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Abstract

This paper discusses some aspects of the fuel performance code SIERRA (SlEmens Rod Response
Analysis). SIERRA, the latest version of the code RODEX-3, has been developed to improve the fuel performance
prediction capabilities of the code, both at high buraup and during transient reactor conditions. The paper
emphasizes the importance of the mechanical models of the cracked pellet and of the cladding, in the prediction
of the transient response of the fuel rod to power changes. These models are discussed in detail. Other aspects of
the modeling of high buraup effects are also presented, in particular the modeling of the rim effect and the way
it affects the fuel temperature.

1. INTRODUCTION

During the last three years, considerable effort has been devoted at Siemens Power Corporation
(SPC) to upgrade the fuel performance code RODEX-3 [1-2]. The objective was to derive a code for
PWR and BWR applications, integrating the knowledge gained in the recent years from Siemens internal
and international research programs, and meeting modern Quality Assurance standards. A modular
structure was adopted to facilitate the introduction and testing of new models, and to simplify the
comparison of new models with the old ones. British units were changed to S.I. units. New iterative and
convergence techniques were introduced to prevent unpredictable numerical instabilities.

All the individual models of the code were reviewed, tested and redesigned where necessary, so
as to improve the code capability to predict the fuel rod behavior at high burnup and during transient
conditions. The physical properties of UO2, zircaloy, noble gases and water have also been updated.
Special attention has been devoted to me burnup dependence of fuel thermal conductivity. The latter point
is not discussed further in the present paper.

2. MECHANICAL MODELS OF THE FUEL PELLET AND OF THE CLADDING

A weak point of most fuel performance codes is their mechanical models. Whereas a lot of effort
has been devoted in the last twenty years to the development of sophisticated fission gas release models,
the mechanics of the cracked pellet and of the anisotropic cladding are generally rather primitive. This
situation is paradoxical, because many more fuel rods fail from pellet-cladding mechanical interaction
(PCMI) than from gas overpressure. This paradoxical situation comes perhaps from the fact that it is
relatively easy to puncture an irradiated fuel rod, measure the gas pressure and analyze the punctured gas,
whereas nobody has ever been able to measure a hoop (circumferential) stress at the cladding inner surface
during reactor operation. Another explanation is that the theory of elasticity was developed at the
beginning of the century and is assumed to be easy, whereas fission gas release is based on concepts more
recently developed within the domain of solid state physics. The latter is therefore more attractive to the
physicist. An attempt has been made here to define the minimum requirements for a reliable fuel rod
mechanical model.
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In the present paper, the transient mechanical models are defined as being those based upon a
stress-strain analysis of the fuel pellet and of the cladding. An essential condition is that the total strains,
used in the "compatibility equations", include the elastic strains. The stresses, compatible with the elastic
deformations, are then used to calculate fee fuel swelling and hot pressing, the creep of fuel and cladding,
and the other stress dependent deformations during a time step. All the other models give steady state or
asymptotic solutions of the equations of the mechanics. They are called here steady state models.
According to these definitions, the mechanical models of the reference version of RODEX-3 [3] were
steady state models, since the elastic strains were not integrated in the stress strain analysis.

2.1 MECHANICAL MODEL OF THE CLADDING

In SIERRA, the mechanical model of the cladding is one-dimensional, with plane strain and
axisymmetry approximations. The total axial deformation is uniform along the radius. The total
deformation includes the thermal expansion, an elastic term and the non-elastic deformation (creep,
plasticity, growth.etc). This model is a generalization of the CRASH model [4], to account for the
anisotropic properties of the cladding. It includes:

the anisotropic creep of the zircaloy cladding
anisotropic thermal expansion
temperature dependent anisotropic growth
geometrical changes resulting from the waterside corrosion.

The theory of the elasticity is used to calculate the stresses and the elastic deformations of the
cladding. The problem consists of solving a system of seven equations:

3 Hooke's equations
1 equilibrium equation
3 compatibility equations

Assuming that the elastic modulus and die Poisson's ratio are uniform along the cladding thickness,
the radial deformation, obtained by solving these equations, is given by the relation:

u =
- 2M

2(1-M)

i e - e' 9 cr dr

1 - i - H - [aATrdr + 1 1^±H r f (a -a a )A7 1 dr + C.r + -2.
1 - M ' " - ' 2 ^ 1 - M J J r r

_ = a r + a e + 2Ma z

2(1 + M)

AT = T - Trcf

a : cladding inner radius
T : temperature
T«f : reference temperature
y. : Poisson's ratio
ar, ae ,oz : average thermal expansion coefficients along the principal directions
€rcr ,e6cr ,e z c r : permanent strains along the principal directions
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The constants Cj and Q are integration constants and are calculated from the boundary conditions.

