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ABSTRACT

The therrial hehavior of the fuel and the ciadding during off-normal operating conditions in light water
reactors (I WRs) are of great importance to reactor safety evaluation. In the present work, fuel conditions
during a hypothesized power-cooling-mismatch (PCM) accident in LWRs are characterized with regard to
pellet cracking and fuel melting. Melting of UO; fuel at the center of the pellet during a PCM acciden: in
which film boiling is present at the cladding surface, is assessed by employ’ mplified steady state
analysis. The induced pressure at the center of the pellet due to fuel melting, . ssivn gas raease, and UO;
fuel vapor may force molten fuel to penetrate through radially open cracks in the outer inmelted portion
of the pellet and relocate in the fuel-cladding gap. The contact of molten fuel with zircaloy cladding, which
is at high temperatures during film boiling, may initiate cladding melting at its insiac surface and
eventually result in a thermal failure of the cladding.

An analytical model is developed to study the transient freezing of « superheated liquid per trating an
initially empty crack, maintained at a constant, subfreezing temperature. The analysis is presented in a
dimensionless form, demonstrating the effect of the governing parameters; namely, the driving pressure,
crack shape, crack length, liquid flow conditions, thermophysical properties, and the temperature of the
liquid and the crack walls. The calculational results are apphied to the radial extrusion of molten UO> fuel,
observed in some in-pile tests in which PCM conditions were simulated.

Conditions for potential melting of the zircaloy cladding upon being con acted by the extruded molten
fuel are invesugated analytically. The analytical predictions are consistent with the experimental results
from PCM in-pile tests.




SUMMARY

The benavior of light warer reactor fuel rods during off-normal operating conditions is being studied as
part of the Thermal Fuels Behavior Program conducted by EG&G Idaho, Inc., for the Nuclear Regulatory
Commission, Irradiation effects (IE) and power-cooling-mismatch (PCM) in-pile tests have been per-
formed in the Power Burst Facility (PBF) at the ldaho National Engineering Laboratory to provide data
on the behavior of irradiated and unirradiated pressurized water reactor fuel rods under various PCM and
power ramp conditions. Extensive central fuel melting, up to 80% of the pellet radius, and radial extrusion
of molten fuel into the fuel-cladding gap were observed in some of those tests. Contact of extruded molten
fuel with zircaloy cladding which is at high temperature during film boiling may induce cladding failure
due to melting, because of the great difference between the melting point of the fuel and that of the
cladding.

The primary objectives of the present woik are (a) 10 assess fuel conditions during a hypothesized PCM
event with regard to pellet cracking and fuel melting at the center of the pellet, (b) to develop an analytical
model for the transient freezi:z of a superheated liquid penetrating an initially empty crack and apply the
results 1o the radial extrusion of molten fuel observed in some of the PCM in-pile tests, and (c) to
analvtically investigate the conditions for melting of zircaloy cladding upon being contacted by the
extruded molten fuel and compare the results with in-pile experiments in vhich a PCM event was
simulated.

Fuel pellet cracking usually occurs during normal reactor operation. The parabolic temperature distribu-
tion developed in the fuel rods during normal operation produces a thermoelastic stress which exceeds the
UO; fuel tensile strength at the periphery of the pellet, thereby forming cracks along radial and horizontal
planes. Crack size and population in the outer region of the pellet depend ~n the reactor power and the
irradiation history of the fuel. If a PCM event occurs, film boiling may be produced at the outer surface of
the cladding, causing fuel and cladding temperatures to increase rapidly. Fuel melting may initiate at the
pellet centerline, propagating radially outward. The radius of the melting zone and the temperature of
molten fuel at the pellet center depend on reactor power and peliet surface temperature. Volumetric
expansion at the pellet center caused by UO7 fuel melting, fission gas release, and fuel vapor p.essure
increase the openings of the cracks at the periphery of the pellet and may force molten fuel to extrude
radially through these open c¢racks into the fuel-cladding gap.

A physical model is developed to s.1dy the transient freezing of a superheated liquid as it penetrates a
short, initiaily empty crack. The behavior of the deposited frozen crust on the crack walls and the liquid
penetration length into the crack, as functions of time, are studied analyticaily and demonstrated
graphically in a dimensionless form, illustrating the effect of “» governing parameters; namely, the driv-
ing pressure, crack shape and dimensions, liquid flow condii. .ns, ard (hermophysical properties and
temperatures of the liquid and the crack walls. The application of the model to molten fuel extrusion in
PBF in-pile tests indicates that successive solidification of extruded molten fuel on crack walls could easily
block the crack, causing most of the molten fuel to remain at the pellet center. However, if the amount of
molten fuel extruded into the fuel-cladding gap prior to crack blockage is sufficient to establish physical
contact with the cladding, the molten fuel freezes onto the inside surface of the cladding and may initiate
simuitaneous melting of the cladding at the common interface. Conditions for potential melting of the
cladding npon being contacted by the extruded molten fuel are assessed using an exact analytical model.
The model studies the transient freezing of a stagnant, superheated liquid on a semi-infinite wall which
undergoes simultaneous melting.

Comparison of the analytical calculations for molten fuel extrusion with the results from in-pile
experiments indicates that the moiten fuel extruded into the fuel-cladding gap in some of those tests was
slightly superheated, so that the frozen crust at the crack walls continued to grow until it reached a steady
state thickness o* less than half the crack opening. This freezing partially blocked the crack, while molten
fuel continted 1o flow from the center of the pellet into the fuel-cladding gap. In other cases in which crack
blockage occurr *d before molten fuel was able 1o completely penetrate the crack length, the ex ruded fuel



was al its fusion temperature and the driving pressure was small. This driving pressure could have been
induced by the capillary forces (0.004 MPa) because of the small width of the cracks (.75 um). Since the
maximum fuel superheat in those tests is not expected to have exceeded several hundred degrees, the
pressure contribution due to fuel vapor at the pellet center is calculated to be higher than the capillary
forces (for example, 0.1 MPa when tuel superheating is 500 K). The axial movemen: of molten fuel,
however, could have been a cause for the reduced pressure ait the pellet center.

The analytical results indicate _hat the onset of melting of zircaloy cladding upon being contacted by
molten fuel depends on fuel and cladding temperatures and on the metallurgical composition at the inner
surface of the cladding (that is, alpha-zircaloy or ‘rO») at the time of contact. Thermal failure of oxygen-
stabilized alpha-zircaloy cladding due to melting upon being contacted by molten fuel at the fusion
temperature would occur if the ciadding temperature during film boiling was >1660 K. However, the
exsstence of a ZrOj layer at the inner surface of the cladding would delay the onset of melting at the inside
surface of the cladding (the ZrO;) up to an initial cladding temperature of =2640 K. At such elevated

‘temperatures, the middle layers of the cladding (which may be either oxygen-stabilized alpha-zircaloy or

beta-zircaloy, or both) would already be in a molten state. If the extruded fuel was superhecated rather than
at its fusion temperature, zircaloy cladding melting would occur at lower initial cladding teinperatures. In
the PCM in-pile tests considered in this report, cladding melting was not observed. The absence of clauuing
melting in those tests is explained by the fact that the temperctures of the extruded fuel and the zircaloy
cladding were below the level required to initiate cladding melting upon being contacted by rioiten fuei.
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NOMENCLATURE
half width of the crack (m)
dimensionless pressure (Table II)
t ime-dependent coefficient [FEquation (11)]
constants [Equa*.on(20))]
specific heat (J/kg-K)
molten fuel-solid fuel average density ratio [Equation (A-2)]
t ime-dependent coefficient [Equation (29)]
friction factor [Equations (18) and (19)]
time-dependent coefficient [Zquation (29)]
convective coefficient of heat transfer (W/m2-K)
latent heat of fusion of molten UO2 (J/kg)
thermal conductivity (W/m-K)
pressure loss coefficient [Equation (15))
entrance pressure loss coefficient [Equation (16)]
pressure loss coefficient due to friction [Equation (18)]
total length of the crack (m)
mass (kg)
pressure (MPa)

pressure at the liquid free surface outside the crack entrance
(MPa) [Equation (17)]

pressure in the crack at the liquid penetration front (MPa)
(Equation (17)]

Peclet number (Re-Pr) [Equation (30)]
Prandt] number

linear power (kW/m)

volumetric power (kW/m3)
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Reynolds number

central void radius (m)

molten fuel radius [m)

fuel pellet radius (m)

Ctefan number for freezing [Table II and Equation (33)]
time (s)

temperature of molten fuel (K)

temperature at the face of the fuel pellet (K)
fusion temperature (K)

temperature in molten fuel (K)

melting point of the cladding (K)

initial temperature in the solid cladding (K)
temperature in the solid fuel (K)

temperature in the crack wall (K)

liquid bulk average velocity (m's)

half width of the flow area in the crack (m)
axial coordinate (m)

wetting coefficient [Equation (35)]

volume (m3)

