by previous analyst s  will be 

161nt1 f 1 ed  (or at least a narrower range of probable t�perature h1stor1es 

will be 1dent1 f i td ) .  

The � i ndtr of the archive .. ter1al will be used to fabricate 

..chlntcal property spect .. ns that w i ll be tested by the OECO partners and 

the INEL . These laboratories are being surveyed to deter.1ne thefr 

t nte�sts and capa b1 1 1t1es. An overall .. chanfcal property test .. trix 

w i ll  be developed by AHL-Eut and work wf ll be apportioned to various 

participati ng laboratories so as to avoi d unnecessary duplication of 

effort, but with sufficient cross checks to deten.ine 

laboratory-to-laboratory variabf11ty. 

6 . 1 . •  Mechlntcal Property Characterizati on 

ANL-East has �ht respons1b11 1 ty for the character' zat1on of the vessel 

:�r head steel �echantcal propertfes. The objective of th1s work 1s to 

dtttMa1�e the Mechanical properties of the vessel lower head under the 

cond1� i ons of the core-.. l t  accident. These propert1es will be used to 

assess the integrity of the TMI-2 vessel and the .. rgin-to-fa11ure during 
the ac : i dent. 

-o  acco-pltsn thts objective a series of .. chantcal tests will be 

1 �itf ated on test spec1-.ns taken fro. the TMI-2 lower head .ater1als as 

wel t as on archt vt .. ter1al that staulates the TMI-2 aater1al. These 

-.char1cal tests w1 1 1  .-phast ze short-ter. stress-rupture properties, 

s i nce . as noted previously, thfs fail ure mode is believed to have been the 

g�att\�  threat to the in tegrity of the TMI-2 lower head during the 
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accident. However, tensi l e ,  Charpy V-notch impact, fracture toughnes s ,  and 

hardness tests wi l l  a l so be conducted . 

Where poss ibl e ,  test specimens wi l l  be obtained from both the i nner 

surface as wel l  as the interior thickness of the l ower head for each of the 

samples  obtai ned. Corresponding tests wi l l  be performed on specimens from 

different depths i n  the archive materi a l .  I t  i s  expected that the 

temperature ranges over which the properti e s  must be determined w i l l  be a 

function of d istance from the inner surface. ASTM test standards wi l l  be 

fol l owed wherever possi b l e .  

The mechani cal tests wi l l  be performed both a t  ANL and a t  cooperating 

partner l aboratories.  ANL-East wi l l  remove non-pressure vessel materi a l  

from the TMI-2 sampl e s  (adherent, non-pressure vessel materi a l s  wi l l  

undergo meta l l urgical examination at both ANL-Ea st and the INEL--see 

Section 6 . 2 . 3 ) ,  section them i nto blanks, machine the test specimen s ,  and 

di stribute these specimens to the cooperating partner laboratories for 

dupl i cate and compl ementary testi ng .  The exact tests to be performed by 

the various laboratories wi l l  be determi ned on the bas i s  of the response to 

the technical capabi l i ti es and i n terest questionnaire that has been 

d i stributed. ANL-East has the responsibi l i ty to: i ntegrate a l l  mechan i cal 

property and meta l l ographic studies performed by the OECD partner s ;  

coordinate with the vessel i ntegrity program a t  the INEL and exchange data 

with the INEL; and partici pate i n  the preparation of a report to describe 

the material condi tion of the TMI-2 vessel l ower head stee l , determi ne the 

probabl e  temperature hi story of the steel , and assess the i ntegrity of the 

l ower head during the accident. 

6 . 1 . 5  Meta l l urgi cal Characterization 

The INEL has the respons ibi l i ty for determ i n i ng the metal l ograph1c 

characteri sti cs of the vessel lower head steel .  Meta l l ographic studies 

wi l l  i n c l ude ful l specimen profi le  po l i sh i n g ,  p lus  more detai led studies of 

melt i nteraction zones ,  weld joints,  weldcl ad-base metal i nterface, 

through-thickness microstructure ( espec i a l ly if a gradient i s  observed) and 

mel t  progression i nto the i n strument nozzle and i t s  penetration through the 

70 



vessel wa l l  with •tcrohlrdntss .. asur ... nts t n  tach reg i o n .  An t.,ortant 

asp�ct of t h f s  sa-olt tnvtsttgation wi l l  be to dett�fne if the non-fuel 

.. ttri a l s  hlvt f n ttracttd tn any way to c rtate l ow--e l t 1 ng point eutectics 

thlt could .art easily generate paths for conta1n•ent penetrlt f on s .  

Met1l l ographic exa.1natfons o f  tht lower head steel speci .. ns wi l l  incl ude 

optfcal , scanning e l ectron, and tran� i s s i on electron •icroscopy techniques 

and other physical ex .. tnatton techniques as appropriate. I t  t s  expected 

t�t the OECO partners wi l l  perfor. .. tal l ographic exa.i nations and 

phys i c a l  property deter.fnations of the specf .. ns that they receive based 

on tht1r interest and capabi l i tf t s .  

