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

FRCM: R. 0. Meyer, Reactor Fuel Section Leader, Core Performance
Brancn, Jivision of Systems Safety, NRR
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 represents our independent evaluation

of the facts available and of the industry/vendor/licensee analysis, which
we have heard in several briefings.

in earlier estimate of fuel damage was made by Rubenstein et al, and a
recent meeting was held at NRC with industry experts. Memoranda describing
those evaiuations are attached to this document.
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CORE DAMAGE

A. Introduction
For the usual analysis of hypothetical aczidents, initial core
conditions are assumed and consequences are calculated. This wouid
{avelva cimoiex thermal-hydrauiic calculations and fuei behavicr anaiyses.

Three Mile Island, hcwever, scme of the consssuences are knewn (f.e.,

scme information on fissicn prcduct release, hydrocen generation, and‘
instrument readings is avaflable), so we will use "reverse engineering"

as our principal methed of backing out an assassment of core damage.

We start with the assumption that the core was uncovered and allewed

t0 heat up for significant perieds of time. Figure 1 shows the

system pressure hi;:ory for March 28, which includes thres periods of
sign1f1can; uncovery. The periods of uncavery correspond approximately
with the major periods when systan pressure was belcw the saturatien
pressure. We will assume that the first core uncavery began shortly after
92 minutes into the accident at which time excore icn chambers shcw a rescense
spike corresponding to the loss of water shielding. Aithough the two latar
periods of uncavery may have produced additional core damage, we wiil

focus on the first perfcd because decay heat was larger then and because
that period produced the large radiation instrument reading (at 130 minutes)

in the containment i{ndicating major fuel damage.

Secause the fuel damage to Se discussad below is so axtansive, we will
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conclude without demonstration that virtually all of the fuel rods in the
core failed in the sense of experiencing defects large enough %o relaase
gas. Furthermore, the rods probably failed by a LOCA-like ballconing-and-
rypTura macainism. Secaysa cof the massive oxidatien that followed, the mede

of faflure is probably frmaterfal.

As a point of reference, Table I 1ists melting temperatures of the various

materials used {n the fuel system,

Fuysl Qeds
TiZ-idn Procuct and hydrogen measurements at TMI-2 give important clues

about the condition of the fuel rods. We will ceal with fissien precucs
releases first. !

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

isotope was selected for analysis fer several reascns: (a) it is a nechle
gas and will not react, plate out or concense, (5) it has a relatively
leng half Tife (5.29 days) and a high production rate (6.3 atems per 100
fissions) and therefore will be abundant thus reducing measurement errcrs,
and fc) fission product release corrslaticns are much Set:ar established

for noble gases than for other fissicn procducts.

detzis (3APL) has avaluated the Xe-133 activity and concluded it is

equivaient to 31% of the tatal core inventory. We have indepencdently checked

this calculaticn (but, of course, not the samele activity) and agree (31.33).
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‘ TABLE 1, MELTING TEFFERATURES

WRIAL . - TEFPERATURE, °C TEPERATURE, ©F
1)} : 205 5260
R4 1850 55 B
10, 2715 4919
INOEL718 . 1260-1286 2300-236

% S -1 2550-2590
AoOB,C . 2% %26
fe-lv-o  © §00 1472

10,6005 * 7= - Leg2

®* Two fuel assemblies contained gadolinia test rods.
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Fission products including gases are normaliy retained by the UO2
pellets. A normal pellet release tc the fuel rod intarnal voidage fs
only-1 or 2% (even for a successfully ferminated LOCA) so that a 309
release indicates additicnal releass frem fuel pelless not Just a

releasa of the gap acsivity,

Fuel pellet releasas are strongly decendent cn tamcerazure, and
Figure 2 shows a correlaticn of release versus tamperaturs for Xe-133
(from a recent ANS-3.4 drafs standard). The carralaticn, however,

{s for steady-state releases and we are dealing with a transfent.
Further errors are possibie tecause of kinetics changes due to
oxidation to U403 or Uy0;. Mevertheless, it is a reascnable
approximation and {s consistent with recent shors-time annealing ex-
periments (private communication 2-10-79, R. A. Lorenz, ORNL) and

earlier annealing work (G. 4. Parker et al., ORNL-2381 - See attachment A).

Parker heated {rradiated samples in a furmace for 2.5 hours. The
samples had burnups ranging from trace %o -toco‘md/: (atout the same as
T™MI-2). Parker measured releases of about 3% at 1600°Z, 15% at 1200°%¢C
and 0% at 2000°C with an uncertainty of about a factor of 2 in
rejeasa. These sxperimental releases for canditions roughly similar

are in
9 ™I-2, but for different 1satc:es.afair agresrent with Figurz 2.

