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This report summarizes the work done by a consortium consisting of Lappeenranta University of
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PREFACE
New Type Nuclear Reactors (NETNUC) was a project in the Sustainable Energy (SusEn) research programme of the Academy of Finland. NETNUC was a consortium type project and the
work was carried out in Lappeenranta University of Technology (LUT), Aalto University (Aalto)
and VTT Technical Research Centre of Finland (VTT) between 2008–2011. The project was a
multi-task project with a spectrum of different research areas.
This report consists of short articles on each task. The scientific publications produced during
the project are listed in an appendix. Another appendix lists the people involved in NETNUC
either as researchers, supervisors, assisting personnel or as members of the project steering group.
We are very grateful of their work.
Acknowledgements are given to Academy of Finland and Fortum for funding of the project.
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NETNUC Project in the World-Wide Development Network of
the New Type Generation IV Nuclear Reactors and Fuel Cycles
Riitta Kyrki-Rajamäki1 , Rainer Salomaa2 and Timo Vanttola3
1 LUT

Energy, Lappeenranta University of Technology, P.O. Box 20, FI-53851 Lappeenranta, Finland.
2 Department of Applied Physics, Aalto University School of Science, P.O. Box 14100
FI-00076 AALTO, Finland.
3 VTT Technical Research Centre of Finland, P.O. Box 1000, FI-02044 VTT, Finland.
Abstract

Increased international attention has recently been devoted to reactor concepts that differ essentially from the existing light water reactors. Basic processes of these new concepts,
known as Generation IV reactors, are fundamentally different from those used today creating also new type safety challenges. Development of this new generation of nuclear reactors
and nuclear fuel cycles is a world wide task where enormous resources are needed involving
construction of demonstration facilities costing milliards of Euros each. However, also decentralized scientific research is needed to this end which involves step-by-step development
of proper research tools and understanding of the new systems. The work is carried out in
various universities, research centers and utilities and also the NETNUC project has made its
effort to increase the state-of-the-art knowledge and abilities needed. A wide range of Generation IV technologies was studied during NETNUC. The topics included reactor physics,
thermal hydraulics, nuclear fuel cycles and society, reactor materials and chemical processes.
Improvements of research tools and increased knowledge on different Generation IV reactor
concepts and fuel cycles were achieved.

1

Introduction

Increased international attention has recently been devoted to reactor concepts that differ essentially from the existing light water reactors. Basic processes of these new concepts, known as
Generation IV (Gen IV) reactors, are fundamentally different from those used today creating also
new type safety challenges. Development of this new generation of nuclear reactors and nuclear
fuel cycles is a world wide task where enormous resources are needed involving construction of
demonstration facilities costing milliards of Euros each. However, also decentralized scientific research is needed to this end which involves step-by-step development of proper research tools and
understanding of the new systems. The work is carried out in various universities, research centers and utilities and also the NETNUC project has made its effort to increase the state-of the-art
knowledge and abilities needed.
Access to sustainable, sufficient and economically viable energy sources and mitigation of
climate change, and avoiding harmful environmental and health impacts are vital to growing world
population. The new generation fission reactors can offer a remarkable contribution by extending
the availability of nuclear fuel resources to thousands of years. Nuclear energy causes negligible
greenhouse gas and fine particulate emissions. However, strict control on safety of reactors and
fuel cycle facilities as well as safe and timely nuclear waste disposal and improved proliferation
resistance are prerequisites of a positive net contribution to the wellbeing of the whole society.
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Main Results of the Project

Reliable and accurate numerical modeling tools are essential for ensuring the safety of nuclear
power. It has long been a trend to increase the accuracy of modeling with the use of best-estimate
codes because the conservatism of simpler models is ambiguous in complicated nuclear safety
related cases. For example, the Radiation and Nuclear Safety Authority of Finland (STUK) requires that the best available modeling knowledge is used to obtain results that are at the same
time realistic and conservative. Development of accurate modeling methods and tools applicable
for the safety analyses of the next generation nuclear power has been one of the main objectives of
this project in Lappeenranta University of Technology (LUT), Aalto University (Aalto) and VTT
Technical Research Centre of Finland (VTT) as well.
However, all numerical methods have to be based on validation against experiments. Especially in material research a new test rig was developed in VTT within this project. In other
sub-projects the validation was based on earlier experiments. Both domestic and international
measurements were utilized, e.g. the results from the large thermal hydraulic facilities in LUT or
the documented results of different international benchmark problems.
In the following the main results of different tasks of the project are shortly described. The
tasks were carried out in different organizations. However, co-operation between some of them
was tight and fruitful due to utilization of same numerical tools or due to guidance of experts from
the other institutes. The tasks cover a wide area including reactor physics, thermal hydraulics,
nuclear fuel cycles and society, reactor materials and chemical processes. There was no separate
task on reactor safety because it is inherently included in considerations of every task.
2.1

Reactor Physics

Reactor physics code development and calculations were done by all consortium partners. It is
also the area where most co-operation was done especially relating to the use and development of
the reactor physics code Serpent.
2.1.1

Methods for Burnup and Fast Reactor Calculations at VTT

One of the reactor physics tasks at VTT focused on the development of burnup calculation methods for the VTT reactor physics code Serpent, which is based on Monte Carlo techniques. In this
context, the main accomplishment has been the introduction of a novel matrix exponential method
CRAM (Chebyshev Rational Approximation Method) for solving the burnup equations. The burnup equations govern the changes in the concentrations of various nuclides and, due to extensive
variations in the nuclide half-lives, they form an extremely stiff system of linear differential equations. The short-lived nuclides, which induce large eigenvalues and increase the burnup matrix
norm, are especially problematic. Because of the difficult numerical characteristics of burnup matrices, the matrix exponential solution to burnup equations for a full system of nuclides has not
been previously conceivable but either simplified models have been used or the most short-lived
nuclides have been removed from the burnup matrix before computing the matrix exponential
solution.
The CRAM method was prompted by analysing the mathematical properties of burnup matrices. It was discovered that although the magnitudes of the eigenvalues of burnup matrices vary
significantly, they are generally confined to a region near the negative real axis. CRAM can be
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characterized as the best rational approximation on the negative real axis and it enables an unprecedentedly accurate solution to burnup equations without excluding any nuclides. In terms
of computational expense, CRAM either matches or outperforms the previously applied methods. The discoveries also led to introducing other rational approximation methods that, while not
converging as fast as CRAM, allow for an arbitrary computational accuracy limited only by the
available arithmetic precision.
The full-core performance of the Monte Carlo codes MCNP4C and PSG - an early version of
Serpent - was studied by utilizing the benchmark exercise concerning the Na-cooled JOYO fast
reactor. The codes yielded pretty consistent results, but the calculations also confirmed that fast
reactor calculation requires greater accuracy than what can be achieved with Monte Carlo codes.
This became especially true when defining the Na void reactivity that was smaller than the statistical uncertainty of Monte Carlo calculations with any reasonable number of neutron histories.
Therefore the deterministic codes are still necessary tools in fast reactor analysis. However, the
codes designed for thermal reactor calculations are not valid for fast reactors, so the steady-state
neutronics code system ERANOS - previously unknown in Finland - was introduced. The suitability of ERANOS for fast reactor calculations at VTT was studied using the critical Na-cooled
ZPR-6/7 (Zero Power Reactor) reactor physics and criticality safety benchmark as the reference.
The purpose of the calculations was to determine the impact of various functions, parameters
and applied geometry that need to be set by the user. Another subject of interest was to acquire
more information on the performance of ERANOS-2.2 with the JEFF-3.1 and - 3.1.1 nuclear data
libraries against the ZPR-6/7 experimental results. These issues were tackled by calculating the
criticality safety model and two different sodium void reactivity models of the benchmark. The
calculations provided valuable information about the significance of various methods and parameters. For example the method choice between the discrete ordinates (SN) and variational nodal
methods (VNM) was observed to be significant - contradictory to some previously published calculations - whereas the parameter choice within the methods did not show that kind of behaviour.
VNM generally yielded the best results with respect to the experimental values. However, it was
also observed that large further familiarization with ERANOS is required for proper fast reactor
neutronics calculations.
2.1.2

Reactor Physics Methods and Th Fuel Calculations at Aalto

Very accurate burn-up codes were developed to explore radiologically important minority nuclides, the performance of Monte Carlo simulation codes was improved and current reactor physics
codes were applied for non-standard fuel cores and for nuclear waste transmutation purposes.
In both Th-cycle and various Gen IV reactor studies burn-up codes like ORIGEN, Monteburns, DeTra, CASMO etc. were utilized for calculating the numerous nuclides generated in the
nuclear fuel-cycle chain. Methods for accurately solving the Bateman equations were investigated
and reported in journals. Algorithms were invented that improve the speed and accuracy of the
calculations. Three different methods were compared and the results have been published.
In the Monte Carlo simulations the “standard code” MCNP, Fluka which is developed in CERN
for high energy applications, and Serpent authored by Jaakko Leppänen at VTT were used. The
utilization of Serpent was enlargened by including subprograms for cross section data processing,
for describing the fuel pellet temperature dependence and its influence on Doppler effect.
Serpent was applied to various Gen IV reactor types (lead-cooled fast reactor Myrrha) and
to Th cores of present pressure water reactors (PWRs). The performance between Serpent and
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MCNP calculations was compared in the latter application. Fluka simulations were launched to
investigate nuclear waste transmutation. Fluka spallation spectrum is easily obtained and transmutation of high burn-up boiling water reactor (BWR) and PWR fuel rods was tested and the actinide
and fission product burning efficiencies were compared with and without partitioning.
In a PWR, Radkowsky type fuel bundles were inserted into an ordinary PWR core. The calculations allowed to evaluate flux distortions, fissile utilization and consideration of nuclide generation as regards both proliferation and actinide generation. In a BWR the fuel optimization is more
intriguing, because of the truly 3D enrichment of the fuel, part-long fuel rods, and effects from
water channels and control rods. Reactor codes CASMO-4E and Simulate-3 were applied. The
deficiency is that Thorium cross section data is not sufficiently well known. On one hand, Serpent
is an open code and its cross section data is accurately manageable, but, on the other hand, it is
not yet able to calculate full details of a BWR core.
As a conclusion, the calculations show that it is possible to use Th-fuels from the neutronics
point of view in current light water reactors (LWRs). The efficiency of transmutation without
partitioning requires more detailed assessment. All the studies above will be continued.
2.1.3

Reactor Physics of Pebble Bed Reactors at LUT

The reactor physics code Serpent was used for detailed reactor physics calculations of pebble bed
reactors (PBRs). Calculations with explicitly defined stochastic fuel particle configurations inside
individual fuel pebbles and random pebble configurations inside reactor core were done. Pebble
bed neutronics calculations with this level of accuracy have not been done before. Available data
from criticality experiments was used to validate the calculation approach.
A separate code was developed for coupling the reactor physics and thermal-hydraulics in PBR
calculations to iterate between the different inter-dependent physical phenomena in the reactor
core. The coupling code exchanges information between Serpent and ANSYS Fluent so that a
converged solution for the power and temperature distributions is iterated. In test calculations the
coupling worked as expected. The method allows the accurate simulation of fission power and
temperature of reactor materials in PBRs. Development of the coupled calculation system will be
continued.
2.2

Thermal-Hydraulics

Development of thermal-hydraulic calculation tools and methods was done most intensively at
LUT where gas cooled PBRs and condensation phenomena applicaple for BWR and SCWR condensation pools were studied. In addition to efforts at LUT, heat transfer in supercritical water was
studied in Aalto.
2.2.1

Pebble Bed Reactor Thermal-Hydraulics and Condensation Modeling at LUT

Thermal-hydraulic calculation methods using the porous medium approach were developed on top
of the computational fluid dynamics (CFD) code ANSYS Fluent. At the first stage, axisymmetric
modeling capabilities were developed and implemented as user defined functions to the code.
The axisymmetric model is representative to the level of detail that has traditionally been used in
PBR calculations. Steps were taken towards a fully three-dimensional calculation model. Data
from fuel sphere packing simulations and reactor physics calculations have been used to improve
accuracy. To realistically calculate coolant flow, heat transfer and reactor physics of the PBR core,
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knowledge of the pebble packing and behaviour is needed. Packing calculations of spherical fuel
elements were done using the discrete element method (DEM). Two different DEM codes were
used in the project. The open-source code ESyS-Particle was used to creating realistic pebble
configurations inside a complicated geometry representing a criticality test facility. The resulting
packed pebble beds were successfully used in criticality calculations with Serpent. In addition,
an in-house DEM code that was originally developed by another research group of LUT was
adopted with some modifications for PBR calculations. The code was used for investigating the
effect of various parameters to the resulting packing density of a full sized PBR. It was found
out that from the investigated parameters, the coefficient of restitution has the most significant
effect on the packing density. A simplified earthquake simulation was also done to see how a
pebble bed behaves under shaking. No permanent change in the packing density was observed;
only a slight decrease of packing density during the highest acceleration peak was seen. However,
more detailed simulations should still be done. Use of DEM results as input in other analyses is
recommended. The work done so far gives an excellent background and readiness for further work
consisting of pebble packing, flow and seismic behaviour analyses.
Condensation pools are used in the current BWRs and the future supercritical water reactor
(SCWR) concepts to control the containment pressure in loss of coolant accidents. The efficiency
of the SCWR suppression pool and the condensation phenomena within it has not been studied
comprehensively yet. Best practices and some results from BWRs can be used for SCWRs with
minor modifications to the simulation parameters. In this work, POOLEX suppression pool experiments done at LUT for BWRs were simulated. Two different condensation modes were modeled
using the two-phase CFD codes NEPTUNE CFD and TransAT. The applied direct contact condensation (DCC) models are typically used for separated flows in channels and their applicability
to condensation pools has not been tested earlier.
The condensation models of Lakehal et al. and Coste & Laviéville predicted the condensation
rate quite accurately at low Reynolds numbers, while the other tested ones overestimated it. A
high Reynolds number case corresponding to the “chugging” mode was also simulated. A pattern
recognition procedure was developed to extract bubble size distributions and chugging frequencies from the experimental video material. With the obtained statistical data it was possible to
compare the condensation rates between the experiment and the CFD simulations. A spherically
curvilinear calculation grid and a compressible flow solver with complete steam tables were beneficial for the numerical success of the challenging chugging simulations. The Hughes-Duffey
model and, to some extent, the Coste & Laviéville model produced realistic chugging behaviour.
It was found out, that the vigorous penetrations of water plugs into the pool created turbulent
wakes which invoke self-sustaining chugging. A three-dimensional simulation with a suitable
DCC model produced qualitatively very realistic shapes of the chugging bubbles and jets. The
comparative analysis of the bubble size data and the pool bottom pressure data gave useful information to distinguish the eigenmodes of chugging, bubbling, and pool structure oscillations. Due
to this work, the CFD modeling of complex and numerically challenging phase change phenomena
has taken a step forward to produce realistic results.
2.2.2

Modeling Heat Transfer in Supercritical Water at Aalto

Heat transfer in supercritical water pipes was studied using Apros and OpenFoam CFD modelling.
As a basic test case a straight, heated water pipe was studied and the simulation results were
compared to experiments performed in Kurchatov Institute, Russia. Apros relies on heat transfer
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models which have to be selected by best-fit from a large number of empirical correlations. With
CFD calculations it was possible to penetrate deeper into the problem and describe the adequacy
of turbulence models for SCWR simulations. Of the alternatives - laminar, k- and SST, the SST
performed best. The problem of heat transfer deterioration appears, however, to be very difficult
one and call for further studies. The preliminary results were presented in an IAEA workshop.
2.3

Thorium Fuel Cycle Studies at Aalto

The sustainability of nuclear energy has been challenged because of the finite global resources of
uranium. Nuclear chain reaction requires fissile isotopes like 235 U, 233 U or 239 Pu of which only
235
U exists in nature. Besides military and nuclear industry, the general demand of uranium and
thorium is very small. The present LWRs use the rare isotope 235 U and, therefore, the current
nuclear fleet could run only for about one century even with enhanced conversion and fuel reprocessing. An enormous increase of fission energy resources is obtainable by breeder reactors
transmuting 238 U or 232 Th into fissile 239 Pu or 233 U nuclides, respectively. Nuclear fuel for them
would suffice for thousands of years. The problems in breeder reactors based on U-Pu cycle relate
i.a. to nuclear engineering issues, proliferation, long-lived fuel waste, and economy. The Th-U
breeding cycle is being advertised as a much more benign alternative. In the NETNUC program
we have critically addressed the validity of such expectations.
232
Th-233 U cycle includes in its nuclide generation chain strong gamma emitters like 232 U
which enables an efficient detection of fissile nuclides and also requires special, not readily available techniques for handling of 233 U. Furthermore, 238 U can be used to denature the fissile uranium. The efficiency of safeguarding by 232 U was discussed. In studies on Th-U-Pu fuel mixture
it turned out that a Radkowsky type fuel produced more spontaneously decaying Pu-isotopes than
an ordinary U-Pu fuel which hampers their military use. However, the use of 233 U is by no means
harmless and, therefore, proper proliferation measures must be adopted.
Due to its lower mass number, 232 Th generates less long-lived waste nuclides, actinides, as
compared to 238 U. This was verified in burnup calculations concerning both capture nuclides and
fission products. The intermediate Th-Pu cycle that preceeds full 233 U breeding, implies the dominance of 241 Am and 241 Pu in the long-lived waste fraction. In the 233 U cycle the nuclides 232 U and
228
Th dominate in the first century and thereafter 233 U and 229 Th are the most prominent active
nuclides. A full set of generated nuclides and their radiotoxicity was calculated and a compared
for Th-U and U-Pu cycles.
A most challenging problem in Th-fuel is the very large burnup needed to self-sufficient fissile
breeding: typically 100–150 MWd/kg as compared to the 40–60 MWd/kg of present uranium fuel.
The fuel and its cladding requirements are very demanding. The possible claddings suggested for
lead-cooled system were reviewed and their properties regarding mechanical performance, corrosion, licensing restrictions, etc. were addressed. Some simulations of Th-fuel were performed
with the FEMAXI code. As compared to oxide fuel an interesting alternative is the nitride fuel,
but the 14 C production from 14 N is a clear challenge. The amount of 14 C generated in a Russian
lead cooled BREST reactor was calculated and the need of 15 N/14 N isotope separation to keep the
14
C doses tolerable was estimated. Nitride fuel may not be feasible from the waste point of view.
Consequently, also the toxicity of polonium generated in Pb-Bi eutectic coolant suggested more
detailed inquires concerning both for Gen IV fission and DEMO type fusion reactors.
One NETNUC subproject was the study of economics of Thorium based nuclear fuel. Considering only the fuel costs of nuclear energy, Th-fuel appears economically viable, but uncertainties
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due to reprocessing cost, price of plutonium (positive or negative), and fuel bundle fabrication are
rather large. A consistent Th-based nuclear energy scenario such as anticipated in India would
first start with a 235 U/239 Pu fissile system breeding 239 Pu/233 U in a fertile 238 U/232 Th blanket, and
thereafter move into a pre-breeder phase from 239 Pu into a full 233 U breeding cycle. The rather
complicated fuel cycle would require different kind of reactors and reprocessing with a overall
characteristic life-time of almost a half century. This makes reliable cost estimates very hard to
make.
Instead of a full-scale introduction into a pure Th-cycle the potential of using thorium based
fuel bundles in present LWR cores was investigated. These cases considered included a light
water breeder concept (LWBR), Radkowsky type fuel bundles in PWRs and mixed Th-U fuel rods
in BWRs. The calculations demonstrated that Th-fuel loading does not cause inacceptable flux
variations breeding and sufficient breeding can be obtained. However, large burnups are required
which is a challenge to mechanical strength of the fuel.
2.4

Economical and Environmental Aspects of Different Nuclear Fuel Cycles Investigated
at LUT

The results of this task indicate that uranium consumption, amount of high level waste and its
radioactivity and decay heat, and radioactive emissions are all reduced due to reprocessing and recycling of plutonium and uranium. In the evaluation of radioactive emissions the most significant
emission source is radon released from the uranium mines. Fuel cycle costs are generally higher
in advanced fuel cycles compared to an open once-through fuel cycle. Increase of the total costs is
below 20 % in all advanced scenarios and increase of fuel cycle costs is between 27 % and 45 %
depending on the scenario. In the case of Finnish fuel cycle the results are very similar. Uranium
consumption and the amount of disposable waste are reduced in the consequence of advanced fuel
cycles. Fuel cycle costs increase about 50 % but the influence to the total costs is only about 10%.
Altogether the environmental impacts are reduced and the costs are increased in the advanced
fuel cycles compared to a once-through fuel cycle. The influence of the reactor investment cost
to the total nuclear energy costs is major so the uncertainty of economic information for the fast
reactors also strongly increases the uncertainty of the results. In the environmental impact evaluation the lack of proper data and also the uncertainty of the data complicated the evaluation and
caused uncertainty.
The significance of this study for the development of the research field is based mostly on the
methodology used in the evaluation and the extent of the study. The evaluation of the environmental impacts of the whole nuclear fuel cycle is a complex and large process and certain methods
do not exist. In this study GaBi 4.4 life cycle assessment tool was utilized with IAEA’s Nuclear
Fuel Cycle Simulation System software and Origen 2.2 software. The life cycle study was restricted in this case only to radioactive emissions but it can further spread to concern also other
environmental indicators.
2.5

Reactor Materials Studies at VTT

Understanding of corrosion and creep phenomena of candidate materials under harsh Gen IV conditions necessitates a reliable experimental testing of such materials and also a development of
modelling techniques for the relevant conditions. Our objective in the NETNUC project was to
clarify high-temperature corrosion and stress corrosion cracking (SCC) behaviour of numerous
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SCWR internal candidate materials in SCW. The effect of high-temperature oxidation on creep
strain rate in SCW as well as the creep-fatigue (CF) in air using pneumatic based bellows technology was also of interest. In addition, physico-chemical modelling was employed in order to
understand the effect of alloying elements on oxidation resistance in SCW conditions.
A theory, modelling and experimental work together can provide a proper approach to material
issues in SCW environments. In order to understand the behaviour of the metal/oxide film/coolant
system on a theoretical level and to develop predictive tools for the corrosion behaviour, physicalchemical modelling is of utmost importance. The overall objective of the corrosion sub-task was
to increase understanding of both general and localized corrosion mechanisms of candidate materials using a deterministic model of the oxide films formed on such materials in supercritical
water conditions. The first step towards the estimation of the kinetic and transport parameters
of individual metallic constituents has been made during this project by testing the validity of
a quantitative model for in-depth composition of oxides. In this work, a model approach to the
growth and restructuring of bilayer oxides on structural materials in light water reactor coolant
circuits has been modified and adapted to describe quantitatively the oxide growth kinetics and
the in-depth distribution of individual metal constituents on a ferritic steel (P91) and an austenitic
stainless steel (AISI 316L) as depending on temperature (400–700 ◦ C) in a simulated supercritical
water coolant. Using a trial-and-error computational method, estimates of the kinetic constants of
the interfacial reactions of oxidation, as well as diffusion coefficients of the individual constituents
(Fe, Cr, Ni and Mn) in both the inner and outer layers of the respective steels were obtained. The
validity of the proposed approach was tested using sensitivity analysis to explore the relevance
of the respective parameters, and its ability to reproduce film thickness vs. time data at several
temperatures was also successfully demonstrated.
A state-of-the-art review concerning the impact of creep and supercritical water has been completed in the master’s thesis “Creep in Generation IV Nuclear Applications” . The thesis includes
creep strain test results conducted in supercritical water.
Potential Gen IV high pressure light water reactor (HPLWR) concept materials 347H, 316NG
and the 15Cr-15Ni material 1.4970 were tested.
A new type of CF tests rig based on pneumatic bellows technology has been developed for
strain and stress controlled testing. The test facility was designed for a maximum test temperature
of 750 ◦ C. Tests were conducted in air with stainless steel 316L for validation of the test facility
and to evaluate the impact of hold. The test matrix included tests without holds, i.e. low cycle fatigue tests (LCF) and with hold periods (CF) between 1 and 30 minutes. The tests were conducted
in strain control with a total strain range between 0.5 and 1 % at 600 ◦ C. The number of cycles of
the longest test was about 15 000 cycles. The results were well in line with public domain data.
The impact of creep relaxation during hold periods decreases the cyclic life as expected and the
hold periods increase the amount of hardening in tension-compression tests.
To predict this decrease in cyclic life a new modelling approach has been developed. The
model is using a uniaxial creep model (such as the Wilshire equation) as base. The creep model
can then be used to predict a reference stress for the CF and LCF tests that would cause creep
failure in the time defined by the sum of hold times. The simple multilinear relationship of this
reference stress and the other test parameters (strain, temperature and hold time) makes the prediction cyclic life simple since the shape of actual stress-strain cycle can be bypassed. Also, the new
methodology requires less data input than standard creep-fatigue assessment methods for robust
life predictions.
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Exothermic Chemical Reactions in Nuclear Reactors

Due to the dominant position of light water reactors, they have received the main focus in the
current safety regulations. To assure the safety of Gen IV reactors, IAEA is formulating new technology neutral safety criteria. These general criteria would be used when developing technology
specific criteria for all reactor types.
Many materials in nuclear power plants react exothermally when temperatures rise high enough.
Reactions that can compromise safety include e.g. the oxidation of zirconium, graphite or sodium,
hydrogen explosion and all sorts of fires. In the worst case radioactive particles can be released to
the environment as a result of an exothermic chemical reaction.
Exothermic reactions have already been acknowledged in the current safety criteria. Still, e.g.
the criteria on hydrogen explosions are presented separately from those dealing with fires. Thus,
exothermic chemical reactions are not taken into account systematically. Also the technology
neutral safety criteria should be as simple as possible so that all kinds of exothermic reactions
could be taken into consideration.
The basis of the safety criteria for exothermic reactions should be that unwanted reactions
are fully prevented. They can be prevented if there are no materials that can react exothermally
or if these materials can be kept apart. Another way is to keep temperatures sufficiently low. If
nevertheless an unwanted exothermic reaction occurs, its consequences should be mitigated.
2.7

Multi-Phase Chemistry in Bio-Mass Industry Utilizing the Nuclear Energy as Future
Process Heat

There is an increasing demand for calculating complex multi-phase chemistry as a part of largescale dynamic process simulation.
Examples are fibre suspension chemistry in the wet end of a paper machine, water chemistry
of boilers, and bleaching operations in pulp mills. The above example cases were studied in order
to determine the feasibility of combining multi-phase chemistry with large scale real-time process
simulation. In addition, methods for calculation of chemical equilibrium and reaction kinetics
were evaluated.
Finally, the interfaces between the simulator and the chemistry calculation routines were studied. In simple cases of uniform solutions calculating chemical equilibrium by using equilibrium
constants is faster than minimising the system Gibbs free energy. For more complex systems, with
multiple phases and several chemical reactions better results are obtained using the Gibbs energy
approach.
Neural networks seem to be most suitable for soft sensors and for calculating material properties. Transport phenomena are of governing importance when reaction kinetics in multi-phase
suspensions is concerned. Several other factors, such as mixing and surface area of reactants, affect the reaction rates. Thus the rate of a particular reaction varies locally within the process. The
modelling interfaces should support true multi-phase systems, where hundreds of different species
and dozens of different phases are present.
Every phase could, in principle, have a unique composition. However, when flow dynamics is
concerned, it is sufficient to use only one, two or three different material states. This work clearly
shows that it is possible to combine multi-phase chemistry with dynamic process simulation. Currently, this can be done only in a small part of a process or in a few reactors due to the performance
limitations of a typical desktop computer. In the future, parallel computing is expected to solve
hundreds of calculation nodes simultaneously.
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Project Impacts

The NETNUC project was a multidisciplinary national consortium with international cooperation
aiming to carry out basic research and to generate scientific knowledge needed for Gen IV reactors.An important goal was also to educate a new generation of research scientists in the field. The
project was closely connected with EU projects and global forums.
3.1

Education and Training

The Finnish energy research field was evaluated in 2006 by an international expert group for the
Academy of Finland. The NETNUC project has advanced the goals given in the second recommendation of the evaluation group to increase the basic research in nuclear energy area and to
ensure that no demographic collapse happens in the area by growing new young research scientists.
The project has provided an excellent platform for competence building and recruiting of new
professionals for the nuclear field. To survive the recruiting competition the students must be
hired from the BSc level and kept to continue to MSc level and PhD level. The long-term funding
in NETNUC greatly facilitated reaching this goal and creating a critical research mass to continue activities on more volatile research project funding. This type of goal-oriented training is
recommended also in the findings of the Committee for Nuclear Energy Competence in Finland
(MEE Publications 2/2012). All the students are presently continuing their R&D work at Aalto
or LUT or have been hired by the stakeholders in nuclear field. Future funding of some of the
students is obtained through YTERA, the national doctoral program me on nuclear engineering
and radiochemistry, and through the national research programs SAFIR2014 and KYT2014.
The investigations have led to two doctoral theses, one Licentiate thesis and 13 Master of
Science theses.
The project has enabled to assess competence and learning needs for engineers and researchers
for Gen IV type reactors (FP7 project ENEN-III). This networking has been utilized by the visits
of two MSc students from Spain. The students are presently at INSTN (France) and Westinghouse
(Spain). A researcher from Aalto has an important position in the European Fission Training
System (EFTS). The project has tightened the co-operation between the research partners LUT,
Aalto and VTT, and increased the networking especially between young researchers. Readiness of
young scientists to participate in international projects has greatly increased and such participation
has already started during the project.
3.2

