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Abstract

A new model for the in-reactor corrosion of Improved (low-tin) Zircaloy-4 cladding irradiated in
commercial pressurized water reactors (PWRs) is described. The model is based on an extensive
database of PWR fuel cladding corrosion data from fuel irradiated in commercial reactors, with a
range of fuel duty and coolant chemistry control strategies which bracket current PWR fuel
management practices. The fuel thermal duty with these current fuel management practices is
characterized by a significant amount of sub-cooled nucleate boiling (SNB) during the fuel's
residence in-core, and the cladding corrosion model is very sensitive to the coolant heat transfer
models used to calculate the coolant temperature at the oxide surface. The systematic approach to
developing the new corrosion model therefore began with a review and evaluation of several
alternative models for the forced convection and SNB coolant heat transfer. The heat transfer
literature is not sufficient to determine which of these heat transfer models is most appropriate for
PWR fuel rod operating conditions, and the selection of the coolant heat transfer model used in the
new cladding corrosion model has been coupled with a statistical analysis of the in-reactor corrosion
enhancement factors and their impact on obtaining the best fit to the cladding corrosion data. The in-
reactor corrosion enhancement factors considered in this statistical analysis are based on a review of
the current literature for PWR cladding corrosion phenomenology and models. Fuel operating
condition factors which this literature review indicated could have a significant effect on the cladding
corrosion performance were also evaluated in detail in developing the corrosion model. An iterative
least squares fitting procedure was used to obtain the model coefficients and select the coolant heat
transfer models and in-reactor corrosion enhancement factors. This statistical procedure was
completed with an exhaustive analysis of the model residuals with respect to the data, as a function of
a large number of independent variables, such as rod burnup, average local power, lithium exposure,
axial elevation, etc. to evaluate whether there were any remaining systematic biases in the fit to the
corrosion data. This systematic approach determined that the coolant heat transfer models should be
revised from the standard Dittus-Boelter forced convection and Thorn SNB heat transfer models, and
that the significant in-reactor corrosion enhancement factors are related to the formation of a hydride
rim at the cladding outer diameter, the coolant lithium concentration, and the fast neutron fluence.

1. INTRODUCTION

Current pressurized water reactor (PWR) fuel management uses low leakage loading patterns,
high peaking factors and increased end-of-life (EOL) fuel burnups to maximize the economic
return on the utility investment in the fuel. These world-wide trends in PWR fuel management
lead to more severe thermal duty for the fuel, with higher cladding temperatures and extended
periods of operation under sub-cooled nucleate boiling (SNB) conditions. These more
aggressive steady-state thermal conditions present a significant challenge to the waterside
corrosion performance of PWR fuel cladding. This paper presents a new PWR Zircaloy-4
cladding corrosion model that has been jointly developed by ENUSA and KW Consulting,
Inc. based on an extensive database for Improved (low tin) Zircaloy-4 cladding operating
under current PWR fuel management practices.
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In-reactor Zircaloy corrosion is a thermally activated process, with in-reactor enhancement of
the thermal corrosion rates, and an accurate prediction of the coolant temperature at the oxide
surface is a critical component of any corrosion model. The need to accurately predict the
coolant-cladding interface temperature becomes more critical with the more aggressive
thermal duty experienced by the lead PWR fuel rods with current PWR fuel management
practices, and could therefore lead to a revision of the coolant heat transfer models used in the
corrosion model calculations. Most of the previous efforts to improve the modeling of PWR
cladding corrosion have focused on the modeling of the cladding corrosion mechanisms
themselves, and relatively little attention has been paid to how the coolant thermal models
affect the ability to predict the cladding corrosion behavior. The first section of this paper
therefore presents the results of a detailed review of several coolant heat transfer models
applicable to PWR conditions. Evaluation of these heat transfer models showed that the
differences between them have a significant impact on how well the corrosion model fits the
in-reactor data.

