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a b s t r a c t
We have developed a new light-weight fuel behavior code FINIX, speciﬁcally designed for modeling of
LWR fuel rods in multiphysics simulations. A thermomechanical description of the rod is required especially in transient conditions, where the heat transfer and changes in the rod’s physical dimensions are
strongly coupled. In addition to the mechanical deformations, FINIX solves the temperature distribution
in the rod and the heat ﬂux from the cladding to the coolant, allowing two-way coupling of the fuel
behavior simulation with both neutronics and thermal hydraulics simulations. In this paper, we describe
the FINIX module and compare its performance with experimental data and FRAPTRAN-1.4, a widely
used fuel behavior code. The comparison reveals good agreement in both cases. We also demonstrate
how FINIX can be integrated into multiphysics simulations. Coupled with the Monte Carlo reactor physics
code Serpent, we simulate a fast reactivity transient with the fuel temperature and ﬁssion power solved
self-consistently. With the reactor dynamics codes TRAB-1D and TRAB3D/SMABRE, we simulate a fast
power transient and a PWR main steam line break. The latter serves as an example of coupled fuel
behavior, neutronics and system-level thermal hydraulics simulation.
Ó 2014 Elsevier Ltd. All rights reserved.

1. Introduction
In a light water reactor (LWR), the thermal and mechanical
behavior of the fuel rods strongly inﬂuences the behavior of the
whole reactor in both steady state and transient conditions. For
example, the power of the reactor is sharply affected by the fuel
temperature due to the absorption of neutrons by Dopplerbroadened cross sections (Lamarsh, 1966). This coupling is important both in the steady state and, even more so, in transients,
where the negative feedback between the fuel temperature and
reactivity constitutes one of the most important safety features
of LWR’s. Similarly, transient heat transfer to the coolant and
avoiding departure from nucleate boiling is dependent on the rate
of heat transfer from the pellet to the cladding and, consequently,
to the coolant. This again depends on both the rod’s thermal and
mechanical states (Cacuci, 2010). Both the neutron absorption
and coolant boiling are typically modeled by dedicated computer
codes – the ﬁrst one by reactor physics codes, and the second
one by thermal hydraulics codes. However, in both cases the code
needs an advanced description of the fuel rod’s thermomechanical
behavior to capture the essential physics. A thermal element
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model, simple correlations, or user-given temperatures are vastly
insufﬁcient due to the intricate coupling of the rod’s mechanical
deformations and heat transfer properties (Bailly et al., 1999). Furthermore, effects of long-term irradiation compound the problem.
To address the challenge of simulating the thermomechanical
behavior of the fuel rod within different contexts, we have developed a new LWR fuel behavior code, FINIX (Ikonen et al., 2013;
Ikonen, 2013). The purpose of FINIX is to provide a universal fuel
module for multiphysics simulations done with, for example,
coupled neutronics, thermal hydraulics and reactor dynamics
codes. For this purpose, FINIX has been developed to be as simple
as possible, while still being able to realistically describe the
physics in the regime of its intended use.
The current modeling capabilities of FINIX are aimed towards
calculating the fuel rod’s thermal behavior in fast transient simulations, although more limited capabilities to model also steady state
behavior exist. At present, FINIX solves the time-dependent heat
transfer across the pellet, gas gap and the cladding, taking into
account elastic and thermal deformations and their coupling to
the gap conductance. Material correlations are taken from public
literature. Initialization for accumulated burnup can be done using
a FRAPCON simulation for the steady state irradiation. For a more
easy-to-use initialization, a parameterization method for burnupdependent quantities is also under development.
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2. The FINIX module
2.1. General description
FINIX is a fuel behavior module designed to be integrated as a
subprogram into a larger simulation code, where FINIX replaces
the existing fuel model. The main design philosophy of FINIX is
to provide a simple but sufﬁcient model of the fuel rod that can
be used in different types of simulation codes, including neutronics, reactor dynamics, thermal hydraulics, and system codes. While
multiphysics capabilities can also be achieved with direct code-tocode coupling (see, e.g., Hämäläinen et al., 2001; Rossiter, 2011),
such approach is often laborious when highly specialized software
is involved. Thus, in the design of the FINIX code, ﬂexibility of the
interface between FINIX and the main simulation code has been
prioritized. This facilitates integration into a wide range of different simulation codes.
FINIX is integrated with the main simulation code, which we
shall refer to as the host code, at the source code level. This has
the beneﬁts of reduced data transfer between the codes, and allows
the host code to have direct access to FINIX’s functions and data
structures. However, FINIX also has a high-level interface, through
which the most common functionalities can be used without
detailed knowledge of the FINIX data structures. In addition, to
reduce the user’s need for fuel-speciﬁc knowledge, FINIX has an
internal database for different fuel types, from which the required
fuel simulation parameters can be loaded in by just specifying the
desired fuel rod type.
The interface also includes an error message system that FINIX
uses to communicate with the host code. FINIX checks the simulation parameters and calculated results against its models’ ranges of
validity and informs the host code if the range has been violated by
passing an error message. Other types of errors can also be passed
to the host code. Short of encountering a fatal error, FINIX will not
halt the simulation’s execution, but will signal of potentially unreliable results by using the error message system.

