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bott om 1/~ • 1/l of the corg. J s . likcly to have retained its b~sic 

ir.tc~rity: e.,. , ro.J di:aensions ~pacina, etc., but probably has 

considerable clad surface oxidation. · · .· 

The tcp ~/3 • 3/ 4 of the core volu.e ls most likely to be in a hcteroccneous 

sta t e wi th 3 peripheral annulus of relatively intact (but highly oxidi:ed, ballooned 

and perforate~ ~l ad) fuel rods with a central core rez ion which has experienced 

vc-:y subsunt i:ll d:lm:~gc ; e.g., substanti:ll clad ballooning, clad perforation 

rod bowing, e~cessive clad oxidation (1~ - 45\ total core clad oxldstion ~ i th 

loc:~lly up to 100~) . nnd significant clad and oxide fragmen~ation. 

In spite of a hi gh degree of fuel damage in the upper central core recion 

it is lilcly that the general core structure retains some physical integrity; 

i.e., control . g~idc tubes ~hich support the zrids lar,ely intact, remainin' 

partial se~ents of distorted and oxidi:ed claddinz remaining intact, very possi~ly 

~cost of the grid cells are still occupied by cladding and the upper ends of the 
til 

hea\'ily dacagcd rods are probably hangina from the top grid spacer. 
.. 

·. The highly dama~cd top central core region most likely has considerable debris 

(clad, clad oxide and fuel pel let fragments ) pi le·up at the gr id spacers. 

The rest.:lt ins effective core flow area blockage due to the fuel..condition 

based on flo~o· resistance claculations, is substant i al and aay be as large as 

SO to 90\; ~i:h local fuel assembly blockage in excess of 90\ . 

The degree of flow blockage inferred to exist , while substantial, should 

not preclu~e adequa:e core cooling under natural circulation conditions. 

Ho~oe\·er, local coolant boiling in the aost highly blocked areas can be expected . 

tl'e belie\·e that the core is stable enough that it wi ll retain coolability du:-ing 

natural circul a:ion ope:-ation. 

.. .· .. · 
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./ 0 The entire ~ore and especially -the 'uiJe tubes ~hich ~rc still int~ct 

are suspecteJ to ~ve received enou&h oxid~tion so th~t oxy&en incursion into 

the ~ircoloy c~used the rc~inin& cl~d to be extr~ety brittle. Hence, the fuel .... • ~ • # 

a~scobli~s ~y not retain physic~l . inte&rity durin~ rrmUval fro• the core, 

if remov~l is done in the usual aanner. 

1:\' rROOUCTIOS 

·· The abo\'e assess:~aent of th~ Three .Ule Island core inte&rity h based 

upon a combination of quantiuth•e and qualitative observations and assumptions 

derived fro• both the deduced accident performance and subsequent ste~dy-

state pcrfo~nce in sincle loop-one reactor coolant p~ operation . The evidence 

is largely circ~stantial and thus these conclusions rely heavily on deduction 

from numerous indirect observations. 

CORE COOLISG DURt:;C THE ACClDE~i 

· At least t~to different scen;nios for core coolin& durin& the accident han 

been put forth . These t~o scenarios are presented in: 

a. The nil Core Assessment by N. Kaufman of E~C of 4/6/69, and b. ~he 

TMI Core Condition ~ssessment by D. S. Roy of B&~ of 4/3/79. While these ~eports 

differ on the specific details of core coolin& durin& the accident, they are in 

agrec:ent that the core ~tas parti~lly or totally uncovered on at least t~to, 

• and possibly three, occa.~ions for periods of several minutes to several hours. 

Both also a,ree that the first period of si&nificant uncovery occurred at 

approxi=ately 5:45 A. M. on March 28, 19i9 (approxi~tel~ 100 ainutes followin' 

the initiatin& transient). This initial uncovery apparently lasted for 

approxi=ately one hour and was te~inated when the pressuriter block valve was 

closed and pressuri~er liquid flowed into the core quenchin& the f~l rods. 

