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ABSTRACT

A new fuel performance modeling methodology has been developed. It sat-
isfies real-time simulation requirements when implemented on a minicom-
puter, e.g., with the Studsvik Compact Simulator. The model, INTERPIN,
incorporates a comprehensive set of physical submodels, each of them
optimized for benchmarking efficiency. The code utilizes novel, non-
linear mathematical-numerical techniques, which enables the handling of
large time-steps without use of iterations. This forms the basis for
unprecedented running speed and absolute numerical stability, without
sacrificing modeling detail and computational accuracy. The INTERPIN/
FRPS system has shown excellent benchmarking flexibility, especially with
respect to fission .gas release predictions. The system is coded for com-
prehensive graphics output.

1 INTRODUCTION

The INTERPIN fuel performance model emphasizes comprehensiveness, speed
and flexibility, in conjunction with a calculational accuracy commen-
surate with the accuracy of the available materials data.

The calculational speed is dictated by the required capability of sim-
ulating any real-life operational transient, short of fuel melting, in
real time. This requirement is imposed by the application of the fuel
rod process simulator module (FRPS) of the INTERPIN code in the Studsvik
Compact Simulator. The latter is a whole plant simulator designed for
operator training and other educational applications.

The shortest time within which a thermal transient can develop in a
fuel rod in response to a neutronic transient, is a few times the thermal
time-constant of the fuel rod, which is about 5 seconds. Therefore, the
limiting event that has been used in designing the present simulator was
chosen to be an overpower of arbitrary size that develops linearly over
8 seconds. It was assumed that at least 25 axial nodes and at least 5
sub-steps of time would be necessary to adequately describe this power
rise, and that the simulator would accomplish this in real time.

To meet this requirement it has been necessary to carefully design the
software to match the -capabilities and the restrictions of the hardware.
The INTERPIN/FRPS system has been developed to meet the real-time re-
quirement on the Studsvik Compact Simulator hardware, which is a minicom-
puter with a processing speed of about 5 MIPS (megainstructions per. sec.)
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However, the actual development was performed on a desktop microprocessor
with a 15 times slower processing speed.

In designing and implementing the software. in FORTRAN 77, extreme care
has been taken to optimize the source code, especially by avoiding recal-
culations wherever possible. The mathematical approach has been opti-
mized, principally by totally avoiding both numerical iterations and ar-
bitrary reductions of the time-steps.

The physical submodels of the code are construed to reflect important
observations from test reactor experiments, using theoretical approaches
from the open literature.

Finally, the code has been benchmarked against the large available data
base of test reactor experiments.

The following sections discuss the most important aspects of INTERPIN/
FRPS, i.e., the overall architecture, the individual physical models, the
mathematical techniques, and the benchmarking.

2 CODE ARCHITECTURE AND NUMERICAL PERFORMANCE

The code consists of three major sub-models: The thermal, the mechanical
and the restructuring submodels. The main program establishes the mate-
rials data base, then transfers control to the executive control routine.
This routine contains the entire logical layout of the code, controlling
the approximately one hundred subroutines that contain the specific cal-
culations. The executive control includes the time-step and axial node
administration. Since there are physical couplings among the axial
nodes, mainly owing to mechanical fuel-cladding interaction and axial
fission gas migration, the logical administration constitutes three pas-
ses through the axial nodes, separated by two coupling routines, one
mainly for mechanical couplings and one mainly for thermodynamic coup-
lings.

The time axis is divided into a number of major intervals, the time-
steps. Each time-step is either of constant linear heat rating or of
constant rate of change of heat-rating. The time-steps may be very
large (thousands of hours), if the power is constant or slowly varying.
If the power is rapidly varying, the time-steps will be shortgr, but
normally large enough to encompass a major change, such as a pdwer ramp,
in one time-step.