Greek Letters

a

A T

kinematic viscosity-thermal diffusivity ratio (Table II)

thermal diffusivity in the solid fuel (m?/<)

thermal diffusivity in the molten fuel (m?/s)

dimensionless flow area (Table II)

solid fuel-molten fuel thermal diffusivity ratio [Equation (33)]

crack shape factor (Table II) or surface tension (MPa/m)
[Equation (34))
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Subscripts
e

i
’ LV

mc

mf

sC
sm

s,sf

frozen crust thickness (m)

dimensionless frozen crust thickness

contact angle (Figure 23)

dimensionless temperature of molten fuel [Equation (33)]

dimensionless melting ‘emperature of zircaloy cladding

[Equation (33)]

freezing constant [Equations (13) and (33)]

kinematic viscosity (m/s)

molten cladding-solid fuel thermal ratio [Equation (33)]

liquid penetration length in the crack (m)

dimensionless penetration length of the liguid /Table II)

dimensionless penetration length of the liquid when complete

blockage of the crack occurs
dimensionless velocity (Table II)
density ratio (Table II)

density (kg/m3)
dimensionless time (Table II)

at crack exit

at crack ertrance
liquid-gas interface
molten

molten cladding
molten fuel

solid cladding
solidified molten

solid fuel

viil



SV

solid-liquid interface
solid-gas interface
total

wall

at axial position z

at the liquid penetration front
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AN ASSESSMENT OF FUEL MELTING,
RADIAL EXTRUSION, AND CLADDING
THERMAL FAILURE DURING A
POWER-COOLING-MISMATCH EVENT
IN LIGHT WATER REACT RS

. INTRODUCTION

The primary safety cot sideration in the design of nuclear reactors is to ensure tha: no conceivable acci-
dent, whether initiated by a failure of the reactor system or by incorrect operation, will lead to a dangerous
release of radiation to the environment, A number of hypcthesized accidents must be considered in the
design and licensing of light water reactors (LWRs). The extreme examples have traditionally been known
as loss-of-coolant accidents (LOCAs), in which a part or all the coolant would be lost from the active core,
and reactivity initiated accidents (R1As), in which there would be a rapid increase in power due to, for
example, control rod ejection (pressurized water reactor) or control rod dropout (boiling water reactor).
Between these two extremes, various off-normal power or cooling conditions, generally termed power-
cooling-mismatch (PCM) accidents, may be induced, in which the coolant would usually fail to success-
fully remove the generated heat within the core.

During a PCM accident, film boiling may occur at the cladding surface and cause the fuel and cladding
temperatures o increase rapidly, perhaps producing embrittlement of the zircaloy cladding"“ due to
oxidation. Fuel melting may initiate at the center of the pellet and propagate radially outward. Such
molten fuel may extrude through radially open cracks in the outer, unmelted portion of the pellet and
relocate in the fuel cladding gap. Contact of extruded molten fuel with the cladding, which is at high
temperature during film boiling, may initiate cladding melting.

Extensive central melting of the fuel, up to 80% of the pellet radius, was observed in the in-pile tests in
wh'ch PCM conditions were simulated3-8. (These tests were pei iormed for the Nuclear Regulatory Com-
mission in ' ¢ Power Burst Facility at the Idaho National Engineering Laboratory as part of the Thermal
Fuels Behavior Program conducted by EG&G Idaho, Inc.) Although radial extrusion of mo. en fuel into
the fuel-cladding gap was evident in some of these tests, the zircaloy cladding exhibited no evidence of
melting at its inner surface upon being contacted by the extruded molten fuel. The absence of cladding
melting may have been due to one or more of the (ollowing causes: (a) the amount of extruded molten fuel
may have been insufficient to produce complete physical contact with the zircaloy cladding (such insuffi-
cient extrusion occurs when radial cracks in the pellet become blocked early because of the solidification of
the extruded fuel on crack walls); (b) a zirconium dioxide layer (ZrOj melting poini 2950 K) may have
formed at the inner surface of the cladding due to a sufficient oxygen potential in the fuel; or (c) at the time
of contact, the temperature of either the zircaloy cladding or the molten fuel, o1 both, may have been suffi-
ciently low, such that the temperature at the common interface did not reach or exceed the melting point of
the cladding. Adequate understanding of the scenario of a PCM accident in "._'WRs is necessary to assess
fuel melting, molten fuel radial extiusion and refreezing phenomena, and to investigate the conditions
necessary for a potential thermal failure of the cladding due to melting upon being contacted by molten
fuel.

The purposes of the present work were (a) to assess fuel conditions during a hypothesized PCM event
with regard to cracking and meiting at the center of the peliet, (b) to develop an analytical model for the
trensient freezing of a superheated liquid penetrating an initially empty crack and apply the results to the
radial extrusion of molten fuel observed in some of the PCM in-pile tests, and (¢) to analytically investigate
the conditions for melting of zircaloy cladding upon being contacted by the extruded molten fuel and
compare the results with in-pile experiments in which a PCM event was simulated.

| 491 (1S



Section Il characterizes fuel conditions during a FCM event with regard to pellet cracking, fuel melting,
nd pressure sources that might contribute to molten fuel extrusion f-om the melting zone at the pellet
centes through raaially open cracks into the fuel-cladding gap. In Section 111, an analytical study is

| presented for the transient freezing of a superheated liquid as it penetrates an initially empty crack, the
walls of which were maintained at a constant subfreezing temperature. The calculations are applied to
moiten UOj radial extrusion observed in PCM in-pile experiments. In Section IV, the nitial onditions
that might produce freezing of extruded mo'ten fuel and initiate simultaneous melting of solia zircaloy
cladding are studied analytically. The analytical predictions are compared with the applicable results from
in-pile experiments. Conclusions are presented in Section V; supporting analyses are contained in the
appendices.
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Il. FUEL CONDITIONS DURING A
POWER-COOLING-MISMATCH EVENT

As a result of normal power operation, fuel pellets are cracked and partially r:located within the rod.
Depending on the fuel temperature and irradiation history, sintering of the UO3 will occur during opera-
tion to partially heal the cracks. If a power-cooling-mismatch event was to ocrar, film boiling could be
initiated at the outer surface of the cladding. The resultant reduction in the heat transfer coefficient at the
cladding outside surface would produce a rapid te :perature rise in the cladding and the fuel. Fuel melting
may initiate at the pellet centerline and propagate radially outward. The potential extrusion of this molten
fuel into the fuel-cladding gap and subsequent contact with the zircaloy cladding depends, in general, on
the shape, size, and number of cracks in the unmelted portion of the fuel pellet, the amount of superheat in
the molten fuel, the temperature in the crack walls, and the driving forces i'iat cause the extrusion.

Fuel conditions during a PCM event with regard to cracking, central melting, and the driving forces pro-
ducing molte “uel extrusion are reviewed in the following subsections. Exampies of molten fuel extrusion
that occurrea during in-pile simulations of PCM events in pressurized water reactors are also presented.

1. FUELCRAC"ING

Polycrystalline ceramic UO3 is  hard and brittle material which has essentially no capacity for plastic
deformation below =1470 K. At sufficiently high temperatures (generally above 1670 K), however, UO3
exhibits a measurable amount of plastic deformation before fracture occurs. Deformation and fracture
behavior of stoichiometric UO; have been studied?- 1. Three regions of temperatures, shown in Figure 1,
were identified as brittle, semibrittle, and plastic. As demonstrated in Figure 2, the brittle region occupies
the range from room temperature to a transition temperature at which a measurable plastic deformation
prior to ductile fracture first occurs. This transition temperature is called the ductile-brittle transition or nil
dugctility temperature, which was found!? to be equal to 1470 K when the applied strain was increased at a
rate of 0.1 h*! und the grain size in the specimen was ~15 um. At higher strain rates, however, the transi-
tion from brittle to ductile behavior would occur at higher temper tures, independent of the grain size. The
temperature range of 1470 to 1670 K prescribes the semibrittle region, in which the transition from com-
pletely brittle to purely ductile behavior occurs. In the plastic core at temperatures above 1670 K,
appreciable plastic deformation occurs before ductile failure. Stoichiometric UO; flows very easily under
low stress and therefore does not crack, but, like a liquid, it cannot sustain a stress field other than pure
compression.