2.2. FINIX models overview
FINIX is primarily designed as a transient simulation code. Compared full-ﬂedged fuel performance codes such as FRAPTRAN
(Geelhood et al., 2011b), TRANSURANUS (Lassmann, 1992) and
BISON (Williamson et al., 2012), FINIX emphasizes ﬂexibility and
the needs of the host code in favor of the fuel performance modeling. For example for neutronics simulations of fast transients, the
most important quantity to solve is the time-dependent temperature distribution. On the other hand, many of the phenomena modeled in fuel performance codes such as cladding irradiation growth
are less important in this case and are currently not considered in
FINIX. However, similar to the work of Rohde (2001) and for example the fuel model of RELAP (ISL Inc., 2010), the coupling between
the mechanical behavior of the gap and the radial heat transfer is

modeled. Here FINIX takes an approach similar to FRAPTRAN,
although some simpliﬁcations are done as described below.
The FINIX model itself involves solving both the thermal and
mechanical behavior of the fuel rod, allowing not only thermal
effects but also changes in rod geometry to be taken into account
in the host code. The thermal and mechanical models are coupled
by the gap pressure and conductance, which are functions of both
the rod temperature and mechanical dimensions. Both the heat
equation and the mechanical behavior are solved radially in one
dimensional, cylindrical and axisymmetric geometry, independently for several axial nodes. The solutions of the different axial
nodes are coupled via the gap pressure, which is solved simultaneously for the whole rod. This scheme constitutes what is generally referred to as the 1.5-dimensional model. The main modules of
FINIX and their interrelationships are shown in Fig. 1, with the
thermal and mechanical models described in more detail in Sections 2.3 and 2.4. Properties such as thermal conductivity, thermal
expansion, Young’s moduli, coolant heat transfer, etc., are solved
using publicly available correlations. These are discussed in Sections 2.5 and 2.6.
Currently FINIX is not equipped with modules to describe longterm evolution of phenomena such as cladding creep and oxidation, fuel swelling, and accumulation of ﬁssion products. FINIX
thus lacks most of the models needed for simulating the effects
of burnup accumulation over a long steady state irradiation. Therefore, for non-fresh fuel, the initial state of the fuel rod prior to the

HOST

For the stand-alone FINIX, we present validation results against
experimental Halden temperature data and FRAPTRAN-1.4 simulations of reactivity initiated accidents. The comparisons show good
performance of the FINIX module. In addition, we integrate FINIX
with the Monte Carlo reactor physics code Serpent, allowing simultaneous and self-consistent solution of the fuel temperature and
power. We also show results for the integration of FINIX into the
reactor dynamics codes TRAB3D and TRAB-1D, and demonstrate
its use in the simulation of a PWR main steam line break and a fast
power peak. Finally, we summarize our results and discuss
possible directions for future work.

Neutronics and / or
thermal hydraulics models

Power and coolant
boundary conditions

Temperature distribution,
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mechanical deformations

Begin new time step
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Fig. 1. Schematic illustration of the FINIX module and its role in a multiphysics
simulation. The iteration of the thermal and mechanical solutions is indicated by
the ﬂowchart. The convergence checks are assumed to automatically fail on the ﬁrst
iteration.
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transient should be obtained in a different way. This is discussed in
Section 2.7.
In the interest of readability, the following model description is
kept brief, with the focus on the models’ assumptions, approximations, and the limitations they imply. The detailed formulae can be
found in the provided references, or in the FINIX code description
(Ikonen, 2013).
2.3. Thermal model
The temperature distribution inside the pellet and in the cladding is obtained by solving the one dimensional radial heat
equation,

C V ðTÞ
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independently for each axial node. Here C V is the volumetric heat
capacity, k is the heat conductivity and s is the thermal power density. The temperature T ¼ Tðr; tÞ is solved using linear ﬁnite element
discretization in space and implicit ﬁnite difference discretization in
time, along with appropriate boundary conditions at the pelletcladding gap and at the cladding outer surface. The former is formulated via the gap conductance calculated by FINIX. For the latter, the
user can select the desired form of the boundary condition from (i)
the cladding surface temperature, (ii) outward heat ﬂux, or the bulk
coolant temperature with the heat transfer coefﬁcient either (iii) as
a user-given value or, (iv) calculated from internal FINIX correlations (cf. Section 2.6).
The gap conductance model of FINIX includes contributions
from radiative heat transfer, the conductivity of the ﬁll gas and
the (possible) solid–solid contact: hgap ¼ hrad þ hcond þ hcontact . The
individual terms are calculated from correlations similar to the
FRAPTRAN code (Geelhood et al., 2011b), with the exception of
the cladding emissivity correlation that is similar to the implementation of FEMAXI (Suzuki and Saitou, 2006). In addition, the conductivity term hcond can be calculated by either the FRAPCON or
FRAPTRAN correlation, with the FRAPTRAN correlation as the
default option. In contrast to FRAPTRAN, the radial pellet relocation
is calculated at each time step as given in Section 2.5. The effect of
gas composition on the conductivity is taken into account. Finally,
the contact term hcontact is coupled with the cladding mechanical
solution.
The plenum temperature is calculated by assuming steady state
heat transfer between the ﬁll gas and the plenum walls. For the
plenum, correlations for pure helium are used (Petersen, 1970).
In the steady state this simpliﬁcation affects the balance between
the cladding and pellet radiative transfer in only a minor way.
Because the material parameters in Eq. (1) and the gap conductance depend on the temperature, the heat equation has to be
solved iteratively. A combination of the bisection and secant
method similar to the Dekker method is used for this iteration
(Press et al., 2002). For each iteration the mechanical model,
described below, is also solved, to give the pressure and the heat
conductance in the gap. The iteration procedure is illustrated in
Fig. 1.
2.4. Mechanical model
The mechanical module of FINIX consists of models for the rod
internal pressure, pellet deformations and cladding deformations.
The internal pressure is calculated by assuming equal gas pressure throughout the rod, taking into account the volumes and temperatures of the plenum, pellet-cladding gap and the optional
pellet central hole for each axial node. The pressure calculation