The corrosion model development itself, described in the second section of the paper, was
based on an evaluation of many of the in-reactor corrosion enhancement factors proposed in
the literature, and used a least squares fitting procedure to determine which of these made a
significant contribution to improving the fit of the model to the in-reactor data. The model
development determined that the significant in-reactor corrosion enhancement factors are
related to the formation of a hydride rim at the cladding surface, the cladding exposure to
lithium used to control the coolant pH, and the fast neutron fluence.

2. COOLANT HEAT TRANSFER MODELS

As indicated in the Introduction, PWR fuel is now irradiated in a more severe thermal
environment than in the past, and the standard heat transfer models, used by the industry for
decades, may not be accurate enough for these new thermal conditions. As the initial step in
determining the most appropriate coolant thermal models to be used in developing the new
cladding corrosion model, a literature survey was done to review the basic research on coolant
heat transfer. The primary sources for this literature review were the basic reference
monographs on the subject of heat transfer [1] and PWR thermal analysis [2], and the coolant
heat transfer models used in the RELAP5 thermal safety analysis code [3]. The original
technical literature was consulted where it was necessary to obtain more detailed information
than is available in these review monographs.

Bulk coolant temperatures are calculated using an effective closed single channel model,
modified by using a mixing factor to account for mixing between heated and unheated
channels in the PWR fuel assembly, such that the enthalpy rise in the channel is given by

where:

H = enthalpy

FMTX = mixing factor

T(z) = bulk coolant temperature at the elevation z
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q" = heat flux

G = coolant mass flow rate

De = hydraulic diameter

The value of the mixing factor used in the effective closed single channel model has been
benchmarked against a detailed multi-channel model. Since the purpose of the corrosion
model is to calculate the cladding corrosion of individual fuel rods, the additional complexity
of using the multi-channel model for calculating the bulk coolant temperatures does not add
significant value to the overall model.

The significant coolant heat transfer models for the corrosion model development are those
related to the temperature rise through the coolant film layer at the oxide surface. There are
two regimes of interest: forced convection heat transfer, with sub-cooled conditions at the
oxide surface, and sub-cooled nucleate boiling heat transfer, where the coolant temperature at
the oxide surface is greater than the saturation temperature.

The standard model for forced convection heat transfer with turbulent flow in smooth tubes is
the Dittus-Boelter model [4], where the temperature rise at the coolant-cladding interface is

AT_=i

and the heat conductance hgim is given by

h f f lm=0.023Re08Pr04^-

where:

Re = Reynold's number

Pr = Prandtl number

kj = bulk coolant thermal conductivity

The Dittus-Boelter heat conductance constant, 0.023, has been obtained by fitting to data
obtained from single tube heat transfer measurements. Modifications of the original Dittus-
Boelter model, involving small adjustments to this constant to give a better fit to the measured
in-reactor corrosion data, have been used in some of the PWR cladding corrosion models in
the literature [5].

However, heat transfer measurements on rod bundles showed that the pitch-to-rod diameter
ratio has a significant effect on the forced convection heat transfer, and a number of forced
convection heat transfer models have been developed which have an explicit dependence on
the pitch-to-rod diameter ratio. The most significant of these modifications of the Dittus-
Boelter model in the literature are those due to Weisman [6]:
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= (0.042--0.024)Re08Pr04-^-
d D

e

and Inayatov [7]

h ^ = 0.023Re° ""

where:

s = rod-to-rod pitch

d = rod diameter

Ti = bulk coolant absolute temperature

Ts = cladding surface absolute temperature

The pitch-to-rod diameter ratio effects in the Weisman and Inayatov models increase the
forced convection heat transfer coefficient by 30-50% for typical PWR fuel assembly
geometries. A comparison between these different forced convection heat transfer models for
a typical current PWR lead rod power, 25 kW/m, is shown in Figure 1. The increased forced
convection heat transfer with the Weisman or Inayatov models is a significant effect, reducing
the oxide surface temperature by as much as 10°C from the value obtained using Dittus-
Boelter forced convection heat transfer for this lead rod. An additional significant
consequence of the Wesisman or Inayatov models is that the reduced oxide surface
temperature under forced convection conditions will raise the axial elevation for the onset of
SNB, by as much as 15% for this typical lead rod case, compared with the elevation for the
onset of SNB predicted using the Dittus-Boelter forced convection heat transfer model.

