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MEMORANCUM FOR: Roger J. Mattson, Director, Division of Systems Safety, NRR

FRGM: R. 0. Meyer, Reactor Fuel Section Leader, Core Performance
granch, Division of Systems Saefety, MRR
SUBJECT: CORE DAMAGE ASSESSMENT FOR TMI-2

Attached is our assessment of the core damage at TMI-2 for use in the

SER for natural circulation. It reoresants our indapendent evaluation

of the facts available and of the industry/vendor/licensae analysis, wnich
we have heard in saveral briefings.

An earlier estimats of fuel damage was made by Rubenst2in et al, and a
recent meeting was held at NRC with industry experts. Memcranda describing
those evaluations are attached to this document.

A @é/@;&

Ralph 0. Meyer, Secticn Leader
Reactor Fuals

Core Performance 3ranch
Division of Systems Safety
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A.

CORE D/MAGE

Introduction

For the usual analysis of hypothetical accidents, initial core

conditions are assimied and consequences are calculated. This would
involve complex thermal-hydraulic calculations and fuel behavior analyses.
At Three Mile Island. however, some of the conseguences are known (i.e.,
some information on fission product release, hydrogen generatvion, and
instrument readings is available), so we will use “reverse engineering”

as our principal method of backing out an assessmen® of core damage.

We start with the assumpticn that the core was uncovered and allowed

to heat up for si jnificant periods of time. Figure 1 shows the

system pressure history for March 28, which includes three periods of
significant uncovery. The periods of uncovery correspond approximately

with the major periods when system pressure was below the saturation
pressure. We will assume that the first core uncovery began shortly after
92 minutes into the accident at which time excore ion chambers show a response
spike corresponding to the loss of water shielding. Although the two later
pericds of uncovery may have produced additicnal core damage, we will

focus on the first period because decay heat was larger then and because
that period produced the large radiation instrument reading (at 150 minutes)

in the containment indicating major fuel damage.

Because the fuel damage to be discussed below is so extensive, we J111
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conclude without demonst-ation that virtually all of the fuel rods in the
core failed in the sense of experiencing defects large enough to release
gas. Furthermora, the rods probably failed by a LOCA-1ike ballooning-and-
rupture mechanism. Because of the massive oxidation that followed, the mode

of failure is probably immaterial.

As a point of reference, Table I lists melting temperatures of the various

materials used in the fuel system.

Fuel Rods
Fission product and hydrogen measurements at TMI-2 give important clues
about the condition of the fuel rods. We will deal with fission product

releases first.

Air and water samples containing fission products have been analyzed.
while we have analyzed both for indications of fuel conditions, we have
concentratad on the Xe-133 concentration in the air sample. This

{sotope was selected for analysis for several reasons: (a) it is a noble
gas and will not react, plate out or condense, (b) it has 2 relatively
long half life (5.29 days) and a high production rate (6.8 atoms per 100
fissions) and therefore will be abundant thus reducing measurement errors,
and (¢) fission product release correlations are much better established

for noble gases than for cother fission products.

Bettis (BAPL) has evaluated the Xe-133 activity and concluded it is

equivalent to 317 of the total core inventory. We have independently checked

this calculation (but, of course, not the sample activity) and agree (31.5%).
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TABLE 1. FELTING TEFFERATURES

MATERIA TE-PERATURE, ©C TEPERATURE, OF

1, . 2805 5020
ZIRC-4 1850 3362
0, 2715 4919

INCOVEL 718 1260-1256 2300-235

304 S 1383-1421 2550-25%0
Ar %-B,C 2030 2685
Ae-In-(o &0 1472
U0,-60;05 * 2750 E:d

Two fuel assemblies contdined gadolinia test rods.



Fission products including gases are normally retained by the UO2
peliets. A normal pellat release to the fuel rod internal voidage fis
only 1 or 2% (even for a successfully terminated LOCA) so that a 30%
release indicates additional release from fuel pellets not just a

release of the gap activity.

Fuel pellet releases are strongl cependent on temperature, and
Figure 2 shows a correlation of release versus temperature for Xe-133
(from a recent ANS-5.4 draft stancard). The correlaticn, however,

{s for steady-state releases and ve are dealing with ¢ transient.
Further errors are possible because of kinetics changes due to
oxidation to U409 or U3°8' Nevertheless, it is a reasonable
approximation and is consistent with recent short-time annealing ex-
periments (private communication 3-.10-79, R. A. Lorenz, CRNL) and

earlier anneal.ng work (G. W. Parker et al., ORNL-3281 - See attachment A).

parker heated irradiated samples in a furnace for 5.5 hours. The
samples had burnups ranging from trace to 40C0 Mid/t (about the same as
TMI-2). Parker measured releases of about 5% at 1600%C, 15% at 1800%¢C
and 40% at 2000°C with an uncertainty of about a factor of 2 in
release. These experimental releases for conditions roughly similar

are in
to TMI-2, but for different 1sotopcs.Afair agreement with Figure 2.

Using Figure 2 we could conclude that (a) the fuel was uniformly heated
(uniform in axial and radial directions) to about 1750%C, or (b)
30% of the fuel melted while 70% remained below 1200°C, or (c)

any intermediate condition existed. Because cf the core uncovery scquence,
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the fuel rods probably did not heat up uniformly in the axial
direction., It is reasonable, however, to treat the fuel rods as
isothermal in the radial direction because of the low heat flux.
Figure 3 illustrates this point with a comparison of a full-power

radial temperature profile and a decay-heat-power temperature profile.