also couples together the otherwise independent mechanical and
thermal solutions at the various axial locations.
The fuel pellet is modeled as a rigid axisymmetric pellet that is
undeformable by external stresses, similar to the FRACAS-I model
in FRAPCON and FRAPTRAN (Geelhood et al., 2011a,b). Strains
due to thermal expansion and radial relocation are taken into
account. The cladding is modeled as an axisymmetric, thin-walled
cylinder, assuming negligible bending in the axial direction. FINIX
calculates elastic and thermal deformations by assuming mechanical equilibrium, iterating the solution until the rod internal pressure converges (see Fig. 1). Plastic and creep deformations can be
given as input, but their values are not updated in the current
model. Upon sufﬁciently strong solid contact, the deformations of
the cladding are determined by deformations of the (rigid) pellet.
2.5. Material correlations
FINIX uses publicly available correlations to describe the dependence of various material properties on quantities such as temperature, burn-up, chemical composition, etc. Since the number of
different correlations is large and they are publicly available, the
formulae are not reproduced here. The detailed descriptions are
available in the FINIX code description (Ikonen, 2013).
The fuel properties described by correlations are the speciﬁc
heat, thermal conductivity and thermal strain. These are modeled
using FRAPTRAN correlations (Geelhood et al., 2011a; Geelhood
et al., 2011b; Luscher and Geelhood, 2011). The correlations are
applicable to UOX and MOX fuels. Similarly for the cladding, the
thermal properties as well as the mechanical correlations for
Meyer’s hardness, Young’s modulus and Poisson’s ratio are given
by (Geelhood et al., 2011a; Geelhood et al., 2011b; Luscher and
Geelhood, 2011). The current correlations are only applicable to
Zircaloy claddings, but correlations for other materials are simple
to implement.
Pellet radial relocation is given as the fractional closure of the
gap in relation to the as-fabricated gap G as

8
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where f  f ðBuÞ ¼ Bu=5 for Bu < 5 MWd/kgU and f ðBuÞ ¼ 1 otherwise, and g  gðLHRÞ ¼ 0:0025ðLHR  20Þ, with the linear hear rate
LHR given in kW/m and the burnup Bu in MWd/kgU. The difference
between the FINIX correlation and the model presented by
Geelhood et al. (2011a) is that by default, only the mechanical
(hard) relocation is taken into account in FINIX. This results in
better agreement with experimental data (Loukusa, 2013). The
calculation of the reduction in thermal gap width (soft relocation)
is optional in FINIX.
2.6. Coolant model
FINIX also has a simple model to calculate the heat transfer
coefﬁcients between the cladding and the coolant. In the model,
the coolant bulk temperature is assumed given at the location of
each axial node. The heat transfer coefﬁcients are calculated using
the Dittus-Boelter correlation for single-phase convection and
Thom correlation for nucleate boiling, after Geelhood et al.
(2011a,b). The range of validity is checked by calculating the critical heat ﬂux from the EPRI correlation (Reddy and Fighetti, 1983).
Required coolant properties such as bulk ﬂuid enthalpy, saturated
liquid enthalpy, and vaporization enthalpy are also calculated
using simple internal correlations (Ikonen, 2013). The current
version of FINIX does not have stand-alone capabilities for analyses
beyond the ﬁlm boiling regime. Integration with a thermal
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hydraulic code is intended for more advanced modeling of the
thermal hydraulic properties.
2.7. Burnup effects
As prolonged irradiation takes place, the nuclear fuel rod experiences signiﬁcant changes in fuel composition, the dimensions of
the pellet and the cladding, and gap conductance. Simulating a transient occurring with a non-fresh fuel requires knowledge of the
effects that have occurred post fabrication. A conventional way of
taking them into account is to simulate the preceding irradiation
history with a fuel performance code. This kind of simulation
requires dedicated models on fuel swelling, ﬁssion gas release, cladding creep, and so on. The present version of FINIX does not have
the capability to simulate these phenomena by itself. However,
the results can be given to FINIX as an input. For example, with
the FRAPCON code one can simulate the steady state irradiation
and write the post irradiation state of the fuel rod into a restart ﬁle,
which FINIX can read in directly using one of its input modules.
Sometimes it is not possible to use a fuel performance code to
calculate the initial state for the transient. This may be due to computation time constraints, lack of detailed irradiation history, or
simply because a steady-state fuel performance code is not available for the user. For these situations, it is convenient to acquire
an approximation of the initial state by using simple correlations
based on approximate irradiation history. For FINIX, such an initialization method using correlations ﬁtted to a statistically sampled steady state irradiation data is under development (Ikonen
et al., 2013; Syrjälahti, 2011, 2012), and will be reported in its
entirety in future work.
3. Veriﬁcation and validation of stand-alone FINIX
Arguably the most important quantity that a fuel performance
module calculates in a coupled multiphysics simulation is the
time-dependent temperature distribution in the pellet and in the
cladding. This is especially true in coupled neutronics simulations,
where the fuel temperature determines the reactivity change due
to Doppler broadening. Also in thermal hydraulics simulations,
the temperature distribution directly affects the heat ﬂux from
the cladding to the coolant.
The temperature calculation of FINIX has been compared
against both the FRAPTRAN-1.4 fuel performance code and experimental data from Halden IFA-429 and IFA-432 test series (IFPE
database, 1997, 1996). The former involves code-to-code comparisons with similar inputs, and is useful in verifying FINIX’s overall
behavior in the tested scenarios. In these comparisons, one can
look at any calculated quantities, including gap conductance, pressure, mechanical deformations, and so on. The comparison with
experimental data, on the other hand, is limited to quantities that
have been measured in the experiment. However, the comparison
is truly quantitative and reveals the model’s accuracy with respect
to real-world data. In this work, we constrain our comparison to
the centerline temperature data measured in IFA-429 and
IFA-432 experiments.