Using Figure 2 we could conciuce that (a) the fuzl was unifzrmiy heatad
(sniform in axial and radial dirsczions) %o abeut 1750°C, aor (B)
0% of the fuel meltad wnile 70% remained Seicw 1200°C, or (c) :

any intermedia®a conditicn axisted. Because of the core uncovery sacuenca,
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the fuel rods probably did not heat up uniformly in the axial
direction. It {s reascnable, however, to treat the fuel rods as
fsothermal in the radial direction because of the low heat flux.
Figure 3 {1lustrates this point with a cnmparison of a Tull-power

radfal temperature profile and a decay-heat-power temceraturs profile.

There are physical 1imits on how hot the fuel can get during the
periods of core uncovery because the fuel rods have a large

heat cagacity and a Tow heat generation rate. If one assumes
2erg heat removal (this weuld produca the most rapid heatup rate
possible) during the first period of uncovery, the heatup rats is

sti11 fairly slow. Figure 4 shows the adiabatic temperature increase

with time for the peak-power axfal location, for the low-power ends of the

rods, and for the average lccaticn. Since there must have been scme
heat remnv;] thus further slowing down the temperatuce risa, pellet
temperatures prcbably did not reach the melting paint. Figure 3

shows the temperature changes with time for a surface heat transfer

coefficient of 0.5 BTU/hr-£+2.9F, which 1s a very small value.
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The results on temperature gjsfz_-it_:ution are, ther_e_fare. not conclusi\re.
t is unlikely that 7uel temperatures were uniform and no lcwer than
1720%, and it is also unlikely that any fuel (UOZ) meiting taok placa.
3 Fuat, aehavar, did jet very hot comparesg with 155 agrmai operating

temperatures.

Oxidation of Zircaloy by staam and the attandant deccmoosition of watar

praovided the major source of nydrcgen in the "™MI-2 vessel and ccntainment.
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The Containment Systems 3ranch has estimatad the amount of hydrogen
prasent in the plant (Attachment 3) after the periods of core uncavery
that caused fuel damage. They included amounts (a) ccnsumed by the hydrogen
explosion (225 1b mole), (b) remaining in cnntainmeﬁt aftar the exalesien
(30 1b mole], ard (c) in the primary svstem bubble (76 1b mole), which
was correctad for radiolvsis.

Comparing the above amounts with the total amount of hydragen that cculd
have been produced 17 all of the Zircaloy in the fueled region reacted
with water, we get 21%. As with the temperatures, an ambiguity exists.
This could mean that (a) about 30% of the cladding wall thickness is
uniformly oxidized throughout the core, or (b) 4C% of the fueled regicn
uf_;he csre.has fully oxidized cladding, or (c) any intarmediate

conditicn exists. .

Figure § shows the time required for %otal wall thickness oxidation

as a function of temperature (Cathcart-Pawel correlaticn). It is

clear from Figure & that ccmplete oxidation {s possibie in cladding

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

of core uncavery. It is also clear from Figure 6 that all of the cladding
did not experience sustained temperaturss of around 1750°C 2ise

it would all have oxidized. This is furzher evidence that uel tamperatures
wers not uniform throughcut the core, and that femperitures locaiiy were

/ery high.
Based on early astimates by the Analysis 8ranch of care uncavery, we will
assume simpli¥ied uncavery histories shewn in Figures 7 and 3 Tor the

y § >4
048573
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follewing calculation. Fuel that is covered will be considered to te
cold (i.e., no cladding oxidation). Fuel that i{s uncovered will be
allowed to heat up; fuel that heats up will be given 2 heat transier
coefficient that is adjusted such that the total 1nta§rated oxidation is
40%. These calculations give the oxidaticn distributicns shewn in
Figures 9 and 10, and these distributicns are insensitive o mény 7 the
assumpticns that were made. Figures 9 and 10 thus are more probable
distributions than 100% oxidation over 40% of the core or 40% oxidation

over 100% of the core,

Figure 11 {is a recent best-estimate embrittlement correlation (Xassner
et al., ANL) that shows high-temperature fragmentation of quenched
tubes at about 30% oxidation. Using this correlation, Figuraes 9 and 10
indicate that a fragmented region of about 5 ft. in height exists near
the top of the core. [t 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 & ft. of intact (but partially oxidized) fuel reds remain standing
at the bottcm of the cora,