There are physical limits on how hot the fuel can get during the
periods of core uncovery because the fuel rods °~ _ 4 large

hea* capacity and a low heat generation rate. If onc assumes

zero heat removal (this would produce the most rapid heatup rate
possible) during the first period of uncovery, the heatup rate is
still fairly slow. Figure 4 shows the adiabatic temperature increase
with time for the peak-powar axial location, for the low-power ends of the
rods, and for the averagz locatien. Since there mdst have been some
heat removal thus further slowing down the temperature rise, pellet
temperatures probably did not reach the melting point. Figure 5
shows the temperature changes with time for a surface heat transfer

coefficient of 0.5 BTU/hr-ft2-OF, which 1s a very small value.

The results on temperature distribution are, therefore, not conclusive.
It is unlikely that fuel temperatures vere uniform and no lower than

1750%C, and it is also unIiﬁely that any fuel (UOZ) melting took place.
The fuel, however, did get very hot compared with its nermal operating

temperatures.

Oxidation of Zircaloy by steam and the attendant decomposition of water

provided the major source of hydrogen in the TMI-2 vessel and containment.
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The Containment Systoms Branch has estimated the amount of hydrogen

prasent in the plant (Attachment B) after the periods of core uncovery

that caused fuel damage. They included amounts (a) consumed by the hydrogen
explosion (226 1b mole), (b) remaining in containuent after the explosion
(80 1b mole), and (c) in the primary system bubble (76 1b mole), which

was corrected for radiolysis.

Comparing the above amounts with the total amount of hydrogen that could
have been produced if all of the Zircaloy in the fueled region reacted
with water, we get 41%. As with the temperatures, an ambiguity exists.
This could mean that (a) about 40% of the cladding wall thickness is
uniformly oxidized throughout the core, or (b) 40% of the fueled region
of the core has fully oxidized cladding, or (c) any intermediate

condition exists.

Figure 6 shows the time required for total wall thickness oxidation

as a function of temperature (Cathcart-Pawal correlation). It is

clear from Figure 6 that complete oxidation is possible in cladding

segments that reached temperatures of around 2000°C during the period

of core uncovery. It is also clear from Figure 6 that all of the cladding
did not exparience sustained temperatures of around 1750%C else

it would all have oxidized. This is further evidence that fuel temperatures
were not uniform throughout the core, and that temperatures locally were

very high.

Based on carly estimates by the Analysis Branch of core uncovery, we will

assume simplified uncovery historics shown in Figures 7 and 8 for the
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following calculation. Fuel that is covered will be considercd to be
cold (i.e., no cladding oxidation). Fuel that is unccvered will be
allowed to heat up; fuel that heats up will be given a heat transfer
coefficient that is adjusted such that the total inteqrated oxidation is
475.. These calculations give the oxidation distributions shown in
Figures 9 and 10, and these distributions are insensitive to many of the
assumptions that ware made. Figures 9 and 10 thus are more probable
distributions than 100% oxidation over 40% of the corc or 40% oxidation

over 1005 of the core.

Figure 11 is a recent best-estimate embrittlement correlation (Kassner
et al., ANL) that shows high-temperature fragmentation of quenched
tubes at about 30% oxidation. Using this correlation, Figures 9 and 10
indicate that a fragmented region of about 5 ft. in height exists near
the tcp of the core. It may well be right at the top of the core as a
result of simplifications in our analysis. In any event, at least

4 to 6 ft. of intact (but partially oxi14ized) fuel rods remain standing

at the bottom of the core.

Figure 12 shows fragmented Zircaloy cladding after oxidation in a
simulated-LOCA test. Kassner (ANL-78-25 and ANL-73-49 reports that at
high temperatures (> 1250°C) many fragmonts are produced whereas at
lower temperature the rod may simply break into two pieces. Inasmuch

as TMI1-2 temperatures were higher than 1250°C and oxidation was sovers,

small fragments of the size shown in Figure 12 should be expected along with

larger tube-like pieces.

1 06 \ 6)4



Zi

(1334) NOILeAJT3 3403

-

8 L
=i 1

o)
n
-
-
o

‘6 oL

e

’
.
.
.
'
'
.
.
.
L
'
'
.
.
.
.
.
.
.
'
’
'
.
'
.
.
.
’
'
L
.
'
.
’
'
.
'
L]
'
'
.
.
'
A

Lo ©

S 'YO
03Z101X0 SNIATLTD <

—
8'a

1 3540 -

NOI1UOQIX0 3d0J



‘Gl 2unal4
(L334) NOILUAJN3 3N0JI
z1 " ol £ 8 L 9 5 ¥ £ z 1
i 1 He L 1 1 I L L i —— .o

M.