phenomena are neglected. However, restricted to moderate burnups the comparison is still a good check of FINIX’s integral performance and, at higher burnups gives an approximate measure of the
expected error due to the lacking steady-state models.
A comparison between centerline temperatures measured in
the test IFA-429 and calculated by FINIX is shown in Fig. 2. At
low burnup, up to approximately 10 MWd/kgUO2, the match
between the experimental and simulated values is extremely good.
At increasing burnup, the accuracy decreases due to fuel swelling,
inward cladding creep and ﬁssion gas release. Even for high burnups, the error is still quite manageable at approximately ±100 K.
The results for all the considered rods in tests IFA-429 and IFA432 are collected in Fig. 3. The experimental results are fairly well
predicted, with most of the data predicted within ±200 K. The spread
is also quite symmetric, although there are clear differences
between individual rods. Among the used data set, FINIX does have
a small bias towards underpredicting the temperatures. However,
considering the experimental uncertainties, the match is quite good.
3.2. Comparison with FRAPTRAN
In the FINIX code veriﬁcation effort, several RIA scenarios were
simulated and compared with FRAPTRAN-1.4 simulations
(Loukusa, 2013). Here we present results from two such scenarios.
In both cases, the initial state of the transient was determined by a
simulation with FRAPCON-3.4. The code inputs were obtained from
the FRAPCON/FRAPTRAN User Group (FRAPCON/FRAPTRAN Users
Group, 2011). The comparison of FINIX and FRAPTRAN with fresh
fuel has already been discussed by Ikonen et al. (2013). Thus the
present work only considers irradiated fuel.
FINIX and FRAPTRAN are compared both in cases where the
cladding deforms only elastically and in cases where there are signiﬁcant plastic deformations. For the ﬁrst case, we have calculated
the CABRI REP-Na4 scenario (Papin et al., 2003), in which a reconditioned rodlet from EDF with Zircalloy-4 cladding, base irradiated
at Gravelines-5, underwent a power transient with a pulse width of
76.4 ms in sodium coolant at 0.5 MPa and 280 °C. The rod did not
fail during the test. For this scenario, FRAPTRAN calculates negligible plastic deformation.
The calculated temperatures are shown in Fig. 4. The codes
match each others’ results very closely, with a maximum difference of some tens of degrees in the fuel centerline temperature,
and considerably less elsewhere. The gap conductance is also closely matched, as shown in Fig. 5. The internal pressure calculated
by FINIX is consistently higher by 10–20% (see right panel of
Fig. 5). The difference is due to different initialization of the
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Fig. 2. Fuel centerline temperatures as a function of burnup for the IFA-429
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Fig. 3. Measured vs. calculated fuel centerline temperatures from the IFA-429 and
IFA-432 test series. Different symbols correspond to different rods. .: IFA-432 rod
1, : IFA-432 rod 2, : IFA-432 rod 3, }: IFA-432 rod 5, : IFA-429 rod BC.

Fig. 4. Temperatures in the fuel (left panel) and cladding (right panel) for the CABRI
REP-Na4 scenario as a function of time calculated by FINIX (black lines) and
FRAPTRAN (blue curves). Left panel: Fuel centerline temperatures (solid lines) and
outer surface temperatures (dashed line). Right panel: Clad inner surface temperatures (solid lines) and outer surface temperatures (dashed lines). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)

Fig. 5. Gap conductance (left panel) and rod internal pressure (right panel) for the
CABRI REP-Na4 scenario as a function of time calculated by FINIX (black lines) and
FRAPTRAN (blue curves). (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)

plenum volume for irradiated fuel in FINIX and FRAPTRAN
(Loukusa, 2013).
The scenario CABRI REP-Na3 (Papin et al., 2003) was also studied. This scenario was otherwise similar to the CABRI REP-Na4 scenario, except that the rod was a segment from EDF with low tin
Zircalloy-4 cladding and the power pulse width was 9.5 ms. In this
case, FRAPTRAN calculates signiﬁcant plastic deformation for the
cladding, which inﬂuences the gap width and conductivity.
The temperatures for FINIX and FRAPTRAN simulations of the
CABRI REP-Na3 scenario are shown in Fig. 6. Also in this case, the
results are very similar. This is despite the differences in the gap

Fig. 7. Gap width (left panel) and conductance (right panel) for the CABRI REP-Na3
scenario as a function of time calculated by FINIX (black lines) and FRAPTRAN (blue
curves). (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)