The lNEL hi s  t he  responsfbf l f ty t o  accu.ulate, analyze and integrate 

a l �  cooperating partner resul t s a�d analyses pertaf � fng to properties, 

t.-oeraturt and f nt19rfty of the TMI-Z l ower head steel and wf l l  coordinate 

t�f s  with the TMI-2 proJect at AHL-Eas t ,  tnd exchange a l l  d1t1 wfth 

ANL-Eas t .  Microstructure e a  .. f natfon resu l ts o f  the lower head •ater f a l  

wf l l  be coepared wf th the archfve sa•p l e s ,  whfch wf l l  have 1 known 

tf-.-t .. per&ture hi story, f n  an effort to dete�ine the t .. perature 

transient eaptrienced by the TMI-Z vessel l ower head. An INEL i n ternal 

report wf l l  be prepar.d dtscribing the resul ts of the -.ta l l ographtc 

�• .. fnattons and the esti .. tes of the lower head t.-peraturts reached 

Cyri�; the acc , dent . �he INEL wi l l  take the lead f n  preparing the fi nal 

repo�t o" the reactor vessel l ower head exa•inatfons and wi l l  col l aborate 

wfth ANL-East as ful l partners i n  the preparation and revfew of thi s f f n a l  

�pOrt . The f i n a l  report wt l l  descr � be the material  cond 1 t 1 on o f  the 

reactor vessel l ower head stee l ,  i t s  probable te•perature hi story , and f ts 

creep a�c p l a s t i c  defo�atfon during the accfdent .  

6 . 2  Lower Head Coepanion St•pl es 

The t.-perature di stribution fn tht TMI-2 reactor vesstl l ower held 

dur1ng the accident f s  strongly dependent on the co.po s f t t on and proptrties 

of the previously .o l ten dtbrf s that relocated to the l ower htad region as 

w1s d.-ons�rated by the rt \ � l ts of the te•perature c t l c u l a t 1 ons prestnted 

1 �  Sect i on ' · ' ·  The calculations c l ea rly indicate that the composit ion and 

prope � � 1 es of the relocated •ater i a l  adjace�t to the reactor vtssel l ower 
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head must be determined before a rel i ab l e  ana lys i s  of the potential  creep 

rupture and margi n-to-fai l ure of the l ower head can be performed . 

The objectives of the l ower head companion sample examination and 

analysi s portion of the NRC/OECO Vessel Integrity Program are to : 

( a )  develop a plan (thi s document) for the selection,  separation , 

transport, examination , and analy s i s  of materi a l s  adjacent to or  near the 

proposed meta l l urgical specimens i n  the TMI-2 reactor vessel l ower head 

examination program; (b)  perform the selection ,  acqui s it ion ,  transport. 

examination, and analysi s according to the p l an after i t  i s  approved by 

NRC; and , ( c )  determ i ne the most l i kely temperature di stribution that 

occurred i n  the lower head and, us ing thi s temperature d i stribut i on ,  

perform calcul ations of the result ing l ower head stress d i stribution i n  

order to assess the margin-to-fa i l ure o f  the TMI-2 l ower head. Thus,  th is  

work wi l l  characterize the nature of  the attack by the transported reactor 

core and structural materi a l s  on the i ntegrity of the lower head of the 

TMI-2 pressure vesse l .  Thi s i n formation wi l l  support the development of 

lower head damage and accident management models to predict the 

margin-to-fai l ure of the reactor vessel l ower head and the consequences o f  

poss ib le  recovery opti ons .  The INEL i s  respon sible  for the NRC/OECO lower 

head companion sampl e  examination and analysis  portion of the Vessel 

Integrity Program. 

6 . 2 . 1  Companion Sampl e Acqu i s i tion 

GPU-Nuclear wi l l  hel p  sel ect and wi l l  acquire the companion samples 

from regions near where the reactor vessel lower head sampl e s  wi l l  be 

extracted ( see Section 6 . 1 . 1 ,  Figure 19 and Table 3 ) ,  provi ded that the 

materi al  i s  not adhered to the vessel lower head so tightly that i t  cannot 

be broken l oo s e .  I f  the material  i s  t i ghtly adhered to the vessel lower 

head i t  wi l l  be obtained with the lower head sample and w i l l  be extracted 

at ANL-East,  examined by ANL-East, and subsequently shi pped to the INEL. 

Various types of too l s  are ava i l ab l e  at GPU-Nucl ear for the removal of 

loosely bound materi a l s ,  and the tool ( s) to be used for companion sample 

extraction wi l l  be chosen from thi s i n ventory based on GPU-Nuc lear ' s  
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experitnce. Tht INEL has personnel located at the Three Mi lt I s l and 

�wclea� Statton , who wt l l  be observ i ng tht sample acqu i s i t i on as 1 t  takes 

place . 