.- v:.ﬁU 8

0- z H

P )

; -

s o

: Z

’ 0 Q

' R

* . O
' ’ -
' ' INu
\ : &
. - -
. ‘ Lo &
\ : o @

: : o

' ' >
) M —
\ : .
' © 5
.- “ m O

' :

¢ 3SHO - NOILUOIXO 33d0J



‘IT 38014

™) IUNLVYIdWIY NOLVaIX0 TVWU3IHL0SI

001

0041 crat 0061 00yt
J [ i i i «l. T I
o LW N wun llv-
[ 00 cP
€2 O@o @Qd O 10 %o
o ¢D%
ki - o o
6° om 9 o oo
Tu A 4‘:&, & 0 O
Cnh OO
o ¢ 2 JO’O:DIIGI
.I.o v ﬂ.h ﬂJOfst ﬁa oo o ﬁlﬁj
o 1 &
V) @ o
© o w
b C o > o O
~ © %
w
ONIIarmyy ONldNa ainv4
i 1N8 ONILININD a3nInuNs o
5]
ONIHONIND NO 03 vy o
i 1ovirn ONIaav12 O
| | | | ! l 1 | \ | |
0051 00t cotl 00z1 0011 0001 005

(2.) 3uUnNiIvyaangy NOLLvaixo IVALIHLOS)

ONTANVH TvryoN uo
AOCHS TV UHIHL Ag ONIGav1 v- AOTYIUIZ HO4 dy Iy JUMivy

(%) Q3Lovay ONIgavd INIIVAIND3



O,

2

- -

. \ BSF-8a | |
/ N, .A ..... . v -n = ‘J
o q-: L bl PR .Do. " .\c'.i-.dn. .‘.v»oﬁoiv. ',
ﬂ q_ M. olrST s #y Vw't.F'.r.l.. SR e
i L f!l

i

“ i
. BSF-79 - d
2 - ”
r /4 O \ a
o .\4.?! .
ﬁ... v .5 Ttat T hqb“h':.ﬁ ~|lil DtlH. |..‘|4v|t u
;... LSRR ECN IR Ay 8
\\ "
>4y = |
-

..- u n - ...l \.#1 C sr
._(.h. !.L..h..,w...w.q.w.i!slﬂ.‘.l._-..--.aha _a _ . : .33.~

!.‘i‘-‘i'i-‘i -‘ BEE O e 0TE e e

PRGSO FUS S0 TR t NN RANY EE

Fig. 1011
Zircaioy~4 Cladding after Thermal-chock Faile

Fig. (.12

Zircaloy—4 Cladding after Ther

~thock Falls

1.

r
.

ute Showing Locarion of Thermocouples That

Produced the Temperatute=vs=Tinic Curves in
Fig. .11, ANL Neg, No. 306-72-224.

ure Showing Location of Thermocouples That

Produced the Temperature -vs=Time Curves in
Fig. L1.10. ANL Neg. No. 308-73-224.

Fieure 12,
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Fuel pelle%s normglly crack during operation and crack healing can occur
at power. Figure 13 is a typical example of a crackcd pellet. Quenching
during core flooding may also promote fragmenting of the pellets.
Severely fragmented regions are commoniy secn in fuel pellets (s a

result of extreme tzmperature conditicns in test reacters. Powdered
regions in fuel pellets have also been seen in sowe 70F tests, but

these tasts are characterizad by very high powers (> 20 kw/ft) and

very stecp temperature gradients unlike the low-powzr uniform (radial)
temperzture T™I1-2 fuel. Therefore we would axpect the TMI-2 furl to be

in millimeter.size granules and larger pieces including whole pellets.

Unfueled Components (Control rods, quide subas, etc.)

Figures 14 through 17 show tha contrel rods, the burnable poison reds,

the power shaping rods, and the central instrument tube. All of thase
rods and the instrumont tube are inserted into Zircaloy guide tubes in the
fuel asserbly. The materials oF which these components are made are

indicated on the figures.

An important clue about the condition of unfusled components is-provided
from instrument readings. The fact that all 52 thermocouples worked
throughout the accident a;::continue to give credible information
suggests that a central tubular structural mcmber survivied., It is
tempting to conclude that all Zircaloy qui'® & bes also survived, but

this may not be the case since the ** .1 is well protected by

multiple barriers.

-~
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INEL has made calculatiens of guide tube tomperatures by parametrically
varying heat transfer conditions (see Attachment C). Their results show
that guide tute temperatures lag the fuel rod temperatures by only

about 20%F. Babcock & Wilcox has performed similar calculations and
concluded tnhat there is a much larger spread in temperatures, .@
believe the INZL calculations are more nearly corraect and that
teniperatures of unfueled components were closa to fue! rod témperatures.
Since fuel rod temperatures are believed to have exceedad 1750°C

in the hot region of the core, then in that region {(a) Ag-In-Cd and its
stainless stee! cladding would hava melted, (b) Inconel spacer grids
would have melted, (c) Zircaloy guids tubes would have oxidized,

and (d) Zircaloy cladding of the burnable poison rods would have
oxidized.

In the ccoler parts of the core below about the 4 to 6 ft. elevation,

we would expect all unfueled components to be intact, although perhaps
damaged, just as the fuel rods are expected to be intact. Control

rod segments could have only fallen about 3 inches if severed by meiting
in the hot region, and the Ag-In-Cd absorber should be in place

because it is an insoluble metal. Although the burnable noison rods
would alsoc be expected to be in place, their poison is probably

lost; boren is known to lcach out of Bac-AIZO3 pellets when exposed

to water in a radiation environment,



SuMAARY
Many or all fuzl rods may have balloon:d end rupiured, but this
mode of initial defacting i35 probably irrelevant in light of later

more cxtensive demage.

