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Abstract

FINIX is a recently developed fuel behaviour mod-
ule that is designed to provide “simple but suffi -
cient” descriptions of the most essential fuel be-
haviour phenomena in multiphysics simulations. 
In such simulations, it is possible to obtain signifi -
cant improvement in the feedback to neutronics or 
thermal hydraulics modelling even with a relatively 
simple fuel performance model. In this work, FINIX 
is used as an internal fuel behaviour module both 
in reactor physics and in reactor dynamics codes 
to simulate coupled behaviour in fast transient sce-
narios. With the Monte Carlo reactor physics code 
Serpent we model a prompt transient in a VVER-
1000 pin cell, and with the reactor dynamics code 
HEXTRAN, a control rod ejection accident in a 
VVER-440 reactor.

1. Introduction

In light water reactors, the thermal and mechanical 
behaviour of the fuel rods strongly infl uences the 
behaviour of the reactor in both steady state and 
transient conditions. For example, the power of 
the reactor is sharply affected by the fuel tempera-
ture due to the absorption of neutrons by Doppler-
broadened cross sections. This coupling is impor-
tant both in the steady state and, even more so, in 
transients. Similarly, transient heat transfer to the 
coolant and avoiding departure from nucleate boil-
ing is dependent on the heat conductance of the 
pellet-cladding gap. The gap conductance is a no-
toriously complicated function of both thermal and 
mechanical properties of the fuel rod. Therefore 
dedicated fuel behaviour codes are often used in 
multiphysics simulations to solve the heat transfer 
in the rod self-consistently with, for example, the 
reactor power calculated by a neutronics code.

However, the fuel performance code or the ex-
pertise for its use is not always available for the 
multiphysics modeller. Therefore a somewhat sim-
pler approach has been studied at VTT, where the 
fuel behaviour module FINIX has been recently 
developed. The FINIX module adopts a middle-
ground between elaborate fuel performance codes 
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and thermal elements in order to give a “simple but 
suffi cient” description of the fuel rod’s thermal and 
mechanical behaviour. The aim is to make the fuel 
behaviour modelling more easily approachable to 
multiphysics modellers without imposing on them 
the complete fuel behaviour phenomenology, but 
still provide signifi cant improvements to stand-
alone simulation methods.

As examples of multiphysics simulations, we 
use the FINIX fuel behaviour module integrated 
into Serpent 2 Monte Carlo reactor physics code 
and HEXTRAN reactor dynamics code. As a dem-
onstration of the dynamical capabilities of the Ser-
pent-FINIX system we simulate a prompt transient 
in a VVER-1000 pin cell, where the pin power and 
fuel temperature are solved self-consistently, lead-
ing to termination of the transient due to Doppler-
broadening of the cross sections. With HEXTRAN-
FINIX, we simulate a control rod ejection accident 
in VVER-440 full-core geometry, where we use 
FINIX to evaluate the effect of fuel rod modelling 
on the outcome of the transient. We also compare 
the results to stand-alone HEXTRAN simulations.

2. Description of the FINIX Module

2.1. Role in a Multiphysics Code Package

FINIX is a fuel behaviour module designed to be 
integrated as a subprogram into a larger simula-
tion code, where FINIX replaces the existing fuel 
model. The main design philosophy of FINIX is to 
provide a simple but suffi cient 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 mul-
tiphysics capabilities can also be achieved with di-
rect code-to-code coupling (see, e.g., Refs. [1,2]), 
such approach is often laborious when highly spe-
cialized software is involved. Thus, in the design of 
the FINIX code, fl exibility of the interface between 
FINIX and the main simulation code has been 
prioritized. This facilitates integration into a wide 
range of different simulation codes.
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FINIX is designed to be integrated with the 
main simulation code, or the host code, at the 
source code level. This has the benefi ts of reduced 
data transfer between the codes, and allows the 
host code to have direct access to FINIX’s func-
tions and data structures. In a recent update the 
FINIX data structures have been completely rede-
signed, and the interface to multiphysics simula-
tion packages has been improved. All the data FI-
NIX requires or calculates has been renamed and 
regrouped, and can be fo und in one place in the 
source code. The purpose of this update was to 
further improve the user-friendliness of the model 
especially in coupled systems. 

