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Abstract

Nuclear fuel clad are thin-walled tubes containing fuel pellets generating heat during operation of
reactor, and also during dry storage due to decay heat. The clad is subjected to high temperature and
high pressure environment during various postulated accident scenarios. As the fuel clad acts as a
barrier to radioactive release, the clad burst becomes a critical criteria for its integrity assessment.
Clad burst experiments have been carried out by various researchers for various combinations of
internal pressure and heating schemes. Several empirical correlations are reported in literature for
prediction of clad burst stress as a function of burst temperature. These empirical correlations do not
account for variation in heating rates on clad burst behavior. In this work, a new damage model has
been used to predict the burst behavior of fuel clad for various heating rates. A new correlation has
been proposed which takes into account of the heating rates. It was observed that by increasing the
heating rate, the burst temperature gets elevated as the time for accumulation of material damage
becomes less. The correlation has also been validated with experimental data from literature. This
new correlation can be used in severe accident analysis codes to predict the fuel pin burst
phenomenon accurately.

Keywords: nuclear fuel clad; Zircaloy-4; damage model; creep; clad deformation and burst; thin-
walled tube; burst correlation

1. Introduction

Analysis of progressive (i.e., time dependent) deformation of fuel bundles, pressure tube,
calandria tube and coolant channels of pressurized heavy water reactors (PHWR) is one of the
important aspects of severe accident research for these type of reactors. Various types of accident
scenarios are postulated during analysis and it must be shown that the barrier to radioactive release
is maintained in these scenarios. The fuel clad or fuel pin is the first barrier to radioactive high
temperature heat producing oxide fuel pellets. Due to accumulation of fission gas inside the clad and
high heat generating pellets, the fuel clad can deform by ballooning when the external surface is not
cooled sufficiently during a postulated loss of coolant accident (LOCA) scenario. The objective of this
work is to study the ballooning deformation behavior of fuel clad when subjected to different loading
conditions such as internal pressure and heating rates producing high temperature in the wall of fuel
clad. The burst behavior of clad is often the matter of interest for the safety analysts and hence, this
aspect is also investigated in this work.

A typical reactor coolant channel is shown in Figure 1(a), which houses the calandria tube,
pressure tube and fuel bundles. The fuel bundles contain several fuel pins, inside which fuel pellets
are stacked. In order to simulate the ballooning and burst behavior of fuel clad experimentally, the
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clad is electrically heated while maintaining the internal pressure during the temperature rise. A
typical variation of pressure and temperature at different sections of fuel clad is shown in Figure 1(b).
The pressure drop is associated with burst of the clad due to localized creep deformation and damage
accumulation. Some of the typical pictures of the burst clads are shown in Figure 1(c).
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Figure 1. (a) Schematic arrangement of fuel pins and fuel bundles inside the pressure tube enclosed by calandria

tube in a typical pressurized heavy water reactor and the loading condition of fuel clad; (b) Typical variation of
temperature in different regions of clad tube during clad burst experiment and corresponding time variation of

internal pressure; (c) Typical localized balooning and burst of clad tube in the experiment.

This paper has been organized into seven sections. After a brief description of the problem, a
brief review of relevant literature is provided in Section 2. The material properties used in the finite
element (FE) analysis of ballooning and burst behavior of fuel clad are presented in Section 3,
followed by the details of FE analysis in Section 4. The results are presented in Section 5, which are
followed by a discussion regarding the development of a suitable burst correlation in Section 6. Some
of the important conclusions are reported in Section 7.

2. Brief Description of Previous Works from Literature Regarding Clad
Deformation and Burst

The creep deformation and the corresponding ballooning and burst behavior of nuclear fuel clad
has been studied extensively both experimentally and numerically [1-7]. Feria et al. [1] and Aragén
et al. [2] have studied the ballooning deformation of clad assuming a design basis accident (DBA),
i.e,, loss of coolant accident (LOCA). They have used the severe accident code FRAPTRAN for
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simulation of clad deformation behavior. The burst behavior of Fe-based alloy cladding tube was
studied under LOCA condition in Ref. [3].

Campello et al. [4] have studied the steady-state creep behavior of Zircaloy-4 claddings under
LOCA condition and those of FeCrAl-ODS (oxide dispersion strengthened) cladding has been
studied extensively by Narukawa et al. [5]. The deformation and burst behavior of Cr-coated Zircaloy
cladding under DBA/LOCA conditions have been studied in Ref. [6,7]. A similar study was also
found in the works of Kim et al. [8] and Lee et al. [9].