In the hot uprer central regicn of the core, fuel_tcm;er;tures probably

exceeded 1750°¢ releasing largz quantities of fission products; about

304 of the total core inventory of noble gases was relz2ased.

About 407 of the Zircaloy cladding reacted with water. This region
of severe oxidaticn was localized above the 4 to &7t elevaticn and

may not have included periphearal buncles. The severely oxidized fuel
probably fragmented into pieces ranging from millimater size to whole

sections of rods.

The temperature of unfueled components lagged the temperature of fuel

rods by only about 20°F o that they also experienced temperatures
above about 1700°C. Consequantly, in the hot region of the core

Zircaloy cemponents should have oxidized, and components with Inconel,

stainless steel, and Ag-In-Cd should have melted. Because of many layers

of protcction, the thermoccuple tubes have survived even in the damaged
core region, although the outer sheath of the instrument tube may be

badly damaged.

Nearly all of the broken and oxidized fucl debris should remain trapped
in the upper core region because the upper end fittings have a grillage

that would act as a screen. Tlurthermore, the compaction of fuel drtrxf
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is limited becayze it is fabricated with a packing fraction of about

467 and the theorctical maximum packing fraction (for a bed of

spherical particles) is only about 63%. It is very likely that fuel
debris are also trapped in san2 mixing cups (See Figure 13) contributing

L0 non-uniforn thermocouple reedings.

An earlier estincia of fuel damage in TMI-2 was made at NRC by
Rubenstain, Meyer, Tokar, ;nd Jotaston, That estimate is in general
agreemant with the present estimale although our current evaluation
is more refined. A memorandum summarizing the eariier estimate is

attached as Attachment 0.

Recermendztions

Reactor fuel is rugged, and it is unlikely that limits for natural
circulation conditions will be related to fyue] behavior. The general
criterion with regard to the fuel should be that additicnal Zircaloy

oxidation and ®ission 9as relezse should ke avoided.

Significant oxidation rates do not occyr until 900 or 1000°% (See Figure 6).
Significant fission Gas releases do not cccur until even higher temperatures
(See Figure 2), These temperituras should be avoided in the (relatively)
undama, d regions of the TMI-2 core, but these temperatures are so

high that other limits will probably pravail.

By now the adiabatic heatup rate is low (See Figure 19) and ample time will be
provided to detect fission gas or hydrogen releases. Therefore,

on-linc methods of such detection, if feasible, should give adequate
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warning of fuel dowaying conditions.

-~

2s relovant to fucl Lehavior was

A

A discussion of instrument reipons

held with a group of fuel experts from across the industry.

sumiary of those discussions wis preperad by W, V. Jenston and

§s attachau as Attachment €. One consensis of that group was

that in-core thermocouple readings should be recorcad continuously.

A recomuendation for such datd recording w2s mede and is atteciicd as

Attachm-nt F.
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Attachment 8

See memorandum from . Butler, Chief of the Containment Systems Sranch,

to R, Tedesco, Assistant Dircctor for Reactor Safety, and entitled,

"Threc Mile Island, Unijt 2: Analysic znd Evaluation of Selectcd

Contiinment Related issues," to be icsued on or about April 16, 1379.
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the fuel system at TML.

Enclosed is a brief report
sions of the team formad to analy

UNITED STATLS

NUCLEAR RECULATORY CO
WASHILGL (0%, 0.C 200D

koril €, 1379

N :
\' bt
J

uty Dirzclor
actor Rzgulatien

-

E. G. Case, Uap
07fice or huclear Sz

™1 Fuel Team
ESTIMATE OF FUCL parsct IN TERECE MILE 1SLAND (Tl

describing
zo the probabie damage to

ke preliminary
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L. S. Rubenstein, PSS/HRR

o Her

—

AT, Meyer, DSS/NRR
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. & ¢r424*)5-

M. Tokar, DSS/NRR

W. V. Johnston, RSR/RES

U/.M

Enclosure -

As stated

29%0Y% 270090
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On Tuesday, April 3, 1973 a teem consisting of

L. S. Rubenztoin, PSS/NAR
R. 0. Mzyer, JSS/HER

M. Toxar, DIZ/HRR

¥. Y. Jaokn-lon, RSR/RES

the

was formcd %o survey the fuel grouss analyzing the dam:sza to .
fuel systcm of THl and driw sime areliminary canclusien: Tiwm heir

deliberaticas regarding that damajl.

The follo-ing individuals and orcanizations wer coatactzd on
April 3 and 5, 1979:

E. L. Zedbreski (EPRI) -

(representing the Metropolitan Edicoa Croup)
J. Taylor/d. Tulenke, B&U

R. O2nning, BCL

D. HzCloskey, Sandia

J. Scott, LASL

ed from conversaticns with
the %t22a cbtainad A

re 1) a group of curves
hanges at Til-2 during the

In addition to the faformaticn ebiad
these orgznfzrtions and the NRC staf
"sequence of events” frem 8all (Eacie
describing the pressur2, temperaiure
first 15 fours froa D. Cisenhut, ead a BAPL rvadiechauic:] snzlysis

of the prizmiry codlant taken at 1800 hours iarch 23, 1€78% and decay
correcied t3 07C0 hou-: March 30, 1379.

n
-
T
.
5

1

v M e

The primary information used fa our analysis of fuel system camace
was obtainzd from the C&i Cempany, the Matropolitan Edison Industry
Group, snd frem calculations of tha NRC stafr (Reactor Fuel Section,
CPB; Fuel Cehavior Branch, RES).