Industrial and International Partners

The main industrial partners in Finland were Fortum, Teollisuuden Voima, Fennovoima and Posiva. Also STUK, the Radiation and Nuclear Safety Authority of Finland was an active partner of
the project as well as the Ministry of Employment and the Economy. The efficient collaboration
within the consortium (Aalto, LUT, VTT, and stakeholders) has enabled to create the informal
Finnish R&D network GEN4FIN and strengthen its activities, e.g., in defining the future research
strategy. GEN4FIN has its roots as a working group of the former administrative commission on
nuclear energy in Finland (YEN). Presently the discussions for future focus areas are underway
as also the prioritisation of the Gen IV topics between SCWR, SFR, GFR, and LFR within the
European Research consortia.
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Five research scientists made longer visits in foreign institutes and two in Finland, the average
length of the visits was four months. The most important foreign partners of the project were:
• Commissariat à l’énergie atomique et aux energies alternatives (CEA) in France which provided both the ERANOS fast reactor code system as well as the NEPTUNE Computational
Fluid Dynamics code. ERANOS was employed to calculate part of the ZPR-6/7 reactor
physics and criticality safety benchmark. NEPTUNE was made available through the common EU projects NURESIM and NURISP. Two longer researcher visits were directed to
CEA.
• Co-operation with NRCan Canmet actuated through GIF (Generation IV International Forum). Canadians performed microscopic studies (TEM, FIB) on candidate materials exposed at VTT in supercritical water. Several joint publications were published.
• During NETNUC project the co-operation was actuated with Joint Research Centre - Institute for Energy and Trasport (JRCIET), Netherlands, in experimental work of material
studies. Test matrix was completed by both organizations and results (oxidation and stress
corrosion cracking in SCW) were published together in journal articles.
• For the OECD Halden Reactor Project - Institute for Energy Technology, Norway different
types of coatings were exposed at VTT autoclave facility in order to find a coating option
for instrumentation sensors (developed by IFE/Halden, e.g. LVDT sensors) applicable at
high temperature conditions. A joint publication will be published in the end of 2012 or in
the beginning of 2013.
• Within the RAPHAEL EU project the University of Stuttgart, Germany, arranged courses
on high temperature reactors which were participated by young researchers of LUT.
• The EU FP7 project HPLWR Phase2 partners, as leader the Karlsruhe Institute of Technology (KIT), Germany. In the EU level, NETNUC project was also closely connected to the
HPLWR (High Performance Light Water reactor) Phase 2 project. VTT developed modelling of super-critical water (SCW) in the project. Experimental studies for fuel cladding
materials in the SCW conditions benefitted also the EU project in the development of the
HPLWR reactor concept.
3.3

Utilization of Results

In the project several improvements in the Serpent Monte Carlo reactor physics code of VTT
were designed and implemented. Serpent has received a remarkably good and wide international
visibility. The implementation of up-to-date reactor physics codes and their application in nonstandard situations allows further validation and development of the codes.
The development of the supercritical water models in the APROS code has been done in cooperation with Fortum, the co-owner of APROS. Similar improvements have been added to the
VTT reactor dynamics code TRAB/SMABRE. Mixed Conduction Model (MCM) has been applied in supercritical water conditions. Conventional fossil fired plants might also benefit from
this development in the future when raising their operating temperatures and pressures.
At LUT, development of a coupled calculation system for detailed PBR core calculations
started during the project. The PBR modelling is continued in LUT within a new project funded
by the Academy of Finland. Co-operation with Chinese institutes is in the plans, because PBRs
are being constructed in China.
A new type of creep-fatigue (CF) tests rig based on pneumatic bellows has been developed. A
new model approach has been developed using a uniaxial creep model as base requiring less input
data than standard creep-fatigue assessment methods for robust life prediction.
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National expertise on future technologies has increased and establishment of international cooperation has actuated through the NETNUC project. The research scientists of NETNUC have
acted as representatives for Euratom in Generation IV International Forum (GIF). STUK participates internationally in IAEA in the development of technologically neutral safety criteria for new
types of nuclear reactors and has announced that knowledge gained through the project has been
very valuable for this work.
Understanding of advanced nuclear fuel cycles and their analysis capability has increased,
which enables evaluation of alternative waste disposal concepts and more efficient use of nuclear
fuel in the future. Economical and environmental aspects of different nuclear fuel cycles were
evaluated specifically from the Finnish perspective.
3.4

Dissemination of Results

A wide range of Gen IV technologies was studied during NETNUC. The main scientific achievements of the project have been reported in 11 journal articles, 25 conference papers and several
reports. Of the scientific publications produced in NETNUC, nine have been produced in international collaboration. The consortium partners have co-authored four publications. The extensive
final report of the project will be distributed to the project partners and collaboration organisations
in Finland and abroad, as well as to the international networks e.g. the Sustainable Nuclear Energy
Technology Platform (SNETP) of EU.
The project has greatly contributed to the overall knowledge and awareness on Gen IV technologies of the people involved in the project. As an example of effective networking and dissemination of project results, the biennial Gen IV seminars organized by LUT have gathered participants outside the project not only from the Finnish utilities and regulators but also from several
European countries. Especially the Nordic cooperation has tightened and in the future joint annual
seminars are planned. VTT has now formally started the Nordic cooperation on Gen IV field in the
NOMAGE4 network (Nordic-Gen4 starting from 1.1.2012) funded by NKS as well as participating industrial companies and other partners (from Finland VTT, TVO, Fortum and Fennovoima).
The universities Aalto and LUT belong to the network through GEN4FIN. The co-ordinator is
Halden IFE from Norway and other members are Studsvik and Risø DTU representing Sweden
and Denmark, respectively. The results of NETNUC have been disseminated through GEN4FIN
and NOMAGE4 seminars to the Finnish industry as well as for Nordic partners.
In addition to scientific publications the project produced popular articles in Finnish trade
magazines. Also various interviews on the subject were given both in daily newspapers and on
radio and TV.

4

Conclusions

A wide range of Gen IV technologies were studied during NETNUC. The topics gathered above
and covered in more detail in the individual articles that follow present the main scientific achievements of the project. In addition, the project has greatly contributed to the overall knowledge and
awareness on Gen IV technologies of the people involved in the project. The results of the project
have been disseminated in peer-reviewed journals, conferences and own seminars with participants
from the project, the Finnish nuclear industry and regulator, and from organizations abroad.
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Thermal-Hydraulic Modeling of Pebble Bed Reactor Core
Heikki Suikkanen
LUT Energy, Lappeenranta University of Technology, P.O. Box 20, FI-53851 Lappeenranta, Finland.
Abstract
Methods to calculate coolant flow and heat transfer in a pebble bed reactor core are established in this work. The purpose is to obtain a state-of-the-art calculation tool for various
safety-related thermal-hydraulic studies of pebble bed reactors. Porous medium approach is
used for the pebble bed and the developed methods are implemented into ANSYS Fluent code
as user defined functions. Simplified axisymmetric steady-state calculations are done for a
real reactor design. The results can be considered realistic when considering the amount of
simplifications and assumptions made. Further work towards a fully three-dimensional calculation tool with reactor physics coupling was started during the NETNUC project and is
continuing.

1

Introduction

Due to the small number of built pebble bed reactors (PBRs) and their significantly unique core
design, few calculation codes exist that can be directly used for PBR analyses. Solving core
thermal-hydraulics forms an important part of reactor analysis and as high level of detail as reasonably achievable should be pursued. However, detailed full-core computational fluid dynamics
(CFD) calculations are not feasible with the current computer resources as the calculation grid
requirements for the pebble bed are too enormous. For this reason, porous medium approach with
a coarse calculation grid is used.
In this report, the development of a thermal-hydraulic calculation tool for PBR calculations
is presented. The commercial CFD code ANSYS Fluent has been adopted as the solver code as
it is a well established multi-purpose CFD software and has adequate possibilities for adding external code via user defined functions. The calculation tool is tested by performing steady-state
calculations of the 400 MWth Pebble Bed Modular Reactor (PBMR-400) design. A simplified axisymmetric model of the reactor is built and calculations using a thermal equilibrium heat transfer
model are done. On most parts this report summarizes the work done in the Master’s Thesis by
Suikkanen (2008).
Similar work has been done in Germany where several codes have been developed and used for
PBR analyses. See e.g. Becker and Laurien (2003), Hossain et al. (2008) and Zheng et al. (2012)
for the most recent developments. Significant work was also done during the South African pebble
bed modular reactor project as summarized by Janse van Rensburg and Kleingeld (2011).

2

Methods

Porous medium approach is used in the full core pebble bed calculations. A coarse calculation grid
is formed over the pebble bed region and the governing equations of fluid flow and heat transfer
are solved in the individual control volumes. Pebbles form a blockage to the fluid flow so that the
fluid portion in a control volume is characterized by porosity.
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Fluid Flow Equations

Fluid motion is governed by the continuity and momentum equations. They are presented here in
the form they are given in the user guide of the solver code (ANSYS, Inc., 2009). In the case of a
single phase fluid flow through porous media the continuity equation is
∂ρ
+ ∇ · (ρu) = 0,
∂t

(1)

where  is the porosity, ρ is the density, t is the time and u is the velocity vector. The corresponding
momentum equation is


∂
µ C2 ρ
(ρu) + ∇ · (ρuu) = − ∇p + ∇ · (τ ) + F −
+
|u| u,
(2)
∂t
α
2

where p is the pressure, τ is the stress tensor and F represents additional body forces. The last
term contains the viscous and inertial drag forces introduced by the porous material.
The viscous loss term is given by the Darcy’s law (Darcy, 1856)
µ
−∇pvisc = U,
(3)
α
where µ is the molecular viscosity, α is the permeability and U is the superficial velocity. Permeability is given by
3 d2p
,
(4)
α=
a (1 − )2
where a is a constant describing the microscopic geometry of the porous materials and dp is the
pebble diameter. Superficial velocity is defined as
U = u.

(5)

In higher Reynolds numbers, the inertial losses have to be included. Inertial pressure losses
are given by (Forchheimer, 1901)
Fρ
−∇piner = √ |U| U,
α

(6)

where F is the Forchheimer coefficient that can be calculated from (Ergun, 1952)
F =√

b
a3

,

(7)

where b is another constant describing the microscopic geometry of the porous medium. The
coefficient C2 in Equation 2 is then given by
F
C2 = 2 √ .
α

(8)

After some arrangements, the viscous and inertial pressure loss terms can be written in a form
that is known as the Ergun equation, which is typically given as the pressure difference over the
length of the packed bed L in the form
|4p|
aµ (1 − )2
bρ (1 − ) 2
= 2
u+
u.
3
L
dp

dp 3

(9)
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Values of a = 150 and b = 1.75 are used for the model coefficients in this work as suggested in
ANSYS, Inc. (2009).
A slightly different pressure drop correlation has been suggested in the German safety standards (KTA 3102.3, 1981) for calculating the pressure drop in pebble bed reactor core design. The
suggested pressure drop correlation is
 2
|4p|
1 −  1 1 ṁ
=Ψ 3
,
(10)
L
 dp 2ρ A
where ṁ is the mass flow, A is the flow cross section and
Ψ= 

6
320
+
0.1 ,
Re
Re
1−
1−

(11)

where Re is the Reynolds number. This correlation, however, is not used in the calculations
presented in this report.
2.2

Variable Porosity

Local variations in the pebble bed porosity exist especially at the regions near the reflector walls.
Empirically derived exponential porosity profiles are used in the calculations presented in this
report. In the case of an annular packed bed of spheres bounded by the inner and outer walls with
radiuses Rinner and Router , respectively, the following exponential radial porosity profile suggested
by Sodré and Parise (1998) can be used


Router + Rinner
,
 (r) = ∞ 1 + c1 e−c2 (r−Rinner )/dp , for Rinner 6 r 6
2


Router + Rinner
 (r) = ∞ 1 + c1 e−c2 (Router −r)/dp , for
< r 6 Router ,
2

(12)

where ∞ is the porosity of an infinite bed, c1 and c2 being model coefficients. Based on a review
of correlations by du Toit (2008), the coefficient c1 is calculated as
c1 =

1
− 1,
∞

(13)

so that the porosity is unity at the wall and a value of 6 is used for c2 .
2.3

Heat Transfer Equations

Two approaches are used for solving heat transfer in the porous medium representing the pebble
bed. In the first and simpler one, a thermal equilibrium is assumed between the fluid and solid
phases. In this case only one mixture energy equation is solved



 ∂T
(ρcp )s (1 − ) + (ρcp )f 
+ ∇ · (uT ) = ∇ · (keff ∇T ) + Sh ,
(14)
∂t
where s and f denote solid and fluid phases, respectively, cp is the specific heat at constant pressure, T is the average temperature over the fluid and solid phases, keff is the effective thermal
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conductivity and Sh is the volumetric heat generation rate. The effective thermal conductivity is
given by
keff = kf + (1 − ) ks .
(15)

The second approach is to form separate energy equations for the phases linked together by
an interfacial heat transfer term (Hsu, 1999). This option needs to be used in time dependent
calculations. Energy equation for the fluid phase is
∂Tf
+ (ρcp )f [∇ (uTf )] = ∇ · (kf ∇Tf ) + hfs afs (Ts − Tf ) + Sh,f
∂t
and for the solid phase
 (ρcp )f

(16)

∂Ts
= ∇ · (ks ∇Ts ) + hfs afs (Tf − Ts ) + Sh,s .
(17)
∂t
Coefficient hfs in the above equations is the interfacial heat transfer coefficient, afs being the
specific interfacial area. The interfacial heat transfer coefficient can be obtained from the definition
of Nusselt number
hfs dp
.
(18)
Nu =
k
The specific interfacial area is given by
(1 − ) (ρcp )s

afs =

Ap
,
Vp

(19)

where Ap is the surface area and Vp is the volume of a pebble.
A correlation suggested by Wakao and Kaguei (1982) is used for the Nusselt number. It is
based on several steady state and unsteady state measurements and can be used over a wide range
of Reynolds numbers excluding very small Reynolds numbers. The Nusselt number is given by
N u = 2 + 1.1P r1/3 Re0.6 ,

(20)

where P r is the Prandtl number.
To take both conduction and radiative heat transfer into account between pebbles, a specific model originally developed by Zehner and Schlünder (1972) and modified by Breitbach and
Barthels (1980) is used. Thermal conductivity is given by


−1 


p



h
i
p


(1
−
)
B
+
1
1
3


 
·
· 1 + 
,
(21)
ks = 4dp σT
1 − (1 − )  +
2


2
B


−1


−1 Λ
ε
ε

where ε is the emissivity, the coefficient B is given by

10/9
1−
B = 1.25 ·
,


(22)

and Λ is the dimensionless solid conductivity

Λ=

kp
,
4dp σT 3

where kp is the conductivity of the pebble material.

(23)
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Nuclear Heat Source

Nuclear heating is included as a source term in the energy equation (Equation 14 or 17). Ideally
the thermal-hydraulic calculation should be coupled with reactor physics so that the final temperature is the result of an iterative calculation process. The work presented here, however, uses an
approximated constant power profile with a chopped-cosine form in the axial direction. Based on
desired total thermal power the power distribution is given by (Melese and Katz, 1984)
q 0 (z) =

q
φ(z),
V

(24)

where q is the total power generated in the core, V is the total volume of the core and φ(z) is the
axial variation function


πL z
1
φ(z) = C · cos 0
−
,
(25)
L
L 2

where L0 is the extrapolated height and coefficient C is the core maximum to average power
generation parameter
πL

.
C=
(26)
2L0 sin πL0
2L

3

Calculation Model

A simplified axisymmetric model of the PBMR-400 reactor core is built for the calculations.
The full reactor pressure vessel (RPV) has a height of 28 meters and its details are not public
information. In axial direction the calculation model is restricted to pebble bed region, which is
assumed to have a height of 11 meters. In radial direction the model contains centre and side
reflectors, pebble bed, core barrel, RPV and the gas gap between the core barrel and the RPV. All
channels inside the graphite structures, such as coolant riser channels and control rod channels,
are excluded from the model. A structured calculation grid with total of 58 520 control volumes
is formed.
Mass flow inlet boundary condition is set on top and a pressure outlet at the bottom of the
pebble bed region. A constant temperature of 300 ◦ C is assigned for the outer wall of the RPV
while top and bottom boundaries are set as adiabatic. The gas gap is filled with stagnant helium
and a surface-to-surface model is used for the radiative heat transfer between the core barrel and
the RPV. Nuclear heat source is included as a source term in the energy equation. The model
dimensions and calculation parameters are given in Table 1.
Appropriate material property data is important for the reliability of the results. The calculation
model includes regions of helium gas, graphite and steel in the core barrel and the RPV. Ideal
gas law is used for calculating the density of helium. Other temperature dependent properties
of helium are taken from Incropera and DeWitt (2002) and Laine (1996). There is no publicly
available data on PBMR-400 graphite so material property data for graphite grade H-451 is used
as it has been used in gas cooled high temperature reactors before. Temperature dependent data
is obtained from the Graphite Design Handbook (General Atomics, 1988). The core barrel of
PBMR-400 is made of 316 stainless steel. Due to data availability issues, the steel properties of
the core barrel are used for the RPV steel. Data is obtained from the Finnish standards (SFS-EN
13445-3, 2002).
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Table 1: Dimensions and calculation parameters.
Parameter

Symbol

Value

Parameter

Symbol

Value

Radius of centre reflector
Outer radius of RPV
Thickness of side reflector
Thickness of core barrel
Thickness of gas gap
Core height

Rinner
RRPV
dreflector
dbarrel
dgas
L

1.00 m
3.28 m
0.85 m
0.05 m
0.15 m
11 m

Core extrapolated height
Reactor thermal power
Inlet temperature
System pressure
Coolant mass flow rate

L0
q
Tin
p
ṁ

13 m
400 MW
500 ◦ C
9 MPa
192 kg/s

4

Results

Velocity profile in the pebble bed annulus is shown in Figure 1. Clear peaks in the gas velocity
can be seen near the reflector walls that correspond to the used porosity profile (Equation 12).
A pressure drop of 401 kPa over the pebble bed was calculated with the reference mass flow
rate. The value is larger than the design value although it has been given for a design with a
slightly lower mass flow rate. Also the difference between the pressure loss model in this work
and the KTA model that has most probably been used in the design calculations might explain the
difference. A sensitivity study with variable mass flow rate (Figure 1) shows a linear dependence
of pressure loss on the mass flow rate and the difference between a heated and a cold reactor core.
Temperature distribution in the calculation domain is shown in Figure 2. The maximum temperature is 908 ◦ C in the core and an average temperature of 897 ◦ C is calculated in the outlet. The
values are well in line with the design outlet temperature of 900 ◦ C. Temperature distributions in
various axial and radial sections are shown in Figure 3.
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Figure 1: (a) Velocity magnitude profile three meters above the core bottom. (b) Pressure loss
through the pebble bed as a function of mass flow rate for a heated and an unheated reactor.
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Figure 2: Temperature distribution (◦ C) in the reactor core.
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Figure 3: Axial (a) and radial (b) temperature profiles in different parts of the reactor.
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Conclusions

Full-core coolant flow and heat transfer calculation methods using porous medium approach were
established and implemented in ANSYS Fluent CFD code via user defined functions. The presented work included the development of an axisymmetric version with a simple thermal equilibrium heat transfer model. The calculation tool was tested by performing steady-state calculations
of the PBMR-400 reactor core. Results of the calculations can be considered realistic when taking
into account the simplifications made.
Further work that was already started during the NETNUC project includes a fully threedimensional version with thermal non-equilibrium heat transfer model, reactor physics coupling
and use of pebble packing data provided by discrete element method analyses. Validation calculations using e.g. available data of the Chinese HTR-10 test reactor are also planned.
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Modeling the Packing of Spherical Fuel Elements in Pebble
Bed Reactors
Heikki Suikkanen
LUT Energy, Lappeenranta University of Technology, P.O. Box 20, FI-53851 Lappeenranta, Finland.
Abstract
It is important to understand the mechanical behavior of the spherical fuel elements in
pebble bed reactors. In this work, discrete element method is used to model the packing of
fuel pebbles inside the reactor core. Effects of different parameters while compacting the
pebbles and shaking a packed pebble bed with a seismic signal on the packing density are
investigated and the results are analysed at various scales. In addition, pebbles are packed
inside a container representing a reactor physics experimental facility to be used in criticality
calculations with the Monte Carlo code Serpent.

1

Introduction

The core of a pebble bed reactor (PBR) is formed of spherical fuel elements (pebbles) that each
contain from 10 000 to 15 000 coated fuel particles. There are hundreds of thousands of pebbles
in a full-sized reactor. Onload refueling is managed by feeding pebbles on top and removing them
from the bottom of the core so that they form a randomly packed column and flow slowly through
the core. Typical designs include a graphite centre reflector, which is either a solid graphite structure or consists of graphite-only pebbles flowing along the fuel pebbles. Heat produced by the
pebbles is carried away by helium gas coolant flowing downwards through the pebble bed. It is
essential to understand the mechanical behavior of the pebble bed itself to ensure reliable operation, but also to accurately determine the neutronics and thermal-hydraulics of the core.
In this report, a summary is given of the work on modeling the packing of pebbles using discrete element method (DEM). Pebbles are packed inside reactor geometries with annular design,
i.e. with a solid centre reflector. Open-source DEM code ESyS-Particle and an in-house DEM implementation are used. The effect of different parameters while packing the pebbles and shaking a
packed pebble bed on the resulting packing density are investigated. Packing density is analyzed
at various scales. Packed pebble beds are also constructed for use in reactor physics calculations
with the Monte Carlo code Serpent. The overall objective is to be able to use DEM efficiently as
a part of the calculation chain for PBR core modeling.
Packing and flow of pebbles has been studied experimentally and by calculation methods also
by other investigators. Researchers at Massachusetts Institute of Technology did pebble flow experiments with a scaled-down experimental facility (Kadak and Bazant, 2004) and later on simulations using DEM (Rycroft et al., 2006). Significant work was also done during the South African
PBR project e.g. in analysing the porosity variations in pebble beds (du Toit, 2008). In addition,
efforts taken at Idaho National Laboratory have lead to the development of a PBR specific DEM
code (Cogliati and Ougouag, 2006). See Suikkanen et al. (2012b) for a more thorough literature
review.

2

Methods

DEM is used for modeling the random packing of fuel pebbles inside a PBR core. The foundations of DEM were laid out by Cundall and Strack (1979) and as a result of the increase in
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computer power, the method has become popular for analyzing various particulate systems. Many
commercial and non-commercial DEM codes exist. Two DEM codes are used in this work; an
in-house code developed at Lappeenranta University of Technology and the free open-source code
ESyS-Particle (Abe et al., 2004). ESyS-Particle is a more general and polished software for DEM
analyses and it is used here to pack pebbles inside a somewhat complicated wall geometry. The
in-house DEM code is tailored for annular cylinder geometry and it uses slightly different force
models. The methodology in the in-house DEM code is described in the Subsection 2.1.
Various approaches are used in analyzing the resulting packed pebble beds. The main parameter of interest in this work is the packing fraction of the pebble bed. It is investigated at three
scales; the average packing fraction of the pebble bed φ, the area based packing fraction averaged
over radial φr direction and the local pebble scale packing fraction φvor calculated using Voronoi
decomposition (Voronoi, 1907). These methods are explained in Subsection 2.2.
2.1

DEM Implementation

The in-house DEM code is based on the linear spring-dashpot model by Tsuji et al. (1992). The
contact forces between two spheres i and j (Figure 1) are solved at each computational time step
for all contacting sphere pairs in the system.
The force along the normal unit vector nij is calculated from


3/2
FCnij = −Kn δnij − ηn vrij · nij nij ,
(1)

where Kn is the stiffness, δnij is the deformation (overlapping distance), ηn is the damping coefficient and vrij is the relative velocity between the spheres in the normal direction. The first part of
the equation represents the spring and the second part defines the damping.
The force in tangential direction is calculated from
FCtij = −kt δ tij − ηt vsij ,

(2)

|FCtij | > µf |FCnij |

(3)

FCtij = µf |FCnij | tij .

(4)

when the slip condition
is not satisfied. Otherwise the tangential force is calculated from

In the above equations, kt is the tangential stiffness, δ tij is the tangential displacement vector, ηt is
the damping coefficient in the tangential direction and vsij is the slip velocity between the spheres,
µf is the dynamic friction coefficient and tij is the tangential unit vector calculated from
tij =

vsij
.
|vsij |

(5)

The velocities in Equations 1 and 2 are calculated as
vrij = vi − vj

(6)

vsij = vrij − (vrij · nij ) nij + (Ri ω i + Rj ω j ) × nij .

(7)

and
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Figure 1: Normal and tangential contact forces, unit vectors and deformations between two
spheres i and j.

Here, ω is the angular velocity of a sphere with radius R.
In the calculation of the normal and tangential stiffnesses, spheres can have different material
properties (Pöschel and Schwager, 2005). The normal stiffness can be calculated from
p
4 Ri Rj
!
.
(8)
Kn =
2
2
p
1
−
σ
1 − σi
j
+
3
Ri + Rj
Ei
Ej

The material parameters σ and E, are Poisson’s ratio and Young’s modulus, respectively. The
tangential stiffness is given by
p
8 Ri Rj
1/2

(9)
δnij ,
kt = 
2 − σi 2 − σj p
Ri + Rj
+
Gi
Gj
where the shear modulus can be calculated from
G=

E
.
2(1 + σ)

(10)

The damping factors are assumed identical as
1/4

ηn = ηt = α (m̄Kn )1/2 δnij ,

(11)

where the reduced mass is m̄ = (1/mi + 1/mj )−1 . The coefficient α is a function of the coefficient of restitution e as follows (Mindlin, 1949)
√
− 5 ln e
α= p
.
(12)
π 2 + ln2 e

The trajectories of the spheres are calculated at each time step using the equations of motion.
The contact forces between spheres are determined using Equations 1 and 2. The net contact force
FCi and the contact torque TCi on the sphere i are then obtained from
X
FCi =
(FCnij + FCtij ) ,
(13)
j
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TCi =

X
j

(Ri nij × FCtij ) .

33
(14)

The summation is taken over all spheres j in contact with the sphere i. The translational ai and
rotational αi accelerations are then determined by
ai =

FCi
+g
mi

(15)

and

TCi
,
Ii
where g is the gravitational acceleration and Ii is the moment of inertia of the sphere i.
αi =

2.2

(16)

Post-Processing Methods

Packing density of the pebbles is analysed by various means. The average packing density of a full
pebble bed is calculated simply as the ratio between the volume of pebbles and the total volume
of the container
Vp
φ=N
,
(17)
Vtot
where N is the total number of pebbles, Vp is the volume of a pebble and Vtot is the total volume
of the container.
The average packing fraction identifies how densely packed the pebble bed is but does not give
any information about the variations inside the pebble bed. Two additional methods are used to
extract more detailed information about the packing.
2.2.1

Area Fraction Profiles

To see how the packing density varies in the radial r coordinate direction, cutting cylinders are
formed. On the surface of these cutting cylinders, the intersected sphere areas are calculated and
divided by the total area of the cutting cylinder. This way, area based packing fractions, referred
as area fractions from here on, are obtained. By taking several successive cuts, a profile can be
plotted.
To form area fraction profiles in the radial direction for annular cylindrical containers, a
method by Mueller (2010) is used. Cutting cylinders with radiuses r are formed between the
annulus inner and outer radiuses Rinner and Router . The area fraction at each r is given by
X Ai (r)
φA (r) =
,
(18)
Atot (r)
i
where the summation is taken over all pebbles i having their centers between the radial coordinates
r − Ri and r + Ri . Ai is the intersection area of the pebble i and the cutting cylinder, Atot being
the total surface area of the cutting cylinder. For an annular container with the inner radius greater
than the radius of a pebble, the intersection area of a pebble cut by a cylinder with radius r can be
solved numerically from
s
Zr
Ri2 − r2 + 2xri − ri2
Ai (r) = 4
rdx,
(19)
r 2 − x2
r 2 +r 2 −R2
i
i
2ri
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where ri is the radial coordinate of the pebble i.
2.2.2

Local Packing Fractions

To obtain local packing fraction values at pebble scale, a three-dimensional Voronoi decomposition (Voronoi, 1907) is calculated for the pebble bed. Volume of a pebble is then divided by the
corresponding Voronoi cell volume. A Voronoi cell of a pebble contains the volume that is closer
to it than to any other pebble. Voro++ software library (Rycroft, 2009) is used for calculating the
Voronoi volumes. The local packing fractions based on the Voronoi decomposition φvor can be
used for very detailed packing structure analyses.