The validation process of the phenomena of clad ballooning and burst during LOCA conditions
has been carried out extensively in Ref. [10-13], where in-situ test data has been used. The code
‘BISON’" has been used extensively to study the deformation behavior of clad in Ref. [10-15]. The
details of development and validation of another severe accident code ‘ENIGMA’ (used for
prediction of deformation behavior of zirconium-based cladding materials) are presented by Rossiter
and Peakman [13].

The deformation and bust behavior of FeCrAl based C26M cladding under simulated LOCA
conditions have been studied in Ref. [12]. Garrison et al. [16] studied the burst characteristics of an
accident-tolerant FeCrAl cladding under temperature transients. The creep deformation behavior of
a nuclear-grade C26M2 FeCrAl alloy accident-tolerant fuel cladding was studied through burst test
in Ref. [17].

The results of numerical simulation of an accident tolerant fuel clad deformation during LOCA
are presented in Ref. [18]. The thermo-mechanical deformation behavior of Zircaloy-4 clad under
simulated post-DNB (departure from nucleate boiling) conditions are presented in Ref. [19]. The
ballooning and burst characteristics of chromium-coated Zircaloy clad was studied numerically by
Ma et al. [20] and a numerical study of PWR (pressurized water reactor) fuel rod cladding ballooning
and burst behavior was presented by Zhang et al. [21].

The deformation and burst characteristics of oxide dispersion-strengthened FeCrAl cladding
were studied in Ref. [22,23]. The deformation and burst behavior of Zircaloy-4 cladding tube (with
internal hydride) was studied experimentally by Kamerman [24]. He used internal pressure and high
temperature loading to characterize the deformation and burst behavior of clad. In-situ deformation
measurements of Zircaloy-4 cladding tube under various transient heating conditions and the results
of the study of the corresponding strain evolution have been presented by researchers in Ref. [25-29].

Various techniques, such as optical image analysis and digital image correlation (DIC) etc. have
been used for accurate measurement of strain during the creep deformation process. An extensive
review of the progress of research work concerning the study and modelling of high-temperature
thermo-mechanical deformation behaviors of Cr-coated cladding and FeCrAl claddings under LOCA
conditions are presented in Ref. [30,31].

The bi-axial creep deformation behavior of thin-walled clads are studied in Ref. [32,33]. The
thermal creep fracture of a Zr1%Nb cladding alloy has been studied by Sklenicka et al. [34]. Zircaloy-
4 coupons have been irradiated using proton beams and the corresponding irradiation-assisted creep
deformation of the alloy has been studied in Ref. [35]. Creep tests on Zircaloy-4 fuel claddings have
been conducted by Choi et al [36] and the corresponding deformation behavior has been studied.
Various failure criteria for nuclear fuel cladding, which fail by the mechanism of creep rupture, have
been presented in Ref. [37,38].

The phenomenon of hydrogen embrittlement and the associated failure characteristics of
Zircaloy-4 cladding have been studied recently by Deng et al. [39]. They have used the damage model
(i.e., Gurson-Tverggard-Needleman’s porous plasticity model) to simulate the failure of fuel clad.
The influence of assembly structural features of light water reactor on cladding burst behavior under
LOCA conditions have been studied by Schappel and Capps [40].

The deformation behavior of fuel clad of Indian PHWR was studied in Ref. [41]. Several burst
experiments have been recently carried out in Ref. [42] using Zircaloy-4 fuel clad of Indian PHWR.
The above researchers have presented the burst temperature and burst time of fuel clad as a function
of burst stress. Chung and Kassner [43] have also presented an extensive experimental database,
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which contains clad burst data for various pressure magnitudes and heating rate conditions. Rosinger
[44] have used this database in their work to predict the failure of Zircaloy-4 fuel sheathing during
postulated LOCA conditions.

From a detailed study of literature, it was observed that various types of correlations have been
proposed in literature, which are mainly empirical in nature. These correlations usually express clad
burst stress as a function of burst temperature, which are exponential decay type, and the constants
vary depending upon the material of interest, manufacturing conditions of the clad and the
temperature range.