6 . 2 . 2  CO!panion Sa•pl t Sh1peent 

The TMI -2 reactor vessel lower head co•panton sa•plts wi l l  be sh1 pptd 

tn  2R containtrs ( 16 of which art on hand at the INEL and TMI-2) that are 

carried by the CNS 1·13C I I  cas�. Thi s method of sht p .. nt of core debri s  

�lts has been successful ly used .. ny t 1  .. s for tht DOE sa•p l t  

acqu i s i tion and ••••ination progra•. An i l l ustration of tht ZR conta i ner 

t s  shown t n Ftgurt 2S. Sht�nt o f  co.panton sa•plts to tht OECO partners 

ts posstblt but i s  not funded 1n  tht present Vtssel Inttgrity PrograM. 

Sht�nt of fuel debris  saM9les to Europe has bttn accOMp l i shed I n  the 

TMI-Z progra• but i s  eapensivt and tt .. cons�t n g .  However, t f  OECO 

partners havt 1 spec t al i nterest t n  cOMpanion sa•plts and wi l l  pay for 

sh t �nt of tht sa•p l e s ,  tht INEL wi l l  coordinate the shi pmen t s .  

Ea .. i na tton s  of tht vessel lowtr head companion sampl e s  wt l l  be 

perfor.td to �tttr.ine the compo s i t i on ,  maximum tempe�iture. and extent o f  

t � teric t i or both witht�  the samp les and betwten the samp l e s  and the l ower 

head stttl i f  an i nttr&ct1on zone i s  found. The compo s i t i on o f  the samp les  

t s  t•po�tan� for stvtral reasons, but the most important reason with 

respect to vessel lower head integ r i ty i s  for the determination of  tht 

conduc t i v i ty of the •attr i a l .  Tht cOMpo s t tton o f  the mate r � a l  w1 1 l  

tstab l i sh whtthtr t t  i nsul ated the lowt� head from the heat source i n  the 

1wt1 �ttrt a l ,  as would be taptcttd fro• 1 loose ceramic debri s ,  or whether 

I t  provided 1 conduct ion path, as "ould be t x ptcted fr� a mi xture of 

structu�al and control .. terta l s .  Et thtr o f  these two examp l e s ,  and any 

ca.b t natt or of tht two, can reasonAbly be taptcttd blstd on f t ndt ngs to 

dltt tn t�• core re9 1 o n ,  tht cart bypass reg t o n ,  and the upper Pl�t of the 

l owtr oltnWM ( stt Sec t i on 2 ) .  Tnt l owtr crust of the ctntra l mo l ten region 

o1 tht c�re : � � s1 sttd of mostly meta l l i c structural and control mate�tal 

l r � ; e •  Ott•••" s�ar � t ng futl rods. I f  t h i s  type of material  madt its  way 
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Figure 2 5 .  2 R  container used for TMI-2 core debri s shi pment i n  
CNS 1 13C I I  cask. 
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to tht lower httd fi rst and froze, then 1 high conduction path from molten 

debrt s  to the lower httd would bt expected. The material  exami ned thus far 

froa the lower plenu. upper reg ions was loose ceramic debri s  wh1ch would 

tnsu ltte tht lower head. F ina l l y ,  .. ttrial fn  the prev iously •olttn 

central regton of the core was 1 •1 xture of cer .. t c  tnd metal l ic aattrf a l s .  

Tht c�anfon sa.ples wi l l  be shi pped to the INEL (ti ther from 

AHL-East or fro. TMI-2) and received at the TRA hot cel l s .  After the 

sa.ples art �ved fra. the ZR conta i ners.  which wi l l  have been shi pped i n  

tht CNS 1-13C I I  ctsk, INEL wi l l  verify thtt the location, s f zt,  

orientation,  etc . •  that wi l l  have been recorded by e i ther GPU-Nuc lear or 

AHL-Etst, i s  as was spec 1 f f ed .  The sa•ples wi l l  then be balance weighed, 

both bl ack-and-wh1 tt and color photographed , and tht f r  density deter.intd 

by i ... rsion techn iques. The sa•plts wi l l  then bt cut i nto speci.ens and 

l�led. Specf .. ns wi l l  bt dtvfdtd fnto archive, .. ta l l urgfcal , and bul k  

c�ical c�o s i t i on spect .. n s .  The archive specimens wf l l  bt stored at 

the INEL. Mttal l urgictl spec f-.ns wi l l  be pol i shed and .aunts prepared for 

o:tfcal �ta l l ography and SEMIWOX exami nations.  The SEMIWOX exams wi l l  be 

perfo� at the TAN hot ctl l annex at the INEL. Ch .. tcal specimens wi l l  

bt di ssolved and ex.-tntd for el�ntal ca.po s i t i on ( 17 element s ) ,  using 

i nductfvtly coupled pl as•a spectroscopy. 