Figure 12 shows fragmented Zircaloy cladding aftier oxidation in a
simulated-LOCA test. Kassner (ANL-78-25 and ANL-78-49 reporsts that at

high temperatures (> 1250%C) many fracments are produced whersas at

lewer temperature the rcd may simply break inta two pieces. Inasmuch

35 TMI-2 temperatures were higher than 1250°C and oxidation was savere,
small fragments of the size shown in Figura 12 sheuid he axpectad along with

larger tube-like pieces.
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CORE OXIDATION - CASE 1
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EQUIVALENT CLADDING REACTED (%)

TRISES

FAILURE MAP FOR ZIRCALOY-4 CLADDING BY THERMAL SHOCK
OR NORMAL HANDLING

ISOTHEAMAL OXIDATION TEMPERATUNE (°C)
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75

Fuel pellets normally crack during operation and crack healing can occur
at power. Figure 13 is a typical example of a cracked peliet. Quenching
during core flooding may also prcmote frag:r.entin§ of the pellets.
Severely fragmented regions are commonly seen in fuel pellets as a

result of extr S eanen s ey e s reRctarsy i Powdarad

regicns in fuel pellets have aliso been seen in some FS8F tests,”but

rt T W T o

..... 23tictnad be ware Wigh zowers (> 20 kw/Tt) and
very staep tamperature gradients unlike the low-power uniform (radial)
temperature THI-2 fuel. Therefora we would expect the TMI-2 fuel &5 ke

S -
1

miliinzzar-size granules and larger pieces including whole peliets.

Unfueled Ccmoonents (Control rods. cuide tubes, atc.)

Figures 14 through 17. show the control rods, the burnable poiscn rods,

the power shap1n-g rods, and the central instrument tube. Ail of these
rods and the instrument tube are inserted into Zircaloy guide tutes in the
fuel assembly. The matarials of which these ccmponents are mace are

indicated on the figures.

An important clue about the condition of unfueled ccmponents {s-provided

from instrument readings. The fact that all 52 thermocouples worked
Tarsugnout the acsicent a:daécn:‘.nue to give credible information
suggests that a central tubular structural member survivied. It is
szmsting 5o conciuda that 111 Zircaioy guide tubes aiso survived, tut
this may not be the case sinca the thermocouple is well protacted by

multiple barriers.




-y




CCUPLIN
—(ZTo#_ss

NEUTRCN ABSCASING MATERIAL ——
{7245 15T 57cd)

CINTRCL ACD — -—

-

-
- .
- == .

b bSeite =t

7,

S

G—/

ﬂmz
'S,

l-

/7/'//

B

Zeils:

mlm S niimla
)
. ———
| e e =
e

AN
N L 2 Wl
L

e .
.'.:. —— s i
.,- — i

|

peo |
. [ l f
3 | t
r-;; ‘ :
&2 ) |
o : |
g e S s Al
Ve By il e FE
Vo WJ | ¥ U‘ \V

———— 0.0 2] ja.
Jos4-5s

(0.443 . c0)™

* rurde Tubar ore

0.#%9272.0. x 0.523 0D

“ ' ke Wl U
ConezTal Rcd Assemb:
848580
Hres ——— T .



LY
.

COUPLING
& =

)_\»

N

|t

3PIDER !

{55 Greda crrn "m)r

MEUTACN ABSCREING MATERIAL
c 30 /e, /ey 7“‘!)

AXIAL POWER SHAPING ACO

Fieure 15,

|
M e v T e
| 1
s._ ShEEG s S S S
]
|
Teme B0
JOo4+ 55
e (0.021in.)
= hf': f\
0j i
LA
ﬁ\’f-i“f By ]
U U ORIGIRAL
ﬁi =
i i :
| b | Azial Power Shanin
{oly v __!__I Rod Assesbly
17 VI AAY,

. . 848156



NN

A

SPIDER
53 @reda c;.m)\?-;'-‘_

At%‘%g

:g:mu; POISON \ H

& 4

. o
/

ToP VIEW

BURNABLE POISCN--
MATERIAL

{3pc=41;0;)

[}
[x;.d>4'h‘ﬁ< “T<

A

I

'_I‘

N

o
Fraure 16, \
N

e

s
il

£

——
———
———
——
’ i
! ]
| |
! 1
— bes
\¥ v/
“ -

fp’
é/n

Zr-+

“”/,’ -_Liiill‘::?zl_ =

(s.423 00)

Surnable Poisen
led Asse=tly

e
3‘}5‘1-\:1

- - -



Fixed SPND assembly cross section
' INCONEL OVERSHEATH

CALIBRATION TUBE

BACKGROUND
DETECTOR

SELF-POWERED
NEUTRON DETECTOR (7)

