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1. Introduction

A Reactivity-Initiated Accident (RIA) is one of
the main design-basis accidents in light water re-
actors. It is characterised by an unintended in-
sertion of reactivity, which produces a rapid in-
crease in reactor power and a sudden energy de-
position in the fuel. The simulation of this type
of transient is particularly challenging, since the
fast power excursion gives rise to steep temper-
ature gradients and to strongly coupled thermal
and mechanical phenomena.

From a thermal point of view, the cladding
may undergo a rapid temperature increase and
transient heat-transfer conditions at the clad-to-
coolant interface. In particular, different boil-
ing regimes can occur at the outer cladding sur-
face, making steady-state heat-transfer correla-
tions inadequate to describe the evolution of the
heat flux during the transient. From a mechan-
ical point of view, the fast thermal expansion of
the fuel pellets can induce pellet-cladding me-
chanical interaction (PCMI), generating signif-
icant stresses and axial loads in the cladding
while it is still relatively cold and mechanically
stiff.

The work carried out in this thesis focuses on
the extension of the fuel performance code OFF-

BEAT [1] for the simulation of RIA scenarios. A
coolant-channel model was implemented in or-
der to describe the heat exchange between the
coolant and the outer cladding surface under fast
transient conditions. The model is inspired by
the empirical formulation proposed by Bessiron
[2] and aims to reproduce the main transient
boiling regimes governing clad-to-coolant heat
transfer during rapid power excursions.

The simulations are performed using a 1.5D
modelling approach, in which the fuel rod is dis-
cretised along the axial direction while the radial
thermo-mechanical behaviour is described under
axisymmetric assumptions. This approach al-
lows the main features of radial heat transfer and
pellet-cladding interaction to be captured with
a reduced computational cost. In addition, the
mechanical solver was modified to include fric-
tion forces during pellet-cladding contact. This
improvement allows a more realistic evaluation
of the axial forces transmitted from the expand-
ing fuel pellets to the cladding during the tran-
sient.

The extended OFFBEAT code was finally ap-
plied to the FK-1 and FK-2 tests of the NSRR!
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FK [3| experimental series, selected as reference
cases within the OperaHPC project. The nu-
merical results were compared with available ex-
perimental data and reference calculations in or-
der to assess the capability of the implemented
models to reproduce the main thermal and me-
chanical features of fuel rod behaviour under
RIA conditions.

2. Coolant-channel

The Bessiron-based coolant-channel model was
implemented in OFFBEAT to improve the de-
scription of clad-to-coolant heat transfer un-
der RIA conditions. Unlike conventional boil-
ing models, where the heat flux is generally ex-
pressed as a direct function of the wall super-
heat, the implemented formulation computes the
heat-flux evolution during the transient. As a re-
sult, the boiling curve is not fixed a priori, but
depends on the imposed power history and on
the thermal response of the cladding.

In the implementation, the heat transfer coeffi-
cient at the cladding outer surface is updated at
each iteration and is used to impose the ther-
mal boundary condition for the solid domain.
The wall temperature is obtained by enforcing
the continuity between the conductive heat flux
coming from the cladding and the convective
heat flux transferred to the coolant. Therefore,
the accuracy of the heat transfer coefficient di-
rectly controls the predicted cladding tempera-
ture evolution during the transient.

The model distinguishes seven heat-transfer
regimes, each associated with a prescribed tem-
perature interval: heat conduction, vaporiza-
tion, transition boiling, film boiling, rewetting,
post-rewetting and natural convection. In the
heat conduction phase, heat transfer is described
as transient conduction in stagnant liquid water
until the wall temperature reaches the onset of
nucleate boiling. During vaporization, the wall
temperature is kept at the critical temperature
by computing an equivalent heat transfer coeffi-
cient, reproducing the experimentally observed
temperature plateau. The critical heat flux is
not imposed through a steady-state correlation,
but is stored as the heat flux reached when the
equivalent layer of liquid water that has been va-
porized at the cladding surface during the tem-
perature plateau exceeds the prescribed thresh-
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After the boiling crisis, transition boiling is rep-
resented through an exponential interpolation
between the critical heat flux and the film-
boiling heat flux. Once the Leidenfrost tem-
perature is reached, the model switches to film
boiling, evaluated through Sakurai’s correlation
with a time-dependent correction factor. Dur-
ing the cooling branch, the rewetting phase is
treated by following backwards the same transi-
tion and film-boiling paths used during heating,
avoiding the introduction of an additional em-
pirical correlation. Finally, the post-rewetting
phase provides a linear interpolation between
the boiling regime and natural convection, while
below saturation temperature the heat transfer
coefficient is evaluated using the Churchill-Chu
correlation.

This implementation allows OFFBEAT to re-
produce the main transient boiling phenom-
ena observed during RIA experiments while re-
maining consistent with the boundary-condition
structure of the code.