The thereal conducti v i ty of the c�panfon samples must be determined 

to perfora -art .. antngful heatup calculations for the l ower head. The 

:�EL does not have capabt l f t f es 1n  place for making the thermal d1 ffus f v 1 ty 

.. asur.-ents requi red for detera1 n t ng the�al conducti v i ty .  Thfs work 

should therefore be perforaed by 1nother l aboratory , where these 

capab1 1 1 t1es  tnd expertise ex i st .  The capabi l i ty for mea suring therm1l 

diffus f v i ty exists  at the Wf ndscale Laboratory i n  the Uni ted Ki ngdOM and i t  

1 s  probably worth the cost (to the NRC/OECD Vessel Integrity Progrtm) of 

Jht�nt of co-panfon sptci .. ns to tht UK for exa•f nation . The laborAtory 

at Windscalt i s  presently ex.-i n i ng TMI-2 sa•plts fro. other core posftfons 

and p l ans to ... sure tnt the�al o 1 ffus1 v 1 ty of those sampl ts. P1c i f i c  

Nort�st �aborator1•s ( PHL) has •adt thermal d1 ffus 1 v 1 ty measurements on 
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uni rradiated fuel specimens
31 

and might a l so be able to make the 

measurements needed on the i rradi ated compan i on samp l e s .  

� . 2 . 4  Analys i s  o f  lower Head Response to Temperature Transient 

The purpose of the l ower head analys i s  i s  to determ i ne the creep 

stress and the resulting pl astic deformation i n  the steel that resulted 

from the temperature transient caused by the molten material  relocation 

224 m i n  after the acci dent was i n i ti ated. The purpose was al so to 

calcul ate the temperature and stress di stribution requi red to cause creep 

rupture of the lower head and thereby establ i sh the margin-to f a i l ure of  

the TMI-2 reactor pressure vessel . The calcul ati onal methods that w i l l  be 

used are the same a s  those descri bed i n  Section 4 . 4 .  The time dependent 

temperature di stribution i n  the lower he�d wi l l  be calcul ated us ing the 

COUPLE/FLUID computer code with the measured thermal conduc t i v i ty of the 

l ower head companion samples  (descri bed i n  Section 6 . 2 . 3  above) and the 

actual geometry of the lower head debr i s  determi ned from defue l i ng used as 

i nput. The results of the COUPLE/FLUID calculations wi l l  be compared w i th 

the l ower head temperature di stributions determined from examination of the 

vessel l ower head samples  and the ti me-temperature measurements made with 

the l ower head archive materi a l  ( see Sections 6 . 1 . 3 ,  6 . 1 . 4 ,  and 6 . 1 . 5) .  

The best estimate of the time-dependent temperature d i stribution wi l l  then 

be determined based on these compari son s ,  engineering j udgement,  and 

possibly some further calculations .  

The time-dependent stresses i n  the lower head wi l l  then be  calcul ated 

usi ng the ABAQUS computer code and lower head model described i n  

Section 4 . 4 ,  with the best estimate time-dependent temperature d i stribution 

descri bed above used as i nput. Based on  the calculational results 

presented i n  Section 4 . 4 ,  it i s  c l ear that the debri s bed resting on the 

l ower head must have quenched; otherwise ,  the lower head would have reached 

i t s  u lt imate strength because the temperature would have probably exceeded 

1140 K .  Thu s ,  the quench behavior o f  the debri s bed resting o n  the l ower 

head must a l so be i nput to the ABAQUS code calculations .  F i n a l l y .  the 

temperature di stribution needed to cause creep rupture of  the l ower head 
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wi l l  be dettr.in� ustng the ABAQUS code , resulting t n  a deterMi nat i on of 

tht -.rgt n-to-fa 1 1 u� .  

A f t na l  �port i ncorporat i ng the results of the lower head sa•ple 

ea .. inattons. the low.r head ca.panton sa•ple exa•t nattons, tht creep 

ruptu� analysts  of tht lower head and the analysts of the 

.. rgtn-to-fatl ure of t� lower head wi l l  bt prepared by the INEL. 

Tht INEL has the respons 1 bt l 1 ty for the i nteg rati on o f  the NRC/OECD 

Vessel Integrity Progra• and the DOE Accident Evaluation Program to ensure 

t�t a l l  of the data obta i n� fro- e•a•1nat1on and analysts of the TMI-2 
debris t s  t ncorporat� in the f i nal  analysts of the TMI-2 accident and 

subsequen t ly  t n  the ftnal accident scenari o.  The progra• integration t s  

descrtbtd t n  Sectton S .  

!�e 1 �tegrattd NRC/OECO and DOE prograas for the completion of the 

TMI-Z ac c ident eval uation wi l l  prov ide a coordinated program that 

.-onast:es:  ( a)  acQu i s i tion and eaa•1nat1on of sa•ples to determine da .. gt 

to �he lower head; (b) assess-.nt of the lower head �rg1n-to-failure; 

(c) develo�nt of ar understandi ng of the pathways and .. chanisms that 

co�trol l ed  transport of -ol ten aaterials to the reactor vessel l ower 

plen�; (d) integ ration of thi s information into the final accident 

�:e�a�1o; ( e )  coaoar1 son of these data w ; th the resul ts of the OECO 

ana l ys t s eurc 1 se ( sUndard problem exerc i se ) ;  and, ( f) appl i cati on of the 