Each time-step is subdivided into a prescribed number of equally sized
sub-steps. Since a power ramp may contain 5 sub-steps and the limiting
ramp event lasts 8 seconds, sub-steps as short as 1.6 seconds of real
time are to be expected to occur. For time-steps of constant or slowly
varying power, however, the substeps would normally be chosen to be sev-
eral hundred hours. If the code works on-line with a simulator or a
reactor core-follow model, the time-steps and sub-steps will, of course,
be compatible with that other software.

Thus, the code itself does not exercise any control over the time-steps
or sub-steps. The special mathematical-numerical methods developed for
INTERPIN/FRPS have been designed to handle each sub-step as given. To
achieve this, many physical relationships have been mathematically inte-
grated with the specific design geometry and materials properties func-
tions, thus allowing semi-analytical, non-linear partial solutions ca-
pable of spanning the required time-periods. This methodology has led to
the total elimination of numerical iterations, as well as large savings
in the number of time-steps, relative to conventional, linear tech-
niques. Furthermore, the problem of numerical stability has been effec-
tively eliminated.
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3 THE THERMAL SUB-MODEL

The thermal analysis of INTERPIN/FRPS is based on thermal conductivity and
expansion data for UO, and zircaloy from the MATPRO package (Reference 1).
The gap thermal condutance is based on the MATPRO model and gas proper-
ties but has been enhanced to include solid contact as described in the
original Ross and Stoute model (Reference 2), and to include the thermal
effect of soft fuel-cladding relocation, as proposed by Kjaerheim and Rol
stad (Reference 3).

The thermal equations, as obtained from the above descriptions are sol-
ved by a non-iterative technique by which the conductivity integral, the
thermal expansions, and the gap conductance are all expressed on suitable
analytical forms in dependency of the pertinent physical parameters, such
as heat-rating, fuel density, power depression, gap fission gas concen-
tration, surface roughnesses, cladding hardness, etc. Comprehensive sets
of coefficients have been precalculated and stored in data statements so
that specific coefficients for the existing conditions may be obtained by
interpolation. The final expression that emerges from reducing these
coefficient matrices is a second order equation, which is solved directly
for the fuel surface temperature. Thereafter, gap size, temperature
distributions, etc., are easily calculated. The temperature distribution
within the fuel is expressed on a third order form.

The application of this technique is a very efficient first step in re-
moving numerical instabilities and iterations from the calculations.

A potential drawback associated with this considerable benefit is that
the thermal feed-back from any fission gas release caused by a tempera-
ture variation is not immediately taken into account. This, however, is
effectively mitigated by allowing a recalculation of the temperature at
the end of the sub-step, after axial fission gas migration has been cal-
culated. This recalculation is only performed if a significant local
change of fission gas concentration in the gap has been calculated
during the sub-step.

In cases where the axial gas mixing is slow, e.g., due to mechanical
constrictions, the present method is actually better justified on prin-
ciple than the traditional iterative feed-back method, which necessarily
must consider a postulated level of gas mixing, normally taken to be com-
plete mixing, for the purpose of the iteration.

(e}

4 THE MECHANICAL SUB-MODEL

4.1 General

The mechanical submodel comprises the elastic interaction between fuel
and cladding, caused.by the differential thermal expansion, and the creep
of both of these components as a result of the elastic stresses.

The main purpose of the elastic interaction calculation is to provide
those stresses needed for the creep calculations. However, the stress
pattern calculated in the fuel is also used in the calculation of fission
gas release and gaseous swelling.

The elastic calculation of the cladding is performed under a thin shell
assumption. This greatly simplifies not only the calculation itself, but
also the subsequent creep calculation. There is no real advantage to a
finite wall thickness calculation because this leads to a mismatch
between the creep rates and the calculated stress gradients across the
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wall, which can only be resolved either by performing a transient calcu-
lation to dynamically satisfy the compatibility requirements, or by drop-
ping the calculated stress gradients.