The compatibility equations assure coupling between the thermal strains, the elastic strains and the
non-elastic strains:

du

6 ,,, : thermal strain elastic strain
€ e, : elastic strain
€ „ : non-elastic strain

If variations over time of the thermal and elastic strains are neglected, the derivation of the above equations
gives:

trcr = ~d7

eecr= T

A system of nine equations can now be solved:

1 equilibrium equation
3 compatibility equations
the definition of the generalized stress used in the creep correlation
the creep correlation
3 flow rule equations

The calculation of the stresses is now decoupled from that of the thermal and elastic strains. The
stresses do not depend any more on the strains, but on the strain rates. This model gives a steady state
solution of the equations of the mechanics, i.e. after the relaxation of the transient stresses. The latter
model was used in RODEX-3 (reference version).

It is interesting to compare the responses of the two models to a power ramp. This is illustrated
in Figures 1 and 2, which show, for a Super-Ramp test, the hoop stress distributions through the cladding
wall, at a pellet-to-pellet interface, obtained at the maximum of a power ramp, and after twelve hours of
operation at ramp terminal level. The two models predict nearly identical average hoop stresses over the
cladding thickness. But the distributions are rather different. At the maximum of the ramp, the hoop stress
at file cladding inner surface increases from 265 MPa calculated by RODEX-3 to 380 MPa calculated by
SIERRA. As expected, after twelve hours of operation at high power level, the difference between the
two predictions is much smaller.

A thorough knowledge of the elastic and the creep properties of the zircaloy cladding is important
to correctly predict the stress level in the cladding. The average hoop stress in the cladding, calculated
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* : R0DEX3 (steady state)
o : SIERRA (transient)

HOOP STRESS AT THE RIDGE

AT THE MAXIMUM OF THE RAMP
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FIG. 1 Super-Ramp PK2/1 (ramp test)
Hoop stress distribution in the cladding comparison of RODEX-3
and SIERRA

noem

R00EX3 (steady state)
SIERRA (transient)

HOOP STRESS AT THE RIDGE

AFTER 12 HOURS AT RAMP

TERMINAL LEVEL
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5 . 1 5.2 5 .3 5 . 4

FIG. 2 Super-Ramp PK2/1 (ramp test)
Hoop stress distribution in the cladding comparison of RODEX-3
and SIERRA
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at die maximum of a fast power ramp, is roughly proportional to the elastic modulus used in the
calculation. The fuel pellet imposes its deformation onto the cladding. In the MATPRO handbook [5] it
is suggested tot die latter depends on the effective cold work of the zircaloy tube. The effective cold work
takes into consideration the annealing effect of any subsequent heat treatment. At 400 C, 50% effective
cold work of an unirradiated zircaloy cladding tube would decrease the elastic modulus by about 18%.
The reality of this effect is highly questionable. Opposite trends have been reported (5]. According to the
authors of MATPRO, that effect was "tentatively" included in their model. Nevertheless this single change
contributes to a decrease of the calculated average hoop stress in the cladding, at the maximum of a fast
power ramp, by about 16%.

After a transient mechanical interaction between the fuel pellets and the cladding, the stresses in
the cladding relax. The relaxation kinetics depends on the creep properties of both the fuel pellet and the
cladding. The creep of the cladding is the sum of two components: the thermal creep and the irradiation
induced creep. The irradiation induced creep rate of the zircaloy seems to be largely unaffected by the
fast neutron fluence. In contrast, out-of-pile tests, performed on irradiated pieces of cladding, have shown
great sensitivity of the thermal creep to the fast neutron fluence [6]. Zircaloy hardening and loss of
ductility are observed as the result of fast neutron irradiation. That effect is considered both in RODEX-3
[7] and in SIERRA.

2.2 MECHANICAL MODEL OF THE PELLET

In SIERRA, die mechanical model of die cracked fuel pellet is consistent with that of the cladding.
The model is one-dimensional and is based on the following assumptions:

1. the axisymmetry approximation is justified
2. from the beginning of the irradiation, the pellet is cracked into wedge shaped segments
3. the segment pattern is always the most compact one (no radial relocation); the fragments

are in contact with each other; die radial ring, where contact occurs, is called "bridging
annul us"

4. in an average axial plane, die axial stress, resulting from die axial force, is uniform over
die cross section;

5. in any radial rings, where die radial cracks are open, die hoop stress is equal to die gas
inner pressure.

The axisymmetry assumption means tiiat die model considers an infinite number of infinitely dun
cracks.

