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ABSTRACT

Current Emergency Core Cooling System (ECCS) Acceptance Criteria for
light-water reactors include certain requirements pertaining to calculations of
core performance during a Loss of Coolant Accident (LOCA). The Baker-Just cor-
relation must be used to calculate Zircaloy-steam oxidation, calculated peak
cladding temperatures (PCT) must not exceed 1204°C, and calculated oxidation
must not exceed 17% equivalent cladding reacted (17% ECR). The minimum margin
of safety was estimated for each of these criteria, based on research performed
in the last decade. Margins were defined as the amounts of conservatism over
and above the expected extreme values computed from the data base at specified
confidence levels. The currently required Baker-Just oxidation correlation
provides margins only over the 1100°C to 1500°C temperature range at the 95%
confidence level. The PCT margins for thermal shock and handling failures are
adequate at oxidation temperatures above 1204°C for 210 and 160 seconds,
respectively, at the 95% confidence level. ECR thermal shock and handling
margins at the 50% and 95% confidence levels, respectively, range between 2%
and 7% ECR for the Baker-Just correlation, but vanish at temperatures between
1100°C and 1160°C for the best-estimate Cathcart-Pawel correlation. Use of the
Cathcart-Pawel correlation for LOCA calculations can be justified at the 85% to
88% confidence level if cooling rate effects can be neglected.
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1.0 INTRODUCTION

The postulated break of a pipeline in the primary core cooling system of a
nuclear reactor can initiate a transient event called a Loss of Coolant Acci-
dent (LOCA). Such an event causes the reactor power to decrease very rapidly
because the moderating coolant is lost from the core. However, some heat
remains in the fuel rods as the fission products decay. Although the Emergency
Core Cooling System (ECCS) replenishes the lost core coolant, there may be a
short period of time before the fuel rods are again covered with cooling water.
During this time, the decay heat would cause the fuel rods to undergo a tem-
perature excursion, and the Zircaloy fuel rod cladding may reach temperatures
of about 1000°C (1832°F) or possibly higher. Because the fuel rod internal
pressures may be greater than the (external) coolant pressure in the core, the .
Zircaloy cladding may deform or swell to a configuration resembling localized
ballooned regions along some of the rods. Some of the rods may subsequently
also rupture, exposing the cladding internal surface to the steam atmosphere
then prevailing in the core.

When the temperature of the Zircaloy cladding reaches about 1000°C, con-
tact with the steam atmosphere causes significant oxidation to begin. The most
oxidized portions of the cladding are those at the highest temperatures for the
longest times, usually confined to a small region of the reactor core. Fur-
thermore, the greatest oxidation occurs on the surfaces of the cladding, where
brittle zirconium dioxide forms. Lesser oxidation occurs within the relatively
protected inner regions across the cladding wall thickness. The more brittle
layers of oxidized cladding cannot withstand significant loads without frac-
ture, while the more ductile inner regions of the cladding may survive such
loads if their oxygen content is not too high.

The loads referred to above are thermal shock loads that occur when the
ECCS coolant reaches the cladding and begins to cool the core. The rapid cool-
ing of the rods causes rapid thermal contractions, which are accompanied by
axial restraint provided by the grid spacers, thus inducing axial loads on the
oxygen embrittled cladding., Some circumferential loads are also induced by the
internal thermal stresses in the cooling cladding, and bending stresses may be
caused by cladding deformation/spacer grid interaction or by rod-to-rod inter-
actions. When the cladding temperatures fall to 475-600°C, the efficiency of
the coolant increases in a phenomenon called rewet. Maximum thermal shock
loads then occur as the cooling rate increases, and may result in fracture or
shattering of the oxygen embrittled portions of the Zircaloy cladding. These
shattered portions could then fall toward the bottom of the core, resulting in
a rubble pile that may be harder to cool than the original fuel rod geometry,
The ballooning phenomenon described above has also been postulated to cause
local hot spots because partial obstruction of the inter-rod coolant flow
channels may impede coolant flow. These hot spots would naturally undergo
greater oxidation and embrittlement: recent research has shown that this is
generally not the case. Coolability-ballooning relationships are not the sub-
ject of the present report, which is focused on the oxidation embrittlement-
shattering phenomenon.



Because of the potential safety-related consequences of a LOCA, the
research arm of the U.S. Nuclear Regulatory Commission (NRC/RES, formerly the
Atomic Energy Commission, AEC/RSR) developed criteria for the acceptance of
ECCSs [1]. The criteria related to oxidation and embrittlement of the Zircaloy
cladding took the form of maximum allowable limits for peak cladding tempera-
tures and the amount of cladding oxidized that would be calculated to occur
during a LOCA. These limits are (1) peak cladding temperatures (PCT) must not
exceed 2200°F, and (2) the equivalent cladding reacted (ECR) must not exceed
17% of the cladding wall thickness. These limits were established in 1973.
Because the NRC considered the data base concerning oxidation embrittlement to
be insufficient at that time, the above PCT and ECR criteria were defined so as
to incorporate conservatisms. The intent was to provide margins of safety that
were sufficient to compensate for uncertainties in the data. In 1975, the
American Physical Society completed a report [2] which outlined the deficien-
cies in the data base related to LOCA analyses. The AEC/RSR then redirected
existing and implemented new research programs to respond to these needs. ,
Similar or complementary research programs were initiated in other countries as
well, such as the United Kingdom, the Federal Republic of Germany, and Japan.
The results of this research were recently reviewed in [3].

The present report reviews PCT and ECR-related research performed in the
last decade, and is focused on employing that research to better define the
conservatisms (margins) in those criteria. Because the oxidation embrittiement
behavior of Zircaloy cladding depends strongly on time and temperature, which
in turn depend on the type of LOCA, cladding performance and failure behavior
for Small Break LOCAs (SBLOCA), Large Break LOCAs (LBLOCA), and Severe Fuel
Damage (SFD) scenarios will be delineated wherever possible.



2.0 DESCRIPTION OF RELEVANT PHENOMENA

This section consists of a brief qualitative description of the major
physical phenomena which are active in the oxidation and embrittlement of Zir-
caloy cladding. The relationships bhetween these physical processes and the
nature of the LOCA are discussed wherever possible in order to provide per-
spective for the reader,

The most important factor controlling the rate of the Zircaloy-steam oxi-
dation reaction is the temperature of the cladding. Because an important oxi-
dation rate parameter increases exponentially with temperature, the oxidation
rate becomes faster and faster as the temperature rises. The kinetics of this
reaction are described in more detail in later paragraphs, while the focus of
the immediately following paragraphs is on the relation of the oxidation rate
to the type of LOCA and the approach to the 2200°F PCT and 17% ECR limits.

The rate of the oxidation reaction determines the time until the 17% ECR
l1imit is reached, which in turn implies that the cladding is approaching the
conditions necessary for failure during quench. The approach to cladding fail-
ure conditions is thus related to the time elapsed at high temperatures during
a LOCA. For the purposes of this report, three basic classes of LOCAs are
defined: the Large Break (LBLOCA), Small Break (SBLOCA), and the Severe Fuel
Damage (SFD) scenario. These designations are terms frequently used to
describe the 1imiting cases for a wide spectrum of possible scenarios. The
LBLOCA is characterized by the complete rupture of a major pipeline supplying
coolant to the core, which results in rapid expulsion of coolant from the core
(blowdown), and a momentary temperature excursion of the fuel rods. This is
followed by the refill stage, where the ECCS begins to refill the core with
water, but the water has not yet reached the lower extremities of the fuel
rods. Another temperature excursion begins, and the fuel rods may swell
(balloon) and possibly rupture because the coolant (mostly steam at this stage
of the LOCA) has been depressurized. If temperatures rise above 1000°C, cladd-
ing oxidation becomes significant. Further ECC injection brings the water
level higher and begins to cover the fuel rods, and the cladding temperatures
begin to fall as more heat is transferred to the coolant. When cladding tem-
peratures fall to 450-600°C, cooling efficiency is increased (rewet), and the
most severe thermal shock occurs as cooling rates then increase. The whole
LBLOCA sequence is generally estimated to be completed in 100 to 200 seconds,
during which time the majority, if not all, of the core will have been
temporarily uncovered.

The SBLOCA is characterized by a less severe coolant pipeline break, where
core coolant depressurization and complete expulsion (blowdown) may not occur.
Rather, the smaller leak opening restricts coolant expulsion, and the coolant
Tevel in the core is reduced in part by boildown. Consequently, only part of .
the core may be uncovered, so that only the upper portions of the fuel rods
will undergo & significant temperature excursion and cladding oxidation.
Cladding ballooning and rupture may not occur because the coolant may remain
sufficiently pressurized. This pressurization can cause fuel-cladding contact,
which ensures two-sided cladding oxidation above about 1100°C, where cladding



oxidation by the U0, fuel is roughly equivalent to that by steam. SBLOCAs are
estimated to cover a wide range of time spans, depending on ECCS performance
and leak size. However, the magnitude of the temperature excursion is gener-
ally expected to be less severe than in a LBLOCA.

The SFD scenario is frequently described as a LOCA with deficient ECCS
performance. That is, the ECCS fluid is not supplied at sufficient rates to
compensate for initial fluid loss and/or boildown, resulting in a more severe
temperature excursion of the fuel rod cladding. Consequently, the cladding is
presumed to become severely oxidized and overheated to the point of melting
(about 1850°C), resulting in a loss of core geometry in the hottest regions of
core, This overheat to melt syndrome is caused by the exothermic nature of the
Zircaloy-steam reaction. As temperatures rise, heat is released by the reac-
tion, which increases the temperature still further, thus accelerating the
reaction. This exothermic behavior is one important reason why the 1204°C
(2200°F) PCT 1imit was imposed. Other reasons are discussed in later para-
graphs. Although significant oxidation and heat generation begin at about
1000°C (1800°F), the reaction and temperatures are generally considered to be
controllable by the ECCS cooling capabilities until temperatures reach 1200°C.
Beyond this temperature, the accelerating nature of the reaction presents
increasing difficulties for the ECCS to reverse the temperature excursion and
begin cooling the fuel rods. As cladding temperatures approach-about 1427°C
(2600°F), the temperature excursion is generally considered to be noncontroll-
able by the ECCS. The time span for the SFD scenario is generally longer than
that for the type of LOCA from which the SFD event originated.

It should be noted that the above LOCA scenarios apply primarily to pres-
surized water reactors (PWRs), and that boiling water reactor (BWR) scenarios
are somewhat different. However, only PWR LOCA descriptions are presented here
because the largest power plants, and the largest number of plants, are PWRs,
PWR LOCAs thus would present the greatest safety and economic impacts. This is
reflected in the fact that the majority of related LOCA research has been per-
formed for PWR systems. Descriptions of BWR LOCA scenarios may be found in

[21.

It is apparent from the above descriptions of LOCA scenarios that a wide
range of times and temperatures are of interest concerning Zircaloy-steam. oxi-
dation and embrittiement. Each scenario has a range of characteristic cladding
temperature histories associated with it, and these temperatures are dominant
in determining how quickly the cladding oxidation approaches conditions that
render the Zircaloy susceptible to thermal shock failure. Fach scenario will
thus have a range of characteristic times before this condition is reached.
The situation is further complicated by differences in cladding ballooning and
rupture behavior, or by the extent of coolant depressurization, because these
factors determine whether oxidation occurs predominantly on the outside of the
cladding (in contact with the coolant) or on both sides.

Other synergistic mechanisms have also been proposed to be important in
relation to Zircaloy oxidation and embrittlement during a LOCA. Two of the
most important of these mechanisms are (1) the relation between cladding
deformations (ballooning) and the cooling capabilities of the ECCS fluid, and



(2) the effects of the hydrogen evolved from the reaction in reducing the
reaction rate itself (steam starvation). Cladding deformations have a number
of effects on oxidation behavior. Ballooning reduces the inter-rod coolant
passages and may cause local cladding hot spots if the coolant flow rate is low
enough. The oxidation rate in these hot regions naturally increases with the
temperature, reducing the time until the 17% ECR 1imit is reached. Deforma-
tions also reduce the.cladding wall thickness, so that less metal needs to be
oxidized before the above 1imit is reached, also reducing the allowable oxida-
tion time. Deformations may also cause the oxide on the surface(s) of the
cladding to crack, exposing portions of the metal deeper within the cladding
wall to the oxidizing steam, accelerating the oxidation rate and reducing the
allowable oxidation time. Although the latter is generally neglected, local
heating near blocked zones and wall thinning may be important in assessing the
conservatisms in the 17% ECR criterion, along with the previously mentioned
effect of cladding rupture in determining whether one or both sides of the
cladding wall thickness undergo significant oxidation.