For the ease of use, FINIX has a small number 
of higher-level functions, through which the most 

common FINIX functionalities can 
be used without detailed knowl-
edge of the code structure. In ad-
dition, to reduce the user’s need 
for fuel-specifi c knowledge, FINIX 
has a simple fl at fi le database for 
different fuel types, from which the 
required fuel simulation parame-
ters can be loaded in by just speci-
fying the desired fuel rod type. As 
the database is readily accessible, 
the user can easily create new in-
puts and update the database.

2.2. Overview of  Codes

FINIX is primarily designed as a 
transient simulation code. Com-
pared to full-fl edged fuel perfor-
mance codes such as FRAPTRAN 
[3], TRANSURANUS [4] and BI-
SON [5], FINIX emphasizes fl ex-
ibility and the needs of the host 
code in favour of the fuel perfor-
mance modelling. For example for 
neutronics simulations of fast tran-
sients, the most important quan-
tity to solve is the time-dependent 
temperature distribution. On the 
other hand, many of the phenom-
ena modelled in fuel performance 
codes such as cladding irradiation 
growth are less important in this 
case and are currently not consid-
ered in FINIX. However, similar to 
the work of Ref. [6] and for exam-
ple the fuel model of RELAP [7], 
the coupling between the mechan-
ical behaviour of the gap and the 

Figure 1. The models of the FINIX module and its role in a mul-
tiphysics simulation. The iteration of the thermal and 
mechanical solutions is indicated by the fl owchart. 
The convergence checks are assumed to automatically 
fail on the fi rst iteration.

radial heat transfer is modelled. Here FINIX takes 
an approach similar to FRAPTRAN, although 
some simplifi cations are done as described below.

The FINIX model itself involves solving both 
the thermal and mechanical behaviour of the fuel 
rod, allowing not only thermal effects but also 
changes in rod geometry to be taken into ac-
count in the host code. The thermal and mechani-
cal 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 behaviour 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 
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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. Properties such as thermal conductivity, 
thermal expansion, Young’s moduli, coolant heat 
transfer, etc., are solved using publicly available 
correlations.

Currently FINIX is not equipped with modules 
to describe long-term evolution of phenomena 
such as cladding creep and oxidation, fuel swell-
ing, and accumulation of fi ssion products. FINIX 
thus lacks most of the models needed for simu-
lating 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 transient should be obtained by other means, 
for example from a FRAPCON [8] simulation. In 
future, FINIX will be further developed to take into 
account the aforementioned phenomena that are 
not yet modelled in FINIX. This would make it pos-
sible to simulate also longer-term incidents, such 
as loss-of-coolant accidents.

For a comprehensive technical description of 
the FINIX module, the interested reader is referred 
to Refs. [9-11].

3. Serpent 2 Simulation of VVER-1000 
Prompt Transient

FINIX has been integrated to Serpent 2, a 3D con-
tinuous-energy Monte Carlo reactor physics bur-
nup calculation code developed at VTT Technical 
Research Centre of Finland [12]. 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 method-
ology for the treatment of continuous temperature 
[13-15] and density [16] distributions. The recently 
implemented time dependent simulation mode [17] 
extends the applications of Serpent 2 even further. 
For further information on Serpent 2 see [18] and 
for the most recent multi-physics advances in Ser-
pent 2 see [19].

3.1. Integration of FINIX with Serpent

The coupling of Serpent 2 and FINIX is done at the 
source code level. Serpent is responsible for solv-
ing the power distribution in the system while FI-
NIX models the thermal and mechanical response 
of the fuel rod in transient or steady state condi-
tions. The solution transfer between FINIX and the 
neutron transport part of Serpent is handled by a 

set of internal routines that form the fuel behaviour 
multi-physics interface in Serpent 2.

