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On Tuesday, April 3, 1979 a team consisting of

L. S. Rubensiein, PSS/NRR
R. 0. Meyer, DSS/NRR

M. Tokar, DSS/NRR

W. Y. Johnsten, RSR/RES

was formed to survey the fuel groups analyzing the damage s the
fuel systam of TMI and draw scme preliminary conclusicns frem their
deliberations regarding that damage.

The following individuals and organizations were contacted on
April 3 and 4, 1979:

E. L. Zebroski (EPRI)} - :
(representing the Metropolitan Edison Group)
J. Taylor/J. Tulenko, 24&4W

R. Denning, SCL

D. McCloskey, Sandfa

J. Scott, LASL

In addition to the informacion obtained from ccnversations with
‘hese organizations and the NRC staff, the team cbtained a
"sequence of events" from 3&4W {Eﬂclosure 1) a group of curves
describing the pressure, temperature changes at TMI-2 during the
first 15 hours frem D. Efsenhut, and a 3APL radiocemical analysis
of the pr:nary coolant taken at 1600 hours March 29, 1979 and decay
correctad to 0700 hours March 30, 1979.

The primary informaticn used in our analysis of fuel system damace
was obtained from the B&W Company, the Metropnlitan Edison Industry
Group, and from calculations of the NRC staf’ (Reactor Fuel Secticm,
GP8; Fuel Sehavior Branch, RES).

System Effacts

Using the chronology of events cbtained from 33W and the contrel rcom

strip chirt tragine of crstan ressure for the first 15 hours of overatien, -
L, f5 . sEEeretdl SRS el R s S g Biroring ¥ "-"" Jas3-ia:-whith the
primary sys.em pressure was b°lou a sa.arat:an pressare correspending %9

a temperature of §20°F. The system changes which caused these periocds

are descrided in the seguence of events provided by 3&W anclasad with

this repors. The dstails of what oczurred $0 cause the pressure changes

in the primary system are not discussed here 1s these are considered in
other staff reports (see e.g., IE 3ulletin 79-05A, Nuclear Incident at

Three Mile Island) and will be evaluatzd by others.
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Examination of Figure 1 shows that the first period in which the
system pressure was substan:tially belcw saturation pressure occurred
approximately 1.75 to 3 hcurs after start of the transient. The secand
seriad, which was relatively short in duration, cccurred in the 4.5 %o
5.5 nour time frame and resulted in a small de:rease in primary system
pressure below saturation pressure. The final period of decreasad
primary system pressure extended from approximately 8-14 hours after
start of the transient. It was during these 3 periods that the core
was exposed to extensive amounts of steam cooling and experienced

fuel damage. The group was able %o infer from examination of these
pressure histories, reports of fuel channel tamperature changes with
time obtained from the {ncore thermocouples, the behavior of the inccre
rhodium self-powered neutron detectors (SPND's), and 3'-long Intermediate
Range Ex-Core Detactors, and the containment radiation monitors scme
details of when the fuel pins lost their integrity, the depth of the
core which was exposed to steam cooling, the probable time periods of
that exposure, and the amount of damage to the fuel.

As previcusly stated, the evidence for the level of uncovering was .
obtained from a 2&W analysis of the incore SPND's. It can be shown
that :

Above about 700°F, incore SPND's (Rh) act as thermicnic
elements and generate currents which are corralatable t2
temperature. Thus, 1f a discontinuity {s observed in
current measurement, a transition in temperature may be
inferred. I% was assumed tnat this discontinuity rep-
resents an elevation at which voiding of the coolant
has occurred.

Similarly, the excore Intermediatas Range Detec.urs may be used %2
provide an indication of voiding.