The steam starvation scenario originates from the presence of the hydrogen
evolved from the Zircaloy-steam oxidation reaction. The excess hydrogen has
been postulated to displace some of the steam at the Zircaloy surface, reducing
the oxygen supply and.-the oxidation rate. Such a synergism would increase the
time until the 17% ECR 1imit is reached. This may occur as the hydrogan
accumulates near the top of the reactor core, or in the narrow fuel-cladding
gap within the rod after cladding rupture permits steam ingression into the
rod. Although the oxidation reaction would slow down, this may be compensated
by embrittiement caused by hydrogen absorption by the Zircaloy. Recent
research has shown that steam starvation generally does not occur signifi-
cantly, and that hydrogen embrittlement effects are generally implicit in
failure criteria because of the nature of the experiments conducted.

Although other synergisms such as the effect of oxygen content on Zircaloy
deformation behavior (manifested in the rupture strain and coolant blockage
correlations in Ref. 4) are also important, the main focus of this report con-
cerns oxidation and embrittlement behavior. The following paragraphs therefore
provide more detail about the physical phenomena active during these processes.

The Zircaloy-steam reaction is represented by the following molecular
equation:

Ir + 2 HZO > ZI‘OZ + 2 Hz (1)

The reaction is exothermic, releasing 586 KJ/mole of zirconium reacted, along
with four moles of hydrogen. At most temperatures of interest in a LOCA (above
about 950°C) where the steam supply is unlimited and the oxide maintains integ-
rity, the reaction is controlled by the rate of diffusion of oxygen anions
through the anion deficient Zr0, film on the cladding surfaces. Such a diffu-
sion controlled process is characterized by a parabolic rate law:

2
M-8 (2)

dat

N =



where W can represent either the amount ofzreactant used or ?he amount of prod-
uct formed, t is the oxidation time, and 8/2 is the parabolic rate constant.
Upon integration over time, Equation (2) becomes

W= 62t +C (3)

where C represents the initial amount of oxidation. The above rate constant
depends on temperature T, as expressed by an Arrehenius relationship:

8212 = A exp(-0/RT) | ‘ - (4)

where A is the pre-exponential factor (a constant), Q is the activation energy,
and R is the gas constant. The exponential effect of temperature on the oxida-
tion rate can be readily seen from this equation.

The above parabolic rate equation represents the protective effects pro-
vided by the oxide layer acting as a diffusion barrier. At constant tempera-
ture, the rate of oxide growth decreases with time. However, other reaction
rates are also possible. At lower temperatures and longer times typical_of
normal reactor operation, the oxide growth will begin via a cubic law [w3 =
f(t)], changing to a faster Tinear rate [W = f(t) as the oxide develops cracks.
At very high temperatures such as in an SFD scenario, phase transformations in
the oxide may cause the oxidation rate to increase discontinuously as the dif-
fusion barrier loses some of its protective nature. Although the parabolic
rate equation is generally accepted as adequately describing Zircaloy-steam
oxidation kinetics during LOCA conditions, there are also other limitations
associated with the structure of oxidized cladding, as described below.

The high-temperature Zircaloy oxidation process results in the formation
of three regions of differing properties across the cladding wall thickness:
the oxide, a stabilized alpha layer and a beta layer. When the oxygen content
of the Zircaloy exceeds about 26 percent by weight (wt%), zirconium dioxide
forms. The Zr0, is a brittle ceramic even at high temperatures, and thus is
considered to o?fer no effective resistance to fracture during thermal shock.
At temperatures above about 810°C (for Zry-4), the hexagonal close packed Zir-
caloy (the alpha phase) begins to transform to a body centered cubic structure
(the beta phase), However, oxygen that diffuses into the metal beneath the
zirconia raises this transformation temperature (see for example Figure 4 of
Ref. 5). The layer immediately beneath the oxide thus remains in the alpha
phase, and is called the stabilized aipha layer. This layer is also quite
brittle, and is generally considered to offer little or no resistance to frac-
ture by thermal shock. Less oxygen diffuses into the central region of the
cladding wall thickness, so that the transformation to the beta phase may be
compiete at temperatures above about 950-1000°C. If the oxygen content of the
beta 1ayer remains below certain limits, sufficient ductility is retained to
offer resistance to fracture. Consequently, the beta layer is most important
with respect to cladding thermal shock failures during LOCAs.

As the oxidation reaction progresses, the oxide and alpha layers grow in
thickness, while the beta layer decreases. As temperature increases, the dif-
fusion coefficient for the oxygen-beta Zircaloy system increases, as does the



solubility of oxygen in the beta phase. Consequently, the beta phase not only
admits oxygen at a faster rate, it can also retain more. The effects of these
phenomena in accelerating the embrittlement of the beta phase become signifi-
cant at about 1204°C, which is another reason why the PCT limit was chosen as
this value. The decrease in the beta phase thickness and its approach toward
oxygen saturation also affect the apparent rate kinetics. The growth rates of
the brittle oxide and alpha layers increase because there is no longer an
infinite sink for the oxygen diffusing into the metal. However, total oxygen
uptake decreases because the beta is no Tonger absorbing additional oxygen.
The departure from parabolic kinetics via these mechanisms appears to become
important near the 1204°C PCT limit for times longer than those expected for
LBLOCAs, but may be important for SFD scenarios of longer duration at higher
temperatures.

As the oxidized cladding begins to cool during the later stages of a LOCA,
the beta phase is transformed to yet another phase with a complex microstruc-
ture, and is called the prior beta phase. During cooling, the solubility of
oxygen in the beta phase decreases. It is the nature of the material for the
oxygen to then redistribute into precipitates called alpha-incursions within
the prior beta phase. This produces an inhomogeneous microstructure with
brittle, high oxygen content platelets embedded in a more ductile matrix. The
extent to which this occurs depends on the initial oxygen content in the beta
phase before cooling and on the cooling rate. At lower oxygen contents and
slower cooling rates, there is sufficient time for this redistribution to
occur, and sufficient sites for the nucleation of alpha incursions, so that the
resulting microstructure may resemble a particulate composite. This version of
the prior beta phase is still somewhat capable of surviving thermal shocks
without fracture because the oxygen depleted zones in the prior beta region
retain significant ductility. However, as the oxygen content and cooling rate
increase, the available time and number of incursion nucleation sites for
oxygen redistribution decrease, resulting in a more uniformly brittle prior
beta phase that is more susceptible to fracture. It is tempting to conclude
that slower cooling rates are beneficial. However, this takes additional time
during which the Zircaloy is further oxidized, so that the resulting embrittle-
ment depends on the LOCA history in a complex manner.,

The failure susceptibility of oxidation-embrittled Zircaloy cladding has
been investigated over a wide range of temperatures, and various failure cri-
teria have been developed in addition to the 1204°C PCT and 17% ECR Timits.

The data developed in the last decade will be reviewed in the following sec-
tions, beginning with a summary of the state-of-the-technology as it existed
when the present criteria were implemented in 1973. This is intended to pro-
vide the reader with perspective concerning the substantial amount of research
performed and scientific understanding gained with the objective of defining
LOCA ECCS Acceptance Criteria which are sufficient to ensure public safety. In
doing so, this report will attempt to measure the above by comparison of the
uncertainties in the data base to the conservatisms in the criteria, in essence
assigning numbers to the "margins" of conservatism in the criteria and to the
importance of those margins.






3.0 THE DATA BASE IN 1973

There were essentially two important data bases that were used in 1972-73
to define the PCT and ECR 1imits of the ECCS Acceptance Criteria. The first
was the data base concerning Zircaloy-steam oxidation rates at various tempera-
tures, and the second concerned the thermal shock performance of oxidation
embrittled cladding. The oxidation rate data base was reviewed by M. L.
Picklesimer, formerly of the USNRC, in early 1982, while the second was
reviewed by Chung and Kassner [5] in 1980. The paragraphs below
are brief summaries of the above reviews,

Data concerning Zircaloy-steam oxidation rates were rather sparse at the
time of the ECCS hearings in 1972-73. Lemmon [6] had conducted experiments
using standard ring specimens exposed to steam at temperatures above about
850°C in a tube furnace. The thermocouples were in intimate contact with the
samp]es, and oxidation rates were calculated from the weight gains of the
specimens. Bostrom [7] had conducted experiments in high temperature water.
Baker and Just [8] used the above data plus their own data at nominally the
melting point of zirconium (1850°C) to compute an oxidation rate curve spanning
the temperature range from about 500°C to about 1850°C. Picklesimer has out-
lined the deficiencies in the Baker-Just data base as follows:

1. Oxidation rates were determined from the hydrogen evolved from
short wire specimens immersed in water and electrically heated
by condenser bank discharge;

N
.

Specimen temperatures were computed from condenser bank storage
energies, wire dimensions, and an assumed electrical
resistivity-temperature relation for zirconium;

3. The appearance of small droplets of zirconium-ZrQ, in the test
chamber were taken to represent that oxidation ocCurred at the
zirconium melting point;

4, However, self-heating of the specimen via the exothermic nature
of the reaction was ignored.

Additionally, the Baker-Just correlation is an extrapolation from the low-
temperature data of Lemmon and Bostrom to the melting point data of Baker and
Just, with no confirming data points in the intermediate temperature ranges.
It is generally argued that the Baker-Just correlation, currently required in
the criteria, is substantially conservative.

Hobson and Rittenhouse [9] conducted experiments related to the embrittle-
ment characteristics of Zircaloy. Long tubular specimens of standard Zircaloy
cladding were exposed to steam at various times and temperatures in a tube fur-
nace, Sections cut from the tubes were subjected to metallographic analyses to
determine the thicknesses of the reaction layers, along with mechanical prop-
erties, These data were analyzed by Pawel [10,11] for comparison to the Baker-
Just rate equation, and the results of this analysis were available in early



1973. Although later analyses showed Pawels' results to be in good agreement
with current (1985) best-estimate oxidation rate equations, Pawel's results
were apparently given lesser weight during the hearings. The NRC (AEC in 1973)
instead chose a different approach with two features: (1) the Baker-Just oxi-
dation rate equation was chosen as a part of the criteria because it conserva-
tively bounded all other data known at that time, thus incorporating a safety
factor to compensate for uncertainties in the data base; (2) the AEC directed
that further research be performed to better define the oxidation rate equation

f1z].

The second data base contributing to the development of the criteria con-
cerned the thermal shock performance of oxidation embrittled Zircaloy cladding.
One intent of these experiments was to define an easily usable oxidation
parameter that was related to the cladding metallurgical state at which failure
by thermal shock loads during quench occurred. One such parameter is the equi-
valent cladding reacted (ECR), or the fraction of the cladding wall thickness
that would be converted to oxide if all the oxygen absorbed by and reacted with
the Zircaloy were converted to stoichiometric Zr0,. Another such parameter is
the fraction of the wall thickness that remains in the beta phase (F ).

Research in the last decade has indicated that the stipulation of a th1ckness
and the maximum amount of oxygen allowed in the beta phase can yield more
refined criteria with possibly Tess uncertainty. This is probably due to the
fact that two independent parameters determine oxidation state: time and tem-
perature. However, this was not yet clear during the 1972-73 hearings, and the
accepted practice at that time was to employ a single scalar parameter to
describe the oxidized metallurgical state of the cladding. Therefore, the
embrittiement data base is discussed below in terms of these single parameters.

Hesson et al. [13] induction-heated Zircaloy cladding containing U0, pel-
Tets in flowing steam for various times and temperatures, and quenched tﬁe
samples in room temperature water. The samples did not balloon or rupture, and
only single-sided oxidation occurred. Reaction kinetics were determined via
hydrogen evolution measurements, and oxide layer thicknesses were determined
via metallographic analysis. It was found that cladding heated to temperatures
< 1657°C with total oxidation < 17% ECR survived thermal shock upon quenching,
but that cladding heated to temperatures above about 1567°C with ECR 2 18.4%
failed either during quench or during subsequent handling.