There is a much wider range of models for the heat transfer under SNB conditions, ranging
from the early models of Jens and Lottes [8], Thorn et. al. [9] and Chen [10] to more recent
models developed by Bjorge, Hall and Rohsenow [11] (BHR) and Gungor and Winterton [12]
(GW). The Jens-Lottes or Thorn models are the SNB heat transfer models are the ones usually
used in PWR cladding corrosion heat transfer calculations.

Current PWR fuel management, even with the most aggressive low leakage loading patterns
and peaking factors, does not lead to fully developed SNB, and when SNB occurs there is still
a significant contribution to the heat transfer from forced convection mechanisms as well as
SNB mechanisms. Thus a critical concern for the SNB heat transfer model to be used in the
PWR cladding corrosion model is that it combine both SNB and forced convection heat
transfer in the transition regime to fully developed sub-cooled nucleate boiling heat transfer.
This is an explicit feature of the Chen, BHR and GW SNB heat transfer models, but it is not
explicitly included in the Jens-Lottes or Thorn models. However, the Jens-Lottes and Thorn
models implicitly include the effects of the forced convection heat transfer in this transition
regime, since much of the data used in developing these two models is in the transition regime
where the component of heat transfer due to forced convection is as important as the
component due to SNB heat transfer.

204



375

o

275

0.2 0.3 0.4 0.5 0.6
Elevation

0.7 0.8 0.9

Bulk Coolant Temperature Thom SNB Heat Transfer BHR SNB Heat Transfer

Chen SNB Heat Transfer GW SNB Heat Transfer Saturation Temperature

FIG 1. Oxide surface temperature predictions with different forced convection heat transfer models.

The Chen and GW models account for the transition regime by using a parallel heat transfer
formalism in which the heat flux q" is given by

where

t) + hboU (Tsurf - Tsa

= forced convection heat conductance
= oxide (or crud) surface temperature

^ bulk coolant temperature
= fully developed SNB heat conductance
= saturation temperature

The BHR model uses a similar parallel heat transfer formalism, but it combines the forced
convection and SNB heat transfer in a root-mean-square convolution, rather than linearly.
Because the Chen, GW and BHR models explicitly account for the transition from forced
convection to fully developed SNB heat transfer, these models are applicable to a wider range
of SNB heat transfer conditions than the Jens-Lottes or Thom models.

A significant consequence of failing to include forced convection in the transition regime is
that the Jens-Lottes and Thom models may greatly exaggerate the SNB heat transfer under
PWR conditions, even for the lead rods, which results in predictions of significantly lower
temperatures at the oxide surface compared with the SNB heat transfer models which properly
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model the transition regime. This is illustrated in Figure 2, which compares the oxide surface
temperature predictions obtained using the Dittus-Boelter forced convection model and the
Thorn SNB model with those obtained using Dittus-Boelter forced convection and the BHW,
Chen and GW models for a typical PWR lead rod. There are again significant differences,
nearly as much as 10°C, between the oxide surface temperatures predicted with the different
SNB heat transfer models.
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FIG. 2. Oxide surface temperature predictions with the Dittus-Boelter forced convection and SNB
heat transfer models.