The information obtained from these detectors was consistant with the
results from the Industry Group caiculation that, in approximataly one

hour without fntroducticn of makeup water, the core csuld boil dewn
to full uncavering.
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Fuel System Conditions During Period of 1st Uncoverina

During the first period of major uncsvering of the core (at least

5 feet of the core was uncovered for abcut an hour, and perhaps all

of the core may have been uncovered for about one-half hour), the
uncovered porticn reached temperatures high enough to fail fuel

rod claddinz. At this point, fissicn products were reieased into the
primary coolant as evidenced by the subsequent alarming of the - --- - -=-
containment activity moniters. Based cn the measured coolant activity

and the imaunt of hydragen release from reacticn of tne Zircaloy

cladding with watar’, all of the fuel rods probabiy defectad and

released fission products.

Fuel temperatures were estimated frem calculaticns based on the fissien
product analysis of the sample of primary ccolant, agd alsc from heat
torm-fue samgidarations. 2ased on back-calculaticns™ that accounted
_:rizuras and temperature-dependent release ratas that would be
. iquired %3 produce the measured level of activity, fuel tamperatures
of 14C0 %3 greater than 1600°C were cbtained. Estimatas by ORNL based
on their experiments indicated that the Cs and I releases measured would
have required fuel temperatures of at least 1300°C for an hour. The
heat transfer calculaticns indicated, on ths other hand, that the fuel
temperature may have been only about 1100°C”. In either case since
the melting point of uoz {s 2840°C, fuel melting was unlikely. These
temperature differences®can be raticnalized by considering that a small
portion of the cors may have been at the higher temperatures. There is
also a possibility of some eutectic formation between UD, and Ir0
at temperatures above approximately 18C0°C, but no signi¥icance ugs
attached to the occurrance of such a eutectic. Later anaiysis by members
of ANS-5.4 fission gas working group (fncluding one oflgg--acn} indicates
fuel pellet temperatures as high as 20C0°C based on Xe data and the
assumption that half of the core remained cool. While noble gas
activities lend themselves to smaller analytical uncertainties than
fodine or cesium activities, the uncertainty in the core fraction that
{s responsidle for the release still renders this result inconclusive.

Hydrogen balance calculaticns indicate thag from 15 to 208° of the

total Zircaloy inventory has been oxidized”. Some of the oxidation,
however, undoubtedly occurred during the latier uncoverings. The

axsan% of th2 oxidazicn probably varies as a functicn of height in the
core, with the greatast amount of oxidaticn having ocsurred in the
uncovered (upper) portions of the fuel rods. Later calculations acssunting
for hydrogen in the bubble, in the contairment, lost in the hydrogen
explosion, and gained by radislvsis suggests that almest 407 of the
Zirzalcy in the fuel regicn zay have bean axidized.

1TP5 Start Calculation 2 CPB Staff Calculaticn
Industry Group Calcu]a:1?n,;\ Y 3 3aW, Industry Group and NRC Staffs
! i |

B&W Calculation v )} 4 Industry Group & NAC Staffs
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As the primary coclant level was restored during the latter
portion of the time period of the first uncovering, thermal and
mechanical shock loadings of the oxidized and embrittled cladding
are believed to have cccurred and to have resulted in cladding
fragmentation.- - .

At the end of the pericd of first uncavering, virtually all of the
fuel rods had defacted and released fission praducts. Althcugh
temperatures had been high encugh for a Tong encugh time to have
caused severe cladding oxidation, continued operaticn of incore
instruments strongly indicates that fuel assembly structural members
such as guide tubes remained intact. Control rod materials are
believed to have remained in place, as {ndicatad by the absence of
silver in the primary coolant.

Fuel System Conditions and Effects Ourinc Period of 2nd Major Uncovering

At about 4 1/2 hours into the event, the core level again decrea.ed to
expose the upper 5 feet of the fuel assemblies. The duration of this
additional uncovering was shorter than the first, the system pressure
was higher, and the overall temperature effects were less severe, as
evidenced by the fact thdt the thermccsuples in the outer periphery of
the core remained on-scale. 3ecause of the reduced severity of the caore
conditions during the second uncovering, as compared with the first
uncavering, less damage {s believed to have occurred to the fuel systam.