Thermal shock tests were conducted by Duncan and Leonard [14] on elec-
trically heated, full scale, simulated BWR 7x7 bundles, which also did not
balloon or rupture. Thermal histories were controlled by top spray cooling to
simulate decay heat effects during cooling. A limited number of metallographic
analyses showed that the rods remained intact after rapid cooling if tempera-
tures were less than about 1327°C and the total oxidation was less than about
16.4% ECR. Scatena's [15] single-rod tests were also electrically heated, but
quench was achieved by bottom flooding with water. There was also no balloon-
ing or rupture in these experiments. Twenty four tubes oxidized at tempera-
tures between about 827°C and 1497°C with resulting ECRs less than about 13%
remained intact after quenching. One tube oxidized at 1590°C, with ECR =
17.6%, failed upon quenching. . '
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It was apparent from the above data that the failure boundary was reason-
ably well defined by 17% ECR. Thus, 17% ECR was chosen as the 1imiting measure
of oxidation for the ECCS acceptance criteria. However, data were relatively
sparse at lower temperatures representative of the majority of LOCA scenarios.
Additionally, other data indicated that the 17% ECR limit alone appeared to be
insufficient to compensate for uncertainties concerning thermal shock failures
after higher temperature oxidation. These data include the ring loading
experiments of Meservey and Herzel [16], and more importantly the ring loading
experiments of Hobson and Rittenhouse [9] and Hobson [17]. In the latter two
references, correlations were developed describing the "zero ductility" state
of oxidized ring specimens during impact compression tests at room temperature
as functions of the F,, parameter for specimens oxidized at 927°C to 1372°C and
quenched in water. A similar correlation for a slow compression rate
(0.0423 mm/sec) was valid only below 1204°C (2200°F), while specimens oxidized
at temperatures above 1315°C had unexpectedly low ductility. It was clear from
these data that embrittlement was not simply a function of ECR or of F , but
also depended on the amount and distribution of oxygen in the beta layer
[9,17]. Because these factors depend on the beta Zircaloy-oxygen diffusion
coefficient [18,19] and on the terminal solubility of oxygen in the beta phase
[20], which both depend exponentially on temperature, a maximum allowable tem-
perature of 1204°C (2200°F) was also specified as part of the ECCS Acceptance
Criteria. Although Pawel [10] had proposed criteria based on 95% maximum
saturation of the beta phase (0.7 wt% below 1247°C), the maximum PCT Timit of
1204°C was chosen because of the complexities and uncertainties involved in
computing oxygen distributions for various LOCA scenarios with non-steady state
temperature histories.

The criteria were adopted by the AEC on December 28, 1973 [12]. The PCT
and ECR criteria are repeated below:

1) Peak Cladding Temperature, The calculated maximum fuel-element
cladding temperature shall not exceed 1204°C (2200°F).

2) Maximum Cladding Oxidation. The calculated total oxidation of
the cladding shall nowhere exceed N.17 times the total cladding
thickness before oxidation. As used in this subparagraph, the
total oxidation means the total thickness of cladding metal
that would be locally converted to oxide if all the oxygen
absorbed and reacted with the cladding locally were converted
to stoichiometric zirconium dioxide., If cladding rupture is
calculated to occur, the inside surfaces of the cladding shall
be included in the oxidation, beginning at the calculated time
of rupture. Cladding thickness before oxidation means the
radial distance from the inside to outside of the cladding,
after any calculated rupture or swelling has occurred but
before significant oxidation. Where the calculated conditions
of transient pressure and temperature lead to a prediction of
cladding swelling, with or without cladding rupture, the oxi-
dized cladding thickness shall be defined as the cladding
cross-sectional area, taken at a horizontal plane at the eleva-
tion of rupture, if it occurs, or at the elevation of the
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highest cladding temperature if no rupture is calculated to
occur, divided by the average circumference at that elevation.
For ruptured cladding the circumference does not include the
rupture opening. .

3) Maximum Hydrogen Generation. The calculated total amount of
hydrogen generated from the chemical reaction of the cladding
- with water or steam shall not exceed 0.01 times the hypothe-
tical amount that would be generated if all the metal in the
cladding cylinders surrounding the fuel, excluding the cladding
surrounding the plenum volume, were to react.

4) Coolable Geometry. Calculated changes in the core geometry
shall be such that the core remains amenable to cooling.

5) Long-term Cooling. After any calculated successful initial
operation of the ECCS, the calculated core temperature shall be
maintained at an acceptably low value and decay heat removed
for the extended period of time required by the long-lived
radioactivity remaining in the core.

The inclusion of the requirement to consider the effects of cladding deforma-
tion (ballooning) and rupture on the calculated oxidation raised further
questions concerning the adequacy and uncertainties of the data base. Conse-
quently, new research was initiated to remedy this situation. The following
sections include summaries of the work performed in the last decade.
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4,0 RESEARCH PERFORMED SINCE 1974

A substantial amount of research has been performed in the last decade in
relation to Zircaloy-steam oxidation and embrittlement. The influence of these
phenomena on fuel rod performance and survivability during a LOCA has been of
international importance, and investigations have been conducted in the United
States, United Kingdom, Japan, West Germany and Canada. The amount and quality
of results produced has subsequently made it possible to quantitatively esti-
mate the conservatisms, or margins of safety, in the present LOCA ECCS Accept-
ance Criteria, and to compare these margins to the uncertainties in the data
base as it now exists. Such is the purpose of this report.

Research directly related to the 1204°F PCT and 17% ECR criteria falls
into two broad categories: Zircaloy-steam oxidation rates and oxidation
embrittlement-shock failure data. The first category determines the amount .of
oxidation occurring at a given time-temperature combination for a given LOCA
scenario and in essence determines the amount of embrittlement. The second
category combines embrittlement with the loading conditions to address the main
objective of the criteria, which is the prevention of cladding failures during
a LOCA. Research performed in both categories is reviewed below, and an
attempt is made to quantify and compare uncertainties and safety margins. The
text follows much the same approach as other recent reviews, such as [3].

4,1 ZIRCALOY-STEAM OXIDATION RATES

4,1.1 Recent Isothermal Oxidation Rate Data

1000-1500°C

Biederman et al. [21] oxidized Zircaloy-4 tube specimens in steam over the
range 871-1482°C. The experimental apparatus employed was called a "Gleeble",
which used electrical resistance to heat the tubes. Steam flowed into the
Gleeble through the sample tube itself, becoming essentially stagnant with
respect to oxidation of the outer surface of the Zircaloy tube. Because of
heat Toss from the tube to the apparatus, temperature gradients across the
oxide layer on the outer surface of the tube could be about 40°C per
100 microns of oxide thickness. Although temperatures were measured by thermo-
couples seated in notches or grooves in the outer wall of the cladding, ques-
tions nave been raised concerning the accuracy and calibration of temperature
measurements., The extent of reaction was measured by weight gains and by meas-
urements of the thicknesses of the oxidized phases, and showed the reaction to
follow a parabolic rate law above the alpha/beta transition temperature. The
Arrehenius relation for the total oxygen consumption is shown in Table 1 and
Figure 1. Total oxygen consumption is used,to compute the Equivalent Cladding
Reacted (ECR) in the ECCS Acceptance Criteria. Other rate constants for hydro-
gen evolution and Zircaloy consumed may be seen in Table 1 of [3]. Picklesimer
has reviewed Biederman's data and has developed a rate constant which is much
closer to that of Cathcart and Pawel [22], discussed below.
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TABLE 1. Parabolic Rate Constants for Total Oxygen Consumed (1000-1500°C)

62/2 = A exp(-Q/RT) - (gm Oz/cmz)zlsec
Curve No. _
(Figure 1) Source [ref.] Date Range (°C) A 0 (cal/mole)
1 Riederman [21] 1977 . 980-1480  0.0191 33,370
2 ‘Cathcart-Pawel ’ ' ‘
- [22] 1977 1000-1500 - '0.1811 39,940
3 Westerman [23] 1977  970-1250 0.0321 34,700
4 Biederman [247(3) 1978 650-816 5.73x10™% 27,340
5 Kawasaki et al. 1978 1000-1330 . 0.234 140,710
[25,26] : -
Ba Komatsu [25]1 1978 950-1300 0.1094 38,000
6 Urbanic-Heidrick 1978 1050-1580 0.0182 33,420
[27] 1978(3)  1580-1850 0.0541 33,004
7 Lejstikow, et al. 1978 1000-1300 0.262 41,653
[28] ) )
8 Brown-Healey [29] 1980 1000-1200 0.1028 "38,984
1200-1400 0.2238 41,627
9 Hobson-Pawel 1973 962-1406 0.1553 39,291
r9,1n]
10 Baker-Just [8](3) 1962 500-1852 2.049 45,500

(a) Not included in averages,

Cathcart and Pawel [22] heated 1-2 cm long standard tube sections in a
quartz-elliptical furnace with a very low velocity of steam at atmospheric
pressure over the temperature range 900-1500°C. Temperatures were measured
"with great precision" by thermocouples welded to the inner surfaces of the
samples, which were sealed to permit oxidation of the outer surface only.
Parabolic oxidation rate constants were determined by measurement of weight
gains and metallography. The rate constant for the total oxygen consumed
appears in Table 1 and Figure 1. Note that these rate constants are valid only
above 1000°C, because the reaction exhibited a cubic growth rate at lower tem-
peratures. This is associated with an oxide phase change from dense monoclinic
to a porous mixed monociinic/tetragonal phase.

Westerman and Hesson [23] found parabolic reaction rates over the tempera-
ture range 973-1251°C using an induction furnace with steam flowing at
7.5 gm/min. The extent of reaction was measured by hydrogen evolution and by
metallography of oxidized phase widths, The rate constant for consumed oxygen
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is shown in Table 1 and Figure 1, It is also of note that hydrogen absorption
was measured to be 220-250 ppm in these experiments, amounts “much greater than
the usual 20-30 ppm,“

Biederman [24] investigated Zircaloy-steam reaction rates at lower tem-
peratures ranging from 650-980°C. Reaction rates were found not to conform to
an Arrehenius relationship over the mixed alpha/beta range of the Zircaloy
(871-98n0°C). However, the parabolic rate constants shown in Table 1 did obey
such a relation over the temperature range 650-816°C, although the rate con-
stant so plotted in Figure 1 can obviously not be directly extrapolated from
the higher temperature data in [21].

Kawasaki et al, [25,26] exposed both inner and outer ;urfaces of 15 mm
long Zircaloy tube specimens to steam flowing at 0.4 gm/cm” min in a horizontal
tube furnace. Sample temperatures were measured by thermocouples attached to
the outer surface and placed near the inner surface of the tube segments. The
specimens required 10 to 20 seconds to reach test temperatures, and were cooled
by withdrawal from the furnace into laboratory air. Oxidation was measured by
weight gains and metallographic (phase thickness) analyses, but were not cor-
rected for oxidation occurring during heatup or cooldown. The resulting para-
bolic rate constants were found to be valid only for temperatures of 1000-
1330°C (Table 1). The reaction did not follow parabolic kinetics at 800 and
950°C. The results in Figure 1 are similar to others despite the difference in
experimental methods. Kawasaki [25] also shows other data by Ikeda and by
Komatsu, but only in graphical form, Ikeda's data closely matches that of
Kawasaki and of Cathcart-Pawel. However, Komatsu's data show slightly higher
oxygen consumption rates, and are included in order to assess margins in
conservatism. It should be noted that the pre-exponential rate constant in
Table 1 was interpreted graphically from Komatsu's Figure 2a. Also included
are results of the analysis of the Hobson-Rittenhouse data [9] by Pawel [107,
which are seen to be very similar to the Cathcart-Pawel results [22].

Urbanic and Heidrick [27] oxidized Zircaloy-2 and -4 in unlimited steam in
an induction furnace over the temperature range 1150-1850°C., Measurements of
weight gains, hydrogen evolution, and oxide phase thicknesses showed parabolic
oxidation rates to dominate over the entire temperature range. However, the
oxide morphology changed from tetragonal to cubic at about 1580°C, and two dif-
ferent rates were observed above and below this temperature. Above 1580°C, the
cubic phase is much more porous, and the oxygen consumption is considerably
faster, as shown in Table 1 and Figure 1. 1t should be noted that these
experiments are currently being repeated, but referencable results were not
available at this writing.