' !eyond thi·~ initi<~l uncovery and recovery there were appanntly two subsequent 

(). periods "~ere parti:~ ! uncovet')· is believed to .. h;~ve occurred . 159 229 
CORE OA..'t\G[ l'll:R I~C TilE .\CCI DC.& 
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/~o core uncuvC'r~. rC\Iuctions of t•o-to-thrcc orders of m.•EnituJ-: 1r. <'Onvccturc 

·" () heat transft':" .:ocfficient, the fuel rod.s unJoubteJly e~pcricn.:ed \'cry si&niflcant 

overhcatin& and \la~ce durin& the initial uncovery period. The s~uence of 

events during this core d.l.CI3ge peri.~ is likely to have been .anifesud by 

1ni:ial clad ballooning, then perforation. Clad oxidation rate would have 

increased significantly as the clad teaperatu~e increas~. The conclusion 

tha: significant fuel perforation occu~ed durin~ the initial uncovc:ry is 

suppo:-ted by the steep increase in !ission product activity in the reactor 

building the period from 5:~S to 6:~5 A.N. on ~rch Z8. 1979. While the 

su~sc:quent two periods of uncovery are 1 iltely to ha\·e resulted in additional 

fuel da~ge, the most major change of physical condition of the: fuel is 

1 He ly to have occurred during the initial penod of uncovery when the fuel 

~o.as inltially unfailed. Attachnlent -~ 1 letter P. W. !obrriott to D. c. Dit110re 

"~lcchanical Condit ion of Thrc·c: ~lil e Is land Core." ~/13/79, presents the rc:sul ts 

~~ of a rou~h evaluation of the possible core d~ge scenario. 

·~ 

.. 
It is esti=ated that the peak claddin& t~perature increas~J froa less 

than lOOOCf to the r an'e of 2000 to 2600°F in the first 10 minutes of th~ initial 

~,cove~y pe~iod. It is c:sti=atcd that ~ost f~el rods experienced claddin& 

tcrpcr~t~res in this r~nge with i n the next thirty (30) to fifty (SO) minutes . 

The ex:ep:ion :Ia)' ha\·e been that fuel clad in lower po-..er bundles ~y ha\·e been . 
below :000°F; i. e . , p~ripheral core bundles •~r be less d3m~ged. The fuel 

cl~dding would be e~pectcd to e~perience per(oration in the range of 1~00 to 

1500°F for the internal pressuri:ation of the TNI-II fuel rods ~nd the •c:asur~ 

re3ctor sys:~ pressure du~ins this period. Prior to perforation individu3l 

fuel rods would have experienced consiJerable clad ballooning possibly up to 

~~ the initi~l Ji~~cter. C!~d ballooning and perf~ratlon is not likely to 
.... 

luve bcea co -pl:ma:- across the core althou!:h ,prefer~tial bal}ooning .withl n the 

hottl'H core ~l'~ion~ axiall y ..,.ould be expectC-.1. · · B:1llooning is :ypic:Jily 

socu: ~o h:1 : nn.!or.a du.- to s t:tt~Stlc.ll v:~ri.Hions in the clac.lJin~. !: "".l s 
159 230 
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~~ ~u~aestcJ that co-planner ballooning ~ i ~ht h~ve brcn poss ible considerin1 

() th~ postulJtcJ slo~ rate ? f init ial unco·•cr)·. tlo•ever, eJtpcrience and a 

si=:~ple cal-=ul3tion indic:~te th.:lt claJ o\·erhe.l:in& ~ould not be ;xpect~ ~tit- -

the fluid le\·el dropped ~ell below t !le miJplane, thus i:rt>atly reducin& the 

lU..elihood of loc:~li:ed co-planarity . ll.c :ire claddina; is believed to 

have experienced significant oxidat ion durin~ the rise in temperature vith 

the ~ia;h~st rates expe~ienced above 180~°F clad temperature. This postulation 

i s ~onsisten: vith calculations of the a=ount of evolved hydroaen ~hich imply 

o:tid:ation of from lS to .as•. of th~ fuel claJdin, (see atta.:hoent 11, "Assess::~ent 

of Cooled Hydr~~cn," by J. W. Thiesinc. 4/1~/;9). It is li~ely that local 

cl:ldd Jn& oxidation of cssentiallr 100~ of the "·all could have occurred at perforation 

locations durin& the first uncovery, and possibly at other locations in the 

subsequent periods of uncoverr • 

. After approxi=:~tely ont (1) hour durins: the initial ~mcovery period. The 
. ~ 
· •· core vas recovered vi th liquid . This occurrence is likely to have quer.ched the ~ · · 

·. 

