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Abstract

A mechanistic fuel performance analysis code FAIR has been developed. The code can analyse fuel
pins with free standing as well as collapsible clad under normal, off-normal and accident conditions of reactors.
The code FAIR is capable of analysing the effects of high burnup on fuel behaviour. The code incorporates finite
element based thermo-mechanical module for computing transient temperature distribution and thermal-elastic-
plastic stresses in the fuel pin. A number of high temperature thermo-physical and thermo-mechanical models
also have been incorporated for analysing fuel pins subjected to severe accident scenario. The present paper
describes salient features of code FAIR and assessment of clad integrity of PHWR fuel pins with different initial
burnup subjected to severe accident scenario.

1. INTRODUCTION

The integrity of fuel rods under normal, off-normal and accident conditions is an important
consideration during fuel design of an advanced nuclear reactor. The fuel matrix and the sheath form
the primary barriers in preventing the release of radioactive materials into the primary coolant. An
understanding of the fuel and clad behaviour under different reactor conditions, particularly the severe
accident conditions, is always desirable for the safe operation of nuclear reactors and mitigation of the
consequences of accidents, if any. The severe accident conditions are typically characterized by the
energy deposition rates far exceeding the heat removal capability of the reactor coolant system. This
may lead to clad failure due to large scale pellet-clad interaction or even clad melting. The fuel rod
performance is affected by many interdependent complex phenomena involving extremely complex
material behaviour. The versatile experimental data base available has led to the development of
powerful analytical models to characterize fuel under extreme scenarios. A number of fuel
performance analysis codes have been developed in different parts of the world based on such
analytical models. In BARC, the code 'FAIR' has been developed over the last seven years [1]. This
code is based on the application of the finite element method for thermo-mechanical modelling and
mechanistic modelling of various phenomena affecting the fuel behaviour. The code is capable of
analysing the effects of high burnup on fuel behaviour. The code has been validated against a set of
data from operating fuel pins subjected to normal and off-normal conditions at high burnup, as a part
of the IAEA-Coordinated Research Project (CRP) on FUMEX (FJJel Modelling at Extended burnup).
The code 'FAIR' has been subsequently modified to handle fuel pins subjected to extreme accidental
scenarios.

During severe accident conditions, the mode of failure of clad is essentially due to clad
ballooning. This occurs due to a combination of rod internal pressure and clad temperature. The
combination of internal pressure and clad temperature leads to large scale thermal creep in the clad
material. The magnitudes of pressure and clad temperature primarily depend upon two input
parameters. These are, the amount of energy deposited in the fuel pellet and the coolant heat transfer
coefficient. As a part of the present analytical study, a severe accident scenario involving LOCA with
the coincidental failure of ECCS has been considered. This is one of the dual failure accidents
considered for PHWRs. For such a scenario, the fuel pin failure is characterized by the large scale
clad ballooning with the progress of accident time. Based on the data available in published literature,
the analytical criterion selected for clad failure is the accumulation of a predefined local creep strain.
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The creep strain rates calculated as a function of rod pressure and clad temperature for each time step
are integrated with respect to time to obtain the cumulative creep strain. A parametric study has been
performed to assess the clad failure time with the burnup of the fuel pin during the course of the
accident.

The following sections deal with the description of the code 'FAIR', the accident analysis
procedure, the results of the parametric study and the conclusions drawn through the present study.

2. DESCRIPTION OF CODE 'FAIR'

The code 'FAIR' models various physical, chemical and mechanical phenomena occurring in
a nuclear fuel during its residence period in a reactor using mechanistic principles. This code is
capable of analysing the complex material behavior of fuel pins and the interactive nature of various
phenomena affecting the fuel pin behavior. The code is equipped with high burnup modelling
capabilities, such as pellet thermal conductivity degradation with burnup, redistribution of radial flux
at high burnups, enhanced fission gas release at high burnups. The organisation of this code follows
the proven principles of fuel rod modelling, such as, coupling between thermal, mechanical and
fission gas release modules, concurrent analysis of different axial sections of fuel rods to consider
fission gas mixing. In addition to this, local analysis such as clad ridging can also be performed. The
modular nature of the code offers flexibility in incorporating modifications to model fuels of different
materials and reactors. A separate module has been incorporated in the code FAIR for performing
statistical analysis of fuel pins. Besides the sequential version of the code FAIR, a parallel version is
also developed and implemented on a parallel processing system [2]. This parallel version facilitates
high speed computation by performing simultaneous analysis of different axial sections of fuel pins
for considering axial fission gas mixing.

2.1. Thermo mechanical module of FAIR

The thermo mechanical module of the code FAIR is based on 2-D axisymmetric Finite
Element Method [3]. The thermal analysis module can analyse both steady state and transient
situations. Both Dirichlette and Neumann boundary conditions can be analysed. The nonlinearities
associated with temperature dependent material properties are solved using iterative techniques
considering each step as a quasi static state. The convergence of solution is checked by specifying a
convergence criterion for the norm of temperatures. Direct integration method (Crank-Nicholson
scheme) is employed for analysing transient cases. The mechanical analysis module can analyse
thermal visco-plastic loading conditions, which can take care of material nonlinearity of pellet and
sheath due to thermal, pressure and creep loadings. The generation of nonlinear characteristic
equations is done by Modified Newton-Raphson method. Additional strains on the pellet due to
thermal and irradiation induced densification and swelling and strains due to pellet cracking and
relocation are treated as initial strains as per standard Finite Element procedure.

The code incorporates three different high temperature creep models for use in severe
accident analysis. These models are due to Holt (NIRVANA) [4], Donaldson [5] and Shewelt [6].
These models represent creep rate in an Arhenius type relation as a function of clad temperature and
stress.