Leistikow et al. [28] used both tube furnaces and induction heating in Tow
steam flows (1 mg/sec) to study the Zircaloy-steam reaction over the tempera-
ture range 700-1300°C. Al1 specimens were oxidized on both inside and outside
tube surfaces, and temperatures were measured by thermocouples. Oxidation
rates were measured by weight changes and metallographic analyses of oxidation
layer thicknesses. The rate kinetics were parabolic above 900°C, but appeared
to be cubic below this temperature. The parabolic rate constants for the tem-
perature range 1000-1300°C are shown in Table 1 and Figure 1., Unpublished work
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on oxidation rates during transient heating by Sagat et al., of AECL at Chalk
River is reported [3] to be in close agreement with the isothermal studies of
[28]. _

Brown and Healey [29] oxidized Zircaloy specimens in steam in a tube
furnace over the temperature range 1000-1400°C. They found different behavior
above and below 1200°C, caused by the formation of a duplex oxide film above
that temperature. The formation of the duplex film is caused by the precipita-
tion of tin-rich particles between the two oxide layers, an occurrence reported
by many others. The parabolic rate constants for the two temperature regimes
are shown in Table 1 and plotted in Figure 1.

1500-2300°C

The above data are generally applicable over the temperature range of
1000-1500°C, which encompasses all reasonable conditions anticipated for the
LBLOCA and SBLOCA. However, the SFD scenario is postulated to reach even
higher temperatures. Data applicable to the regime from 1500 to 2300°C have
been produced in the last several years, and are reviewed in the following

paragraphs.,

Results are most often reported in terms of oxide growth rates (cm/secz)
in the higher temperature ranges because experimental determination of oxide
thicknesses is a more reliable measurement than oxygen consumption for the
relatively short times required for the oxidation to near complete consumption
of the Zircaloy. At higher temperatures, the accuracy of experimentally deter-
mined Zircaloy-steam reaction rate equations is affected by the exothermic
reaction heat., This phenomenon causes temperature gradients to occur across
the oxide film, and the determination of the appropriate temperature of the
reaction is often a difficult task. This is also compounded by phase changes
in the oxide itself. Between 1500 and 1600°C, the oxide changes from tetra-
gonal to cubic in structure , and the decrease in density permits oxygen to
diffuse to the metal at a faster rate. The result is an apparent discontinous
rise in the oxidation rate.

Urbanic and Heidrick [27] reported that the phase-induced change in the
parabolic rate constant appeared to occur at about 1580°C, and reported the
rate constants shown in Table 2 and Figure 2. Chung and Thomas [30] observed
the rate change at about the same temperature, but apparently reported only the
data rather than computed rate constants. Although Chung and Thomas also per-
formed experiments at lower temperatures, only the data above 1580°C are shown
in Figure 2, It should be noted that the data points shown connected by a line
in Figure 2 were interpreted from Figure 5 of [3]. Aly I'317 and Leistikow
et al. [32] performed tests on Zircaloy tube sections in flowing steam over the
temperature range of 1300-1600°C, finding faster parabolic reaction rates at
1550 and 1600°C accompanied by a dual-layered oxide. The inner layer was
thought to have been a cubic phase containing alpha-Zircaloy precipitates.

Most recently, Prater and Courtright [33] have performed experiments'using

laser heated disc specimens and measured sample temperatures with a two-color
pyrometer, Calibrations were carefully performed and temperature gradients
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TABLE 2. Parabolic Rate Constants for Oxide Growth Rate (1500-2300°C)

& = A exp(-0/RT) (cm/secl/?)
Curve No. S
(Figure 2) Source [ref,] Date Range (°C) A Q (cal/mol)
1 Urbanic-Heidrick 1978 1580-1850 N.144 15,910
[27] o
2 Chung-Thomas 1982 1600-1700 Data Points
£30] Only
3 Leistikow [32] 1983  1500-1600  Data p?ints'
, : only(a
4 Prater-Courtright 1085 1510-2400 5.46 . 28,235
[33]
5 Baker-Just [8] 1962  500-1852  2.3455 26,599

(a) Not included in mean.

across the sample were accounted for, resulting in accuracies of +15°C over the
range of 1300-2400°C. They observed the phase induced oxidation rate change to
occur at 1510°C, with no additional rate change occurring upon Zircaloy melt-
ing. The resulting parabolic rate constant for oxide growth is shown in

Table 2 and Figure 2, and is reported to have an uncertainty of +35%.

Scatter in the Data Base

In preparation for comparisons to be made in the next section of this
report, the means and standard deviations (at the 2¢ or 95% confidence level)
were computed for both the low and high temperature oxidation rate data bases.
The results are shown in Figures 3 and 4, and were computed from the correla-
tions in Tables 1 and 2. It is important to note that the scatter for each
individual correlation was ignored, and that the inclusion of such scatter
would increase the widths of the shaded regions in Figures 3 and 4. Computa-
tions for the low temperature data were straightforward, but deficiencies in
the high temperature data base resulted in a rather large standard deviation.
This is evidenced by the inability to compute a lower bound at the 2o 1imit in
Figure 4, The data of Chung and Thomas [30] were included by fitting a short
curve to the three data points in Figure 2, but Leistikow's [32] data were
considered to be too jll-conditioned for inclusion. Note also that the Baker-
Just relation was included in computing the mean and standard deviation in
Figure 4, Future revisions of the Urbanic-Heidrick data [[27] may produce
results closer to those of Prater-Courtright 1337, thus reducing the scatter in
Figures 3 and 4.
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4,1,2 Factors Affecting Oxidation Rates

A number of factors may affect the oxidation rate of the Zircaloy-steam
reaction. Phenomena such as "breakaway" oxidation, caused by changes in the
oxide film morphology, or deformation, which causes oxide cracking, may result
in an increase in the apparent oxidation rate because the accessibility of
oxygen to the metal is increased. Conversely, factors such as hydrogen dilu-
tion of the steam at the Zircaloy surface have been postulated to slow the
oxidation rate because of "steam starvation", which reduces accessibility.
Research performed in the last decade to assess the effects of such phenomena
is reviewed in the following paragraphs, and an attempt will be made in a sub-
sequent subsection to incorporate these phenomena into the assessments of the
margins of conservatism in the current ECCS Acceptance Criteria.

Breakaway Oxidation

Breakaway is a term employed to describe an apparent increase in oxidation
rate which is not predicted by thermal arguments alone. In particular, an
oxide phase change may result in a more porous diffusion barrier for the influx
of oxygen to the underlying metal. This in turn increases the oxygen supply
rate and thus the oxidation rate itself. Several observations of breakaway
behavior have been mentioned in previous sections of this report, and the pur-
pose of this section is to review those effects on oxidation rate uncertainties
during a LOCA.

At temperatures below about 800-850°C, the oxide remains in the tetragonal
phase, and increases in oxidation kinetics from cubic to linear occur if times
are sufficiently long [32]. Such a transition is said to he caused by oxide
cracking. As the oxide grows, compressive stresses are developed hecause of
‘the volumetric expansion (about 56%) associated with the uptake of oxygen to
form the oxide from the metal. The compressive stresses are greatest in a
direction parallel to the tube surface. When stresses reach a sufficient
level, oxide buckling may occur, leaving small localized, lenticular-like voids
also oriented roughly parallel to the tube surface. This occurs about every
2-3 microns of oxide thickness. The bending associated with the buckling may
in turn introduce radial cracks in the oxide layers. The end result is that
the effective porosity of the oxide is great enough to nearly eliminate the
diffusion barrier characteristics of the oxide, and the oxidation rate becomes
linearly dependent on the oxygen supply. An alternative mechanism is that
stresses in the oxide film promote recrystallization and pore generation, which
in turn enhances cracking [34].

Between temperatures of about 850 to 980°C, the Zircaloy undergoes a phase
transformation from alpha to beta, while oxidation kinetics change from cubic
to parabolic, Although breakaway to linear kinetics is rare, Leistikow et al.
{32] observed it under transient heating conditions if oxide thicknesses were
greater than an apparent critical value. ' ‘ '

The oxide undergoes a phase transformation from tetragonal to monoclinic

over the temperature range of about 950 to 1050°C. Grain coarsening, pore
generation, and possible oxide cracking occur and may again cause oxidation
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kinetics to change from cubic to linear [32]. The pores also cause the
scalloped oxide/metal interface to develop at this stage by locally retarding
oxide growth [35]. Data in this temperature range are frequently excluded from
determination of rate constants in the higher temperature ranges.

Between the temperatﬁres of about 1050°C to about 1500-1600°C, oxidation
rate kinetics are almost exclusively parabolic. The rate constants for this
temperature range, which is most important for LOCA analyses, were plotted in

Figure 1.

At about 1500-1600°C, the oxide phase changes from monoclinic to cubic,
and the increased oxide porosity causes an apparent step increase in the para-
bolic rate constants [33]. The rate constants remain parabolic up to about
2300°C, and are not affected by the melting of the Zircaloy at about 1850°C

[£331.

It is apparent from the above discussion that breakaway effects do not
introduce any direct addition to uncertainties in oxidation rate data because
this phenomenon does not occur over the range of temperatures of interest for
LOCA analyses (>1000°C). Below this temperature, oxidation rates are generally
so slow that the 17% ECR 1imit would not be expected to be approached., How-
ever, the effects of oxide films formed during normal reactor operation prior
to a LOCA have been postulated to cause apparent changes in the parabolic rate
constants, as discussed below.

Effects of Oxidation Prior to a LOCA

During normal reactor operation, the oxidation kinetics will be cubic for
the first 100-500 days, until the oxide reaches a thickness of:2-5 microns,
where transition to linear rates occur as described above. The oxide thick-
nesses at end of life (about 30 GWd/MTM) may range between 5 and 50 microns.
This "initial" oxide (prior to the LOCA) will reduce the heat transfer charac-
teristics of the fuel rod and will thus lead to slightly higher temperatures at
the oxide/metal interface during the LOCA. This in.turn may result in appar-
ently faster rate kinetics. Although this initial oxide was formed in a radia-
tion field, no effects are expected under LOCA conditions because the radiation
damage anneals out at 400-450°C via thermally activated recovery processes
[34,36,37]. ,

Leistikow et al. [28] pre-formed oxides up to 50 microns thick at 350-
600°C prior to subsequent testing at 1000 and 1200°C. They concluded that the
preformed oxides were generally protective if subsequent temperatures remained
below 1204°C (the current PCT 1limit). OQuantitative evaluation of this protec-
tive effect is apparently not available. At higher temperatures, the tetra-
gonal phase of the oxide formed and the protective effects decreased.
Leistikow et al. [32] also pre-formed oxides up to 30 microns thick at 400-
800°C, subsequently exposing the samples to transient oxidation conditions.
They concluded that the effects of the initial oxide layer on subsequent
kinetics were not systematic and did not provide an adequate data base for
modeling the phenomenon,
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Biederman [24] pre-formed 5 and 10 micron oxide films at 871°C and subse-
quently oxidized the samples at 980-1315°C. Although slower rate kinetics were
reported, the analysis has been questioned by Mann et al. [3]. The rate reduc-
tion for 10 p films ranged between 52% at 982°C to 23% at 1316°C, while the
rate reduction for the 5 micron prefilm ranged between 9% at 982°C to ahout
zero at 1204°C., Kawasaki et al. [25] found a protective effect for one micron
thick initial oxides formed at 300°C and subsequently oxidized at 900 and 950°C
for up to 50 mins, the weight gain being reduced by about 25-10%, decreasing as
time increased. At higher temperatures, the preoxidation was not effective.

Mann, et al, [3] have commented on the unpublished work of Inglesias
(AECL) as follows....Although protective effects of preoxides have been claimed
for temperatures less than 1200°C, this is supported by only 3 out of 12 data
points in (24). The oxygen gradient in the stabilized alpha Zry layer dictates
the speed of oxide/alpha interface movement during further oxidation at a dif-
ferent temperature. Parabolic kinetics will be reestablished as this oxygen
gradient adjusts by diffusion to the new temperature., At temperatures above
1200°C, diffusion is so rapid that this adjustment occurs rapidly and little
effect of preoxidation occurs. Such an effect cannot be modeled by parabolic
rate laws, but rather by moving boundary diffusion models...It would therefore
be concluded that the above results seem reasonable.