The stresses and the elastic strains in die pellet are derived from die tiieory of die elasticity. This
implies die resolution of a system of seven equations:

3 Hooke's equations
1 equilibrium equation
3 compatibility equations

The pellet is radially subdivided into a number of concentric rings. The calculation of die stresses
and of die elastic strains is performed in two steps:

die calculation of die radial crack profile in die radially unrestrained pellet
die stress-strain analysis of die restrained pellet

The radially unrestrained pellet is by definition a pellet tfiat is not subjected to any radial force
from pellet-cladding mechanical interaction (PCMI). In that case, die radial and axial stresses are equal,
uniform, and equal to die gas inner pressure. This is a consequence of die cracking assumption.
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The calculation of the deformations of the radially unrestrained pellet is performed to predict how
the radial cracks will close under the effect of radial pressure. When the radial pressure increases, the
bridging annulus widens. The cracks close in several radial rings, creating sometimes several bridging
annuli. The order of die rings, in which the cracks will successively close, is later referred to as "closure
sequence". It depends on the radially unrestrained crack profile. This profile in turn depends on the
distributions of thermal expansion, swelling, creep and hot pressing. The model, presented here, is valid
for any arbitrary crack profile.

The unrestrained cracking profile is calculated by solving, first the three Hooke's equations to
obtain the elastic strains resulting from the axial forces, then the first two compatibility equations:

du
erth + e re / + Cr cr = ~7"

€ 9e/ + C9cr

6e crack : hoop strain resulting from the opening of radial cracks

An integration constant appears in the solution. It is the "radial relocation constant". It is
determined by the compact fuel segment pattern assumption.

The second step of the calculation, is the stress-strain analysis of the restrained pellet.

An initial stress and strain calculation is performed assuming that the bridging annulus is reduced
to one ring. The pellet/cladding contact pressure is then equilibrated by the hoop stress in that ring. The
equilibrium equation is used to calculate the radial stress distribution and the hoop stress in the bridge.
Hooke's equations give the elastic strain distributions, and the compatibility equations give the crack radial
profile. The change of the crack width is estimated in terms of a displacement.

A second stress and strain calculation is performed, assuming that the cracks are elastically closed
in a second ring, the next one in the ring closure sequence, and that the contact pressure is equilibrated by
that single ring. The calculation is then repeated for the next rings of the closure sequence.

As the equations of elasticity are linear, the solution of the stress and strain calculation, when the
bridging annulus extends to several rings (adjacent or not), is a linear combination of the solutions of these
partial problems. After each calculation the program calculates the elastic response of the pellet in each
ring, in terms of crack displacement, to a unit hoop stress in the bridging ring. A matrix is built in that
way, which can be inverted. The elastic calculation is limited to the rings where the cracks are closed.
The elastic hoop displacements, necessary to close the cracks, are known. They are equal to the opposite
of the hoop displacements associated with the cracking of the radially unrestrained pellet. The only
unknowns are the hoop stresses in each ring of the bridge(s) and the relocation constant. An additional
equation is needed to determine the latter. It is obtained by integrating the equilibrium equation along the
radius:

The extent of the bridging annulus is not known a priori. What is known, is that, all along the
contact zone between wedge shaped fragments, the hoop stress must be negative (the compressive stress
must be larger than the gas inner pressure). So the calculation is first performed assuming that the contact
zone is limited to one ring, then to two rings, and so on. The final results with a negative hoop stress all
along the contact zone, is the physical solution of the problem. The rest is numerical analysis.
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In the reference version of RODEX-3 the stresses are calculated by means of a correlation based
on the hoop strain resulting from cracking in the unrestrained pellet [3]:

F«
E,
C

en-

normalization factor to satisfy the integrated equilibrium equation
effective elastic modulus
parameter determined by benchmarking

The elastic strains are not calculated. The elastic modulus is artificially reduced at high
temperature and the parameter C is adjusted, so that the correlation gives a hoop stress distribution
qualitatively similar to a steady state distribution, i.e. after significant fuel creep has occurred in the pellet
center and the stresses have relaxed. The responses of the two models to a power ramp is illustrated in
Figures 3 and 4. Figures 3 and 4 show the radial distribution of the radial and axial stresses respectively,
obtained at the maximum of a power ramp in a Super-Ramp test. The distributions calculated by the two
models are very different. In SIERRA the whole contact pressure is equilibrated by the radial and hoop
stresses in the central part of the pellet. In RODEX-3 the larger part of the contact pressure is equilibrated
by the hoop stress in the rigid outer part of the pellet. The latter result implies large creep in the central
part of the pellet and the closure of the cracks up to the pellet rim. This can only be attained after a very
long time in steady state operation.