width and gap conductance solutions (see Fig. 7), which are due
to plastic deformations. FINIX does not model plastic evolution of
the cladding and the gap remains closed, whereas FRAPTRAN
predicts gap opening after 190 ms. Re-opening of the gap is also
reﬂected in the gap conductance. The overall effect on the temperature distribution is small, although towards the end of the
scenario, a slightly larger temperature difference across the gap
is seen in the FRAPTRAN solution (see Fig. 6).
In addition to the two scenarios described above, several other
reactivity transients have been simulated and compared by
Loukusa (2013). In some of the scenarios FRAPTRAN predicts rod
failure. Currently FINIX does not have criteria for rod failure and
therefore these scenarios cannot be directly compared. However,
up until the time of failure, the codes perform very similarly for
all quantities. After the failure, quantities such as pressure are of
course very different, but temperature distributions are remarkably alike. Although the rod failure is not predicted, the agreement
is encouraging for the use of the fuel module even in more extreme
scenarios.
Apart from reactivity initiated accidents, another major application of transient fuel performance codes is the simulation of lossof-coolant accidents (LOCAs). LOCA simulations require advanced
descriptions of phenomena occurring at large overpressure and
high cladding temperature, including plastic deformations, creep,
and oxidation. For FINIX, implementation of these models is part
of work to be reported separately in the future.
4. Integration with Serpent 2
4.1. Background
FINIX has been integrated to Serpent 2, a 3D continuous-energy
Monte Carlo reactor physics burnup calculation code developed at
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4.2. Implementation
Serpent 2 and FINIX are coupled at the source code level. Serpent is responsible for solving the power distribution in the system
while FINIX models the thermal and mechanical response of the
fuel rod. The solution transfer between FINIX and the neutron
transport part of Serpent are handled by a set of internal routines
that form the fuel behavior multi-physics interface in Serpent 2.
The ﬁssion power in fuel rod is tallied by Serpent and provided
to FINIX nodes while conserving the total power generation as well
as the local power generation in the node volume. The temperature
solution calculated by FINIX can be used in Serpent as is with linear
interpolation between the node points, without any mesh transformation. The changes in geometry obtained by FINIX can also be
used in the neutron tracking without any transformation.
The multi-physics routines in Serpent 2 provide the neutron
transport routines with the correct temperature and density distributions at different points in time and space so that the effect of
the realistic temperature and density distributions can be
accounted for in the interaction physics. The data transfer between
Serpent and FINIX is done internally without disk operations.
The time-dependent coupled solution is obtained by a sequential and iterative solving of the ﬁssion power distribution by Serpent and the temperature and strain distributions by FINIX. At
the beginning of the dynamic simulation a steady state solution
of the fuel behavior is calculated to be used on the ﬁrst time step.
At the ﬁrst iteration of a time step the temperature and strain distributions are taken from the previous step and at the later iterations they are interpolated between the beginning of step (BOS)
and end of step (EOS) distributions yielding a semi-implicit
scheme. First the neutronics solution is obtained for the new time
interval, after which the temperature distribution at the end of the
interval is calculated by FINIX. A convergence criterion is applied
after this and if the convergence of the coupled solution is not
deemed sufﬁcient, the neutronics solution for the next iteration
is obtained.
4.3. Effect on Serpent 2 calculations
Combining Serpent 2 with FINIX allows the simultaneous and
self consistent solving of the ﬁssion power and the fuel behavior
of the system. This makes it possible to account for and quantitatively estimate coupled problems such as the effects of thermal–
mechanical feedbacks in steady-state criticality calculations as
well as their effect on nuclide production and transmutation during fuel life. Another important topic is the analysis of transient
scenarios with coupled tools. The coupled multi-physics solution
offers a method for improving the best-estimate solutions in many
cases.
The recently developed dynamic simulation mode in Serpent 2
allows time dependent simulation of neutrons in sub-critical, critical as well as super-critical conﬁgurations. Time dependent modeling of super-critical conﬁgurations allows Serpent 2 to calculate
the neutronics in reactivity insertion transients. However, a solo
Serpent simulation does not consider any feedback effects, causing

the neutron population and power in super-critical systems to
increase without a limit. Combining time dependent fuel behavior
analysis provided by FINIX to the time dependent simulation mode
in Serpent, a prompt critical reactivity insertion accident can be
modeled from the initial perturbation to the shutdown of the transient by the fuel temperature effects (mainly increased resonance
absorption due to Doppler broadening of the resonance cross sections) as described in the following sections.
4.4. Simulation of a coupled fast transient
4.4.1. Description
Steady state simulations with coupled Serpent and FINIX have
been discussed previously by Ikonen et al. (2013). To demonstrate
the fast transient capabilities of coupled FINIX and Serpent, we
simulate a test case where the reactivity of the system is suddenly
increased by reduction in boron concentration. This leads to exponential increase in power until it is terminated by the negative
reactivity feedback from the increasing fuel temperature.
The test geometry is a two dimensional PWR pin-cell with
Three Mile Island Unit 1 (TMI-1) parameters (Blyth et al., 2012).
The pellet radius was 0.4695 cm, the cladding inner radius was
0.4791 cm and the outer radius was 0.5464 cm. Coolant temperature was set to a constant 500 K with a coolant density of
748 kg/m3. The axial length of the rod in the FINIX model was 1 m.
The fuel pellet had a realistic radial burnup proﬁle for
8.84 MWd/kgU (Fig. 8 left) that was calculated beforehand with
Serpent. The initial conditions are hot full power (233 W/cm) with
the radial power proﬁle shown in Fig. 8. (right). The system is held
critical by soluble absorber in the coolant. To onset the transient,
the boron concentration in the coolant is suddenly reduced from
970 ppm to 860 ppm yielding an instantaneous reactivity insertion
of 1865 pcm. From this moment on, the response of the system is
calculated solely by Serpent 2 and FINIX, i.e., the size and the shape
of the power pulse is not known beforehand.
The simulation consisted of 1000 time-intervals of 20 ls resulting in a total of 20 ms of simulated time. The fuel behavior was
solved after each time interval, and the transport solution was
repeated if the temperature solution failed a pointwise convergence test of 3.0 K. The temperatures at interaction points were
interpolated between the beginning of interval and the predicted
end of interval distributions. If a timestep had to be iterated more
than once, the calculated power distribution was averaged
between the iterations. The FINIX geometry model consisted of
one fuel rod with a single axial zone, 101 nodes in the pellet and
51 in the cladding. The ﬁssion power was tallied in Serpent in 20
radial zones of equal volume. Equal timestep size of 20 ls was used
in FINIX and Serpent, although different timestep sizes can also be
used. Delayed neutron emission was switched off in Serpent. Since

10.5

450
Power density (W/cm3)

VTT Technical Research Centre of Finland (Leppänen, 2007). The
development of Serpent 2 has a major focus on multi-physics
applications. A universal multi-physics interface for code coupling
is complemented with new methodology for the treatment of continuous temperature (Viitanen and Leppänen, 2012; Viitanen and
Leppänen, 2014a; Viitanen and Leppänen, 2014b) and density
(Leppänen, 2013b) distributions. The recently implemented time
dependent simulation mode (Leppänen, 2013a) extends the applications of Serpent 2 even further. For further information on recent
multi-physics advances in Serpent 2 see (Leppänen et al., 2014).
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Fig. 8. Radial burnup distribution (left panel) for the fuel pellet in the Serpent-FINIX
calculation and the resulting radial power density distribution (right panel) at the
onset of the transient.

117

8

10

2500
Pellet temperature (K)

Linear power (W/cm)

6

10

4

10

2

10

0

10

−2

10

−4

10

centerline
2000

5

10
15
Time (ms)

20

40
30
20
10
0
0

5

10
15
Time (ms)

20

640
620
600
580
560
540
520
0

5

10
15
Time (ms)

20

Fig. 10. Gas gap width (left panel) and cladding surface temperature (right panel)
as a function of time for the coupled transient calculated by Serpent 2 and FINIX.