An Arrhenius form is used for the out-of-reactor thermal component of the Zircaloy corrosion
rate,

dw
^- = exp(C-Q/RT)

dt

where

w = oxide weight gain

T = metal-oxide interface temperature

Literature values for the activation energy Q range between 25 000 [13] and 32 000
cal/mole[14]. For the typical PWR lead rod oxide surface temperatures shown in Figures 1
and 2, a 10°C difference in the oxide surface temperature corresponds to a 40-50% difference
in the thermal corrosion rate due to the differences in the coolant heat transfer models. This is
a large effect, and these comparisons make it clear that the selection of the coolant heat
transfer model will have a significant impact on the PWR cladding corrosion model.
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This review and evaluation shows that the selection of the coolant heat transfer model can
have a large effect on the metal-oxide interface temperature and hence on the ability to
consistently describe the in-reactor PWR cladding corrosion behavior. However, there has
been no previous systematic assessment of the coolant heat transfer models used in the PWR
cladding corrosion models for the severe thermal operating conditions encountered in current
PWR fuel management. The focus of attention in the development of these models has been
on the mechanisms for the in-reactor cladding corrosion enhancement. As described below,
the procedure used here to develop the new PWR cladding corrosion model has included a
systematic evaluation of the heat transfer models as well as the in-reactor corrosion
enhancement mechanisms. Though this introduces an additional level of complication to the
process of fitting the corrosion model to the cladding corrosion data, the benefits of having a
more accurate description of one of the fundamental parameters affecting the in-reactor
cladding corrosion behavior, the temperature at the metal-oxide interface, are more than
sufficient justification for the additional effort required to implement this systematic
approach.

3. IN-REACTOR CORROSION ENHANCEMENT FACTORS

The nuclear power industry has devoted considerable effort to fundamental studies in order to
understand the mechanisms which cause the in-reactor corrosion enhancement. A number of
in-reactor experiments, such as the Halden IFA-593 test [15], have been conducted, and there
have been several dedicated meetings and workshops [16, 17]. hi addition, there have been a
number of detailed review reports on the current status of the understanding of in-reactor
cladding corrosion [18, 19].

Among the mechanisms which have received attention in the recent literature are:

• hydride redistribution and enhanced corrosion rates with increased hydrogen
concentrations in the metal [20, 21, 22], including hydride redistribution driven by
stress gradients [23];

• dissolution in the base metal of the precipitates which stabilize phases in the oxide
which, then, is more susceptible to increased corrosion [24];

• a boron buffering effect due to competition between lithium enhancement of the
diffusion of oxidizing species through the oxide layer with boron inhibition of the
diffusion [25]; and

• precipitates in the oxide layer which impede the growth of circumferential cracks in
the oxide and produce a pattern of small isolated cracks which impede the diffusion of
oxidizing species to the oxide-metal interface [26].

Though these studies of the fundamental mechanisms responsible for in-reactor corrosion
enhancement provide valuable insight into the variables which should be considered in
developing a practical corrosion model for use in PWR fuel rod design, these fundamental
studies are not readily adaptable to parameterization of the mechanisms. Recent corrosion
models reported in the literature [27, 28] give more usable guidance for how to express the in-
reactor corrosion enhancement on temperature, fast flux, cladding condition, coolant
chemistry, etc. The EPRI model [27] uses thermal feedback, thermally driven radial
redistribution of the hydrides in the metal which leads to the formation of a dense hydride rim
in the cladding at the metal-oxide interface; cladding precipitate size distributions and in-
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reactor precipitate dissolution, lithium hydroxide exposure, and radiation effects on the oxide
film, as the important contributors to the in-reactor corrosion rate enhancement. In contrast to
the mechanistic and phenomenological bases for the EPRI model corrosion enhancement
factors, Reference [28] relies on empirical and statistical analyses to identify the significant
factors which give the in-reactor corrosion enhancement. In most cases the empirical
enhancement factors in this model account for the same phenomena as the more mechanistic
enhancement factors in the EPRI model, but Reference [28] includes a strong enhancement
factor proportional to the mass evaporation rate, i.e. an explicit enhancement due to the
occurrence of SNB.