The elastic calculation of the fuel is performed on the basis of the
bridging radius model. The bridging radius is the locus of the tips of
the radial cracks, under the assumption of an idealized symmetric
cracking pattern. This model offers an accurate analytical inverse ra-
dius expression for the radial stress in the volume outside the bridg-
ing radius. Inside the bridging radius a hydrostatic pressure is
assumed. In reality, the cracking pattern is far from symmetrical,
causing the simplified stress calculation to be inaccurate. However, any
other, more detailed, calculational model based on the same cracking
pattern assumption, would suffer from the same drawback, and therefore
would not be better justified.

4.2 The Fuel Elastic Model

The elastic model of the fuel includes certain assumptions regarding the
axial stress distribution. However, the first purpose of the fuel stress
calculation is to represent the stress state at the pellet mid-plane
reasonably correctly. The efforts to include the axial stress variation
are directed at the purpose of helping the cladding stress calculation
and the fuel creep calculation at the pellet end face.

Therefore, the first step of formulating the pellet elastic model has
been to describe a cylindrical slab with constant axial stress and with a
compressive radial stress acting at the perifery. Since this slab has
radial cracks in it, the component splits into two parts, one whole and
one cracked. Furthermore, the whole part may have a central bore, either
because of an annular pellet design, or because of deformations that may
have occurred during operation.

The elastic modulus of the fuel is a function of temperature. Thus,
given the temperature profile, the elastic equations of this one-dimen-
sional slab component may be integrated to give a bulk modulus for the
pellet. In INTERPIN/FRPS this integration has been preperformed so that
the bulk modulus may be calculated on a closed form, using the coeffi-
cients of the temperature profile as parameters.

To get the bulk modulus of the entire pellet, a simple multiplier is
applied for the axial direction to allow for the ratio between average
and midpellet stress/strain values. This ratio is obtained by integra-
tion of the assumed axial distributions mentioned above.

For a pellet with a flat end face, the axial force will rest on a cen-
tral, flattened area. For an annular or dished pellet, the force will
rest on an annular flattened area. Mathematically, the two cases are
treated in the same way, simply assuming that.the end face stress/strain
values are higher than the mid-pellet values by-the . inverse area ratio.
The transition from top to bottom is assumed to be hyperbolic.

4.3 The Cladding Elastic Model
The elastic model of the cladding is in principle equivalent to that of

the fuel. However, it is much simpler, owing to the integrity and thin-
ness of the material.
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4.4 The Fuel-Cladding Elastic Interaction Model

The fuel and cladding elastic models each offer a matrix of four elements
which by addition form a combined interaction matrix. This matrix

permits the easy calculation of the cladding biaxial stress components
from any given set of differential expansion strains (interference
strains). The.fuel stresses are then derived from the cladding stresses,
utilizing the bridging radius model.

4.5 The Fuel-Cladding Combined Creep Model

The fuel creep properties are evaluated from the MATPRO data. For the
cladding, general anisotropic formulations are provided, while specific
cladding creep properties are considered input to the code.

The fuel-cladding interaction stresses are functions of the interfer-
ence strains. Therefore, so long as either axial or radial interference
is positive, the principal strain rate to calculate is the interference
change rate, i.e., the differential between the fuel and cladding creep
rates for that direction. If the problem were strictly one-dimensional,
the creep in either direction could never continue .beyond the point in
time when the interference becomes zero. Since the problem is two-
dimensional, the situation is slightly more complex, but it is still true
that the creep due to mechanical interference stops when both the radial
and the axial interference become zero.

Thus, two cases can occur: creep under the gas pressure differential
alone, and creep under mechanical interference as well.

In the former case the creep-rate may remain finite until mechanical
interaction starts. In the latter case, the creep rate from mechanical
interaction tends to zero with the interference.

The strategy in solving the creep problem can therefore always be
based on a strain criterion: A certain amount of strain increment may
be allowed per increment of ‘time. This way the allowable time-increment
within the sub-step is decided. If there is neither radial nor axial
interference, a bounded number of increments of time will be needed
before onset of mechanical interaction. If there is decreasing mechani-
cal interaction, it is practical to follow a logarithmic strain increment
criterion, which again leads to a bounded number of time increments until
the interference has become negligible. If there is increasing positive
interference, which may happen as a result of fuel solid swelling at
constant power, the calculational strategy is based on an absolute strain
increment, but since there is always an asymptotic limit to such increas-
ing interference, again, the number of time-increments to the end of the
condition is still bounded.