12
Heat to coolant (J/cm)

800
600
400
200

10
8
6
4
2
0

0
0

5

10
15
Time (ms)

20

0

5

10
15
Time (ms)

20

Fig. 11. Heat ﬂux to coolant (left panel) and in the right panel the cumulative total
heat transferred to coolant (black line) and the cumulative extra heat transferred to
the coolant (red line) as a function of time for the coupled transient calculated by
Serpent 2 and FINIX. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)

Multiplying the heat ﬂux with the heat transfer surface area and
integrating with respect to time yields the cumulative amount of
the heat transferred to coolant during the transient (black line in
the right panel of Fig. 11). Subtracting the baseline steady-state
heat transfer of 233 W/cm one can obtain the amount of additional
heat transferred to the coolant during the transient (red line). The
additional heating of 6.58 J/cm is not expected to have a large
enough effect on the coolant temperature to be signiﬁcant for
the neutronics. However, the simulation of longer transients
requires calculating and updating the coolant temperature distribution as well.
This simple test case shows, on the methodology level, that the
coupling with FINIX extends the capabilities of Serpent 2 to calculating the power pulse shape and magnitude from known initial
conditions in reactivity insertion accidents. The calculation also
yields information on important safety parameters such as maximum fuel and cladding temperatures as well as the heat ﬂux to
coolant. Application of the code system to real safety analysis, of
course, requires considerable validation, veriﬁcation and testing
in more realistic scenarios.
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4.4.2. Results
The calculation was run on 12 Intel Xeon X5690 cores with one
OMP-thread per core. The calculation took 12 wall-clock-days.
Modeling super prompt critical systems with Monte Carlo neutronics is computationally intensive and practically all of the time was
spent by neutron tracking in Serpent.
The evolution of the system linear power is shown in Fig. 9 (left
panel). Without the feedback from FINIX the power calculated by
Serpent would increase exponentially without limit (red line).
However, due to the two-way coupling between Serpent 2 and
FINIX a ﬁnite power peak is obtained from the coupled calculation
(black line). The fuel temperature calculated by FINIX based on the
power calculated by Serpent is supplied back to Serpent. This
means that increase in power increases the fuel temperature,
which in turn increases the loss of neutrons to resonance absorption. This slows down the increase of ﬁssion power at ﬁrst, and
ﬁnally makes the system sub-critical again resulting in the
decrease of the linear power and shutting down of the transient
as expected.
While the quantitative modeling of the power pulse based on
only the initial conditions of the system is a novel feature for Serpent in itself, the coupled calculation also provides information on
parameters important for safety considerations such as maximum
cladding and fuel temperatures during the transient. Some of the
parameters of interest are shown in the Figs. 9–11. The parameters
shown include the fuel pellet surface and centerline temperatures,
gas gap width and cladding temperature. The exact values of these
parameters are not very relevant due to the simplistic nature of the
calculation scenario, but the fact that their time evolution can be
obtained from these calculations is interesting.
The rate of heat transfer from the pellet to coolant is another
interesting aspect of the solution. The fuel rod’s gas gap closes at
6.82 ms. After the closing of the gap, the expanding pellet starts
to push the cladding further outwards. The closing of the gap also
increases heat transfer from the pellet to the cladding, which can
be seen in the pellet surface temperature (right panel of Fig. 9).
During the next part of the transient, the heat starts to arrive to
the cladding surface raising its temperature (right panel of
Fig. 10). The heat ﬂux to coolant increases with the increasing temperature difference between the cladding and coolant as well as
the increasing heat transfer area. The last phase of the transient
sees the cladding outer temperature passing the critical temperature of the coolant and thus the beginning of nucleate boiling leading to a steeper increase in the heat ﬂux to coolant.

50

Heat flux to coolant (W/cm2)

the shortest precursor half-lives are in the range of 50–100 ms, this
approximation is not believed to have signiﬁcant effect on the
results.

Cladding surface temperature (K)
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Fig. 9. System linear power (left panel) with no-feedback prediction (red line) and
pellet surface temperature (right panel) as a function of time for the coupled
transient calculated by Serpent 2 and FINIX. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)

FINIX has also been integrated with the reactor dynamics code
TRAB3D (Kaloinen and Kyrki-Rajamäki, 1997) that is a coupled
neutronics-thermal–hydraulics code developed at VTT for transient and accident analysis of boiling water reactors (BWRs) and
pressurized water reactors (PWRs). In addition to the core, the code
includes models for the cooling circuit of BWRs.