Radial crack

Bridging annulus
of pellet (semi-brittle)
Core of pellet

(plastic)

Cladding

Outer annulus of pellet
consisting of blocks of fuel (brittle)

INEL-A-12 122

Fig. 1 Radial crack distribution in a UO; fuel pellet.
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Fig. 2 Fracture and flow characteristics of UO» as functions of temperature. (The strain rate was~0.1 h
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' and the grain size of the

During normal operation the thermoelastic stress components induced by the parabolic temperature gra-
dient in the f1el rod exceed the tensile fracture strength of the fuel in the outer portion of the pellets. A net-
work of cracks oriented along either radial or horizontal planes is therefore developed in the outer region
of the UG fuel pellets, where the fuel temperature is less than 1670 K. Figure 312 jllustrates a theoretical
shape of a fuel pellet in which UO5 fuel expands under the effect of thermoelastic stresses. As indicated,

Loct of
contact
between

fragments

A-11 851

Fig. 3 Theoretical shape of UO, pellet during normal reactor operation

S

CX

-~



he radial expansion of the fuel pellet 1s larger at the ends than ar the center section due to the thermoelastic
.
chiect in a fnmte cy J¢ I‘, in which the { ¢S are respec ompressive and tensile in the
nner and outer radial portions of the pellet i I faces, however, both the tangental and radial
resses are evervwhere tensiie, produciag a greater | expansion at the ends. This type of deformation
has not been observed in tubing containing either powder compacted or single, full length rods of UO». It
occurs only when the fuel is in the form of cylindrical pellets, whether solid or hollow

T'he width and population of ¢cracks in a UQO» pellet during

reactor operation depends to a greatl
n the operating power and the irradiation history of the (uel. Some typical crack patterns for irt
fuel, observed in postirradiation examinations of instrumented fuel

Boiling Water Reactor (HBWR) at Halden, Norway, ar
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Figure 6 presents a summary of the general trend of cracking in UC» pellet fuel, 12 to 14 mm in
diameter, which w.. examined after irradiation in the HBWR. A plot of the number of main radial cracks
(cracks less than 3 1o § degrees apart are counted as one main crack) versus the temperature gradient at the
| periphery of the fuel pellet is show 1 in the figure. The experimental results from instrumented irradiated
fuel assemblies and from Reference 10 are compared in Figure 6{a) with theoretical predictions based on
finite eleme.  calculations introduced in Reference 14. Figure 6(b) demonstrates the change in the total
| number of 1.dial cracks in terms of the temperature gradient at the periphery of the pellet. As indicated,
increasing the temperatu. ¢ gradient increases the number of total cracks relative to the number of main
¢racks.
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Fig. 6 Number of radial cracks observed in 12- to 14-mm-diameter U0, pellet tuel exanuned at Mcller”.

This evidence illustrates that cracking ot the fuel pellets occurs during normal operation. The size,
number, and orientation of the cracks vary with fuel irradiation history and the reactor operating power.
Many of the cracks located in the outer portion of the pellet may provide paths by which molten fuel “‘rom
the pellet centerline could relocate into the fuel-cladding gap.

2. CENTRAL FUEL MELTING

'n this section, a simplified steady state calculation is presented to assess the radius of fuel melting at the
ceater of the pellet in the film boiling zone, for rods operating du ing a hvpothesized PCM accident, as a
function of the local linear onerating power and the temperature at the pellet surface. The corresponding
degree of superheating in the molten UO5 fuel is also predicted. A detailed derivation of the governing
equations in both the molten and solid regions of a cylindrical fuel pellet is presented in Appendix A.

' The local linear power to onset melting at the center of a fuel rod can be obtained from the relation

T
. f a

Tf k 4T, = %= . (1
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Increasing the ope ating power or reducing the coolant rate to initiate film boilin,. at the cladding surface
could induce fuel melting at the center of the pellets. In this case, the temperature integivl in the outer,
solid region of the fuel pellet (assuming no central void) is given [Equation (A-11] as

£
k_ dT =
Tfs

c

1 RaRS 42 (RyRL NRLRY) - 2 SRARS  In(R /R

r- ’ a3 (2)
1 - (Rm/RS) (1 -d)

and in the central molten fuel zone [Equation (A-10)) as
, 2
Tb gt 2@ (Rm/RS) d )
m aw 2 4
T - (RfRg)" (1 - @)

Through use of the data given in Table | for the thermophysical properties of UO; fuel, Equations (2) and
(3) are solved simultaneously (numerically) for both the degree of superheating in the molten fuel,
(Tp - Tp), and the molten fuel percentage of the initial radius of the pellet, (Ryy,/Rg)%, as functions of the
linear operating power, q and the temperature at the pellet surface, T.. The uakulanonal results are
demonstrated graphically in Figures 7 and 8.

As shown in Figure 7, increasing the temperature at the surface of the fuel peller, either due to poor gap
conductance or to film boiling at the outsic: Lurface ot the cladding, initiates central fuel melting at pro-
gressively lower operating powers. The radius of the melting zone at the center of the pellet and the cor-
responding superheating in the melted fuel are strongly influenced by the pellet surface temperature and
the linear operating powsr, as can be seen in Figure 8. Increasing either the operating power or the pellet
surface temperature increases the melting radius a: 4 the degree of superheating in the melted fuel. Figure 8
provides susficient information to predict the molten fuel radius, the superheat in the melted fuel, and the
vapor pressure of molten fuel at the center of the pellet, if both the linear operating power and the fuel
pellet surface temperature are known.
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TABLE 1
THERMOPHYSICAL PROPERTIES OF U0, FUEL

i e e B

i Temperature
; Ran
| Property Phase Yalue (K Reference
@ Melting point 3100 -- 16
| (K)
| Heat of fusion 2.74 x 105 12350 16
| (J/kg)
:
+ 2
| B il ey 11.004463 x 1073
t
? Liquid® 8.74 x 1073
(1 +1.05 x 1074 (7 - 2865%)] N3 =T 17
Specific heat Solid (134 + 1.8 T - 3.1 x 10~ 12) 1300 to 2300 19
(constant
| pressure) )
} (J/kg-K) Liquid 5 x 10 3170 to 3520 20
-
O
—

R B R R TR T RIS~

220
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TABLE : (continued)

Temperature
Range
Property Phase Value (K) Reference
-3
Therma! Solid®  (40.4 x 10° )/(464 + T) + 1.216 x 1072 exp 1367 x 107T) 50y 45 1923 16
conductivity
(H/M'K) _3
Solid® 1.91 + 1.216 x 1072 exp(1-867 x 1077 T) 1923 to 3113 16
- Liquid 2.5 3170 to 3470 20
a. The temperature in this expression is in 0C,
b. The melting point of U0p is assumed to be 3138 K in this expression instead of 3100 K.
.
O
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3. EXAM’LES OF CENTRAL FUEL MELTING AND
MOLTEN FUEL RADIAL EXTRUSION

Power-cooling-mismatch tests38 have been performed in the Power Burst Facility to provide data on
the behavior of irradiated and unirradiated pressurized water reactor fuel rods under various simulated
PCM conditions. Examples of central fuel melting and radial extrusion of molten fuel chserved in some of
those tests are presented in this section.

As a result of the PCM conditions simulated during these in-pile tests, film boiling was established at the
surface of the cladding. In the film boiling zon=, extensive central fuel melting ¢ up to 80% of the pellet
radius and extrusion of molten fuel into the fuel-cladding gap were observed “.« “ose rods in which the
peak operating power was ~65 kW/m. The parabolic temperature profile in the © el peilet causes gaseous
pores and fission - ases within the central molten zone to migrate up the thermal gradient to form a void at
the center of the pellet. The radius of this void depends on the linear operating power, the duration of film
boiling, the radius of the central melting zone, and the irradiation histery of the fuel. Figure 9 illustrates
the fuel microstructure and central melting tvpically observed in irradiated and unirradiated fuel during
PCM in-piie tests. Figures 10 and 11 show once-molten fuel extrusion from the pellet center through
radially open cracks within the film boiling zone in irradiated rods, in which the local operating power was
about 55 kW /m. Figure 12 shows ancther example of molten fuel extrusion into the pellet dishes observed
in one of these rods.
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4. DRIVING FORCES FOR RADIAL EXTRUSION OF MOLTEN FUEL

If fuel melting occurs at the center of the pellet during a PCM event, molten fuel may extrude through
radially open cracks in the outer, unmelted portion of ithe fuel pellet (characionized earlier) and relocate in
the fuel-cladding gap. A differential pressure between the central melting zone and the fuel-cladding gap is
required to cavse this extrusion. The pressure in the fuel-cladding gap and gas plenum increases with
increasing operating power as shown in Figure 13 for a typical pressunzed water reactor fuel rod during a
PCM in-pile test2!. The pressure at the center of the rods, however, is caused by the several factors
discussed subsequently

O ettt adasssdbossslossasldossabssassdosssdosradbaoss doasaldan ‘.H}.

1 ;
- .
4 2
1 .
0.25+ o
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; »

Fractional pressure increase of the

initial pressure in the rod

E -
] O K 1 1E-019 }
b1 q*.A
3 <O Rod B & r
: ¢ Rod E-0 L
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Fig. 13 Internal pressure incresse Tor unirradiated fael rod as a function of the gvergge operating pow

First, if good wetting characicristics are assumed between moiten and sohd UO» 4, a capillary
4 p.