From Figure 5, it can be estimated that the average protective effects
could be approximated to be about a 50% reduction in parabolic rate constants
at about 1000°C, decreasing to zero at ahout 1200°C. If it is further assumed
that this rate reduction is in addition to the scatter in the data, the protec-
tive effects of pre-films can be represented by the shaded area labeled "pre-
film" in Figure 6. The magnitude of the prefilm effect in Figure 6 was found
by multiplying the mean value by the enhancement factor, as will be done for
all factors which affect oxidation rates. It can be seen from this figure that
the scatter originating from prefilm effects is less important than the scatter
in the isothermal oxidation data itself. Because the prefilm effects are
reductions in rate constants, they are generally ignored in LOCA calculations,
thus introducing an additional measure of conservatism (i.e., additional
margin). 1In this context, the electrically heated experiments of Hagen et al.
[38] have recently shown that oxide films formed during the earlier (heatup)
stages of a LOCA delay the autocatalytic behavior of the Zircaloy-steam
reaction and 1imit peak cladding temperatures to be less than 2200°C, about
two-thirds of the original temperature predictions. Slower heatup rates permit
thicker protective oxides which reduce both the reaction rate (longer diffusion
lengths) and the total inventory of Zircaloy metal available for rapid
exothermal reaction later in the LOCA.

- Saturation of the Beta Phase

The interior beta phase approaches saturation with oxygen as the Zircaloy-
steam reaction proceeds, whereas parabolic rate equations assume that there
exists an infinite sink for the oxygen. Therefore, parabolic rate constants
may appear to increase as the beta phase saturates. This is true for the oxide
and alpha phase rate constants. However, the oxygen consumption rate constant
decreases since the capacity of the Zircaloy to absorb oxygen is decreasing.
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Pawel and Campbell [39] have investigated this effect over the temperature
range of 1000-1500°C. At 1300°C, they found that the initial parabolic rates
were maintained for about 500 seconds for single sided oxidation, This is
longer than the expected duration of a LBLOCA, as is even a very rough estimate
for beta saturation during two-sided oxidation (250 seconds). However, the
SBLOCA may have larger duration and these effects may be important, Pawel and
Campbell report rate constant increases for non-deformed cladding of 3-17% and
45-135% respectively for the oxide and alpha phases, while the oxygen uptake
rate constant decreases by 3-13%. The latter is shown in Figure 6, and is seen
to be a minimal effect compared to the scatter in the data, adding a small
conservatism to LOCA calculations. :

In the higher temperature ranges (above 1500°C), Prater estimates that
beta saturation introduces an uncertainty of +5% in oxide growth rates.
Although this estimate has not been previously published in the open litera-
ture, it is shown in Figure 7. The oxide growth rate enhancement is assumed to
be included in Prater's overall estimate of 135% uncertainty, which is shown by
the error bars in Figure 7. The oxide growth rate increase at high tempera-
tures is seen from this figure to be a relatively small effect compared to the
scatter in the data base itself. The effect is therefore generally ignored in
numerical simulations of SFD scenarios which span this temperature range. It
should be noted that Prater's disc samples are 0.9 mm thick, compared to typi-
cal PWR cladding wall thicknesses of about 0.69 mm, A thinner sample may thus
make this effect relatively more important.

Deformation Enhancements

Depressurization of the primary coolant during a LBLOCA or SFD will permit
cladding deformation (ballooning and possibly rupture) to occur because the
fuel rod internal pressure may be greater than the external (coolant) pressure.
In this case, oxidation and deformation can occur simultaneously. This in turn
may result in an apparent enhancement of oxidation rates because (1) ballooning
increases the surface area of the cladding and permits more oxide to form per
unit volume of Zircaloy, and (2) the deformation may crack the oxide and pro-
vide increased accessibility of the oxygen to the metal. However, deformation
generally occurs before oxidation rates become significant, i.e., below 1000°C.
Consequently, the lesser importance of this phenomenon has resulted in a
relatively sparse data base, as described below.

Knights and Perkins [40] reported oxidation rate enhancements of 1.2 to
2.0 for temperatures between 400 and 475°C and oxides thicker than about
2 microns when tensile stresses in the creep range were imposed on the sample.
These enhancements occurred in steam and wet oxygen, but not in pure oxygen,
and are shown in Figure 8. Bradhurst and Heuer [41] used the Zircaloy ring
compression -test in flowing steam at 700-1300°C to produce localized oxide
thickness enhancements of up to about 2.15. Maximum enhancements occurred at
slower strain rates, and a mechanism was proposed to explain this phenomenon.
However, the overall weight gain or average oxide thickness in [41] was only
minimally increased because of the localization effects of cracks in the oxide
layer. Bradhurst's localized oxidation enhancements are shown.in Figure 8,
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Leistikow and Kraft [42] used pressurized tubes to simulate simultaneous
oxidation and creep at 900°C in either argon or steam for up to 30 mins.
Increasing stress caused more oxide cracking and greater oxide thicknesses.
However, the enhancement factor was not available at the time this report was
prepared.

Furuta and Kawasaki [43] used tens;le specimens axially strained to fail-
ure at a strain rate of about 2.8 x 107%/sec and simultaneously oxidized in
steam at 700-1000°C to study deformation-induced enhancements. The results
shown in Figure 8 decrease with increasing temperature and increase toward
apparent saturation with increasing strain. The maximum oxide thickness
enhancement of 1.3 occurred at 700°C and about 18% strain after ahout 300 sec
of exposure to steam, Very small enhancements occurred at about 8% strain at
1000°C. The details of the oxide morphology were not reported.

Parsons and Hand oxidized pressurized Zircaloy tubing in flowing steam at
710 and 800°C. This work is described in [37. Average diametral strains
ranged between 5 and 30% after 5-7 hours of exposure, but localized strain
ranged up to 80% at the rupture location. Weight gain enhancements of 2.0-2,5
at 710°C and 2.5-3.0 at 800°C were observed, being caused by the combined
effects of increased surface area due to ballooning and by oxide cracking.
Extensive oxide cracking was observed to occur at 10% strain at 710°C and at
5% strain at 800°C. Oxide thickness enhancements followed the same trend as
weight gains, and are illustrated in Figure 8.

Although the data in Figure 8 are rather sparse, it is possible to make a
very crude estimate of the expected average enhancement of oxidation kinetics
by deformation. This is shown by the dashed curve in Figure 8, which was fit
to the data points by least squares, and ignoring the localized enhancement
data of [41]. The rate enhancement data of [40] were assumed to be of the form
cm/sec*/2, This average curve is taken to represent the oxygen uptake or oxide
thickness enhancement, whjch is proportional to the square root of the enhance-
ment in rate constants (6%/2) because the deformed versus nondeformed samples
were oxidized for the same time periods. The squares of the enhancement fac-
tors (E) are thus plotted in Figure 6, which shows that deformation induced
enhancements introduce significant uncertainties in the parabolic rate constant
for oxygen absorption over the Tower temperature range. The effect is much
less important in the higher temperature _range, as shown in Figure 7, where the
increased scatter due to E rather than E< is plotted. However, these effects
are implicitly included in embrittlement/failure data, as will be seen in later
discussions concerning the margins in the PCT and ECR criteria. Also, effects
of increased surface areas on exothermic reaction heat generation and oxidation
rates are accounted for in codes which simulate LOCAs. Therefore, deformation
effects may not be a viable contributor to scatter in the parabolic rate
parameters in Figures 6 and 7, The effects of internal stress distributions
and metal strains caused by the volumetric expansions associated with oxygen
uptake and oxide formation [reviewed in ref. 3] are also implicit in such data,
but apparently do not affect the .basic oxygen transport mechanisms [447.
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Effects of Air

The reactor primary coolant system is pressurized during operation. The
pipe break that occurs during a LOCA permits exit of this coolant. When the
core becomes uncovered, steam is generated and also exits the break. The
injection of ECCS fluid consumes the free volume in the core, forcing steam
and/or fluid out of the break. At all times, the core pressure is expected to
remain above the containment pressure at the pipe break, so that no air would
be expected to enter the core. However, some experiments have been conducted
to assess the effects of various gaseous impurities in the steam on oxidation
rates. These data are included here for informational purposes.

The primary effect of air on Zircaloy-steam oxidation is an increase in
the apparent oxidation rate. This occurs because the high nitrogen content of
air (about 78% by volume) forms nitrides with the Zircaloy, which then oxidize
and permit easier access of oxygen to the metal. The nitrides also have a
higher Pilling-Bedsworth ratio than the oxides, so the reaction film is prone
to more cracking, which also may increase apparent oxidation rates. However,
Cathcart et al. [45] added 10% nitrogen to steam at 1100 and 1300°C, and found
no significant changes in oxidation rates. Leistikow et al. I46] oxidized Zir-
caloy tubes in steam and air for comparison of rupture test results, finding
minimal effects on oxidation and rupture characteristics at temperatures below
about 800°C. However, the effects of air were significant at 1000°C,

Leistikow [28] also studied the effects of pure air, oxygen, and steam over the
900-1150°C temperature range. Interpretation of those plotted results shows an
average weight gain enhancement factor of 1.4 at about 10 to 15 seconds of ’
exposure time. Assuming the oxygen uptake to be proportional, this rate con-
stant enhancement factor is the square of the ahbove, or about two. The
enhancement effects of air on this oxidation rate constant are shown in Fig-
ure 6., Note again that this is included for informational purposes only
because air is not expected to enter the primary coolant system during a LOCA.

Effects of High Pressure Steam

Most Zircaloy oxidation experiments have been conducted at atmospheric
pressure. However, the reactor core may remain significantly pressurized
during a SBLOCA. The higher density of steam molecules at the oxide-steam
interface has been postulated to enhance oxidation rates, although parabolic
oxidation rate theories would predict no such effect of steam pressure. Pawel
et al. [47] conducted experiments at 905 and 1101°C at steam pressures up to
10.34 MPa (1500 psi), No effect was found at the higher temperature. However,
at 905°C either the monoclinic to cubic oxide phase transformation or oxide
cracking [47] caused an apparent oxidation rate enhancement. From Tables 1 and
5 of [47], the estimated maximum enhancement factor for the oxygen uptake rate
constant at about 410 sec and 10.34 MPa is approximately 2,9, This is shown in
Figure 6, and is approximately the same enhancement factor as for air, but
smaller than for deformation effects. It should also be noted that the null
effect at 1101°C has been confirmed by Prater [337] who found no effect at
higher temperatures, thus attributing the pressure enhancement to the oxide
phase change, ’
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Steam Starvation by Hydrogen Dilution

Steam dilution by the hydrogen generated from the Zircaloy-steam reaction
has been postulated to slow the reaction rate in an effect called steam starva-
tion. Such hydrogen may collect at the top of the core and result in insuf-
ficient oxygen availability for the reaction to procede at qormal rates,
especially for SFD scenarios. Additionally, steam ingress into the narrow
fuel-cladding gap after the cladding ruptures may be Timited, so thqt local
hydrogen overpressures may limit the reaction rate at the cladding inner sur-
face. These effects were investigated because a reduction in reaction rates
would naturally render a LOCA less severe in terms of Zircaloy oxidation, The
research performed is outlined below.

