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Abstract

The mechanism of zirconium alloy cladding corrosion in PWRs is briefly reviewed, and an
engineering corrosion model is proposed. The basic model is intended to produce a best-estimate fit to
circumierenttally-averaged oxide thickness measurements obtained from inter-span positions, away from
the effects of structural or flow mixing grids. The model comprises an initial pre-transition weight gain
expression which follows cubic rate kinetics. On reaching a critical oxide thickness, a transition to linear
rate kinetics occurs. The post-transition corrosion rate includes a term which is dependent on fast neutron
flux, and an Arrhenius thermal corrosion rate which has been fitted to isothermal ex-reactor data. This
thermal corrosion rate is enhanced by the presence of lithium in the coolant, and by the concentration of
hydrogen in the cladding. Different cladding materials are accounted for in the selection of the model
constants, and results for standard Zircaloy-4, low tin (or "optimized") Zircaloy-4, and the Westinghouse
advanced alloy ZBRLO™ are presented. A method of accounting for the effects of grids is described, and
the application of the model within the ENIGMA-B and ZROX codes is discussed.

1. INTRODUCTION

Alloys of zirconium and tin, known as the Zircaloys, were developed by Westinghouse in the
1950s for use as fuel cladding in pressurized water reactors. Since that time, trends towards flexible fuel
management and higher discharge burnups in modern commercial PWR plant have led to increasingly
demanding fuel duties, which have challenged the corrosion resistance of established Zircaloy-4 cladding
materials. As a result, the waterside corrosion of PWR fuel rods, and the associated accumulation of
hydrogen within the cladding, are currently regarded as amongst the factors which are most likely to limit
fuel duties.

The purpose of this paper is to outline the development of a new engineering corrosion model,
which aims to encompass the mechanisms which govern the corrosion of zirconium alloys in PWRs, whilst
retaining a format suitable for incorporation into general fuel modelling codes. The scope of the model is
limited to corrosion in predominantly single phase aqueous environments, over the temperature range 550-
700 K. The mechanisms thought to govern the corrosion of zirconium-based alloys are briefly reviewed
in Section 2, and a format for the model is proposed. The application of the model is described in Section
3, and its validation is summarized in Section 4.

2. THE CORROSION OF ZIRCONIUM-BASED ALLOYS IN PWR ENVIRONMENTS

2.1 ISOTHERMAL EX-REACTOR CORROSION.

The isothermal corrosion of zirconium alloys is often conveniently divided into pre-transition and
post-transition regimes, each characterised by its reaction rate.
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2.1.1 Pre-Transition Corrosion

The pre-transition corrosion kinetics observed for Zircaloy-4 typically follow a cubic rate Jaw [1].
The proposed model is based on the data of Dyce [2] and Stehle [3], and follows the form proposed by
Garzarolli, Garde et al [4] :

°ox
(1)

where dw/dt is the weight gain rate in mgCydmVday; T is the metal-oxide interface temperature in K; dox

is the local oxide thickness in m; A is a constant with units of mgO2/day; Qp^ is an activation energy term
in kJ/kmol; and R is the universal gas constant (8.3144 kJ/kmol/K).

The constants A and Qp^ have been derived using the pre-transition measurements in [2] and [3],
although A has been allowed to vary slightly in order to improve the fit statistics.

2.1.2 Post-Transition Corrosion

Beyond a characteristic thickness, the corrosion rate increases to an approximately linear relation
with time. For Zircaloy-4, this transition from cubic to linear kinetics occurs at a clearly defined point
on a plot of weight gain against time. Garzarolli et al [4] have suggested that the transition thickness is
a function of metal-oxide interface temperature, and over the temperature range of interest for PWR
cladding, this corresponds to a transition thickness of 2-2.5/um. A constant value of 2.2/^m has been
assumed for the current model.

The post-transition oxide layer is known to develop a cracked and porous structure, and the
presence of microcracks is thought to provide a more direct route for oxygen migration than diffusion
along crystallite boundaries. However, it is thought that neither the cracks nor the pores extend completely
to the oxide-metal interface, and therefore that a thin "barrier" layer of impervious oxide is always present.
A linear oxidation rate would then be approached when the rate of formation of the "barrier" layer and the
rate of porosity generation reach an equilibrium. The linear post-transition corrosion rate adopted for
standard Zircaloy-4 in the present model is illustrated in Fig. 1, and follows a similar form to eqn. (1),
but without the inverse dependence on oxide thickness. Similar models proposed by Garzarolli et al [4],
Hillner [5], and McDonald et al [6] are included in Fig. 1 for comparison. The model for low tin
Zircaloy-4 uses the same activation energy term as the standard Zircaloy-4 model, but with a modified pre-
exponential frequency factor. The model used for ZIRLO™ is taken from Ref. [7].

