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ABSTRACT - The available experimental data for Zircaloy oxidation in air were reviewed. The
behavior of the oxidation kinetics at different temperature ranges was described. It was shown that
maintaining the oxidation kinetics within the oxide pre-breakaway region can prevent elevated
sheath temperatures due to the oxidation process during postulated accidents. The available
correlations to model the oxidation kinetics for pre-breakaway region were reviewed and assessed.
Zircaloy-air oxidation correlation based on Leistikow-Berg data was determined to be the most
suitable correlation to model pre-breakaway kinetics and it was compared to Urbanic-Heidrick
correlation which is widely used for Zircaloy oxidation in steam environment. The results showed
that the energy release due to the Zircaloy-steam oxidation bounds the energy released due to
Zircaloy-air oxidation up to a sheath temperature referred as the “crossover temperature”. Below
this temperature, the impact of Zircaloy-air oxidation on fuel sheath temperature transient can be
predicted conservatively using the Urbanic-Heidrick steam correlation. The crossover temperature
was calculated for isothermal sheath heating as well as transient sheath heat-up assuming three
linear heating rates of 0.6, 1.0, and 1.3 K/s.

Introduction

There are many events in a nuclear power plant where the hot fuel sheath can be exposed to air such
as hot-leg failure with subsequent failure of the lower head of the vessel in a Pressurized Water

1
Reactors (PWR), fuel handling failure accidents in CANDU reactors, and accidental loss of cooling
in spent fuel ponds in both PWR and CANDU reactors. In these events, an exothermic reaction will
take place due to Zircaloy oxidation in air leading to higher sheath temperatures.

In general, Zircaloy oxidation kinetics in air was not extensively investigated compared to the
oxidation kinetics in steam. The oxidation kinetics of Zircaloy is different in air and steam
surroundings. The main two differences are:

1- Depends on the sheath temperature, the reaction rate of Zircaloy-air oxidation can be
higher than the reaction rate of Zircaloy-steam depending on the reaction kinetics, which
in turn is impacted by the oxide thickness and sheath temperature (as will be discussed
later).

2- The exothermic heat released from Zircaloy-air oxidation is about 80% higher than the
heat released from Zircaloy-steam oxidation which is about 6500 kJ/kgz, (References [1]
and [2]).

" CANDU is a registered trademark of Atomic Energy Canada Limited (AECL).
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Modelling Zircaloy oxidation is important in estimating the sheath temperature transient during
postulated accident. For fuel bundle heat-up in air surrounding, the total heat generated due to
sheath oxidation is function of the multiplication of the above two factors. Depends on the sheath
temperature, the oxidation kinetics in steam could be much faster than air so that the total heat
generated from steam oxidation is larger than air oxidation although the latter has higher reaction
heat. Hence, in safety analysis, if conservative results are required, depends on the expected
maximum sheath temperature, Zircaloy-air oxidation may be modelled using Zircaloy-steam
oxidation correlation.

The objectives of this paper is to review the available correlations for Zircaloy-air oxidation and to
compare the Zircaloy oxidation kinetics in air and steam surroundings to determine the sheath
temperature where up to it modelling Zircaloy-air oxidation using Zircaloy-steam oxidation
correlation is conservative. This temperature is referred here as the “crossover temperature”