Fuel Svstam Canditisns OJuring Pariod of 2rd Uncavering

At about nine hours ints the event, the core coolant level again decreased,
possiblity down to 7 to 7 1/2 ft. from the top of the active fuel level.=
The core rumained uncovered at this level for about cne t3 three hours,
after which the coolant level was again raised and coversd tha core. The
low system pressure (~450 psi minimum), the rather leagthly period of °
uncovering, and the additicnal length of fuel surface uncovered, undoubtadly
resulted in additional fuel system damage due ta Zircaloy oxidation and
embrittlement (followed again by more fragmentation due to thermal shock
during the recovering of coolant level), although the amcunt of additional
damage is presently unquantifiable.

Fuel Systsm Damage Summary

The picture of the core that has emerged {35 that the core configuraticn
currently consists of a basket-l1ike snape of relatively {ntact
assemblies that surrsund a central region of severely oxidized, and
probably fragmented, fuel raods fn the upper central part. The fuel

*3asad on inror=ation receaived via telecommunication fram 3&W (April 3)
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rods are less damaged in the lower cent-al part of the core. Althcugh

the fuel rods in the upper central region may be ccmpletely fragmented,

the guide tunes grids, and end plates are believed to be intact thus
pravicing : ¢.e:e.:l strucsure which sugports the remaining perzicns of

the damaged assemclies. Partiai flow blockage caused by acsumulation

of fuel debris is thought to be responsible for continuing elevated
thermocouple readings. The assymetry of the incore thermocsuple readings
suggests that a r~z;ich &f tma core {3 mcre hazvily damaged than the average.
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s L i L 0. H. Labelle
£ : :
5 k- o : PRELIMIRARY SEQUENCE
[ EiheiE L oF VTS . : :
g (Tr-2, 3/28/79 INCIDENT) =l
The following sequence of events for the THI-2 fncident of 3/25/79 has been
forzulatad by 834 enginesrs using available plant data. This chromology - )
- bas been constructed frem numerous sources and has not besn totally
.confirzed, It zmay not be precise in either event occurrence or sequence.
Tim. Hinutas . = Event SN
Prior to i The inftiating evenis csuld have ccrm fro= numerous nestulatad '
turbine trip causes. For pursoses of this sequance, they ars relatively i
; unisportant. The prime effect 1s that {t led ta a Tcss of =ain i
~ feedwater (NFd) booster pumps. > i
§ " Mafn fesdvitar sz 3 ‘-‘;;e - fn....a. si -::Tt.reous'ly. -
. the turbine trip occurs. " : :
. 0.10 : : Pressurizer zressure fncreases t.:: the STV se*pofnt of '
e 2270 psig. : : = ;
&N . Secondary side pressure peaks at 1070 ps{g :rd 1s 'I{r.'lt.ed
e © by stezm relief valves. i
= o.z'n i et gressur- trip setzoint resched (2 L] psig at not Ieg i
: l ta,g and system pressure peaks at a.bout this value.”: 4
: t
- Indfcatfnns frea pump discharge pmsure are that auxilfa !
fescwater pi=ms (one turbine driven, ©o electric) are :
running at this point; hwever. no Ievel cha nge qccurs 1n :
¢ - Stem gen!rators. ; . i 3
0.25 ; : Prassurizer Tevel peaks at 2.55 fnches {1ndic3t.ed) uld s...-.ru '. ; ‘
. . tn du:reua with systez cantraction. . = S e 3
0.30 Qnen:h ‘tank pressure is fncreasing. == i
" : Prusurf'er Tevel s at a ninf-u-.t of 153 fnches and s.ar‘.'r- ;
(== =. _ 1t increzse. Het leg tmperiture i3 at 3 mini== of 57'°r ] i’
Lo - ard s.arts £ incraasa siowly. :
1.0 © 7 7 orsg fevel indfeaticn cn the startws ranga is 10 inches.
- L) _3)015‘5 pressure !_zalds at abcut 1025 psig.
2.0 . o) OTSG pressure starss a steady dscresse. HPT flow {s fnftiated
; o by ESFAS on Tow AC prassure (HPI setpaiat = 'iED-U ps'l-). S
3.0 : : " Thae quemsh ..nnk's ‘{ncreasing pressure levels off at 120 psig.
; D Ralief valve setpaint {s 150 psig. * 848204 .
4,75 © *  The hat and cald Teg tarperaturss start fncreasing at a more’
4 rapfd rate. Amalytical simulation indicates that this cccurs ;
when the HPI is tumed aoff. Site Inforzation notes that :

cperator tarminates ypr fully at 5.1 minutes.
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Tire, Hinutes