The out-of-pile corrosion tests which are used to define the pre- and post-transition corrosion rates
are performed in autoclaves. Such tests are relatively inexpensive, but do posses certain limitations.

(a) The absence of a heat flux precludes any mechanisms which depend on a thermal gradient, notably
the increase in metal-oxide interface temperature, but also the diffusion of reactants within the
oxide layer, and the re-distribution of mobile species such as hydrogen and lithium.

(b) The absence of radiation precludes vacancy formation due to fast neutron damage, and localized
radiolysis of the coolant.

(c) The practicalities of maintaining test conditions for extended periods limits the oxide thicknesses
achievable.

These limitations result in significant differences between corrosion rates obtained from isothermal
autoclave tests, and those inferred from measurements on irradiated fuel cladding. These differences are
accounted for by the application of enhancement or acceleration factors, which are described in the
following Sections.
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FIG. 1. Post-Transition Arrhenius Expressions for StandardZr-4

2.2 HEAT FLUX EFFECTS

The principal effect of a heat flux is to increase the temperature at the interface between the oxide
and the underlying metal, due to temperature drop across the existing oxide layer. Since the calculated
interface temperature will be strongly influenced by the value of oxide thermal conductivity assumed, a
review of available conductivity data has been undertaken.

The data of Kingery [8], with a mean value of 1.8 W/m/K, are usually cited as being typical of
fully-dense, unirradiated oxide. This value, which is independent of temperature in the range 300-450°C,
is considered to be an appropriate for thin, pre-transition oxide layers. As the thickness of the oxide layer
increases, its morphology changes from an impervious film to a cracked, porous structure. The cracking
pattern, which will be affected by the geometry of the specimen, is likely to influence the oxide
conductivity. Therefore, only measurements obtained from specimens of typical fuel rod geometry have
been included in this review.

Garzarolli et al [4] suggest that the conductivity of irradiated specimens is somewhat lower than
oxide films grown in autoclaves, but that the effective conductivity of the oxide is largely independent of
temperature over the region of interest. They also report that the conductivity appears to decrease with
increasing oxide thickness, and this is supported by the data of Gilchrist, who has reported the results of
measurements on unirradiated specimens obtained using a laser flash method [9,10]. Further recent data
on irradiated oxide has been obtained from reactor A, where the mean conductivity of a 6Qam oxide layer
is reported to be around 1.1 W/m/K.

AH of these data have been plotted in Fig. 2, together with various recommendations made in
recent years. Using this data, the following model for the effective thermal conductivity of the oxide layer
kox (in kW/m/K) has been developed.
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kox = 0.5 • { ( k ^ + kMlN) - ( k ^ - kMIN) • tanh( U6 ox - V)}

where: U = 4. / ( 6MIN-6^), V = 0.5-(dMIN+ 6^

(2)

and k^x and k^ are the upper and lower values of thermal conductivity (1.8 and 1.2 W/m/K); 6OX is the
local average oxide thicknesses in m; and d^x and o\/IN are the oxide thicknesses at which kox «s within
5% of kfux and kMls respectively (70 and 0 /.an).

The smooth reduction is conductivity with thickness is considered to be more realistic than a
piece wise linear model, and is considered to be in good agreement with die available data.

2.3 NEUTRON FLUX EFFECTS

Several mechanisms for corrosion enhancement due to a fast neutron flux have been proposed:
(a) The neutron flux creates additional defects in the oxide lattice, which can open new diffusion

pathways for oxygen.
(b) Lattice damage may reduce the thermal conductivity of the oxide layer.
(c) Lithium is continually being formed in the coolant by the nuclear reaction 10B(n,a)7Li. Billot et

al [12] have suggested tot some of this lithium could enter the oxide as a result of recoil energy,
and high lithium contents in the oxide layer have been associated with enhanced corrosion rates.