1.  Zircaloy-air Oxidation Kinetics and Modelling Efforts

Many experimental programs have been initiated worldwide to investigate the Zircaloy-air reaction
since 1949. The detailed oxidation experiments were performed under isothermal conditions where
the specimens were oxidized at constant temperature for a pre-determined time. The early
experimental work of Hayes and Roberson [3] used pure zirconium samples under isothermal
conditions. However, Zircaloy-4 cladding samples obtained from PWR were then used in the
majority of the research work starting from the work of White [4] and Leistikow et al. [5]. Air
oxidation for CANDU fuel specimens (with and without appendages) were also examined
experimentally at relatively low temperatures of 600 to 850°C for long oxidation times (minimum
of 24 to 72 hr at 600 to 650°C and 1 to 8 hr at 700 to 850°C) [6]. Air oxidation of steam pre-
oxidized CANDU samples was tested in the Institute of Nuclear Research (INR) in Romania as
described in Reference [7]. Leistikow and Berg [8], Natesan and Sobbet [9], Steinbruck et al. [10],
and Duriez et al. [1] investigated air oxidation of bare and pre-oxidized Zircaloy-4 PWR cladding
samples where the samples were kept at constant temperatures in the range from 400°C to 1500°C.
Pre-oxidation was performed in an oxygen or steam environment to create an initial oxide thickness
of about 15.2 to 81.8 um, with most of the experiments having an initial oxide thickness in the
range from 20 pm to 30 um. The kinetics of Zircaloy-air oxidation was found to be different for
bare and pre-oxidized samples. In CANDU reactors, the fuel bundles are placed in the reactor core
at relatively low temperature during normal operating conditions and remain well cooled inside the
fuelling machine, hence, under these conditions, the initial oxide thickness at the beginning of the
fuel handling accidents is small (i.e., few micrometers) which is less than the range investigated in
the pre-oxidation experiments. Therefore, the oxidation kinetics of bare Zircaloy samples is more
representative for Zircaloy-air oxidation of CANDU fuel elements than pre-oxidized samples.

Figure 1 shows the oxidation kinetics obtained by several researchers using initially bare Zircaloy-4
sheath samples in air at different isothermal sheath temperatures. The figure shows that the
oxidation kinetics changes from slow parabolic kinetics to the faster linear kinetics due to the oxide
breakaway. This transition was not observed at all sheath temperatures. In general, the Zircaloy-air
oxidation kinetics can be summarized as follows:
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Figure 1: Experimental Zircaloy-air Oxidation Kinetics for Bare Zircaloy-4 PWR Cladding
samples (a) Leistikow and Berg [8] and (b) Duriez et al. [1] (the experimental points are from
ANL [9))

(a) For sheath temperatures less than about 1100 to 1200°C:

(i) Pre-breakaway region: This is the region where the oxidation reaction results in the formation
of a dense columnar oxide which grows to form a protective oxide layer that decreases the rate of
oxidation. This region is usually modelled using parabolic kinetics correlations.

(ii) Transition or breakaway region: As the oxide thickness grows, compressive stresses in
the oxide build up, and are finally relieved by formation of cracks. Cracking occurs in the radial
direction, giving direct access for the air to the metal and hence more reaction. In this reaction, the
oxygen is consumed first, creating microscopic oxygen starvation. The pure nitrogen atmosphere
remains, which is then able to react either with the Zircaloy itself or the alpha-Zr(O) phase or the
sub-stoichiometric oxide layers forming ZrN. The transition time is a function of the sheath
temperature and the oxide thickness. There are no extensive direct measurements for the ZrO,
thickness or weight gain at breakaway. Duriez et al. [1] derived the ZrO, thickness at breakaway
from the measured times to breakaway assuming fully dense zirconia. Duriez et al. verified his
calculations by post-test metallographic where the thickness of the dense zirconia was measured at
different temperatures. The verification showed that the metallography values are close to the
minimum value of the calculated break-away thickness up to 900°C. For higher temperatures, the
calculated thicknesses were higher than the measurements. There is still no definitive correlation
form for this region; however, Coindreau et al. [11] presented a model to calculate the Zircaloy-4
weight gains per unit surface area at breakaway based on assuming that breakaway is linked with
the tetragonal to monoclinic zirconia transformation. The weight gain per unit area required for
transition was modelled as a function of the sheath temperature, the transformation temperature
from monoclinic to tetragonal ZrO,, and the transformation enthalpy. However, the hypothesis
used to develop the above model was discarded by other researchers (Barberis [12] and Pétigny et
al. [13]).
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(iii) Post-breakaway region: As the oxide scales further grow, the already formed nitride
migrates outwards where it is re-oxidized by fresh air. Due to the lower density of ZrO, (~5.8
g/em®) in comparison to ZrN (~7.1 g/em?) this reaction is associated with a significant volume
mismatch leading to high compressive stresses that result in more cracks leading to self-sustained
reaction. This region may be modelled using linear kinetics which is faster than the parabolic
kinetics.