The effect of heating rate on clad burst behavior has not been taken into account explicitly in
these correlations. Hence, the objective of this work is to develop a heating-rate-dependent
correlation, which can represent the clad burst temperature as a function of applied stress for various
heating rates. For this purpose, a material damage based model has been proposed and validated
with experimental data available in literature so that the same can be used for its extensive application
in the development of an appropriate correlation for predicting the burst behavior of Indian PHWR
Zircaloy-4 fuel clad.

3. Material Data Used in Finite Element Analysis of Fuel Clad Deformation

For simulation of burst behavior of nuclear fuel clad, finite element analysis with elastic-plastic-
creep constitutive model for the material has been used. The material properties of Zircaloy-4 fuel
clad have been used in the simulation. One of the important aspects of material constitutive model is
that of creep deformation. For simulation of creep deformation behavior, Norton’s constitutive law
has been used, where the rate of creep strain £¢ is a function of equivalent stress ‘6’ and temperature
T (in K) as shown in Eq. (1), and, A, n and ¢, are being the steady-state or secondary creep deformation
constants of the material.

£(T,0) = Ao exp(—c/T) (1)

To evaluate the parameters of the model, creep experiments have been carried out using
Zircaloy-4 as the material of the specimens and the creep strain a function of time has been evaluated
at different temperatures and applied stress values. A typical variation of data of creep strain as a
function of time is shown in Figure 2.
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Figure 2. Variation of creep strain as a function of time for Zircaloy-4 fuel clad of Indian PHWR as obtained from

experiment.
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It can be observed that the creep deformation of the specimens fall predominantly in the
secondary range and the onset of tertiary occurs earlier for higher values of applied stress. This is
similar to typical creep deformation of similar type of Zirconium based alloys. Using data of tests
conducted at several temperatures and stress values, the correlation between creep strain rate (in the
secondary regime), as a function of applied stress and temperature, has been evaluated. The details
can be found elsewhere [41]. It was also observed that the material constants A, n, and ¢ are dependent
on the range of temperature, as this material undergoes phase change at higher temperatures [42].
The values of the material constants A, 1, and c are provided in Table 1. These data are used in finite
element analysis of fuel clad for simulating the ballooning and burst behavior. The initiation of burst
of fuel clad has been simulated with the help of a material damage model, which shall be discussed
in later sections.

Table 1. Material parameters for modelling of creep deformation of Zircaloy-4 fuel clad in FE analysis.

Temperature, T (°C) n C A
(T<600) 4.86 31620 1.2e4
(600<T<650) 4.68 31620 1.2e4
(650<T<700) 445 31620 1.2¢4
(700<T<750) 4.35 31620 1.2e4
(750<T<800) 4.29 31620 1.2e4
(800<T<850) 4.25 31620 1.2e4
(850<T<900) 2.35 22600 9750
(900<T<950) 2.2 22600 9750
(950<T<1000) 211 22600 9750
(1000<T<1050) 3.45 16300 15
(1050<T<1100) 3.37 16300 15
(1100<T<1150) 3.31 16300 15
(1150<T<1200) 3.24 16300 15

4. Description of Finite Element Model Used in Simulation of Ballooning and
Burst Behavior of Fuel Clad

As discussed in Section-1, the cylindrical fuel clad deforms locally by creep and balloons at a
location as shown in Figure 1(c). In order to simulate this deformation behavior, the cylindrical clad
has been modelled using axisymmetric analysis. The geometry of the fuel clad is shown in Figure
3(a). The outer diameter of the clad is 15.2 mm and the thickness is 0.4 mm. The FE axisysmmetric
model of the clad is shown in Figure 3(b).

The FE mesh contains 8-noded higher order quadratic elements. The loading and boundary
conditions for the fuel clad are shown in Figure 3(b). Internal pressure is applied and the clad is
subjected to a temperature history as shown in Figure 3(c). This temperature history is similar to
those used in experiments as reported in Ref. [42]. The creep material properties used in the FE
analysis are shown in Table 1. The results of clad deformation history and associated changes in von
Mises equivalent stress and equivalent creep strain values are discussed in detail in next section. In
addition, the burst behavior is modelled with the help of a damage model as discussed later.
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Figure 3. (a) Geometry of fuel clad of Indian PHWR used in the finite element analysis; (b) Axisymmetric finite
element model of fuel clad with internal pressure; (c) Typical variation of temperature of clad a function of time

during burst test for two specified heating rates.