System Effacts

Using the chronoloay of events obtained from 8&H and the contral rocm

strip chart tracing of system pressure for the first 15 hours of cporation,
we were able to determine that thar2 were throe periods in which the
primary systoa pressure was below 2 ecturation pressure corresponding to

a temperature of 620°F. The systum changrs uhich cauvsed these periods

are describoed in the senuence of cvents provided by D&W enclosed with

this report. The details of wiat cccurred Lo ceuse the precsure changes

in the primary system ard not diicussed here as these are considered n
other staff reports (sce e.g., IFE Bulletin 79-CSA, Rucloar Incident at
Three Mile lsland) and wi’l be cvaluated by others.
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t the first pericd in nich the
syration prancure occurred

of the trensient. The secend

t wrztion, gecuirrad in tie 2.5

in & c2all czeraase in primary systedm

e. The final period of dagrz 32

1]

Eraminaticn of Figure 1
systim prassure %@ :
' 5

appra:xnately 1.7
sericd, vnich wes ralativel
5.5 hour time frame and resul
pressura pelow s2.uraiion preos:t
primary sysien sressure exsonded frem a:prOAimat¢!y g8-14 hour:. &
ctari of the tranzient. ¢ 25 gquring thase 3 pericds that th
was exposed to extensive zmounts of stcom cooling ane experien.ad
fue! damage. The greup yas 2vie to infer from excnination of thesc
pressure hictarics, reperts of fyel chenn2l temperatyre changss vwith

time obtained frea tha incere «hermocouples, the behavior of the incors
rhodium self-ponorad neutren gatactors {SPiD’'s), anc 3'-leng Intermacicte
Ranges Ea-lore Jetectors, and che contairnant ragiaticn menitors some
details of when the fuel pins lost th=ir integrity, 8 ¢eptih of the

core which was exposcd to stazm cooling, the prodeble time pzriods of
that exposure, and the amount of damage -0 tihe fuel.

1

-

<
.

As previously gtztad, the evidance for the level of yncovering was
obtained from a Cad analysis of the incore epyd's. 1% can be showd
that ¢

pbove about 700°F, fncer2 sPx0's (Rn) act as tharmionic
elements and ganerate currants which are corrzlatadle T
temparature. Thus, if 2 discontinuity is obszrved in
current measurencnt, & transiticn in tomperatur: may be
inferred. It was assuncd that this discontinuity rep-
resents an elev.ticn at which voiding of the cociant
has occurrcd.

Similarly, the excore Intermadiate Range Detectors may be uscd to
provide an indication of voiding.

The in‘ormation chtained fren taose datoctors was consistant with the
results from the Indusiry Groun calculation that, 11 spproximately ene

hour withoutl jntroducticn of =:keup wator, the cors cauld boil down
to full uncovering.

106 180



«3 =

Fuel S]'gﬁg_gcnﬁitigggwpuring Pericd of 1st Ungovering

During the first period of major uncovering of the core (at least
§ fect of the cor: was unCoWalLn for chaut on hour, nd perhaps all
of the core riy have bean uncovered zor -=-u ene-half hour), the

gncovercd por ion reached teoperatures bigh eanygh 1o Tail Tuel

rod clzdding. AL this peint, figsicn prolacts wers relecced inta the
primzry coolant 25 evidenced by the subcisuont slemiinn of the
contoiroent activity moniters. Bascd on Lhe .o Isurid coociant activity
and the coount of Lydres?d relaasa f=ca rooction of ihe Zircaloy
cladding witn vator', all of ihe fuci rods probably cofected and
relezscd fission picducis.

Fuel temjeratures G2re estim:ted “rom calculations hesod on the Tissicn
product cualysis ol the sempie of primar crulant, #3d 2lso frem heat
transfer considerziions. Bascc on baetocoloulations™ thai accounted
for toumperatures and tamperatiure-u2pancent r2la2s2 rat:s that would be
required to produl: th: measurzd level of :etivisy, fuel temparaiures
of 1400 to grzater than 15C0°C werz © ssimed, Estimaies by ORML bisic
on their expsrimznis §adicated tha' the €5 end I relezses measured would
have recuired fual temperatures of 2t lezz: 1200°C for an hour. 102
heat traasfzr calcuiztions {adisated, on <ht other hond, that tie fuzl
temparature may hove been eniy wbout 110a°¢>. In eithar casa since

the melting point of VO §s 2:40°C, fuel mziting wes unlikaly. These
temperztura differinces can ba ratfonalized O¥ considaring that a smell
portion of the cors noy have boun at the highur tampersiur Thzre 18

nn

es.
also a possibility of some eusostic farsaticn betwean UG, and 0,
tel ca

at temperaiures ablve approximitaiy 1800°C, but no signivicance wes
attachcd to the cccurranse of suzi a eutaciic. Later analysis by maumbars
Al 2%as

of ANS-5.4 figsion gas working croup (including one C:ln;"Avu) indic:
fuel pelict temperziurcs as hioa as 2020°C bagad on va'?? data end the
assumptica that hali of the core romzined cscl. Khile neble gas
activitics lcnd themselves t0 cialler anzliytical uncertainties than
jodine or cesium zciivities, +4e uncertzinty in the cor2 fraction thet
is responsible for the release still randers this resclt inconclusive.