(b) For sheath temperatures equal to or higher than about 1100 to 1200°C:

In this temperature range, the oxidation kinetics becomes very close to the pre-breakaway region. A
possible explanation is that the compressive stresses created in the oxide layer may be relieved
through higher plasticity of the oxide layer or the faster creep of the metal and none or a smaller
number of cracks will be formed [7]. Therefore, parabolic kinetics may be used to model the whole
oxidation process in this temperature range [14].

The above review indicates that during any postulated accident that involves fuel bundles exposure
to air surrounding, it would be preferable (if possible) to maintain Zircaloy-air oxidation in the pre-
breakaway region where the oxidation rate is not relatively high. As the critical thickness (or weight
gain) for breakaway is exceeded, the oxidation kinetics becomes linear and occurs in much faster
rate which releases high oxidation energy that may result in elevated fuel and fuel sheath
temperatures.

2.  Time to Breakaway and Modelling Pre-breakaway Region

Since there are no definitive models to determine the critical oxide thickness for the onset of
breakaway, the sheath temperature and the time to breakaway could both used as metrics to
determine if Zircaloy-air oxidation is in pre- or post-breakaway regions. Table 1 summarizes the
times to breakaway as obtained from different experimental datasets. The shortest time to
breakaway for each examined sheath temperature was associated with Duriez et al. [1] that
presents one of the most up-to-date extensive Zircaloy-air oxidation measurements. In the
temperature range where the oxidation phenomenon is observable (>800°C) up to 1100°C, Table 1
shows that the average of the shortest times to breakaway is 21.2 minutes. For temperatures higher
than 1100°C, the breakaway phenomenon was not observed. Hence, in sheath temperature range of
800 to 1100°C it can be concluded that Zircaloy-air oxidation is in the pre-breakaway region as
long as the oxidation time did not exceed 21.2 minutes. This conclusion is conservative as it is
based on isothermal temperature measurements. During accidents sheath temperature will vary
with time and longer breakaway times will be needed if the sheath temperature is ramped up to
any of the temperatures shown in Table 1.

Most of the available correlations that model Zircaloy-air oxidation during pre-breakaway follow

the parabolic kinetics form:

W, (kg Im*) =K ,, (kgo Ims*)*t (1)
_ E/R

where, t is the oxidation time in seconds and Kpg; is the parabolic constant (= Ae 7*?713) and T is

the sheath temperature in Kelvin. Different values for A and E were proposed for each correlation.
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Table 1: Breakaway Time for Zircaloy-air Isothermal Oxidation Experiments using
Bare Zircaloy Specimens

Sheath Breakaway time Breakaway time Breakaway time Shortest
Temperature from Leistikow & from ANL-2004 [9] | from Duriez et al. breakaway
°C) Berg 1987 [8] (min.) 2008 [1] (min.) time (min.)
(min.)
600 Not Applicable ~4133.4 460.7 460.7
700 Not Applicable ~394.8 97.7 97.7
800 ~136 ~359.3 27.2 27.2
850 Not Applicable Not Applicable 17.2 17.2
900 ~96.1 ~96.9 19.2 19.2
950 ~26 Not Applicable 18.7 18.7
1000 ~22 Not Applicable 14.9 14.9
1100 ~30 Not Applicable Breakaway was not 30
observed
Average breakaway time (min) from 800°C to 1100°C 21.2

The he applicable temperature range of the L-B correlation is relatively wide compared to other
correlations that are based on Zircaloy-4 cylindrical sheath samples.