2.2. Salient fuel models in FAIR

For modelling fission gas release, Standard ANS 5.4 model [7], empirical model based on
Halden data [8] and microstructure dependent fission gas release models [9-12] are implemented in
the code FAIR. The pellet densification and swelling, grain growth, thermal and mechanical material
properties are implemented based on MATPRO [13]. The thermal conductivity degradation of pellet
with burnup is modelled using the data available in open literature [14,15]. The variation of flux
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profile across pellet radius and the change in this profile with burnup are modelled using RADAR
model [16]. The code consists of a separate module for modelling the pellet-clad-interaction (PCI)
induced fuel failure [17], which models crack initiation and propagation in clad as a function of the
sheath strains and the amount of free Iodine available on the inner sheath surface.

2.3. Statistical analysis module of FAIR

The code FAIR incorporates Probabilistic methods of analysis based on Monte-Carlo
technique. The probabilistic methods supplement the mechanistic modelling of fuel behaviour. The
effect of variation in the geometry of the fuel due to manufacturing defects, in particular the gap
between the pellet and the sheath, the errors in power measurement, the uncertainties in the material
properties are studied by varying these parameters in a random fashion. The variations are considered
to be following a Gaussian distribution. A number of repetitive analyses are performed considering
these variations and the variation of output parameters such as fuel temperatures, fission gas release
and fission gas pressure are indicative of the uncertainties involved in the modelling.

3. VALIDATION OF CODE FAIR

The individual models of the code FAIR have been tested and validated against the standard
bench mark cases published in the literature. The performance evaluation of FAIR as an integral fuel
analysis code has been done against a number of studies. One of the studies was based on an earlier
project on fuel rod modelling code evaluation by Electric Power Research Institute [18]. Another
study was carried out for simulating analytically the threshold power ramp criteria (Pc, APC curves) for
a Pressurised Heavy Water Reactor (PHWR) fuel rod and comparing the same with the experimental
database [19]. The main validation of code FAIR for high burnup fuel pins was carried out during the
blind code comparison exercise of IAEA CRP on FUe\ Modelling at Extended burnups, FUMEX
[20]. The details of these validation studies can be found in References [21-23].

4. SEVERE ACCIDENT ANALYSIS OF PHWR FUEL PINS

During severe accident conditions, the rate of energy deposition exceeds the heat removal
capacity of the reactor heat removal system. The likely mode of failure under such conditions is the
clad ballooning. This occurs due to a combination of rod internal pressure and clad temperature. The
combination of internal pressure and clad temperature leads to a large scale thermal creep of the clad.
The variation of pressure and clad temperature with the time of accident basically depend upon three
parameters. These are the amount of stored heat energy in the pin at the time of initiation of accident,
the amount of heat energy deposited during the accident and the heat transfer conditions at the clad
surface. The effect of these parameters on a 220 MW(e) Indian pressurised heavy water reactor
(PHWR) fuel pin clad has been studied using the code FAIR.

The accident scenario pertains to the failure of a fuel pin, which is subjected to a power
profile and heat transfer conditions similar to those obtained for a LOCA coincident with loss of
ECCS. Such an accident is one of the dual failure accidents considered for PHWRs. The thermal
hydraulic conditions for such scenario has been obtained using the relevant thermal-hydraulic analysis
codes [24]. The analysis has been done to determine the time of clad ballooning after the accident for
fuel pins having different burnups at the time of initiation of the accident. Based on the published
literature, the analytical criterion selected for clad failure is the accumulation of 75% local creep
strain. The calculated creep strain rates as a function of rod pressure and clad temperature for each
time step are integrated with time to obtain the cumulative creep strain.
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FIG. 1. A typical temperature transient in a PHWR fuel pin subjected to
LOCA with ECCS failure.
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FIG. 2. A typical variation of accumulated local creep strain in a PHWR fuel pin sheath under LOCA
with ECCS failure.
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FIG. 3. Assessment of time of clad failure for a furl pin subjected to LOCA
with ECCSfailure.

RESULTS AND DISCUSSIONS

The typical variations of the fuel centre line temperature, the pellet surface temperature and
the clad temperature during such an accident for a fuel pin having a burnup of 7000 MWD/T UO2 are
shown in Fig. 1. The transient clad temperature profile in this figure can be divided into three zones
along the time scale. These are, the rapid increase in clad temperature just after the initiation of the
accident (zone-I), followed by the time interval of moderate clad temperature (zone-II) and finally the
slow mode of heating of clad to a high temperature (zone-Ill). A typical variation of cumulative creep
strain with the time of transient is shown in Fig. 2. It may be noted here that the cumulative creep
strain increases rapidly once the clad temperature-stress combination crosses a threshold value. The
time of clad failure for fuel pins having different initial burnup is shown in Fig. 3. It may be noted
here that the failed pins may be put in two distinct groups depending upon the time of clad failure. For
the fuel pins having burnup less than 10 000 MWD/T UO2 , the time to failure is large and these lie in
zone-Ill of Fig.l. On the other hand, the time to failure of fuel pins with burnup more than 10 000
MWD/T UO2 is much less and these lie in zone-I.

This is essentially because the fission gas pressure available for clad ballooning increases
with the burnup. For high burnup fuel pins, the gas pressure may be enough to cause clad ballooning
during the initial rapid heating phase of the clad (zone-I) itself. However, clad ballooning may require
more time and temperature for the lower burnup fuel pins having less fission gas pressure. For these
fuel pins the time of clad ballooning lies in zone-Ill.
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