s of the

. Seme of the oxidatiun,
however, undoubtedly cccurred <vring the latter yncoverings. The

extunt of the oxidation probadly veries 25 a function of height in the
cor>, with the grestost amount of oxicstion having occu=rcd in the
uncovered (upper) portions of the fuel rods. Later celzulations accounting
for hydrogen in the bubble, in the ceatiinvent, lost in the hydrogen
explosion, and gained by radiolysis suugusis that JImast 40% of the
Zircaloy in the frel region may heve been oxidized.

Hydrogzn balance caleulations indicate that from 15 to 203
o

total Zircaloy invinwory hés baen cxidiz

“w
:
-
“

4
!

B S1oT Calculation 2 cro staff Colculation
Industry Group Calculation 3 g, Industry Group and NRC Staffs
B&W Calculation 4 Industry Croup & HRC Staft!
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As the pricary coclan level was rest rod during the litler
portion of tie tise paried of the first uncov: ring, thermil end
rochanical sheek loadings of the oxicizod &3 i

are believed to have cccurrid and to have
fragnontation.

At the end of +h2 paried of first uncovering, virtuslly a1l of the
fuel rode had ¢efacted .nd releesed fission products. AlLhough
temperatures had been high enou=h ©c~ @ leag encugh time %o hive
caused sevare cladding cridition, ccastinued opzration of incore
instruments siroazly indicotes tho! Tucl assc 51y evructural mamodirs
such as cuids tubas remainzd intaci. Control rod matariaic are
pelieved $o heve remaincd in place, as jndicated by the absence of
silver in the primary csoiant.

Fuel System Conditions 2nd Effects Durine Perizd of 2nd l:ior Uncoveri=?

¢ zhout 4 1/2 hours fnto the event, th2 core 1z2vel azain decrzased %9
expcse the vpper £ foet of the fual sssemdblies. The durction of this
additional uasovering wis shorter thin the firsc, the sysiom pressure
was higher, and the overall tempariture effects were lesc saveére, as
evidenced by thz fact thot the ther—ocouples in ths outar paripnery ef
tho core rooainsd on-scale. Becaus: of the reduced severity of the core
conditions curing the second ungoviring, &S cempared with the first

uncovering, less damag2 is believed 13 have cccurrsd to tha fuel systzn.

Fuel Svstem Conditions During Pericd cf Srd Uncevaring

At about nirs hours into the cvent, ihe core coclant level again d2crcised,
posziblity cown to 7 to 7 1/2 ft. froo the top of tne active fuel leval.*
The core reazined uncoverad at this level for chout one to thre2 hours,
after vhich {uz coslant laval was zpsia raised and covered the core. The
low systea prossureg (450 psi minizen), the rather lengthly pariod of
uncovering, and the addicicnal lengin of fuel surface unccvered, uncovotedly
resulted in caditional fus)l system camiaze duc to Zircaloy rxidation cna
eahrittloment (fellousd ecain Dy wore fragmentztion du2 to thermal shock
durinj the rucovering of coolant level), although the amount of additional
damace is presently unguzntifiadle.

v

Fuel System Pooao? Spmsiry

The picture of the core that has c=arned {s that the core configuration
currently consists of & hasket-like shape of relatively intact
assesdlies that surround a contral region of svvercly oxidized, and
probably fraguented, fuel rods fn thie upper central part. The fuel
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rods ar - less damized in the tover central part of the core. Al thauch
the fuel rods ia ihe upper central reglon ady be contately Tracosenicd,
the guide tubes, grids, and gnd platus are balieved v be intict thus
providing & skeletal structure vhich suprarts the reicafning portions of
the descqed assenuiies. partial fiow blechkag® causad by zocuuielion
of fuel debris is thought to be responsicie o cuntinuing elavated
therrocouple readings. The cssymetiy of the fncore thormstoupia reddinas
suggesis that 3 regice of the core is more ag
1

s v a—————
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Core Cegient Conditions

. ——— b - —

-

At 2 hours after tmbing trip the core led brcome
partly wncavered and vorainsd uncovird fur atout

T e
wile L-.lu .

Curing thic pariod zciivity alarms came on indicating
sfgaiiivant fuel feilure.

Core was recovarcd when hich proccure injection pump camz on.

Two additicnal prrieds of extcacive core uncovering f?}!Ctéq
at abcut 5 and again at @ thrcuch 12 hours eiter turcing wrig.
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RS
austor of Fuzl Tode with Sfects
o Bised on reconred cunlent activity, a1l of the fuel
rods prol:bly relezscd fission products,
g Arrunt of hydvegen relizcsed from oxidstion of claddirg
> il fuel vods

frotal faater reaciions) olso indicetes
are Catagod, -

Yaxicua Fuel Temeeratures

o Calculations bazad on Ficsion pruduct analysis indicalc fuel
temperetures of 1400 to 1600°C.