3

Simulation Cases

Three sets of DEM simulations are presented in this report. The first describes how DEM is used
to construct realistic pebble beds for Monte Carlo reactor physics calculations. Effect of various
parameters on the final packing density is investigated in the second set of calculations. Finally, a
simplified earthquake simulation is performed in the last part.
3.1

Construction of Stochastic Pebble Beds for Criticality Calculations

To test and validate the Monte Carlo reactor physics code Serpent for PBR calculations, the critical
pebble bed experiments performed in the ASTRA facility at the Russian Research Center Kurchatov Institute between 2003 and 2004 are calculated (Ponomarev-Stepnoi et al., 2009). DEM code
ESyS-Particle is used to construct stochastic pebble bed configurations similar to the ones used in
the experiments.
The pebble bed configurations in the ASTRA experiments were assembled inside an octagonal
annulus. The side and centre reflectors consisted of graphite blocks having a vertical central
hole, which was plugged in most blocks. Some side reflector blocks forming the boundary for
the pebble bed were cut diagonally in half and they complicate the wall geometry in the DEM
packing simulation. In addition, several instrumentation tubes and a control rod channel were
located inside the core region. All these details are included in the DEM model.
The walls in ESyS-Particle are constructed from triangular faces. To define cylindrical geometries accurately, a sufficient number of very small triangles is used. The control rod channel, e.g.
consists of 24 000 triangles. A Matlab script is written to build the wall geometry and write the
geometry file for ESyS-Particle.
Five ASTRA configurations are constructed. An initial dilute pebble configuration is generated
inside the wall geometry using a random number generation algorithm. The initial configuration
is compacted during the DEM simulation due to gravity (g = −9.81m/s). For the last ASTRA
core with a top reflector consisting of graphite pebbles, a separate smaller graphite pebble packing
is constructed to be placed on top of the fuel pebbles.
3.2

Effect of Various Parameters on the Packing Density

Effect of various parameters on the resulting packing density is investigated when the pebbles
are compacted due to gravity. Simulations are done using the in-house DEM code. Container
geometry represents the South African 400 MWth pebble bed modular reactor (PBMR-400) design
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Table 1: Geometric and material parameters used in PBMR-400 calculations.
Parameter

Symbol

Value

Container inner radius
Container outer radius
Number of pebbles
Pebble radius
Pebble mass
Graphite Young’s modulusa
Graphite Poisson’s ratioa

Rinner
Router
N
R
m
E
σ

1.00 m
1.85 m
450 000
0.03 m
0.21 kg
1010 Pa
0.13

a

Used for both pebble and reflector graphite.

with an annular cylinder core (Venter and Mitchell, 2007). The geometry is simplified by replacing
the bottom structures, such as the defueling chutes, with a flat bottom plate. A realistic number of
fuel pebbles with realistic material parameters are used (Table 1).
The packing simulations are done by first generating a dilute pebble configuration inside the
container using a random number generator and then letting it compact. A reference case is formed
which has the initial packing density φ = 0.20, restitution coefficient e = 0.90 and friction factor
µf = 0.7. These parameters are varied in the subsequent simulations to see their effect on the
packing density.
3.3

Earthquake Simulation

Changes of the packing density of a pebble bed due to an earthquake are investigated using the inhouse DEM code. The code is modified to read in wall position and velocity data from an external
file. The data is used to move the bottom plate and side walls. However, due to more extensive
modifications needed to the DEM code to include wall motion in all coordinate directions, only
vertical motion is included.
A real seismic signal representing the 6.5 moment magnitude scale Imperial Valley earthquake
in October 15, 1979 is selected from the Pacific Earthquake Engineering Research Center (PEER)
database (http://peer.berkeley.edu/smcat/). Ten seconds of the earthquake signal
are simulated (Figure 2), which include the highest acceleration peaks. An annular pebble bed
configuration consisting of 450 000 pebbles is used which is the reference packing obtained in the
packing simulations described in Subsection 3.2.

4

Results and Discussion

Main results of the calculations defined in Section 3 are presented and discussed. For more complete description of the calculation cases see the related publications Suikkanen et al. (2010),
Suikkanen et al. (2012b,a).
4.1

ASTRA Configurations

In Figure 4, pebbles packed inside the ASTRA geometry are shown. The core height comparison
between experiments and the DEM simulations are given in Table 2.

36

New Type Nuclear Reactors (NETNUC) 2008–2011 Final Report

z (cm)

20
10
0
-10
0

2

4

t (s)

6

8

10

0

2

4

1

20
a z (g )

v z (cm/s)

40

0
-20
-40
-60

0
-1

0

2

4

6

8

10

t (s)

t (s)

6

8

10

Figure 2: Vertical displacement (z), velocity (vz ) and acceleration (az ) signals used in the earthquake simulation.

Figure 3: Fuel pebbles packed inside the Russian ASTRA criticality test facility using DEM code
ESyS-Particle.
Table 2: Comparison of core heights between ASTRA experiments and simulations.
Core
no

Fuel/reflector
elements

Core height [cm]
experiment

Core height [cm]
simulation

Difference
(S-E)/E [%]

1
2
3
4
5

16897
20287
27671
30432
30432/9512

179.36
214.14
291.59
320.05
421.58

180.32
216.31
294.36
323.45
428.43

0.54
1.01
0.95
1.06
1.62
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The DEM simulations result in a slightly more dilute packings than the experimental pebble
beds. The height difference grows as the number of fuel elements increases. The difference is most
probably caused by different loading mechanisms between the experiments and simulations. Some
additional effort, such as shaking the container, would be needed to obtain a tighter stochastic
packing with DEM.
The coordinates of the packed pebbles are written to a file and used as input in the reactor
physics calculations, which are summarized in a separate article in this report. There are small
overlaps between the pebbles due to the soft-sphere approach used in DEM. This leads to a loss of
graphite in the reactor physics calculation. The total amount of graphite loss due to the overlapping
pebbles is quantified as 1.9 mg, which is considered to have negligible effect to the criticality
analysis.
4.2

Effect of Parameters

Average packing fractions for the calculated cases are given in Table 3. Initial packing fraction
does not affect the final φ much. A slightly denser packing is obtained with a more dilute initial
state but it requires a longer simulation as some pebbles fall from a higher initial position. The
coefficient of restitution has a small effect on φ when the values are inside a realistic range from
0.70 to 0.90. Setting a very high e, however, leads to a significantly denser final state. Friction
factor has virtually no effect on the φ in the range from 0.2 to 0.7. With µf = 0.1 a slightly larger
φ is obtained.
To extract more information of the pebble beds, the methods described in Sections 2.2.1 and
2.2.2 are used. The reference pebble bed with pebbles colored by their local packing fractions
together with the distribution of local packing fractions are shown in Figure 4 and the radial area
fraction profile of the same packing is shown in Figure 5. Denser regions inside the pebble bed
can be observed visually from Figure 4 and for packings with a higher average packing density
these regions become more apparent. Oscillations in area fraction near the walls can be seen in
Figure 5, which are typical to the wall bounded packed beds.
Table 3: Average packing fractions for cases where the initial packing fraction, the coefficient of
restitution and the friction factor are varied.
Calculation case
Initial packing fraction
φinit = 0.10
φinit = 0.15
φinit = 0.20a
φinit = 0.25
Coefficient of restitution
e = 0.70
e = 0.80
e = 0.90a
e = 0.99
a

φ
0.624
0.624
0.623
0.622
0.619
0.620
0.623
0.631

Identical cases. Used as the reference case.

Calculation case

φ

Friction factor
µf = 0.1
µf = 0.2
µf = 0.3
µf = 0.4
µf = 0.5
µf = 0.6
µf = 0.7a

0.626
0.624
0.623
0.623
0.623
0.622
0.623
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Figure 4: Four quarters of a packed pebble bed with pebbles colored by their local packing fraction
(left) and the distribution of local packing fractions in the packing (right).
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Figure 5: Radial area fraction profile.

4.3

Earthquake Simulation Results

No permanent densification of the pebble bed is observed after the ten second earthquake simulation. There is a small decrease in the average packing density corresponding to the highest
acceleration peak when the packing density drops from 0.6240 to 0.6217. The change is shown in
Figure 6 calculated separately for the full core and for top and bottom quarters to see if the shaking
affects only the top layers of the pebble bed. It can be seen that the shaking affects mostly the top
layers of the pebble bed.
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Figure 6: Change in φ for the full pebble bed and the bottom and top quarters during the highest
acceleration peak in the earthquake simulation.

5

Conclusions

Using DEM to construct realistic stochastic pebble beds for reactor physics calculations was successfully demonstrated. Five pebble beds were constructed inside a container geometry representing the Russian ASTRA facility.
The packing calculations with different parameters did not show huge effects on the resulting
packing density. Most significant effect was seen with unrealistically high coefficient of restitution. Local packing fraction analysis gave insight to the packing structure details. Area fraction
profiles revealed about five pebble diameter thick regions affected by the wall proximity. The results of the packing study can be used when a pebble bed with a certain average packing fraction
is required. Even unrealistic values for the parameters can be used if a very dense pebble bed is
needed for some conservative analyses. Mimicing the real loading procedure of a PBR by dropping the pebbles individually from the loading positions should be investigated in the future even
though it will require significantly longer calculations. Also the effect of circulating the pebbles
through the core should be studied.
The seismic transient simulation did not show any permanent changes to the packing density
and even during the transient the changes were mostly in the top layers of the pebble bed. It must
be noted, however, that the simulation was very short and excluded all horizontal movement, which
should be included in future simulations. Several different signals and pebble bed configurations
should also be used to give more insight to the behavior of pebble beds during earthquakes.
An open-source and an in-house DEM code were used for packing analyses of pebble beds.
DEM can be used to give important data of the pebble bed, which is also useful in subsequent
analyses by reactor physics and thermal-hydraulics codes.
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Coupled Calculations of Pebble Bed Reactor with Monte Carlo
Reactor Physics and Computational Fluid Dynamics
Ville Rintala
LUT Energy, Lappeenranta University of Technology, P.O. Box 20, FI-53851 Lappeenranta, Finland.
Abstract
In every nuclear reactor it is important to understand where power is being produced and
if all fuel elements are in a condition which guarantee safe use of the nuclear power plant. In
a pebble bed reactor the reactor core is different to typical power plant designs because of random fuel element arrangement. To model this irregular structure Monte Carlo reactor physics
code Serpent was coupled with ANSYS Fluent general purpose computational fluid dynamics
code. The coupled calculation system was demonstrated successfully in a test geometry of
50 000 pebbles.

1

Introduction

Pebble bed reactors are quite unique designs among nuclear reactors with randomly positioned
spherical fuel elements. Every pebble contains several thousand coated fuel particles which are
dispersed in graphite matrix. Reactor is helium-cooled which allows output temperature and consequently thermal efficiency to be noticeably higher than in traditional light water reactors.
The pebble bed reactor (PBR) studies in Lappeenranta University of Technology are focused
to produce a code package to study the safety of PBR concepts. Our goal is to calculate power
in each pebble and temperatures in different parts of the randomly packed pebble bed reactor
core. Existing code packages for this purpose are using deterministic reactor physics codes which
require homogenization of reactor core.
In this paper, a summary of reactor physics calculations and coupling them with computational
fluid dynamics (CFD) is presented. During NETNUC project the Monte Carlo code Serpent was
first used for benchmark calculations and later on as a part of the coupled calculation system with
ANSYS Fluent in a simple test geometry. A more thorough description is presented in the Master’s
thesis work by Rintala (2011).

2

Reactor Physics Calculations

Reactor physics is modeled usually with deterministic calculation tools. First a reactor is divided
in to calculation cells which are homogenized with tools using the neutron transport theory. Homogenized cells are then combined to create a full core model where a nodal diffusion method
is used to calculate neutron flux in the reactor. This approach is very convenient with current
computers even in time dependent problems if the calculation time is considered. However, homogenization is not an easy task in PBRs as the fuel elements, pebbles, are randomly packed and
there is no fixed boundaries where the geometry could be divided to cells. Pebbles are cropped to
different cells and potentially some treatment is needed because of self-shielding effects.
As our goal was to be able to model pebble bed accurately in case of randomly packed PBR
we had to take another approach. In VTT Technical Research Centre of Finland a new Monte
Carlo reactor physics code Serpent was developed by Jaakko Leppänen. Serpent has been found
out to be fast when compared to traditional Monte Carlo codes in complex geometries because of
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Figure 1: A single fuel pebble as modeled with Serpent. A PBR core contains several hundred
thousand fuel pebbles.
delta-tracking which is used for its neutron tracking method. As PBRs have a complicated core
structure Serpent was well suited for this purpose and with some other tweaks introduced by the
code author the modeling of PBRs was much more comfortable task. To obtain randomly packed
pebble bed used in Serpent the discrete element method (DEM) was used. The use of DEM is
described in another paper of this report ”Modeling the Packing of Spherical Fuel Elements in
Pebble Bed Reactors”. More thorough description is presented in Suikkanen et al. (2012b,a).
Reactor physics calculations with Serpent were started by modeling a suitable benchmark case
where accuracy and modeling capabilities were tested. One such a benchmark is Russian ASTRA
experiment made by Kurchatov Institute between 2003 and 2004. In this experiment a different
amount of pebbles depending on the experimental configuration were randomly packed in core.
A detailed description about the benchmark calculation is available in our HTR2010-conference
paper (Suikkanen et al. (2010)).

3

Coupled Calculations

When calculating the power of a nuclear reactor at least the materials used in the reactor and the
temperature of the materials are needed as the reaction probability of a neutron is coupled with
temperature of nuclear fuel. Fission reactions produce heat and temperature changes affecting
reaction probabilities. If the physics involved are coupled, the codes have to be coupled too.
Serpent was proved to calculate the power distribution fast enough in the benchmark case to
be used in steady state coupled calculations. This limitation does apply for the moment as even
if Monte Carlo reactor physics parallelizes almost linearly the amount of neutron histories needed
for time-dependent full core calculation is enormous.
The thermal hydraulic model was very much a similar to the one described in paper “ThermalHydraulic Modeling of Pebble Bed Reactor Core” of this report and in Suikkanen (2008). Differences between models include the extension of the geometry to three dimensions and calculating
the cell-wise porosity based on DEM simulations. Thermal-hydraulics model is based on porous
media model as turbulence prevents calculations in accurate reactor size geometry with current
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Figure 2: Power distribution of a PBR calculated with Serpent. Effect of the thermal neutron flux
returning from inner and side reflector is clearly visible.
and near future computing power. The geometry was divided to cells which contained about ten
pebbles each. General purpose ANSYS Fluent CFD code was used for thermal-hydraulics.
The coupled calculation scheme was kept as simple as possible. At first the pebbles were
assumed to be in constant temperature and the power distribution was calculated. For thermalhydraulic iteration the porosity in calculation cells and the total fission power of pebbles in each
cell was read with a Fluent user defined function (UDF). As a result, new temperatures were
obtained to be used in the next reactor physics iteration.
Serpent and Fluent are separate codes which are not able to command each other during the
iteration process. A coupling code was written in the Perl scripting language which suited well
for this purpose. The script controls both programs and converts data between the iterations.
The main assumptions in modeling included the limited amount of different temperatures for
the pebbles and way to divide pebbles to calculation cells. Temperature zones were limited to
under 40 and the division was done by just checking if the center points of pebbles were in a
particular calculation cell. The reactor used in the calculations was a cylinder with central reflector
and the amount of pebbles were 50 000. The shape can be seen in Figure 2.

4
4.1

Results and Discussion
ASTRA Benchmark Calculation

Multiplication factors calculated with Serpent are presented in Table 1. Depending on the case
the calculations took from 16 to 24 hours with a cluster of five desktop computers. Processors
used were Intel i7 870 and each node had 8 GiB of memory. Eight parallel MPI (Message Passing
Interface) -processes were run in each node.
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Figure 3: Coupling of Monte Carlo reactor physics code Serpent and general purpose ANSYS
Fluent CFD code was carried out with the Perl scripting language.
Table 1: Multiplication factors calculated by Serpent.
Core
1
2
3
4
5

keff ± 1σ (experiment)

keff ± 1σ (simulation)

1.0000 ± 0.0036
1.0000 ± 0.0036
1.0000 ± 0.0036
1.0000 ± 0.0036
1.0000 ± 0.0036

1.01052 ± 0.00008
1.01040 ± 0.00008
1.01086 ± 0.00008
1.01005 ± 0.00008
1.01096 ± 0.00008

Results deviate about 1000 pcm from measured values in all five cases and sensitivity analysis
of main input parameters didn’t reveal any clear reasons for the deviation. One possible explanation could be the material data used in the calculations as dominant material in the reactor is
graphite - reflectors and main part of the fuel pebbles are made from high quality graphite. This
fact causes calculation results to be strongly dependent from both nuclear material data of graphite
and difference of measured and actual amount of impurities in graphite.
Another interesting result was the performance of Serpent in full core PBR calculations. These
calculations were performed in 2010 and we are still not aware of any other as realistic and detailed modeling approaches to date. Despite of the detailed model, Serpent allows calculations
to be performed with clusters built from 4 to 5 typical quad core desktop computers and finishes
simulations in less than a day. This result made it possible to start to develop coupled calculations
using Monte Carlo reactor physics.
4.2

Coupled Calculations

Results were calculated with a single quad core desktop computer with 12 GiB memory as at that
time other computers with enough memory were not available. This limited both the available
amount of different temperature zones and on the other hand the total amount of neutron histories
per iteration to 30 × 106 . In Figure 4, the temperatures of pebbles in the Serpent model can be
seen and this result seems to be promising. Temperatures in CFD model are presented in Figure 5.
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Figure 4: Temperatures of pebbles in reactor physics model after thermal-hydraulic iteration.
Temperature varies between 770 ◦C to 950 ◦C from the upmost pebbles (inlet side) to the lowest
ones.
Here each sphere describes one calculation cell.
When temperatures are examined in Figure 5 it can be seen that there are hot-spots in the
reactor. These are not real, but effect from the method which was used to divide the pebbles
to cells. When pebbles are packed randomly in the reactor their locations are still more or less
regular and this potentially leads to a periodical variation in the amount of pebbles per calculation
cell. It follows then that porosity and power density varies periodically in the CFD model. So if
porosity is small the flow decreases and same time power density is high then it is clear that the
temperature will rise in such cell. This can be avoided when exact solid volumes are calculated
for each calculation cell.

5

Conclusions

A realistic way of modeling PBR core was studied to be used for safety analyses. Full core
calculations were considered possible and a basic coupling code using Monte Carlo reactor physics
and computational fluid dynamics was created. Even with limited computing capacity available
in calculations, the performance of Monte Carlo reactor physics was enough to get results in a
reasonable timespan.
Monte Carlo method parallelizes very efficiently and full core coupled calculations can be
performed at least in gas-cooled reactors. During NETNUC project this state-of-the-art way of
modeling was tested for various geometries and further work has already begun to develop a code
package which can be used to analyze practical problems.
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Figure 5: Temperatures of calculation cells after a thermal-hydraulic iteration.
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Modelling of Direct Contact Condensation in Suppression
Pools: SCWR Considerations
Vesa Tanskanen
LUT Energy, Lappeenranta University of Technology, P.O. Box 20, FI-53851 Lappeenranta, Finland.
Abstract
In this report, a brief simulation study comparing saturated and superheated steam blowdowns is presented in order to expand the CFD modelling of BWR suppression pools to the
SCWR context. The CFD study of BWR suppression pools by Tanskanen (2012) is used as a
reference. In this study, only the temperature of steam is varied between the cases leaving the
pressure conditions uniform. The results obtained were reasonable. The superheating of steam
had a predictably small, but not negligible, effect on the condensation rate. Also the steam
side heat transfer remained small in the both cases. However, due to the different material
properties, a significant difference in qualitative behaviour of steam volume was observed.

1

Introduction

The condensation rate has to be high in the safety pressure suppression pool systems of BWRs
and SCWRs in order to fulfill their safety function. Thus, the direct contact condensation phenomena turn out to be very challenging to be analysed in the suppression pool context either with
experiments or numerical simulations.
As to the experiments, the condensation induced pressure oscillations are often unfavourably
violent for the delicate measurement instrumentation. As to the context of SCWRs, the behaviour
of the available experimental facilities of BWR suppression pools should be re-analysed before
conducting any experiment with superheated steam. As to the numerical simulations, the pressure
oscillations are violent for the pressure-velocity coupling algorithms of the computational fluid
dynamics (CFD) solvers.
In Tanskanen (2012), efforts have been made to increase the capability of CFD codes to successfully model and predict the rapid Direct Contact Condensation (DCC) in the BWR pressure
suppression pools. The best practices and some results from the BWR context are applied in this
report to the SCWR context by introducing some modifications to the simulation models.

2

Suppression Pools in BWRs and SCWRs

The pressure suppression pools of current BWRs and planned SCWRs are very similar of design.
The main differences between them are in the volumetric capacities i.e. in the capacities to receive
expanding steam to the dry well and to store heat to the wet well. Figure 1a shows the schematic of
the ASEA-Atom type BWR containment of the Olkiluoto 1&2 Nuclear Power Plant (NPP) units.
Figure 1b shows the schematic of a SCWR containment proposed in Buongiorno and MacDonald
(2003).
One may notice, that the blowdown pipe configuration is horizontal in the SCWR design of
Figure 1b, whereas it is vertical in the BWR of Figure 1a. That is coincidental, because both of
the designs are still being used in BWRs, and can be used also in SCWRs. E.g. Reisch (2010)
proposes to refurbish an old ASEA-Atom type BWR with a high pressure reactor core. The more
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(a)

(b)

Figure 1: Schematics of (a) the Olkiluoto type BWR containment (TVO, 2007) and (b) an SCWR
containment (Buongiorno and MacDonald, 2003).

relevant differences between the BWR and SCWR containments of Figures 1a and 1b are shown
in Table 1.
Table 1 presents the fact that the volumes of dry well and wet well of a SCWR are relatively
larger than the ones of a BWR containment. Larger dry well of SCWRs is needed to ensure
sufficient room for expansion of high temperature fluid. In addition, a larger wet well is needed to
provide sufficient heat sink for that fluid.
Open questions remain concerning the behaviour of condensing steam in the SCWR suppression pools. Condensation phenomena in SCWRs can be assumed to be somewhat similar as in
the suppression pools of BWRs, but some non-negligible differences can be assumed due to the
significant superheating of the steam to be transported into the water prior to the phase change by
condensation.
Table 1: Example of containment parameters of BWR and SCWR.
Parameter

BWR/ASEA-Atom

SCWR/INEEL 2003

Thermal power [MW]
Reactor flow rate [kg/s]
Wet well liquid volume [m3 ]
Dry well gas volume [m3 ]
Blowdown area of pipes [m2 ]
Dry well temperature [◦ C]
Wet well temperature [◦ C]

2500
1260
2700
4350
17
100
< 100

3575
1843
5640
5000
18
150 - 500
< 100
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Eulerian Two Phase CFD Simulation Model

In this chapter, the governing equations of NEPTUNE CFD are shown and an example of stratified flow condensation model are described. The k − ε turbulence model of NEPTUNE CFD
is presented as well. The POOLEX STB-28 experiment has been used a reference case to be
simulated (Tanskanen, 2012). The simulation set-up is shown at the end of this chapter. Concerning the governing equations and closure laws of the NEPTUNE CFD code, the theory manual
of Laviéville et al. (2006) is used as the reference documentation. The STB-28 simulations with
saturated steam and their analysis are described in Tanskanen (2012).
3.1

Simulations Models for NEPTUNE CFD Solver

According to NEPTUNE CFD theory manual of Laviéville et al. (2006), the multi-field mass
balance equation for the field k is written
∂
∂
(αk ρk ) +
(αk ρk Uk, i ) = Γk ,
(1)
∂t
∂xi
where αk is the volume fraction, ρk is the density and Uk is the mean velocity of phase k. Γk is
the interfacial mass transfer rate of phase k, and it is the sum of all other phase contributions.
The conservation of momentum equation in NEPTUNE CFD has the form
1 ∂
∂
1 ∂
ρk Uk,i −Uk,i
(αk ρk Uk,j ) +
(αk ρk Uk,i Uk,j ) =
∂t
αk ∂xj
αk ∂xj
0
(2)
X I(p→k),i
 ∂P
1 ∂
t
+ ρk gi +
+ SM,k,i ,
αk τk,ij + τk,ij −
αk ∂xj
∂xi
α
k
p6=k

where P is the mean pressure, gi is the acceleration due to gravity, τk,ij is the viscous stress strain
t
tensor, τk,ij
is the turbulent stress strain tensor, SM is the external source term of momentum,
0
and I(p→k),i is the interfacial momentum transfer rate without the mass transfer contribution. The
effect of mass transfer in the momentum equation is considered negligible and it is left out from
the equation.
The energy equation of NEPTUNE CFD is
∂Hk
1 ∂
1 ∂
ρk
− Hk
(αk ρk Uk, j ) +
(αk ρk Hk Uk, j ) =
(3)
∂t
αk ∂xj
αk ∂xj
00
 ∂P
q(wall→k)
1 ∂ 
00
−
αk qk, j +
+ ρk Uk, i gi +
αk ∂xj
∂t
αk
h
i
X
1
Γk Hk
0
σ
+
Π(p→k) + Γc(p→k) H(p→k)
−
,
αk p6=k
αk
00

00

where H is the total enthalpy, q is the conductive thermal flux, q(wall→k) represents the heat exchanges with wall boundaries and is described by the nucleate boiling model in NEPTUNE CFD,
0
σ
Π is the interfacial heat transfer rate independent of the mass transfer, H(p→k)
is the jump of enc
thalpy associated with mass transfer from phase p to phase k, and Γ(p→k) is the mass transfer rate
contribution from phase p to phase k. For the Γc(p→k) , the following relation must be verified
0

Γc(p→k)

= −

0

Π(p→k) + Π(k→p)
σ
σ
H(p→k)
− H(k→p)

.

(4)
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In two-phase water/steam cases, these notations can be simplified, so for example for water
phase, Equation 4 is presented as
0 w/s

Γc1

0 w/s

Π1 + Π2
=
H2 − H1

.

(5)

Thus in the two-phase case, if nucleate mass transfer does not exist, the last term and the mass
transfer contribution in the previous term in the energy equation (Equation 3) can be neglected.
0 w/s
In the case with saturated vapor, the Π2 contribution is negligible in Equation 5. This steam
phase’s heat transfer contribution would be also small in the superheated steam case, because the
Prandtl number of gas phase is small compared to the one of liquid phase. The liquid side heat
0 w/s
transfer rate Π1 has to be solved by using a suitable condensation model.
The turbulence level in the liquid side has significant role in the heat transfer between the
phases. The k − ε model of NEPTUNE CFD is a classical one, which is extended for multiphase
purposes. It can be used to simulate the turbulence of a single continuous phase, a continuous
phase with dispersed phase contribution or the turbulence of two continuous phases. In the simulations of this study, both of the phases are considered as continuous phases, i.e. both phases have
their own equations for turbulent kinetic energy k and dissipation rate ε;




∂kk
µtk ∂kk
1 ∂
∂kk
+ Uk,i
=
αk
+ ρk (Pk + Gk − εk ) + Πqk
(6)
ρk
∂t
∂xi
αk ∂xj
σk ∂xj
ρk



∂εk
∂εk
+ Uk,i
∂t
∂xi





µtk ∂εk
εk
1 ∂
=
αk
+ ρk (Cε1 Pk + Cε1 max (Gk , 0) − Cε2 εk )
αk ∂xj
σε ∂xj
kk
(7)
εk
+ Cε4 Πqk ,
kk

where µt is the turbulent viscosity, σk and σε are the turbulent Prandtl numbers for k and ε, P is the
positive production of k due to the mean velocity gradients, G is the stratification attenuation term,
and Πq is the production or destruction of k due to the influence of the other phases. Constants
Cε1 , Cε2 and Cε4 are the model constants of the k − ε model, having values 1.44, 1.92, and 1.2,
respectively.
In the study of Tanskanen (2012) a number of condensation models were tested from which
some were better suited for high and some for low Reynolds numbers respectively. In this report,
only the condensation model of Hughes and Duffey (1991) is presented as an example. This simple
model is quite promising option for high Reynolds number flows i.e. for the chugging blowdown
in the suppression pool context.
For the turbulent stratified flows in NEPTUNE CFD, the heat transfer rate to water phase has
the equation
0 w/s

Π1

= ai h1 (Tsat − T1 ) ,

(8)

where ai = |∇α1 | is the interfacial area in units [m−1 ]. Tsat is the saturation temperature and T1 is
the temperature of water. The heat transfer coefficient h1 is defined as
h1 =

λ1
Nu,
Lt

(9)
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where λ1 is the thermal conductivity and Lt is the characteristic length. In the modified Hughes
and Duffey (1991) model, Nu is defined as
2
Nu = √ Ret Pr1/2 ,
π

(10)

where Ret is
Ret =

ut Lt
.
ν

(11)

The length and velocity parameters are defined as
3/2

Lt

k
= Cµ 1
ε1

(12)

and


1/2
in 0 nept.0
ut = min |U1 |, Cµ1/4 k1

ut = (ν1 ε1 )1/4 in 0 orig.0 .

(13)

The notation 0 nept.0 in Eq. 13 means the version implemented in standard NEPTUNE CFD and
0
orig.0 is the version of Hughes and Duffey (1991). The contribution of steam side heat transfer
can be calculated by using e.g. one of the models of Lakehal et al. (2003),
0 w/s

Π2
3.2

= ai h2 (Tsat − T2 ) , h2 =

λ2
Nu2 , Nu2 = 0.68Ret,2 −0.5 Ret,2 Pr2 0.33 .
Lt,2

(14)

Simulations Models for NEPTUNE CFD Solver

The NEPTUNE CFD simulation cases of the STB-28 experiment were initialized to conditions
where the steam/water interface is inside the blowdown pipe. The main simulation boundary and
initial conditions are presented in Table 2 for the STB-28-1 blowdown case. The solver settings
and models for STB-28 simulations are presented in Table 3. The steam tables of CATHARE code
built in NEPTUNE CFD were enabled and enthalpy scalars were initialized by using the initial
state temperature and pressure.
Cartesian calculation grids were found out to be one possible source of numerical problems in
chugging simulations. Thus, an effort was made to develop a spherical curvilinear grid around the
blowdown pipe exit. With that kind of an approach, the abrupt changes in grid cell sizes could be
avoided and the amount of cells reduced. Furthermore, this kind of a grid structure conforms to
the shape of the erupting ellipsoidal bubbles. Therefore, the numerical diffusion of the interface
could be kept low, even though the amount of cells in the grid was small. A 2D-axisymmetric
version of this grid design is shown in Figure 2.
The grid shown in Figure 2 is an axisymmetric grid containing 12 716 hexahedral cells. The
grid is refined towards the inner wall of the blowdown pipe to avoid too large y + values, although
the standard wall functions of the k-ε-model were in use. Apart from the wall region, the minimum
cell size at the mouth of the blowdown pipe is approximately 5 × 5 mm.