3. Modified plane strain

During a Reactivity-Initiated Accident, the
rapid energy deposition in the fuel may cause a
sudden thermal expansion of the pellets, lead-
ing to pellet-cladding mechanical interaction.
In 1.5D OFFBEAT simulations, the mechani-
cal response of the fuel rod is handled by the
rheologyByMaterial framework, which evalu-
ates the stress and strain fields in both fuel and
cladding under small-strain assumptions. How-
ever, in the original formulation, the axial equi-
librium did not explicitly include the mechan-
ical effects associated with pellet-cladding fric-
tion. This represented a limitation for RIA ap-
plications, since the axial load transfer from the
expanding fuel pellets to the cladding can signif-
icantly affect the prediction of cladding elonga-
tion.

For this reason, the mechanical solver was ex-
tended by modifying the global axial force bal-
ance used to determine the axial deformation of
each slice. In the original model, the equilib-
rium included the axial resultant of the stress
field, the spring force and the pressure force.
The pressure force accounts for the axial loads
exerted by the internal gas pressure and by the
external coolant pressure, while the spring force



represents the equivalent axial stiffness used to
keep the fuel stack mechanically constrained. In
this work, an additional friction-force contribu-
tion was introduced once pellet-cladding con-
tact is established. The resulting formulation
therefore accounts for spring, pressure and fric-
tion effects, providing a more physically consis-
tent description of the axial forces acting on the
cladding during fast transients.

The friction force is evaluated using a Coulomb
contact law regularised through a penalty-based
approach. The gap width between fuel and
cladding is monitored during the simulation, and
the friction model is activated when contact
occurs. The maximum transferable tangential
force is given by the Coulomb limit, which de-
pends on the normal contact pressure and on
a user-defined friction coefficient. At the same
time, an elastic predictor is computed from the
relative axial slip between the coupled fuel and
cladding slices. This slip is evaluated incremen-
tally, using the relative displacement between
neighbouring regions at the pellet-cladding in-
terface.

The final friction force is obtained as the mini-
mum between the Coulomb limit and the elastic
predictor, with a sign opposite to the direction of
slip. A penalty stiffness and a saturation factor
are introduced to control the numerical response
and improve convergence during the iterative so-
lution. With this implementation, OFFBEAT
can represent the axial force transfer associated
with pellet-cladding contact more realistically,
improving the prediction of cladding deforma-
tion during RIA simulations.

4. Test case

After the implementation of the thermal and me-
chanical models, the extended OFFBEAT code
was applied to the simulation of the NSRR FK-
series rodlets. In particular, the FK-1 and FK-2
tests were selected as reference cases, since they
provide well-characterised experimental data for
the validation of fuel performance codes under
RIA conditions. The rodlets were refabricated
from irradiated BWR fuel rods with an aver-
age burn-up of about 45 MWd/kgU, and were
instrumented to measure the time evolution of
relevant quantities such as axial elongation and,
for FK-1, the cladding outer surface tempera-
ture.

The numerical procedure was divided into two
main stages. First, a base irradiation calculation
was performed on the full-length parent rod in
order to obtain representative end-of-irradiation
conditions, including temperature, burn-up de-
pendent quantities and mechanical state vari-
ables. The irradiation history was simulated up
to approximately 5.1 years. The final fields ob-
tained from this calculation were then mapped
onto a reduced rodlet model using the Open-
FOAM mapFields utility. This second model
represented the refabricated FK rodlet and was
used as the initial condition for the pulse simu-
lations.

The RIA pulse tests were then reproduced for
both FK-1 and FK-2. FK-1 was subjected to
the most severe transient, with a peak linear
heat rate of about 95 MW /m and a full width
at half maximum of approximately 11.1 ms.
FK-2 experienced a milder pulse, with a peak
linear heat rate of about 34 MW/m and a
full width at half maximum of approximately
12.8 ms. For each rodlet, two simulations were
performed: one using the standard OFFBEAT
coolantChannel boundary condition, config-
ured consistently with the modelling assump-
tions adopted in the reference SCANAIR calcu-
lations [4], and one using the newly implemented
Bessiron-based coolant-channel model.

The mechanical behaviour of the cladding
during the pulse was described using the
fastNeutronGPLS model, which is suitable for
Zircaloy cladding under fast transient loading.
The modified friction model was activated dur-
ing pellet-cladding contact, using parameters
chosen to approximate strong sticking conditions
during the rapid PCMI phase. The analysis
focused on the main thermal and mechanical
quantities relevant to RIA behaviour. The re-
sults were compared with the available experi-
mental measurements and with SCANAIR ref-
erence calculations to assess the capability of the
implemented models.

5. Results

From the thermal point of view, the results ob-
tained for FK-1 and FK-2 show different be-
haviours. For FK-1, the Bessiron model pre-
dicts a more severe thermal transient, with
higher cladding temperatures than those ob-
tained with the standard OFFBEAT model and



the SCANAIR reference calculation, as shown
in Figure 1. This difference is mainly related to
the different treatment of the boiling crisis and
of the subsequent vapour film evolution.
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Figure 1: FK-1 temperature at clad outer sur-
face

For FK-2, the differences between the two
coolant models are much smaller, as shown in
Figure 2. This indicates that the milder pulse
imposed in FK-2 is not sufficient to produce a
fully developed boiling crisis and film boiling
phase.

