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ABSTRACT

CAD has been developing a computer code “FRAVIZ” for  calculation of  steady-state  thermo-
mechanical behaviour of nuclear reactor fuel rods. It contains four major modules viz., Thermal
module,  Fission Gas Release module,  Material  Properties module and Mechanical  module.  All
these four modules are coupled to each other and feedback from each module is fed back to others
to  get  a  self-consistent  evolution  in  time.  The  computer  code  has  been  checked  against  two
FUMEX benchmarks. Modelling fuel performance in Advance Heavy Water Reactor would require
additional inputs related to the fuel and some modification in the code.
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INTRODUCTION

Computer  code  called  “FRAVIZ” has  been  developed by  CAD for  calculation  of  steady-state
thermo-mechanical  behaviour  of  nuclear  reactor  fuel  rods.  It  is  based  on  the  algorithm  of
FRAPCON-3.4 [1].  It contains four major modules viz.,  Thermal module, Fission Gas Release
module,  Material  properties  module  and  Mechanical  module.  The  thermal  module  computes
thermal response by solving 1-D steady-state heat conduction equation taking account of neutron
flux distribution and consequent power density distribution through the fuel, in combination with
various mechanisms of heat transfer. Fission gas release module is based on modified Forsberg-
Massih model [2] for UO2 fuel. Material properties module include various properties of fuel &
cladding from MATPRO [3]. The mechanical module calculates behaviour of fuel & cladding and
their interaction. Other phenomena like creep would play an important role. All these four modules
are coupled to each other and feedback from each module is  fed back to others to get a self-
consistent evolution in time. Code can handle convective cooling as well as boiling water coolant.

COMPUTER CODE DETAILS

Computer  code  “FRAVIZ”  contains  four  major  modules  viz.,  Thermal  module,  Fission  Gas
Release, Materials properties module and mechanical module. 

The thermal module solves one-dimensional heat conduction equation for the fuel-pellet along the
radial direction. Finite differences are used to advance the heat conduction solutions. Each mesh
interval may contain different mesh spacing. The spatial dependence of the internal heat source is
allowed to vary over each mesh interval. Boundary condition include specification of coolant inlet
temperature, coolant channel equivalent heated diameter and coolant mass flux. The steady state
integral form of the heat conduction equation is given by :
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∬
s

k (T , x̄ )∇⃗ T ( x̄ )⋅ n⃗ ds=∭
V

S ( x̄ ) dV

where k = thermal conductivity (W/m/K), s = surface of the control volume (m3), n = the surface
normal vector, S = internal heat source (W/m2), T = temperature (K), V = control volume (m3), x =
the space co-ordinates (m). 

Assumptions made are that the geometry is fixed & symmetrical, negligible heat conduction in the
axial & azimuthal direction, steady-state & mesh-point averaged thermal conductivity. The two

boundary conditions for the symmetry conditions are 
∂T
∂ x̄

=0 at x = 0 i.e.,  at the centre of the

fuel pellet and a prescribed temperature at the surface of the fuel. The coolant bulk temperature is
calculated using boundary conditions and user supplied axial linear heat generation rate, using a
single-channel enthalpy rise model. A film temperature Tf is then calculated from the coolant to
the  surface  of  the  fuel  rod  through  any  crud  which  may  exist.  The  cladding  inside  surface
temperature  Tci is found by calculating the temperature rise across the Zirconium dioxide (ZrO2)
layer and the cladding using Fourier's law. The temperature rise to the fuel surface is determined
from an annular gap model,  thereby establishing the fuel  surface temperatures,  Tfs.  Finally the
temperature  distribution  in  the  fuel  is  calculated  using  fuel  surface  temperature  and  assumed
symmetry at the centre-line as boundary condition. The internal heat source, S is calculated from
the neutron flux distribution within the fuel pellet by the solution of one-group, one-dimensional
diffusion  theory  applied  to  cylindrical  fuel.  The  evolution  of  average  uranium and plutonium
isotope  concentrations  in  the  fuel  through time are  described  by  a  coupled  set  of  differential
equations, which are coupled because the loss of one isotope by neutron capture leads in some
cases to production of next higher isotope. The various one-group cross-sections are for U235, U238,
Pu239, Pu240, Pu241 and Pu242 given in FRAPCON-3.4 are used in the “FRAVIZ” computer code.