52

New Type Nuclear Reactors (NETNUC) 2008–2011 Final Report

Table 2: NEPTUNE CFD initial and boundary conditions for the STB-28-1 case.
Parameter

Unit

Phase 1: ”Water”

Phase 2: ”Steam” (sat/suph.)

Initial conditions
ρ0
T0
H0
µ0
cp,0
α0
P0

[kg/m3 ]
[K]
[J/kg]
[Pa s]
[J/(kg K)]
[−]
[Pa]

989.1
320.75
at [T0 , P0 ]
5.70·10−4
4179
1 - α0,steam
hydrostatic

0.740/0.444
379.7/623.2
at [T0 , P0 ]
1.25·10−5 /2.24·10−5
2105/2042
in pipe at y > 2.104 m
127 332

Velocity inlet
0
0
N/A
Pressure inlet/outlet
102 198

Velocity inlet
26.6
1
379.7/623.2
Pressure inlet/outlet
102 198

Boundary conditions
Inlet type
Inlet U
Inlet α
Inlet T
Outlet type
Outlet P

[m/s]
[−]
[K]
[Pa]

Table 3: NEPTUNE CFD solver settings for the (2D-axi.) STB-28-1 case.
Settings
General
Compressible
Turbulence
Drag model
Reference P ; σ
Gravity

Phase 1: Yes, Phase 2: Yes
Phase 1: k − ε, Phase 2: k − ε
”SIMMER”
102 198 Pa; (0.058 N/m)
On

Heat transfer
Steam tables
Non-condensables
Phase 1 HTC models
Phase 2 HTC models

Yes, CATHARE Water Std rev6 ext.
None
Hughes-Duffey
Lakehal

Numerical scheme
Time stepping
Pressure solver, α − P coupling

4

Adaptive
”gradco”,”Reacal”

Results

The major part of the simulation work of suppression pools in LUT have been done by using data
from saturated steam POOLEX experiments. This work is documented in Tanskanen (2012). In
this chapter, the initial results from comparative demonstration calculations with saturated and
superheated steam are presented. Further information concerning experimental and CFD data
analysis in suppression pool context is presented in Tanskanen (2012).
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Figure 2: 2D-axisymmetric grid in the STB-28 NEPTUNE CFD simulations.
Figure 3 shows the volume fraction field of steam in the simulation with saturated steam and
Figure 4 shows corresponding field for the simulation with superheated steam.
Surprisingly, Figures 3 and 4 indicate that the total volume of superheated steam collapses
more rapidly than the volume of saturated steam. Controversially, there are more residual steam
bubbles in the mid-part of the simulation in the superheated steam case than in the saturated steam
case. Similar conclusions can be made based on the Figure 5.
The condensation rates and the effect of steam side heat transfer on it is presented in Figure 6.

Figure 3: Volume fraction of saturated steam during the first second of simulation in a 2Daxisymmetric NEPTUNE CFD simulation by using Hughes-Duffey condensation model.

Figure 4: Volume fraction of superheated steam during the first second of simulation in a 2Daxisymmetric NEPTUNE CFD simulation by using Hughes-Duffey condensation model.
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Figure 5: Total volume of steam domain and total interfacial area in the 2D-axisymmetric NEPTUNE CFD simulations by using Hughes-Duffey condensation model.
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Figure 6: Liquid side and steam side mass transfer rate contributions in the 2D-axisymmetric
NEPTUNE CFD simulations by using Hughes-Duffey condensation model.
The recorded condensation rates indicate that the condensation is slightly less effective in the
superheated steam case than in the saturated steam case. This is a realistic result, because the latent
heat should dominate in the both cases while the superheating of steam has smaller effect. Also
the heat transfer within the vapor phase is much smaller than the heat transfer by the liquid phase
in the both cases. This is also a realistic result, because the Prandtl number of vapor is clearly
smaller than the Prandtl number of liquid. Thus, the rapid collapse of superheated steam volume
should be explained by other means. The most likely explanation of this is the lower density of
the superheated steam in the same pressure, which probably leads to faster collapse of its volume.
Figure 7 shows the average heat transfer coefficients and the interfacial condensation mass fluxes.
The mass fluxes correspond well with the condensation mass flow rates, which means that the
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Figure 7: Average heat transfer coefficient HT C = ai h1 and condensation mass flux in the 2Daxisymmetric NEPTUNE CFD simulations by using Hughes-Duffey condensation model.

effect of different interfacial areas on the condensation rates is small in these simulations. The
higher heat transfer coefficient in the superheated steam case can be explained by the fact that this
heat transfer coefficient includes the effect of interfacial area HT C = ai h1 .

5

Conclusions

Promising simulations and data analysis approaches concerning direct contact condensation in
BWR suppression pools were demonstrated in Tanskanen (2012). In this report, a brief simulation
study comparing saturated and superheated steam blowdowns was presented in order to expand
the modelling of BWR suppression pools to the SCWR context.
As to the effect of superheating of steam, the results obtained seem reasonable, because the
superheating has a predictably small - but not negligible - effect on the condensation rate. Results
indicated also that the effect of vapor side heat transfer is very small in both of the superheated
and saturated steam cases. This is a reasonable result, because the Prandtl number is small in the
gas phase.
Regardless of the relatively small difference in the condensation rates of saturated and superheated steam, a major difference in qualitative behaviour between the cases was seen. Probably
due to the smaller density of superheated steam, the volume of superheated steam collapsed more
rapidly than the volume of saturated steam although the condensation rates predicted opposite.
This fact emphasizes the importance of boundary conditions i.e. the knowledge of the state in the
SCWR suppression pool system when the blowdown starts. In this study, only the temperature
of steam was varied between the cases leaving the pressure conditions uniform. Better boundary
conditions from SCWR drywell would be needed to produce more feasible simulation results in
future. This could be reached by specific system/CFD code simulations and experiments.

56

New Type Nuclear Reactors (NETNUC) 2008–2011 Final Report

References
Buongiorno, J. and MacDonald, P. E. (2003). Supercritical Water Reactor (SCWR): Progress
Report for the FY-03 Generation-IV R&D Activities for the Development of the SCWR in the
U.S. Technical Report INEEL/EXT-03-01210, Idaho National Engineering and Environmental
Laboratory (INEEL).
Hughes, E. D. and Duffey, R. B. (1991). Direct contact condensation and momentum transfer in
turbulent separated flows. International Journal of Multiphase Flow, 17(5):599–619.
Lakehal, D., Fulgosi, M., Yadigaroglu, G., and Banerjee, S. (2003). Direct numerical simulation of
turbulent heat transfer across a mobile, sheared gas-liquid interface. Journal of Heat Transfer,
125:1129.
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Economic and Environmental Aspects of Advanced Nuclear
Fuel Cycles
Otso-Pekka Kauppinen
LUT Energy, Lappeenranta University of Technology, P.O. Box 20, FI-53851 Lappeenranta, Finland.
Abstract
Nuclear power is considered as a significant choice for fossil fuels because of its low CO2
releases and relatively mature technology. However, the cost and other unique environmental
impacts might restrict this use in the future. Today most commonly used nuclear fuel cycle
(NFC) is open once-through fuel cycle but in the future nuclear energy systems are planned to
utilize a partly or fully closed NFC. The aim of this study was to evaluate environmental and
economic aspects of the different type of advanced NFCs. In this study four advanced fuel
cycles were compared to open once-through fuel cycle with different environment and economic parameters. Parameters considered in this study were uranium consumption, amount
of spent nuclear fuel and its radioactivity and decay heat, radioactive emissions of the whole
fuel cycle, and total nuclear energy costs and fuel cycle costs. The findings indicate that the
environmental impacts are reduced with advanced fuel cycles but at the same time, the cost
of the nuclear power will be higher. Total cost in all advanced scenarios was less than 20 %
higher compared to reference scenario. Fuel cycle costs were 27–45 % higher depending on
the scenario.

1

Introduction

From environmental impacts of the energy production the greenhouse effect is considered one of
the biggest threats for the earth’s future. About 60 percent world’s greenhouse gas emissions are
derived from the energy production, mainly from fossil fuels. For this reason several alternative
clean forms of energy are investigated and nuclear power is also considered as a significant choice
for fossil fuels because of its low CO2 releases and relatively mature technology. However, cost
of nuclear power and other unique environmental impacts, like uranium consumption and accumulated amounts of spent nuclear fuel (SNF) and high level waste (HLW), might considerably
restrict its use in the future. (VTT, 2009; GIF, 2002)
In 2002 Generation IV International Forum (GIF) announced the technology roadmap for generation IV nuclear energy systems. Six advanced reactor types were chosen for further study and
these reactor types are planned to utilize partly or fully closed nuclear fuel cycles (NFC) or so
called symbiotic fuel cycles where thermal and fast reactors are planned to work together. The
objective of these advanced nuclear energy systems is to improve sustainability, economics, reliability, and proliferation resistance and physical protection of the modern nuclear power systems.
(GIF, 2002)

2

Aim of the Study

The aim of this study is to evaluate environmental and economical aspects of the different type
of advanced NFCs. Considered environmental parameters focus on resource utilization and waste
management. For example uranium consumption, accumulated amounts of SNF and HLW and
those radioactivity and decay heat are considered. Also radioactive emissions of whole fuel cycle
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are evaluated. From the economic aspects total nuclear energy costs and nuclear fuel cycle costs
for different fuel cycles are evaluated.
The calculations are divided in three sections (sections 4–6). In section 4 is presented mass
flow and radioactivity and decay heat calculations and results, in section 5 is presented radioactive
emission calculations and results, and in section 6 economic calculations and results. In section
3 is introduced considered fuel cycles. This evaluation concerns only a normal operation of the
NFCs. Accident situations are not included in this study.

3

Considered Fuel Cycles

In this work five different NFC scenarios are evaluated. Open once-through NFC with thermal
light water reactors (LWR) is used as a reference scenario (scenario 0) and four advanced NFCs
(scenarios 1–4) are compared to this with different parameters. Below is given a short description
for each scenario and in Table 1 fuel cycles are presented in more specific diagram form.
• Scenario 0: The reference scenario is today most commonly used open once-through NFC
in which SNF is disposed directly without any reprocessing. NFC contains only LWRs.
• Scenario 1: NFC contains only thermal LWRs. Spent uranium dioxide (UO2 ) fuel is reprocessed and plutonium and uranium are recovered. Plutonium is once recycled (with depleted
uranium from enrichment) as a mixed oxide fuel (MOX fuel) in LWRs and reprocessed uranium is stored. Fission products (FP) and minor actinides (MA) are disposed of as a HLW
after reprocessing.
• Scenario 2: NFC contains LWRs and fast reactors (FR). Spent UO2 and MOX fuel is reprocessed and uranium and plutonium are recovered. Uranium is stored and plutonium is
recycled as a MOX fuel in FRs. SNF is not disposed of in any case. FPs and MAs are
disposed of as a HLW after reprocessing.
• Scenario 3: Same as scenario 2 except for the treatment of MAs from SNF. MAs are now
recycled back to the reactor and burned. FPs are disposed of as a HLW just like in scenario
2.
• Scenario 4: NFC contains only FRs which use MOX fuel as a main fuel and depleted
uranium as a blanket fuel. Both fuels are reprocessed and plutonium and MAs are recycled
back to the fuel fabrication. Fuel cycle is able to sustain itself without the need for additional
fuel (only depleted uranium). Reprocessed uranium is stored and FPs are disposed of as a
HLW.

4

Mass Flow Calculations and Results

Inputs and outputs inside the different unit processes and nuclide compositions of SNF and HLW
are determined by IAEA’s NFC simulation system software (NFCSS) (IAEA, 2007). Parameters
of European pressurized reactor (EPR) and sodium cooled European fast reactor (EFR) are used
to depict the LWRs and FRs in the calculations. In Tables 1 and 2 is summarized reactor and fuel
parameters which are used in this study. LWRs are assumed to use both UO2 and MOX fuels and
FRs only MOX fuel.
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Table 1: Reactor parameters.
Parameter

LWR (EPR)

FR (EFR)

Electrical power [MWe ]
Efficiency [%]
Load factor [%]
Fuel patch [years]
Burn-up [MWd/kg]
Enrichment [%]

1600a
37a
90
5d
60c
5c

1580b
44b
90
5d
134b
22.4b

a
d

(IAEA, 2007) b (IAEA, 2006) c (Sengler et al., 1999)
Fuel patches are estimated according to power density and burn-up of the fuel.

Table 2: Fuel parameters

Scenario
Power density [kW/kg]b
Average neutron flux [1/cm2 s]b
Enrichment [%]b
SNF cooling time [years]
a
b

UO2 LWR

MOX LWR

MOX FR

MOX FR (MA)

Blanket

0, 1, 2, 3
37.5
2.99 · 1014
5
6

1
37.5
2.99 · 1014
8.33a
7

2
86.27
3.5 · 1015
22.4a
7

3.4
86.27
3.5 · 1015
22.4a
7

4
5
7 · 107
0.2
7

Plutonium share of the fuel.
Power density, average neutron flux, and SNF cooling times are reference values from NFCSS software.

In Table 3 is presented results of the mass flow calculations for each scenario. In scenarios 1–4
plutonium production and consumption is always settled equal so the amount of MOX fuel used
in the scenario and the ratio between LWR and FR reactors is determined by it. Mass flows are
calculated per produced TWh of electricity.
In Figure 1 is presented uranium consumption and in Table 4 amounts of depleted uranium,
reprocessed uranium and disposable SNF and HLW for each scenario. All these mass flows are
calculated per produced TWh of electricity. As one can see, uranium consumption and amounts of
SNF and HLW are reduced in advanced NFCs because of the recycling of the reusable compounds
from SNF back to the fuel fabrication and using them in place of the natural uranium.
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Table 3: Mass flows between NFC facilities in each NFC scenarios.
DepU
17462 kg

NatU
19340 kg

Scenario 0

EnrU
1877 kg

Conversion
and
enrichment

NatU
17212 kg

DepU
15352 kg

DepU
189 kg

Disposal

LWR
(89%)

Used UO2
1670 kg

Reprocessing
PUREX

MOX-fuel
fabrication

Fresh MOX
206 kg

LWR
(11%)

RepU
1547 kg

FP 103,4 kg
MA 3,2 kg

Pu 17,2 kg

UO2-fuel
fabrication

Conversion
and
enrichment

DepU
9359 kg

DepU
246 kg

Used MOX
206 kg
Disposal

NatU
9669 kg

DepU
8466 kg

MOX-fuel
fabrication

	
  

DepU
779 kg

UO2-fuel
fabrication

Blanket
fuel
fabrication

Fresh MOX
317 kg

Fresh UO2
939 kg

MOX-fuel
fabrication

Fresh MOX
353 kg

MOX-fuel
fabrication

Reprocessing
PUREX
FP 108 kg
MA 4,4 kg

FR
(45%)

LWR
(50%)

Used MOX
317 kg

Used UO2
939 kg

Reprocessing
PUREX

Reprocessing
UREX+

FP 107 kg

FR
(50%)

Used fuel
1443 kg

MOX-fuel
664 kg
Pu 150 kg
MA 13,7 kg

	
  

Used UO2
1032 kg

Used MOX
353 kg

Reprocessing
UREX+

RepU
1183 kg

Blanket
779 kg
FR
(100%)

DepU
500 kg

LWR
(55%)

Pu 79 kg
MA 9.4 kg

Conversion
and
enrichment

DepU
264 kg

Fresh UO2
1032 kg

Pu 71 kg

	
  
EnrU
939 kg

Scenario 4

LWR
(100%)

	
  

NatU
10637 kg

Scenario 3

UO2-fuel
fabrication

Fresh UO2
1670 kg

Conversion
and
enrichment

EnrU
1032 kg

Scenario 2

UO2-fuel
fabrication

Used UO2
1877 kg

	
  
EnrU
1670 kg

Scenario 1

Fresh UO2
1877 kg

Reprocessing FP 98
UREX+

Disposal

RepU
955 kg

Disposal

RepU
211 kg

RepU
869 kg

Disposal

RepU
227 kg
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Figure 1: Uranium consumption for different scenarios. Left bar depicts consumption without the
recycling of reprocessed uranium and right bar with the recycling.
Table 4: The amounts of depleted uranium, reprocessed uranium and disposable SNF and HLW
for different scenarios. [kg/MWh]

DepU
RepU
Uranium
Plutonium
MA
FP
SNF + HLW total
a
b

Scenario 0

Scenario 1

Scenario 2

Scenario 3

Scenario 4

17462
0
1738
19.5
3.6
116.2
1887a

15541
1547
183
8.9
4.8
116.2
313b

9604
1166
0
0
4.4
107.8
112

8730
1096
0
0
0
107.1
107

−1381
1183
0
0
0
97.9
98

SNF is not reprocessed so all waste is disposed as a SNF.
206 kg is disposed of as a spent MOX fuel and rest is vitrified HLW.

In scenario 4, there is no need for uranium because uranium can be totally replaced by plutonium from FR’s spent fuel and depleted uranium from enrichment. In the reference scenario SNF
is not reprocessed and all waste is disposed of as a form of fuel elements. In scenarios 1–4, SNF is
reprocessed and residual wastes (mainly FPs and MAs) are disposed of as a vitrified HLW (except
in scenario 1 where used MOX fuel is disposed of as a SNF). Amount of reprocessed uranium
stays relatively same in scenarios 1–4.
Radioactivity and decay heat calculations for SNF and HLW are carried out with Origen 2.2
software and the results are shown in Figure 2. Activity and decay heat behave very similar in all
scenarios for first few hundred years. After that, differences will start to appear mainly because
the role of activity and decay heat of MAs become more dominant and influence of FPs will be
reduced. In scenarios 3 and 4, activity and decay heat is the lowest because all MAs are recycled
back to the reactor and burned instead of disposing.
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Figure 2: Radioactivity and decay heat of HLW and SNF in respect of time for different scenarios.
Dash line depicts activity of the amount of uranium ore needed to produce one TWh of electricity
in case of basic scenario.
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Radioactive Emissions

Evaluation of the radioactive emissions of NFC facilities is carried out with GaBi 4 life cycle
assessment software with ecoinvent database. Both gaseous and liquid radioactive emissions are
investigated. Releases are evaluated in unit I-129-equiv-Bq/TWh and only in normal operation.
All the radioactive emissions are evaluated per TWh of electricity.
Radioactive emissions for different scenarios are presented in Figure 3. As one can see in
the figure, radioactive emissions of the advanced NFCs are generally smaller compared to the
once-through fuel cycle. Emissions are highest in the scenario 0 and 1, between 21–22 I-129equiv-GBq/TWh. In scenarios 2 and 3 the emissions are about half and in scenario 4 only about
15 % of that. The main reason for these margins is lower natural uranium requirement of the
advanced NFCs because uranium mining and mill tailings were clearly most significant emission
sources of the fuel cycle. For example, in scenario 0 up to 96 % of the emissions come from
uranium mining and milling, and radon-222 was clearly the most common substance. Importance
of emissions from reprocessing and power plant increased as uranium need decreased. Emissions
of the fuel fabrication, enrichment, conversion, disposal of HLW and SNF, and milling of uranium
ore stay relatively negligible.

Figure 3: Radioactive emissions for each scenario.

6

Economic Analysis

The cost analysis methodology used in this study based on mass flows from previous chapter and
unit costs of different fuel cycle steps. Total nuclear electricity costs and NFC costs are calculated
in steady-state conditions so that required reactor and NFC capacities are available and mass flows
between NFC steps have already reach an equilibrium.
Unit cost of each NFC step is supposed to be proportional to its mass flow and the costs are
defined simply by multiplying the mass flow with the unit cost (except in the enrichment and power
plant costs which required more complicated calculations). Received cost values are normalized
per produced TWh of electricity.
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Figure 4: NFC steps considered in the study.
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Figure 5: Total electricity costs (e2009) for each scenario with 5 % and 10 % interest rate.
Considered NFC steps are presented in Figure 4. Steps are divided in three categories: frontend fuel cycle, back-end fuel cycle and power plant. Each fuel cycle step has its own unit price
which is normalized per unit of processed mass. Also transportation costs of SNF, HLW and
uranium concentrate is included in the evaluation. In the power plant investment cost 60 years
repayment time is used with 5 % and 10 % interest rate.
Cost data for each NFC steps is acquired from U.S. Department of Energy report “Advanced
Fuel Cycle Cost Basis 2009” (Shropshire et al., 2009). Each unit cost includes three cost values:
low cost, high cost and the most probably nominal cost (not necessary a mean value). Results of
the calculation are presented in Figures 5 and 6. All costs are evaluated in monetary unit e2009.
In Figure 5 is presented total electricity costs for each scenario with 5 % and 10 % interest rate.
With 10 % interest rate total cost varies between 46–56 e/TWh (4.6–5.6 c/kWh). When interest
rate is dropped to 5 %, total cost varies between 29–35 e/TWh (2.9–3.5 c/kWh). The investment
cost dominates the total costs while the role of fuel cycle and variable and fixed operation and
maintenance (O&M) costs stay relatively low.
Share of NFC cost in the total cost is only 10–20 % (depending on the interest rate) so relatively
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Figure 6: Fuel cycle costs for each scenario.
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Figure 7: Influence of uranium price changes to total electricity costs.
large changes in this cost have relatively small influence to the total cost. In Figure 6 is presented
fuel cycle cost for each scenario. Front-end fuel cycle cost remain almost the same in all scenarios
but proportion of uranium mining, conversion & enrichment and fuel fabrication change. The
main difference between once-through cycle and advanced cycles was reprocessing cost which is
a new cost element in advanced fuel cycles. Handling cost of RepU and DepU and transportation
cost were relatively small compared to other costs.
In Figure 7 is presented influence of uranium price to the total electricity costs. As one can
see in the figure, when uranium price is raised to about 450–500 e/kg, total electricity costs of
advanced fuel cycles starts to be competitive compared to once-through fuel cycle.

7

Summary

In this study, economic and environmental aspects of advanced NFCs were analyzed. Open oncethrough NFC with thermal LWR was compared to four advanced NFCs which included implementation of FRs, use of MOX fuel and recycling of MAs, U and Pu.
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According to the results, uranium consumption and amounts of SNF and HLW were reduced
in advanced NFCs because of the fuel reprocessing and the recycling of the plutonium back to
the fuel fabrication. Also amount of depleted uranium were reduced because of the decreasing
requirement of the uranium enrichment. With reprocessing and recovering of uranium from the
SNF, the amount of disposable HLW was also substantially reduced. In advanced NFCs long-term
radioactivity and decay heat of the disposable HLW decreased compared to once-through NFC
because of the recovering of the MAs from the SNF. However, for the first few hundred years
radioactivity and decay heat behaved very similar in all scenarios because of the role of activity
and decay heat of FPs will be more dominant. Also radioactive emissions of the advanced NFCs
were generally smaller compared to the once-through fuel cycle. The main reason for this was
lower natural uranium requirements of the advanced NFCs because of the uranium mining and
mill tailings were clearly most significant emission sources of the fuel cycle. Radon was clearly
the most common substance.
Total costs were generally larger in advanced fuel cycles compared to open once-through fuel
cycle. However, increase of total costs stayed below 20 % in all advanced scenarios. Total nuclear
energy cost for different scenarios varied between 46–56 e/TWh (4,6-5,6 c/kWh) with 10 %
interest rate and between 29–35 e/TWh (2.9–3.5 c/kWh) with 5 % interest rate. Increase of the
fuel cycle costs were between 27 % and 45 % in advanced NFCs depending on the scenario.
However, share of NFC costs in the total costs was only 10–20 % (depending on the interest rate),
so relatively large changes in these costs have relatively small influence to the total energy costs.
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Abstract
Nuclear fuel cycle used in Finland is conventional open once-through fuel cycle. However, new nuclear energy systems, which are now under development, are planned to use
partly or fully closed fuel cycles in which spent nuclear fuel (SNF) is reprocessed and part
of the waste materials are recycled back to the fuel fabrication. The aim of this article is to
evaluate Finnish nuclear fuel cycle if the new nuclear energy systems will be introduced in the
following decades. In this study Finnish nuclear industry is shortly presented and some assumptions for the future reactor capacity and configuration are made. With these assumptions,
uranium and plutonium consumption, amount of SNF, and nuclear energy costs are evaluated
for different fuel cycle scenarios. Scenarios include implementation of fast reactors, SNF reprocessing, and plutonium recycling. Also Finnish uranium production and self-sufficiency as
for uranium is discussed. The findings indicate that with the current open nuclear fuel cycle
the uranium consumption was about 100 000 tU in 2100. With the reprocessing of SNF and
recycling of plutonium uranium consumption decreased to 75 000 tons, and further with the
implementation of FRs consumption decreased to 66 000 tons in 2100. Total uranium production from Sokli and Talvivaara mines was estimated to be 68 275 tU up to year 2070. Total
nuclear energy costs varied between 2.37 c/kWh and 2.60 c/kWh depending on the fuel cycle
scenario. Fuel cycle costs increased over 50 % from the open fuel cycle because of spent fuel
reprocessing and use of MOX fuel.

1

Introduction

Nuclear fuel cycle utilized in Finland today is a conventional open once-through fuel cycle. Fresh
nuclear fuel is brought from abroad as a finished product and after the radiation it is stored in water
pools in the power plant area waiting for the final solution. Geological disposing plan is chosen to
be conclusion for the final solution. (IAEA, 2009)
However, new nuclear energy systems, which are now under development, are planned to use
partly or fully closed fuel cycles in which SNF is reprocessed and part of the waste materials are
recycled back to the fuel fabrication. (GIF, 2002) The objective of this study is to evaluate the
Finnish nuclear fuel cycle if the new nuclear energy systems (Generation IV nuclear systems) will
be introduced in the following decades. First in this study, Finnish nuclear industry is shortly
presented and some assumptions for future are made. With these assumptions and three advanced
NFC scenarios, implementation of fast reactors (FR), SNF reprocessing, plutonium recycling is
evaluated. Estimated aspects are uranium consumption, amounts of SNF and HLW and the economic aspects of the fuel cycle. Also Finland’s uranium production and self-sufficiency ratio as
for uranium is evaluated if uranium mine projects of Talvivaara and Sokli will be realized.

2

Nuclear Industry in Finland

Finland has currently four commercial nuclear reactors from which two is sited in the south coast
in Loviisa (LO1 and LO2) and two in the west coast in Olkiluoto (OL1 and OL2). All the reactors

68

New Type Nuclear Reactors (NETNUC) 2008-2011 Final Report

Table 1: Finnish commercial nuclear reactors and reactors under construction. (IAEA, 2009)
Unit

Reactor typea

Power [MWe ]

Owner

Start operation

License ends

Loviisa-1 (LO1)
Loviisa-2 (LO2)
Olkiluoto-1 (OL1)
Olkiluoto-2 (OL2)
Olkiluoto-3 (OL3)

PWR
PWR
BWR
BWR
PWR

488
488
860
860
1 600

Fortum
Fortum
TVO
TVO
TVO

1977
1981
1979
1982
2014b

2027
2030
2018
2018
2074b

a
b

PWR = Pressure Water Reactor, BWR = Boiling Water Reactor.
Author’s estimate.

are light water reactors (LWR) and total capacity is about 2 700 MWe. In Table 1 is presented
more information these reactors. (IAEA, 2009)
In addition to these four reactors fifth reactor (OL3) is under construction. It is constructed
in Olkiluoto and it should be ready for commercial operation in 2014. It is EPR-type pressurized
water reactor and its electricity capacity is 1 600 MWe . (IAEA, 2009) Further, in 2010 the Finnish
government approved decision of principle for two new reactors. One of these two reactors will be
situated in the Olkiluoto (OL4) and another in a new nuclear power plant site in Pyhäjoki (FE1).
Both of these reactors will be LWRs with electricity capacity between 1 000–1 800 MWe. (TEM,
2010c,a,b)
Present fuel cycle utilized in Finland is open once-through fuel cycle. Fresh fuel is fabricated
abroad so Finland has no uranium mining, conversion, enrichment or fuel fabrication activities.
SNF is at this moment stored in nuclear plant area in water pools but geologic repository is under
construction and it is planned to be ready in 2020. (IAEA, 2009) Although Finland does not have
any uranium mining activities right now, few mining companies have already planned to recover
uranium as a by-product. (GTK, 2010)

3

Development of the Finnish Nuclear Fuel Cycle

In this chapter some assumptions are made to depict the Finnish nuclear industry in the future.
In Figure 2 is presented Finland’s hypothetical reactor configuration in the coming years. The
current reactors are assumed to be closed down in 2030 and 2040. OL3 (now under construction)
is assumed to start the operation in 2014, and OL4 and FE1, which are now in design phase, are
assumed to start operation in 2020. Loviisa plant area will not be left unemployed after shut down
of OL1 and OL2 reactors so in 2030 LO1–2 reactors are replaced by one new EPR type reactor
(OL3). Life-time of the new reactors is assumed to be 60 years so between 2074 and 2090 all four
reactors are replaced new ones (and again between 2134 and 2150). The reference period reach in
2150 when operation time of LO4 reactor unit ends.
In Figure 1 is also presented development of nuclear capacity in Finland if the assumptions
will hold up. After 2040 nuclear capacity level will be balanced to 6 400 MW and is assumed to
remain constant until the end of the reference period. This capacity level is about 2.5 times higher
than the present capacity and corresponds about 52 TWh of electricity per year.
Based on the previous assumptions three different fuel cycle scenarios are evaluated in this
study.
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Figure 1: Finland’s hypothetical reactor configuration in the coming years.

Scenario 1:
• Fuel cycle stays as once-through fuel cycle.
• Spent fuel is directly disposed without any reprocessing.
• Reactor park consist only of LWRs with UO2 fuel.
• EPRs burnup is raised up from 45 MWd/kg to 60 MWd/kg in 2020.