3. RIM EFFECT AND TRANSIENT ATHERMAL FISSION GAS RELEASE

Owing to the radial thermal flux depression in the fuel pellet and the plutonium build-up at the
pellet rim, the local burnup in the reaches values typically twice as large as the average pellet burnup.
Above a threshold local burnup the microstructure of the ceramic fuel pellet changes into what has been
termed a "cauliflower" structure. This structure is characterized by the formation of small grains, 0.5 to
lum in diameter, a high fraction of porosity (up to 30%) and a low fission gas concentration within the
grains.

The rim effect can significantly affect the fuel performance at high burnup. First the high porosity
region acts as an efficient thermal barrier, which contributes to an increase in fuel temperature all along
flie pellet radius. Secondly the high fraction of fission gas in the pores and on the grain boundaries in the
rim is the source of potential athermal fission gas release during power transients. Athermal fission gas
release as high as 7% has been observed during transient testing of several fuel rods in the Third Rise
Fission Gas Project [8]. There is some evidence that the gas was released at power levels below 17 kW/m.
The experience with this type of fission gas release however is limited, and it has not been possible to
characterize it without some speculation. The athermal transient fission gas release could be function of
physical parameters like die burnup, the grain size, the porosity and the power ramp rate. More transient
tests on high burnup fuel rods are necessary, especially at low power level to correlate this effect.

The effect of high porosity at the pellet rim on fuel conductivity and on temperature distribution
is better understood. A new model has been introduced into SIERRA. The outer radial region of die
pellet has been subdivided into two subregions, the outer one being the rim region. Two parameters have
to be calculated: the width of the rim region and its average density. It is not necessary to develop a
mechanistic model of the rim region, when simple empirical correlations give more reliable results. So
the width of the rim region is determined by means of a correlation linear with the burnup:

wrim = wo (-150 + 2.5 BU)

Wrin : width of the rim in urn
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AT THE MAXIMUM OF THE RAMP

* : RODEX3 (steady state)
o : SIERRA (transient)
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Radius mm

3.5 4.5

FIG. 3 Super-Ramp PK2/1
Hoop stress distribution in the pellet comparison of RODEX-3
and SIERRA
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AT THE MAXIMUM OF THE RAMP

R00EX3 (steady state)
SIERRA (transient)
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FIG. 4 Super-Ramp PK2/1
Hoop stress distribution in the pellet comparison of RODEX-3
and SIERRA
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w0 : constant = Ifim
BU : local burnup at the pellet rim in MWd/kgU

This correlation is based on the experimental results presented in Reference [9]. The average
porosity in the rim region is tentatively determined by the following correlation:

p = 0.25 - 0.15 e
BU-60

20

The asymptotic value of 25% is consistent with the high fraction of porosity (up to 30% [ 10]) observed at
fiie pellet rim. The fuel conductivity correlation used in SIERRA includes a burnup effect consistent with
flie observations performed at Rise (Third Rise Fission Gas Project) and at Halden [11]. The burnup used
in the correlation is the local burnup in the considered radial region of the pellet. Thus, for the rim region,
it is die burnup in the rim region. The porosity correction factor is that proposed by K.L.Peddicord [12]:

f(p) = e-2i*

supposed to be valid up to 30% porosity.

Figure 5 shows the effect of die rim model on die centeriine temperature at power peak in a PWR
14 x 14 fuel rod irradiated at a constant peak pellet power of 25 kW/m. The Figure shows that, in high
burnup fuels, that effect cannot be neglected. At power ramp conditions, at high burnup, the presence of
a porous pellet rim region is expected to enhance both athermal fission gas release from the rim region,
and thermal fission gas release owing to the temperature effect. The increased pellet thermal expansion
will also affect the pellet-cladding mechanical interaction. With our limited experience in that matter, it
is really difficult to assess the validity of the rim model. There is a urgent need for more experimental
results on high burnup rods.

R0DEX3
SIERRA

(without rim effect)
(with rim effect)

h

10 20 30
Burnup

40
MWfl/kgU

50 60 70

FIG. 5 Rim Effect
PWR 14 x 14 Fuel Rod irradiated at 250 W/cm
Fuel centeriine temperature vs burnup comparison of RODEX-3
and SIERRA
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4. CONCLUSIONS

The SIERRA code has been developed as a versatile modular code for PWR and BWR fuel
performance applications, meeting modern Quality Assurance standards. This new generation code has
improved fuel performance prediction capabilities, especially at high buraup and during transient reactor
conditions. At high burnup, typically above 55 MWd/tU, the reliability of the models is limited by the
experimental data available.
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