(d) Localized radiolysis of the coolant may concentrate oxidizing species inside cracks in the oxide.

These radiation effects would be expected to result in different corrosion rates for irradiated
specimens, although the differences in corrosion rate reported by previous workers range from little or
no observed effect [13], to a factor of 1.5 due to Dickson et al [14], a factor of between 2 and 2.5 due to
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Hillner [15], and a factor of around 4 from an EPRI study. The EPRI model suggested by Garzarolli et
al contains the following dependence on fast flux :-

% - IC. + U-iM-QP"}** (jgj (3)
where <p is the fast neutron flux (E > 1. MeV) in n/m2/s, and Co, U and M are constants which are
adjusted to fit the corrosion database.

Many corrosion models include the effects of irradiation as multiplicative factors on the thermally-
induced corrosion rate. Although a multiplicative factor conveniently allows an overall enhancement factor
to be defined, it suggests that the effects of temperature and irradiation are cumulative, whereas evidence
from corrosion experiments carried out in non-aqueous environments [1] suggest that the irradiation effects
reduce with increasing temperature, and become small above 400°C. The results of these experiments
may not be directly applicable to aqueous environments, since mechanisms (c) and (d) above were
presumably not represented; however, it does seem reasonable that solid-state damage may anneal out at
elevated temperatures, and that the effects of irradiation should be assumed to be independent of
temperature. This implies an additive irradiation effect, as proposed by Cox [16,17]. The model
described in this paper includes an additive effect, but one which retains the form of the EPRI model:

O* ^exp(^)

2.4 CLADDING HYDROGEN UPTAKE AND ITS EFFECTS

Zirconium has a strong affinity for hydrogen, and readily absorbs it into a solid solution. In PWRs,
several potential sources of hydrogen exist:

(a) Zircaloy cladding typically contains around 20/Ug/g of hydrogen in the as-manufactured
condition.

(b) Hydrogen may be generated or released from within the fuel pellet.
(c) A hydrogen overpressure is maintained in the primary circuit to ensure a reducing

environment.
(d) Hydrogen is liberated from the water as a result of the oxidation of the cladding.
(e) Radiolytic decomposition of the coolant results in an increase in available H+ ions.

Modern manufacturing methods avoid high pellet moisture contents, and UO2 pellet specifications
typically limit individual pellet hydrogen contents to < 1 v^g/g. Although hydrogen is dissolved in the
coolant, evidence from experiments conducted using a tritium as a tracer in a T2O/H2O mixture shows that
hydrogen isotopes which enter the metal do so as an integral part of the corrosion reaction, and not by
reaction with any dissolved hydrogen in the water [1]. This situation persists until hydrogen overpressures
of tens of MPa are present [18].

Therefore, to a good approximation, the hydrogen content of the cladding may be assumed to be due
entirely to the initial as-manufactured content, plus that which arises from the oxidation of the cladding.
Studies [18] have shown that die volume-averaged hydrogen content of a cladding sample from a particular
axial location is linearly related to the average oxide thickness over the sample. This indicates that a
constant fraction of the hydrogen liberated from the corrosion reaction is absorbed by the cladding. This
is known as die pickup fraction, and varies with cladding chemical composition and metallurgy. Using the
pickup fraction, a direct calculation of the radially and circumferentially averaged hydrogen content from
the average oxide thickness is possible:

t 27100-Fp-5OX

0 + IM4LLO-5OX/A
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where H is the average local hydrogen content in /^g/g; Ho is the as-manufactured hydrogen content in
/^g/g; FP is the hydrogen pickup fraction; WALLg is the initial cladding wall thickness in m; and A is the
Pilling-Bedworth ratio (1.56 for ZrOJ.

With increasing concentration or decreasing temperature, the terminal solid solubility of
precipitation (TSSP) is reached, and one or more of the hydride phases in the Zr-H system is precipitated.
The TSSP for Zircaloys has been measured by Slattery [19], and is given by the following relation :

TSSP = 41100 • exp( ~ 2 8 0 0 2 | (6)

For cladding temperatures in the range 325-375°C, the TSSP for hydrides is in the range 150-230 /^g/g.