.�ce�standing of the ·� :-z accident t� analyti ca l too l s  used for accident 

•1tiga�1on and aanageaent .  The integrated prograM should i mprove the 

coapleteness of both the DOE Acc ident Evaluation Program and the NRC/OECO 

Vessel lnt.gr1ty Prograa and develop the .ast comp lete. and accurate 

undtrstand � ng of the TMI-Z accident that can be obtained with the avai lable 

�sources . 
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APPENDIX A 

TMI-2 REACTOR PRESSURE VESSEL INTERNALS 

Tht s Appendi x  conta t n s  s�etches and descriptions of some of the 

1nterfta l s  of the TMI-2 reactor pressure vessel . Figure A-1 t s  a sche•attc 
• 

of the reactor pressure vessel st tu&ted t n  the reactor building and 

i l lustr&tts the location of the RPV wtth respect to the locations of other 

-.jor c�onents of the ructor. F i gure A-2 shows the locations wtthtn the 

reactor pressure vessel of the aajor structural coMponents. Ft gure A-3 

shows the routing of 1 typ1c&l tn-core instru..nt asseMbly fra. the seal 

table outside the reactor pressure vessel to the 1ntern& l s  of the core. 

Ftgure A-4 shows the TMI-2 support ass..Cly configuration tn the lower 

plenua �ton.  and Figure A-S g t ves dtmens1ons of the various co•ponents of 

the support ass.-bly. The tnstru..nt penetration tubes serve as entry 

ports through the reactor pressure vessel lower head for neutron flux 

-onttors. therMOcouples.  and other 1 n-core tnstru.entatton .  Fi gures A-6 

and A-7 i l l ustrate the geoe.try of the tnstrume�t penetrations. The 

' � str�nt use.Oly penetrates the reactor vessel through an lnconel 

penetration noz z l e ,  about 12 t n .  long above the tnstde surface of the l ower 

head. The penetratt:�  noz z l e  t s  sleeve-fi tted t nto 1 sta i n l ess-steel gutde 

t� ( see Ft gure A-8 ) .  which guides the tnstruaent asse.Cly through the 

lower plenUM structures ( f . e  . •  flow di stributor plate, core support plate , 
A-1 through A-3 lower grid forg i ng ,  etc . )  i nto the core ��g 1 on . 

ine di�nstons of the Inconel nozzle are i l l ustrated t n  Ftgure A-6, 

wh t l e  � · gure A-7 presents the gea-etrtc deta i l s  of the stainless-steel 

g•Jtde tubes. Of t•porunce to the lower nead Vessel Integrity Program are 

the aate�tal and dt .. nstonal charactertsttcs of the weld jotnt at the 

attach8ent junction between the Inconel nozzle and the botto. head. The 

weld j o l rt desfgn&tton &s reported f n  the Ftn&l S&fety Ana l y s t s  report 

(Reference A-1 )  f s  

Weld for t nstru..nt nozzle to lower head: SB-195 E-Nt-Cr-Fe-3 

( INCO 182T) .  
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The above designation i s  standard nomenclature for Inconel , with a 

16 weight-percent chromium (Cr) composition .  A phone conversation 

(March 8, 1988) with Mr. K .  Moore ( B&W: 804-385-3277 ) ,  confi rmed that both 

the i nternal J-weld and external bead-seal weld1ng materi a l s  are 

I nconel -600 ( I NC0-182T) . 

As di scussed i n  Reference A-4 ( see page 38) ,  Inconel-600 has a m i n i mum 

ultimate strength of 80,000 psi up to 811  K ( 1000°F) . I n  Reference A-4 the 

s i ze of the Inconel weld was assumed to be i n  the range of 7 to 30 m i l s .  

Figure A-9 shows a cross section of the i n strument penetration tube. 

Figures A-10 and A-ll show top and side v i ews ,  respectively,  of the core 

baffle p l ates. 
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Figure A-9. I l l ustration of TMI-2 bottom-entry detector cross section; 
center hole serves as an access port for i n sertion of m i n i ature 
i o n  chamber for gamma survey of lower pl enum. 
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APPENDIX 8 
STATUS OF DOE SAMPLE ACQUISITION 

AND EXAMINATION PROGRAM 

The st•tus of tht DOE S••Pl•  Acqui s i t i on 1nd Ex1Min1tion Progr•• for 

TMI-Z t s  s�rized 1 n  Tablt 8- 1 .  
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TABLE B-1 .  TMI-2 SAMPLE ACQUISITION AND EXAMINATION PROGRAM 

Sampl es  

Ex-Reactor Coolant System 

AFHB Reactor Coolant Bl eed 
Tanks 

Liquid 

Sediment 

AFHB Makeup and Purifica­
tion System Oemi nera l i zer 

Liquid 

Resin  

AFHB Makeup and  Puri fica­
tion and Pump Seal Water 
System Fi lter Debri s 

Reactor Bui l d i ng Basement 

Water 

Sediment 

Concrete 

Reactor Bui l d i ng Air 
Cooler Panel Surface 
Depos its 

Reactor Bui ld ing Upper 
Level s 

Free-vol ume a i r/gas 

Liquid 

Concrete 

Examinations 

Radiochemi cal 

Physi cal and 
radiochemical  

Radiochemical 

Physical and radio­
chemical 

Physical , meta l l urgica l , 
and radiochemical 

Physical  and radio-
chemical 

Physical and radio-
chemical 

Physical and radio-
chemical 

Radiochemical 

Physical and radio-
chemical 

Radiochemi cal 

Physical and radio-
chemical 

B-4 

Sa11pfe 
Status at INEL 

Exams complete 

Exams complete 

Exams complete 

Exams complete 

Exams complete 

Exams complete 

Exams complete 

Exams complete 

Exams complete 

Exams complete 

Exams complete 



TABLE B- 1 .  (conti nued) 

Reactor Coolant Ora t n  
Tank. 