When this strain increment strategy is used to relieve (or build to
steady-state) the mechanical interferences, the number of time increments
needed in a sub-step will always be bounded to a reasonable and predic-
table value, and no stability problems will occur.

The above numerical strategy for the combined fuel-cladding creep is,
as mentioned, based on the differential creep rates of the two components.
For the cladding, the calculation of the bidirectional creep-rates is
straight-forward. For the fuel, however, a number of special considera-
tions are necessary.

First, it is recognized that the fuel creep is governed by the creep
rate of the coldest spots, i.e., at the outer edge of the contact zone on
the pellet end face for the axial creep, and at the bridging radius for
the radial creep. Second, it should be borne in mind that fuel creep
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occurs at practically constant volume, i.e., creep can only occur so long
as free volume is available to accommodate the fuel material being dis-
placed.

These two observations lead to very rigorous boundary conditions for
the dimensions of the creeping pellet. The radial creep tends to push
the bridging radius outward until the cracks are completely closed, and
the axial creep tends to reduce the dish volume, and/or widen the
contact area, until (in the limit) the pellet is completely flat. In
both of these processes the coldest spot where the creep rate is calcu-
lated moves outward, thus causing the overall creep process to stagnate.

The practical approach to crack and dish volume closure consists in a
pre-calculation of the nonlinear volume-elimination as a function of the
overall pellet compression. This precalculation is established at each
temperature level at which the creep process is being simulated. For
fast power ramps the precalculations are done prior to the ramp, and
the functions tabulated for power level interpolation.

The above method insures that the internal volume balance is always
correct, and that the dish volume and bridging radius change in a numeri-
cally stable and continuous manner through each sub-step.

The INTERPIN/FRPS creep model represents a significant gain over con-
ventional linear iterative methods, both in terms of stability and run-
ning time.

5 THE RESTRUCTURING SUB-MODEL
5.1 General

The restructuring submodel includes equiaxed and columnar grain growth,
fission gas release and gaseous swelling, densification and solid swel-
ling, and fuel fragment relocation.

5.2 Grain Growth

Equiaxed grain growth is handled traditionally by means of the Ainscough
model (Reference 4), modified to include a more general representation
of the pinning effect. The INTERPIN/FRPS model, however, applies a new
mathematical method for solving the differential equation. This method
is based on a set of generalized coordinates which permit the solution
to be precalculated on a parametric basis and fitted with a convenient
closed form expression.

Columnar grain growth is treated on the basis of an accumulated frac-
tion of time to complete columnar restructuring, as proposed by Chri-
stensen (Reference 5).

5.3 Fission Gas Release and Gaseous Swelling

The barrier diffusion model proposed by Speight (Reference 6) is used
to establish the minimum fission gas concentration that must exist in the
fuel grain before any diffusion to the grain boundary may take place.
This barrier concentration is inversely proportional to the atomic dif-
fusion constant. Data for this quantity is taken from Reference 6.

The grain boundary capacity for fission gas storage depends on the
maximum boundary bubble size as well as on external pressure (including
mechanical stress) and local temperature.
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The maximum bubble size can be derived from Zimmermann's work (Refer-
ence 7) on gaseous swelling. Zimmermann quotes a maximum gaseous swelling
of 20% for fuel with a grain size of 7 microns. This can be shown to be
equivalent to a bubble radius of 0.386 microns, assuming close and even
pqcking of bubbles on spherical grain surfaces of arbitrary radial dimen-
sion.

The barrier diffusion model and the boundary capacity model! together
provide a set of second order differential equations which may be rigor-
ously solved through any sub-step.

For fuel with large open porosity, the Zimmermann maximum bubble size
is reduced to account for the enhanced fission gas release observed in
such fuel.

