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FUEL MODELS ANDN RESULTS FROM THE TRAC-PF1/MIMAS
TMl-2 ACCIDENT CALCULATION

E. C. Schwegler and P. J. Maudlin
Los Alamog National ladoratc-y
los Alamos, New Mexico 87,545

ABSTRACT

A brief description of several fuel models
used in the TRAC-PF1/MIMAS analysis of the TMI-2
accident is presented, and some of the significant
fuel-rod behavior resvlts from thie analysis are
given. Peak fuel-rod temperatures, oxidation heat
production, and embrittlement and failure behavior
calculated for the TMI-2 accident ave discussed.
Other aspects of fuel behavio~, suct a8 cladding
ballooning and fuel-cladding eutectic formation,
were found uwot to significantly affect the
accident progression.

INTRODUCTION

In analyzing phenomena ozcurring during
light-water reactor (LWR) degraded-core accidents,
accurate fuel bet.avior modeling is quite {mportant
because thermal energy frow the fuel is one of the
basic driving forces behind the c¢oolant and
fission-product behavior. This paper describes
the mos. i{mportant fuel models considered in the
TRAC-FF1/MIMAS analysis of the T™MI-2 accident! and
presenta eome significant fuel behavior results
from that analysie.

DESCRIPTION OF FUEL MODELS

In this section, MIMAS code models for the
following fuel-rod-related phenomena are briefly
described: (1) fuel-rod temperature distribution,
(2) cladding oxidatifon, hyd-ogen generation and
stam gtarvation, and (3) cladding embrittlement
and brittle failure ccriteria.

This analys’s considecwd the reactor core to
be divided i{ntn threa radial rings and five axisl
levels. Within each cell defined by a radiasl and
axial boundary, all fuel rod wvegmente have the
same avarage behavior and properties. Axial and
radial conduction hLeat transfer botween rod
segmente 1In different cells {a not presently
wodeled in MIMAS.

The temperature fleld in the fuel roda {a
cdlculated b» numerically solving the one-
dimensional radisl finfze=difference approximation
to the generas! conduction equation
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The detailed form of the finite difference
equations 18 given in Ref. 2. Under eteady-state
conditions, a fully implicit form of the finite
difference equations is used, whereas for
tr.naient conditions, a semi-implicit form is
utilized to assure compatability with the fluid-
dynamics calculations. Pertinent materials
propertfea correlations used in these equations
are from Ref. 3, whereacr the fuel aecay heat
behavior {s from Ref. 4.

The zircalloy cladding oxide-layer growth
rate dL/dt is assumed to follow parabolic
kinetics, that {s

dL/dt = (XHZO)z(L/L)exp(-B/RT) (2)

where and B gie empirical constanta, R is the
gcs constant, and T {s absolute temperature.
Below 1760 K, the Cathcart correlation> s used
for the values of A and B, while between 1760 K
and the Zircalloy melting point, the Urbanic
correlation® s umed. The oxide-layer growth rate
determines hydrogen production and oxidation
energy release according to the equation

2H,0 + Zr = 2Hy + Lp0y + 6.5x10% J/Kp Zr (3)

The quantity X, o in Eq. 2 {8 the mule fraction of
steam adjacen to the cladding. This term
empirically sccounts for steam stervation effectwn,
because as more and more stean {s consumed hv the
cladding oxidation, Xy 0 decreases theredby
decreasing the oxidation réte given by Egq. 2.

The diffuaion of oxypen into the unoxidized
beta=phase Zircalloy results in cladding
embrittlement, eventually to the point where the
cladding w!ll gshatter under relatively modent
thermal etrains. In the MIMAS code, the Fick’wm
law diffusion equation for oxypen in Z2{rvcalloy iw
solved for the cladding peowmetry using a ucheme
from Ref. 3. Sufficient oxygen 1y awsumed
1iberated from the steam and (1f fuel-cladding
contact aexists) from the fuel <0 maintain a
saturated oxypen concentrati{on at the cladding
boundaries. The cladding in arsumed to whatter
when expovsd to cooling rates of 100 K/ or
greater {f the cladding temperature exceeds
1700 K, {f the oxygen cuncentration in the beta-



Zircalloy exceeds 90X of saturatior, cr {if the
oxygen concentration f{n the beta-Zircalloy exceeds
65 weight percent. The claddirg is assumed to
shatter when exposed to cooling rates as low as
5 K/g 1f less than 0.3 mm of cladding contains
less than one weight percept oxygen.