Scenario 2:

• SNF is reprocessed and uranium and plutonium are recovered from 2030 onwards.
• High level waste is disposed in Finland.
• One third of the EPR fuel is replaced by MOX fuel from 2030 onwards.
• The burnup is raised just like in scenario 1.

Scenario 3:

• Burnup raise, spent fuel reprocessing and use of MOX fuel are the same as in scenario 2.
• Between 2074–2080 half of the LWR capacity is replaced by fast reactors (two from four
reactors).
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Table 2: Reactor features.
Properties

VVER

BWR

EPR

EFR

Electric capacity, [MWe ]
Efficiency, [%]
Discharge burn-up, [MWd/kg]
Enrichment, [%]
Fuel residence time, [a]
Tails assay, [%]
Load factor, [%]
Power density, [kW/kg]

488
33
40
3.95
3
0.25
93
39

860
33
37
3.55
4
0.25
93
29

1 600
37
45a
4a
4a
0.25
93
33.6

1 580
44
134
22.4
5
0.25
90
86.27

a

4

After 2020 burn-up is raised to 60 MWd/kg, enrichment to 5 % and residence time to 5 years.

Mass Flow Calculations and Results

Mass flow calculations of the fuel cycle are carried out with IAEA’s Nuclear Fuel Cycle Simulation
System (NFCSS) software. (IAEA, 2007) Mass flows between NFC facilities and compositions
of high level waste are determined for each year. Reference period starts from year 2010 and ends
in 2150 when the LO4 reactor (see Figure 1) is shut down.
In Table 2 is presented features of four different types of reactors which are used in the calculations. Existing reactors are VVER-440 type of reactors in Loviisa and BWR type reactors in
Olkiluoto. EPR type of reactor is used to depict the future LWRs and EFR type reactor is used to
depict the future FRs.
In Figures 2, 3, and 4 are presented calculation results of uranium consumption and production, accumulated amount of SNF, and plutonium requirement for each scenario. Uranium

180000
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160000
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Figure 2: Natural uranium consumption and production.
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Figure 3: Accumulated amount of SNF.

consumption is largest in scenario 1, about 100 000 tU by 2100. In scenario 2 and 3 annual uranium consumption is reduced from 2030 onwards when MOX fuel will replace one third of the
UO2 fuel and again from 2080 onwards when FRs will replace half of the LWRs. In scenario 2
total uranium consumption is about 75 000 tons and in scenario 3 about 66 000 tons in 2100.
Figure 2 also shows the estimated amount of uranium that can be get from Talvivaara and
Sokli mines. In the both cases the uranium will be by-product. In the environmental impact
assessment of Talvivaara uranium production rate is assumed to be 300–500 tU/year so in this
evaluation 425 tU/year production rate is used. Mine is assumed to be in operation 2012–2054 so
the total production is 18 275 tU. In Sokli mine uranium concentration of the ore is 2.5–10 times
higher than in Talvivaara so uranium production rate is roughly estimated to be 1 000 tU/year.
In the environmental impact assessment of Sokli operation time is assumed to be decades, so in
this study it is assumed to be 50 years from 2020 to 2070. (Talvivaara, 2010; Pöyry, 2009) Thus,
the uranium production of both mines will be altogether 68 275 tU which corresponds to the
cumulative uranium consumption in scenario 1 in year 2070, in scenario 2 in 2089 and in scenario
3 in 2106.
Accumulated amount of spent nuclear fuel by 2100 (Figure 3) is in scenario 1 and 2 about
11 900 tons and in scenario 3 about 11 200 tons in 2100. In the Figure 3 is also presented that if
the all LWRs will be replaced by FRs the accumulated amount of SNF will be about 10 800 tons.
The Figure 3 depicts how much SNF will be formed, not how much it has to be stored or disposed
(SNF is reprocessed in scenarios 2 and 3).
In Figure 4 is presented plutonium requirement for different scenarios. In scenario 1 there is
no need for plutonium. In scenario 2 and 3 plutonium is required for MOX fuel after 2030 and
in scenario 3 plutonium requirement is further increased when FRs are introduced in 2074–2080.
In scenarios 2 and 3 recycled plutonium from reprocessing is not sufficient to cover all plutonium
need in the MOX fuel fabrication. Extra plutonium will be needed about 100 tons in the scenario
2 and 150 tons in the scenario 3 before year 2150.
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Figure 4: Plutonium requirement for each scenario.

5

Economic Evaluations and Results

In this study economic evaluation is made in transient conditions where nuclear fuel cycle material
and service requirements as well as the material arising from the operation of nuclear fuel cycle
facilities and nuclear power reactors change annually. The reference period of this study starts
in 2010 and ends when the operation time of OL5–6, FE2 and LO4 reactors ends in 2134–2150.
However, disposal costs are included in the calculations even though most of these costs will
continue after the reference period.
Calculation method for total cost T C is presented in equation 1. Total cost is the sum of
annual investment cost It , fuel cycle cost F CCt and operation & maintenance cost O&Mt , which
are discounted to a reference year and divided with the annual electricity production Et , which is
also discounted.

P
(It + F CCt + O&Mt ) · (1 + r)−t

.
(1)
TC =
P
Et · (1 + r)−t
Total reactor investment cost Itot (overnight cost plus interest during construction) is divided
to annual investment cost It by annuity method (Equation 2). 5 % discount rate r and 60 years
payback period L is used for all reactor investments.
It = Itot ·

r
1 − (1 + r)−L

.

(2)

Annual fuel cycle cost F CCt is simply calculated by multiplying the quantity of material or
service by the unit price. Annual reactor operation and maintenance cost O&Mt is determined
with the relation to annual reactor capacity and electricity produced per year.
The comprehensive calculation methodology is presented more detailed in the preference
(GIF, 2007). Cost data is mainly acquired from Advanced Fuel Cycle Cost Basis 2009 (Shropshire
et al., 2009). LWR investment cost is from International Energy Agency report (IEA, 2005) where
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cost estimate is presented especially for reactor that is built in Finland. Disposal cost of SNF is
estimate from Posiva (Kukkola and Saanio, 2005). Investment cost of FR is estimated about 20 %
bigger than LWR.
For uranium three different price progression estimates were analyzed: constant price, mild
price and strong price. In the constant price progression the uranium price is assumed to be
constant 50 e/kg throughout the reference period. In the mild price progression the uranium price
is assumed to rise exponentially from 50 e/kg to 200 e/kg between 2010 and 2150, and in the
strong price progression the uranium price is assumed to rise exponentially from 50 e/kg to 400
e/kg between 2010 and 2150. All other fuel cycle and reactor costs are assumed to be constant
the whole reference period.
In Figure 5 is presented total costs for different scenarios with different uranium prices. In
scenario 1 total costs were about 2.37 c/kWh and in scenario 2 and 3 about 2.60 c/kWh. Investment
and O&M costs cover about 83 % of the total cost in scenario 1 and 75 % in scenario 2 and 3. FRs
do not have much effect on the total costs because they are introduced so late in 2074 and 2080
(in scenario 3). Different uranium prices have also only little influence on the total costs.
In Figure 6 is presented fuel cycle costs for each scenario with different uranium prices. In
scenario 1 fuel cycle costs are between 3.7 e/MWh and 4.4 e/MWh and in scenario 2 and 3
between 6.1 e/MWh and 6.6 e/MWh. In scenario 1 most important cost units are uranium and
enrichment which cover about 75 % of all costs. In scenario 2 and 3 influence of uranium and enrichment decrease while fuel fabrication became most dominant. Also reprocessing cost increase
the overall cost compared to scenario 1. Fuel fabrication and reprocessing costs cover about 60 %
of all costs in scenario 2 and 3.
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Figure 5: Total costs for different scenarios with different uranium prices.
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Figure 6: Fuel cycle costs for different scenarios with different uranium prices.

6

Summary

In this study, Finnish nuclear fuel cycle in the future was analyzed. Finnish nuclear industry was
first shortly introduced and some assumptions for the Finnish reactor configuration were made.
With these assumptions and three potential NFC scenarios, the influence of FRs, SNF reprocessing, and plutonium recycling to the NFC was evaluated.
According to the results, with the current open nuclear fuel cycle (scenario 1) the uranium
consumption was about 100 000 tU in 2100. With the reprocessing of SNF and recycling of
plutonium as a MOX fuel (scenario 2) uranium consumption was decreased to 75 000 tons, and
with the reprocessing, plutonium recycling and implementation of FRs (scenario 3) consumption
was further decreased to 66 000 tons in 2100. Total uranium production from Sokli and Talvivaara
mines were estimated to be 68 275 tU up to year 2070. This corresponds to the cumulative uranium
consumption in the scenario 1 up to year 2070, in the scenario 2 up to 2089 and in scenario 3 up
to 2106. Amount of spent nuclear fuel was in scenario 1 and 2 about 11 900 tons and in scenario
3 about 11 200 tons in 2100. In scenarios 2 and 3 recycled plutonium from reprocessing was
not sufficient to cover all plutonium need in the MOX fuel fabrication. In 2150 total cumulative
plutonium requirement in the scenario 2 was about 100 tons and in scenario 3 about 150 tons.
Total nuclear energy costs was in scenario 1 about 2.37 c/kWh and in scenario 2 and 3 about
2.60 c/kWh.
Investment and O&M costs cover about 83 % of the total cost in scenario 1 and 75 % in
scenario 2 and 3. Fuel cycle costs were in scenario 1 between 3.7 e/MWh and 4.4 e/MWh and in
scenario 2 and 3 between 6.1 e/MWh and 6.6 e/MWh depending on the variable uranium price.
Fuel fabrication and reprocessing costs increased the overall costs in scenarios 2 and 3 compared
to scenario 1.
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hakemukseen ydinvoimalaitoksen rakentamisesta. Available at: http://www.tem.fi/
files/26805/PAP_FV_040510_final.pdf.
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Exothermic Chemical Reactions in Nuclear Reactors
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Abstract
One major difference between light water reactors and Generation IV reactors is the occurrence of exothermic chemical reactions. In light water reactors exothermic chemical reactions
are significant only in reactor accidents, but in Generation IV reactors they can occur also in
milder incidents. In this paper it is considered how exothermic chemical reactions could systematically be taken into consideration when developing technology neutral safety criteria for
all reactor types. Also some examples of exothermic chemical reactions for reactor materials
are presented.

1

Introduction

New materials and technological solutions are being used in the design of Generation IV reactors
in order to guarantee the safety of the nuclear reactors. Using new materials is also a challenge,
because the behaviour of these materials in accident conditions is mostly unknown. For example,
many of the materials used in nuclear reactors can react exothermally when the temperature rises
high enough. In the worst case exothermic chemical reactions threat the confinement of radioactive
materials, and radioactive particles could be released to the environment. Some examples of
exothermic chemical reactions in nuclear reactors are oxidation of zirconium, hydrogen explosion
and all sorts of fires.
Exothermic chemical reactions have also had significant role in many nuclear accidents. There
was zirconium oxidation and hydrogen gas explosions 2011 in Fukushima, graphite fire 1986 in
Chernobyl, sodium fire 1995 in Monju-reactor, and uranium fire 1957 in Pile No. 1 in Windscale. such accidents were also the fire of beryllium–magnesium-claddings 1977 in A-1-reactor in
Czechoslovakia, and an explosion in a nuclear waste storage tank 1957 in Mayak, Soviet Union.
Most of the nuclear reactors in the world are light water reactors, and thus most of the safety
criteria are developed to guarantee the safety of the light water reactors. It is evident that new ideas
are needed in designing safety criteria for Generation IV reactors. Hence IAEA (International
Atomic Energy Agency of United Nations) and GIF (The Generation IV International Forum) are
creating new technology neutral safety criteria. These general safety criteria would be used to
develop technology specific safety criteria for all reactor types. Thus a high safety level in all new
reactors can be guaranteed.
Exothermic chemical reactions cannot be negleted when considering the safety of the nuclear
reactors. Naturally, they are already taken into account in the safety criteria used today, and in
the IAEA’s proposed technology neutral safety criteria, but not systematically. For example the
criteria considering hydrogen explosions are presented separately from the criteria considering
fires. The safety criteria should form an entity that could be applied to all exothermic chemical
reactions. This article considers how exothermic chemical reactions could systematically be taken
into consideration when developing technology neutral safety criteria.
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Exothermic Chemical Reactions of Reactor Materials

Some examples of exothermic chemical reactions of reactor materials are discussed. For simplicity
only stoichiometric reactions are presented. When reaction product is solid, nonstoichiometric
compounds can be formed.
Chemical reaction is exothermic if enthalpy H is negative at given temperature. If not otherwise stated, reaction enthalpies have been calculated using data from NIST Chemistry WebBook
(Linstrom and Mallard, 2012).
2.1

Fuel Materials

Metallic fuels, uranium U and plutonium Pu, are chemically very reactive. Uranium oxidises in
oxygen and in dry air with reaction
2 U(s) + 2 O2 (g) −→ 2 UO2 (s),

◦
∆H293
K = −1085 kJ/mol

(1)

(Hilton, 2000). When temperature reaches 750 ◦C, the uranium oxide U3 O8 is produced (Morss
et al., 2006). Uranium powder can spontaneously ignite in air in room temperature, but with
massive metal the reaction temperature is 150 − 300 ◦C (Morss et al., 2006).
The chemical reaction of uranium oxidation in water vapor can be written as
U(s) + 2 H2 O(l) −→ UO2 (s) + 2 H2 (g),

◦
∆H293
K = −513 kJ/mol

(2)

(Hilton, 2000). The reaction rate for water is higher than for dry air.
Oxide fuels, uranium dioxide UO2 and plutonium dioxide PuO2 , are used in light water reactors. Mostly uranium dioxide is used, but it can be used together with plutonium dioxide as a
mixed oxide fuel, MOX.
Oxide fuels are chemically less active than metallic fuels. In temperature range 600 − 1300 ◦C
uranium dioxide reacts exothermally with air and oxygen, and uranium oxide U3 O8 is formed
(Morss et al., 2006). Uranium dioxide oxidises in water when temperature is over 300 ◦C, and
uranium oxide U3 O8 and hydrogen gas is formed (Morss et al., 2006). Plutonium oxide PuO2
reacts with air, oxygen, and water (Morss et al., 2006).
Nitride fuels, uranium and plutonium mononitrides UN and PuN, have high melting temperatures. Uranium mononitride is most stable of all uranium nitrides (Morss et al., 2006, p 410).
Plutonium mononitride is the only known stable uranium nitride. Nitride fuels can be used as
mixed nitride fuel, (U,Pu)N. Uranium mononitride oxidises in air (Morss et al., 2006, p 410).
Uranium nitride reacts exothermally with water, producing uranium dioxide UO2 , ammonia NH3 ,
and hydrogen gas H2 (Sunder and Miller, 1998). Plutonium mononitride PuN reacts exothermally
with oxygen and air (Morss et al., 2006).
Carbide fuels, usually uranium and plutonium monocarbides UC and PuC, have high melting
temperatures. Carbide fuel can also be used as mixed carbide fuel, (U,Pu)C. Uranium monocarbide is chemically stable in dry air at room temperature, but oxidises in water and in steam when
temperature is over 55 ◦C (Ma, 1983). Plutonium monocarbide oxidises in air when temperature
rises above 200 − 300 ◦C, and ignites when temperature is over 400 ◦C. Plutonium monocarbide
reacts with hot water, creating plutonium hydroxide Pu(OH)3 , hydrocarbons and hydrogen gas.
(Morss et al., 2006)
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Coolant Materials

Lead, Pb, and lead-bismuth eutectic mixture can be used as a coolant. Pb–Bi-eutectic has 44.5 %
lead and 55.5 % bismuth, and it has a lower melting temperature than lead. Lead oxidises in air and
reacts with water, but the reactions don’t produce significant amount of heat. Reactions of lead
and water produce solid materials that can cause blocks in flow channels. Lead can also cause
corrosion in structural materials. (IAEA, 2002)
Sodium, Na, is chemically highly reactive even at room temperature. Sodium fire produces
thick, white smoke and low flames, and to put out a sodium fire reguires specific extinguishing
agents (Gracie and Droher, 1960). Sodium oxidises in air with reaction
4 Na(l) + O2 (g) −→ 2 Na2 O(s),

◦
∆H700
K = −846 kJ/mol,

(3)

but if oxygen is plentiful, disodium oxide Na2 O oxidises further to sodium peroxide Na2 O2 (Gracie and Droher, 1960). In temperature range 200 − 300 ◦C sodium oxidises in water with reaction
2 Na(l) + 2 H2 O(l) −→ 2 NaOH(s) + H2 (g),

◦
∆H700
K = −345 kJ/mol,

(4)

but sodium hydroxide can further react with sodium and disodium oxide is formed (IAEA, 2002).
Sodium reacts with uranium dioxide and a compound Na3 UO4 is formed (Cordfunke and Konings,
1990).
Some other possible coolants are water and helium. Water is used as a coolant and moderator
in light and heavy water reactors. Also supercritical water can be used. When other coolants are
used in reactor, water can still be used to cool down auxiliary systems. Water, if not pure, corrodes
materials. It is also important oxidizing agent in many exothermic chemical reactions. Helium
is chemically inert, so it doesn’t react with other reactor materials in any temperature. In reactor
conditions helium doesn’t experience phase change.
2.3

Cladding Materials

Zirconium, Zr, is usually used as an alloy, zircaloy, which rises reaction temperatures. Zirconium
reacts in air with reaction
Zr(s) + O2 (g) −→ ZrO2 (s),

◦
∆H700
K = −1020 kJ/mol

(5)

(National Academies, 2006). Oxidation starts at temperature 150 ◦C, and it becomes fast when
temperature rises over 360 ◦C (Ursu, 1985; Benedict et al., 1981). In zircaloy reaction starts when
temperature rises over 350 ◦C (Benedict et al., 1981).
Zirconium oxidises in water with reaction
Zr(s) + 2 H2 O(g) −→ ZrO2 (s) + 2 H2 (g),

◦
∆H1300
K = −515 kJ/mol

(6)

(National Academies, 2006). Reaction is slow when temperature is under 900 ◦C, but it becomes
fast when temperature rises over 1000 ◦C (Voitovich et al., 1994). In zircaloy oxidation becomes
fast when temperature rises over 1200 ◦C (Hofmann, 1999).
Zirconium carbide ZrC could be used in TRISO-particles as a coating material. Zirconium
carbide reacts with oxygen when temperature reaches 800 ◦C (Cordfunke and Konings, 1990).
Silicon carbide could be used in TRISO-particles as a coating material and also as a cladding
material together with zircaloy. At low temperatures (500 ◦C < T < 1600 ◦C) the oxidation
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of silicon carbide produces silicon dioxide SiO2 and carbon dioxide CO2 in exothermic reaction
(Lippmann et al., 2001). When temperature rises over 1700 ◦C, the reaction of silicon carbide with
oxygen is
◦
SiC(s) + O2 (g) −→ SiO(g) + CO(g), ∆H2000
(7)
K = −162 kJ/mol

(Lippmann et al., 2001).
Silicon carbide oxidises exothermally in water when temperature rises over 900 ◦C and silicon
dioxide SiO2 , carbon monoxide CO, and hydrogen gas H2 is produced (Yin et al., 2003). Silicon
carbide reacts with uranium dioxide when temperature reaches 1370 ◦C (Lippmann et al., 2001).
The reaction products are either uranium disilicide USi2 and carbon monoxide CO, or uranium
dicarbide UC2 and silicon oxide SiO (Lippmann et al., 2001).
Stainless steels are used as structure materials in light water reactors. They can also be used
as a cladding material in fast reactors. Stainless steels used in light water reactors oxidise exothermally in steam when temperature reaches 1200 ◦C (Hofmann, 1999).
Refractory metals include molybdenum, niobium, tungsten, tantalum, and rhenium. They
could be used as a cladding or structure material. Refractory metals oxidise in air in relatively
low temperatures. Molybdenium, niobium and tantalum start to oxidise in air when temperature
is over 400 ◦C, and tungsten starts to oxidise in temperatures as low as 200 ◦C (Bauccio, 1993).
2.4

Other Materials

Nuclear graphite is syntetic, very pure graphite, which makes it resistant to oxidation. Nuclear
graphite is used in the reactors as a moderator. Graphite oxidises with reaction
C(s) + O2 (g) −→ CO2 (g),

◦
∆H700
K = −397 kJ/mol

(8)

(Kelly et al., 2000). Oxidation can also produce carbon monoxide CO, which can further oxidise
to carbon dioxide CO2 (Kelly et al., 2000). These reactions are significant only at temperatures
higher than 400 ◦C (Kelly et al., 2000). Graphite reacts in water with reaction
C(s) + 2 H2 O(g) −→ CO2 (g) + 2 H2 (g),

◦
∆H1100
K = −99 kJ/mol,

(9)

and also in this case carbon monoxide can be formed (Kelly et al., 2000). Reactions with water
are significant only at temperatures higher than 800 ◦C (Kelly et al., 2000).
Nuclear graphite can burn in air, if some strict conditions are met. These conditions require,
that graphite must be heated to at least 650 ◦C, and this temperature must be maintained either
by the heat of combustion or some outside energy source. Of course there must be an adeqqate
supply of oxidant, and the gaseous source of oxidant must flow at a rate capable of removing
gaseous reaction products without excessive cooling of the graphite surface. In the case of a
channel cooled by air these conditions can be met, but otherwise some form of chimney effect is
necessary. Otherwise, the reaction ceases. (Schweitzer, 1993)
Hydrogen, H, is produced when reactor materials react with water. Hydrogen is a flammable
gas, and it reacts with oxygen with reaction
2 H2 (g) + O2 (g) −→ 2 H2 O(l),

◦
∆H293
K = −572 kJ/mol.

(10)

Hydrogen has two combustion modes: deflagration and detonation. They both require an appropriate mixture of hydrogen and air. Also a heat souce is needed, for example a spark from an
electrical device. (Pershagen, 1989)
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Safety Criteria for Exothermic Chemical Reactions

In Generation IV reactors exothermic chemical reactions differ from light water reactors. Also
accident sequences leading to exothermic chemical rections are different. Therefore, developing
safety citeria for Generation IV reactors cannot simply rely on safety criteria developed for light
water reactors. We need to develop technology neutral safety criteria which systematically takes
into account exothermic chemical reactions. In this chapter the main principles of these criteria
are developed.
When creating these safety criteria, it was necessary to investigate the safety criteria already
proposed for Generation IV reactors and also safety criteria currently used for light water reactors. Proposed safety criteria included IAEA’s Proposal for a technology neutral safety approach
for new reactor designs (IAEA, 2007), and GIF’s Basis for the safety approach for design & assessment of Generation IV nuclear systems (GIF, 2008). Also currently used safety criteria were
investigated, and those included safety criteria from STUK, Finnish Radiation and Nuclear Safety
Authority (STUK, 2011b,a,c, 1999, 2010), and IAEA’s guide for fires (IAEA, 2004). Also safety
criteria for fusion reactors were investigated (Piet et al., 1987; DOE-STD-6003-96, 1996), since
exothermic chemical reactions are important also for the safety of the fusion reactors.
3.1

Preventing Exothermic Chemical Reactions

The prevention of exothermic chemical reactions should be made using passive methods. This
means that preventing exothermic chemical reactions should already be taken into account when
designing the structures and selecting the materials for nuclear reactors.
To prevent exothermic chemical reactions the reactor materials should be chemically inert
at least in normal operation conditions and in minor accident situations. It’s not possible to
require all materials to be chemically inert in all accident conditions, because there are so many
requirements for reactor materials already.
If materials can react exothermally, they should be kept apart. Materials can be isolated by
using walls and inert gases. Fires can be prevented using fire retardants.
An exothermic chemical reaction shouldn’t damage structures that keep exothermally reacting
materials apart. For example, if a cladding can fail in an exothermic chemical reaction, the coolant
and the fuel shouldn’t react exothermally.
Temperatures should remain so low that exothermic chemical reactions cannot occur in normal
operation conditions and in minor accident situations. The cooling of fuel is important also for
preventing exothermic chemical reactions. A spark for example from an electrical devise rises
temperatures logally so high, that an explosion of a gas mixture can take place. Some materials,
like sodium, are chemically higly active even in normal operating temperatures, so the only way
to prevent sodium fires is to keep sodium isolated from air and water.
If an exothermic chemical reaction occurs, it should not rise temperatures high enough for
another exotermic chemical reaction to take place. For example, if some exothermic chemical
reaction rises the temperature of concrete high enough, water is released from the concrete, and
the released water can take part in another exothermic chemical reaction.
3.2

Mitigating Exothermic Chemical Reactions

Mitigating exothermic chemical reactions means that damages from an exothermic chemical reaction are kept as local as possible. For example, the spreding of a fire and damages from an
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explosion should be kept as small as possible. Active methods can be used to mitigate exothermic
chemical reactions.
The amount of materials capable of exothermic chemical reactions should be minimized. This
is the only way to mitigate the consequences of all exothermic chemical reactions everywhere in
the nuclear power plant.
Exothermic chemical reactions or their threat should be detected as early as possible. The
fires should be detected as soon as possible after their ignition. The formation of explosive gas
mixtures should be detected as soon as possible after flammable gases begin to build up.
When an exothermic chemical reaction or its threat is detected, the reaction should be prevented or stopped. Fire walls and fire fighting systems should be used to prevent fires from
spreading. Explosive gas mixtures can be diluted to a larger volume to prevent explosion. Also
igniter devices could be used so that an explosive gas mixture could be burnt in a controlled manner.
The energy released in exothermic chemical reactions should be released to the surrondings in
a controlled manner. Pressure suppression pools and relief valves can be used to decrease pressure
and temperature near the area where the exothermic chemical reaction takes place.
3.3

Other Criteria for Exothermic Chemical Reactions

Reaction products from exothermic chemical reactions shouldn’t react exothermally with reactor
materials, or with each other. Many reactor materials release hydrogen gas when reacting with
water, and hydrogen is highly flammable in air.
The basic safety functions and monitoring of the state of the plant shall be maintained even
if an exothermic chemical reaction occurs. The basic safety functions for a nuclear reactor are
controlling the power, cooling the fuel and confining the radioactive material.
Exothermic chemical reactions should always be taken into account when handling nuclear
fuel. Exothermic chemical reactions are possible in nuclear reactors but also when the fuel is
produced, storaged, reprosessed or disposed.
The prevention and the mitigation of exothermic chemical reactions should be done consistently with other safety requirements. Exothermic chemical reactions are only a part of the safety
of the nuclear reactors. Nevertheless, they aren’t an isolated part because, for example, preventing
loss-of-coolant accidents and severe accidents also reduces the probability for exothermic chemical reactions.

4

Conclusions

When considering the exothermic chemical reactions in the technology neutral safety criteria,
the main principle should be preventing unwanted exothermic chemical reactions. Additionally,
exothermic chemical reactions can be prevented, if there are no exothermally reacting materials,
or if those materials can be kept apart. Another way of preventing exothermic chemical reactions
is to keep temperatures sufficienty low. If nevertheless an exothermic chemical reaction occurs,
its consequences should be minimized.
Most of the safety criteria considering exothermic chemical reactions can be derived from
these criteria. The final goal is to develop safety criteria from which all of the necessary safety
criteria for light water reactors and Generation IV reactors could be derived.
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STUK (2011b). Ydinlaitoksen turvallisuusjarjestelmien suunnittelu, luonnos L2. STUK, YVL
B.1.
STUK (2011c). Ydinvoimalaitoksen turvallisuuden arviointi, luonnos L2. STUK, YVL B.3.
Sunder, S. and Miller, N. (1998). XPS and XRD studies of corrosion of uranium nitride by water.
Journal of Alloys and Compounds, 271–273:568–572.
Ursu, I. (1985). Physics and Technology of Nuclear Materials. Pergamon Press.
Voitovich, V. B., Lavrenko, V. A., Voitovich, R. F., and Golovko, E. I. (1994). The effect of purity
on high-temperature oxidation of zirconium. Oxidation of metals, 42(3–4):223–237.
Yin, X., Cheng, L., Zhang, L., and Xu, Y. (2003). Oxidation behaviors of CSiC in the oxidizing
environments containing water vapor. Materials Science and Engineering, (348):47–53.

84

New Type Nuclear Reactors (NETNUC) 2008–2011 Final Report

Matrix Exponential Solution to Burnup Equations
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Abstract
The topic of this paper is solving the burnup equations using matrix exponential methods
based on rational approximation near the negative real axis. The burnup equations govern the
changes in the nuclide concentrations and they form a linear system of differential equations
that can be formally solved by computing the exponential of the burnup matrix. Due to the
difficult numerical characteristics of burnup matrices, the computation of the matrix exponential solution has not been previously conceivable for a full burnup system. However, analyzing
the mathematical properties of burnup matrices led to the discovery that their eigenvalues are
generally confined to the vicinity of the negative real axis. This property can be exploited
in solving the burnup equations by employing approximations that are accurate there. The
Chebyshev Rational Approximation Method (CRAM) can be characterized as the best rational
approximation on the negative real axis and it has been introduced to burnup applications with
excellent results. In particular, CRAM allows for simultaneously solving an entire burnup system in an accurate and efficient manner. In addition to CRAM, rational approximations based
on quadrature formulas derived from complex contour integrals have been considered. The
motivation for the presented research has been the development of burnup calculation methods
for the reactor physics code Serpent.