5. Results of FE Analysis, Prediction of Burst Initiation and Experimental
Validation

In this section, the results of clad deformation and creep strain accumulation in the fuel clad are
shown for various types of loading conditions (i.e., internal pressure and temperature histories,
represented in terms of constant heating rates). Figure 4(a) shows the radial deformation contour of
the clad at the time step of 45 seconds for the constant heating rate of 15°C/s. The internal pressure is
3.1 MPa. The maximum radial deformation is 5.3 mm as can be seen from Figure 4(a). The
corresponding contour for von Mises equivalent stress is shown in Figure 4(b) and the maximum
value of this parameter is 65 MPa.

It may be noted that the maximum values of von Mises equivalent stress increase with increase
in applied magnitude of internal pressure as shown in Figure 4(c). The corresponding creep strain
accumulation with time for various combinations of internal pressure and heating rates are shown in
Figure 4(d). It may be observed that creep strain accumulation starts after a threshold time of 30
seconds (approximately) as this much time is required for the temperature in the clad to reach 600°C
(approximately) as can be seen from Figure 3(c). The creep deformation becomes significant only after
the temperature in the clad exceeds 600°C, as can be seen from the material constants presented in
Table 1.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The creep deformation of Zircaloy-4 clad is insignificant below the temperature of 600°C. Again,
the rate of creep strain accumulation is higher for higher values of internal pressure when the heating
rates are similar as can be seen from Figure 4(d). However, when the heating rate is lower, i.e., 12.5
°C/s, the creep strain accumulation in the clad is initially slower, even for higher values of applied
internal pressure (i.e., 4 MPa), when compared to the corresponding strain accumulation for 2 MPa
internal pressure and 15 °C/s heating rate case. This can be explained based on corresponding
temperature history in the clad.

Initially, the temperature in the clad with lower heating rate is less and hence, the creep strain
accumulation is less even for higher stress value. However, once temperature exceeds the threshold
value, both temperature and stress values contribute to creep strain accumulation and hence, the
creep strain increases rapidly for 4 MPa internal pressure when compared to that of clad with 2 MPa
internal pressure and 15 °C/s heating rate. Hence, it can be concluded that both heating rate and
internal pressure values play a role in creep strain accumulation and the corresponding material
damage, which leads to initiation of micro-crack and eventual burst in the clad. However, the process
of simulation of creep damage requires information regarding stress triaxiality and creep strain. A
model for simulation of clad burst is presented in the following paragraphs.

Internal pressure - 3.1 MPa

Internal pressure|- 3.1 MPa
Burst temperature - 800°C :

Burst temperature - 800°C

FE simulation

Displacement
(mm) contour
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Figure 4. (a) Results of radial deformation profile of the fuel clad as obtained from FE simulation showing

balooning behavior; (b) Contour of von Mises stress in the axisymmetric model of fuel clas for simulation at an

internal pressure of 3.1 MPa; (c) Variation of von Mises stress at the maximum location as a function of time for

variation values of internal pressure ranging from 1 to 5 MPa and heating rate of 15°C/s; (d) Variation of

equivalent creep strain with time for variation combinations of internal pressure and heating rates.

The process of creep damage accumulation occurs by void growth and coalescence [43,45], and
hence, the corresponding damage variable can be described using a model similar to that of Rice &
Tracey’s void growth law as presented in Ref. [45]. In this work, a new damage variable ‘D’ is
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proposed, which is a function of stress triaxiality (i.e., ratio of hydrostatic stress o, to von Mises

equivalent stress o,,) and the inelastic strain increment ds;-qel

as shown in Eq. (2). The cumulative
damage variable ‘D’ is obtained by integrating the expression till the instant of clad burst as observed
in the experiment. The value of damage variable ‘D’ characterizing burst in the clad is denoted as ‘D,
and this value is initially calibrated from experimental data.

R Ec 30, ,
D.= In (—) = f 0.283 exp (—)dess @)
Ro/, £0=0 Oeq

Using time-dependent history of von Mises equivalent stress and equivalent creep strain
increment as presented in Figure 4c,d, the evolution of damage variable ‘D’ in the Indian PHWR fuel
clad is calculated for internal pressure of 2 MPa and the heating rate of 15 °C/s. The corresponding
result is shown in Figure 5. The burst of Zircaloy fuel clad corresponding to this loading condition
occurs at 45 seconds as reported in the experiment carried out in Ref. [42]. Corresponding to this time
and the above loading condition, the critical damage parameter ‘D.” has been estimated to be 0.12.
This value of critical damage parameter is a material property and hence, it has been used in
subsequent FE simulations to predict the burst behavior of Zircaloy-4 fuel clad for various
combinations of internal pressure loading and heating rates.