The fi ssion power in fuel rod is tallied by Ser-
pent and provided to FINIX nodes while conserv-
ing the total power generation as well as the local 
power generation in each node volume. The tem-
perature 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 pro-
vide 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.

For transient scenarios, before calculating the 
time-dependent solution, the steady state solution 
is obtained with the coupled system for the pow-
er level in question. This fuel behaviour solution 
is then used as the initial state of the fuel for the 
transient analysis. The steady state simulation is 
also used to create the initial neutron source for 
the transient simulation.

The time-dependent coupled solution is ob-
tained by a sequential and iterative solving of the 
fi ssion power distribution by Serpent and the tem-
perature and strain distributions by FINIX. At the 
fi rst iteration of a time step the temperature and 
strain distributions are taken from the end of 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 in-
terval is calculated by FINIX. A convergence cri-
terion is applied after this and if the convergence 
of the coupled solution is not deemed suffi cient, 
the neutronics solution for the next iteration can 
be obtained. The power distribution is relaxed over 
the different iterations. 

3.2. Results and Discussion

The simulation presented here is a prompt super-
critical transient for a 2D VVER-1000 pin-cell. The 
geometry and material properties as well as the fuel 
rod specifi cations are taken from the UAM bench-
mark [20]. The goal of the simulation is to test and 
present the coupled calculation capabilities of the 
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Serpent 2 – FINIX code system and should not be 
viewed as a realistic physical transient. 

The pellet inner and outer radii were 0.070 cm 
and 0.378 cm respectively. The cladding inner and 
outer radii were 0.386 and 0.455 cm. The lattice 
pitch for the hexagonal unit cell was 1.275 cm. The 
fuel was pure UO2 with the enrichment of 3.3 %. 
The cladding material was Zr + 1 % Nb. The cool-
ant temperature was set to 560 K.

The fuel rod was depleted until the average 
burnup of 10 MWd/kgU with 10 radial depletion 
zones to yield the radial burnup distribution shown 
in Fig. 2(a). The depletion calculation was done 
without fuel behaviour feedback. The realistic ra-
dial burnup distribution affects the radial power 
density distribution as well as the fuel thermal con-

ductivity in the FINIX thermal model.
For the coupled calculation, the FINIX model 

of the rod used 101 equally spaced nodes in the 
pellet and 51 in the cladding. The temperature and 
strain distributions were brought into Serpent at 
these nodes. The power distribution was tallied 
in 20 radial zones with equal area. The cladding 
outer temperature was set to 570 K as a boundary 
condition for the thermal model of FINIX.

The power distribution tallied on time interval 
i was used to calculate the EOI temperature dis-
tribution for interval i as well as an initial guess for 
the EOI temperature distribution for interval i+1. A 
pointwise convergence criterion of 1 K was applied 
to the absolute difference between the tempera-
ture fi elds of subsequent iterations. 

Figure 2. The radial burnup distribution (a) and the resulting power distribution (b) for the VVER1000 pin-
cell at 10 MWd/kgU average burnup calculated by Serpent.

Figure 3. a: Steady state temperature distribution in the VVER-1000 fuel rod. b: Steady state strain distri-
bution in the VVER-1000 fuel rod.
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An initial steady state coupled calculation was 
conducted for the depleted system. The system 
was held critical at 233 W/cm linear power with 
soluble absorber in the coolant. The resulting ra-
dial power density distribution in steady state at 
233 W/cm linear power is shown in Fig. 2(b). The 
critical steady state fuel behaviour solution pro-
duces the radial temperature and strain distribu-
tions shown in Fig. 3. These were used as the 
initial conditions for the following time dependent 
simulation.