Hydrogen in solid solution is mobile within the cladding, and migrates down temperature gradients
to concentrate in cooler regions; for example at inter-pellet gaps in the longitudinal direction and towards
the cladding surface in the radial direction. Thus, local hydrogen concentrations can exceed the TSSP
whilst the average concentration remains considerably less than this limit. Recent experiments conducted
by Garde [20] and by NDC [21] on hydrogen charged cladding samples indicate that localized hydriding
may result in an enhanced post-transition corrosion rates. Garde has suggested that this is due to hydride-
initiated fractures in the metal substrate, which destroy the coherency of the protective oxide sub-layer and
allow die oxidation front to advance into the metal. The enhancement factor F^ calculated from the NDC
experiments is a function of local hydrogen concentration

Fw = MAX{1.0, a-
O)

The local hydrogen content may be found by solving the transport equation for hydrogen, but this
is computationally demanding and is not considered suitable for incorporation into a clad corrosion or fuel
performance code. Instead, a simple linear factor is used to convert the average hydrogen contents given
by eqn. (5) to the local values used in eqn. (7).

2.5 CLADDING METALLURGY EFFECTS

The typical chemical composition of standard and low tin Zircaloy-4 and ZIRLO™ cladding is
given in Table 1. In addition to the alloying additions, impurities of oxygen, carbon and nitrogen are also
present. The effects of variations in these alloying elements and impurities have been widely studied,
although it is not always clear that the observed effects are due solely to chemistry variations, since
differences in cladding heat treatment and microstructure can also have a significant impact on corrosion
resistance. Nevertheless, it is possible to draw some general conclusions from the data available in the
literature.

Table 1 Comparison Between Chemical Composition for Standard Zircaloy-4,
Low Tin Zircaloy-4 and' ZIRLO m Cladding Material

element
Nb
Sn
Fe
Cr
Si

Zr +
impurities

Standard Zr-4
< 0.01
1.2-1.45

0.2
0.1
100

balance

Low Tin Zr-4
< 0.01
1.2-1.35

0.2
0.1
100

balance

ZIRLO™
1.0
1.0
0.1

-
100

balance

units
weight %
weight %
weight %
weight %

^g/g
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For Zircaloy-4 alloys, there is strong evidence that decreasing the tin content results in improved
corrosion resistance [22,23,24]. Reduced carbon content also appears to have a beneficial effect [22,23].
However, it has been shown that for a given set of annealing parameters, the percentage of
recrystallization increases with reducing carbon content, and it may be this which is responsible for the
improved corrosion resistance. A relatively high silicon content has been linked with good corrosion
resistance by Siemens [23], and also in a recent NFI investigation [25].

The recrystallized fraction in the cladding is determined by the temperature and duration of the
final stress-relief anneal. Post-transition corrosion rates have been obtained from 360°C autoclave tests
on Zircaloy-4 samples with different recrystallized fractions RXF, and a regression fit to this data has been
calculated. This has been used to define a rate factor F^, which describes the isothermal ex-reactor post
transition corrosion rate of recrystallized material relative to material with negligible recrystallization:

FMU = 1 .- 0.34l-RXF (8)

The size and distribution of second phase particles have also been shown to have a significant
effect on Zircaloy-4 corrosion rates. For most production processes, where the material undergoes
intermediate to fast P-quenching followed by a series of a-anneals (below 800°C, where Fe, Cr and Ni
are insoluble), the size and distribution of the second phase particles is closely related to the cumulative
annealing parameter SA. Siemens have observed a sharp decrease in corrosion resistance below SA values
of around 3xl0~18 hours, but little dependence on SA in the range 5xltt18 to 10E-16 hours [23].

2.6 WATER CHEMISTRY AND VOID FRACTION EFFECTS

During PWR operation, boric acid is used to control excess reactivity throughout the cycle. If used
alone this would result in a corrosive environment due to lowering of the coolant pH, so an alkalizing agent
is added to increase pH levels. Lithium hydroxide is used in Western PWRs since it has a low capture
cross section, does not produce radioactive species, and is supplemented by lithium produced by the
10B(n,a)7Li reaction. Eastern WERs use either potassium hydroxide or hydrazine. Coolant pH levels are
maintained at slightly alkaline values, typically at or above p H ^ c 6.9, in order to minimize crud
deposition in the core, and hence reduce the production of soluble activation products. This requires
careful control of the lithium and boron concentrations, and since the early 1980's most Western PWRs
have followed a co-ordinated lithium-boron control strategy. Examples of such strategies are listed below,
and are illustrated in Fig. 3.