Ltqu1d 

Reactor Coolant Syst .. 

Surface Deposit 

Pressurizer upper 
head .. nway cover 

Stu• generator 
upper head �nway 
and handhol e  covers 

A-loop RTO therMOwe l l  

SedtMnt 

Pressurizer l ow.r 
head 

B- loop steu 
ge,.erator upper 
�ubt sheet 

A-1 oop s tea• 
generator 
upper tube sheet 

Decay heat l t ne 
concreti zed cort 
debr f s  

Rtactor Vesstl and 
Contents 

Eumt nit 1 ons 

RadtochN1ca1 

Phys i ca l ,  meta l l urgi ­
ca l ,  and radt ochemtcal 

Physi ca l ,  Mta l l urgt­
cal ,  and rad1oche•tca1 

Photography and radto­
chttltcal 

Phys tcal  and radto­
ch .. tcal ( f t nal exa•s 
not funded) 

Phys i cal , metal l urg t ­
ca l ,  and radioch��tcal 

Phys 1ca1  and rad1o­
chem t cal 

Physi cal , .etallurgt­
cal , and rad io­
che•1 ca1 

8-S 

Sa•ple 
Status at INEL 

Exams comp 1 ete 

Exa11s COMplete 

Exams coMplete 

Exams comp 1 ete 

Prel tmf nary exams 
( GPUN/Westtnghouse) 
COtiiPl He--GPUN 
wi l l  obtai n  
add i t i onal samples 
approximately 
April 1988 

Exams co11p lete 

Eums co11p 1 ete 

GPUN wi l l  obta i n  
approximately 
Aprt l 1989 



TABLE B-1 .  (conti nued) 

Sampl es 

Upper core l oose debri sa 

Control rod l eadscrews 
and one l eadscrew support 
tube 

Lower vessel debr i s  

rocks1 

lower vessel debri s  
bul k.  samples 

Lower vessel debr i s  
near l ower head 

Di stinct Components 

Upper end 

fitti ngsa 

Fuel rod upper 

ends a 

Control rod upper 

ends a 

Core Bore Samples 

Consol idated 

regiona 

Fuel rod lower 

ends a 

Control rod lower 

ends a 

Examinations 

Physi cal , meta l l urg i ­
cal , and radiochemical  

Physi ca l ,  meta l l urgi ­
cal ,  and radiochemi cal 

Phys i ca l ,  meta l l urgi­

cal , and radiochemi cal 

Physical and radio­
chemical  (meta l l urg i ­
cal--not funded) 

Physical , meta l l urgi ­
ca 1 ,  and radi a­
chemi cal--not funded 

Photography 

Phys i ca l ,  meta l l urgi ­

cal , and radio­
chemical 

Physical , meta l l urg i ­

ca 1 , and radi a­
chemical 

Physical , meta l l urgi­

cal , and radio­
chemical 

Physical , meta l l urgi­

ca 1 • and radi a­
chemical 

Physical , meta l l urgi­

ca l ,  and radio­
chemical 

8-6 

Sample 
Status at INEL 

Exams complete 

Exams complete 

Exams complete 

GPU wi 1 1  obta 1 n 
approximately 
July 1989 

GPU w i l l  obtai n  
approximately 
May 1989 

Exam complete 

Exams comp l ete 

Exams complete 

Exam complete 

Exams complete 

Exams complete 



TABLE B-1 . (contf nu�) 

Burftabl e  pofson rod 

lower eftds
b 

Inst�ntatfon tube 

lowr ends
b 

Post-co,.. Bore 
Pulvtr1z1ng of  Con­
sol fdat� Region ( l a rge 

and sull rock.s)c 

Posstblt Relocation Path 
at Core Pos t t f on R-6 
( f i n  roc ll s) 

Crust Sa•ples fro• Core 
Bypass Reg · on 

Core Support Ass..Oly 
Suplu 

Physical , �ta l l urg i ­

cal • and rad io­
cha1ca l 

Physical , �tal l urgt ­
e�l , and rad1o­
chHical 

Phys ical 

Physical , metal l urg i ­
cal • and radt o­
che.fcal ( not funded) 

Physfca l .  meta l l urgi ­
c. 1 .  and radio­
chHfcal ( not funded) 

Physical , �ta l l urgi­
cal . and radt o­
cheefcal 

Physi ca l and meta l lur­
g i c a l  ( not funded) 