·-·~, 

hot clad and clad-oxide causin~ high ther=al stresses an~ resultin& in si&nificant 

fr~b~ent:ation of the ~est highly oxiJi:ed claddina. 

The two subsequent ~covery and recovery incidents vould b~ expected to have • 

oxici:cd :additior.al cl:addin~ and re su lted in additional fr:armentation on quenching. 

This fuel ~od :anJ cl:addin~ da~~ge sequence is likely to have led to a 

condition of substantial buildup of :ire clad~ clad oxide and fuel pellet frat~~nt s 

(debr is) at the tr id spacers. ~hich would present a very sicnific:ant flow 

blodate. particul:arl)' when c:cr.~bined ~odth the loc.2l effects of rod balloon ina 

anJ bo~ ing . The trc:atcst daea~e ~ou ld oost l i kely exist in the hotter central 

(r3di ~ ily) region of tho core , :a~d :he upper portions of the core which ~ere 
;~ . . , . 

1 ikely unco\'crN for t he lon;:cst periods. ~: . 
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~ Experience with c~rc he~t·up ~nalysts durin~ a loss of ~ool~nt ~cciJent 
(jD sua&ests th3t the other oore co~ncnts; j.e:• control rod 'u~de tubes, will 

h;l\' e experienced tC'IIIper.:atures cc.parable in ~anitude to the puk fuel clad • 

0 

.. :. ··- - - . ._ __ .. 
and thus those :irconium coeponents will be hi&hly oxidi:ed and brittle. 

OBSER\'ATIOSS SUBSEQUE.\1 TO 'THE ACCIO~"T 

A number of observ.:atioas of plant perfor.ance dur in& sin&le loop 

one re.:actor coolant pump operation provides addition~l circu=stantial ev idence 

~hich lends some indirect support to this core daaaae scenario. 

Self ro~ered Seutron Detector (SPSD D~ge) 

With the except ion of one detector at level S (there are seven levels of 

SPSO's st~rting in the lower core reaion) all detectors above the second level 

are not •orking. The reasons for their aalfunct ion is unknown. However , 

since essenti.:ally all SPSD's .:above the lower 25~ of core volume are not 

.. 

fun~. ioning , _it is likely that this port i on of the core (the top 2/3 - l/4 of the 

cor ~ volume) reached higher teepera:ares and thus experienced more daaaae than ~ 

~ the lower 1/4 - 2/3 of the core volu=e . This aay be a consequence of lower 

temperatures during the accident due to shorter periods of uncovery and lower heat 

generation r~tes. 

In-Core Thcr.Docouples 

Ftfty-one ~Sl) of the oriainal fifty-two (52) core exit thermocouples 

app.:arently survived the acc ident, of thes~ forty-nine (49 ) rcm.:ain intact and are 

nov record ing tc=peratures at t he core exit which appe~r to be ~ccurate. This 

fact is significant because the ther=ocouple leads pass up throuah the core 

re; ion in the center thi=ble of 52 of the fuel assemblies (locations shown in 

Attachl:ent f l) to a detector (junction) approx i:a:~tely" - 6" above.~he core exit. 
·. 

These thermocouples travel up t he s~me tube as the ·SPSD's . The theraocouple 

~ wi re ~elts at :5000F . The continued av:~ilabJli~~ of these therDOcouples 

:u~ges:s th~t the center th1chles and other non-ruelcd tubes; i . e., control rod 

~tuaJe tubes, h.:lve re:.1 1neJ int3ct so that the core h:~s ret~ln~ so~e stru~uVllfl "- 2 
.... 1 J 7 t.. ) 
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. ~gdt) i~· t he upr" <eglon< in spl<:•:f an upecteJ htgh degroe of rue I 

J~ce; i.e • • Jistortion,cl~ perfor~tio~ · anci oxid~tion anJ fra,-entation. 

Tr~velins ln~ore Probe (Tir) Insertion 

The insertion'~£ the single .core TIP was att~ptrd. The probe stucl 

at a level of 3.5 feet into the core !ra. the botta. . No further travel w~s 

possi~ly and the probe re~lns stu~k. This is aJdit lon~l qualitative ev idence of 

the ~egrec of core d311U&e bein£ less in the botta. 1/4 to 1/3 of the core \'Oltae . 

l t indicates that thi s tube. wh ile possibly highly distorted. retains enouch 

intcgrit~· to pr~:\'ent further ::ove:ent of the TIP. 