(a) Co-ordinatedpHxfo-c 6.9 Chemistry. The boron and lithium follow a co-ordinated control band
which maintains the average hot (300°C) pH at 6.9.

(b) Modified Chemistry Control Strategy. Li concentration is held at 2.05 ± 0.15 ^g/g until the
reaches either 7.2 or 7.4, after which the Li and B are coordinated to maintain the same

(c) Elevated Lithium Chemistry Control Strategy. Similar to (b) above, except that the initial Li
concentration is held at 3.35 ± 0.15 jug/g until the pH^-c reaches either 7.2 or 7.4.

Although increasing the coolant pH has been shown to result in reduced operator doses, high
lithium levels have also been shown to promote IGSCC in Inconel 600 SG tubing, and may enhance
corrosion of Zircaloy components. The corrosion of zirconium alloys in lithiated water has been widely
studied over many years, and some of the principal results obtained are briefly summarised below.
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2.6.1 Isothermal Autoclave studies

Early work by Hillner and Chirigos [26] and Kass [27] concluded that lithium could significantly
enhance Zircaloy corrosion rates, but that this enhancement usually occurred above pH 11.3, unless
lithium concentration occurred in crevices. A similar study was conducted by McDonald et al [6], where
significant enhancement was observed for coolant lithium levels greater than around 100-200 ̂ g/g.
Although such concentrations are higher than those typically encountered in PWR coolant, it was suggested
that localized nucleate boiling could concentrate lithium in thick, porous oxide layers.

2.6.2 Autoclave and Heat Flux Rig Tests in Li/B

AEA workers have investigated the combined effects lithium and boron on corrosion rate, using
isothermal autoclave tests to establish trends and then confirming some of the results using a heat flux rig
[28]. The tests were conducted using 220 y.glg lithium in order to simulate the concentrating "hideouf
mechanism, and with various concentrations of boron. The results indicate that the presence of as little
as 50 //g/g boron has a significant ameliorating effect on the corrosion rate, compared to tests without
boron.

2.6.3 CEA data from the CIRENE heat flux loop.

Several experiments have been conducted by the CEA using the CIRENE heat flux loop [29]. A
range of conditions have been studied, including void fractions of 0 <. a <> 40%, lithium concentrations of
0 <. [Li] s 350 /^g/g, and boron concentrations of 0 s [B] s 1000 ̂ g/g. An additional range of tests have
been performed in identical pH conditions, but in the presence of KOH instead of LiOH. The results of
these tests show that the presence of lithium does enhance post-transition corrosion rates, and that boron
has a marked ameliorating effect at concentrations above 200 /^g/g. Void fractions > 5% have been found
to enhance corrosion rates in LiOH, with the gross enhancement observed for a > 10%. However, if the
same pH values are obtained using KOH instead of LiOH, no evidence of enhanced corrosion is observed.
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SIMS analyses of the oxide films have confirmed that lithium is concentrated in the film grown in LiOH,
but that no equivalent potassium concentration is observed for films grown in KOH. It is concluded that
the effect of void fraction is due to lithium concentration in the oxide film, and that the difference in ionic
radii is responsible for the difference in metal ion uptake.

2.6.4 Halden IFA-56S Experiment

In this experiment four PWR rod segments were tested under single phase and nucleate boiling
conditions [30]. The coolant contained 3.8-4.5 Mg/g lithium and 940-1069 Mg/g boron. Evaluations of
the lithium effect have been made by comparing measured oxide thicknesses to predicted thicknesses
obtained using the EPRI corrosion model. No evidence for a corrosion enhancement was found.

2.6.5 Commercial PWR Experience

Several PWRs have operated for at least part of one cycle with elevated lithium chemistry,
although none of these plants has continued with this strategy, due to problems with IGSCC of steam
generator tubes and control rod drive mechanism penetrations. Available data is reviewed below, and is
summarized in Table 2.

An EPRI sponsored programme has been conducted at Millstone Unit 3 to investigate the effects
of elevated lithium on cladding corrosion and plant radiation fields [31]. Plant cycles 2 and 3 were of 18-
month duration, and followed elevated lithium chemistry. Comparisons with data from a similar plant
(North Anna 1) indicate a slight lithium enhancement of around 15%, but high variability is evident
between measurements from the same assemblies. At present, it seems likely that the enhancement factor
lies somewhere between 1.0 and 1.15.