Westerman [48] noted hydrogen-induced reductions in oxidation rates as
early as 1962. Furuta et al. [49,507, Kawasaki et al. [51], Uetsuka [52],
Furuta [53], and Chung/Kassner [5] observed different oxide morphologies on the
inner and outer surfaces of simulated fuel rods ruptured and oxidized in flow-
ing steam, The influence of such inner oxides on hydrogen uptake by the Zir-
caloy is implicit in much of the laboratory data concerning embrittlement.
Homma et al. [54] and Furuta et al. [[55] tested the oxidizing effects of
flowing hydrogen/steam mixtures on non-deformed cladding over the temperature
range 950-1100°C. The hydrogen/steam ratio ranged between_0.05 to 2.0 by
volume and steam flow rates ranged between 0.5 and 18.3 cm3/sec. They found
that hydrogen/steam ratios above about 30-40% produced significant reductions
in total weight gains at the lowest flow rate and for temperatures above about
950°C. A graphical interpretation of the data from Figure 3 of [55] is shown
in Figure 9. The effect of the high hydrogen concentration on the oxygen
uptake rate constant is estimated in Figure 6. This effect has been associated
with the monoclinic to tetragonal phase transformation of the oxide, and
vanishes as temperatures approach about 1200°C. The latter conclusion is sup-.
ported by recent data from Uetsuka 56] and Prater [33], who found no effect at
temperatures of 1300°C and 1565 to 1800°C, respectively, for molar hydrogen
dilutions of up to 90%. Earlier data by Chung and Thomas [30,57,587 indicated
that the Zircaloy-steam reaction could be significantly retarded at hydrogen
concentrations of 50% to 70%. However, Prater's studies [33] suggest that
these results may have been affected by steam starvation inadvertently
introduced in the experiment by low steam flow rates. Also note that the flow
rates associated with the data depicted in Figure 9 may be lower than expected
in a LOCA. . o

Although it may be possible for low steam flow rates and for high hydrogen
concentrations to occur during an SFD scenario, a recent consensus reached the
conclusion that- hydrogen-induced steam starved conditions should not be assumed
for ECCS calculations. This result is partly due to data from Uetsuka [56] who
found that the Zircaloy-steam reaction was about 85% efficient at 1300°C. That
is, 85% of available steam was reacted whenever it was present. Although the
above consensus assumption to not permit hydrogen-induced steam starvation
seems reasonable for the cladding outer surface, the oxide morphologies
observed on the inner surfaces of ruptured rods may indeed affect hydrogen
uptake by the Zircaloy, and thus the embrittlement effects.
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4.,1.3 Margins in the Oxidation Rate Nata

The term "margin” as used in this report refers to the difference between
the prediction by a current method (i.e., criterion) and the expected extreme
value as evaluated from the data base. 1In this case, extreme value is taken to
be the maximum expected oxidation rate, which results in the minimum time to
reach 17% ECR at the 95% confidence level. The percent margin is simply the
above difference divided by this expected extreme value. The margin is thus
the amount of conservatism over and above the expected extreme value, which is
defined as the mean plus two standard deviations (X+2c in Figures 3 and 4) plus
other factors which may increase this maximum value (Figures 6 and 7). These
other factors for the two temperature ranges above and below 1500°C are dis-
cussed below.

For the low temperature regime (T<1500°C), the effects of steam pressure
are included in the expected maximum value for the parabolic oxygen uptake rate
constant. Deformation effects are excluded because they are accommodated in
other submodels of LOCA simulation codes by virtue of the oxygen uptake rate
being a function of the surface area of the cladding. Deformation effects are
also excluded for the high temperature (above 1500°C) regime, but the effect of
oxygen saturation of the beta phase is included because oxidation rates are so
rapid that saturation may be approached quickly. Beta saturation amounts to
about a 5% increase in oxide growth rates, as estimated by Prater [33].

The basis for the margin assessment at low temperatures is shown in Fig-
ure 10, where the margin is shown by the shaded region. The resulting percent
margins in Figure 11 indicate that a negative margin exists below about 1100°C
with respect to the maximum expected oxidation rates. However, there is a
growing consensus that the mean value of the parabolic rate constants should be
used in this temperature regime, It is believed that knowledge of Zircaloy-
steam oxidation behavior has heen sufficiently improved by the research of the
last decade to allow this to be done with confidence. The Cathcart-Pawel rate
constant is frequently considered to be a sufficient approximation of the mean
to permit its use as a new element of the ECCS Acceptance Criteria, replacing
the Baker-dJust correlation. The end result of this action would be to remove
all margins from oxidation calculations, yielding best-estimate rather than
conservative predictions. This seems reasonable in comparison to the
inconsistencies in the Baker-Just relation and its associated margin. Removal
of margins in this portion of the ECCS Acceptance Criteria will place greater
importance on margins concerning cladding embrittlement and failure by thermal
shock, i.e., the 1204°C and 17% ECR limits. Margins in these criteria will be
discussed in a later section of this report.

The current margins for the oxide growth rate constant in the high tem-
perature regime are shown in Figures 7 and 12. Figure 7 shows a scatter com-
parable to that indicated by Baker [59] in a recent paper. The current
criterion (Baker-Just) yields a negative margin with respect to the expected
maximum in the data base. Replacements for the Baker-Just correlation are also
being considered for temperatures above 1500°C. However, in this case the data
base is still rather sparse, and the mean is not as well defined as for lower
temperatures. The Prater-Courtright [33] oxide growth rate correlation has
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been proposed to replace the current Baker-Just requirement in the criteria.
The Prater-Courtright relation corresponds to the mean plus about 1,3 standard
deviations of the current data base for temperatures of 1500-1900°C. This is a
reasonable safety margin above the mean, but does not hound the expected maxi-
mum value of the current data base. 1If such an upper bound is desired,

Prater's uncertainty of 35% [33] clearly performs this function and can .be
added to his correlation for calculations of Zry- steam ox1dat1on behavior dur-
ing a LOCA or SFD scenario.

4.2 EMBRITTLEMENT OF ZIRCALOY DURING OXINATIONS

The main purpose of -the ECCS Acceptance Criteria is to ensure that a cool-
able core geometry is maintained during and after a LOCA. The loss of coolabhle
core geometry may occur ‘when the Zircaloy cladding becomes sufficiently embrit-
tled by steam oxidation so that the cladding would shatter upon cooldown or
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during post-LOCA removal of the fuel rods from the reactor core. Such frac-
tures may permit fuel and cladding fragments to fall to the bottom of the core,
creating a rubble pile. The cooling characteristics of such a rubble pile were
not known at the time of the ECCS hearings, and the criteria thus apply both to
thermal shock during the LOCA and to handling forces during rod removal after
the LOCA. It is the purpose of this section to assess the safety margins in
the two quantitative embrittiement criteria for both cases. The specific cri-
teria to be addressed are the 1204°C PCT and the 17% ECR limits. The PCT limit
prevents the cladding from entering a temperature regime where the oxidation
reaction accelerates and embrittlement occurs rather quickly, while the ECR
limit specifies the maximum amount of oxidation allowable at temperatures below
the PCT. The other criteria pertaining to embrittlement are qualitative in
nature, and specific margin assessments are not possible with the methods used
in this report.

4.2.1 Recent Research Results

Zircaloy oxidation-embrittlement research performed in the last decade
include both in-reactor and laboratory experiments under various conditions.
Although the data from each source are frequently voluminous, the number of
independent investigations is substantially less than for the reaction rate
data addressed in Section 4.1 of this report. Because in-reactor oxidation and
embrittlement is a rather complex process, the following paragraphs will con-
centrate on experiments which have attempted to emulate fuel rod behavior by
employing either actual or simulated fuel rods. Such experiments implicitly
include effects such as cladding deformation/rupture and hydrogen absorption.
However, the axial restraint provided by the grid spacers in power reactors has
usually been neglected, even though these forces may be quite important in
determining the fracture behavior of the cladding during the thermal shock
which occurs during quench. Some data are available to assess the effect of
axial forces on the PCT and ECR margins and are also reviewed below.

Thermal Shock Data

Chung and Kassner [5] developed an extensive oxidation embrittiement data
base for Zircaloy cladding for both thermal shock and impact/handling over tem-
peratures ranging from about 800°C to about 1500°C. The thermal shock experi-
ments employed standard Zircaloy-4 cladding with 0.635 mm wall thickness. The
200 mm long simulated fuel rods were filled with alumina pellets sized to
produce a 0.20 mm diametral fuel-cladding gap and prepressurized with helium or
argon-at 6.89 MPa. The cladding was heated directly with an ac power supply at
about 10°C/sec up to the isothermal oxidation temperature, which was maintained
to within £7°C in a flowing steam atmosphere at 0.06-0.08 MPa. Temperatures
were measured by 5 thermocouples attached to the cladding outer surface. Clad-
ding specimens typically ruptured at about 750°C, exposing the inner surface to
the steam atmosphere. Although the effects of hydrogen absorption and two-
sided oxidation of the cladding are implicit in these experiments, this is
probably not the case for axial restraint. The tube ends were secured by stan-
dard "pressure tubing fasteners, which can slip under axial loads. There is
also no mention in [5] that the fasteners may have been axially restrained.
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After a specified time period at temperature for oxidation, the simulated
fuel rods were cooled by either of two methods to study the effect of cooling
rate on the microstructure of the prior beta region (see Section 2). Fast
cooling at about 100°C/sec was achieved by bottom-flooding the experimental
apparatus with water within about 3 seconds, producing violent boiling.
Nucleate boiling was established at the Liedenfrost point at about 500-570°C.
Slow cooling through the alpha plus beta range of the Zircaloy was controlled
at about 5°C/sec, followed by bottom flooding with water at about 827°C. The
cooling rate in the final cooling stage was about 970°C/sec, producing about
the same thermal shock for the two cooling methods [5]. The data produced by
this experimental method are shown in Figure 13, where the effect of a fast
cooling rate is seen to reduce the allowable time at temperature by about a
factor of two [5]. The curves in Figure 13 were "best fit" in [5] and
interpreted graphically from [5] and [60]. It is also of note that Chung and
Kassner observed an effect due to-the heating method: at temperatures below
about 1277°C, cladding temperatures in ballooned regions were less than in non-
ballooned regions because of a fin-cooling effect. Axial temperature gradients
as large as 160-180°C were observed. Consequently, fractures occurred in non-
ballooned regions for maximum temperatures below about 1250°C, and in ballooned
regions for maximum temperatures above about 1327°C, the latter dominated by
the effects of cladding wall thinning that occurs during ballooning and
rupture. Other handling failure experiments also performed by Chung and
Kassner [56] will be described below.

Furuta, et al. [61] also used Zircaloy-4 tubing with alumina pellets to
simulate thermal shock behavior. The cladding had a wall thickness of
0.725 mm, the fuel-cladding diametral gap was 0.30 mm, and the simulated fuel
rods were 500 mm long. The rods_were heated in an infrared vertical tube fur-
nace in flowing steam at 267 g/m“ sec and temperatures were monitored by three
thermocouples attached to the cladding outer surface. After the pre-
pressurized rod simulators ruptured and were oxidized at predetermined iso-
thermal temperatures (900-1300°C) for the specified amounts of time, cooling
was achieved by bottom fiooding with water at the oxidation temperature (fast
cooling at about 300°C/sec) or by cooling slowly (5°C/sec) to 500°C and then
bottom flooding. ‘Some of the experiments were equipped with an electronically
controlled Toad cell that provided axial restraint at the end of the isothermal
oxidation period. The data are shown in Figure 13. Although the curves are
not fit by any statistical means, the non-restrained cases appear to match the
data of [5] rather closely above about 1150°C. At lower temperatures, in the
monoclinic-tetragonal phase transformation region for the zirconia, the failure
times are increasingly less than in [5]. Axial restraint reduces the allowable
oxidation time by a factor of about two, similar to the effects of cooling rate
in [5]. A1l axially restrained rods which failed did so at axial loads less
than 1.5 KN, and cooling rate had no discernable effect for the restrained
rods. Failures occurred randomly along the axis of the rod simulator in these
experiments, and no correlation between oxidation and failure position could be
found. Significant amounts of hydrogen upake also occurred at the cladding
inner surface.

A series of 56 fuel rods were tested in the Power Burst Facility (PBF) in
Idaho under the Irradiation Effects and Power Cooling Mismatch Programs. The
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data and their relation to the ECCS Acceptance Criteria have been discussed by
Haggag [62]. A total of 16 separate in-reactor experiments were conducted in a
pressurized water l1oop in the PBF., The fuel rods were 914 mm long, with cladd-
ing wall thickness ranging from 0.59 to 0.62 mm, Cladding temperatures were
measured by three thermocouples attached to the outer surface. The general PBF
test sequence consisted of thermal-hydraulic power calibration, a precondition-
ing period to crack and/or restructure the fuel, and testing under film boiling
conditions. Film boiling was achieved by either decreasing the coolant flow
rate or increasing power at low coolant flows. Heating rates were about
50°C/sec, and cooling rates were about 100°C/sec from test temperatures down to
about 327°C. Of the 56 rods tested, 16 were preirradiated at burnups up to

16 GWd/tU. No effect of pre-irradiation was found for either thermal shock or
handling failures [62]. There were 13 thermal shock failures and 9 handling
failures. The thermal shock failures shown in Figure 14 all occurred for oxi-
dation temperatures above the 1204°C PCT, as did the handling failures. The
PBF experiments apparently contained no provision for axial restraint because
instrumentation included rod elongation sensors,

Other data for the assessment of thermal shock failures are very scarce,
and apparently consist of a single rod failure experiment at CRNL, briefly
described in [60] and shown in Figure 14. However, some noteworthy experiments
have been conducted in the NSRR facility in Japan [63-66]. More than 400 tests
were conducted to study cladding oxidation and fuel rod behavior under reac-
tivity initiated accident (RIA) scenarios. The fuel rod designs were very
similar to those used in U,S. research programs. The tests were generally run
with Jow fuel rod internal and coolant pressures so that the conditions may be
similar to some depressurized LBLOCA scenarios. Cladding temperatures were
measured by thermocouples attached to the outer surface. The results of these
experiments showed that the cladding could survive measured temperatures as
high as 1727°C for two or three seconds without loss of rod-like geometry
during quench. These data are not shown in Figure 14 because the rods did not
fail,

Handling Failure Data

The ECCS Acceptance Criteria were established partly based on the data
from ring compression tests [91]. However, Furuta, et al. 617 noted
significant differences in the compression to failure results for short ring
specimens as opposed to longer sections of oxidized Zircaloy tubing. These
differences were attributed partly to the effects of hydrogen uptake at the
inner surface of the burst cladding. The relatively few ring-compression data
sets generated in the last decade [5,61] also show considerable discrepancy,
presumably caused by differences in experimental methods [3]. The characteri-
zation of handling failure propensity by such an ill-conditioned data set seems
questionable, especially in view of the fact that the diametral compression
loads during rod removal, transport, and storage operations are essentially
unknown in terms of magnitude and mode of application. The ring compression
test appears to be a specialized experimental method devised for a specialized
application. However, impact testing has a much longer historical background
with substantially better technical foundations. Further, impact conditions
may provide better analogies to the more severe loads anticipated during rod
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removal by overhead crane, accidental rod drop during removal or storage opera-
tions, or transport conditions. Consequently, this report will address

handling failures in terms of laboratory impact and in-reactor rod removal data
only, which provides an apparently more consistent data base to assess margins.