Core Flow Resistance/Flow Blockage 

B~W ~nd PSL have perfo~c~ independent assess=ents of core flow 

rcs1stancc ~ hi~h l ead to a conclus ion of Si£nific~nt flow area blo~k3~e . B~~ 

has esti ~:~at cd the i ncrea sed core flow resistance could be as hi&h as ap;Jro:dcat~i)' 

a factor of 60X. Thi s est i:ate ~as 3ppar ently confi~cd in two ways: 1) comparison • 

of re.1ctot' coolant system flow 111~ter rud ings. with one pu:tp opernion. befor~: ·• 

and ~fter the acci dent. 3nd Z) a post- accident single-loop opera t ion core 

heat balance using t~e esti~ated de~ay heat and .ceasured cere coolant 

te~perature c~ange to deter-Dine flo~ . These asses sments provided a range of 

core resis tances up to a factor of 60X increase over the pre-accident va lve. 

A factor of 60X inc r~ase in core f low resistance is approxi:ately equ i~alent ., 
to an ~ffccti ... c. core flow area ·blockage of -90", Jkf;~ '\ - 60; 

b taf1 
(1-Jl/60)100 -87\ . 

": - ~1/60; 
"'1 

P~JL tu 'i c:nploycd the COBRA c~e to perfo~ an:~l yses of a =:6 ch.annel 

~i :~ul at ion of the nll-li co re to reproduce the ce:~sured core exi t te::I!Jlera ture 

distribu~ion Juring single loop oper:~tion. Fra. t~eir work they estim:~te 

60 - SO\ i~oss core bloc ~:~~e. with local reg~ons with bloc:kaae in excess of 

~ 9S .. . Th~ loc:~l hi~h hlocb~:e is i::tpli ed by ttle'vide v:ari.lt1on in core exit 
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~ (jt ~ool~nt tc~pcr~tures durin~ ~ingl~ loop ; op~rat i on (attac~~cnt 13) . W1th a 

,.. .,_i 

v~ri~tion of - 100°f f~• the peripheral core rceions to the c .. tral core re&ion •. ·. l 

A simple cor~ heat balance usin& the avera;e core exit thermocouple readin&s 

on the periphery of the core also leads to the conclusion of an cffe~tive core flow ~ . 

.area blockage of - 90\. Specifically, the ae:uure core coolant A t 1 
core " 

.· 
J /10/i9 (this is typical of perforaance of the past week or so), with single lOop· 

one pu!!!p operation. Without flow bloc:kaJte the .:ore cool3nt 4 tcore should be- 1°F . 
in sin'glc loop - one pu::p operation . This is .:.mfirmed b~· si:=j)le calcul:ations (see 

a:t~c~~cnt .•~). and by Clcasure=cnt, since the measured cold leg-to-hot leg ~! 

durin;; this condition is ,.., 1°F. The ratio of unblocked b tcore to blocked A tcore 

i s reflective of the ratio of blocked to unblocked core coolant flov; i.e., 

W unblocked 
il bloclo.C\1 

... 1 
8:5 ~.11 QC a flow area blockage of --89\ . 

The trend of increasing temperature from the outer p~riphery to the central .. 
cor e reg1on suggests a&ain the possibility that the ~ntr•1 core reeion is ~he 

most h1ghly damaged . Further, the peripheral exit tc~peratures are clos~ enough 

to the core inlet tc=perature that they suggest that the minimum 
occurs 

flow block:Jge/1n the peripheral region. lt should be noted that the one 

c~ception to this cen:ral to peripheral trend is a core tc~perature reading in the 

center core re~ion wh ich is much below all temperatures, including the · inlet • 

.\not~cr obscrva ion of significance relative to flo" blockage resistance is that .• 

tr3nsfer of pc:ping !r~ the S/C AI to A ~ pump shifted the loc3tion of the highest 

ex i t coolant tc=peraturc to another quadrJnt in the centr3l core region. This 

sug~c<as \':tri:Hion in inlet lower plentn flo~ and pressure oJistribu.tion a:tcnd:ant 

: o sir.gl~. pucp operation. 
~... . 