0.14 - Criticall dama gfl* parame’lter | | 1
o =0.12
ao_m---@-c----é--) ---------------------------------
5} Dc = J i 0.283 exp(%)dsp I
% 0.10- - 20,4 | -
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g 0.08 - | |
=005 Clad tube bursts | 1
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= 004 : 1
5:' oo Internal pressure |
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0.00 : : : —

0 10 20 30 40 50 60

Time (s)

Figure 5. Evolution of damage parameter ‘D’ as a function of time as obtained from FE simulation for an internal

pressure of 2 MPa and determination of critical value from time of clad burst as observed in experiment.

The results of FE simulation for various values of internal pressure ranging from 5 to 10 MPa are
shown in Figure 6(a). In these simulations, the heating rate is kept constant at 15 °C/s and the
corresponding variation of temperature with time is shown in Figure 3(c). As can be seen from Figure
6(a), the damage parameter accumulates after a threshold time step as it required some time for the
wall temperature in the clad to exceed 600°C.

The damage accumulation occurs in an exponentially increasing manner and corresponding to
the critical damage value of 0.12, the time is noted for each magnitude of internal pressure. The
corresponding temperature at the instant of simulated clad burst can be found from Figure 3(c) as the
heating rate is known. Using the above procedure, the temperature of clad at the instant of burst
(called burst temperature) is plotted against the internal pressure applied in the clad (called burst
pressure) and this data is shown in Figure 6(b). This variation depends upon heating rate as can be
seen from subsequent discussions as the creep damage accumulation depends upon clad temperature
history, which is in turn dependent upon the heating rate.
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Figure 6. (a) Variation of damage parameter with time for different values of internal pressure in the clad; (b)
Variation of temperature at instant of burst (i.e., corresponding to attainment of critical damage paramter in the

FE simulation) as a function of burst pressure.

The results of FE simulation have been validated with experimental data from literature [42] and
a comparison of the same is shown in Figure 7. The clad burst temperature is plotted as a function of
burst pressure (i.e., applied internal pressure) in Figure 7(a) and it can be observed that the burst
temperature is inversely dependent upon the burst pressure for a given heating rate (i.e., linear
variation of temperature with time). The higher burst pressure induces higher stresses in the clad and
hence, the damage accumulation occurs faster, leading to burst at lesser time and hence, lesser
temperature.

Similar observation is also seen in Figure 7(b), where the time to clad burst is plotted against
burst pressure and the dependence is similar to that of burst temperature. The results of the proposed
damage model for both burst temperature vs burst pressure and burst time vs burst pressure are also
compared with corresponding experimental data taken from literature [42]. It may be observed that
the current damage model is able to model the experimentally observed clad burst behavior very
satisfactorily and hence, this serves as a predictive tool in modelling of clad deformation during
severe accident scenarios.
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Figure 7. Comparison of predicted (a) burst temperature vs burst pressure data and (b) burst time vs burst

pressure data with corresponding experimental data taken from literature.

Moreover, this damage model can be used to simulate clad burst behavior even for different
constant and variable heating rates, which may be encountered during severe accident progression
in the reactor core. It may be noted that the researchers use various types of empirical correlations
between burst temperature and burst stress, which is not suitable for integrity analysis of fuel clad
for variable heating rate scenarios as discussed later. On the other hand, the effect of heating rate on
clad bust correlation is absent in the typical empirical correlations as presented in Ref. [42].

These correlations use an exponential decay type correlation between burst temperature and
burst stress and the constants usually vary for different temperature zones as these are derived from
experimental data corresponding to given loading conditions, and , hence, these may not be
applicable in generalized loading scenarios. These limitations have been tackled through this new
damage model. Later, a heating rate dependent burst temperature vs burst stress correlation has also
been proposed, which shall be very useful for the practitioners and safety analysts.

The effect of heating rate on clad burst behavior has been simulated by varying the heating rate
from 15°C/s to 100°C/s. Various magnitudes of internal pressure varying from 1 MPa to 10 MPa, have
been used in the FE simulation. The typical variations of von Mises equivalent stress and equivalent
creep strain with time are shown for the two different heating rates in Figure 8a,b. The creep strain
accumulation is faster for higher heating rate as can be seen from Figure 8(b).