Ringhals units 2, 3, and 4 operated elevated lithium chemistry for several 12-month cycles. Oxide
thickness measurements have been reviewed by Nuclear Electric [31], and no evidence for enhanced
corrosion has been found.

St Lucie unit 1 operated for 8 months out of an l&month cycle with elevated lithium chemistry
[31]. Oxide thicknesses were measured on 102 rods from 9 assemblies, and the results were normalized
using the MATPRO corrosion model. It has been concluded that the increase in the MATPRO "corrosion
parameter" required to fit the results would result in a 10-15% increase in end of life oxide thickness, and
that this result is significant at the 95% confidence level.

Oconee unit 2 operated for one 12-month cycle with elevated lithium [32]. Oxide measurements
were then conducted on fuel which had been irradiated for 1, 2, 3 and 4 cycles. No effect was observed
for the once and twice-burnt fuel, but high measurements were obtained for the three and four-cycle fuel.
A lack of reliable measurements from previous campaigns prevented any firm conclusions from being
drawn, although a lithium enhancement in the thick oxide layers was suspected.

Calvert Cliffs units 1 and 2 operated with elevated lithium during 220 efpd of one 24-month cycle
[31]. Oxide measurements were assessed by CE to be typical of those expected for the fuel duty, and
therefore no lithium effect was concluded.

Table 2 Summary of Reported Commercial PWR Experience with Elevated Lithium

Plant Elevated lithium exposure Corrosion enhancement
Oconee one 12-month cycle 20-50% for 3 & 4 cycle rods

St Lucie 1 8 months at 3.2-3.5^g/g Li 10-15%
Ringhals 2, 3 and 4 "3 months at 3.2-3.5/^g/g Li none

Millstone 3 2x"8 months at 3.2-3.5/^g/g Li approx. 15%
Calvert Cliffs 1 and 2 7 months at 2.2-3.2,ug/g Li none
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Based on the experimental and operational evidence available, it is concluded that some
enhancement in corrosion rates does occur in the presence of lithium, but that a characteristic oxide
thickness is required before any effect is evident. The data also suggest that, for a given lithium
concentration, an upper-limit to the corrosion enhancement is approached, again after the accumulation
of a second characteristic oxide thickness. The thicknesses at which both the onset and the saturation of
the lithium enhancement occur seem to be dependent on the lithium concentration in the bulk fluid. This
is supported by the post-transition corrosion rate data of Hillner and McDonald et al, which have been
obtained at different concentrations of LiOH. This data is plotted in Fig. 4 in the form of weight gain rate
at zero LiOH concentration (as predicted by the equation illustrated in Fig. 1) against the enhancement
factor required to reproduce the data in the presence of LiOH, in the manner employed by Evans et al
[22]. This plot shows the relative enhancement factors obtained for various lithium concentrations,
together with the enhancement onset and plateau values. This behaviour is expected to be reproduced in-
reactor, although the initiating and plateau values of oxide thickness, together with the magnitude of the
enhancement, are expected to be altered by the presence of boron in the coolant and by the thermal
gradient and neutron damage in the oxide layer.

Boron has been found to have a significant ameliorating effect on the lithium enhancement above
concentrations of 50-100 /Ug/g. In most fuel management schemes, the boron concentration is maintained
above 50 Mg/g for around 95% of the cycle length, so, to a good approximation, a combined Li-B effect
can be assumed, and correlated with lithium concentration. The evidence reviewed above suggests that
a cumulative lithium term is required, such that an appropriate enhancement factor, ranging from unity
to some upper value, can be applied to the corrosion rate, depending on the accumulated lithium exposure.
The following expression for a corrosion rate enhancement factor is proposed, based on a transition from
a factor of unity to an upper value, according to the accumulated "lithium-days" exposure :

LITHIUM = MAJ i.o, MIN\Y,(C,-\ I,''/)- Fu- MAX (9)

FunrnMls the dimensionless enhancement in corrosion rate due to lithium; F^^^ is the maximum
lithium enhancement; /L//, is the lithium concentration in the coolant over time step i ; tt is the duration
of timestep i ; n is the current timestep number, and C{ is a constant.
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FIG. 4. Relative effect of LiOH concentration on post-transition weight gain
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3. CORROSION MODEL IMPLEMENTATION

3.1 DIFFERENT MODEL TYPES

As described in Section 2, the isothermal ex-reactor corrosion rates of Zircaloy-4, low tin
Zircaloy-4 and ZIRLO™ materials are significantly different. It is therefore appropriate to consider these
materials as separate populations, for which separate sets of model constants must be derived.