PIL‘\\UIC: would be present due to the small width of the radial cracks, Second, a pressure would be
induced by the volumetric expansion of | O3 tuel due 1o both melting®, which is about 3.6% for fuel of
94% theoretical density, and due 1o the thermal expansion of the molten fuei as the temperature increases
above the melting pont (~0.01058% volume increase per degree of ‘uruhc.ﬂ“) Third, fission gases
present in irradiated fuel will migrate toward the fuel centerline during operation. In conjunction with

sintering, a voud will form at the centerhine of the pellet. If a PCM event occurs in which fuel melting at the

"™
a. Livey and Murray== have indicated that solid oxides are readily wetted by molten oxides, with the
angle of contact invariably less than 90 degrees. Increasing the system temperature would, however,
3
decrease the angle of contact23; that is, complete wetting would take place

b. The decrease in density of a UO> single crvstal upon melting has been found to be approximately

9.6% 7. The density of the solid UO4 at 3073 € was 9.67 + 0.13 fu em?: that of the molten UO> at

3073°C was 8.74 + 0.16 g em’.
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center of the pellet is initiated, fission gases will be released fiom the fuel matrix as it melts, forming a void
at the center of the peliet. The central void may be pressurized by hot fission gases if the molten fuel seals
cracks in the pellet due to fuel solidification on the crack walls. A fourth driving force for the fuel extru-
sion is the fuel vapor pressure. The UO; vapor pressure as a function of the inverse of the fuel temperature
is shown in Figure 14. As indicated in the figure, the vapor pressure of the molten UO; fuel, superheated
500 K, is ~0.1 MPa. In a PCM event, since the maximum superheating of molten fuel at the center of the
peliet is not expected to exceed 500 K, the contribution from the vapor pressure should be less than
0.1 MPa. This situation would tend to create a force on the molten fuel to extrude through the radially
open cracks and relocate in the fuel-cladding gap.
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Iil. SOLIDIFICATION OF A SUPERHEATED LIQUID PENETRATING
AN INITIALLY EMPTY CRACK WITH APPLICATION
TO IN-PILE EXPERIMENTS

In this section, the transient solidification of a superheated iiquid penetrating a short, initially empty
crack is studied analytically and applied to fuel performance in LWRs during a PCM event. A closely
related study is introduced in Reference 29 for the transient freezing of a liquid as it penetrates a long,
initially empty, cold channe! or tube. Cheung and Baker30 conducted a series of experiments in which
various liquids were allowed to flov. under gravity into long copper tubes cooled by liquid nitrogen or by a
dry ice-acetone bath. The penetration distances were measured as functions of constant driving heads in
the liquid reservior. The soiidification of a saturated liquid as it penetrates an initially empty tube, main-
tained at a constant subfreezing temperature, is treated theoretically and experimentally in Reference 31,
Epstein and Hauser32 extended this work for a convectively cooled tube, in which the theory was com-
pared with experiment. They concluded that better agreement between the theory and experiment could be
obtained by using a more accurate solidification mode! than the one they used in analysis I A simple solu-
tion was introduced by Madejski“ for the penetration and freezing of a saturated liquid through channels
and into cavities. His analysis is based on the assumption that the pressure drop over the liquic penetration
length is the same as for a fully developed flow,

These analyses”vr 34 are geaerally limited (o those cases in which the liquid is saturated and the
change in liquid density upon freezing is negligible. This restricts the validity of such work, since the
extrudea molten fuel during a PCM event might be superheated, and the change of molten UO; density
upon free. ing is about 11 1o 15%, depending on the temperature of the molten fuel, which might affect the
accuracy of the predictions. The purpose of the current analysis is to provide a physical model for the tran-
sient freezing of a superheated liquid as it penetrates a short, initially empty crack maintained at a constant
subfreezing temperature. In this analysis the thermophysical properties in the solidified crust and "1 the
liqeid are considered constant but different, thereby ~~~ounting for any difference in density upon freez-
wig. The transient behavior of the depo.ited crust + a tie crack walls and of the liquid penetration is
presented graphically in a dimensionless form, varying the governing parameters; namely, driving
pressure, crack shape, density factor, Stefan number for freezing, and steady sta’e crust thickness. The
calculational results are applied to PCM in-pile experiments in which radial extrusion of molten UO3 has
been observed.

1. PHYSICAL MODEL

A schemauc representation of the physical model and coordinate system for the transient freezing of a
superheated liquid as it penetrates an initially empty crack is shown in Figure 15. At time zero the liquid is
allowed 1o flow and enter an empty crack maintained at a constant subfrc zing temperature, Ty,. The
foliowing assumptions are imposed for simplification of the analysis,

(1) The temperature at the liquid-solid interface is constant and cqual to the freezing
temperature of the liquid.

(2) The liquid and the solidified crust have constant but different t.ermophysical properties.

(3) Theinertia of the liquid is neglected.

(4) The liquid outside the cr# _« entrance has a zero approach velocity.

(5) Axial heat conducaon within the frozen crust is negligible and the crack walls are
maintained at a constant subfreezing temperature (that is, isothermal wall). These

assumptions imply that the crust is thin compared with its extension in the direction of the
flow, and tha: the crust thickness is maximum at the crack entrance (that s, at 7 = 0).
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(6) The axial variation of the flow area, as a function of time Y(z,1), is described by a
function of the form33

1%%-'1-[1- -61)’ ")’ @)

The exponent, n, ~ppearing in Equation (4) takes on values in the range 0 < n < 1. When
n =0, the solidified crust would deposit uniformly on the crack walls. A square root
solidification profile and a linear profile would be obtained for n = 1/2 and _, respective-
ly. The crust profile for n = 1/2 is considered in the present work, since it has been verified
theoretically using a numerical approach3 which showed good agr e 21t in the special
case of an isothermal wall, which is the assumption in (%2 present analysis
[Assumption(5)j.

(7) For turbulent flow conditions (Reynolds number, Re, >5 x 10%), circular tube
correlations are used to represent the friction coefficient and the convective coefficient of
heat transfer beiween the liquid and the frozen crusi by employing the hydraulic diamet=r
in Reynolds and Nusselt numbers36

(8) The bulk temperature of the liquid, Ty, is assumed constant along the entire penetration
length through the crack.

2. ANALYSIS
Ir this section the eqi nions governing the trans.ent freezing and penetration of the liquid into a short,
iniwe.ly empty crack are derived, taking into account t ¢ assumptions in the previous section. Throug 1 ‘e

use of Equation (4), the following time-dependent profile for the solidified crust deposited on the cracs
walls is obtained:

n 0
sz Y@y a-h - vy@a-P . ()

The case for Y-0 represents a flat slit (a;=ag), whereas -1<Y<0 represents a convergent crack
(0 < ag < aj) and Y >Orepresents a divergent crack (aj < ag).

The present analysis is furnished in a dimensionless form, using the dimensionless parameters listed in
Table 11, as to be applicable tc a general class of problems of engineering aulity rather than for a specific
example, Through use of these dimensionless parameters, Equation (5) is written in a dimensionless form
as

B(z,t) = (Yo+4,) (1- f.\" - ¥§l] = f'_-) . (6)

The volume of the solidified layer W, considering one nalf of the crack and a unit depth, is given by

2
Hs(ﬂojéu,u)dz = @(aiL) [(T—) 77 ol M

For the geometry considered, the filled volume is equal to

L
HT(T) = 0‘ alz,t)dz = (aiL) (1 +§¢) ) (8)
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TABLE 11
DIMENSIONLESS PARAMETERS
a2
A : (g) (_1 (dimensionless pressure), ¢ = a(t) (dimensionless penetration length),
e L
m
a = (v/asf) (kinematic viscosity - Vi = (viaf/vL) (dimensionless velocity at the crack
thermal diffusivity ratio), entrance),
B = (1-4) (flow ragio at the crack t =z {2 (dimension)ss time),
: Tve) entrance), (a?)
& = Gi(t) (dimensionless thickness e = P .° (density ratio),
3, of the crust at the crack Pm
entrance),
A = §(z,t) (dimensinnless thickness SN = CPs(Tf'Tu) (Stefan number),
a. of the crust), Ff
b, = _S f 'w (dimensionless steady state ¥ el (crack shape factor).

h(Tb-Tf)ai thickness of the crust),

i




The total mass, m, of the liquid allowed to flow into the crack from time T~ 0to T is then

T
= - = - 9
m= oMW + Om(HT HS) Ol OJ. ¥, (1 a) dr. b

Rearrangement and differentiation of Equation (9) once with respect to T results in

da
d¢ i (10)

| B
By(1) = %(l-8) - 3 &

where

(11)

AzE
B, (1) = {1 svo [1-6+ (%—f;)] + (1)

Equation (10) gives the dimensionless velocity of the liquid at the penetratioi front in terms of the transient
parameters at the crack entrance; namely, the solidified crust thickness, 4;; the freezing velocity of the
crust, dA;/dt; and the liquid flow velocity, ¥;.