Fission  gas  release  module  uses  the  modified  Forsberg-Massih  model  [2]  for  the  fission  gas
release. Basic theory of the fission gas release is that the fission product gases are produced within
the grains of the fuel and diffuse to the grain boundary where they accumulate over a period of
time. Once the accumulation of gas at the grain boundary reaches a saturation concentration, the
grain boundary gas is released. Presently the gas model account for not only fission gas release
(Krypton, Xenon and Helium) but also nitrogen release. The nitrogen is released from the fuel
lattice, where it is trapped during the fuel fabrication process.

To effectively model fuel behaviour, material property correlations must be used for a wide range
of operating conditions (e.g., temperature and burnup). The material properties of interest in the
analysis  of  fuel  behaviour  codes  are  mechanical  and  thermodynamic.  Earlier  version  of  the
material  property package,  MATPRO-v11 [4]  was  developed way back in  1979.  Many of  the
routines have been updated and many more added in the recent MATPRO version [5]. Some of the
properties are thermal conductivity, thermal expansion, swelling, emissivity, etc. of the fuel and
thermal conductivity, thermal expansion, axial growth, creep rate, elastic modulus etc., of the clad.

Mechanical  module  consists  of  calculation  of  fuel  and  cladding  deformation  for  the  fuel  rod
response analysis as the heat transfer coefficient across the fuel-cladding gap is a function of both
the effective gap size and inter-facial pressure. In addition, accurate calculation of stresses in the
cladding is needed to calculate the onset of cladding failure. In this module two physical situations
are envisioned. The first situation occurs when the fuel and cladding are not in contact. Here the
problem of  a  cylindrical  shell  (cladding)  with  specified  internal  and  external  pressures  and a
specified cladding temperature distribution is solved. This is called the “open gap” regime. The
second situation envisioned is when the fuel (considerable hotter than the cladding) has expanded
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so as to be in contact with the cladding. Further heating (thermal expansion) of the fuel “drives”
the cladding outward. This situation is called the  “closed gap” regime. In addition, this closed gap
can occur due to fuel swelling, relocation and the creep of the cladding onto the fuel due to a high
coolant pressure. The equations implemented in this module are explained in detail in FRACAS-I
model [6] and hence not being dealt here due to paucity of space. Model for creep, which is a
stress-driven and highly temperature dependent process is also included in the code.

RESULTS

“FRAVIZ”  computer  code  was  run  for  typical  PWR  parameters  and  a  given  Linear  Heat
Generation Rate. Figure 1 shows the temperature distribution across the fuel, fuel-clad gap, clad
and coolant for a typical PWR problem for different days. Code has also been checked against two
FUMEX  benchmarks  [7,8].  Figure  2  compares  the  rod  pressure  computed  by  FRAVIZ  with
experimental data (FUMEX-I).

Fig. 1: Fuel temperature distribution across UO2

fuel on different days for a typical PWR case.
Fig.2: Rod pressure as a function of burnup

computed by FRAVIZ for FUMEX-I

Fig.3: Fuel centreline temperature as a function of
burnup for a typical PWR case.

Fig.4: Fission gas release as a function of burnup for
FUMEX-II
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Figure 3 shows the fuel centreline temperature as a function of burnup for a typical PWR problem
and follows the Linear Heat Generation Rate profile.  Figure 4 shows the fission gas release as a
function of days for the FUMEX problem. FRAVIZ has predicted FGR to be < 7%. Other codes
during the benchmarking have predicted FGR from 3.6% to 21% with a majority of the codes
predicting between 3.6% to 10%. Hence FRAVIZ seems to be reasonably predicting the fission gas
release.

Advanced Heavy Water Reactor (AHWR) [9] would involve boiling water as coolant, (Th,233U)O2

& (Th,Pu)O2 as fuels and Zircaloy-2 as clad. Properties for the coolant (light water), Zircaloy-2 &
4, E-110 alloy (Zr-1%Nb) as clad and UO2 and (U,Pu)O2 as fuel are already included in “FRAVIZ”.
As shown in the FUMEX benchmark, our code already handles BWR. Hence, for modelling fuel
performance  in  AHWR,  additional  inputs  like  the  neutronic  properties,  thermal  conductivity,
thermal  expansion,  swelling,  fission  gas  release  of  (Th,233U)O2 and  (Th,Pu)O2  fuels  will  be
required.  Modification  would  also  be  required  in  the  present  code  to  handle  the  different
enrichments of (Th, Pu)O2 in lower & upper half of the fuel pins.

CONCLUSIONS

A computer code “FRAVIZ” has been developed and validated. A typical PWR problem has been
evaluated and the code has also been validated against two FUMEX benchmark problems.
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