Cladding oxide thickness varies considerably, both at the localized and macroscopic levels, and
in both axial and circumferential directions. Furthermore, the increase in thickness with axial height along
the rod is not monotonic, but follows a "saw tooth" profile, with the local depressions in oxide thickness
corresponding to grid locations. It is necessary to decide how to treat these variations in thickness, and
which values are the most appropriate to use for each application:
(a) For fuel design purposes, it is usually necessary to calculate the maximum value of local oxide

thickness resulting from a given fuel duty.
(b) For calculating cladding average hydrogen contents, the maximum value of circumferentially-

averaged oxide thickness is appropriate, since the hydrogen content measurements used to
determine the pick-up fraction are usually volume-averaged values obtained from short axial
segments of cladding.

(c) For general fuel modelling applications, where the fuel rod is often represented by axial segments
which are greater than ~xh a grid span in length, a value of oxide thickness averaged over the
entire grid span is often appropriate.

The approach adopted here is to fit two sets of corrosion model constants for each of the standard
Zircaloy-4, low tin (optimized) Zircaloy-4, and ZIRLO™ materials. One set of constants is fitted to
measurements obtained from inter-span locations, away from the effects of structural and/or flow mixer
grids. This model is the basis for applications (a) and (b) above. The second set of constants is selected
to obtain a least-squares fit to corrosion measurements from all axial locations, and corresponds to
application (c). Circumferential variations in oxide thickness are conservatively accounted for by
increasing the best-estimate oxide thickness according to:

max. local oxide = CM^U • (best-estimate oxide) + C ^^

such that at least 95% of the azimuthal maximum measurements are bounded.

3.3 ANALYSIS OF GRID EFFECTS

As mentioned previously, structural and flow mixer grids are known to cause local reductions in
oxide layer thickness, with the range of observable effects typically extending from a few millimetres
upstream of the grid to around 20 effective sub-channel diameters downstream (around 200-250 mm). This
reduction is thought to be due to a combination of:
(i) a reduction in local power and fast flux at the grid location, due to parasitic neutron capture by

the grids and to the displacement of the moderator;
(ii) the hydraulic disturbance introduced by the grid, which enhances turbulent mixing between sub-

channels and reduces the thickness of the thermal boundary layer.

An examination of axial power profiles suggests that Inconel structural grids result in a local power
reduction in the range 5 to 10%. Calculations performed using the best-estimate inter-span model
(described in Section 3.2) suggest that the predicted reduction in local oxide thickness at grid locations is
insufficient to account for the observed reduction. Therefore, a method of accounting for the effects of
enhanced turbulence on the heat transfer process close to grid locations has been developed.

The principal effect of grid-induced turbulence is the enhancement in coolant film heat transfer
coefficient, resulting from a reduction in the thickness of the thermal boundary layer. To a first
approximation, the enhancement in film heat transfer coefficient may be considered to begin either at, or
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slightly upstream of, the leading edge of the grid, and to decay in an exponential manner downstream of
the grid, such that its effects become negligible at some characteristic distance downstream of the trailing
edge (usually around 20 effective sub-channel diameters). Such a model has been suggested in Ref. [4],
but this only includes the downstream effects of the grid, whereas the data suggest that an upstream effect
is also present, although with a reduced range. Therefore, a similar model to that given in [4] has been
developed, but including both an upstream and downstream effect:

(10)

where A, is the local heat transfer coefficient (subject to a minimum of h») at a distance x from the nearest
grid in kW/m2/K; K is the fully developed heat transfer coefficient in kW/m2/K; and De is the sub-channel
effective diameter, based on the heated perimeter, in m.

Values for the constants (7,, G3, and upstream and downstream values of G2 have been obtained
by optimizing the fit to data from the North Anna Advanced Alloy Demonstration Programme, described
in Section 4. Examples of the predictions made using this model are illustrated in Fig. 5, where, at each
axial location, the average of all measurements made on 2-cycle low tin Zircaloy-4 rods is plotted against
the corresponding average of all predictions.