1

Introduction

The neutronic properties of nuclear fuel depend strongly on the isotopic composition of the fissile
materials. In an operating reactor, these material compositions change constantly due to spontaneous radioactive decay and neutron-induced reactions. The objective of burnup calculations is to
simulate the long-term time behavior of a nuclear reactor.
Burnup calculations are based on the assumption that the neutron distribution and the changes
in the nuclide concentrations can be solved sequentially in a cyclic manner by alternating the
required transport and burnup computation steps and using results from the previous step. During
the first step, the neutron distribution is computed assuming that the nuclide concentrations are
fixed. This requires solving the neutron transport equation. Based on the neutron distribution, the
rates of the neutron-induced reactions can be computed. During the second step, the changes in
the nuclide concentrations are solved from the burnup equations assuming constant reaction rates.
Burnup calculation programs can be divided into deterministic and Monte Carlo codes based
on the approach used to solve the transport equation. The main advantage of Monte Carlo techniques is that they allow simulating any type of reactor. Deterministic codes are typically computationally less expensive but their area of application is narrower. For example, most of the
GEN - IV designs are fast reactors, which cannot be modeled using established deterministic reactor physics codes intended for thermal reactors. The motivation for the presented research has
been the development of burnup calculation routines for the continuous-energy Monte Carlo code
Serpent, which has been developed at VTT since 2004 (Leppänen, 2008).
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Matrix Exponential Solution to Burnup Equations

The burnup equations govern the changes in the concentrations of the nuclides. They form a
system of first-order linear differential equations that can be written in matrix notation as
n0 = An ,

n(0) = n0 ,

(1)

where n(t) ∈ Rn is the nuclide concentration vector and A ∈ Rn×n is the burnup matrix containing the decay and transmutation coefficients of the nuclides under consideration. These equations
can be formally solved by the matrix exponential method yielding the simple solution
n(t) = eAt n0 ,

(2)

where the exponential of the matrix At is defined as the power series expression
eAt =

∞
X
1
(At)k ,
k!
k=0

(3)

with the additional definition A0 = I.
There are numerous algorithms for computing the matrix exponential (Moler and van Loan,
2003), but because of the the numerical properties of burnup matrices, most of them are ill-suited
for solving the burnup equations. The decay constants of various nuclides vary extensively, which
induces elements with both extremely small and large absolute values to the burnup matrix. Shortlived nuclides corresponding to the elements with the largest magnitudes are especially problematic since they increase the matrix norm and induce eigenvalues with absolute values up to the
order of 1021 . Furthermore, the time steps used in burnup calculations can typically vary from a
few days (105 seconds) to several months (107 seconds), and to even thousands of years, if only
decay reactions are considered. Most of the established matrix exponential methods are based
on approximation near the origin and work well only when the matrix norm kAtk is sufficiently
small. Consequently, these algorithms are prone to severe numerical problems when applied to
the burnup equations, where this norm can be of the order of 1028 (Pusa and Leppänen, 2010).
These difficulties have traditionally been solved by using simplified burnup chains or by
treating the most short-lived nuclides separately when computing a matrix exponential solution.
For example, in the ORIGEN (Gauld et al., 2006) code, the matrix exponential is computed with
the truncated Taylor series method with scaling and squaring after excluding short-lived nuclides from the burnup matrix to be treated separately. In the AEGIS code, a Krylov subspace
method is applied to a simplified burnup chain with 221 nuclides, in which case the burnup
matrix norm is of the order of 10−2 (Yamamoto et al., 2007). For further information on established matrix exponential methods and their applicability to solving burnup equations, see,
e.g., (Moler and van Loan, 2003; Pusa and Leppänen, 2010).
In the beginning of the NETNUC project, the focus of the research was to examine if it is
possible to solve a detailed burnup system containing thousands of nuclides by a single matrix
exponential method. As mentioned previously, the motivation for this was the development of the
burnup calculation routines for the Serpent Monte Carlo reactor physics code. Depletion capability
was implemented to Serpent in 2008, and originally the burnup equations were solved based on
the TTA method (Cetnar, 2006), in which the complicated transmutation chains are resolved into a
set of linear sub-chains that can be solved analytically. However, the computation time can easily
become excessive if all chains are followed until a stable nuclide is encountered, and cut-offs have
to be enforced to terminate insignificant chains.
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Rational Approximations Near the Negative Real Axis

The selection of a suitable matrix exponential method depends substantially on the characteristics
of the problem at hand. For example, the norm and eigenvalue spectrum of the burnup matrix as
well as the length of the time step are the key aspects that should be taken into consideration when
choosing the matrix exponential method. However, remarkably little interest and research effort
had been previously shown towards this topic.
During the NETNUC project, it was discovered that the eigenvalues of burnup matrices are
generally confined to a region near the negative real axis (Pusa and Leppänen, 2010). This observation was then utilized by employing approximations that are accurate in the vicinity of the
negative real axis. Two different approaches have been considered in this context—the Chebyshev
Rational Approximation Method (CRAM) and rational approximations derived from quadrature
rules applied to contour integrals in the left complex plane.
For numerical reasons, it is generally advantageous to compute the matrix rational functions
in the partial fraction decomposition form. Let rk,k (x) = pk (x)/qk (x) denote a rational function
with pk and qk being polynomials of order k. For a rational function with simple poles, the
decomposition takes the form
k
X
αj
,
(4)
rk,k (z) = α0 +
z − θj
j=1
where α0 is the limit of the function rk,k at infinity and αj are the residues at the poles θj . Also
rational functions rk−1,k can be written in this form with α0 = 0. The poles of a rational function
with real-valued coefficients form conjugate pairs, so the computational cost can be reduced to
half for a real variable x:


k/2
X
αj 
.
(5)
rk,k (x) = α0 + 2 Re 
x − θj
j=1

The rational approximation to Eq. (2) can then be written


k/2
X
n = α0 n0 + 2 Re 
αj (At − θj I)−1 n0  .

(6)

j=1

Therefore, the computation of a rational approximation of order k requires solving k/2 linear
systems of the form
(At − θj I) xj = αj n0 .
(7)
Notice that the computational cost is the same for a rational approximation rk−1,k .

2.1

Chebyshev Rational Approximation Method (CRAM)

In the CRAM method, the matrix exponential eAt is approximated by a rational matrix function
r̂(At), where the rational function r̂(z) is chosen as the best rational approximation of the exponential function on the negative real axis R− . Let πk,k denote the set of rational functions rk,k (x)
The CRAM approximation of order k is defined as the unique rational function r̂k,k = p̂k (x)/q̂k (x)
satisfying


sup |r̂k,k (x) − ex | =

x∈R−

inf

rk,k ∈πk,k

sup |rk,k (x) − ex |

x∈R−

.

(8)
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The asymptotic convergence of this approximation on the negative real axis is remarkably fast with
the convergence rate O(H −k ), where H = 9.289 025 49. . . is called the Halphen constant (Gonchar and Rakhmanov, 1989).
Since the CRAM approximation of order k is unique, the partial fraction coefficients corresponding to each approximation order are fixed. Therefore, they only need to be computed once
after which implementing CRAM only requires a linear solver in addition to these coefficients. In
principle, the polynomial coefficients of p̂k and q̂k can be computed with Remez-type methods
but this requires delicate algorithms combined with high-precision arithmetics. Fortunately, these
coefficients have been computed to a high accuracy for approximation orders k = 0, 1, . . . , 30
and they are provided in (Carpenter et al., 1984). Although the PFD coefficients can in principle
be computed from the polynomial coefficients, the computation of the polynomial roots may be
ill-conditioned and requires great care. The PFD coefficients (for approximation orders 10 and
14) have been provided in the literature (Gallopoulos and Saad, 1992), and the coefficients for approximation of order k = 14 have therefore been used in several applications including the matrix
exponential computing package EXPOKIT (Sidje, 1998). They were also used when CRAM was
initially implemented to Serpent (Pusa and Leppänen, 2010).
However, it was later discovered that these coefficients are inaccurate and do not correspond to
the true best approximation. Therefore, new sets of partial fraction coefficients for approximation
orders k = 14 and k = 16 were computed from the polynomial coefficients provided in (Carpenter
et al., 1984) and the revised coefficient were reported in (Pusa, 2011). The coefficients in (Carpenter et al., 1984) have been given to the accuracy of 20 digits, and based on our experiments,
the approximation order k = 16 is the highest for which this accuracy is sufficient for computing
the PFD coefficients. For approximation orders 1 ≤ k ≤ 13, the PFD coefficients can be computed
with high accuracy by using the approximative Carathéodory–Fejér method and a M ATLAB script
is provided for this purpose in (Schmelzer, 2008). The development version of Serpent 2 features
CRAM approximations of orders 6, 8, 10, 12, 14 and 16. Figure reffig: CRAM 16 error shows the
accuracy of CRAM approximation of order 16 in the left complex plane.
When applied to burnup equations, the CRAM method has been shown to give a robust and
accurate solution combined with high computational efficiency (Pusa, 2011; Isotalo and Aarnio,
2011). Figure 2 shows the relative error of CRAM approximation of order 16 applied to a burnup
system with 1606 nuclides. This test case corresponds to a PWR pin-cell with fuel irradiated to
0.1 MWd/kgU burnup. The numerical characteristics of this test case are rather extreme, the
matrix norm being kAk ∼ 1021 with the time step t ∼ 105 s. It can be seen from Fig. 2 that
for nuclide densities greater than 10−50 /cm3 the maximum relative error is of the order of 10−6 .
Therefore, the results are remarkably accurate even for nuclide concentrations very close to zero.
For example, a number density of the order of 10−20 /cm3 corresponds to having a single nuclide
in a cube whose each edge is over 46 km long.
2.2

Quadrature-Based Approximations

When the eigenvalues of the matrix At are confined to a region near the negative real axis, the
computation of the matrix exponential is effectively equivalent to evaluating certain contour integrals in the left complex plane. Because of the exponential factor in the integrand, the contribution
to the integral decays rapidly as Re (z) → −∞, and the integral can be approximated efficiently
using quadrature rules. These quadrature formulas can furthermore be interpreted as rational
approximations that can be used to approximate the matrix exponential. The idea of construct-
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Figure 1: Accuracy of CRAM approximation of order 16 in the left complex plane plotted using
10-base logarithmic scale
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Figure 3: Accuracy of the rational approximation r(z) obtained by selecting 32 points from the
parabolic contour given in Eq. (9) in the complex plane. The deviation between ez and r(z) has
been plotted using 10-base logarithmic scale.
ing rational approximations to the exponential function from quadrature rules was recently resurfaced by Trefethen and Weideman et al. (Trefethen et al., 2006; Weideman and Trefethen, 2007).
In (Weideman and Trefethen, 2007), two types of contours, namely hyperbolas and parabolas,
have been analyzed, and asymptotically optimal parameters for these contours have been derived
by balancing the error terms related to the approximation of the contour integrals by quadrature
rules.
In the context of burnup equations, the parabola
φ : R → C , φ(x) = N (0.1309 − 0.1149x2 + i 0.2500x) ,
(9)
proposed by Weideman (Weideman and Trefethen, 2007) has been considered (Pusa, 2011). When
all of the eigenvalues are located on the negative real axis, this approximation yields the asymptotic
convergence rate O(2.85−N ) = O(e−1.05N ) (Trefethen et al., 2006). When applied to burnup
equations, the convergence rate was found to be of the same order (Pusa, 2011). Although this
convergence rate is notably slower than the asymptotic convergence rate of CRAM, this approach
has the advantage that the order of the approximation can easily be adjusted to obtain an extremely
high solution accuracy.
Based on the asymptotic convergence rates, we can expect an approximation of order 32 to
give about the same accuracy as CRAM of order 16. Figure 3 shows the accuracy of the respective
rational approximation in the left complex plane. It can be seen that Figures 1 and 3 are very
similar. Figure 4 shows the relative errors for the previously considered burnup system and for
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Figure 4: Relative error of the solution computed with rational approximations obtained by selecting N = 32 and N = 44 points from the parabolic contour given in Eq. (9) for a burnup system
with 1606 nuclides.
approximations formed by selecting N = 32 and N = 44 points from the parabolic contour. As
can be seen from the figure, for nuclide concentrations greater than 10−50 /cm3 , the maximum
relative error is of the order of 10−4 for N = 32 and it is of the order of 10−9 for N = 44.

3

Summary and Conclusions

In a nuclear reactor, the material composition of nuclear fuel changes constantly due to radioactive
decay and neutron-induced reactions. The objective of burnup calculations is to simulate the longterm changes in the nuclide concentrations. An essential part of a burnup calculation is solving
the burnup equations, which describe the rates at which the concentrations of the various nuclides
change.
Because the decay constants of different nuclides vary significantly, the burnup equations form
an extremely stiff system of differential equations. For this reason, the matrix exponential solution
to burnup equations for a full system of nuclides has not been previously conceivable but either
simplified models have been used or the most short-lived nuclides have been removed from the
burnup matrix before computing the matrix exponential solution.
In the NETNUC project, the focus of the research was to examine if it is possible to solve a
detailed burnup system containing thousands of nuclides by a single matrix exponential method.
The motivation for this was the development of the burnup calculation routines in the Monte Carlo
reactor physics code Serpent.
After studying the mathematical properties of burnup matrices, it was discovered that the
eigenvalues of burnup matrices are generally confined to a region near the negative real axis. This
discovery led to introducing the Chebyshev Rational Approximation Method (CRAM) for solving
the burnup equations. CRAM can be characterized as the best rational approximation on the negative real axis and it has been shown to be capable of simultaneously solving the entire burnup
system in an accurate and efficient manner. In addition to CRAM, other rational approximations
accurate near the negative real axis have also been considered. These approximations have the
advantage that the order of approximation can be easily adjusted.
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Fast Reactor Calculations with MCNP, PSG/Serpent and
ERANOS
Pauli Juutilainen
VTT Technical Research Centre of Finland, P.O. Box 1000, FI-02044 VTT, Finland.
Abstract
Evaluated reactor physics benchmark exercises were calculated with both stochastic Monte
Carlo and deterministic codes over the period of the NETNUC project. The Monte Carlo
codes MCNP and PSG (early version of Serpent) were used to calculate the benchmark of the
Japanese sodium-cooled fast reactor JOYO, after which some features of the ZPR-6/7 (Zero
Power Reactor at Argonne, USA) benchmark were calculated with the deterministic ERANOS
code system.
The JOYO calculations were performed to determine the keff for two separate core configurations, control rod reactivity curves for the two regular rods, sodium void reactivity for seven
various fuel assembly locations and the isothermal temperature coefficient. The calculated results were compared between the codes and to the experimental results. The codes mostly
yielded mutually pretty consistent results, but in some cases the discrepancy with the experimental observations was significant. Also the limitations of the Monte Carlo method due to
its statistical uncertainty became obvious, when small reactivity differences were present.
The steady-state fast reactor physics code package ERANOS was introduced to extend
VTT’s deterministic calculation capabilities to fast neutron spectrum device. It was employed
to calculate parts of the ZPR-6/7 benchmark with objectives to determine how it behaves along
with JEFF-3.1 and -3.1.1 nuclear data against the experimental values, and how the different
functions and parameters of the code package perform against each other. The method and geometry choice proved to be a significant factor in some cases, meanwhile the minor parameters
did not generally have any major effect.

1

Introduction

When determining the key neutronics properties in a nuclear reactor, the neutron transport equation needs to be solved in a way or another. The neutrons obey the equation no matter whether
we study thermal, fast or epithermal reactor, but when a deterministic computer code is created to
solve it, the energy distribution of the neutrons becomes a significant feature. Therefore the codes
designed for thermal reactor analysis are not automatically suitable for fast reactor problems – or
vice versa.
The most straightforward way to obtain the multiplication factor keff and other parameters of
interest is the stochastic Monte Carlo simulation that does not directly solve any equation, but
determines the flux through repeated random sampling. Each particle is treated as an individual,
whose life is tracked from birth to death. No approximations for the initial conditions are required,
so a Monte Carlo code can be used for both thermal and fast reactor calculations in flexible geometries. However, the simulations consume a lot of time, despite of which the statistical error
margins of the final result may still be significant, especially in full-core calculations.
Due to the defects of Monte Carlo codes, deterministic methods are generally exploited, that
is, the governing equations are truly solved. It is also possible to combine the stochastic and
deterministic methods: the lattice calculation may be performed using a Monte Carlo code, after
which a deterministic code is able to utilize the homogenised data to perform the core calculation.
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Analytical solutions for the transport equation exist for some very special cases only, so several
numerical methods have been developed over the years. Also the ERANOS code discussed in the
present article provides a few different methods, the comparison of whose was one of the main
objectives in this study.

2

Simulating the Fast Reactor JOYO with Monte Carlo Codes

The sodium-cooled experimental fast reactor JOYO achieved its first criticality in 1977. Power
was produced in the core fuel region that was surrounded by blanket fuel zone. The core was
fuelled with mixed-oxide (MOX) fuel that consisted of 23 % enriched uranium and plutonium that
accounted for 17.7 % of the weight of all metallic material. The plutonium content for its part included 80.4 % fissile plutonium. The material in the blanket region consisted of depleted uranium
including 0.2 % fissile 235 U. The blanket region was also known as the breeding zone as the breeding of fissionable 238 U to fissile 239 Pu occurred mostly there. These U-Pu-zones were surrounded
by removable and fixed reflectors. Altogether six control rods were installed in the reactor. Two of
them were classified as regulation rods (RR) and four as safety rods (SR). (OECD/NEA, 2006a)
The core consisted of hexagonal assemblies with 8.15 cm assembly pitch. In the homogeneous
benchmark model all material within each assembly was assumed to be evenly mixed, whereas the
heterogeneous model represented more detailed approach, since the core and blanket fuel assemblies as well as the neutron absorber regions of the control rods were modeled as they appear in
the real reactor. Other assemblies were described as homogeneous mixtures also in the heterogeneous model. The benchmark documentation provided model-adjusted experimental values, so
the reference results somewhat differed between the models. Another correction had to be done
because the calculations were mostly performed at the temperature of 250°C, which differed more
or less from the respective experiment temperatures.
The Monte Carlo codes MCNP4C (Briesmeister, 2000) and PSG — the predecessor of the
current Serpent (http://montecarlo.vtt.fi) — were employed in the calculations with
ENDF/B-VI nuclear data library. Both the MCNP and PSG simulations were completed by 500
active calculation cycles preceded by 50 inactive ones with MCNP and 10 with PSG. The initial
neutron population of 10 000 was used in all simulations with MCNP, while the PSG simulations
used the population of 20 000 neutrons. With these numbers of neutron histories the statistical
uncertainty became 20–30 pcm. The results were oroginally published in a conference paper for
IYNC 2008 (Juutilainen, 2008).

2.1

Criticality

The criticality calculations were performed for two different core configurations the first of which
consisted of 64 and the second of 70 fissile fuel assemblies. The codes resulted in mutually
consistent results, but when compared to the experimental values, some discrepancy appeared.
The detailed results are presented in Table 1. These numbers reveal a little surprising outcome
that the calculations based on the homogeneous description yielded much more accurate results
with respect to the experimental ones.
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Table 1: Simulated and experimental results of the criticality evaluation.

Core
Homogeneous model
64
70
Heterogeneous model
64
70

2.2

Simulated keff
MCNP

PSG

Benchmark
Experimental keff

(C-E)/E (%)
MCNP PSG

0.99223 ± 0.00026
0.98618 ± 0.00026

0.99307 ±0.00028
0.98672 ± 0.00027

0.9921 ± 0.0069
0.9897 ± 0.0073

0.013
0.356

0.098
0.301

0.99246 ± 0.00022
0.99004 ± 0.00022

0.99316 ± 0.00027
0.99078 ± 0.00027

1.0011 ± 0.0018
0.9981 ± 0.0018

0.86
0.81

0.79
0.73

Rod Worth

The simulations to determine the control rod worth were completed in a straightforward way
obeying the benchmark instructions such that the reactivity worth for each rod was simulated by
having the rod fully inserted and the resultant multiplication factor was compared to that with
all rods fully withdrawn. This kind of a method would not be possible experimentally, since the
excess reactivity would lead into a runaway behaviour of the reactor. The reactivity measurements
considered here were performed in the 70-fuel-assembly core.
More quantitatively, the rod worth in cents is given by
CRW =

k1 − k2 1
·
· 100
k1 k2
βeff

(1)

in which k1 denotes the keff of the core with fully withdrawn control rods, k2 the keff of the
core with the specific control rod inserted and βeff the fraction of delayed neutrons. For 70-fuelassembly the value βeff = 0.0052151 was used in all measurements and simulations. Both of the
simulated values of keff include some statistical error whose quantity is the standard deviation
(stdev). So the total error of the absolute CRW can be calculated by using the standard deviation
∆ki as follows:
∆(CRW) =

∆k1 ∆k2
+ 2 .
k12
k2

(2)

This kind of approach yielded statistical uncertainties around 10 cents. Table 2 presents the
relative discrepancies between the experimental and calculated rod worth values. In this case
the heterogeneous model seemed to produce slightly better results compared to the homogeneous
model.
2.3

Sodium Void Reactivity

In the real life the sodium void reactivity (SVR) was measured through replacement of the sodium
content in one of the fuel assemblies by helium and comparing the resultant reactivity to the one
with ordinary fuel load. The reactivity difference was obtained from the rod worth of critical core.
In theory the effect of the voided volume depends on its location. To be more precise, the void
tends to add reactivity in the middle of the core and diminish it near the periphery and control
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Table 2: The relative discrepancies between simulated and measured control rod worth.

Rod

Control Rod Worth: Simulated vs. Experimental, (C-E)/E (%)
Homogeneous model
Heterogeneous model
MCNP
PSG
MCNP
PSG

RR1
RR2
SR1
SR2
SR3
SR4

12.17
10.93
11.01
12.11
10.21
12.53

14.88
14.39
15.65
13.42
15.49
17.91

-7.56
-8.11
-11.08
-7.15
-8.80
-10.03

-4.87
-7.73
-7.78
-8.15
-5.44
-7.30

rods. In large reactors the void coefficient uses to be positive. In order to determine the spatial
dependence in JOYO the location of the voided assembly was varied.
The calculated reactivity differences were obtained from the difference of the multiplication
factor between the core including a voided assembly and the reference core. In mathematical
terms this can be expressed
k2 − k1 1
SVR =
·
· 100,
(3)
k1 k2
βeff
where k1 represents the multiplication factor of the reference core, k2 the keff of the core with
sodium removed from the specified assembly and βeff is the fraction of delayed neutrons.
The void reactivities appeared to be too small with respect to ∆(SRV) — defined as in (2)
— so the calculations actually did not provide any useful information on the void reactivity. As
an example, when the SVR was calculated for the assembly in the middle of the core using the
homogeneous model, PSG suggested -1.42 ± 10.15 cents. The results were of similar quality in
all other locations too, no matter which code or model was employed.
2.4

Isothermal Temperature Coefficient

The isothermal temperature coefficient (ITC) was measured at low power by changing the reactor
temperature in between 170 and 250°C. The coefficient was measured for cores with both 65 and
70 fuel assemblies, but the simulation was run only for the 65-core. In the homogeneous model
the measured ITC was -0.781 ± 0.047 c/°C and the simulated one -0.685±0.126 c/°C by MCNP
and -0.513± 0.136 by PSG. The simulation results of the heterogeneous model were clearly closer
to the measured value, especially when MCNP was used. The statistical uncertainties were pretty
large again, but smaller than the absolute values of the simulated ITCs. Thus the negativity of the
temperature reactivity seemed to be guaranteed. The relative deviations between the calculated
and experimental values are listed in Table 3.

3

ZPR-6 Calculations with the ERANOS Code System

The purpose of the ZPR-6/7 study — part of a master’s thesis (Juutilainen, 2011) — was to get
acquainted with the ERANOS code system and its features as a part of creating fast reactor and
advanced fuel cycle calculation expertise at VTT Technical Research Centre of Finland. Therefore
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Table 3: The relative discrepancies between calculated and measured temperature coefficients
Isothermal Temperature Coefficients: Simulated vs. Experimental, (C-E)/E (%)
Model
MCNP

PSG

Homogeneous
Heterogeneous

-34.32
16.10

-12.25
-3.28

the significance of various computation methods and parameters were of special interest as well as
all kinds of observations about how the code behaved. Another objective was to determine, how
ERANOS-2.2 with JEFF-3.1.1 nuclear data library performs against ZPR-6 experimental results.
These have been documented in the handbooks of evaluated reactor physics and criticality safety
benchmarks (OECD/NEA, 2006b, 2009).
3.1

ERANOS

The European Reactor ANalysis Optimised code System ERANOS (Doriath et al., 1993; Rimpault
et al., 2002; Palmiotti et al., 1995; Ruggieri, 2006; Rineiski and Doriath, 1997) is a deterministic
code developed especially for fast reactor neutronics calculation. It consists of several code modules that have been developed by various organizations, but the whole system is maintained by
CEA, or the French Alternative Energies and Atomic Energy Commission.
The cell or lattice code ECCO (European Cell COde) is the code that produces the self-shielded
cross-sections and matrices for core and shielding calculations. The calculation procedure utilizes
libraries of 1968 energy groups for the most important nuclides whose resonance zone details
significantly affects the slowing-down calculations. For the less important nuclides broader group
libraries are employed, that is libraries with 33 or 172 groups.
The core calculation tool using variational nodal method (VNM) is called VARIANT (VARIational Anisotropic Nodal Transport) or TGV/VARIANT (Palmiotti et al., 1995). VARIANT is able
to solve multigroup steady-state diffusion and transport equations in two- and three-dimensional
Cartesian and hexagonal geometries, or in XY, XYZ, Hex and Hex-Z co-ordinates. VARIANT
employs the spherical harmonics (PN ) method to treat the angular variables and currently the approximations exist up to order P5 . In a hexagonal lattice each assembly automatically acts as a
node, whereas the user determines the node size in Cartesian geometry.
The alternative core calculation module BISTRO (BIdimensionell SN TRansport Optimise)
employs the discrete ordinates (SN ) method. A restriction with the features of BISTRO is the fact
that it can solve the transport equation only in two-dimensional XY- and RZ-geometries — typical
for SN -codes mainly developed in 1990’s. In contrast, the diffusion equation can be solved also
in three dimensions. In addition to the flux calculation, BISTRO contains tools for sensitivity and
perturbation analysis. For example reactivity effects such as void reactivity, Doppler-coefficient
and delayed neutron fraction βeff may be calculated with help of these functions. These functions
do not exist in the VARIANT module. (Ruggieri, 2006)
As illustrated in the previous paragraphs, the choice of the core calculation module depends
of the nature of the problem. Therefore an interesting part of the study was to find out how the
method and consequently the possible geometry approximation affects the results. When using
ERANOS, there are a lot of minor parameters to be set, and the influence of some of them was
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also studied.
3.2

ZPR-6/7 Experimental Reactor

More than a hundred Zero Power Reactor (ZPR) assemblies were constructed and used for fast
reactor research at Argonne National Laboratory (ANL) over a period of about 30 years. The unit
ZPR-6 facility operated in the beginning of the 1970’s when 139 various loadings were created
and run. The first 84 loadings were filled by uniform Pu-U-Mo fuel composition, whereas the
last ones, the loadings #85–139, contained distinctively much 240 Pu in its inner core region: 26
weight-% of all plutonium compared to 11 wt-% in the uniform core. Therefore it was called the
high 240 Pu core. The high 240 Pu content is generally encountered in long-irradiated fuel.
The reactor consisted of stationary and movable halves that were symmetric in z-direction.
The fuel plates were loaded into drawer masters that were inserted and withdrawn along z-axis.
The high-240 Pu fuel was located in the inner core (IC) zone, with a radius of roughly 25 cm and
height of about 76 for each half. The IC zone was radially surrounded by yet fissile outer core
(OC) with uniform fuel composition and plutonium–aluminium ring (PR) fuel zones, the latter
of which consisting of only one discontinuous ring of PR-drawers. The radial volume between
the fissile zone and the empty matrix (MAT) zone was filled by radial reflector (RR) containing
mostly depleted uranium. In the axial direction the fissile inner and outer cores with the PR-zone
were surrounded by two layers of blanket zones and the empty matrix zone.
Two homogeneous calculation models were provided in the benchmark documentation. The
two-dimensional cylindrical RZ-model was supposed to be used in criticality calculations, whereas
three-dimensional XYZ-geometry was available for reactivity effect calculations. The main principle in creating the RZ-model was to preserve the cross-sectional area of each fuel zone when
defining their radial dimensions. The RZ-model in reactivity effect calculations was required when
the SN -transport solver of the BISTRO module was employed.
The task of setting the computation mesh — required by all deterministic core calculation
codes — was left to the user. The mesh applied for the ERANOS calculations of the present study
varied somewhat depending on the material zone: in RZ-model the basic mesh varied between 1.5
and 2.5 cm whereas a sparser mesh of 3.9 – 5.7 cm was used in XYZ-geometry. The mesh size
in the result tables is given as the integer coefficient expressing the number of computation nodes
along each coordinate axis in proportion to the basic mesh. For example ”Mesh 2 2” means that
the number of nodes is doubled in both R- and Z-directions, when RZ-model is considered.
3.3

Criticality

When the criticality safety model was calculated with ERANOS, both the material concentration data and macroscopic cross-sections were obtained from one single ECCO-calculation. The
ECCO-calculation was performed using homogeneous geometry provided in the benchmark documentation. The nuclear data were mostly obtained from JEFF-3.1.1 library, but some calculations
were performed with the older JEFF-3.1-based data. The fine-group division with 1968 energy
groups was employed to provide the homogenised group constants condensed to 33 groups for the
core calculation. The flux was thereafter calculated using both transport and diffusion methods
provided by the BISTRO module. The main parameter to vary for SN calculations was the angular mesh order: the values S4 , S8 and S16 were tested, with S4 the basic value. When diffusion
method was applied, the mesh size was the variable parameter.
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Table 4: Observations on criticality model calculations.
ERANOS, JEFF-3.1.1
ERANOS vs. kref (C-E)
Diffusion → transport
S4 → S8
S8 → S16
Mesh 1 1 → Mesh 2 2 (diff)
Mesh 2 2 → Mesh 3 3 (diff)