Moreover, the internal pressure has also a profound effect on creep strain accumulation. Higher
internal pressure produces higher stress values in the clad as can be seen from Figure 8(a) and this in
turn leads to faster creep strain accumulation as observed in Figure 8(b). Using the similar principle
(as discussed earlier) to calculate burst temperature and burst pressure, the variation of burst
temperature as a function of burst pressure for the two different heating rates are evaluated and the
corresponding data are presented in Figure 8(c).

It may be noted that the clad burst behavior is highly dependent upon the heating rate. However,
as discussed earlier, the effect of heating rate is not considered in the empirical correlations available
in literature (example, Ref. 42), and, hence, this remains a limitations of the existing correlations. For
this purpose, a new heating rate dependent correlation has been proposed in this work, which uses
the results of the damage model to derive the new correlation.
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Figure 8. Evolution of (a) von Mises stress and (b) equivalent creep strain at the maximum location of the clad
with time for two different heating rates and internal pressure values; (c) Variation of burst temperature as a

function of burst pressure for Zircaloy-4 fuel clad as predicted by the damage model.

To elucidate this point, a typical experimental database for burst stress vs burst temperature as
taken from Ref. [42] is shown in Figure 9(a). The data points have been fitted with different types of
correlations in the different temperature regimes. However, the functional forms of all these
correlations remain exponential decay type, with constants deferring for each zone of temperature as
shown in Figure 9(a). Another set of experimental data points have been taken from Ref. [43], which
shows the variations of clad burst temperature with burst pressure values for two different heating
rates in Figure 9(b).

One notable observation in this data is that significant differences in the clad burst temperature
vs burst pressure behavior are observed for the two different heating rates of 5°C/s and 115°C/s
respectively. The higher heating rate produces higher burst temperature for a given applied internal
pressure value. This is similar to the results of our FE simulation as discussed earlier and presented
in Figure 8(c). In order to quantify the effect of heating rate on burst temperature vs burst pressure
behavior of fuel clad, the damage model as developed in this work, has been applied and the results
have been correlated to a normalized heating rate as discussed later in detail.
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Figure 9. (a) Burst stress as a function of burst pressure as obtained from experimental data taken from Ref. [42]
along with the fitted exponential correlation; (b) Burst temperature vs burst pressure data as taken from Ref. [43]

for two different heating rates.

The effect of heating rate on clad burst behavior is also reported in Ref. [44], however, no such
correlation linking clad burst temperature to the heating rate and applied stress can be found in
literature. Figure 10 shows the variation of burst temperature as a function of initially applied stress
(or engineering stress) for different heating rates ranging from 1°C/s to 100°C/s. It can be seen from
this figure that the heating rates elevate the temperature at the time of clad burst if the applied stress
is kept constant.

As the higher heating rate reduces the corresponding time duration for strain accumulation for
a given temperature range, the creep damage accumulation becomes less for this temperature range
and hence, a higher temperature is required for creep damage accumulation to reach the desired
critical magnitude, which in-turn initiate micro-crack and corresponding burst in the clad. Using the
material data for Indian PHWR fuel clad as presented in Table 1, FE simulations have been carried
out for different heating rates ranging from 5°C/s to 100°C/s.

The corresponding initial stress values (controlled with the help of internal pressure) have been
varied from 1 MPa to 180 MPa covering a very wide range of applied stress and heating rates. The
results of burst temperature and initial stress are plotted in Figure 11 for different heating rates
varying from slow heating rate of 5°C/s to a very fast heating rate of 100°C/s. The results show an
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inverse type dependence of burst temperature on initial stress for a fixed heating rate and with
increased heating rate, the burst temperature becomes more for a given applied stress. This is similar
to our earlier discussion of corresponding results from literature, however, this result corresponds to
the material properties of Indian PHWR fuel clad and this has been predicted through our proposed
damage model.
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Figure 10. Burst temperature vs initially applied stress as predicted by Rosinger [44] using an empirical model

for various heating rates.
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Figure 11. Burst temperature vs initially applied stress as predicted by current damage model for various heating

rates for Indian clad.
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6. Discussion

As discussed earlier, the finite element based damage model can be used to predict the clad burst
behavior for any type of high temperature loading scenarios. It can also simulate the heating rate
effect on clad burst behavior or in other words, the effect of temperature history (either linear or
nonlinear variation with time) is inbuilt in the formulation. This model has also been validated
against experimental data as presented in Figure 7. However, for simplicity and ease of use for the
practitioners, a new heating rate dependent correlation has been developed additionally in this work
using the new damage model. This type of correlation is also helpful for severe accident codes, which
rely on its simplicity in order to perform simulations of severe accident progression of core
components efficiently.