ANALYSIS RESULTS

The cladding temperature histories for the
five fuel-rod axial sections in the innermost core
ring during the interval 9000 to 11880 g after the
beginning of the TMI-2 accident are shown in
Fig. 1. The exponential cladding tewmperature
increases around 11000 8 are cauged by the
initjation of rapid cladding oxidation above
1273 K. The extremely rapid cladding temperature
increases in leveus 3 to 5 ar¢ caused by the
switch from Cathcart to Urbanic kinecics above
1760 K. The cladding temperature downturns that
follow these exponential increases are caused by
steam starvation, whereas the temperature
perturbations that occur in the fuel-rod cladding
around 10800 s are caused by control rod melting.

The rod linear heat rates caused by Z2r0,
formation as a function of time are shown {in
Fig. 2 for the 1innermost core ring. In this
figure, axial level 5 decreases its oxidation rate
as level 4 oxidation increases and contributes to
stean. starvation {n level 3. Thie process
proceeds down the rod length: level 3 oxidatic:
contributes to steam gtarvation and oxidati:n
power decrease in level 4, and level 2 does tne
same to level 3. Superimposed on this gener:l
pattern are fluctuations {n the oxidation power
production caused by self-gstarvation within a
level and local temperature perturbations.

The MIMAS code predicts that, at the time
the TMI-2 <¢ore was reflooded, the frel-rod
cladding ‘n the upper B0X of the core was
embrittled to the point where the thermal streeses
induced by a 5 K/s cooling rate would cause rod
breakup. Upon core reflood, a pulse of wvaturated
steam caused almoat {mmediate diel- epration of
the embrittleg fuel aections. The ex. -t timem at
which fuel rod disirtegration was cu.culated to
occur in the varioua core celle {8 shoun in Table
1. These times iidicate that the breakup of the
fuel in the core s rather incoherent {n repard to
location, but because the breakup occura over &
ahort time period, this incoherency is of little
practical consequence.

Other {nteresting fuel behavior phenomena
calculated by MIMAS to occur during the TMI-2
accident (nclude extensive cledding ballooning, a
small amount of fuel-cladding eutectic formation,
and extengive control-rod melting with possible
molten control-rod fuel-rod interaction, The
analysis results indicate iat the rod ballooning
and limfted eutectic formation had little effect
on the overall accicent progression. The larpe
uncertainties that exist at present $n oolten
control=-rod modeling presents difficulty in
evtimating the magnitude of wolten control-rod
fuel-rod {nteraction that way have occurred f{n
T™ML=2,

SUMMARY

Steam starvation effects generally kept the
fuel-rod temperatures below the Zircalloy melting
roint during the TMI-2 accident. Although
extensive cladding hallooning was calculated for
the wupper part of the core, this did not
significantly affect the oversll TMI-2 accident
progression. The disintegration of the upper 80X
of the TMI-2 core during the reflood was spacially
incoherent and was calculated to occur over a time
period of approximately 36 s.
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TABLE 1

TIMES FOR FUEL-ROD DISINTEGRATION

Ring 1
Axlol Section 1 2 3 ¢ S

Disint 1 Ti -
nll'o: :lzr"aoo:n(')m 7.58 10.25 5.38 0.03

irg 2
Axlal Section 1 2 3 4 ]

[} i - 1
o;'-.';";g;f‘gr(.‘)m" 22.80 10.25 36.15 2.03

Rlra 3
Axic’ Section 1 2 3 4 S
Disint 1 Ti -
u;.: -R%o“:n(') me 4.06 10.25 9.91 32.61}
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Claddinp tempurature ve time and axial
posuition for cora ring 1.

{w/w)

Oxldotion Linear Power

ml
$000 4 UL 1 —
uve 3 —
uv, 3 ——
40891 UV ¢ ——
UL § —-
3000
3000}
900 ,
. o, {

° ~ - g ——

8000 2300 W000 0300 MA0 TS0 w000
Time (s)

Fig. 2.

Cladding oxidacion power v. time and axial
position for core ring 1.