Ll

Event

" Pressurizer Tevel indicates a slowing and then centinues &3
fncrease as the hat leg terperature if increasing.

Pressurizer Tevel indicates a full p;-essuri:er and the
quench tank pressurs {ncreazses beycad the relief valve
utpuint of 150 r:ig.

RC pm:ur- na:.‘zu a minimo of 1350 psig with 2 hot 1_,
tecpreature of 5349F. This indicates hot Teg s in
-saturation conditicn. -

Auzi'liery feadwater fica is initiated & both G"?G s. This
" 1s 1indicated by 1me'.'fata OT:G repress.xri a..‘l.n ~i025 psia
' and OTSG Tevel changs. .

RC pressure pesks out at 1500 psig and starts %3 dacraase.
Hot leg teperature peaks cut at S57CF.

Pressurizer 1eve‘l indiciasion 1s rostored. It s::bi‘li:e-s
out at 375 {nches at 15 minutes. ! E

Quench tank pressure drops sudZenly, fndfcating the rupture
disk has blown (setpoint = 200 + 25 "s!g). :

[ dammaifes S mecue cejuftiasg ap 115 psfg.

The RCS termerature stabilizes at a hot leg of 553°F and a
cold leg of 5439F. The tesperature decrease frem start cf
auxiliary feecsater to this stabilization represents a 3
2C0°F/hr cosldown. Reactar building pressure is 1.4 psic
and increasing. - Two fest level is restored in bc*‘: OTsG's.

The startup Tevel indication-shows OTSS B Tevel {ncreasing _
snd OTSG A Tevel decreasing. Pressure increases in toth 0TSS's.

During the 22-60 =inute pericd, the syst=m parzmeiars have
stabflfzed in the satura.“!cn condition of a prassure of ~1015.
psig, temperature of A5509F. RC flow indicatfon is decreasing

;w-a ‘“Ufm 60 (initial) to £0 x 105 Ib/hr. The reactor building
A:_qpressure is 2.2 psig and increzsing. y .

——5)Twa RC pu=ps 2re 4={=22d (in Loop 3). Reactsr cooiant flow

—< —-rate decraases in Lscp 3.

114.0-120.0

OTSG 3 pressure drzps from 950 psig & 148 psig 1n 18 =inutss.

Thot follows T, AT acress the core equals abeut SOF.

sat'
,!ot.‘: m{ning RC pumps are tripped.

:hot and Ty, diverge repidly. By > 620°F in less than
S ainutes. D482

SEew faTeeaneion notes thas DOV relief line was {solatad
Mizi2iiy. A3 pressure staris decreasing =ore rapidly.
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Tize, Ninutes
135.0

120.9

- Imoo

-120.0-204.0

€04.0
216.Cn

Z9.0=
(4.83 hr)

318.0a
(5.3 hr)

3500, -
(5.9 hr)

450.0
(7.5 hr)

519.0
(8.65 hr)

583.0
(9.8 hr)
§30.0
(10.5 hr)

-3~

Event

" RCS has depressuriz ed 0 670 psig and RCS hot leg

temperature {3 at maximuss scale of 6209F. At eza F, system
would have suparheating at upper elevations as long as

, pnssure was belcw saturation pressure of 1772 psig.
] ltcs shas rapid re-pressurf:atian.
OTSG B level ra::e" up from 52 ¢ 65% In 43 nir..:..:.