9 Heat transfar calculeticns indicate tcaperature of about 1i00°C.

® The m2iting noint of Uy fuel - 2830°C so thet cora meltidown was
not approecicd. ;

@ Tha absence of Sr and 22 activity in the ccolent ccafirm the
avoidance of fuel meliing.
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Catent of Fual Dy wes
—— ——— 4,
¢ Mydrocon Belaan celenletions indicate rrom 15 ta J&0 of the Zircaloy
C‘d'n’ll‘é bz hoat euwididnd.
e Contineed sreraiica of imure fnebru oS fodicescs that fusl
ansenbly structurel sowrbors acaain intlect,
| !
a BAbsencz of eilver in coolant sugnusts that conl rel rod materiale
reazin i3 plenz,
e Contiiucd You themracouriz C:f.ﬁ‘§ 2t periphaery suggzest that
peripharal fuel ass: S1523 ratoiazd wuzh of thelr criginal [2am.
¢ The lc;u:e thet emarges is that the wpper central port of the core
is sgv rly oxidized; probatly fregasnlod, and tzrgaly confinzd Lo
the core region sb&.-d on Tuuse parts meniioring date).
¢ Partial fiew blockzge caured Uy accunulation of fuzl debris has
, probably occurrad and is respensible for glevaled thorrdcousie '
| reading:=. |
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-
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MEORAEE RO B Fusty C“ e Diragic?

Diviaion ¢ r. 'j - WGLTT
Office of livstour Regoies Niguittlan
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FrG: W. ¥. Jokasten, Chiel
Fuol Uohewtes ho . .ireh Fronch
Civision of Rizciow SaTol) mollired
2 2 e P | cek BamigYs * - -
Office ©fF Ruciess Raguic.vy Ssetireh
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SUGJEC;': FL'E' '.I"g L9 l‘t: lZ::u ':-‘ oua -Ilg CC !-u. TulI (VALY 3

A meating oF ruslaar Tusl exzar?s ves 21d on fordl 12 to updite taz
estims<rs oF the damige o e T e e ans .a ceasiaor 193 €ffecy €n
the deafrobitity of caviag t5 matura) coryaction couling c. tha gcare.
The Experts Gr ietsd of too jollowing parscosd J. S. Tulznho, B&'Y

- i -

! \ aserer, ANLY R. A, Proc b"‘ » BE3 K. A Jord*1. s

R. Duncen, C.. j F crancae, EPRis T. dunl, HRS; Re B yer Gty ¥, Junastois RN,
Chcirman. accitional aticrdzes incivcad L. Pudeas=ein, i'nos C. Eariinger,

C: M. Tebhar, NRC; R, Hijors, £CLS S5:cff and 7. Mots, TEC.

Surmary

The group cc'ciud‘d $hat althouch tha core is badly da**e:d, essentially
all of tii: 72l has rosincd in tha core znd that the ov ~a1‘ packing
density ¢f the set‘ILA p*r::cﬂ e not c.,;-‘.; to e'C“’J 70%. Ther:tors,
shutting ¢77 the RC pinp ¢ chould net sericus lv thrzater Turther damage
to the reactor. It as .ur~h~r capelvcad izt the thernaseuples (Tc's)
Tocatad in the vpp.r €5 @ fittines are the nast impariant indicater cf
cere couLiticon du'tnv t~x.,1:)on Lo natural convectisn cooling. If
feasible, tho additicn of a g spizwrermater o menitor the cctivity of
the leap colant fo* st fission pimlucts rileczed.the trarsition to
netural ceavoetion coviileg will provids an in,-ﬁ:a‘*r; alert to possible
difficultics. Au~u~.a

Tvo qu;‘tl*rs were conciderad: IS & puED trin
ynsafe condition? and Yhat signcis wi 11 ind
in the coro?

likely t2 lezd to Cn
Lo un-c irsble conditicns
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Stn e af Casa GFr onn
S o il s it oo i P AT 3,

Surssriue ol ropunt o7 dninee B8 N gore hasod UPOR mersure™2
S2RCUI T WS AT Pisvina gug sdlema, Holver ay prsduced 8y Sire
Qxfiotics, Cuotund 2= Tynin, eoniant 2ileo i ratas, inczi? an
Inglres alitess e Doasaniad Sy . Tulea'n éns B, Yaves, A p
Warge poureuty Bidp Lo ass tag eurs 15 iavored by it ealeulat
bR provaury womd 18 paldy Blai " sés mist alae wxist fu sho por
&3u T tus omang Lo i tRandn b, ThE stATE fa Tezztics end
| Of thz o¥ 0 peadiag eovo To's Toiianing Lhz =imn crip oo 12441 6
| belierd re dadisets vitine & ehnnpe IR the sovy flaw parh Lacoy
0757 od M0 itiias of il cole to & radfainiieidon of doleis ooro
| . : puads, An 3fturacce eralrnzticn for tha
‘ sSution pulians was prevented by T. Hott of
| C Lmpacasyrg difforsica may b2 dug to ron wmifern
| rusad by eprotoien of @ cincle pump rotone than non
~ =rageu voticn of e acrx, Buz Lo thic nun
= Ch Beiens o the cove moy already s sxoeriancing
! GXpoetsl Curing natural conveciion. Mottt
' Srassurg 4°82 rd SugUusts the LU estimatss may
I irnal praesurs €rons.
? The grovn visuatizes th2 core ac cinsisting of 2 heavily ¢amaged r:~icn
f resanbling an favactsd Lail escending zeroes ucarly the full wicth cf
| the top 0V Ih2 core ond raaching fr g shoul Fi - six fret into the
Cord &l e eiter end 2 less dirt 4 raminlie of ths cora. Ia tha
Cavily cenrgrd regica, 1008 oxias.ion oFf £3a circaloy and less of a
resular ¢ooi tey 438 c.pocted.  Tho cutda tubrs znd piisen rod: are
Carzgnd similarly o the cladding, Soacor erids siould be lecated at or
rear their original locatinas. The lusortart 200Tedility ecaclusions
are that althevan somr e:tiling woy have tat-n elace, th: ove=all pecking
denzity of the settlcd eovtion is nac xpigiid to be grzatur than 702