For the freezing of a superheated liguid flowing over ain isothermal wall [Assumption (5) from the
previou;;uhscclion], the exact analytical expression for the freezing velocity in a dimensionless form is as
follows

(A a/dt)
dA = SN o 1

dt ™ orf (A J- ASS (12)

It is noted that for the freezing of a saturated liquid (that is, A = =), the second term in Equation (12)
becomes zero and A(T) is given by the relation

Alt) = 23/ (t/a) (13)

where X is the freezing constant evaluated from the transcendental equalion“
X Z
SN = AyT * erf()) " e . (14)

To determine the liquid flow velocity at the crack entrance, a generalized mechanical energy balance,
which the liquid inertia is neglected [Assumption (3) from the previous subsection], is written as

ret rate of net rate of net rate of net rate of
change in work ac-om- work accom- energy loss
0 = |kinetic + | plished due } + | lished due + Qdue to flow
enerqy to pressure to friction moment um
forces forces change
pmv2 pmvz ?
0 =V T— + vP + K —2-— + (pmv ). (1%5)
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The last term in the pro  ag equatic= pr<. s the liquid momentum loss because of the nonuniformity
of the flow area along t+ p<netrat/on length of the liguid caused by the crack shape and the deposition of
the frozen crust on the v. ¢k = s,

By wpplica ion of Eque.ion (15) between the <, face of the accumulated liquid outside the crack and the
entrance of the crack, tie liquid inlet velocity, v;, is determined as

vf (3+Kc)=§-(°o-k‘_,. (16)

\
m

Again, the energy balance between the crack entrance and the liquid penetration front within the crack
(that is, at z = ] ), making use of Equation (16), can be expressed as

0 2 (Py- P.)
Vi |38 K Kel =2 T’L - (17
i

The friction loss coefficient, Ky, in Equation (17) can be generally expressed as

Ky & patne
" 8
f ai(l-Ai) (18)
For a turbulent ﬂow“’. the friction factor, f, takes the form
C2
f = C; (Re) (19
where
Cl = 0.07¢9
3 4
for 5 x 10°<Re <3 x 10
C2 = ‘0.025
and (20)
c1 = 00046
4 6
for 3 x 10" < Re <10".
C2 ' 0.2
For a laminar flow, however, f is taken 1o be36
f=l- 20
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The substitution of Equation (18) into Equation (17) results in an implict expression for v;, which can be
evaluated numerically.

For turbulent flow, such an expression written in a dimensionless form is

C . 1+C 2+C
w2 3(1_131)2 e (3) 2 Cy'e L 2 (w‘) 2
i 1+9 c (l_A.”I'CZ ai :

For laminar flow, Equation (17) becomes

~W®0 gy

e (I'Ai2+K + 50 b, - 28 =0
Vi P e K a2 17 ; @3
i

For a short penetration length into the crack (that is, for $<<1), the dimensionless flow velocity at the
crack entrance takes an identical simplified form for both turbulent and laminar flow, as

2A
(1) =
% \/3(1-1.\1)2 *+ K, o

which reduces to a constant velocity for 4 = 0 (that is, without significant liquid freezing), as

oA 1/2
v, = G+RT . 25)
. [ +Kc’] (

For a longer penetration length in the crack (that is, for ¢ =1), however, the first terms in Equations (22)
and (23) could be neglected in favor of the second term, which results in the following simplified expres-
sions for the dimensionless flow velocities at the crack entrance:

(a) For turbulent flow:

1+C 26)

(b) For laminar flow:

vy(T) = (ﬂlg;ﬁ)—z) ’ @n

A general expression for the dimensionless flow velocity at the crack entrance, considering a laminar
flow, is obtained through the rearrangement of Equation (23), which gives the following simplified expres-
sion fou ;, as:
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vylt) = 3€ [-1 + (1 +§ A F)”Z] (28)

where
Ezoaﬂl; + K_(1-8,)2 h
(14Y9) NE
and
F = (1-2,)%/ o @9

The convective coefficient of heat transfer, h, for a turbulen: {low can be obtained through the use of
the Seban and Shimazak formula’® for molten-like fluids flowing in a circular channel with constant
temperature in the channel wall

h =4.8 +0.025 pel-8 . e

For laminar flow in a rectangular duct, in which the depth of the duct is much larger than the width3€ .

k
. ¢(.m 1.885 .
h ("1) (18 an

The coupling of Equations (10), (12), (22), and (30) represents a complete mathematical model of the
transient freezing of a superheated liquid as it pene:rates an initially cold, empty crack where the flow is
turblent. Such coupling is adequate to determine the three unknown functions, 4,
(T,AESN, Y, 4,0 PTAESNYAY, and Y(T,AESNY A) subject to the initial conditions
At =0) = 0, $(1=0) =0, and V(T =0) = Y; Y is given from Equation (25) . For a laminar flow,
however, Equations (22) and (30) are replaced by Equations (28) and (31), respectively.

3. RESULTS AND DISCUSSION

The approximate analytical model developed in the previous subsection for the transient freezing of a
superheated ligquid penetrating an initially empty crack maintained at constant subfreezing temperature is
apolied herein, considering laminar flow conditions. A parametric study of the effect of various
dimensionless groups on the multiple freezing-penetration processes of the liquid is evaluated and
demonstrated graphically. The dimensionless groups of interest are: the driving pressure, A; crack shape
facter, Y, density ratio, €; and the steady state frozen crust thickness, Ag. The conditions considered for
the reference case are as follows:

A - 100 SN =2
Y =0 by = 10
€ =0 a =1

As shown in Figure 16, the initial velocity of the liquid at the crack entrance, ¥, is essentially constant,
since it is primarily ruled at such early time solely by the dimensionless driving pressure, A,
[Equation (25)). Then, the acceleration force induced at the crack entrance because of the change of liquid
kinetic and momentum energies causes ; to increase with time until it reaches a maximum value, when the
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loss of pressure due to friction balances that due to the liquid acceleration. After that rime however, the
pressure loss due to friction becomes greater and forces the velocity of the liquid at the crack en -ance (¢
decline with time. The vclocity ultimately approaches zero when the cra~k entrance is completely blocked
by the freezing of the liquid on the crack walls. The liquid penetration into the crack thereby comes to a
complete stop.,

The effect of both the dimensionless pressure, A, and the crack shape factor, Y, on the maximum
penetration length ot :he liquid before complete blockage of the crack occurs, ¢ blockage: 15 demonstrated
in Figure 17. As indicated, for a negative shape factor of the crack (that is, a convergent crack) ®pjockage
is greater than that for the cases where Y is either zero (that is, a parallel wall crack) or positive (that is, a
divergent crack). The former case represents a crack shape typical of that at the pellet dishes. The latter
case, however, represents a crack shape typical of that which usually forms at the periphery of the peliet
during reactor operaiion.

The effect of the liquid densi'y change upon freezing on Pblockage is demonstrated in Figure 18. As
indicated, a change of + 20% in liqud depsity results in a respective error of -8% to + 10% in predicting
the penetration length of the liquid, Pblockage: This reflects the importance of consideiing such a change
of liquid density upon freezing in the application to molten UO; fuel (discussed in the next section), for
vihich €211 to 15%,.
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Fig. 18 Effect of liquid density change upon freezing on the maximum penetration of the hiquid through the crack

The liquid temperature, the subfreezing ia crack walls, and the liquid flow conditions are all important
in determining whether or not crack blockage might occur befors the liquid can penetrate ihrough the
entire length of the crack. An ansv er is demonstrated in Figure 19, in which increasing the wall subfreezing
temperature (that is, increasing SN) or decreasing the liquid superheating or tlow conditions (that is,
increasing A¢¢) would result in a faster growth rate of the frozen crust, and ultimately an earlier blockage
of the crack before the liquid ¢an penetrate the entire length of the crack. Decreasing 4, however, pro-
duces an asymptotic frozen crust on the crack wall which grows with time until it reaches a steady state
thickness of less than haif of the crack opening. In this case, the liquid would continue to flow through the
crack since complete crack blockage is not obtainable. Therefore, neglecting liquid flow or superheating,
as has been the case in previous anal)'scs3l-32-34. will underpredict the liquid penetration length and the
blockage time of the crack.

The results of this parametric study demonstrate that the liquid penetration process into an initially
empty crack depends mainly on the driving pressure across the crack, the crack length, and the crack shape
(that is, a divergent, a parallel wall, or a convergent crack). However, the transient growth of the deposited
crust on the crack walls is mainly governed by the subfreezing in the wall and the superheating in the
penetra..~g liquid. For a liquid at its fusion temperature, the frozen crust continues to grow with time until
it eventually induces complete blockage of the crack. When the liquid is superheated, however, the growing
crust approaches a steady state thickness which might be less than the half width of the crack opening. In
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Fig. 19 Effect of the frozen crust steady state thickness on the transient hguid penetration and crack blockage

this case, complete blockage of the crack is impossible; only partial blockage would occur. In the next
subsection the calculational results are applied to molten UO» fuel extrusion observed in some of the PCM
in-pile e\perimcmsS‘s.