Sa11ple  
Status at INEL 

bus comp 1 ete 

Exa11s comp 1 ete 

At INEL 

GPU w1 1 1  obU t n  
approximately 
October 1989 

GPU wi l l  obta i n  
approx h1ate l y  
May 1989 

NRC wi l l  obU 1 n  
approxi Mate l y 
Apri l 1989 

a .  Sa•ples prese n t l y  be i ng exa11f ned by CSNI l aboratori e s  i n  Canada and 
Etorope. 

b. Japan has requested sa�ples of a l l  i teMs superscripted with a ,  b, o r  c 
for eaamtr.atfon beg 1 n n 1 ng f r.  1990 . 

c .  Korea �as requested many o f  the sampl e s  superscrip�ed w f th a and c for 
txaainatton be9fnning i n  1989. 
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APPENDIX C 

TMI-2 SAMPLES FOR FORE IGN COUNTRY EXAMINATION 

THROUGH THE DOE PROGRAM 

T� TMI-Z sa•plts that art being exa•1 ned by European Countries &nd 

Canada art l i sted i n  Table C-1 .  TMI-2 sa•plts th&t w1 1 1  bt ex&•1ned by 

Japan and Korea art l i sted i n  Tables C-2 and C-3, respectively.  
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TABLE C- 1 .  

-� Tzpe 
R �actor vesse I 
I ower head core 
debris (rocks) 

U�per core loose 
debri s 

Upper core fuel 
rod segments 

Upper core 
control rod 
segments 

Lower core fuel 
n rod seg��ents 

I 
• 

Lower core 
bumable 
potson rod 
st9Hnts 

Core bore core 
sect Ions 

Core bore rocks 

TMI-2 ACCIDENT SAMPLES FOR THE LABORATOR IES OF THE OECO/CSMI JOI T TASK FORCE ON TMI-2 

C.Jnada __l!::!_n.£_�L__ JAC 
7-1 1 1 -7-E 
1 1 -S-FI 

H8 (36 em) H8 ( 7 7  c•) H8 (36 Clll) 
H8 (56 Cll) 
4 (lower· 1/2) l/2 of 2 l/2 of S 
3-6 (bhl 6 l n . )  1/2 of 3-102 3.35 (btm 6 l n . )  
11-3 (btll 6 l n . )  

Glz.-8-8 

08-Pl-F 08-Pl-E 08-PZ-8 
08-P3-A2 GlZ-Pl-01 08-P3-A 1 
GlZ-Pl-05 07-P4-E 
K9-P1-H 

08-P4-8 K9-P3-H G12-P2-E 
K9-P4-G 07-PS G12-P6-E 

Gl2-P9-8 
GIZ-PlO-A 
115-Pl-E 

S amp I e _IIUIIIber 

FRG-KFA FRG-KFK 

11-1-A 
1 1 -S-A 
1 1 -7-A 

1!2 of 2 
3-70 (btm 6 ln.)  

1/2 of S 
3-88 (btm 6 t n . )  

3-3 (btm 6 t n . )  3-7 
3-13 (btm 6 t n . )  3·9 (btm 6 l n . )  

G12-Rl6-2 G12-R13-4 
&12-R16-4 

08-Pl·A 
G12·P1·8 
K9-P1-F 
K9-P2-A 
07-P4-8 

04-Pl-8 
G8-P4-A 
G8-P5-A 
GIZ-PlO-C 
K9-P3-8 
K9-P4-C 
KS-Pl-8 
07-P3 
07-PB-8 

.J!!.d.!!L 
1 \-4-G 

08-P3-C 
G12-Pl-C2 

612-Pl0-8 

----------

Sw !_B_e.!la_M 

G8-Pll·H 
K9-PZ-F 

G8-P8-C 

- --------

��J!.�i���1'!.... 
1 1 -2-0 

3-94 (btrn 6 i n . )  

lt9-Rl4-4 
K9-Rl4-S 

08-Pl·B 
G12-Pl-Cl 
K9·Pl-8 
K9-P2-8 

84-PZ-8 
K9-P3·G 



TABLE C-2. TMI-2 SAMPLE COLLECTION FOR JAPAN--PRELIMINARY 

Mus 
{gl 

lden t 1 f 1cat1on 
Sa•pl t Otscr1pt1on N'*>er Toul 

loose debr 1 s  fro. reactor vessel 7-7 0 . 4  
1 ower p ltn� 1 1 -4-B 1 . 3  

11-6-B 3 . 5  

loose debris  fro. core cav1 ty E9-4 9 . 3  
floor H8-1 1 2 . 3  

Core d 1 s t 1 nct  c�ponents 

1 S . 2  ca-fuel rod seg��ent 
fro. core pos1t1on (CP) M2 
upper end 

88.0 �fuel rod se�nt 3-28 10 
fro. CP C7 upper end 

Control rod &nd gutde tube 
fro. CP C7  upper end 

Fuel &nd control rod 
asseably upper end 
f1tt1ngs fro. CP H9 

1 : . 2-c• fuel rod seg.ents 04-R12-2 71 .92 
fro. core bores 04-R12-4 71 . 92 

04-Rl2-6 7 1 .92 
04-Rl2-8 7 1 . 92 
G8-R6-2 71 .92 
N1Z-R4-2 71 . 92 
N12-R4-4 7 1 . 92 
N12-R4-6 71 .92 
G12-R12-2 Nonfuel 
G12-R12-4 Non fuel 
G12-R12-6 Non fuel 
Gl2-R12-8 Nonfuel 
FR Seq. 6 . 4 