T. Ikonen et al. / Annals of Nuclear Energy 84 (2015) 111–121

modeling. Same axial discretization is used in FINIX and in
TRAB3D. Typically number of axial levels is from 20 to 40. Radially
typically from 6 to 10 nodes are used for the pellet and one node
for the cladding. The same time step is used in FINIX and TRAB3D.
FINIX is coupled to TRAB-1D in the same way as to TRAB3D.
Fuel rod discretization is deﬁned in the same way as in TRAB3D,
but in TRAB-1D only one fuel rod is modeled.
5.3. TRAB-1D results
Coupling of FINIX and TRAB-1D has been used for separate core
channel calculations with given boundary conditions to test heat
transfer in the fuel rod without feedback to neutronics. Here we
present TRAB-1D results from the artiﬁcial power peak transient
in a PWR fuel rod.
In the power peak transient a PWR fuel rod has been modeled
using 40 axial nodes. Radially 7 mesh points were used in the fuel
pellet and 2 in the cladding. FINIX calculations were done assuming fresh fuel and a burnup of 50 MWd/kgU. For high burn-up,
two cases were assumed for radial heat generation in the fuel pellet: uniform heat generation and non-uniform, in which heat generation increases outwards in the pellet as shown in Fig. 12. TRAB1D and TRAB3D have burnup-dependent models for radial heat
generation, and used model parameters are based on an earlier
study (Syrjälahti, 2000). In this calculation, burnup only affects
the heat conductivity of the fuel, with other effects to be considered in future work. Reference calculations were done using
TRAB-1D’s own heat transfer model with heat capacities and conductivities used in TMI MSLB benchmark. These correlations do not
have burnup dependence.
At the initial state the rod has very low power, 1.5 W/cm3. After
1 s, power generation in the fuel rod increases for 0.1 s, and after
that drops in 0.1 s to the original value. Axial power distribution
and thermal hydraulic boundary conditions at the channel inlet
do not change during the transient. Maximum fuel centerline temperature and the average node powers are shown in Fig. 12. It
should be noted that due to the non-uniform radial power distribution, at the beginning of the transient the rod maximum temperatures are in fact obtained near the pellet surface instead of the
centerline, as can be seen in Fig. 13. Temperature during the power
transient is higher with stand-alone TRAB3D correlations. The ﬂat
radial power distribution increases maximum centerline temperatures with both models. With FINIX the temperature decreases
more slowly, and even more so if burnup is taken into account in
the FINIX calculation due to the reduced thermal conductivity of
the fuel.

5.2. Implementation of the FINIX coupling
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In the new coupling with FINIX, TRAB3D’s own fuel heat transfer solution can be replaced with the FINIX module. The choice
between FINIX and TRAB3D’s own models is done in the TRAB3D
input.
TRAB3D solves power distribution in the reactor core and distribution is transferred to the FINIX module. Also the bulk coolant
temperature and the heat transfer coefﬁcient between the cladding
outer surface and the coolant are calculated in TRAB3D and are
used as boundary conditions for the FINIX module. FINIX calculation is done for one average fuel rod of each fuel assembly, in total
150–500 fuel rods depending on the reactor type. TRAB3D controls
the data for each fuel rod and calls FINIX consecutively with the
current state parameters of one fuel rod. FINIX returns the temperature distribution of the fuel rod for neutronics calculation and
other data that has to be stored for the next time step. Deformation
of a fuel rod is taken into account in the heat transfer solution but
at the moment deformation is ignored in the ﬂow channel
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TRAB3D solves the two-group neutron diffusion equations with
a nodal expansion method in a rectangular fuel assembly geometry. Thermal–hydraulics of the reactor core is solved in separate
one-dimensional hydraulic channels, which can be further divided
into axial sub-regions. Usually each channel is coupled with one
fuel assembly. Parallel to the heated channels, several unheated
by-pass channels can be modeled. Channel hydraulics is based on
conservation equations for steam and water mass, total enthalpy
and total momentum, and on a selection of optional correlations.
During the hydraulics iterations, a one-dimensional heat transfer
calculation is done for an average fuel rod of each assembly.
TRAB3D solves heat transfer in a fuel rod from one-dimensional
axially uncoupled equations using theta method for time discretization. Heat capacity of pellet and cladding and conductivity of the
cladding are given in input with temperature dependent correlations, whereas heat conductivity of a pellet depends also on burnup. Conductance of the gas gap is in practice always modeled
using linear interpolation from simple temperature dependent
table. It is possible to deﬁne several fuel rod types in TRAB3D
and provide separate values for each fuel rod type. In practice lack
of proper data diminish reliability and feasibility of this kind of
approach.
The PWR circuit can be modeled with the thermal–hydraulic
code SMABRE (Miettinen and Hämäläinen, 2000), which models
3D thermal hydraulic effects using parallel channel nodalization
combined with the turbulent mixing model. SMABRE contains a
ﬁve-equation two-phase thermal hydraulic model, using the drift
ﬂux model. There is a parallel coupling between the circuit model
SMABRE and TRAB3D (Daavittila et al., 2000). SMABRE calculates
the whole thermal hydraulics of the loops and the core in a sparse
geometry. TRAB3D performs the detailed thermal hydraulics and
fuel heat transfer calculation in every fuel assembly of the core
to get the nodal fuel and coolant conditions for the calculation of
three-dimensional neutron kinetics and reactivity feedback effects.
In the combined code, the interchanged variables between modules are the nodewise power to coolant from TRAB3D to SMABRE,
and core inlet and outlet pressure, mass ﬂow, ﬂuid enthalpy and
inlet boron concentration for each core sector from SMABRE to
TRAB3D.
TRAB-1D (Rajamäki, 1976) is the one-dimensional predecessor
of TRAB3D. Nowadays it is used mainly for separate hot channel
analyses without coupling with neutronics. In hot channel analyses, node powers and thermal hydraulics conditions calculated
e.g. by TRAB3D in advance are used as boundary conditions for
TRAB-1D. TRAB-1D’s own fuel rod models are identical to
TRAB3D’s models.
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Fig. 12. Maximum fuel centerline temperature during power peak transient with
TRAB-1D. Inset: the average power density during the transient (solid) and radial
heat generation in the fuel pellet as a function of radius (dashed), r = radius,
r p ¼ pellet outer radius.
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Fig. 14. Fission power in TMI MSLB benchmark as a function of time.

Fig. 13. Temperature distribution in the fuel rod during the power peak transient
using FINIX with TRAB-1D. Non-uniform radial heat generation, burnup 50 MWd/
kgU.