For the onset of the transient, the coolant bo-
ron concentration was decreased from 413 ppm to 
345 ppm. This corresponds to an instantaneous 
reactivity insertion of 2575 pcm (4.4 $) and makes 
the system prompt super-critical. After this initial 
modifi cation, the system was allowed to evolve 
freely from the initial conditions for 30 ms. Delayed 
neutron emission was not included in the transient. 
The prompt super-criticality of the system and the 
short timescale of the transient mean that the effect 
of delayed neutrons would be negligible, however.

 Figure 4(a) shows the evolution of the system 
linear power over time. The time behaviour is an 
initial exponential increase in system power until 
the increase in fuel temperature shuts down the 
transient. The development of the centreline and 
pellet surface temperatures can be seen in Fig. 
4(b). The temperature at the centreline reaches its 
maximum value of 2782 K at 20.9 ms. The temper-
ature of the pellet surface drops sharply after the 
thermal expansion of the pellet brings it into con-
tact with the inner surface of the cladding greatly 
decreasing the thermal resistance of the gas gap. 
The total deposited energy can be integrated from 
the linear power giving 3.49 kJ/cm.

This calculation demonstrates the capabilities 
of the coupled code system to model a prompt 
power pulse starting from known initial conditions. 
The fi ssion power and fuel behaviour are solved 
self-consistently and the code system captures the 
qualitative behaviour of the system very well. In a 
more realistic scenario, this simulation technique 
can solve both the size and shape of the power 
pulse and the values for interesting safety param-
eters such as pellet enthalpy and fuel and cladding 
maximum temperatures.

One of the main limitations of the Serpent – 
FINIX coupled code system at the moment is the 
omission of a delayed neutron emission model in 
the time dependent simulation mode of Serpent, 
limiting the applicability to fast transients. In lon-
ger transients, the coolant behaviour will also play 
a greater role and has to be solved with a sepa-
rate tool as has been done with e.g. the Serpent 
– SUBCHANFLOW coupled code system [21].

4. HEXTRAN Simulation of VVER-440 
Rod Ejection Accident

4.1. Integration of FINIX with HEXTRAN

FINIX has also been integrated with the reactor 
dynamics code HEXTRAN [22] that is a coupled 
neutronics – thermal hydraulics code developed at 
VTT for transient and accident analysis of VVER 
reactors.  HEXTRAN solves the two-group neutron 
diffusion equations with a nodal expansion meth-
od in three-dimensional hexagonal fuel assembly 
geometry. Thermal-hydraulics of the reactor core 

Figure 4. a: Evolution of system linear power. b: Evolution of rod centreline and pellet surface 
temperatures.
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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. 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 hy-
draulics iterations, a one-dimensional heat trans-
fer calculation is done for an average fuel rod of 
each assembly. HEXTRAN solves the heat trans-
fer in a fuel rod from one-dimensional axially un-
coupled equations using the theta method for time 
discretization. The heat capacity of the pellet and 
cladding and the conductivity of the cladding are 
given in input with temperature dependent corre-
lations, whereas the heat conductivity of the pel-
let can also depend on burnup. Conductance of 
the gas gap is in practice always modelled using 
linear interpolation from a simple temperature de-

pendent table. It is possible to defi ne several fuel 
rod types in HEXTRAN and provide separate val-
ues for each fuel rod type. In practice, the lack of 
proper data diminishes the reliability and feasibility 
of this kind of approach.

In the new coupling with FINIX, HEXTRAN’s 
own fuel heat transfer solution can be replaced with 
the FINIX module. The choice between FINIX and 
HEXTRAN’s own models is done in the HEXTRAN 
input. HEXTRAN solves the power distribution in 
the reactor core and the distribution is transferred 
to the FINIX module. Also the bulk coolant tem-
perature and the heat transfer coeffi cient between 
the cladding outer surface and the coolant are cal-
culated in HEXTRAN and are used as boundary 
conditions for FINIX. The FINIX calculation is done 
for one average fuel rod of each fuel assembly, in 
total 150-500 fuel rods depending on the reactor 
type. HEXTRAN controls the data for each fuel 

  Figure 5. Fission power (left) and power transferred to coolant (right) during control rod ejection transient 
with HEXTRAN code.