4. APPLICATION OF THE MODEL TO IN-PILE TESTS

Extrusion of molten fuel from the center of the fuel pellets into the fuel-cladding gap through radially
open cracks in the outer, unmelted region of the pellets has been observed in some of the PCM in-pile
experimcnlas“ . In those tests, central fuel melting of up to 80% of the pellet radius was induced in the film
boiling zones in which the peak power was ~65 kW/m. In one of those experiments, the extruded fuel
failed, in some parts, to reach the fuel-cladding gap (Figure 10). Appreciable extru.ion of molten fuel into
the fuel-cladding gap was observed, however, in other cases (Figure 11). In this subsection the analvtical
model development in the previous subsection is applied to assess the differential pressure behind the
extruded molten UOj3, the temperature in the molten fuel, Ty, and the subfreezing temperature, (T4-1 ),
in the solid portion of the fuel pellet in those tests. The crack characteristics used in the calculations were
measured from Figure 10, and are as follows: a; = 375~ 10°3 m; Bp = 4x 104 m;  and
L = 24x103m,
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The thermophysical properties for solid and molten UO; used in the calculations are

Fuel melting point (K) 3100

Density of molten fuel (103 kg/m3) 8.74
Density of sohd fuel (103 kg/ m’) 9.7C

Heat capacity of solid fuel (J/kg-K) 194

Thermal conductivity of molten fuel (W/m-k) 2.50
Thermal conductivity of solid fuel (W . 'm-k) 2.53
Yiscosity of molten fuel (102 poises) 4.24

Latent heat of fusion (J/kg) 2.74 = 108

Figure 20 shows the molten fuel maximum penetration length in the crack, versus the driving pressure
difference between the center of the pellet and the fuel-cladding gap for different subfreezing temperatures
in the crack walls, (T¢-Ty). In the results prasented in Figure 20, the molten fuel is at the melting point. As
indicated, penetration of molten fuel into pellet radial cracks depends on both the subfreezing in the crack
walis and the differential pressure across the crack. Increasing the differential pressure or decreasing the
subfreezing ‘emperature (that is, slower growth rate -of the crust at the crack entrance) increases the
penetration length of the fuel before the crack entrance is completely blocked. Note that the capillary
forces, P, could have played an important part in the radial extrusion process of molten fuel for the cases
in which the subfreezing temperature at the crack entrance is less than 20 K. As indicated, the driving
pressure required to produce molten fu: ! relocation in the fuel-cladding gap depends on the subfreezing in
the crack walls. When the temperature n the extruded molten fuel is in excess o1 its melting point, the
growing solidified crust reaches a steady state thickness which is less than half the width of the crack open-
ing, a;, as shown in Figure 21. In this case, molten fuel continues to flow from the center of the pellet and
relocate in ti.. fuel gap since only partial blockage of the crack is obtainable. Increasing the temperatyre of
molten fuel [that is, increasing (Ty, - T¢)] or decreasing the subfreezing temperature in the steady state
crack wall (that is, Ty - T), decreases the maximum thickness obtainable for the crust at the crack
entrance, allowing more molten U3 to flow through the crack and relocate in the f uel-cladding gap.

The results of such an applied study indicate that the superheating in the extruded molten UO3 and the
pressure at the pellet center play a significant role in determining whether or not the mohen fuel at the
pellet center can relocate in the fuei-cladding gap prior to complete blockage of the crack by solidification
of molten fuel on the crack wall. The failure of molten UO;, in some of the in-pile tests, to completely
penetrate the radial crack and relocate in the fuel-cladding gap (Figure 10) was due to the fact that the
extruded molten fuel was at its melting point and the driving pressure was very small (that is, less than
0.004 MPa), which induced an early blockage of the crack (as explained in the previous paragraph). The
temperature in the solid fuel at the crack entrance, however, should have been close to the UO3 melting
point (that is, small subfreezing). The driving pressure, in this case, might have been induced by the
capillary forces because of the small width of the crack in the unmelted periphery of the {uel pellet. In the
other cases, in which appreciable extrusion of molten fuel was observed in the fuel-cladding gap, the
molten fuel must have been slightly superheated, so that complete crack blockage due to freezing was not
obtainable and molten fuel continued to flow from the central melting zone into the fuel-cladding gap.

a. The capillary pressure, P, is evaluated from the relation?4, P_ = 2Y¥/a; (1 + Y/2), where Y is the
surface energy of molten UO3 in the neighborhood of the melting point. A value ¢f 0.45 N/m was
recommended?? for Y.
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IV. CONDITIONS FOR UO2 FUEL FREEZING
AND ZIRCALOY CLADDING
SIMULTANEOUS MELTING UPON CONTACT

Conditions under which molten UO5 may extrade into radial cracks in the pellet and relocate into the
fuel-cladding gap were evaluated in the preceding section. If the amount of extruded molten fuel is suffi-
cient to fill the fuel-cladding gap in a local area, physical contact between the molten UO3 and zircaloy
cladding will occur, and melting of the zircaloy cladding could begin at its inside surface. The purpose of
rhis se~tion is to determine the conditions for fuel freezing and the potential for simultaneous melting of
the zircaloy cladding upon contact, and thereby evaluate the circumstances under which cladding melting
due to contact with molten UQO5 is possible. The exact analytical solution for the transient temperature
field and the progress of solidification and meiting fronts in the neighborhood of an interface separating
initially molten and solid regions at different uniform tempc: atures has been introduced by lxp.stein'w. The
physical model is illustrated in Figure 22. The conditions 10 molten UO; fuel freezing and the petential
for simultaneous melting of the zircaloy cladding upon conta :t are obtained by simultaneously solving the

following transcendental equatioas3:

: 1
f ] = commmmes 2
erf (A) 59, (12)
and
0% % . AT o
% 2 2 - SN (33
' ( " AR \A -
exp (1°) exp Bem A erfc (:ssm.ﬂ
where
A . freezing constant of molten fucl
o (K c. AL e.c. Y12
( L pmc o ol pﬁf
y o
: 5 aron ) ak
0 : (k p . C R, Bk ) (g—)
1 mf ‘mf Pes st Tsf Py Tf’Tmp
) (k C /X C "2(T"‘“'T")
"2 ‘ = R 'k p C )
s p(‘c me  mg pmc T'. - Tmp
ok
Bsm @y 0'mf)
SN - C (T,-T__Vh
Py f mp) f.

In this analysis, constant but different thermophysica! properties for the solid and liquid phases in the
fuel and the cladding regions are considered. Also, a good wetting characteristic between molten UO5 and
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. » )
zircaloy cladding i1s assumed. This assumpnon~3 is reasonable and can be understood through
consideration of Young's equation

VCos 0 = Y

L sv = st (34)

which relates O(the contact angle) to the liquid surface tension, Yy y, the solid surface tension, Ygy, and
the solid-liquid interfacial tension, Yg , as demonstrated in Figure 23. It is convenient in practical applica-

tion to consider the ratio
ety vy
Sl,
- (_.____._JVY = (39)

Gas(V)

Liquia(l)

— LYy "o
,//i//////>//;ﬁj;//i//////i//i///_
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Fig. 23 1lustration of a sessile drop, indicating the contact angle at the surface and the interfacial forces
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where w is equal to the cosine of the contact angle; w may be called the wetting coefficient. If w > 1, the
solid is completely wetted by the liquid, whereas if w = -1, the solid is not wetted. When -1 < w « 1, the
solid is partially wetted,

The chemical reduction of molten UO; at the interface of contact with the zircaloy cladding results in a
considerable decrease in Yg1. from the large value associated with chemically dissimilar materials (ceramic-
metal), to a smaller value associated with chemically similar material (metal-metal ur oxide-oxide). This
reduction in Ygp causes a precipitous decrease of O (that is, complete wetting where w could be greater
than or equal to unity).

The thermophysical properties for zircaloy cladding used in the analysis are listed in Table I111. Figure 24
illustrates an initial temperature map for the UOs-zircaloy system. The value of the interface temperature
between molten fuel and zircaloy cladding depends on the metallurgical characteristics of the cladding at
its inside surface (either alpha-zircaloy or ZrOj). Appendix B presents an assessment of the formation
potentials of ZrO3 on the inside surface of the zircaloy cladding during normal reactor operation. Increas-
ing either the superheat in the extruded molten fuel or the initial temperature of the cladding, so that the
combined values are above the curves for either oxygen-stabilized alpha-zircaley or ZrOj in Figure 24,
initiates cladding melting and simultaneous fuel freezing, which may eventually result in cladding thermal
failure due 10 partial or complete melting. As indicated in Figure 24, melting of the cladding begins upon
being contacted by molten fuel at the fusion temperature, when the initial temperature of the oxygen-
stabilized alpha- zircaloy cladding is >1660 K. 1f a laver of ZrO; exists at the inside surface of the clad-
ding, the onset of cladding melting at the inside surface (the ZrO;) would be delayed up to an initial clad-
ding temperature of ~2640 K. At this temperature, the inner layer of the cladding, which may have been in
the form of alpha-zircaloy or beta-zircaloy, or koth, would already be in a molten state.