This is c:ons i stcnt ~~t i t .h 3n3lyses in the ~once reactor 

pcrfor.:~ed by T. Hott of Technology for Energy C~rporation, in Knoxv ille, TenneHce. ... 
LetJo~ Flo~ el~cka:c 

159 23A The lctJown 1 ine has RIVen some C\•iJc:-ncn or flo~ 
~ - blodage . incrc.ueJ flo., 
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resistance, follo~oin& th~ ;acddcnt • . ll:!_is fh1w bJod.:~s:e could result froCI 

carryover of some debris from the core rc&ion. Si•ilar flow resistance has 
'\ 

been observed, a~cording to L. Xoll TMI-1 shift supervisor, ~hen syst~ crud 

!us been shocked loose in nii -1. As a consequence the observation is not conclusi\·c, 

but is ~ualitatively consistent with fuel frarcentation. If the filter 

bec;111e clogged o\·er an eight hour period, after the accident, it could be iror.~ 

crud. If it bcca~e clogged in a ten =inute period, it is probably fro= large 

particles (such as a fuel). The actual occurrence should be ch~led . Also the ab1lity · 

of the s~spec:ed flow rates in the core to lcvit:~te fuel particles should b~ chccl~~. 

SATURAL CIRCUUTIOS CORE COOLISG ASSESSHE~I 

The prc~ious consi~crations indic:~te the core confiiuration is stable. ihe 

c:~lculations presen:ed here show that natural circulation c:~n cool the core in i:s 

present supposed state . 

(1 A nu::sber of n:~tural circulation analyses have been perfor:~:C\1 with \'aryin& 

degrees of flow blockage fro~ 0\ to > 90\ blockage by B&W and ISEL. Typical 

·. 

0 

results obt3ined arc presented in Table 1. 

These results ir.dica:e that adequate core coolin& can be achieved with 

subst3ntial c~re block3ge; i.e., up to 9S\ without gross core boiling. Since 

the core ccndi:ion in r.·ll-11 is estimated to bt- no worse than ,-J 90\ effect iye 

core flow block3ge, a stable condition vith no bulk cere boilin~ is expec:ed. 

Sor:~e loc3l boiling in the ::tost restricted flov areas ~ould be CJCt1C:Cted. Hc"'evc:-, 

the intended operation ~ith high ~ubc:ooling will preclude ~ny bulk boil i n~. 

~ECO.'r-1ESDATIOSS FOR FtrruRE II'ORK 159 235 
l'he resul ts froQ calculations bein& performed at v~rious location~ vill be 

very ir.port~nt in verifying the rcact~r cor~ eodel of the core prest-ntcd here. 

For cxa::~?ie, Carl Obcn.:h3in of ISEL c3lcul:tt.ed the guide tube temperatures and 

l'his 1n~ohcoltcs th.:t t he ,:uiJc tuhcs 3rc {'robahl:o- brittle in re~1ons -..here: !'!.;-

d.:Jding is ccmpt.::dy J~·~::-oyl..J. turttwr c:llcul:nsons couiJ ~i\'e :1 hctt ·..,-

.. 
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3sscssment of the amount of core da.aae based on a better asscss~ent of the 

core/fuel temperature ti•e history • 
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NATIIRAL CIMCUJ.ATION CAI.t:JJI.ATfONS 

. 
Core Core Core 

llecoy Flov Flov AT Prl•ary Systell Source St c:tm Gencr:atur ~lode llcat Rlodosc lh/scc o£ Pressure 
, ... 

86W S/G' s MR Stca111lnc S~tw -a7\ ""'llO IOOF f • . '-. 
JNEI. u S/C A Stc;~mlng. S/C II liS\ 320 14°f 1000 psl 8 lsol;~tc:d 

II II II .. 95\ 1110 47°F :: . .. 
II II II .. !)!)\ 14 t• . . .. 
.. S/G MB Solid .. 0-40\ 429 -u°F II 

t • 0-40\ sso -IOOF · • : .. . . 
' ;{ ... 

·. I 

( 

.•Jind not achieved ther11al equllibrlu• after 1500 sec:. Expected to result in a steady lUte bolllna 1 
condltlon . ln tho core. · ' • ' 

' : . 
••rcrfor.~ by Stewart Flsclcr at JNEL. ,_. .· . 
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