An extensive impact failure data base was developed by Chung and Kassner
[5] using the same Zircaloy cladding as in their thermal shock experiments.
Both undeformed and deformed cladding specimens subjected to the fast and slow
cooling schedules previously described were impact tested at room temperature
after oxidation. The 152 mm long undeformed samples were oxidized on both
inner and outer surfaces by flowing steam, and then impact tested in-situ by a
pendulum apparatus. The deformed cladding specimens were those that survived
the slow-cooled thermal shock experiments previously described, and were tested
on the same pendulum apparatus. The data are shown in Figure 15, where no sig-
nificant difference between the various types of ANL data can be seen. All
laboratory data shown in this figure failed at impact energies less than or
equal to 0.3 J.

In-reactor data related to handling failures are apparently limited to the
PBF data, which were described above and are also shown in Figure 15.

4,2,2 Margins in the PCT Criterion

Margins in the PCT 1imit will be assessed in a manner similar to the
assessment of margins in the oxidation rate correlations described in earlier
sections of this report. Margin is here defined as the difference between the
Towest expected bound of the data and the value of the criterion. The general
approach for computing the lowest bounds for thermal shock and handling
failures is as follows. A best estimate curve fit to a particular data set is
first determined by 1inear regression. The best estimate (or mean) curve is
then corrected for biases originating from such sources as cooling rate or
axial restraint effects. Then the 95% confidence interval is subtracted from
the corrected best estimate to produce an estimate of the lowest expected bound
for in-reactor conditions. Subtracting the value of the criterion (i.e.,
1204°C) from this lowest expected bound then produces the minimum margin
expected for in-reactor conditions.

PCT Margin for Thermal Shock

Two data sets are of possible use to determine the PCT margin for thermal
shock: the in-reactor PBF data [62] and the ANL laboratory experiments [5].
However, these data apparently cannot be combined to form a single data set
because of the bias which can be seen by comparing Figures 13 and 14, The PBF
oxidation times to failure are obviously longer than the ANL times for the same
temperature, even though the average wall thickness of the PBF cladding was
slightly less. This effect may have been caused hy the relation between wall
thickness and the hoop stress caused by thermal shock. Although about two-
thirds of the ANL data is at temperatures ahove the PCT limit, the PRF data set
was selected to determine the PCT margin for thermal shock hecause the data
originated from actual in-reactor experiments.,
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The PBF data for fast-cooled thermal shock failures are repeated in Fig-
ure 16, along with a curve best fit by the least squages method. The correla-
tion coefficient for this curve is a relatively low rc = 0.73. Because the PBF
data were classified as fast-cooled, no correction is required. However, there
was no axial restraint in these experiments because the rods were too short to
require grid spacers as in power reactors. Therefore, the best estimate
failure times are reduced by the factor of two determined above by comparison
of restrained versus non-restrained thermal shock failures in the laboratory.

The confidence interval for in-reactor thermal shock failures was esti-
maf7g using standard statistical techniques [67]. The value of the product
represents two standard deviations about the mean, or a 95% confidence
interval. t is the value of Student's t for 95% confidence and for the given
number of data points (n), and V is described by

2
v=o?|1+1l4 n(X-X) (5)
3 (x;%)?
1 1
2 _ 1 L . 12
with of =1 5{, (y;-9;)° (6)

and 91 is the expected value of the curve fit at X;
X is the mean of all X;
X is the value of the 1ndependent variable at which tvl/2 is evaluated.

For the curve fits in this report, the indeRendent variable was chosen as X =
04/T(°K) or as the natural logarithm of 107/T, depending on whether the curve
fit was linear or logarithmic. Logarithmic curve fits were frequently used in
an attempt to reproduce the downward trend in the time-temperature curves at
high temperatures commonly found in the literature [5,60], and shown in Fig-
ure 13. The dependent variable y was chosen as the common logarithm of the
failure time in seconds.

Note that the above formula for V contains the number 1 enclosed within
the parentheses. This means that the lower bound to be computed provides a 95%
confident estimate that the next data point to be collected will fall within
the confidence interval for the failure time. It is assumed here that the next
data point will originate from a LOCA in a commercial reactor. Deleting the 1
in the parentheses of the V equation provides the 95% confidence interval for
the best fit correlation itself, and is not of immediate use in the present
analysis. Also note that the V formula is valid only for the next single data
point, but not for all future data. Estimation of confidence intervals for the
latter requires much more sophisticated statistical techniques [68]. The
confidence interval was estimated using the expected values (y;) from the
original best fit correlation, not the curve corrected for res%ra1nt effects.
However, the computed confidence interval was subtracted from the corrected
mean (labeled "Restraint Effects" in Figure 16) to produce the lowest expected
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bound. It may be of interest to note that the PBF lower bound is nearly iden-
tical to the best fit curve for ANL slow cooled data, corrected for cooling
rate and axial restraint effects. The latter will be discussed in later
paragraphs.

The 95% lower bound in Figure 16 is actually valid only over the range of
the PBF data, which do not extend below about 1265°C. The PCT margin for
thermal shock appears to vanish at about 210 seconds of oxidation time at
1204°C, This is about the same time anticipated for the maximum duration of a
LBLOCA, It was therefore desirable to check this result by comparison with
Furuta's [61] data for restrained thermal ahock failures at lower temperatures.
These data, along with a best fit curve (r 0.77) and 95% lower bound, are
also shown in Figure 16. It can be seen that the lower bounds for the two data
sets are consistent, even though Furuta's cladding had a wall thickness about
20% greater than in the PBF experiments. Correcting Furuta's data for wall
thickness effects would reverse the relative positions of the two lower bounds
in Figure 16, while maintaining the same approximate spacing between the bounds
in their region of overlap. This is probably not a significant effect, and
Furuta's data are considered to confirm the validity of the lower bound esti-
mated from the PBF data. The PCT margin for in-reactor thermal shock is thus
represented by the shaded region in Figure 16. This margin is adequate for
LBLOCA events, but may not be sufficient for events of longer duration at clad-
ding temperatures approaching 1204°C. The margin for lower temperatures will
be addressed in subsequent paragraphs.

PCT Margin for Handling Failures

The ANL [5] and PBF [62] handling failure data are repeated in Figure 17,
along with two correlations best fit by the least squares method. The dashed
curv§ was fit to the ANL laboratory data only, with a correlation coefficient
of r& = 0.92. The 95% confidence interval for the next data point, assumed to
be a LOCA, is also shown as a dashed curve which passes through the PCT limit
at almost the same oxidation time as did the lower bound for the thermal shock
data. This lower bound estimate excludes three of the PBF data points from the
95% lower bound confidence interval. This amounts to 3/9 or 33% of the PRF
data base, which indicates that the lower bound based on ANL data alone may not
be an adequate estimate.

. The PBF handling failure data base is so sparse and scattered that a least
squares curve fit yielded a 1ine with very low slope and a 95% lower bound that
was so minimal that it could not be plotted in Figure 17. It was therefore not
possible to use the PBF data alone to produce an estimate of the expected
in-reactor handling failure boundary. However, the two data sets appear to
present a consistent representation of handling failures in that there is no
obvious bias. Also note that it is not necessary to correct the best fit cor-
relations for fast-cooling or axial restraint effects, because the PBF data
were fast cooled and there is no restraint effect anticipated for handling
failures. Therefore, the two data sets were analyzed as a single data base,

and the best fit curve (r2 = g, 85) is shown by the solid line in Figure 17,
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Note that the two best fit curves cross at about 1250°C, indicating that hand-
ling failure correlations are invariant to the above assumption in the vicinity
of the PCT limit.

The 95% confidence lower bound for the combined data base is also shown by
a solid line in Figure 17, and excludes only one of nine (11%) of the PBF data
points. This appears to be a more acceptable estimate of the lowest expected
handling failure boundary, and crosses the PCT limit at about 160 seconds of
oxidation time, or 76% of the value found for thermal shock failures. The PCT
margin for handling failures may therefore be depleted before the end of a
LBLOCA if cladding temperatures exceed 1204°C.

Both PCT margins are summarized in Figure 18, It should be restated that
these margins are estimated minimum measures of safety over and above the cur-
rent 1204°C PCT limit, and include estimates of the uncertainties and biases in
the data. The effects of cladding deformation (ballooning and rupture), hydro-
gen absorption, cooling rate, and axial restraint are also included, The mar-
gins in Figure 18 were estimated for the case that the next data point to be
added to the data base would originate from a power reactor LOCA., With 95%
confidence, the margin for that data point would actually be greater than those
plotted in Figure 18. At the 67% confidence level, the PCT margins would be
roughly twice those shown in Figure 18, as would the times for depletion of the
margins. Although this would certainly provide large PCT margins for the
LBLOCA, such margins may still be depleted before the end of other LOCA
scenarios of much longer duration. However, this is the regime of the 17% ECR
1imit because temperatures will generally be below 1204°C. ECR margins are
discussed in the following paragraphs.

4,2,3 Margins in the ECR Criterion

Thermal shock and handling margins in the 17% ECR limit were assessed
using the resuits of the above analysis. Again, the minimum margins of safety
for in-reactor conditions were estimated by subtracting the most limiting case
from the estimated lowest bound of the data at a specified confidence limit,
assuming that the next data point to be obtained will originate from a LOCA in
a power reactor. The "most Timiting case" was assumed to occur for two-sided
oxidation of cladding that has ballooned and ruptured, since this is thought to
occur in the hottest region of the core. The most limiting case is the first
to reach 17% ECR at a given temperature. Greater wall thickness or one-sided
oxidation require longer times to reach 17% ECR. Margins were estimated for
two cases of oxidation rate correlations: the conservative Baker-Just correla-
tion which is currently required by the Criteria, and the "best-estimate"
Cathcart-Pawel correlation which closely approaches the mean value of the data
base described earlier in this report.

ECR Margin for Thermal Shock

Estimates of the lower bounds for thermal shock failures at the 95% confi-
dence level are shown in Figure 19, The previously published 5,607 ANL curve
for slow cooled, non-restrained cladding is shown for reference, along with a
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FIGURE 19. Thefma1 Shock Failure Boundaries at the 95% Confidence Level
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curve best fit by the least squares method (r2 = 0.83). The latter curve was
developed in the course of estimating the 95% lower bounds. Because this curve
represents slow cooled, non-restrained data, corrections must be made to ensure
proper representation of the most severe in-reactor conditions. Therefore, the
best fit correlation was divided by a factor of four: a factor of two to
account for fast cooling effects and another factor of two to account or axial
restraint effects. Such effects were described in previous sections of this
report. The resulting "corrected" curve is labeled ANL-C4 in Figure 19, as is
the corresponding 95% lower bound. For comparison, the 95% lower bound for the
ANL curve corrected for only one of the above effects is shown, and is labeled
ANL-C2. This curve is somewhat similar to the lowest observed 95% confidence
bound from the axially restrained data of Furuta [61]. The ANL-C4 and JAERI
[61] 1ower bounds seem consistent in terms of axial load bearing capability
because the cladding wall thickness was about 15% greater in the latter. How-
ever, they may be inconsistent in terms of the wall thickness versus thermal
shock hoop stress relation.