TABLE 111
THERMOPHYSICAL PROPERTIES OF ZIRCALOY CLADDING

Properties  Alpha-Zircaloy Beta-Zircaloy Zr0, Reference

Density 6.49 6.44 5.82 (41)
(103 kg/m3)

Specific 375 650 60a.8 (42) (16)
heat
(J/kg-K)

Thermal 19.6 28.5 2.2 (16)
conductivity
(W/m-K)

5 5(42)
Latent heat 2.25 x 10 2.25 x 10 7.06 x 10 (16)
of fusion

(J/kg)

Heltin? 2245.0 2125.0 2950.0 (16)
point (K)

Boi]in? - 3853.0 4548.0 (43)
point (K}
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The results presented in Figure 24 for the conditions of molten U0 freezing and zircaloy cladding
simultuneous melting upon contact are consistent with the experimental observations from the in-pile
tests> 8 in which an extensive amount of molten fuel was extruded from the central zone into the fuel- clad-
ding gap without producing any cladding melting (for example, Figure 11). In those tests, the cladding
temperature (as evaluated from the postirradiation examinations by measuring the ZrOy layer produced
during film boiling on the outer surface of the cladding) was sufficiently low, so that when molten fuel con-
tacted the zircaloy cladding, simultancous cladding melting did not occur. Table IV presents a comparison
of the experimental observations from the postirradiation examinations of the in-pile tests with the
analytical data from Figure 24. This comparison is based on the estimated maximum cladding temperature
during film boiling? and the experimental finding of the metallurgical characteristics at the inside surface
of the zircaloy cladding3-8 (either oxygen-stabilized alpha-zircaloy or ZrOj). In this comparison, the
extruded molten fuel is considered 1o be at its fusion temperature. As shown in Table IV, the analytical
predictions are consistent with the results from the in-pile experiments.




COMPARISON OF EXPERIMENTAL OBSERVATION
THEORETICAL PREDICTIONS FOR THE POTENTIAL FOR ZI

Isot

Effec

Rod P¢ s * C1addi

Filling Pressure Durin, Temper

Fuel (MPa) Film Boiling Duri

Average Stack (kW/m) Film B

Burnup Length At Prior (K

Test Rod (MWd/t) (m Assembly to Test Peak Local (best es
IE-1 IE-rJ9 16 640 0.89 2.6] 1.91 63.7 53 12
TE-3 1E-015 11 G60 0.97 2.56 2.36 69 59.03 175
IE-3 1E-016 8850 0.97 2.65 2.46 69 50.03 188
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TABLE 1V

FROM THE IRRADIATION EFFECTS TEST SERIES
ALOY CLADDING MELTING UPON BEING CONTACTED BY MOLTEN FUEL

5-8 WITH

al
ve

9
ure
ling

mate)a

Exposure
Time n
Film
Bo\ ng
(s)

Location of
Local Power
from the Bottom
of the Rod

(m)

Theoretical
Predictions

Postirradiation Examination from

60

84

a7

0.579 to 0.597

0.660 to 0.679

0.718

Observationss-"8

Results Figure 24

Pellet cracking, central No

fuel melting with molten c¢ladding
fuel extrusion to the clad- melting
ding surface, cladding col-

lapse with ro evidence of

prior cladding melting. A
24-ym-thick oxygen stabil-

ized a-zircaloy layer has

been formed at the inside

cladding surface.

Central fuel melting, once- No
molten fuel extrusion cladding
through radially open melting
cracks. The solidification

of molten fuel on the crack

walls caused the blockage

of such cracks before enough

molten fuel could be extruded

to fill the fuel-cladding

gap. Formation of a 15-um-

thick Zr02 layer that was

at the gladding inside

surface".

Central fuel melting, No
once-molten fuel extrusion cladding
through pellet dishes and  melting
into the fuel-cladding gap.

The formation of a 10-um-

thicc Zr0p layer on the

inside ciadding surface.

Zircaloy cladding collapse

onto the fuel.

No
cladding
melting

No
cladding
melting

No
cladding
melting
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V. DISCUSSION AND CONCLUSIONS

Fuel conditions during a power-cooling-mis match event in light water reactors have been reviewed and
characterized with regard to pellet cracking, 1 :2) melting, and molten fuel radial extrusion. During normal
operation of the reactor, fuel cracking usually «.ccurs along radial and horizontal planes at the periphery of
the pellet in which the induced thermoelastic strain exceeds the UO; fuel wensile strength. Crack size and
population depend on the reactor power and the irradiation history of the fuel,

If a PCM accident occurs in an LWR, film boiling may begin at the outer surface of the cladding, caus-
ing a rapid increase in the fuel and cladding temperatures. Fuel melting can start at the pellet centerline,
propagating radiall outward. Volumetric expansion at the pellet center due to fuel melting, fission gas
release within the melting zone, and fuel vapor pressure increase the crack openings at the outer, unmelted
portion of the pellet and act as driving forces 10 cause molten fuel extrusion through the radialiy open
cracks into the fuel-cladding gap.

The transient freezing and penetration of a superheated liquid through a short, initially empty crack
maintained at a constant, uniform temperature is 110deled and studied analytically. A parametric analysis
is presented illustrating that the process of liquid per etration into un initially empty crack depends mainly
on the driving pressure across the crack, the creck length, and the crack shape (that is, a divergent, a
parallel wall, or a convergent crack). However, the simultaneous growth of the deposited crusi on the
crack walls is mainly governed by the subfreezing in the wall and the superheating in the penetrating liquid.
For a liquid at its fusion temperature, the frozen crust continues 1o grow with time until it eventually pro-
duces complete blockage of the crack. When the liquid is superheated, however, the growing crust
approaches a steaay state thickness which might be less than the half width of the crack cpening. In the
latter case, complete blockage of the crack is impossible; only partial blockage would occur,

Application of the freezing and penetration analys.s to molten fuel extrusion chserved in the PCM
in-pile tests indicates that the molten fuel superheating and the pressure at the pellet center have played a
significant role in determining whether or not molten fuel would relocate inte the f uel-cladding gap before
crack blockage occurs becaus2 of the solidification of molte fuel on the crack walls. For moiten f ue. at the
center of the pellet to relocate into the fuel-cladding gap, the fuel must be superheated so that the deposited
frozen crust on the crack walls continues to grow until it reaches a steady staie thickness less than half the
width of the crack, and thus produces only partial crack blochage. Otherwise, crack blockage would occur
before the extruded molten fuel could completely penetrate the crack. The driving pressure at the pellet
center in those in-pile tests could have been due to capillary forces (~0.004 MPa), because of the small
width of the cracks (~75 um), if the subfreezing in the crack walls was less than 20 K. Although the fuel
vapor pressure can be much higher, since moiten fuel superheating at the pellet center may reach several
hundred degrees (for example, 0., MPa when fuel superheating is ~500 K), the axial movement of molten
fuel could have been a cause for reducing the pressure at the nellet center.

Conditions for potential melti g of the zircaloy cladding upon being contacted by the extruded molten
UO7 were assessed, using an exact analytical model for the freezing of a stagnant superheated liquid on a
semi-infinite, initially solid wall undergoing simultaneous melting. The onset of cladding melting at its
inner surface upon being contacted by molten UO; is goveined by two =, ameters: (a) the metaliurgical
composition at the inner surface of the cladding (that is, alpha-zircaloy or Zr0y), and (b) the temperatures
of the molten fuel and the cladding at the time of contact. Melting at the inner surface of the oxygen-
stabilized alpha-zircaloy cladding upon being contacted by molten UQO; at its fusion temperature would
begin when the cladding temperature is greater than 1660 K. It a layer of ZrO3 forms at the inner surface
of the cladding, cladding melting (the Zr0O7) would begin at cladding temperatures greater than ~ 2640 K.
At this temperature, the middle lavers of the cladding (which may have been cither oxygen- stabilized
alpha-zircaloy or beta-zircaloy, or both) would already be in a molten state. If the extruded molten fuel is
superheated, however, cladding melting would start at the fuel-cladding interface at progressively lower
cladding temperatures,



In the PCM in-pile rests, a ZrO; or an oxygen-stabilized alpha-zircaloy layor was formed at the inner
surface of the cladding. Melting Cf the Ciadding which was in contact with the extruded molten fuel was ot
observed when either layer was present (Table 1V). The absence of cladding melting was concluded to by
due to the fact that molten fuel and zircaioy-cladding temperatures were below the leved required Lo iitiate
fuel freezing and simultaneous cladding melting upon contact.
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APPENDIX A

STEADY STATE ANALYSIS OF THE TEMPERATURE
DISTRIBUTION IN THE MOLTEN AND SOLID REGIONS
OF ACYLINDRICAL FUEL PELLET

This appendix presents a derivation of the temperature integral in both the molten and the solid regions
of a cylindrical fuel pellet. The temperature integrals are used to determine the temperature distribution
molten fuel radius, and the amount of superheating of molten fuel at the center of the pellet.