5.4. TRAB3D/SMABRE results
Several types of transients and plants have been simulated with
TRAB3D using the FINIX module (Syrjälahti, 2013). Here we present TRAB3D/SMABRE results from PWR main steam line break
(MSLB) benchmark transient using TMI-1 as the reference plant
(Ivanov et al., 1999). OECD/NEA organized this benchmark in
1999–2000 and VTT participated in the benchmark with
TRAB3D-SMABRE code (Daavittila et al., 2003).
In the MSLB benchmark problem, the TMI-1 PWR plant with
two coolant loops was modeled. In the initial state, the reactor is
assumed to be at the end-of-cycle and at full power. The initiating
event of the transient is the steam-line break in one loop, which
results in a rapid drop of steam line pressure, leading to the
decrease of the water temperature in the primary side. This temperature decrease causes reactor power to increase. When the core
reaches 114% ﬂux level, the reactor is automatically tripped. The
characterizing feature of MSLB event is the asymmetric cooling
in the primary side. The asymmetry is further enhanced by assuming one stuck control rod situated in the colder core half. In the
benchmark two scenarios were speciﬁed: one with realistic cross
sections and other with reduced control rod worths to achieve a
return-to-power situation. Here results with the latter cross section set are presented.
The transient was calculated with TRAB3D/SMABRE using the
FINIX module. All 177 fuel assemblies were modeled, each of them
in its own ﬂow channel. Burnup was not taken into account in the
heat transfer calculation. Time-step length varied during the simulation from 0.02 s to 0.1 s. Needed calculation time was less than
1700 s on one Intel Xeon X5450 processor. As a reference, the event
was calculated using the original temperature-dependent pellet
and cladding heat capacities and conductivities speciﬁed for the
benchmark. Gas gap conductance was speciﬁed to have the constant value hgap ¼ 11:356 kW=m2 K. For comparison, the event
was also calculated using 20% variations for the gas gap conductance. Calculation was repeated also with FINIX coupling using that
constant gas gap conductance.
The ﬁssion power during the scenario is shown in Fig. 14.
Although the difference in power between the TRAB3D and the
coupled TRAB3D-FINIX solutions is small, the effect of more

Fig. 15. Average fuel temperature with different fuel rod models in the TMI MSLB
benchmark.

Fig. 16. Maximum fuel centerline temperature with different fuel rod models in the
TMI MSLB benchmark.

detailed modeling of the fuel rod can be seen in the temperature
distributions. Initial fuel temperatures computed by FINIX are
higher than with the benchmark correlations (cf. Figs. 15 and 16)
mainly due to the different gas gap conductance, and the difference
in temperatures remains during the transient. Due to the slow
transient there are no remarkable differences in the temperature
distributions inside the fuel rod (cf. Fig. 17). Gas gap conductance,
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fuel properties (Todorova et al., 2003). Also in other simulations
with different types of transients FINIX gives higher temperatures
than these public benchmark correlations, but results in a, for
example, EPR control rod ejection transient indicate that FINIX
results are closer to fuel speciﬁc correlations (Syrjälahti, 2013).
This TMI MSLB benchmark shows that FINIX can be used as a
thermo-mechanical model in whole core transient calculations,
in which a large number of fuel rods with different properties
and different dynamical behavior are modeled.
6. Conclusions and outlook

Fig. 17. Radial temperature distribution at axial level 20/24 of the fuel rod at
certain time steps in TMI MSLB benchmark.

Fig. 18. Gap conductance with different fuel rod models in the TMI MSLB
benchmark.

hgap , computed by FINIX with the FRAPTRAN gap model, varied during the transient from 2.9 kW/m2K to 8.1 kW/m2K (see Fig. 18). Gas
gap remains open in all fuel rods during the whole transient, as
illustrated in Fig. 19.
In this case only the submitted simulation results were available as reference, and they were all calculated with same speciﬁed

A light-weight fuel behavior module FINIX has been developed.
FINIX is aimed especially for multiphysics simulations, where it
takes the role of the simulation’s fuel behavior model. FINIX has
been designed to be integrated into a wide array of simulation
codes, and to provide an identical description of the fuel thermal
behavior across different disciplines such as reactor physics and
thermal hydraulics. In cases where the role of fuel performance
simulations has been taken by simple correlations and thermal elements, calculation of the thermal response can be signiﬁcantly
improved by including mechanical feedback and power history
dependence. Towards such a goal, we use FINIX to simulate the
transient thermal and mechanical behavior of the rod, and show
that FINIX can be used to provide improved estimates for the rod’s
thermal behavior in multiphysics simulations.
FINIX models have been validated against experimental centerline temperature data and veriﬁed against FRAPTRAN-1.4 simulations of several RIA experiments. The comparison shows good
performance, especially for the calculation of the temperature distribution. For the temperatures, the agreement with FRAPTRAN
remain good even when signiﬁcant plastic deformations are predicted by FRAPTRAN, despite FINIX’s lack of nonelastic models
for the cladding. However, to extend FINIX’s validity to simulation
of steady state irradiation or loss of coolant accidents (LOCA),
improvements such as ﬁssion gas modeling, cladding creep, and
plastic deformations are required.
To demonstrate the applicability of FINIX to multiphysics simulations, we have integrated FINIX to Serpent 2, a Monte Carlo reactor physics code, and to TRAB3D and TRAB-1D, VTT’s in-house
reactor dynamics codes. With Serpent, we model a test case of an
initially supercritical PWR pin-cell, where the exponential increase
of power is terminated by the negative reactivity feedback from
the increasing fuel temperature. With TRAB-1D, an artiﬁcial power
peak without neutronics feedback is modeled, revealing the difference between the temperatures calculated by FINIX and simple
benchmark correlations. With TRAB3D, a main steam line break
of the Three Mile Island Unit 1 is simulated, combining neutronics,
thermal hydraulics and fuel performance simulations. The case
involves running multiple (several hundred) instances of FINIX in
one simulation, and showcases how FINIX can be used to model
the fuel thermal behavior of a whole reactor.
Development of the FINIX module is an on-going work. Future
work follows two parallel paths, with the ﬁrst focusing on improving the fuel performance capabilities in LOCAs and in steady state,
and the second concentrating on developing methods for uncertainty propagation and system initialization with incomplete information. The aim of both is in keeping with FINIX’s general goal to
enhance the accessibility and reliability of fuel performance modeling in multiphysics simulations.
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