The parabolic constant for L-B correlation was modeled by Duriez et al. [1] as:
13333.65

Ko, (L—B)=759¢ 72715

for 700°C < T < 1250°C )

Table 2 lists the parabolic constant models for pre-breakaway Zircaloy-Air oxidation correlations
available in literature and the corresponding applicable sheath temperature ranges. The correlation
based on Leistikow and Berg (L-B) data [8] is determined to be the most suitable correlation to
represent Zircaloy-air oxidation in the pre-breakaway region for the following main reasons:

1- Experimental data of Leistikow and Berg were carefully collected using a special procedure
to suppress the temperature peaking that arises when the specimens are first subjected to air
flow and hence causes additional weight.

2- The specimens used by Leistikow and Berg were not pre-heated in argon (or helium)
atmosphere up to the nominal temperature which eliminates any weight gain due to argon
diffusion at elevated temperatures or the moisture that may present in the argon.

3- The applicable temperature range of the L-B correlation is relatively wide compared to other
correlations that are based on Zircaloy-4 cylindrical cladding samples.

The parabolic constant for L-B correlation was modeled by Duriez et al. [1] as:
13333.65

K, (L—B)=759¢ T+27315

for 700°C < T < 1250°C )

3. Comparison between Pre-breawaky Zircaloy-air Oxidation and Zircaloy-steam
Oxidation Kinetics

In this section the Zircaloy-air oxidation correlations listed in Table 2 (including L-B) are compared to

Urbanic -Heidrick oxidation correlation (U-H) [15] that is widely used to model Zircaloy-steam oxidation.
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Table 2: Zircaloy-air Oxidation Correlations for the Pre-Breakaway Region

Experimental Kpo; in (kgoy/m’.s") Experimental Notes
program [T is the temp. in Kelvin] sheath
temperature
range (°C)
Hayes & Roberson 0.3391 exp(-6879.15/T) 425 to 900 The correlation is given in Reference [1]
1949 [3]
Benjamin et al. 1979 0.3391 exp(-6879.718/T) for T<1193 K ~510to 1610 | The correlation was based on the data
[16] 75.895 exp(-13334.17/T) for 1193<T<1428 K given in References [3], [4], and [5],
2.49 exp(-7316.81/T) for T>1428 K which can be observed by comparing the
low and intermediate temp. correlations
to Hayes & Roberson and Leistikow &
Berg, respectively.
Sailor et al. 1987 [17] 175.784 exp(-14242.577/T) ~810 to 1160
(NUREG-2)
Leistikow & Berg 1987 75.9 exp(-13333.65/T) 800 to 1100 The correlation is given in Reference [1],
[8] where it was indicated that the correlation

can be used in temperature range of
700°C to 1250°C. However, the
Leistikow and Berg experiments [8] were
performed over a temperature range of
800°C to 1100°C.

Powers et al. 1994 [18] 1.1367 exp(-7815/T) for T<1300 K ~510to 1610 The correlation was based on the data
(NUREG-1) as 9907227.991 exp(-28590/T) for 1300<T<1400 K given in References [16] and [4]. The
implemented in 2.49 exp(-7315/T) for T>1400 K interpolation was obtained from Table 1

ATHLET-CD code (as in Reference [14].

inferred from Reference

[14D
Natesan and Soppet [9] 2.84605 exp(-9310/T) 400 to 900
(ANL-2004)
Duriez et al. 2008 [1] 9.916 exp(-10752.79/T) for 873<T<1273 K 600 to 1200 A factor of 2 was multiplied to the

30000 exp(-20723.68/T) for 1273<T<1473 K

presented correlations as compared to
Ref, [1] (i.e., Equations 8 and 9 in [1]).
The corresponding author of Ref. [1]
confirmed that factor of 2 was missed in
the original equations.