The diffusion of the gas from the grain to the boundary is assumed to
be governed by bubble diffusion, enhanced by a cascading effect in depen-
den¢y of the temperature gradient. Apart from the cascading enhancement,
the bubble diffusion coefficient is assumed to follow the same tempera-
ture dependency as the atomic diffusion coefficient, which governs the
barrier concentration.

On the basis of the assumption of bubble diffusion enhancement as
described above, the diffusional time-constant for the grain is as-
sumed to be reduced by a factor dependent upon the local temperature
gradient as follow:

to(T)

t (1)

be =
dT n
1+a* (- I * cg)

where t_, is the time constant for unenhanced bubble diffusion for the
grain s?ge in question and at temperature T, and ¢_ is the .grain fis-
sion gas concentration, while a and n are empirica? constants.

The use of Equation (1) has proven very efficient in tuning the over-
all gas release model to predict release data over a wide range of
linear heat ratings. Without Equation (1), the model does not have
quite enough sensitivity to predict sufficiently low base irradiation
release (low heat rating) and sufficiently high overpower release (high
heat rating) for the same set of model constant values. The effect of
Equation (1) is to preferentially enhance release at a given temperature
when that temperature occurs simultaneously with a high temperature gra-
dient and fission gas concentration, i.e., towards the perifery, and at
high burnup. The theoretical basis for Equation (1) needs further de-
velopment, but at this point its value as an empirical correlation is
recognized.

5.4 Densification and Solid Swelling

Densification due to small pore elimination in the neutron flux, and
swelling due to accumulation of solid fission product atoms, is treated
in the traditional straight forward manner with due allowance for large
pore volume reduction caused by solid fission product straining of the
fuel matrix. The amount of densification is specified from resinter test
results, and the potential accommodation is estimated from the amount of
large pores in the pore distribution.
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5.5 Fuel Fragment Relocation

The radial displacement of fuel fragments is a purely empirical function
of the operational history. It is believed that the number of shutdowns
and startups enhance relocation but on the other hand that the relocation
per restart is reduced with the number of restarts. These assumptions
have been embedded in an empirical correlation, which has been adjusted
by benchmarking.

6 Benchmarking

The INTERPIN/FRPS system has been extensively benchmarked against the
large available data base originating from the Studsvik Ramp Test Projects,
the Riso Fission Gas Release Projects, and selected test results from the
Halden Project and from the BR3 reactor.

The ability of the code to accommodate this vast variety of data with a
common choice of benchmarking constants has been very satisfactory. As
indicated in Section 5.3, the fission
gas release results from the various overpower experiments impose very
strenuous requirements on the flexibility of the model. Equation (1)
has been instrumental in meeting these requirements.

There are no benchmarking data that permit a direct check on the valid-
ity of the axial interaction model. Calculating the correct biaxial
stress ratio in the cladding could be important for interpreting certain
empirical observations. Whereas the code contains a benchmarking con-
stant that adjusts the size of the radial gap at which local axial fric-
tion starts, it has not been possible to adjust this quantity very accu-
rately.

7 INPUT/OUTPUT

The INTERPIN/FRPS system is designed for easy input and output. The ge-
neral FORTRAN 77 coding includes logics for building a large selection of
screen graphics plots.

8 Conclusion

The INTERPIN/FRPS real time fuel performance code system has been de-
veloped for enhanced numerical performance. The major physical submodels
are briefly described, with the main purpose of explaining the basis for
retaining accuracy along with achieving unprecedented running speed and
numerical stability. The physical descriptions also serve the purpose of
conveying the level of calculational detail and, hence, an understanding
of the capabilities of the code.

The INTERPIN/FRPS may be applied for all on-line simulation purposes
and for all fuel performance analyses that do not include fuel melting.
It is well suited for educational purposes as well as for interpreting
fuel experiments, performing licensing calculations, or forecasting the
effects of operational decisions.

INTERPIN/FRPS runs in real time on a typical minicomputer, but may
equaély well run on a large desk-top microprocessor, albeit at reduced
speed.
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