4. CORROSION MODEL DEVELOPMENT

Parameterization of the enhancement factors in the new corrosion model is similar to that used
in [28], with the exception that the [28] oxide thickness enhancement factor is replaced by a
simple parameterization of the Reference [27] model for hydride redistribution and the
corrosion rate enhancement due to the formation of the hydride rim. Five in-reactor corrosion
enhancement factors have been evaluated in developing the model:

• a fluence enhancement factor proportional to the fast fluence;

• a flux enhancement factor proportional to the fast flux;

• a lithium enhancement factor proportional to the coolant lithium concentration;

• a hydride rim enhancement factor which is a function of the oxide thickness, with a
threshold at an oxide thickness of approximately 15 p,m and saturation at an oxide
thickness of approximately 70 jam; and

• a boiling duty enhancement factor proportional to the product of the lithium
concentration and the difference between the oxide surface temperature and the
saturation temperature.

Boron buffering effects were evaluated in preliminary studies [29] by considering the
dependence of the cladding corrosion on boron concentration, combinations of the boron and
lithium concentrations, or the local pH of the coolant, calculated at either the coolant bulk
temperature or the coolant temperature at the oxide surface. These preliminary studies
indicated that accounting for boron buffering would not improve the fit to the corrosion data,
and therefore enhancement factors that explicitly depend on the boron concentration in the
coolant have not been included in the final model.

The fluence and flux enhancement factors are simple parameterizations to account for the
mechanistic processes of precipitate dissolution within the base metal and precipitate
formation within the oxide layer. The lithium enhancement factor is based on the known
sensitivity of the Zircaloy corrosion rate to the coolant lithium concentration established in
out-of-reactor tests. The boiling duty enhancement factor has been included due to the
significant contribution it made to the Reference [28] in-reactor PWR cladding corrosion
enhancement. A simple linear dependence on the fluence, flux, lithium concentration, etc. is
used to parameterize the enhancement factors in terms of constants, which were determined
by statistical fitting of the model to the cladding corrosion data. These simple
parameterizations of the mechanistic in-reactor corrosion enhancement processes are
sufficient to give good agreement with the data, given the large degree of scatter in the in-
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reactor cladding corrosion data, without requiring complicated calculations of the time and
exposure dependence of the enhancement factors.

The corrosion model development also evaluated several other model modifications to
determine whether it would be possible to improve the agreement between the model and the
data. These include:

• modifications to the mixing factors in the bulk coolant temperature model;

• modifications to the oxide thickness dependence of the hydride enhancement factor;

• modifications to the oxide thermal conductivity model to account for possible changes
in the conductivity under SNB conditions, or due to delamination of thick oxide layers;
and

• alternative models for the out-of-reactor thermal corrosion rate, using activation
energies which span the range reported in the literature.

None of these modifications gave any significant improvement in the fit to the data, and
therefore have not been included in the final model.

The model has been calibrated and validated using 2430 cladding corrosion data points from
more than 600 rods irradiated in 9 commercial reactors. Oxide thicknesses in this database are
as high as 130 urn, with fuel residence times to 37 000 hours and rod burnups to
50 GWD/MTU. Though there is a great deal of scatter in this database, use of such a large
database to evaluate the candidate cladding corrosion models ensures that the distinctions
between the models obtained in this evaluation will be applicable over a wide range of PWR
operating conditions. However, with such a large database and such a large degree of scatter,
careful analysis is required so that significant differences between the candidate models can be
discerned amidst the scatter.

The procedure used to evaluate and compare the candidate models was:

• select a coolant heat transfer model, i.e. a combination of a forced convection heat
transfer model and an SNB heat transfer model;

• use an iterative least squares fitting procedure to determine which of the in-reactor
corrosion enhancement factors made a significant contribution to fitting the cladding
corrosion data. The corrosion predictions for each datapoint are highly non-linear
functions of the model constants, and the least squares fit was found by a searching
procedure, with a convergence criterion that the least squares solution minimize the
residual sum of squares of the predicted minus the measured oxide thickness values to
an accuracy of one part in 10 ; and

• compare the predicted minus measured oxide thickness residuals as a function of axial
elevation, measured oxide thickness, etc. for each of the resulting best fit models to
determine whether there are any significant differences due to the choice of the heat
transfer model.