U-H correlation is based on several isothermal experiments using CANDU type fuel sheaths. In U-
H correlation, the mass gain per unit surface area due to oxygen diffusion (Wq,) can be modelled
using parabolic kinetics with parabolic reaction rate constant of%:

K,, U~H)=

6796.5

0.5328_T+273.15

8011

2.08948_“273'15

forT<1580°C

for1580°C < T<1850°C

3)

The comparison is shown in Figure 2 where some of correlations were extended beyond their
experimental range until they intersect with the U-H correlation. The figure shows that the parabolic
constant of the U-H correlation bounds all the air oxidation correlations up to a temperature range

? In Urbanic and Heidrick [15] the correlation is presented for the ZrO, thickness and was converted to
weight gain using Equation (6)
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Figure 2: Comparison between the Parabolic Constant of U-H and L-B Correlations

from about 1000°C to 1200°C. L-B and U-H correlation instersects at 1045°C. Beyond this
temperature, the oxidation kinetics based on L-B Zircaloy-Air correlation is faster than that based

on U-H Zircaloy-Steam oxidation. The most recent correlation of Duriez et al. [1] developed in
2008 is close to L-B.

4. Crossover Temperature between L-B and U-H Correlation

During fuel heatup in air or steam, the fuel element energy conservation equation shows that fuel
temperature variation is mainly function of the integration of both; the bundle power (decay power)
and the heat rate generated due to oxidation (Qoxidaiion). The decay power is indpedent on the
oxidation environment; therefore, the integration of Qoxigation Marks the impact of oxidation
environment on fuel temperature variation. To compare between the impact of steam and air
oxidation on the fuel temperature, new parameter known as the ‘“crossover temperature” was
defined as the sheath temperature where the cumulative oxidation energy relaesed (Eoxidation) due to
Zircaloy-air oxidation estimated using L-B first exceeds that estimated from Zircaloy-steam
oxidation using U-H. For all the sheath temperatures up to the crossover temperature, the fuel
sheath temperature tarnsient in air will be conservatively estimated if U-H steam oxidation
correlation is used instead of a L-B oxidation correlation (or, in general, any adqueate Zircaloy-air
oxidation correlation). The cumulative oxidation energy relaesed (Eoxidation) represents the integral of
Qoxidation during the tarnsient and is calculated by numerically integrating Qoxidation OVer the time
using the trapezoidal approach as follows:

Qoxidation
onidarion (k‘]) = IQoxidtlrion dt = Z

t + Qoxidarion

2

t+At t (4)
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Eoxidation 1S main term in the fuel element energy conservation equation that determines the
contribution of the oxidation to the predicted sheath temperature during the transient. The heat rate
generated by oxidation is modelled as:

ds,
Qoxidarion (kW) =RH * [pZVOZ AS 0 j * XZI‘02 —Zr (5)

dt

where, RH= Reaction heat of Zircaloy oxidation = 1.8* 6500 kJ/kgz, (for air oxidation) [1] and
6500 kJ/kgz: (for steam oxidation) [2]
Pz, = LrO, mass density = 5800 kg/m’ [19]

A, = Bundle oxidation surface area = 0.73 m? (37-element fuel bundle was assumed)

Zr0, - 5Zr02

t+At

At
70,2 = Mass conversion factor from ZrO, to Zr. This factor was calculated based on the

t

ddz00/dt = Rate of ZrO, growth calculated numerically as=

X

Zircaloy oxidation chemical reaction (either in steam or air):

7r + 2H20 > Zr02 + 2H2 and 7r + 02 +3.76 N29 ZI'OZ +3.76 N,
Hence,

_ Massof Zr  no.of Zrmoles Molecularweightof Zr ~ 1x91.224 07403 kg,
727 Massof ZrO,  no.of ZrO, moles Molecularweightof ZrO,  1x(32+91224) kg,

The ZrO, thickness (8z:02) equivalent to Wo, was obtained by converting the mass gain to reacted
Zr thickness (8z) and then use the Pilling-Bedworth ratio to convert the Zr thickness to ZrO,
thickness

W, X
80, =(6,,)PB = (%}’B 6)
Zr

where, PB = Pilling-Bedworth ratio = 87,0,/0z = 1.56 (Reference [20])
X, 7= Mass conversion factor from O, to Zr = 2.85075 kgz/kgo» (obtained similar to X, ;)

P, =6570 kg/m’ [19]