10 . 2 ca-control rod and N lZ-R7-2 Non fuel 
guide tube segaents froa NlZ-R7-4 Nonfutl 
core bores N12-R7-6 Nonfuel 

1 0 . 2  ca- 1 nstrumtnt tube K9-R4-2 Non fuel 
seg .. nts froa core bores K9-R4-4 Non fuel 

: J �ec-�ogethtr core m&ttr1&1 08-PZ-C 1 3 5 . 6  

c-s 

U-2351 

0 .007 
0 .025 
0 . 07 

0 . 18 
0 . 24 

5 . 3  

2 . 12 
2 . 12 
2 . 12 
2 . 12 
2 . 12 
2 . 12 
2 . 12 
2 . 1 2  

2 . 12 

2 . 63 



TABLE C-2. ( continued) · 

Mass 
{g) 

Ident i f 1 cation 
U-235a Sampl e Description Number Total 

Core bore core sections 08-P2-0 9 3 . 7  1 .  79 
08-P3-A3 35 .2  0 . 68 
08-P3-A4 3 0 . 2  0 . 76 
08-P3-A5 2 2 . 2  0 . 43 
08-PJ-03 74 .6  1 . 44 
08-P3-04 59 .8  1 . 16 
08-P3-E 160 . 0  3 . 10 
G8-Pll-A 93 . 5  1 . 81 
G8-Pll-O 390 7 . 55 
G8-Pll-G 209 4 . 04 
G8-Pll-K 86 . 3  1 . 67 
Gl2-P1-E 60 . 6  1 . 17 
G12-P1-04 38 . 8  0 . 75 
07-P4-A 136 . 5  2 . 64 
07-P4-F 147 . 9  2 . 86 
08-P3-03 74 .6  1 . 44 
08-P3-04 59 .8  1 . 16 
08-P3-E 160 3 . 10 
G12-Pl-04 38 . 8  0 . 7 5  
H9/K9-P4 26 0 . 50 
H9/K9-P6 72 . 3  1 . 40 
H9/K9-P5 3 0 . 4  0 . 59 
07-Pl-A2 3 . 8  0 . 074 
Mll-P1 1 , 671 32 . 37 
Mll-P10 62.6  1 . 21  

Rock-size samp les 04-P2-C 6 . 2  0 . 12 
G8-P6-A 20 . 5  0 . 40 
Gl2-P8-8 48 , 5  0 . 94 
Gl2-P3-A 45 0 . 87 
G12-P2-0 40 . 5  0 . 78 
NS-Pl-F 1 7 . 9  0 . 35 
Nl2-Pl-B 0 . 65 0 . 01 

a .  Estimated. 
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TABLE C-l. TMI-Z SAMPLES FOR EXAMINATION BY THE KOREAN ADVANCED ENERGY 
RESEARCH INSTITUTE 

S.-pl e Ident t f 1 cAt ion1 

Lower vessel debr i s  

1 1 -6-t 
11-8-Pl 

Core d i sti nct co.ponent 

4-b 
3-20 
3-94A 
2-168 

Core bore sections 

08-PZ-E 

K9-P1-C 

K9-PZ-C 

Core bore pArti c l es 

GlZ-PB-0 
K9-P3-C 
K9-P4-AZ 
'i8 1K9-P9 

Description 

Large pArt i c l e  cross section 
Large part i c l e  cross section 

Fu. 1 rod seg11ent 
Fuel rod seg111ent 
Fuel rod seg111ent ( l ower 12 c•) 
Control rod/guide tube seg�ent 

P l ug cross section 
( Agg 1 Ollleritt) 
Plug cross section 
(Aggl�r•te/trans1 t1on) 
P l ug cross section 
( upper crust) 

Dense debr1 s  
Me l �-�etal debr1 s  
Porous deb r i s  ( .. t mount) 
Porous de::; ,. ; s  

Total 

8 . 0  
1 0 . 1  

4 . 75 
8 . 6  
6 

Mus 
(g) 

Non fuel 

123 . 5  

-30 

77 . 7  

18 
37 . 7  
10 . 5  
2 3 . 55 

0 . 15 
0 . 19 

2 . 5  
1 . 6  
3 . 1  

2 . 4  

0 . 58 

1 . 5  

0 . 3  
0 . 7  
0 . 2  
0 . 45 

a .  Eac� o f  the samples w1 1 1  be conta1ntd 1 n  t nd t v idual alu111 i num samp le  
conta1r.ers which ••Y bt pac�aged 1 n  lead sheet to reduct the r1di ation 
ft e ;a . At the t1 .. the sa•ples are p1c�aged . a loading di agram wt l l  be 
!)repired which describes the pack.a g 1 ng and location i n  the dru�s. Thi s  
description wi l l  be sent w i th the dru•s to KoreA . 

b. EstiNUd. 
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