’

From the total heat balance in both the solid and molten regions of a cylindrical fuel pellet (Figure A-1
presents a schematic diagram of a cylindrical fuel pellet with central fuel melting) the following is obtained:

Cladding

Fuel-cladding gas gap

Solid fuel

\\
Re At N\ " Molten fuel

% Central void

INEL-A-10 405

Fig. A-1. Schematic of a cylindrical fuel pellet with central fuel melting,
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1 "

2 : 2 Hh>
qg =7 (Rm - Rc ) q + 0w (Rs -Ry) ag (A1)

m
where
4'1 = the operating linear power, kW/m
Re =  thecentral void radius, m
Ry = the molten fuel radius, m
Rg = the fuel pellet radius, m
Gm = the volumetric heat generation in the molten fuel, kW./m3
ﬁ's = the volumetric heat generauon in the solid fuel, kW/m3,

Equation (A-1) can be rewritten as

2 2 2 2
e = q ﬂRS ’d[mm/ks) - (RC/RS, J+[] - (Rm/RS) ]z (A-2)

wher=
i - Gy )
d = PR
6m = molten fuel average density
Ty
) S Py(T dT /(Tb-Tf)
T
£
f = solid fuel average density
T,
S p (M dT /(T'.~Tc)
T :
¢
Th =  temperature of molten fuel, K
T temperature at the surface of the fuel pellet, K
Ty =  fusion temperature, K.

Steady state heat conduction in both the molten and solid regions of the fuel pellet is described by the set
of equations and boundary conditions listed in Table A-1. The integration of the heat conduction equation
in the molten fuel region, R =r<Ry,, once with respect to space fromr - R tor yields
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TABLE A-I

STEADY STATE HEAT CONDUCTION EQUATIONS AND BOUNDARY CONDITIONS
IN BOTH THE MOLTEN AND SOLID REGIONS OF A CYLINDRICAL FUEL PELLET

Region
Data Molten Fuel Solid Fuel
aT e aT o
Steady state heat 13 (rk, " m+q =0 13 (rk “s)+q =0
conduction equation r ar ar r ar ar
Boundary conditions L (Rm) = Ty Ts (Rm) = Te
aT
k m(R)=0 T (R) =T
m —aF C S S C
aT aT.
k s (R) =k m (R )
S M Mr
3T -q, ( R 3)
m m C
km —-a—r = —2—- r——r- N (A-3)

where ki, is the moiten fuel thermal conductivity, W/m-K; Ty, is the temperature in the molten fuel region
of the pellet; and r is a radial coordinate

The reintegration of Equation (A-3) with respect to space fromr - Rotor = Ry, yields
b -q. d
.5 2 2 2. 2
[ km dTm " e Rs [(Rm/RS) ch/RS) 2(RC/RS) In (Rm/Rc)]. (A-4)
T

Similarly, the integration of the heat equation in the solid fuel region, Ry = 1 < Ry, once with respect to
space fromr = Ry, tor results in

o L (%), T
s ar r m ar

(e
R ==y Voo - (A-5)

m

r=

where kg is the solid fuel thermal conductivity, W/m-K.

Elimination of the first term on the right side of Equation (A-5) by the aid of Equation (A-3) results in
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R L e ——— S ———

LR} " ?
Sy _{.Mm_ 2 _p? - S - m (A-6)
ks ("B'F) ( 7r (Rm . ) - I A of

Integrating Equation (A-6) once with respect to space fromr - Ry tor - Ry yields

y

C

S 2 2 V2
kg dlg :(_Z_’— R ) 1- (Rm/Rs) < Z(Rm/Rs’ In ‘Rm/Rs)
-24d|R ROZ - R ROZ| 10 R R
m s’ € S m s (A-T)

Eliminating q, between Equation (A-2) and Equations (A-4) and (A-7), respectively, gives

gTh L jd (R/R ) -2(RC/RS)2 ’27‘Rc’“s’2 1n(nm/ng) s
T, LA N P [mm/ns) - (Rc/nj]+ E- .me/Rs)]
and
T, ,
T j kg dT = 3

2 2 ? 2
|1 - (RR) + 2(R R ) 1 (leRS)l- 2 dl(Rm/RS) - RR) ]m (R /R)
al(nmms)? . (Rc/RS)2| + |1 g (Rm/RS)Zl

(A-9)

Equations (A-8) and (A-9) give the temperature integral in the molten and solid regions of a cylindrical
fuel pellet in terms of the molten radius and the gaseous void at the center of the peliet. The temperature
di tribution, the molten fuel radius, and the amount of superheating in the central molten fuel can be
determined through use of these equations.

When dealing with a cylindrical fuel pellet with no central void (that 15, R.=0 and, therefore,
R Ry, = 0), Equations (A-8) and (A-9) simplity 10

Tb (,]
kll'l dTm = ﬁ
Tf

2
(R, /R.)"d

E : (A-10)
1= R/R)" (1 - d)

and

064



T

f
T =
kS d.S
T

c

« (A-11)

. 2 2 ; 2
g [1 - ®yr)% 2 RR )2 0 R RO - 2 8 RRO? M0 (R R
i 1- (R /8% (1 - d)

If the molten and solid fuel have the same average density (that is, O, - %), then the sum of Equations
(A-10) and (A-11) reduces to

T T ,
b f
ky dT, + kg dT, = -3-1; . (A-12)
Te T

Furthermore, for ky, = kg, Equation (A-12) becomes

b
j kg dT, = %; . (A-13)
.
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APPENDIX B

POTENTIAL FOR ZrO2 FORMATION ON THE
INSIDE CLADDING SURFACE

During off-normal operating conditions in a light water reactor (LWR), such as a power-cooling-
mismatch (PCM) event, local film boiling that initiates at the outer surface of the cladding increases the
temperature in both the cladding and the fuel pellets. If the external system pressure exceeds the fuel rod
internal pressure and the cladding temperature exceeds 920 K, the zircaloy cladding collapses onto the
pellets and a solid fuel-cladding interaction begins. As demonstrated in the present work, fuel me.
could also begin during a PCM accident at the pellet center and proceed radially outward. One of .
parameters which determines whether or not cladding melting may begin at the inside surface upon being
contacted by extruded molten fuel during such an accident is the metallurgical composition at the inner
surface of the cladding (that is, either alpha-zircaioy or Zr0O;). The presence of a ZrO; layer on the inside
cladding surface, acting as a thermal barrier, would delay lhe onset of cladding meltmg at the inner surface
(the ZrO7) upon being contacted by molten fuel up to an initial cladding temperature of ~2640 K. The
formation potential of a ZrOj layer on the inner cladding surface during a PCM event is assessed in this

appendix.

The key factor in the interaction of UO; fuel (either solid or molten) with zircaloy upon contact is the
oxygen potential in the fuel (AGO, RT In P(,). Figure B-1 illustrates the Jata for the free energies due
to the oxygen potential in hyposToichiometric and slightly hyperstoichiometric urania, and Figure B-2

-1000 r - ,
AG
U02
'800 r— N —
\“\\\((//,
AR
s \\§\\ SN
3 \\\\\ K
E \‘QQUO, o4
2 -600 }- M\ YO+ g6
o™ \ U0, 97
by UO, gg
q UO, g9
-400 = i T s
UOZ u04
-
-200 8 1 1

800 1300 1800 2300 2800
Temperature (K) INEL-A- 401

Fig. B-1 Oxygen potentials of hypostoichiometric and slightly hyperstioc umetric uraniaB-!

a. ACO is the oxyger potential for a stoichiometric urania, R is the universal gas constant, T is the fuel
temperature, and P‘)Z is the oxygen partial pressure in the fuel.
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Free energy of formation (kJ/mole of oxygen)
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presents the s.andard free energies of formation of high-yieid fission products. Comparison of the Oxygen
potential for a stochiometric urania, (A(}Oz)Uoz, with the energy of formation for ZrO, (AGZrOZ)

indicates that

- 0
(AG, ) > AG (B-1)
Goz vo, 2r0,,

that is, the zircaloy cladding would be exvected to oxidize upon being contacted by the molten UO; fuel.
However, with the presence of an initial oxide layer, the rate of additional oxidation decreases drastically,
since oxygen must diffuse through the f >rming oxide laver. Moreover, the ZrO; layer on the inside surface
of the cladding may form as a result of oxygen migration across the fuel-cladding gap without physical
contact with the UO, fuelB-3,

At cladding temperatures greater than 1400 K, the ZrOy layer would be expected to dissolve by the
oxygen-stabilized alpha-zircaloyB"‘ transformation. The kinetics of the dissolution depend on the ZrOy
layer thickness and the time of film boiling during a PCM event. As has been shown from the postirradia-
tion examinations of some fuel rods tested under power-cooling-mismatch conditions i1 the Power Burst
FacilityB'S,a thin layer of ZrO3 (~10 to 15 um) was found at the inner surface of the zircaloy cladding in
two rods which operated under film boiling conditions for ~47 and 84 seconds, respeciively. The cladding_
temperature in those rods was determined to be about 1880 + 50 and 1750 + 50 K, respectively. The
undissolved oxide layer at the inside surface of the claddi g may have been present because the operating
time in film boiling was insufficient to completely dissolve the previously existing ZrO5 layer by the alpha-
zircaloy transformation. (These rodsB-5 were previously irradiated (o 8850 and 11 060 MWd/t burnup,
respectively.)
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