Axial height, m.

FIG. 5. North Anna 1 optimized Zr-4 rods after 2x18 month cycles: Predictions using the grid effects
model
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4. CORROSION MODEL VALIDATION

Corrosion data from the following programmes in commercial PWR plants has been used to
calibrate and validate the corrosion model:

(a) The North Anna Advanced Allay Demonstration Program.
This programme was initiated by Westinghouse with the aim of comparing the in-reactor
performance of standard Zircaloy-4, improved (low tin) Zircaloy-4 and ZIRLO™ cladding
materials [34]. North Anna Unit 1 is a Westinghouse three-loop plant utilising 17x17 fuel, and was
selected because it operated 18-month cycles with relatively high coolant temperatures and power
density. Plant data are summarised in Table 3. Corrosion measurements obtained using the eddy
current technique (ECT) are available after one and two 18-month cycles (rod average burnups
of 23 and 41 MWd/kgU respectively).

(b) The North Anna High Burnup Program.
The aim of this programme was to obtain standard Zircaloy-4 corrosion data from high burnup
fuel irradiated in a relatively high temperature PWR [35]. In situ ECT measurements were
obtained using single linear traces on 24 two-cycle peripheral fuel rods from Region 8A, and 24
peripheral fuel rods from Region 6 after three and four cycles.

(c) Data from Commercial PWR B.
Reactor B is a high power density, high temperature plant, utilising a 15x15 fuel design and
operating 12-monSh cycles. Plant data are summarised in Table 3. Data from standard Zircaloy-4
and low tin Zircaloy-4 materials are available after each of four reactor cycles. Spiral trace ECT
oxide thickness measurements were obtained, and detailed records of reactor power and water
chemistry histories are available.

The approach adopted has been to arbitrarily divide databases (a) and (c) into two groups. One
group is used to calibrate the model constants, whilst the second group is used to provide validation of the
model. Database (b) has been used only for validation.

The predictions obtained using the best-estimate circumferential average oxide thickness model,
including die grid effects model, are plotted against measured data from each of the three cladding types
in Fig. 6. Also included in each of these plots is an indication of the measurement accuracy associated with
the ECT 5

Reasonable agreement can be seen for the standard Zircaloy-4 data, although some scatter is
evident, beyond that which could result from measurement inaccuracy alone. Analysis of the errors does

Table 3 Commercial PWR Plant Data Summary

Plant design
Fuel design
Core average power, kW/m
Inlet temperature, °C
Outlet temperature, °C
% of heat generated in fuel
cladding outer diameter, mm
active fuel length, m.

North Anna 1*
3-loop
17x17
18.74
290
329
97.4
9.5
3.66

Reactor B
3-loop
15x15
23.06
292.9
326.9
98.1
10.75
3.4

- after uprating
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not reveal any bias with reactor, local burnup or axial elevation, so it is assumed that the scatter is due to
a combination of chemical and/or metallurgical variations between cladding lots, uncertainties in reactor
power levels and axial shape factors, uncertainties in the calculation of rod surface temperatures, and
random error.

Good agreement is seen for the low tin Zircaloy-4 and ZIRLO™ models, with most of the scatter
being confined within the measurement uncertainty bands.

5. CONCLUSIONS

5.1
The corrosion of Zircaloy-4 and ZIRLO™ alloys in PWR environments has been reviewed. An

engineering corrosion model of the following form has been proposed :-

for oxide thicknesses <. 2.2 ^m :- for oxide thicknesses > 2.2/wm :-

dw _ A
~dt ' 5 2 . _.

° o x v ' v '
where: A, B, C, D, E, and G are constants

FHYD . FUTH
 an£l 1x4 a r e dimensionless factors to account for the effects of

hydrogen concentration, lithium concentration, and cladding recrystallized
fraction.

5.2
The model has been calibrated and validated using in-reactor data from standard and low tin

Zircaloy-4, and from ZIRLO™. The model has been found to give reasonably good predictions of the
validation data base.

A method of accounting for the thermal-hydraulic effects of grids on corrosion thickness has been
described. The method has been shown to give reasonably good agreement with measurements obtained
from North Anna Unit 1.
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