L-B and U-H are both isothermal correlations and to be used for a known temperature transient
the weight gain was disctretized assuming constant temperature over each time step (At) as
follows:

o). - 7

where, Wo,liand Wiyl ae are the mass gain per unit surface area at the beginning and the end of
the time step, respectively. Equation (7) is applicable for isothermal conditions as well as
temperature transient conditions. Small time step of 0.1 seconds was used in this analysis.

o+ Ko, At (7)

The crossover temperatures were calculated for isothermal conditions (0.0 K/s) as well as for three
linear heating rates of 0.6, 1.0, and 1.3 K/s starting from an initial sheath temperature of 100°C
assuming an initial ZrO, thickness of 2 um.

Figure 3 shows Eoxiqaion as a function of time for the three constant temperatures of 800°C, 908°C, and
1100°C. In general, at constant temperature, Eoxigaion Tapidly increases at the beginning of oxidation
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Figure 3: Comparison between the Cumulative Oxidation Energy using L-B and U-H under
Isothermal Temperatures

and then the slope of the curve decreases with time due to the formation of the protective oxide layer.
For a sheath temperature of 800°C, Eoxigaion due to steam oxidation is higher than that due to air
oxidation. As the sheath temperature is increased to 908°C, Eoxigaion due to steam oxidation becomes
almost equal to that for air oxidation. For further increase in the sheath temperature, Eoxigation due to air
oxidation becomes higher than that due to steam oxidation. Therefore, 908°C is considered the
crossover temperature under isothermal heating.

Figure 4 shows the variation of Egxgaion With the sheath temperature under temperature ramping
conditions for heating rate of 1.0 K/s. Similar trends were obtained for heating rates of 0.6 K/s and 1.3
K/s. Figure 5 shows the estimated crossover temperatures as function of the heating rate for all the
investigated cases. In general, the crossover temperature increases as the heating rate is increased.
Under the examined temperature ramping conditions, the increase in the crossover temperature is
relatively small (from 988°C at 0.6 K/s to 994°C at 1.3 K/s) .

5. Conclusions

The available experimental data and correlations for Zircaloy oxidation in air surrounding were
reviewed. The majority of the available experiments were conducted under isothermal conditions.
The kinetics of the Zircaloy-air oxidation was found to go through three stages for sheath
temperatures less than about 1200°C: (i) pre-breakaway oxidation, (ii) breakaway transition, and
(iii) post-breakaway oxidation. For sheath temperatures higher than about 1200°C, no breakaway
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transition was observed. Examination of the Zircaloy-air experimental data revealed that the best
estimate of the shortest time required for the oxide breakaway is about 21.2 minutes considering
available isothermal data below 1200°C. During postulated accidents where fuel bundles are
exposed to air, it is preferred to maintain Zircaloy-air oxidation within the pre-breakaway region to
avoid elevated fuel sheath temperatures relative to post-breakaway region. The correlation based on
Leistikow-Berg data was determined to be the most suitable correlation among the reviewed
correlations and it was compared to the Urbanic-Heidrick correlation that is widely used in
assessing Zircaloy-steam oxidation. For each correlation, the cumulative oxidation energy was
estimated as a function of the sheath temperature. Cumulative oxidation energy is the main term in
the fuel element energy conservation equation that determines the contribution of the oxidation to
the predicted sheath temperature during the transient. The comparison was conducted under
isothermal and transient conditions (i.e., heating rates of 0.0, 0.6, 1.0, and 1.3 K/s). The comparison
results showed that the cumulative oxidation energy from Zircaloy-steam oxidation bounds
Zircaloy-air oxidation under isothermal and transient conditions up to a specific sheath temperature
referred here as the “crossover temperature”. Below this temperature, the impact of Zircaloy-air
oxidation on fuel sheath temperature transient can be predicted conservatively using the Urbanic-
Heidrick steam correlation. The crossover temperature is function of the heating rate and it
generally increases as the heating rate is increased. For the examined heating rates, the crossover
temperature varied from 908°C at 0.0 K/s to 994°C at 1.3 K/s.
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