Initially, the heating rate of 5°C/s has been chosen as the reference heating rate, as this is one of
the lowest heating rates encountered in a typical experimental data for heating rate in literature. This
reference data shall be used later to develop the heating rate dependent clad burst correlation. Figure
12(a) shows the variation of burst temperature (Tv) vs engineering burst stress g, o, (same as the
initially applied equivalent stress) for the reference heating rate of 5°C/s. The data points have been
fitted with a correlation as shown in Figure 12(a).

Later, similar simulations have been carried out for several heating rates varying from 15°C/s to
100°C/s. The corresponding burst temperature vs engineering burst stress data have been used to
derived the normalized burst temperature, expressed as Tp/Tp ref, Where T}, denotes the burst
temperature for any heating rate and T, s corresponds to the burst temperature for the reference
heating rate of 5°C/s. The variation of the normalized burst temperature T,, = T,/T} 1o With burst
stress is shown in Figure 12(b).

It can be observed that this normalized burst temperature T, is almost independent of the
applied engineering burst stress. However, the normalized burst temperature T,, increases with
heating rate as can be seen from Figure 12(b). Later, the heating rate has also been normalized with
the reference data, corresponding to that of 5°C/s heating rate. The normalized heating rate is defined
as qn = q/qref, Where q is the actual heating rate in °C/s and q.s corresponds to the reference
heating rate of 5°C/s.

The variation of T}, /Ty, ref With q/qyer is shown in Figure 12(c). The data points from simulation
have been fitted with a correlation as shown in Figure 12(c). Hence, the new heating rate dependent
clad burst correlation as developed in this work can be summarized as follows in Eq. (3) below.

Ty

T, =
" Tbref

- 0.99+0.01( 1 )

qref

3)
Ty ref = 1335 — 150 In(0y cp)

In order to use this correlation, the use first calculates the value of T}, r¢f as a function of (6}, ep)-
Later using information regarding heating rate 'q' and reference heating rate gy¢¢=5°C/s, the value
of normalized burst temperature T, is calculated from which the actual clad burst temperature can
be calculated using first line of Eq. (3).
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Figure 12. (a) Variation of burst temperature with engineering burst stress for the reference heating rate of 5°C/s

and corresponding reference correlation for clad burst behavior; (b) Variation of normalized burst temperature
with engineering burst stress for different heating rates varying from 5°C/s to 100°C/s; (c) Variation of

normalized burst temperature with normalized heating rate and the corresponing proposed correlation.

7. Conclusions

In this work, the ballooning and burst behavior of nuclear fuel clad due to high temperature
creep deformation and associated damage accumulation has been investigated using a material
damage model. This model can predict the burst temperature as a function of burst stress for different
heating rates. In addition, a new correlation has also been developed based on the results of new
damage model, which can predict the burst behavior of clad as a function of heating rate. Such kinds
of burst correlations are not available in the literature. The following conclusions can be derived from
this work.

e  The creep damage accumulation depends upon the history of temperature and stress variation
in the clad and the stress triaxiality in the clad is an important factor, which promotes creep
damage accumulation in the material.

e  For a given heating rate, higher applied pressure results in lower temperature at clad burst as
the applied stress is higher, which can lead to higher creep strain accumulation at a given
temperature.

e A threshold magnitude of burst time and burst temperature is observed, both in experimental
data from literature, and from the results of the current simulation, which corresponds to the
clad temperature of the order of 600°C approximately. This corresponds to the temperature
below which creep deformation of Indian PHWR Zircaloy-4 fuel clad is negligible.

e  (lad burst temperature increases with heating rate for a given value of applied stress. This can
be explained based on temperature variation with time for different heating rates. For higher
heating rate, there is less time available for creep deformation at a given temperature range and
hence, the clad needs to attain higher temperature in order to accumulate creep damage
corresponding to the critical value needed for initiation of clad burst.
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¢ A new heating rate dependent correlation has been developed in this work, which can be used
by the practitioners as well as by the engineers using the severe accident analysis program in
order to simulate the clad deformation and burst behavior in a realistic manner, when heating
rate varies during the accident progression.
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