07S6 B8 =in staa:: 1sa1aticn valves 3ad tursine bypass . :_ e
valves are clssed. RCS pressurs peaks a2t 2720 psig.

Regulation by B0V Slcck valve reduces (S pressure.
HPI co=ms on (1600 psig signal).

HPI pu= 1c ta Locp A turned off. RC prﬁsure demasaé
stepeise. RS pressure Tncreases step-dse.

‘ IB pressure hits 4 psfg. Building fan esciar cs==s ca.

RCS pressurs 1r.c-eases r-pmy from 1250 ¢0 2120 psig In
2% =fnutas.  The EMOV blcck vaive {s closed, cne HPI (1A)

« s @ile

oTse A Tevel {s racsed up frem 50% to 95% on operating range
ifn 1 hour and to 100% in 1.5 hour., QTSG A pressure starts
to decrease toward zmro. =

The £90V block valve {s c:ened. RCS ressure starts t::
decrease (2050 psig to 4580 psig In 1 m-. 45 =in).

RC systaas prassure reaches 600 psig,’ csn flcod tank
setpaint.

RS pressure spike 8 28 psig occurs.

Thet 1567 A resppears ca scale, decrsases &3 525°F in 1/2 br.

me Loop A incmua in about 5 m=inutes frem 190°F &30%

HP1 flow fncreased ta 400 gpo. T, fn Loop A decreases.

Tw‘d me A de:nuBSo [ﬂ\ f q\‘{ 1\ fp)
t ““ e
m 1A 1s startad. ;"r,\‘; [ | 'T ‘ / ¥
- UiRIGHINIAY
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.| Tie=, Minutes
‘[ Thereafter

. Eom=2 fuel 4ncora thermozounles reading 2hout 650°F. >

PO . T T o T S
‘4- "
Event i
Condenser vacuun re-established. A
SG°A begins steaming to candenser. H
RCS cooled to approximataly 300°F, 1000 psi. i
Letdown 1ine ceased to permit flcw and relief valve being

used (estimatad 14-16 gpm flow).

RS pressur« ceicw 1 psi. .
High radfatica in reacisr contairment and auxilfary building.
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Core Coolant Conditions

o At 2 hours after turbine trip the core had beccme
partly uncovered and remained uncoversd fer about
one hour. :

¢ DOuring this pericd activicy alarms came cn indicating =
significant fuei failure.

3 Core was recsversd when high pressure injecticn pump came on.

o Two additicnmal zerifods of extensive core uncovering follcwed
at about S and again at 3 through 12 hours after turbine trip.
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dumber of Fuel Rods with Defects

o Zased on measured coolant activity, all of the Fusl
rods probably released fissicn preducts.

8 Amcunt of hydrogen releasad from cxidation of ciadding

(metal/water reactfons) also indicates all fuel rods
are damaged, - s :

daximum Fuel Temperatures

o Calculations based on Fission product analysis indicata fuel
temperatures of 14C0 to 16C0°C.

3 Heat transfer calculatfons indicata temperature of about 1100°C.

» The melting point of U0, fuel is 2840°C so that core meltdcwn was
not approached. .

o The absence of Sr and 2a activity.in the coolant canfirm the
avoidance of fuel meiting.

345210
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Extent of Fuel Darmace

.

¢ Hydrogen balance calculaticns indicate from 15 to )% of the Zircaloy
cladding has been oxidized.

¢ Continued cperation of. incore instruments indicatas that fuel
assembly structural members remain intact.

3 Absence of silver in coolant suggests that ccatrol rod matarials
remain in placa. :

@ Continued Tow thermocouple readings at periphery suggest that
peripheral fuel assamblies retajned much of their original geanm.

o The picture that emerges is that the upper central part of the core
is severly oxidized; probably fragmentad, and largely confired to
the .core region (based on lcose parts menitoring data). -

@ Partial lcw blockage caused by accumulation of fuel debris has
prebably occurred and is responsibia for elevated thermoccuple
readings.
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FUEL DE3RIS -

QUTER ASScMBLIES-
FUEL CLADDING
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