Ejected 
control 
rod

Fi gure 6. Fuel maximum temperature and maximum of fuel pellet average temperature during the control 
rod ejection transient (left) and the maximum fuel temperature  with HEXTRAN-FINIX 
1.15 seconds after initiation of control rod ejection (right).
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rod and calls FINIX consecutively with the current 
state parameters of one fuel rod. FINIX returns the 
temperature distribution of the fuel rod for the neu-
tronics calculation and other data that has to be 
stored for the next time step. Deformation of the 
fuel rod is taken into account in the heat transfer 
solution but at the moment deformation is ignored 
in the fl ow channel modelling. The same axial dis-
cretization is used in FINIX and in HEXTRAN. A 
typical number of axial levels is approximately 20. 
Radially typically 6 to 10 nodes are used for the 
pellet and one node for the cladding. The same 
time step is used in FINIX and HEXTRAN.

4.2. Results and Discussion

Here the FINIX module’s capability for reactor dy-
namical simulations is demonstrated with the 3rd 
dynamic AER benchmark [23,24]. The benchmark 
concerns a control rod ejection in a VVER-440 re-
actor. The reactor is at the end of its fi rst cycle. Inlet 

temperature, inlet and outlet pressures of the core 
and coolant fl ow through the whole core are kept 
constant during the transient calculation. Coolant 
fl ow corresponds to conditions in which three of 
the six main coolant pumps are on. The initiating 
event of the benchmark is the ejection of the fol-
lower-type control rod from hot zero power state 
of the reactor when all seven rods of one rod bank 
are inserted 200 cm and all other rods are fully out 
of the core. Height of the core is 250 cm and the 
ejected control rod is fully out from the core in 0.16 
seconds. No reactor trip is modelled. One average 
fuel rod from each of the 349 fuel assemblies has 
been modelled with FINIX.

In the reference case, HEXTRAN’s own heat 
transfer model was used for the pellet and clad-
ding temperature-dependent thermal conductivi-
ties and heat capacities that were defi ned in the 
benchmark specifi cation. The thermal conduc-
tance was defi ned to depend on the average fuel 
temperature. Gap conductance has a constant 

Fig ure 7. Maximum gas gap conductance (left) and time evolution of gas gap dimensions in the fuel rod 
that reaches highest temperature during the transient (right).

Figure 8. Void fraction at core outlet during transient (left) and at time of maximum void with HEXTRAN-
FINIX (middle) and in reference simulation (right). 
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value of 4 kW/Km2 below 800 K, and increases 
linearly to 20 kW/Km2 at 1500 K, above which the 
value is constant. 

The control rod ejection induces a strong asym-
metrical power increase, which is cut off due to the 
Doppler effect. Fission power behaves similarly 
with FINIX and with the reference correlations, as 
shown in Fig. 5. This is because at the time scale 
of the power transient, the relevant quantity is the 
fuel heat capacity, which is very similar in both 
models. The gas gap conductance computed by 
FINIX is lower, Fig. 7, and for that reason heat is 
transferred more slowly from the rods to the cool-
ant, Fig. 5. Consequently, the fuel rod temperature 
decreases more slowly as shown in Fig. 6. The 
fi rst sharp peak in power transferred to coolant, 
Fig. 5, occurs at the same time as fi ssion power 
peak. This peak is due to gamma heating, which is 
2.5% of fi ssion power. 