—— OFFBEAT
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Figure 2: FK-2 temperature after the pulse at
clad outer surface

For FK-1, the Bessiron model predicts two dis-
tinct heat-flux peaks, consistently with the tran-
sient boiling behaviour expected under RIA con-
ditions, whereas the standard model gives a sin-
gle peak as shown in Figure 3. For FK-2, Figure
4, the differences are much smaller, confirming
that the milder pulse does not lead to a clearly
developed transition boiling phase.

The boiling curves further highlight the different
thermal response of the two rodlets. For FK-1,
the Bessiron formulation reproduces the main
regimes of the transient boiling process, includ-
ing vaporization, transition boiling and film boil-
ing, as shown in Figure 5. In contrast, the stan-
dard model does not fully reproduce the post-
CHF evolution. For FK-2, Figure 6 shows that
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Figure 3: FK-1 heat-flux after the pulse
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Figure 4: FK-2 heat-flux after the pulse

the wall temperature decreases before a fully de-
veloped film boiling phase is reached.
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Figure 5: FK-1 boiling curve

4.0 4 — OFFBEAT —
—— OFFBEAT Bessiron

Heat flux (MW/m?)

: 2

300 320 340 360 380 400 420
T

Figure 6: FK-2 boiling curve

The fuel elongation results, reported in Figures 7
and 8, show that both OFFBEAT models repro-
duce the overall experimental trend. The Bess-
iron formulation improves the agreement for FK-
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1, while producing only limited differences for
FK-2.
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Figure 7: FK-1 fuel elongation

AN —— OFFBEAT

Time (s)

Figure 8: FK-2 fuel elongation

The cladding elongation, shown in Figures 9
and 10, is more sensitive to the adopted mod-
elling choices, especially for FK-1, where the
stronger thermal transient predicted by the
Bessiron model leads to a different deformation
history.
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Figure 9: FK-1 cladding elongation

Finally, the comparison between simulations
with and without friction highlights the impor-
tance of the mechanical modification introduced
in this work. For FK-1, Figure 11 shows that
neglecting friction produces an unrealistic down-
ward axial displacement of the cladding during
pellet-cladding contact. The inclusion of fric-
tion removes this non-physical behaviour and
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Figure 10: FK-2 cladding elongation

improves the agreement with the experimental
data. For FK-2, Figure 12 shows a less pro-
nounced effect, although friction still improves
the overall prediction of cladding elongation.
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Figure 11: FK-1 comparison of cladding axial
elongation with and without friction force
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Figure 12: FK-2 comparison of cladding axial
elongation with and without friction force

6. Conclusions

The work presented in this thesis showed that
the extended OFFBEAT code is able to repro-
duce the main thermo-mechanical phenomena
occurring in fuel rods during RIA transients.
From the thermal-hydraulic point of view, the
Bessiron-based coolant-channel model allowed
the main transient boiling regimes observed in
RIA experiments to be described, including va-



porization, transition boiling, film boiling and
rewetting. This represents an improvement with
respect to the standard modelling approach,
which is not specifically designed to reproduce
the heat-transfer evolution occurring after the
boiling crisis under fast transient conditions.
The comparison between FK-1 and FK-2 high-
lighted the different response of the two rodlets.
In the more severe FK-1 pulse, the model pre-
dicted the onset of film boiling and consequently
higher cladding temperatures, while FK-2 expe-
rienced a milder transient without a fully devel-
oped film boiling phase. Although some discrep-
ancies remain, especially regarding the overesti-
mation of the cladding temperature in FK-1, the
overall evolution of the boiling regimes and the
associated heat-flux behaviour were found to be
physically consistent.

From the mechanical point of view, the modifi-
cation of the rheologyByMaterial solver to in-
clude friction forces during pellet-cladding con-
tact improved the description of axial load trans-
fer in 1.5D simulations.  The implemented
penalty-based Coulomb friction model allowed
the effect of gap closure on cladding axial de-
formation to be represented more realistically.
The results showed that friction is particularly
important for the prediction of cladding elonga-
tion, especially when strong pellet-cladding me-
chanical interaction occurs during the first phase
of the transient.

Overall, the developments introduced in this
work extend the applicability of OFFBEAT
to fast reactivity transients by providing a
more consistent coupled description of clad-to-
coolant heat transfer, transient boiling, pellet-
cladding mechanical interaction and frictional
effects. The comparison with experimental data
and SCANAIR calculations is encouraging, al-
though further refinement of the post-CHF heat-
transfer treatment and of the mechanical cou-
pling during contact remains necessary. Future
work should therefore focus on the calibration
of the Bessiron-type coolant-channel model and
on the extension of the validation to additional
rods of the FK experimental series.
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