THERMOCOUPLE (1)

n
&
g

S3EL58



S

INEL has made calculations of gufde'tube temceratures by parametrically
varying heat transfer conditions_(see Attachment C). Their results show
that guide tubte emperatures lag the fuel rod temperatures 5y only
about 20°F. Babcock & Wilcox has performed similar calculaticns 2nd
concluded that there {s a much larger spread in temperatures. We
believe the INEL calculaticns are more nearly correct and that
temperatures of unfueled ccmponents were clese to fuel rod temperatures,
Since fuel rod temperatures are believed to have excseded 17309C

in the .hot region of the core, then in that regicn (a) Ag-In-Ed and its
stainless steel cladding would have meltad, (b) Inconel spacar grids
would have melted, (c) Zircaloy guide tubes would have oxidized,

and (d) Zircaloy cladding of the burnmable poison rods weuld have
oxidized.

In the cooler parts of the core below about the 4 to 6 t. eievatien,

we would axpect all unfueled ccmponents to be int2ct, although perhacs
damaged, Jjust as the fuel rcds are expected to be fintac:. Cantrol

rod segments csuld have cnly failen about 3 inches if seversd Ly melting
in the hot region, and the Ag-In-Cd abscrber should be in place

because it is an insoluble metal. Although the burmabie poiscn rods
would also be expected to be in place, their poison is procbabiy

lost; boren is kacwn %o Te-;ch cut of 3,C-A1 203 pellets wnen excesed

to water in 31 radiaticn envifonment.
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D. SUMMARY
Many or all fuel rods may have ballocned and ruptured, but this

mode of 1n1tial'¢erac-.ng is prcbably irreievant in light of later

more extensive damage.

In the hot upper central region of the core, fuel %amperatures prctasly
exceeded 1750%C releasing large quantities ¢ fissicn preducss; about

30% of the total core inventory of noble gasas was released.

About 0% of the Zircaloy cladding reacted with water. Tnis region
of savera cxidation was lccalized abevz the 3 %o 57% elevaticn and
may not have included peripheral bundles. The seversly oxidized fueil

probably fragmented into pieces ranging frem millimeter size ta whole

sections-of rods.

The temperature of unfueled ccmponents 1agced the temgerature of fuel

2

R ]

——— e —— —-— . . s — —

rods by only about 209F 5o that uhey also ax.erioncﬂq temperatures

above about 17C0SC. Cansequently. in the hot region of the core .
Zircaloy compcnents shouid have oxidized, and ccmponents with Inconeid,
stainless steel, and Ag-In-Cd should have meltad. 3ecausa or many layer
of protection, the thermocouple tubes have survived aven in the damaged
_care region, although the cuter sheath of the instrument tube may te

badly damaged.

Nearly all of the broken and oxidized fuel debris shcuid remain <racced
in 2he upper ccre regicn secause the upper and Fitzings have a grillage

that would act as a screen. Furthermcre, the csmcacticn of fuel debris

 — ——
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is 1imited because it is fabricated with a packing fraction of about
% and the theaoretical maximum packing fraction (for a bed of

spherical particles) is only about 63%. It is véry likely that fuel

debris are also trapped in scme mixing cups (See Figure 18) cantributing .

to non-uniform thermocouple readings.

An earlier estimate of fuel damage in TMI-2 was macde at NRC by

Rubenstein, Meyer, Tokar, and Johnstcn. That estimate is in general
agreement with the present estimate although our current evaluation
is more refined. A memorandum summarizing the earlier estimate is 5
attached as Attachrent 0.

Recommendations

Reactor fuel is rugged, and it is unlikely that limits for natural
circulation conditions will bi relatad to fuel behavior. The general
criterion with regard to the fuel should be that additional Zircaloy

oxfdation and fission gas releasa should te avoided.

Significant oxidation rates do not occur until 200 or 1000°C (See Figure §).
Significant fission gas releases do not cccur until even higher tamperatures
(Ses Figure 2). These temperatures should be avoided in the (relatively)
undamaged regions of the TMI-2 core, but these temperatures are so

high that other limits will probably prevail.

3y now the adiabatic heatup rate is lcw (See Figure 12) and ampia time will te

provided to detact fission gas or hydrogen releases. Ther:':-:,

on-1ine methods of such detaction, i¥ feasibie, should give adequate
N s o
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werning of fual damaging eonditions.

A discussion of {nstrument responses relevant to fuel ktehavior was
held with a group of fuel experts from across the industry.

summary of those discussions was prepared by W. V. Johnston and

is attached as Attachment . One consensus of that greup was

that in-core thermoccuple readirgs should be recsrded continucusly.
A reccrmendation for such data recording was made and {s attached as
Atsachment 7. ;
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