i

and that 057 €3 200 a7 whe fuel a4 claddirgy from this region ic believed
ta have remined in tis “cove® recica inclusien the upper end Titting.
The remaind.r o7 thz core i3 less *3122¢ sltiouch considacably oxidizad.

: The ericin:l flew geco~ery is prococly retzin 4 although tha rods may oo
WIstad or wereed and brolon in g fow places ond the spaccr grids nay

Thn abave conditions shwld not proclude satisfactory achicveuiont of
natur:i cervection flovwe,

2t should be monitn=d to detarmine undasir:ble changes in the core
during the tramsition Lo naturel convection ccoling? The temperature
distribution of the core exit thermocouples are the most ieportant

e e e
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0. Poss «3- RFR 13 1372

contition manitoring sienals., The group beiioves that »317 exit Te's
slavld b2 continvou.ly tracked .o PIeordsc. ©iY suesratad the 7211

5
-
4 . L ¢ 4 . o bayesn® B n g A . . o i - 2 s v Bls 5
Cf'ltc."‘. L e o T TN L T MBIV E T TOWE e L Y e oaarg Lhen
'
-

Te's cloz 800°F and ot Y€iug 10 T='s Lalow 3 v RNRTN WLTS SELn
PESLrLiont T2ong 2 groud alaus alluuise 3 weny T¢'s to read elnvys
Tsa: fas svny &5 33) z2ad rad-o} y WA @4 LNrglsad asonera.  Theve yvoe
& Yot cf diczuzsion ' L nd conronris o he 7 Inter e Te's shovld pe
pemiciad L0 exceud Vi, Te's o Pperipn:dl eraemblios sauuld Lol

exXecoss 3ol

The followdag t:81c sum orizes the availasls inztrumantation and i4s
pocsidla c3piicatic, o sanicerisy core condilicn.
Datector Event-lore Overhaating Criterdie Basis
1. Exit Te's Lirit ne. in filn Loiling Bot tn guc<sd pravicus
Liidit ro. above 8L0°F CCre CLi.ce reverss
precevuia.
2. R™ Maintain pasitive aT acroe o flow roversal
Het leo corea. permitted.
Celd 1zy4
3. Ion chanbars Void foirmation Arbigucus signal eirce
§ and I If +, reze ! rvor fytyrs S$6x2 local sunarisat
interpretation, waich Teo's. moy ba painicted.

4. Noise dcotociien IT + indicatcs bublles in Same as chove.
corz or leecp, ehock Te's, S5.

5. Systou Prossure IT inerzusing cyztom ¢i%azts Kot dircct indicaticn
Branch shouid rovicw this. of core coudition, but
for oas Lulble forvaiion

detaction.
6. Prassurizer Lovel Suma as above, Samz2 as akova,

Adiitiona! Ue..ction - Foasibility nceds to be estublishod,
}(;ncctrozf%ny Increasing activity of Xe, I Cvortecated core alert
of ccqlan; vin for major crror in
sampling line procedure.

H.\0 analy<is on Borun, 02, My Corc criticality and
Tne wonitor chemistry control
rediolysis .'«x'.,'llg
content control,
‘A/A /t‘ f‘-d\(" .‘.-'-:‘ \-JLQ ’
W. V. huston, Chicf \ 06 20 '
Fucl BSavior K careh Braney

Di\'i abiitd b Pt L afiber tans asb -~ -



g e 0y

. —— e e et B

et " helgie 30L& G [

.. t
Boesn® !
!

1

fpril 17, 1905
Boirepranr F

W - A -

s sEaa g

LU SRt T S S e S
Rt Moes o e TULERGESUPLY REJINI

Ve Widehie wa -

we recucand Lhat all dncoie thoreocrunlos YUs recd in a continugus s3ones
It is cigar

thitl & contiaunus reading of therrczeupies will Lé noedad during the

with provisiors Tor =apid roiedcral ond perrisint storsse,

pransition to nasurdl circulaticn, It is alzo ¢izar that tarogorature

treads, which wire nat rocordsd during the puspy ¢lanceover on foril 6,

weuld have given additional clues Lo cure bekevior in metu-al circylation

Since futur flow transfcats cannct b¢ raled oul ond sinca tha transition

to nzturzl] circulation cou’d occur invoiuntariiy, we reccriand that the -
continuous recocding of all therwocouple readings te initiated &3 soon ﬁ
as possible.

Ralph 0. Meyer, Leadar
Reactor Fuels S:clica
Cove Farformance [rench
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