Using this procedure, it was determined [29] that the Inayatov forced convection heat transfer
model, combined with either the BHR, Chen or GW SNB heat transfer model, gave the best
fits to the cladding corrosion data.
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5. RESULTS

The iterative least squares fitting procedure determined that the lithium and hydride
enhancement factors give the most significant contributions to fitting the data. The fluence
enhancement factor gave a significantly smaller contribution to minimizing the residual sum
of squares, but it has been retained because it made a significant improvement to the behavior
of the residuals as a function of axial position. The flux and boiling enhancement factors make
a negligible contribution to minimizing the sum of squares, with the best fit values giving no
more than a 3% enhancement of the corrosion rate for any of the datapoints at any time in life.
This is a negligible effect relative to the overall scatter of the PWR cladding corrosion data.
The difference between the new corrosion model and the Reference [28] model, i.e. the
statistical insensitivity of the new model to an explicit enhancement factor related to the SNB
duty, is a consequence of the coolant heat transfer model used in the new corrosion model.
This gives significantly higher temperatures under SNB conditions than the SNB heat transfer
model used in Reference [28], and with this perspective it can be seen that the Reference [28]
boiling enhancement factor is needed to compensate for an underprediction of the thermal
corrosion rates under SNB conditions obtained when the Dittus-Boelter forced convection and
Thorn SNB heat transfer models are used.

The final functional form of the new PWR cladding corrosion model is

, ~~ rmaflJ?flu-rliy<irLi ,,

where

Fmati= material corrosion rate multiplier

Ffiu — fluence enhancement factor

Fhyd — hydride rim enhancement factor

FLI = lithium enhancement factor

The predictions of this model for the most limiting datapoints are quite sensitive to the model
constants. After determining the statistical best fit, a final adjustment was made to the
constants to improve the fit to the most limiting datapomts in the database. This adjustment
had a negligible effect on the residual sum of squares, increasing it by less than 2%, but gives
a significant improvement in the model's capability to extrapolate to the most limiting
operating conditions for PWR fuel. Figure 3 shows a comparison between the final new PWR
cladding corrosion model predictions and the measured oxide thickness data.

A statistical analysis of the residuals has been done to determine if there are any significant
biases in the new model. This analysis considered whether there was any statistical
significance to the functional dependence of the measured - predicted oxide thickness
residuals for more than 40 independent variables which characterize the conditions of the
PWR fuel rod operation in the cladding corrosion database. Included in the variables
considered in this residual analysis are the axial elevation, residence time, local burnup, local
fast fluence and average fast flux, lithium exposure, average bulk coolant and metal-oxide
interface temperatures, average and maximum temperature rise above the saturation
temperature, total time operating under SNB conditions, average boron exposure, cumulative
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boron exposure, combinations of the boron and lithium exposure, and average local pH
calculated at either the bulk coolant temperature or the oxide surface temperature. The
maximum R2 value for any of these residual evaluations is 0.05, which convincingly shows
that there are no significant biases in the new corrosion model with respect to any relevant
PWR fuel operating condition.

An evaluation of the impact of the revised heat transfer models has been done by applying the
model development statistical procedure using the Dittus-Boelter forced convection and Thom
SNB heat transfer models to determine the oxide surface temperatures. Not surprisingly, in
this case a significant contribution is obtained from the boiling enhancement factor, which
gives as much as a 45% increase in the in-reactor corrosion rate with the best fit value. The fit
obtained with the Dittus-Boelter and Thom heat transfer models is compared with the
measured oxide thickness data in Figure 4. This fit is not as good as that obtained with the
revised heat transfer models, though due to the large amount of scatter in the measured oxide
data this is not readily apparent in a direct comparison of Figures 3 and 4.