Asymmetric nature of control rod ejection tran-
sient can be seen also in fuel temperatures, Fig. 
6. Also the fuel properties vary from one bundle 
to another. Dimensional changes of the gas gap 
in the fuel assembly in the vicinity of the ejected 
rod are shown in Fig 7. The dimensions change 
mainly due to thermal expansion. In the reference 
calculation the fuel rod dimensions do not change. 
Boiling occurs in a few fl ow channels as shown in 
Fig. 8. Due to the slower heat transfer, the maxi-
mum void fraction is lower with HEXTRAN-FINIX 
than in the reference solution.

5. Summary

A light-weight fuel behaviour module FINIX has 
been developed. FINIX is aimed especially for 
multiphysics simulations, where it takes the role of 
the simulation’s fuel behaviour 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 behaviour 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, calculation of the thermal re-
sponse can be improved by including mechanical 
feedback and power history dependence. 

As a demonstration of the applicability of FI-
NIX to multiphysics simulations, we have inte-
grated FINIX to Serpent 2, a Monte Carlo reactor 
physics code, and to HEXTRAN, VTT’s in-house 
reactor dynamics code. With Serpent, we model 
a test case of an initially supercritical VVER-1000 
pin-cell, where the exponential increase of power 

is terminated by the negative reactivity feedback 
from the increasing fuel temperature. With HEX-
TRAN, a control rod ejection accident in VVER-
440 reactor is simulated combining neutronics, 
thermal hydraulics and fuel performance simula-
tions. 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 behaviour of a whole reactor.

Development of FINIX is an on-going work. 
The latest update [11] brings signifi cant improve-
ments to the interface and data structures, an-
ticipating upcoming updates in the computational 
models. Future developments include enhancing 
capabilities in fuel modelling such as cladding me-
chanics, oxidation, and fi ssion gas release to fa-
cilitate modelling of loss of coolant accidents and 
steady state behaviour in addition to the fast tran-
sients discussed in this work.

Acknowledgments

This work was funded by the Finnish research 
programmes on nuclear power plant safety 
SAFIR2014 and SAFIR2018, and the NUMPS 
project of the Academy of Finland.

References

[1] Hämäläinen, A. et al., Coupled Code FRAP-
TRAN-GENFLO for analysing fuel behaviour 
during PWR and BWR transients and accidents, 
in proceedings IAEA Technical Committee Meet-
ing on Fuel Behavior under Transient and LOCA 
Conditions (IAEA-TECDOC-1320),  Halden, Nor-
way 10–14 September 2001, p. 43.

[2] Rossiter, G., Development of the ENIGMA fuel 
performance code for whole core analysis and 
dry storage assessments, Nucl. Eng. Technol. 43, 
489 (2011).

[3] Geelhood, K., Luscher, W., Beyer, C., Cuta, J., 
FRAPTRAN 1.4: A Computer Code for the Tran-
sient Analysis of Oxide Fuel Rods, NUREG-
CR-7023, vol. 1, Pacifi c Northwest National Labo-
ratory (2011).

[4] Lassmann, K., Transuranus: a fuel rod analy-
sis code ready for use. J. Nucl. Mater. 188, 295 
(1992).

[5] Williamson, R.L. et al., Multidimensional multi-
physics simulation of nuclear fuel behavior, J. 
Nucl. Mater. 423, 149 (2012).

[6] Rohde, U., The modeling of fuel rod behaviour 
under RIA conditions in the code DYN3D, Ann. 
Nucl. Energy 28, 1343 (2001).



384

[7] RELAP5/MOD3.3 Code Manual Volume I: Code 
Structure, System Models, and Solution Methods, 
Technical Report NUREG-CR-5535 Rev 4, vol. 1, 
Information Systems Laboratories, Inc. (2010).

[8] Geelhood, K., Luscher, W. and Beyer, C., FRAP-
CON-3.4: A computer code for the calculation of 
steady-state thermal-mechanical behavior of ox-
ide fuel rods for high burnup, NUREG-CR-7022 
Vol 1, Pacifi c Northwest National Laboratory 
(2011).