The 95% lower bound for the ANL-C4 curve is repeated in Figure 20, along
with the "most-1imiting" curves for 17% ECR. The most limiting cases were com-
puted assuming two sided oxidation of cladding that had been ballooned (32%
diametral strain) before rupture. The original wall thickness was chosen as
0.635 mm, the same as the ANL cladding. The time to reach 17% ECR at a given
temperature was computed for these cases using the oxidation rate correlations
shown in Table 1. It is evident in Figure 20 that the most limiting cases are
non-conservative with respect to the 95% lower bound from the ANL-C4 curve.
However, some conservatism, or margin, remains at the 50% confidence level.
This means that the next data point to be obtained (from a LOCA in a power
reactor) will fall above the dashed curve labeled 50%-TS in Figure 20 with 50%
probability. This is a significantly smaller confidence interval than pre-
viously available, but could still be adequate considering the magnitude of the
corrections made above for fast cooling and axial restraint. Note that the
conservative Baker-Just oxidation correlation provides a finite margin over the
entire temperature range of interest, whereas the margin for the "best- -
estimate" Cathcart-Pawel correlation vanishes as cladding temperatures exceed
about 1160°C. The loss in margin is about 1% ECR at the PCT (1204°C), and
could possibly be said to be compensated by the PCT margin itself. However,
the ECR and PCT margins are sufficiently different in definition that it should
be recognized that the Cathcart-Pawel correlation probably provides no addi-
tional margin as temperatures approach 1204°C.

Further definition of "most-limiting" cases is also proper at this point
in the discussion. The possibility exists that regions other than the bal-
looned and ruptured zone may be the most limiting with respect to thermal shock
failures. The scenario for this occurrence is as follows. Steam flow through
a ballooned (partially blocked) region of the core during a LOCA is a complex
process. Ballooning of the cladding provides additional surface area for cool-
ing and may result in a fin cooling effect similar to that observed in the ANL
experiments [5]. Flow acceleration through the partially blocked region may
further enhance localized cooling. Consequently, the hottest region may occur
upstream of the partially blocked region where some degree of flow stagnation
may occur. This hotter region then may become the most limiting case. Axial
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temperature gradients in the ANL experiments were the cause of failures occurr-
ing in nonballooned regions for oxidation temperatures below about 1250°C, and
in ballooned regions for temperatures above about 1327°C, Also, Furuta [61]
could find no correlation between the extent of oxidation and the axial posi-
tions of the thermal shock failures.

Simple calculations show that assuming two-sided oxidation (by virtue of
steam ingress) in a non-ballooned region near the rupture opening can produce
oxidation comparable to that in the rupture zone itself if the temperatures in
the non-ballooned (stagnation) zone are as little as 40 to 70°C higher than in
the ballooned/ruptured zone. Axial temperature gradients of 160-180°C were
noted in the ANL experiments, and have been observed in the NRU LOCA simula-
tions [69]. It appears possible that the increased understanding of core con-
ditions during a LOCA, acquired in the last decade, may in turn result in a
need for improved definition of the "most-l1imiting" case before changes are
made in the Criteria. In particular, the relation between fracture mode and
axial location, metallurgical condition of ballooned versus non-ballooned
regions, and axial restraint versus thermal shock hoop loads should be further
jnvestigated, Although thermal shock loadings were addressed at the time of
the hearings, the Commission did not feel that a sufficient basis existed for
incorporation of these effects into the criteria in a quantitative manner. The
subject has apparently been largely neglected since that time, despite advances
in both fracture technology and the LOCA-related data base [i.e., 70-727 which
make such an analysis possible.

ECR Margin for Handling Failures

The lower bounds for handling failures. at the 95% confidence level are
also shown in Figure 20. The upper curve is for the ANL data only, and is for
failures under impact loadings of less than or equal to 0.3J. The lower curve
is for the combined ANL and PBF handling failure data base. Both curves are
reproduced from Figure 17. It could be argued that the upper curve (ANL data
only) should be used to assess ECR handling failure margins because there were
no in-reactor (PBF) data below the PCT. However, for consistency in this
analysis, the ANL+PBF curve was used because it yields the lowest bound, and
provides the smallest expected margin. It can be seen in Figure 20 that use of
the Baker-Just correlation results in adequate margins over the entire range of
temperatures. However, use of the Cathcart-Pawel correlation results in a
vanishing margin for temperatures above about 1100°C. It would again appear
that use of the best estimate oxidation correlation results in loss of the
minimum expected ECR margin for handiing failures at the 95% confidence level,
and thus that further analyses should be conducted bhefore changes in the
Criteria are finalized. The results of the above ECR margin analyses are
summarized in Figure 21.

Alternative Analysis of ECR Margins

The above analysis indicates a possible lack of justification for
replacing the currently required Baker-Just correlation with the "best-
estimate" Cathcart-Pawel oxidation rate equation for temperatures below 1204°C,
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whereas the analysis in Section 4.1 implied that such a replacement seemed
justified. This apparent contradiction can be resolved with an alternative set
of assumptions for the ECR margin analysis, as follows.

It must be assumed that the ANL-C2 curve in Figure 19 adequately repre-
sents the 95% lower bound for thermal shock failures. Use of this assumption
is dependent upon showing that either (1) fast cooling effects are negligible
because slow cooling is expected due to decay heat considerations, or (2) axial
restraint renders cooling rate effects negligible. The latter condition is
supported by Furuta's [61] axially restrained data, shown most clearly in Fig-
ure 16. Comparison with Figure 20 shows that the ANL-C2 curve very nearly
coincides with the 95% lower bound for handling failures using the combined
ANL+PBF data base. Margins for ECR thermal shock and handling failures will
therefore be nearly identical, which is generally not the case in previous
investigations [5,60].

Figure 20 indicates that ECR margins still vanish above 1100°C for the
Cathcart-Pawel limiting case. The ANL+PBF and ANL-C2 lower boundaries must be
moved upward in order to provide ECR margins for all temperatures below the
1204°C PCT. In other words, the lower boundaries must pass through the
Cathcart-Pawel/PCT intersection point in Figure 20, at about 200 seconds oxi-
dation time. This is possible by reducing the confidence levels to 85% for
thermal shock and 88% for handling failures. These confidence levels seem
entirely sufficient to justify the use of the Cathcart-Pawel oxidation equation
in LOCA calculations, provided that the above assumptions are acceptable.
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5.0 SUMMARY AND CONCLUSIONS

The ECCS Acceptance Criteria include specifications concerning Zircaloy-
steam oxidation rate equations (the Baker-Just correlation), the maximum allow-
able cladding temperature (1204°C PCT), and the maximum allowable oxidation of
the cladding (17% ECR) to be permitted during a LOCA. These criteria were
instituted over a decade ago and were intended to yield conservative estimates
of cladding performance during a LOCA, thus providing an additional safety
margin over and above the expected uncertainties in the data base. Research
performed since that time has improved that data base to the extent where those
safety margins can be assessed quantitatively.

Such an analysis is described in this report. The general approach was to
use the current (1985) data base to statistically estimate the most extreme
values expected at the 95% confidence level for oxidation rate constants and
for cladding failure properties under thermal shock and handling conditions.
The margin of safety was defined as the difference between the estimated
extreme value and the value of the criterion, i.e., maximum expected oxidation
rate minus that predicted by the Baker-Just correlation, or minimum oxidation
time for failure by thermal shock minus the time to reach 17% ECR at the same
temperature. It is important to realize that the margins so estimated are the
minimum expected margins at the specified confidence level.

The maximum expected values for oxidation rate constants were estimated at
the 95% confidence level for the substantial data base available using standard
statistical methods. High pressure steam was the only factor found to possibly
increase the maximum expected oxidation rates above the 95% boundary in the
1000-1500°C temperature regime. This occurs only over the range of a phase
transformation in the generally protective oxide layer on the cladding surface
(950-1100°C). However, the safety margin for the conservative Baker-Just cor-
relation vanishes below about 1100°C, so the effects of high pressure steam are
also inconsequential. The minimum expected margin in the oxidation rate con-
stant rises from zero at 1100°C to 105% at 1500°C, but again vanishes at higher
temperatures (-22% at 1510°C and -40% at 1900°C). Maximum oxidation rate con-
stants for the 1500-2000°C temperature range may be slightly increased by
saturation of the beta phase, but the negative margin for the Baker-Just cor-
relation was dominated by scatter in the data base itself.

The Baker-just correlation thus yields positive margins only over the
1100-1500°C temperature range. The inconsistent margins in this currently spe-
cified oxidation rate correlation appear to indicate that alternative rate
equations may be a viable consideration for future revisions in the ECCS Accep-
tance Criteria. However, this will place more importance on margins in the
embrittlement criteria.

Margins in the Zircaloy-steam embrittTement criteria (1204°C PCT, 17% ECR)
were assessed using both laboratory and in-reactor data which simulated fuel
rods, so that the effects of ballooning and rupture, two-sided oxidation, and
hydrogen absorption are implicit in the data base. The effects of fast cooling
rates and axial restraints were estimated for in-reactor conditions, and were
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found to decrease the allowable oxidation times to failure by about a factor of
two each. The lowest expected boundaries for thermal shock and handling fail-
ures were estimated from the data base assuming that the next data point to be
added to the data base would originate from a LOCA in a commercial reactor.

The statistical method employed resulted in lower bounds which represent 95%
certainty that this next data point will fall above the failure boundaries,
with margins greater than those estimated herein.

The minimum expected PCT margin at the 95% confidence level for thermal
shock was found to be quite substantial for brief oxidation times above 1204°C,
i.e., less than 100 seconds. This margin fell to zero at about 210 seconds,
which is comparable to the anticipated duration of a LBLOCA. The PCT margin
for handling failures followed a similar trend at the 95% confidence level, but
vanished at about 160 seconds, so that the minimum margin may be depleted
before the end of a LBLOCA.

Margins in the ECR were estimated assuming that the most limiting in-core
oxidation condition occurred at the ballooned and ruptured region, which
reaches 17% ECR in the shortest time. Recent data may indicate that this
assumption should be questioned. The minimum expected ECR margin for thermal
shock did not exist at the 95% confidence level. At the 50% confidence level,
the conservative Baker-Just correlation provides a 4% to 7% ECR margin for
thermal shock, while the best-estimate Cathcart-Pawel correlation provides
about a 4% ECR thermal shock margin at 1000°C which vanishes at about 1160°C.
The minimum expected ECR margins for handling failures were specified by
laboratory impact tests at 0.3J or less at room temperature and by in-reactor
data. At the 95% confidence level, the Baker-Jdust correlation provides a 2% to
4% margin for handling failures, while the Cathcart-Pawel correlation provides
about a 2% ECR margin at 1000°C which vanishes at about 1100°C. Assuming that
the 50% confidence level is acceptable for thermal shock failures, ECR margins
may thus be adequate for calculations performed with the currently required
Baker-Just oxidation correlation, but may be insufficient for the best-estimate
Cathcart-Pawel correlation. An alternative analysis of ECR margins was found
to provide justification for use of the Cathcart-Pawel relation at about the
85-88% confidence level, if the effects of cooling rate can be discounted.

Note that these are minimum expected margins at specified confidence
levels, and were estimated from the failed data only. The present analysis may
be improved by employing statistical techniques which utilize the entire data
base (failed and non-failed) to better define the failure boundaries via logis-
tic regression methods [67]. This may provide additional margins. The general
results of the present analysis seem somewhat contradictory. Revision of the
oxidation rate equation requirements to permit use of best-estimate correla-
tions is indicated. This does not -affect the PCT margin, but may yield insuf-
ficient ECR margins. However, these criteria have generally been found to be
conservative in other analyses [3,5,6] using more sophisticated methods to
simuiate the oxidation reaction [73-75]. It is believed that an analysis of
Zircaloy fracture behavior incorporating the best available mechanistic oxida-
tion codes described in [73-75] will reveal that sufficient margin in fact does
exist for simplified LOCA calculations based on the best-estimate Cathcart-
Pawel correlation. ‘
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