50 100 150 200 250 300 350 400

Elevation (cm)

FIG 5. Difference in oxide thickness predictions between the new PWR cladding
corrosion model and the fit based on Dittus-Boelter and Thom heat transfer, vs. axial elevation.
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The differences between the two fits are more clearly seen by plotting the differences between
the predictions of each of the fits as a function of axial position. The predictions of the new
PWR corrosion model, with the revised heat transfer models, minus the prediction of the fit
using the Dittus-Boelter and Thorn heat transfer models, for each point in the PWR cladding
corrosion database, are shown in Figure 5. The Figure shows that there are relatively small
differences, less than 5 urn, between the predictions of the two fits from the bottom of the rod
to the middle of span 4, at about the 200 cm elevation. From the middle of span 4 through
span 5, and in span 7, the fit based on the Dittus-Boelter and Thorn heat transfer models tends
to predict higher oxide thicknesses, by up to 20 p,m. However, in span 6, from approximately
the 290 cm to 330 cm elevation, the new PWR cladding corrosion model and the equivalent
corrosion model based on the Dittus-Boelter and Thorn heat transfer models predict the same
oxide thickness on the average, though there is a great deal of scatter.

The reason for this difference is that the Dittus-Boelter and Thorn heat transfer models are
predicting a significant amount of SNB from the middle of span 4 through span 5, and in span
7, and hence a significant additional enhancement of the in-reactor corrosion rate for these
data due to the explicit boiling enhancement factor in this fit. Both sets of heat transfer models
predict a significant amount of SNB for the data obtained in span 6. In span 7 the revised heat
transfer models predict significantly less SNB than in span 6, while the Dittus-Boelter and
Thorn heat transfer models give nearly as much SNB as in span 6, as can be seen from Figure
2. Because a significant amount of the in-reactor corrosion enhancement in the fit based on the
Dittus-Boelter and Thorn heat transfer models is due the boiling enhancement factor, this fit
must predict excessive in-reactor corrosion enhancement in spans 4, 5 and 7 to be able to give
a good fit to the limiting data in span 6. The revised heat transfer models used in the new
PWR cladding corrosion model, on the other hand, predict larger temperature differences
between span 6 and spans 4, 5 and 7, and is therefore able to give a better overall fit to the
data in spans 4 through 7 because it relies only on thermal feedback to give the higher in-
reactor corrosion rates needed to fit the data in span 6.

These effects due to the differences in the heat transfer models significantly affect the
reliability of the extrapolation of the cladding corrosion models from the PWR cladding
corrosion database to the most limiting PWR fuel operating conditions that determine the
commercial PWR fuel rod design operating limits. The improved calculation of the oxide
surface temperatures with the revised heat transfer models used in the new PWR cladding
corrosion model significantly increase the confidence in these extrapolations that are
necessary in the commercial fuel design process.

6. SUMMARY

A new PWR cladding corrosion model has been developed and calibrated to an extensive
database of commercial PWR Improved Zircaloy-4 cladding corrosion data, obtained under
operating conditions typical of current PWR fuel management strategies. Significant
improvement in the ability to fit the data has been obtained by revising the coolant heat
transfer models used to calculate the coolant temperature at the oxide surface. The model uses
simple parameterizations of the in-reactor corrosion enhancement factors which give good
agreement with the data, considering the large amount of scatter in the cladding's in-reactor
corrosion performance. The in-reactor corrosion enhancement factors which make a
significant contribution to fitting the data depend on the fast flux, the lithium concentration,
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and hydride redistribution and formation of a dense hydride layer at the cladding's outer
surface. A statistical analysis of the residuals shows that the model has no significant biases
with respect to many of the parameters which characterize a PWR fuel rod's operating
environment.
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