[9] Ikonen, T., Tulkki, V., Syrjälahti, E., Valtavirta, V., 
Leppänen, J., FINIX – fuel behavior model and in-
terface for multiphysics applications, in proceed-
ings Fuel Performance Meeting/TopFuel, Char-
lotte, USA (2013).

[10] Ikonen, T., Loukusa, H., Syrjälahti, E., Valtavirta, 
V., Leppänen, J. and Tulkki, V., Module for ther-
momechanical modeling of LWR fuel in multi-
physics simulations, Ann. Nucl. Energy, in press 
(2014).

[11] Ikonen, T., Kättö, J., Loukusa, H. FINIX Fuel Be-
havior Model and Interface for Multiphysics Appli-
cations. Code Documentation for Version 0.15.6, 
VTT-R-02988-15, VTT Technical Research Cen-
tre of Finland (2015).

[12] Leppänen, J., Development of a New Monte Car-
lo Reactor Physics Code, Ph.D. thesis, Helsinki 
University of Technology (2007). 

[13] Viitanen, T. and Leppänen, J., Explicit Treatment 
of Thermal Motion in Continuous-Energy Monte 
Carlo Tracking Routines, Nucl. Sci. Eng. 171, 165 
(2012).

[14] Viitanen, T. and Leppänen, J., Target Motion Sam-
pling Temperature Treatment Technique With El-
evated Basis Cross Section Temperatures, Nucl. 
Sci. Eng. 177, 77 (2014).

[15] Viitanen, T. and Leppänen, J., Tempera-
ture Majorant Cross Sections in Monte Carlo
Neutron Tracking, Nucl. Sci. Eng. 180, 209 (2015). 

[16] Leppänen, J., Modeling of Nonuniform Density 

Distributions in the Serpent 2 Monte Carlo Code, 
Nucl. Sci. Eng. 174, 318 (2013).

[17] Leppänen, J., Development of a Dynamic Simu-
lation Mode in Serpent 2 Monte Carlo Code, 
Proceedings of M&C 2013, Sun Valley, ID, USA 
(2013).

[18] Leppänen, J. et al., The Serpent Mon-
te Carlo code: Status, development and
applications in 2013, Ann. Nucl. Energy 82, 142 
(2015). 

[19] Leppänen, J. et al., The Numerical Multi-
Physics Project (NUMPS) at VTT Technical
Research Centre of Finland, Ann. Nucl. Energy 
84, 55 (2015). 

[20] Blyth, T. et al., Benchmark for Uncertainty Analy-
sis in Modelling (UAM) for Design, Operation and 
Safety Analysis of LWRs, Volume II: Specifi cation 
and Support Data for the Core Cases (Phase II), 
OECD/NEA, 2013.

[21] Daeubler, M., Jimenez, J. and Sanches, V., De-
velopment of a high-fi delity Monte Carlo ther-
mal-hydraulics coupled code system Serpent/
SUBCHANFLOW -- fi rst results, Proceedings of 
Physor 2014, Kyoto, Japan (2014).

[22] Kyrki-Rajamäki, R., Three-dimensional reactor 
dynamics code for VVER type nuclear reactors, 
Tech. Rep. 246, DrTech thesis. Technical Re-
search Centre of Finland, 1995.

[23] Kyrki-Rajamäki, R. & Kaloinen, E., Results of the 
third three-dimensional hexagonal dynamic AER 
benchmark problem including thermal hydrau-
lics calculations in the core and a hot channel, 
in proceedings of the fi fth Symposium of AER, 
Dobogókő, Hungary, 15-19 October 1995. Pp. 
255-286.

[24] Kyrki-Rajamäki, R. & Kaloinen E., Defi nition of the 
third three-dimensional hexagonal dynamic AER 
benchmark problem, in proceedings of the fourth 
Symposium of AER, Sozopol, Bulgaria,  10-15 
October 1994. Pp. 417-427.