-400. . . -200 pcm
+100. . . 180 pcm
-48 pcm
-15 pcm
+33 pcm
+6 pcm

Some effects of method, parameter and library variations observed about the criticality calculations are listed in Table 4. All the ERANOS calculations underestimated the keff more or
less: the SN results were closer to reference compared to diffusion calculations, but the deviation
increased when the angular accuracy was increased. The diffusion method behaved better in the
sense that the results approached the reference value with smaller mesh size, as supposed.
3.4

Sodium Void Reactivity Calculations

For the sodium void reactivity effect calculation the loading #90 is provided as the reference
core. The benchmark documentation (OECD/NEA, 2006b) provides a heterogeneous model for
the core cells, whereas the other parts of the reactor are still treated as homogeneous zones. A
three-dimensional rectangular geometry description was provided.
The core calculation was first performed with the diffusion method, but also the variational
nodal method — the ERANOS function AVNM (Advanced Variational Nodal Method) provided
by the VARIANT module — was utilized for this purpose. Any reference value for the multiplication factor was not provided in the benchmark, so the calculation result analysis must be based
on the internal consistency and the overall credibility of the calculations.
One of the studied variations between calculations was the flux order (PN , N = {1, 3, 5}),
where it would be worthwhile to note that P1 is similar, but not completely equal to diffusion
approximation. The other variable sets in these calculations consisted of the usage of the simplified
spherical harmonic model and orders of polynomial expansion for the nodal flux (ni ), partial (or
leakage) current (nt ) and nodal source (ns ). These parameters are needed to guide the variational
nodal method calculation. The default combination ni -nt -ns in the AVNM-function is 4-1-2, but
also the more inaccurate 4-0-1 was used in these calculations.
The outcome of these calculations suggests that especially the use of exact spherical harmonic
model causes computational problems. However, experiments to vary or add parameters of AVNM
yielded that adding RADIAL INNER ITERATION FULL MATRIX (RIIFM) brought some of
the mad results to credible magnitudes. The parameter makes the calculation much heavier by
performing the inner iteration sweeps through all energy groups. The parameter combinations
listed in the previous paragraph would provide several comparison opportunities, although some
not converged or otherwise absurd results set limits to the comparison analysis. At least, we
can conclude that increasing the flux order PN from 3 to 5 hardly affects the results. Another
observation is the fact that shifting from simplified spherical harmonics to the exact model causes
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Table 5: Parameter and method effects on calculations for loading 90.
ERANOS, JEFF-3.1.1
P1 → P3
SP3 → SP5
4-1-2 → 4-0-1 (SPN )
Diffusion (BISTRO) → transport (VARIANT)
Mesh 1 1 1 → Mesh 2 2 2 (diffusion)

∼+200 pcm
no effect
+40 pcm
∼+200 pcm
+200 pcm

a reactivity increase of 200 pcm. Some method and parameter effects are listed in Table 5.
3.5

SVR, Loading 96

The sodium void reactivity for loading 96 was measured using the same core configuration as for
loading 90. The voided region was created into the 3×3 region in the centre of the core. Axially
the voided region covered the whole inner core fuel zone, that is 76.26 cm per half. The first
method to evaluate the reactivity effect was just to calculate the multiplication factor by means of
the VARIANT module and compare the result to the non–voided core. The calculations with simplified spherical harmonics ended up to 6–7 % larger reactivity increase than what was measured
in the real life. With non–simplified spherical harmonics the void reactivity was first overestimated
by 17 %, but introducing the RIIFM1 parameter dropped the discrepancy to less than 3 %.
The perturbation method included in the BISTRO module was another way applied to define
the sodium void reactivity. In this case the capabilities of ERANOS were limited such that the
perturbation function could be used in conjunction with transport method only in 2-D geometry,
whereas the perturbation in three dimensions could be calculated following flux calculations with
diffusion method only. All combinations, 3-D diffusion, RZ diffusion and RZ transport, were
tested. The use of the perturbation tools requires the lattice calculation for both reference and
perturbed cases and naturally the core calculations for both cases. For the reference core adjoint
flux is required, meanwhile direct flux is calculated for the perturbed core. These flux calculations
are performed by the same BISTRO functions that have been used for example in the criticality
calculations as explained above, and the perturbation effect is finally calculated with the function
called simply PERTURBATION.
The perturbation calculation with 3-D diffusion method underestimated the reactivity effect
about 10 % compared to the experimental value. Also the diffusion based perturbation calculation
in RZ geometry gave somewhat underestimated results with 7–8 % less than the experimental
value. The transport based calculation in RZ geometry, instead, suggested reactivity effect of
around 6 % larger than measured.
The geometry and method effects are listed in Table 6. By looking at the result tables one can
notice that shifting from the RZ- to XYZ-geometry affected only a little: the reactivity change
decreased 2.4 % when diffusion method was applied, and in transport calculations the scattering
anisotropy order seemed to affect more than the geometry. Also the 3-D SPN and 2-D SN calculations produced mutually consistent results. The shift from diffusion to transport method in
1

RIIFM = RADIAL INNER ITERATION FULL MATRIX
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Table 6: Geometry and method effects on SVR-calculations for loading 96.
ERANOS, JEFF-3.1.1
RZ → XYZ (BISTRO, diffusion)
RZ (BISTRO, SN ) → XYZ (VARIANT)
RZ diffusion → RZ SN (BISTRO)
Diffusion (BISTRO) → transport (VARIANT)

-2.4 %
-3.3 %. . . +1.6 %
+14 %
∼+200 pcm

RZ-geometry, instead, caused an increase of 14 %.
3.6

SVR, Loading 97

The loading 97 differs from the previous one such that the voided region was much larger: it
comprised 37 drawers per half. Axially it extended over the whole high 240 Pu fuel region, equally
with the loading 96. To compensate for the increased reactivity following the larger voided region,
some Pu-Al-ring drawers were replaced by blanket fuel drawer. Therefore the computational results of loading 90 could not be used as a reference point for sodium void reactivity calculations,
although it is said in the benchmark documentation that void reactivities were relative to loading 90. However, calculations using the loading 90 as the reference produce negative reactivity
changes, whereas the calculations comparing the voided and non–voided loading 97 yield positive
— and thus more credible — figures, some of which are pretty close to the experimental ones.
When calculating the Na-void reactivity based on separate keff variational nodal method calculations in XYZ-geometry with simplified spherical harmonics, the results were roughly 8 %
larger than the measured ones. The P3 4-1-2 including the full-scale iteration with RIIFM parameter and P5 4-1-2 calculations produced the best results again. The 3-D perturbation calculations
instead suggest 6–10 % smaller reactivity effect compared to the experimental value. The mesh
size seemed to be quite significant in this case — at least when doubling the basic mesh density.
Tripling the mesh improved the result only a little.
The method comparison was again enabled by the perturbation calculations in RZ-geometry,
where both diffusion and transport theory were employed. The outcome was the fact that when
compared to the experimental result, the diffusion calculations provided far better results than
those with transport theory, although neither results were particularly close to the reference. The
Na-void effect was 10 % larger than experimental according to the diffusion calculation, but the
transport calculation suggested an increase of 21 %.
On the contrary to calculations on the loading 96, the discrepancies between the methods and
geometries were quite significant, which is illustrated in Table 7. Which is consistent, though,
is the fact that the reactivity effect change from diffusion to transport method was preserved at
around the magnitude, or in numbers 14 % increase versus 10 % within the loading 96.

4

Conclusions

The evaluated reactor physics benhcmark concerning the sodium-cooled fast reactor JOYO was
calculated with MCNP4C and PSG/Serpent Monte Carlo codes, which meant criticality, rod worth,
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Table 7: Geometry and method effects on SVR-calculations for loading 97.
ERANOS, JEFF-3.1.1
RZ → XYZ (BISTRO, diffusion)
RZ (BISTRO SN ) → XYZ (VARIANT)
RZ diffusion → RZ SN (BISTRO)

-16 %
-15 %
+10 %

sodium void reactivity and temperature effect simulations. The results of fluctuating quality were
obtained. In most cases the codes yielded consistent results, but they might have been quite far
away from the experimental reference values. It was also seen that when the sodium void reactivity
effect was calculated, the reactivity changes were too small to be reliably assessed with Monte
Carlo method.
The criticality model and part of the sodium void reactivity analysis included in the ZPR6/7 Na-cooled fast reactor benchmark were calculated using ERANOS-2.2 code with JEFF-3.1
and 3.1.1 nuclear data libraries. The best C/E results of the study with ERANOS were obtained
for sodium void reactivities when variational nodal method with full spherical harmonics was
employed in 3-D geometry, but a few important requirements for calculation parameters were
discovered. The geometry effect was remarkable and the SVR calculations in 2-D cylindrical
geometry produced significantly less consistent results with respect to experimental values. It was
observed that the parameters guiding the ERANOS functions may have major effect on results,
so trials with new parameter sets for two-dimensional SVR calculations might lead to better C/E
results, meanwhile more rigorous perturbation breakdown analysis concerning these calculations
could also provide hints about the factors leading to the large discrepancies.
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Abstract
In the New Type Nuclear Reactors (NETNUC) project, a multidisciplinary consortium of
national and international partners was formed in order to carry out basic research to generate
scientific knowledge needed in the development of new type GenIV reactors and to educate
new scientists in the field. The Supercritical Water Reactor (SCWR) has been selected as one
of the candidate concepts for the new generation (GenIV) of nuclear reactors. Other than the
design concept itself, the choice of construction materials is possibly the most important technical issue. The European type SCWR concept, also known as a High Performance Light Water Reactor (HPLWR), is a Light Water Reactor (LWR) working at supercritical pressure (25
MPa) with a temperature within the core of up to 500 ◦ C. As an evolutionary step from existing
LWRs, it follows the development path of modern coal-fired power plants towards supercritical pressures and steam temperatures of up to 650 ◦ C. The objectives of the NETNUC subproject “Materials performance and degradation” were to assess the performance of potential
candidate materials under the harsh SCWR environment. Based on literature and results obtained during the NETNUC project, the main application for ferritic/martensitic (F/M)-steels
will be the reactor pressure vessel (RPV) and ex-core components, like piping where temperature is low enough (6 400 ◦ C). The austenitic stainless steels were studied for the internals,
fuel cladding and heat exchangers. ODS (Oxide Dispersion Strengthened) steels may be an
alternative to replace austenitic steels at high operating temperatures or severe corrosion environments. However, problems with manufacturing and joining methods of ODS steels need to
be solved. Ni-based alloys can be excluded in the case of core components, since their high Ni
content negatively affects core neutronics due to its effective absorption of neutrons. In order
to understand the behaviour of the metal/oxide film/ coolant system on a theoretical level and
to develop predictive tools for the corrosion behaviour, a model for the distribution of individual metallic constituents (Fe, Cr, Ni, Mn) in the oxide films on steels in supercritical water was
also proposed. Estimates of kinetic and transport parameters of the oxidation process for F/M
and austenitic stainless steels were obtained and predictive calculations of the growth kinetics
of the respective oxides were presented.

1

Introduction

Materials issues are critical to developing new energy concepts with high operating temperatures,
especially involving neutron irradiation. While some of the construction material issues in GenIV
development are concept-specific, many are still common to all or most concepts. Many technologies and facilities such as hot cells are to be developed in addition to new material development itself to meet GenIV requirements and to enable these concepts. Welding and weldability
R&D and manufacturing issues determine the realization of structural components. The SCWR
concept provides high efficiency and is close to current LWRs, and many components can be
adopted straight from supercritical water fossil power plants (SCFPP). The coolant outlet temperature is 500 ◦ C (Fischer et al., 2009). Under current designs, the peak fuel cladding temperature is
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620 – 630 ◦ C and can reach even up to 850 ◦ C in the Canadian SCWR concept (Zhang et al., 2009;
Zheng et al., 2011). The most difficult component is thus fuel cladding. Current LWR Zr-alloys
oxidize too quickly at SCWR temperatures (Sridharan et al., 2004; Jeong et al., 2005), so choices
will be mainly high-performance stainless steel or novel oxide dispersion strengthened (ODS)
alloys. Other core components operate at 500 ◦ C (Fischer et al., 2009), close to the maximum
of conventional austenitic stainless steel. Nickel-based alloys are excluded in core components,
since their high nickel content adversely affects core neutronics due to its high neutron absorption
cross-section.
For thin-walled components such as fuel cladding in SCWR design, corrosion, stress corrosion
cracking (SCC), and creep resistance are among the most severe degradation modes needing to
be understood and controlled. Oxidation rates must be lower than that acceptable for SCFPP
materials due to the thinner walls of SCWR core component designs. In the latest HPLWR design,
fuel cladding and moderator box wall thicknesses are submillimeter (Fischer et al., 2009). Several
papers in the literature consider general corrosion and SCC of SCWR candidate materials. Tests
have been conducted under wide-ranging conditions, but temperatures used in experiments on both
general corrosion and SCC have been lower than the estimated peak cladding temperature (Zheng
et al., 2011; Sun et al., 2009; Bartels et al., 2006; Was et al., 2007). Public data on candidate alloy
creep tests are also available, but not data measured in SCW.
Our objective in the NETNUC project was to clarify high-temperature corrosion and SCC
behavior of numerous SCWR internal candidate materials in SCW. The effect of high-temperature
oxidation on creep strain rate was also of interest. In addition, physico-chemical modelling was
employed in order to understand the effect of alloying elements on oxidation resistance in SCW
conditions.

2

Experimental

The autoclave experiments performed as part of the materials studies in the NETNUC project
included general corrosion tests, stress corrosion cracking tests and creep tests.
In general corrosion tests, the oxide structures were studied using scanning electron microscope (SEM), energy dispersive spectroscopy (EDS) and/or glow discharge optical emission spectroscopy (GDOES), and X-ray diffraction (XRD). The test matrix included a number of materials
from four alloy classes: ferritic/martensitic (F/M) steels, ODS (oxide dispersion strengthened)
steels, austenitic stainless steels and nickel-based alloys. In stress corrosion cracking studies,
some of the materials were tested in SCW using slow strain rate tensile tests (SSRT). Creep tests
were done in a supercritical autoclave in two atmospheres, in supercritical water and in helium for
comparison.
2.1

Experimental Materials and Conditions

The compositions of the studied alloys were measured in most cases using optical emission spectroscopy. More detailed information including nominal compositions of the studied alloys are
presented in Penttilä et al. (2010a,b).
At VTT, most of the general corrosion test specimens were machined into a coupon form with
the dimensions of 25x15x5 mm. Typically all samples were prepared with the same surface finish,
i.e., polished with #1200 SiC paper. Austenitic stainless steel 1.4970 was in the form of thin
walled tube used for the fuel cladding in sodium cooled fast breeder reactors.
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Figure 1: The specimen holder for weight gain test samples (left) and SSRT and creep test specimen with geometry and dimensions (right).
After the tests the corrosion rate was studied by the weight change of the specimens and oxide
thickness measurements using SEM. The specimens were attached to a specimen holder during
the exposure. The specimen holder is shown in Figure 1 (left).
Of the original selection of materials for general corrosion tests, PM2000, 316NG, 1.4970,
BGA4 and 347H were taken for further stress corrosion cracking studies. The SCC tests were
SSRT tests. Samples for the SSRT experiments were electric discharge machined into 30 mm
long plate type tensile specimens with a gauge section of 2.0 by 1.5 mm. The specimen geometry
and dimensions are shown in Figure 1 (right). Before the tests, the gauge sections of the specimens
were polished using standard metallographic techniques.
The test materials for the creep experiments were austenitic stainless steels 316NG, 1.4970
and TP347H. The tests were performed on similar specimens as the SCC tests.
The specimens were exposed to high temperature water in a supercritical autoclave, which
was connected to a recirculation water loop, Figure 2. The maximum working temperature and
pressure of the system at VTT is 700 ◦ C and 42 MPa, respectively. The high pressure loop is
pressurised using a diaphragm pump and a back pressure regulator. The maximum flow rate of the
high pressure loop is 5 dm3 /h. The slow strain rate tests (SSRT) and creep tests were performed
using a step motor controlled loading device.
The weight change tests (general corrosion tests) were conducted in supercritical and subcritical water over the temperature range of 300 ◦ C to 650 ◦ C at 25 MPa. The exposure times
were in some cases up to 3000 hours. The test solution was de-mineralized pure water. During
the experiment the inlet water conductivity was < 0.1 µS/cm (outlet water conductivity changed
from ∼0.5-1.0 µS/cm to < 0.2 µS/cm with increasing exposure time). In normal water chemistry
(NWC) the oxygen content was maintained at 125 ppb. One exposure was done in hydrogen water
chemistry (HWC). The hydrogen content was maintained at 30 cc/kg. After the weight change
measurements, the specimens were studied using SEM in conjunction with EDS and/or GDOES.
The structure of the corrosion layers of selected samples were also characterized by XRD analysis.
SCC susceptibilities of the five selected alloys were studied at 500 ◦ C and 650 ◦ C under SCW
conditions. The samples were strained at a nominal rate of 3·10−7 s−1 . During the SSRT experiments the inlet water conductivity was < 0.1 µS/cm. The inlet oxygen content was maintained
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Figure 2: The supercritical autoclave connected to water re-circulating loop.
between 100 - 150 ppb. After the SSRT experiments, the samples were examined using a SEM
in order to characterize the cracking mode on the fracture and the gauge surfaces. Samples, when
needed, were cross-sectioned in order to determine the nature of the cracking mode on the gauge
section surfaces.
The possible effect of supercritical water on the high temperature creep of the test materials
was studied at temperatures 500 ◦ C and 650 ◦ C and pressure of 25 MPa. One specimen of each
material was tested in an inert helium gas atmosphere at 650 ◦ C for reference purpose. The
constant load creep tests were carried out at two different stress levels. The stress levels for
the creep tests were determined from the slow strain rate tests performed at 500 ◦ C and 650 ◦ C in
SCW.

3
3.1

Results and Discussion
General Corrosion Test Results

The oxidation rate was determined both from weight gain measurements and cross-section samples. The tests were performed mainly in oxygenated water, but a comparison test was also performed in hydrogenated supercritical water. The observed oxidation rates in the hydrogenated
water were similar to those in water with 100-150 ppb O2 . Based on those results, the tests were
decided to be continued using 100-150 ppb O2 .
At 300 ◦ C the weight gains in all materials were too small to be measured and those results
are, thus, not further considered. The weight gains of the alloys tested at VTT at 400 ◦ C, 500 ◦ C
and 650 ◦ C (exposure time 600 h) are shown in Figure 3.
Generally, the tested alloys showed similar trends, i.e., the weight gain was dependent on the
test temperature. F/M steels P91 and P92 and 9% Cr ODS steels showed notable weight gains
already at 400 ◦ C in NWC water. At 500 ◦ C, the weight gains were 3-4 times higher than at
400 ◦ C in both alloy classes. However, temperature increase from 500 ◦ C to 650 ◦ C resulted in a
considerable increase in the weight gain in F/M steels, whereas in 9% Cr ODS steels the weight
gain did not increase or the increase was minimal. In austenitic stainless steel 316NG, the weight
gain was rather small up to 500 ◦ C, but at 650 ◦ C it was almost as high as in the F/M steels. This
indicates that the oxidation mechanism of austenitic stainless steel 316NG changes between those
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Figure 3: The weight gain test results for tested alloys.
temperatures. The weight gain of the 15%Cr 15%Ni austenitic stainless steel 1.4970 was measured
only at 650 ◦ C. The measured weight gain was in the same range as in 9% Cr ODS steels, i.e.,
between that of high chromium or high nickel alloys and austenitic stainless steel 316NG. Similar
weight gains as in 1.4970 were seen also in 347 steel exposed in co-operation at the Joint Research
Centre – Institute for Energy and Transport (JRC-IET). High chromium (20% Cr) and high nickel
alloys, i.e., alloys BGA4, 800H, 625 and 690, showed small weight gains at all temperatures.
At 650 ◦ C (∼30 ◦ C above the estimated fuel cladding temperature of ∼620 ◦ C), the general
corrosion rate in austenitic stainless steels, e.g., 316NG, is in the range of a millimetre/year at
25 MPa pressure assuming linear oxide growth. The conventional F/M steels showed even faster
oxidation rates at 650 ◦ C (1.5 mm/year). Thus 18-10 type austenitic stainless steels or 9% Cr
F/M steels are generally not suitable candidates for thin walled SCWR internal components when
linear growth is assumed, which is the worst case scenario.
Austenitic stainless steel 1.4970, which is used for sodium cooled reactors, has sufficient
creep strength up to 620 ◦ C and acceptable swelling resistance. The general corrosion properties observed within this study are, however, somewhat ambiguous: different oxidation rates were
observed in different locations of the samples. This steel requires further studies.
With respect to general corrosion rate, Alloy 800H, Alloy 625, BGA4 steel and 20% Cr ODS
steel PM2000 seem to have adequate general corrosion resistance for fuel cladding. However
alloys 800H and 625 can be excluded because of high Ni content which cause problems with
neutronics. BGA4 steel and 20% Cr ODS steel PM2000 are acceptable for fuel cladding with
respect to oxidation rate at 650 ◦ C and Ni content. However, it should be noted that F/M steels
and F/M ODS steels (like PM2000) with chromium content above ∼14% are susceptible to 475 ◦ C
embrittlement. The properties of BGA4 steel proved to be unacceptable in SCC studies.
During the project surface cold work was observed to improve the oxidation resistance considerably. A 316L tube sample exposed after machining (without surface polishing) is shown in
Figure 4 (top) together with a tube sample having a surface finished using #600 grit emery paper.
The specimens were exposed to supercritical water at 650 ◦ C for 3000 h. It is noticeable that
the machined sample (top left) has a transparent, very thin, oxide layer. Subsurface microstructures were obtained from FIB cross-sections on both tube specimens (machined and #600-grit
polished). Figure 4 (bottom) shows the distinct difference in the morphology of the corrosion
products on these two samples. The machined surface only formed a very thin surface oxide layer,
and immediately beneath, is a thin layer of fully recrystallized sub-micrometer sized grains. The
specimen with an initially polished surface (#600 grit) formed a thick surface oxide layer, which
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Figure 4: Alloy 316L tube samples after 3000 h exposure under SCW conditions at 650 ◦ C:
Sample a) machined with blunt edge hard metal cutting tool, and b) surface finish after machining
with #600 emery paper.
is composed of iron oxide. This was further confirmed also by TEM analysis. Severe internal
oxidation also occurred beneath the oxide layer of the #600 grit polished specimen, and extended
deep into the substrate. The internal oxidation is also associated with the formation of voids at
grain boundaries, which will no doubt degrade its mechanical properties.
The reason for the slow oxidation of the surface cold worked specimen is assumed to be the
high defect density in the surface layer resulting in a more homogeneous diffusion than in solution
annealed and/or polished surfaces that have slow bulk diffusion inside the grains and fast diffusion
along the grain boundaries. To benefit from such surface modification, the type and amount of
residual strain near the surface should be just enough for this layer of material to dynamically
recrystallize at the initial stage of SCW exposure. Either too much residual strain or too high a
SCW exposure temperature could result in grain growth, and diminish such a benefit.
3.2

Stress Corrosion Test Results

For the thin-walled components in the design of an SCWR, stress corrosion cracking is anticipated
to be an important degradation mode that needs to be understood and controlled.
Austenitic alloys, 316NG, 347H, 1.4970 and BGA4, and F/M ODS steel PM2000 were tested
in SCW between 100 – 150 ppb of dissolved oxygen content at temperatures of 500 ◦ C and 650 ◦ C.
The tests were SSRT tests using a strain rate of 3·10−7 s−1 . Stress-strain curves of the tested specimens at 500 ◦ C and 650 ◦ C are shown in Figure 5 (left) and (right), respectively. All austenitic
stainless steels exhibited strain hardening at 500 ◦ C although the degree of strain hardening of
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1.4970 was rather low. The low degree of strain hardening results from cold work done when
the fuel element from which the SSRT specimens were cut was prepared. Typically all austenitic
stainless steels behave in the same way as 1.4970 after cold work. Cold work also decreases
the strain to failure, which can be seen in Figure 5 (left) when 1.4970 steel is compared to the
other austenitic stainless steels which were in solution annealed condition. The oxide dispersion strengthened steel PM2000 shows two different yielding values because the specimen was
loaded using a strain rate of 3·10−8 s−1 in the beginning after which the strain rate was changed to
3·10−7 s−1 (at about 10% strain). The sudden increase in the stress level when the strain rate was
changed indicates that there is a time dependent component present in the stress-strain behaviour,
i.e., creep. The PM2000 specimen did not show any considerable strain hardening.
When Figures 5 (left) and (right) are compared, it is evident that the test temperature has a
considerable influence into the stress-strain behaviour of all of the tested alloys. All strength
values have decreased considerably as the test temperature has been increased from 500 to 650 ◦ C
(strain rate was the same, 3·10−7 s−1 , in both cases). Especially remarkable decrease has taken
place in the yield stress of PM2000, which has decreased to ∼1/3. The reason for this decrease is
not clear at the moment. The material suppliers’ data sheet give a yield strength of ∼300 MPa at
600 ◦ C and ∼200 MPa at 700 ◦ C (Plansee PM2000 technical data sheet, 2012). The decrease in
the yield stress was confirmed by performing a second test (interrupted at 16% strain) using the
same test parameters, Figure 5 (right).
Post test SEM studies of the SSRT specimens showed that 347H, 316NG and 1.4970 are
possibly slightly susceptible to SCC at 500 and 650 ◦ C. No clear SCC was observed on the fracture
surfaces, but on side surfaces there were small cracks of which the morphology, however, could
not be identified. The exception is the case of 316NG,which had both inter and transgranular
cracks, IGSCC and TGSCC. The experimental creep resistant steel BGA4 specimen contained a
considerable amount of IGSCC both on the fracture surface and the side surfaces after the test at
500 ◦ C. Due to the SCC susceptibility, this steel was not tested at 650 ◦ C. At 500 and 650 ◦ C,
PM2000 did not show any susceptibility to SCC at all. Necking occurred until the specimen failed
(i.e., the fracture location was almost “knife edge” sharp). However, the observed maximum
stresses on PM2000 specimens remained considerably lower than expected based on the material
suppliers creep and tensile data.
The tested austenitic stainless steels 1.4970, 347H and 316NG appear to be rather resistant
to SCC when compared to the resistance of BGA4. BGA4 had a lot of secondary cracks on the

Figure 5: Stress-strain curves for the studied alloys under SCW conditions at 500 ◦ C (left) and
650 ◦ C (right).
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gauge section and clear intergranular cracking on the fracture surface after the SSRT test at 500 ◦ C.
Because of the SCC susceptibility, no further tests were performed at higher temperature on this
alloy. The other tested stainless steels showed no clear SCC susceptibility either at 500 or 650 ◦ C.
However, the SSRT results on PM2000 are not in line with the creep strength specifications of
the ODS alloy. Thus, more studies are needed in the behaviour of high Cr F/M ODS steels in
supercritical water.
Also, the main problems of the ODS materials are that they are difficult to weld, and expensive
to manufacture. Indeed, ODS alloys have been investigated in the near past for non-nuclear applications but the state of the knowledge is far from being sufficient for nuclear applications. It is also
evident that fabrication of ODS alloy at industrial level is one of the most important challenges
to be faced. A possible route for the fuel cladding development, if ODS steels appear not to be a
suitable solution, may be coating of austenitic stainless steels or F/M steels.
3.2.1

Modelling of General Corrosion

Corrosion resistance is one of the key requirements for the candidate materials to be used in
SCWR and thus necessitates understanding the corrosion mechanisms of alloys at high temperatures and pressures. In order to understand the behaviour of the metal/oxide film/coolant system
on a theoretical level, physical-chemical modelling is of utmost importance.
Oxidation modelling based on the original approach in the NETNUC project proved to be difficult. In-situ electric impedance measurements of the oxidation processes were impossible to be
performed. Typically the electric impedance method yields information about the ionic processes
taking place during oxidation. However, in supercritical water the oxides appear to be electrically
conductive, which prevents the measurement of ionic processes. A so called backwards calculation method was proposed for the future studies. This method is based on the measured oxide
composition (EDS, GDOES or some other analysis method applicable for the post exposure oxide
structure characterization) and diffusion rates of the elements.
The method was used in order to obtain estimates of kinetic and transport parameters for
the oxidation of AISI 316L(NG) and F/M steel P91 in SCW conditions. The predictions of the
model were compared with the experimentally measured depth profiles of the elements in the
oxide. At this point, the types of the defects in the oxides, via which the respective metallic
elements are transported through the inner layer of the oxides, are not distinguished. Thus, the
reaction rate constant at the alloy/inner layer interface for different elements e.g. for Fe (k1,F e )
can be regarded as a sum of the reaction rate constants of oxidation of Fe. On the other hand,
the diffusion coefficients DCr , DFe , DNi and DMn can be regarded as characterising the overall
transport of cations through the inner layer.
According to the PDM and MCM models (Point Defect and Mixed Conduction models, respectively) (Penttilä et al., 2011; Betova et al., 2008) the inner layer growth proceeds via the
sequence of reactions involving the generation of normal cation positions and injection of oxygen vacancies at the alloy/film interface, their transport via a diffusion-migration mechanism and
subsequent consumption at the film/electrolyte interface via a reaction with adsorbed water. In
parallel to that process, metal cation dissolution through the layer, involving either the generation
of cation vacancies at the outer interface, their transport and consumption at the inner interface,
or generation, transport and consumption of interstitial cations, respectively, is also expected to
occur. Due to the low solubility of the constituent metals in the high-temperature SCW, the dissolved cations are expected to mainly redeposit and form the outer layer, or react directly with
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Figure 6: Measured and calculated (solid line) in-depth concentration of metallic elements on
oxide films formed on F/M steel P91 (left) and AISI316L(NG) (right) at temperature of 700 ◦ C
after 100 h exposure in SCW as function of distance from the metal film (M/F) interface.
water and/or oxygen at the compact layer/water interface to form the outer part of the oxide.
In the case of SCW, in analogy to what has been found in subcritical water at temperatures
above 150 ◦ C, the large number of defects in the oxide films at high temperatures is not likely to
support the high electric field conditions. Depending on the magnitude of the electric field strength
the mathematical treatment of the transport process should be carried out in a different way. Thus
the low-field approximation of the generalised transport equation given by Fromhold Jr. and Cook
(1967) is used in the present study. More detailed description of the equations used in this work
(i.e. transient diffusion-migratation equations for each metallic element and boundary condition
equations at both interfaces) are presented in Penttilä et al. (2011).
Figure 6 shows the in-depth concentration of metallic elements as molar fractions normalized
to the total amount of metallic elements to exclude the influence of the oxygen profile on their
distribution on both steels as an example at 700 ◦ C. The calculated depth profiles are shown as
solid lines. Based on the depth profiles at different temperatures (500, 600 and 700 ◦ C), the
extent of the Cr enrichment in the inner layer on P91 seems to be independent on temperature. Cr
enrichment reflects the preferential oxidation of this element and its slower transport rate through
the inner oxide. Nickel is enriched both in the inner layer and at the inner layer/alloy interface,
which reflects both its slower oxidation and transport rate through the inner oxide. Contrary to Cr
and Ni, Mn is rather strongly enriched in the outer layer of the oxides at all three temperatures.
This phenomenon reflects the fact that the transport rate of Mn in the oxide is noticeably higher
than that of Cr or Ni. The extent of Cr enrichment in the inner layer on AISI 316L(NG) is in
general smaller at 600 and 700 ◦ C than at 500 ◦ C. The inner oxide at 500 and 700 ◦ C is also
enriched in Mn. Both Cr and Ni are practically absent in the outer layers on the two materials,
which are composed of Fe with a certain amount of Mn. Alternatively, it could be due to the fact
that Cr and also Ni are retained in the inner layer due to their slower transport rate in comparison
to Fe.
A successful model for the oxidation behaviour of candidate structural materials in SCWR environments should be able to predict the growth of the oxide with time of exposure. In the present
approach, a growth law derived from both the PDM and MCM (Betova et al., 2008; Macdonald,
1999) and previously employed to predict oxide film growth on austenitic materials in nuclear
power plant coolants at subcritical temperatures (Betova et al., 2008, 2009b,a, 2010) has been
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adopted for the inner layer:

1 
Li (t) = Li (t = 0) + ln 1 + Vm,MO (k1,Cr yCr,a + k1,Fe yFe,a + k1,Ni yNi,a ) be−bLi (t=0) t ,
b

(1)

where
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It is noteworthy that this equation is valid subject to the assumption that the transfer coefficients
for all the reactions at the alloy/inner layer interface are equal to α1 . For the outer layer, a parabolic
law was derived starting from the hypothesis that its growth can be approximated by a linear
diffusion-like mechanism. Indeed, as the outer layer is experimentally found to be containing
mainly Fe (Betova et al., 2006), we propose that the growth rate of this layer is proportional to the
apparent diffusional flux of Fe, Jdiff,Fe :
b=
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∆yFe = yFe (LO , t) − yFe (Li , t) =






1
k3Fe
RT
− 1 k1Fe yFe,a Vm,MO
+
.
~ Fe
kOLFe
k3Fe XF ED

(3)

(4)

Integrating Equation 1 from 0 to t and from 0 to Lo , the growth law for the outer layer is
obtained in the formation
s




k3Fe
RT
1
Lo (t) = 2DFe,OL t
− 1 k1Fe yFe,a Vm,MO
+
,
(5)
~ Fe
kOLFe
k3Fe XF ED
i.e. it can be expressed in terms of the rate constants and diffusion coefficients for Fe in the inner
and outer layers, respectively.
The predictions of the model Equations 1 and 5 were compared with data on the evolution
of layer thickness with time. The ability of the present sets of parameters to predict the layer
thickness vs. time for AISI 316 and F/M steels compatible with P91 (i.e. T91 and P92) is demonstrated in Figure 7. The data compiled in the Figure 7 were taken from Was and Allen (2005);
Was et al. (2006); Ampornrat and Was (2007); Yin et al. (2009). The overall layer thickness given
by the sum of Li (t) and Lo (t) is plotted in Figure 7 with solid lines for all the studied cases.
Notwithstanding the fact that a compilation of data stemming from exposure of different materials
at different temperatures has been used, the solid lines shown in Figure 7 demonstrate a fairly
good agreement between the experimentally estimated thicknesses and model predictions. To the
best of our knowledge, this is the first time in which a combination between a direct logarithmic
type law for the inner layer and a parabolic growth law for the outer layer has been tested for
the SCW oxidation of steels and associated materials, the usual laws reported being near-cubic
(Was et al., 2006; Ampornrat and Was, 2007; Tan et al., 2010). The lack of a fully quantitative
agreement between model and experiment can be explained in several ways, including the fact
that a possible cracking of the inner layer that would lead to a decrease in the available surface
area for metal oxidation to proceed, has not been taken into account in the derivation of the model,
and neither has been the roughness of the alloy/inner layer interface. Also, as stated in a previous paper of ours (Betova et al., 2007), for lower temperatures in the supercritical regime (i.e.
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Figure 7: Corrosion layer thickness vs. time data for AISI 316L (left) and 9% Cr F/M steels
(P91 and P92H, right) in SCW water at 400–600 ◦ C (symbols) and calculated curves according to
the model (solid lines). Experimental data taken from Was and Allen (2005); Was et al. (2006);
Ampornrat and Was (2007); Yin et al. (2009).
400–450 ◦ C), a complete analogy with the oxidation process in subcritical high-temperature water
has been observed. Conversely, in the high supercritical regime (600–700 ◦ C), the kinetics of oxidation, as well as the composition, electrical properties, structure and morphology of the corrosion
layers have been found to be analogous to that in dry and especially wet air oxidation. Thus in
this regime, a comprehensive description of oxidation should probably include the variation of
the microstructure, the generation and relief of stress in the oxide layers that would lead to oxide
cracking, development of internal porosity, etc. It has to be emphasised that the temperature of the
transition between aqueous-type and wet gas-type corrosion mechanisms is most likely material
specific, as also shown by the results of the present investigation.
The backward calculation procedure based on MCM appears to be usable in order to estimate the kinetic constants and diffusion coefficients of individual alloying components for oxide
films forming processes on F/M steel P91 and AISI 316L(NG) stainless steel in SCW. Thus the
described calculation results demonstrate that the proposed framework can serve as a modelling
approach to the growth of the oxide films. The apparent next step following this study is to adopt
this calculation procedure to kinetic and transport parameters for long-term experiments in order
to test the ability of the proposed approach to predict much thicker oxide layer compositions.
Further modifications of the model to allow for the co-existence of different phases in the oxide
layers, as well as for internal oxidation processes, are in progress and will be communicated in the
near future.
3.3

Creep Test Results

The creep tests were done in a supercritical autoclave at the temperatures of 500 ◦ C and 650 ◦ C
and 25 MPa pressure. The testing time for the autoclave tests was limited to max. 500 h. All
the materials were tested in two atmospheres, in supercritical water and in helium. The main
objective of the creep testing was to answer the question whether the oxide formation process in
supercritical water has an effect on the creep rate. Based on the results, the oxidation enhances the
creep rate at least in the primary stage of the creep process of thin walled components.
To equalise the method to determine the strain rates, linear fits were done to the curves. An
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example of the linearization of 347H test data is shown in Figure 8. The fits seem to result in
applicable average strain rates for comparison purposes. As can be seen in Figure 8, the strain rate
in SCW was considerably higher than in He.
The strain rate comparisons for both stress levels at 650 ◦ C are collected in Table 1. More
detailed description of the creep studies and results are presented in Penttilä et al. (2010b).
The oxidation process seems to enhance the creep rates, so this should be taken into account
in the design phase. However, this is probably the first study where this phenomenon has been
observed, so further studies are needed and the phenomenon should be verified independently by
another laboratory. There is always the possibility, that the observed phenomenon is an artefact of
the testing method or the equipment used in the tests.

4

Conclusions

Results of material testing carried out in the frame of the Academy of Finland project NETNUC
showed that identification of the fuel cladding material operating in supercritical water conditions
is one of the most critical issues due to very high surface temperatures foreseen for fuel and its
cladding exposed to SCWR conditions (T > 600 ◦ C). Currently, there is no commercially available
low Ni material licensed for reactor use which would sustain long term exposure in supercritical
water at temperatures higher than 600 ◦ C. The reason is either poor corrosion and SCC resistance
or poor mechanical properties in high temperature environments. ODS steels seem to be the
most promising materials for applications in high temperature supercritical water environment,
but their commercial production was either stopped (e.g. MA956, MA957 or PM2000) or their
development is still under way. Eurofer 97 ODS steel is the only ODS steel licensed for application
in the nuclear industry, however its general corrosion resistance is not acceptable at temperatures
above 500 ◦ C under SCW conditions.
Appropriate modification of the surface layer microstructure can improve corrosion resistance
of stainless steels significantly, as seen in the 316L samples that were tested in the as-machined
conditions. The machining introduced significant sub-surface plastic deformation, which led to
recrystallization and grain-refining. There was much less oxide formed on the as-machined finegrained samples than on the polished samples. The mechanism for improved corrosion resistance
is considered to be associated with enhanced diffusion of Cr to the metal surface through the

Figure 8: Strain as a function of test duration for 347H steel both in SCW and He. The test
temperature was 650 ◦ C and the stress level 215 MPa.
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Table 1: Creep strain rate comparison of the test materials loaded to both lower and higher stress
levels at 650 ◦ C in SCW and He.
650 ◦ C

Strain rate SCW/He

316NG: 130 MPa
316NG: 90 MPa
347H: 149 MPa
347H: 215 MPa
1.4970: 200 MPa
1.4970: 250 MPa

1.6
2.5
1.2
2.4
≈1
≈1

grain-boundaries, which serve as short-cuts for Cr transport.
In the present work, also a model approach to the growth and restructuring of bilayer oxides
on structural materials has been adapted to describe quantitatively the oxide growth kinetics and
the in-depth distribution of individual metal constituents on a ferritic steel (P91) and an austenitic
stainless steel (AISI 316L) as depending on temperature (400–700 ◦ C) in a simulated supercritical
water coolant. Using a trial-and-error computational method, estimates of the kinetic constants of
the interfacial reactions of oxidation, as well as diffusion coefficients of the individual constituents
(Fe,Cr, Ni and Mn) in both the inner and outer layers of the respective steels were obtained. The
validity of the proposed approach was tested using sensitivity analysis to explore the relevance
of the respective parameters, and its ability to reproduce film thickness vs. time data at several
temperatures was also successfully demonstrated.
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Betova, I., Bojinov, M., Kinnunen, P., Penttilä, S., and Saario, T. (2007). Surface film electrochem-

116

New Type Nuclear Reactors (NETNUC) 2008–2011 Final Report

istry of austenitic stainless steel and its main constituents in supercritical water. The Journal of
Supercritical Fluids, 43:333–340.
Fischer, K., Schulenberg, T., and Laurien, E. (2009). Design of a supercritical water-cooled reactor
with a three-pass core arrangement. Nuclear Engineering and Design, 239:800–812.
Fromhold Jr., A. T. and Cook, E. L. (1967). Diffusion currents in large electric fields for discrete
lattices. Journal of Applied Physics, 38:1546–1553.
Jeong, Y. H., Park, J. Y., Kim, H. G., Busby, J. T., Gartner, E., Atzmon, M., Was, G. S., Comstock,
R. J., Chu, Y. S., da Silva, M. G., Yilmazbayhan, A., and Motta, A. (2005). Corrosion of
zirconium based fuel cladding alloys in supercritical water. In 12th International Conference
on Environmental Degradation of Materials in Nuclear Power Systems – Water Reactors, Salt
Lake City, USA, April 14-18.
Macdonald, D. D. (1999). Passivity-the key to our metals-based civilization. Pure and Applied
Chemistry, 71:951–978.
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BioNuclear - Refinery – A Concept for Integration of Nuclear
Heat and Biorefineries1
Petteri Kangas, Iiro Auterinen and Pertti Koukkari
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Abstract
BioNuclear - refinery is a concept for utilizing heat, electricity or hydrogen of a nuclear
power plant in a nearby biorefinery. Traditionally biorefineries, such as pulp mills, have been
self-sustaining in energy. However major part of the biomass is used for producing steam, heat
and electricity, and to support the integrated process industry. Black liquor, bark, sawdust and
other residuals have mainly been used for energy production.
In the new developed concept, the energy demand of integrated processes will be fed by
near-by nuclear power plant. The carbon in biomass will be fully utilized. This leads to
increased amount of added-value products from the same amount of biomass. The possible
products are bio-based fuels, chemicals, composites and gas in addition to more traditional
ones, such as pulp, paper, timber, and plywood.
The aim of this BioNuclear - refinery concept is to increase the yield and the value of biobased products. There is limited amount of bio-mass available in the world, and it should be
lucrative to fully utilize the possibilities of this limited resource. Presented concept is based
on the technologies which are currently available or at least pilot-scale: 3rd generation nuclear
power plants and current biorefining technologies. In the future, the concept will be further
developed to cope the situation in 2050, when new 4th generation high temperature reactors
should be available and there is even increasing need to reduce the carbon dioxide emissions.

1

Introduction

Demand to increase to usage of bio-based fuels, bio-chemicals and other bio-based products is
higher year after year. This is due to the goal of reducing carbon dioxide emissions and to delay global warming (Huber and Dale, 2009; European Commission, 2006). Bio-based products
can also increase self-sufficiency and reduce dependency of imported oil and coal, which is also
considered an important factor.
Based on these trends following assumptions are set for our study: (i) Chemical industry and
transportation will be based on hydrocarbons in the future too. Hydrogen and electricity can not
subsidise hydrocarbons completely, (ii) Bio-based hydrocarbons will be more and more suitable
option both economically and politically, (iii) Locally, like in Finland, bio material will be widely
available. Today annual growth in forests in Finland is 90 million m3 (Peltola, 2006) and additional
agro-based biomass is also available, and (iv) Forest sector owns remarkable amount of nuclear
energy. For example 25 % of electricity UPM-Kymmene is using in Finland is nuclear based and
company owns hundreds of megawatts nuclear power (UPM-Kymmene, 2009).
Based on these assumptions, our hypothesis is that nuclear energy also as form of heat and
steam can be effectively used to boost the production of value-added bio-based products and fully
use the possibilities of biomass.
1

Reprint of a poster presentation in the 2nd Nordic Wood Biorefinery Conference, 2–4 September 2009, Helsinki,
Finland.
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Possibilities

Finland is used as an example case in this study, due to the facts that it has been world leading
country in forest product technology and also very active in the field of nuclear energy. In addition,
the current locations of nuclear power plants make energy integration possible: from Olkiluoto to
Rauma pulp mill it is 15 km and from Simo to Veitsiluoto and Kemi is 5-15 km. See Figure 1.
These distances are comparable to Imatra pulp mills, where steam, water and chemicals are transported approximately 5 km. Kemi and Rauma will be used as example cases of this study and
BioNuclear-refinery concept.
When 3rd generation nuclear power plants are considered, there will be approximately 1000 MW
heat available at temperature level 140–180 ◦ C. This corresponds to the plans for using nuclear
energy from Loviisa nuclear power plant for district heating in the Helsinki metropolitan area.
Distance is 80 km from Loviisa to Helsinki. Internationally nuclear heat has already been used
for district heating at the power level of 100 MW, and for integrated process industry at the power
level of 20 MW. The benefit is that if also heat produced at a nuclear power plant is used, the efficiency of plant would be increased from about 35 % to 60 %. Integrated heat production means
needs for changes in the turbine section of a nuclear power plant but is manageable. (Fennovoima,
2008; Fortum Power and Heat Oy, 2008)
In the future, when 4th generation high temperature reactors will be installed, there will be
several hundreds of MW available at temperature levels from 500 ◦ C up to 1000 ◦ C (Billot and
Barbier, 2004).
1.2

Methodology

This study is based on published literature and mill data.

Figure 1: Kemi and Veitsiluoto biorefinery sites and proposed Simo nuclear power plant site
(left). Rauma biorefinery site and current Olkiluoto nuclear power plant site (right). Map data
c OpenStreetMap and contributors, CC-BY-SA.
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2

Results

Biorefining is energy intensive industry. Major part of the bio-material used in forest product
industry is used for producing heat, steam and electricity (Nykänen, 2009; Pohjois-Suomen ympäristölupavirasto, 2007c; Länsi-Suomen ympäristölupavirasto, 2006a). On the other hand the
efficiency of nuclear power plants in producing only electricity is low, under 40 % (Fortum Power
and Heat Oy, 2008). There are, in practice, none real example of full-scale usage of nuclear heat
or steam in near-by process industry, only ~20 MW has been used in integrated process industry
(Fortum Power and Heat Oy, 2008). However multiple usages for nuclear heat in integrated process industry are presented, such as water desalination, tar and sand oil recovery, petrochemical
refining (see: “Nuclear Process Heat”), coal liquefaction (Inaba et al., 2000), hydrogen production
(Auterinen and Kangas 2008; “Nuclear Process Heat”).
2.1

Biorefining Processes

Current biorefining processes, such as pulp and paper making and sawmills are using rather mild
temperatures for their processes. Temperature demand for these processes is usually below 250 ◦ C.
The most energy intensive processes are cooking and evaporation when pulp mill processes are
considered. Pulp drying and paper making are as well energy intensive processes: a lot of energy
is used to remove water from dried pulp and paper. Temperature ranges of current biorefining
processes can be seen in Figure 2. Typical characteristic energy demand of those processes can be
seen in Table 1.

Figure 2: Temperature ranges of current and future biorefinery processes. Processes from Wood
handing to Sawmill are current processes (Nykänen, 2009), and processes beyond that are future
processes. (Girisuta, 2007; Larson et al., 2006; Huber and Dale, 2009; Teles and Fernandes, 2008)
3rd generation nuclear power plant can deliver heat up to 250 ◦ C and 4th generation nuclear power
plant up to 1000 ◦ C.
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Table 1: Typical energy demand of different biorefining processes. Heat is supplied as low and
medium pressure steam. Data of traditional processes is from Veitsiluoto. Note that values for
saw mill products are GJ/m3 and MWh/m3 . All data from Nykänen (2009).
Process

Steam, LP
(150 ◦ C @ 3.8 bar)
[GJ/t]

Saw mill
Paper machine
Pulp drying
Recovery boiler
White liquor
Evaporation
Bleaching
Cooking
Wood handling

1.1
4.0
3.6
0.6
0.1
3.7
1.2
0.8
0.1

Steam, MP
(240 ◦ C @ 12 bar)
[GJ/t]

Electricity
[MWh/t]
0.1
0.6
0.5
0.7
0.7
0.7
0.7
0.7
0.7

0.1
0.3
0.1
0.7
0.6
1.0

When future biorefining processes are considered, the temperature ranges are higher, from 100
C of bio-ethanol distillation to 1000 ◦ C of black liquor gasification. See temperature ranges in
Figure 2. Characteristic energy demand of future processes is unclear. Distillation processes need
energy, but gasification and pyrolysis processes may be operated exothermic and heat is available
from these processes. Data for future processes are qualitative estimates, see Table 2.
◦

2.2

Nuclear Reactor Types

Current nuclear reactors, such as light water reactor, could produce heat for integrated processes
up to 250 ◦ C (Auterinen and Kangas, 2008). Finnish nuclear power operators are promising heat
Table 2: Typical energy demand of different future biorefining processes. Heat is supplied as low,
medium and high pressure steam. Data for future processes are qualitative estimates.
Process
Black liquor gasificationa
Biomass gasificationa
Biomass pyrolysis
Biomass hydrolysisb
Hydrocrackingc
Fischer-Tropsch synthesisd
Other bio-products distillation
Bio-ethanol distillation
a
b
c
d

Reference:
Reference:
Reference:
Reference:

Steam, LP
(150 ◦ C @ 3.8 bar)
[GJ/t]

Steam, MP
(240 ◦ C @ 12 bar)
[GJ/t]

−

−−
−−

+
+

Larson et al. (2006).
Girisuta (2007); US5608105 (1997).
Teles and Fernandes (2008).
Shah et al. (1988).

+
−
+

Steam, HP
(~350 ◦ C @ 130 bar)
[GJ/t]
−−
++
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Figure 3: Temperature ranges of current and future nuclear reactor types (Auterinen and Kangas,
2008).

up to 180 ◦ C available for the 3rd generation plants (Fortum Power and Heat Oy, 2008). Even this
temperature level is sufficient for major part of current biorefining processes, compare Figures 2
and 3.
In the future, the new reactor designs will emerge. Sodium-cooled reactors and those using
supercritical water can provide heat up to 500 ◦ C. In gas cooled reactors temperatures are up to
800 ◦ C and very-high temperature reactors operate levels up to 1000 ◦ C. (Auterinen and Kangas,
2008) See Figure 3. However, a lot of studies and development are still needed before the 4th
generation reactors are available. First prototypes will operate 2020 and full-scale reactors could
be available 2050 (Storrer, 2008; Anzieu, 2008).
Hundreds of megawatts of heat is available from the current and future reactors. Approximation is that when 5 MW nuclear heat is produced at the same time 1 MW electricity is lost (Fortum
Power and Heat Oy, 2008). This also defines the minimum economical value of nuclear heat.
2.3

Energy Usage in Current Biorefineries

Estimate of total heat usage of Kemi biorefineries (Kemi and Veitsiluoto together) is 21 PJ annually. In addition, 1.6 TWh electricity is used annually. Data is from years 2005–2008. (Nykänen,
2009; Pohjois-Suomen ympäristölupavirasto, 2007a,b,c,d). Rauma biorefinery is using 16 PJ heat
and 2.7 TWh electricity annually. Data is from year 2004. (Länsi-Suomen ympäristölupavirasto,
2006a,b).
These figures mean that average heat power to current refining processes is 670 MW at Kemi
and 490 MW at Rauma. Average electric power is 180 MW at Kemi and 300 MW at Rauma.
Mechanical pulping is using noticeable part of electrical energy at Rauma, which can be seen
when comparing Kemi and Rauma figures in Table 3. When monthly changes are considered,
the heat energy usage was 14 % higher than average during winter months and 10 % lower than
average during summer months (Nykänen, 2009).
Current biorefineries are producing major part of the energy by themselves. A great deal
of biomass is used for production of heat, steam and electricity. When Kemi biorefineries are
considered 65 % of heat used is produced by burning the black liquor, 20 % of heat is produced
by burning biomass and 15 % is produced using fossil fuels. 71 % of electricity is produced by
refineries themselves, and 29 % is purchased from the grid. (Nykänen, 2009; Pohjois-Suomen
ympäristölupavirasto, 2007a,c,d), Table 4.
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Table 3: Heat and electricity usage of Kemi and Rauma biorefineries as well as annual production.
Site

Heat
[PJ/a]

Electricity
[GWh/a]

Chem.
pulp [t/a]

Mech.
pulp [t/a]

Paper and
board [t/a]

Timber
[m3 /a]

Ref. Year

Kemia
Veitsiluotob
Raumac

10.9
10.5
15.5

580
1 050
2 660

530 000
330 000
520 000

120 000
430 000

360 000
870 000
1 050 000

120 000
140 000

2005 & 2006
2008
2004

a
b
c

Reference: Pohjois-Suomen ympäristölupavirasto (2007a,b,c).
Reference: Nykänen (2009).
Reference: Länsi-Suomen ympäristölupavirasto (2006a,b).

Table 4: Heat and electricity generation of Kemi and Rauma biorefineries. Energy is generated
using black liquor, other biomass and fossil fuel.
Site

Black liquor
[PJ/a]

Biomass
[PJ/a]

Fossil
fuels [PJ/a]

Total
heat
[PJ/a]

Electricity
produced]
[GWh/a]

Electricity
bought
[GWh/a]

Ref. Year

Kemia
Veitsiluotob
Raumac

9.0
5.0
9.5

1.8
2.4
< 4.4

0.1
3.1
> 1.6

10.9
10.5
15.5

560
590
< 1 160

20
460
> 1 500

2005 & 2006
2008
2004

a
b
c

Reference: Pohjois-Suomen ympäristölupavirasto (2007a,b,c).
Reference: Nykänen (2009).
Reference: Länsi-Suomen ympäristölupavirasto (2006a,b); “Rauman Voiman Voimalaitos”. No annual
data available from Rauman Voima Oy power plant. Estimates are made based on the energy balances.

Rauma biorefinery is producing 61 % of heat energy by burning black liquor, 28 % is biomass
based and 11 % is based on fossil fuels. 44 % of electricity is produced by refineries and
56 % is bought at Rauma. (Länsi-Suomen ympäristölupavirasto 2006a,b; “Rauman Voiman
Voimalaitos“), Table 4.
2.4

Energy Usage in Future Biorefineries

Four different possibilities of future biorefining technologies are reviewed. These include black
liquor gasification (Larson et al., 2006), dimethyl ether and Fischer-Tropsch diesel production
(Larson et al., 2006), and ethyl levulinate production (Hayes et al., 2006). Dimethyl ether, FischerTropsch diesel and ethyl levulinate can be used as transportation fuels. When used processes
are considered, black liquor gasification is used for dimethyl ether and Fischer-Tropsch diesel
production. Additional biomass gasification is used for Fischer-Tropsch case. This biogas is used
in gas turbine to produce electricity. (Larson et al., 2006) Ethyl levulinate is produced using
biomass hydrolysis. In addition distillations are needed in this process. (Hayes et al., 2006) Note
that ethyl levulinate production is not integrated in pulp mill in this case. These figures are based
on the literature. No mill data is available, not even from pilot plants.
All technologies which are based on the black liquor gasification are installed as part of typical
pulp and paper mill. Heat energy usage of this biorefinery is from 15 to 17 PJ annually. Electricity
is used from 0.9 to 1.2 TWh annually. (Larson et al., 2006) Ethyl levulinate production requires 8
PJ heat energy and 0.1 TWh electric energy (Hayes et al., 2006). See Table 5. These figures mean
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Table 5: Heat and electricity usage of future biorefinery concepts as well as annual production.
Process

Heat
[PJ/a]

Electricity
[GWh/a]

Chem. pulp
[t/a]

Paper and
board [t/a]

Current designa
Black liquor gasificationa
Dimethyl ethera
Fischer-Tropsch diesela
Ethyl levulinateb

15.2
15.2
16.3
17.1
8.3

940
1 060
1 180
1 160
100

580 000
580 000
580 000
580 000

630 000
630 000
630 000
630 000

a
b

Liquid
fuels [t/a]

90 000
80 000
140 000

Reference: Larson et al. (2006).
Reference: Hayes et al. (2006).

Table 6: Energy sources and heat and electricity generation of future biorefinery concepts. Energy
is generated using black liquor, other biomass and fossil fuel.
Process
Current designa
Black liquor gasificationa
Dimethyl ethera
Fischer-Tropsch diesela
Ethyl levulinateb
a
b

Black
liquor
[PJ/a]

Biomass
[PJ/a]

Fossil
fuels
[PJ/a]

Total
heat
[PJ/a]

Electricity
produced
[GWh/a]

Electricity
bought
[GWh/a]

12.4
11.1
11.1
11.1

1.8
2.6
4.1
4.9
7.1

1.0
1.5
1.1
1.1
1.2

15.2
15.2
16.3
17.1
8.3

630
1 180
310
1 040
130

310
-120
870
120
-30

Reference: Larson et al. (2006).
Reference: Hayes et al. (2006). Process uses ethanol and hydrogen as raw materials. These are marked
as fossil fuels, even they can be produced from biomass.

that future biorefineries are using significant amount of thermal energy, from 260 MW to 540 MW
total. Need for electrical power for producing ethyl levulinate is small, only 6 MW. However those
biorefining process which are integrated to pulp and paper mills need much more electrical power,
from 60 MW to 75 MW.
All heat is produced by biorefineries themselves. Biomass is used for producing heat, steam
and electricity. From 65 % to 73 % of heat is produced by black liquor gasification, biomass is
used 15-17 % and reset is based on fossil fuels. When ethyl levulinate is produced 86 % of energy
is based on biomass. See Table 6.
2.5

BioNuclear-concept

Next a general BioNuclear-refinery -concept is presented, see Figure 4. It is based on the current
biorefining technologies, such as pulp and paper making and sawmills. Fischer-Tropsch synthesis
is also approved technology, used how ever mainly in coal based applications. Wood extraction,
extract conversion, wood modification and biomass gasification and anaerobic fermentation are
technologies currently under development.
BioNuclear-refinery can produce new value added products such as wood composites, sugarbased polymers and chemicals, biogas, and liquid fuels. Of course all old ones, pulp, paper, timber
and plywood and solid biofuels, are still produced.
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Figure 4: General version of BioNuclear concept. This is enchanted and updated version of
earlier presented biorefinery concept (van Heiningen, 2006). Solid line describes biomass and
related products. Dashed line describes nuclear energy as form of heat, electricity and hydrogen.
Underlined products are new products. Dashed unit operations are proven to work large scale and
white unit operations are under development.

When BioNuclear refinery is considered nuclear energy is supplied to various parts of biorefining processes. Nuclear heat can be used in all processes (excluding biomass and black liquor
gasification), nuclear electricity can be used to run processes, and nuclear hydrogen can be used
for increasing the yield of Fischer-Tropsch synthesis.
Today biorefineries are using only nuclear electricity to run the processes. Based on this concept, there are several possibilities to utilize also nuclear heat and hydrogen in processes.
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3

Discussion

It is evident, that current biorefineries (pulp and paper mills) use massive amount of energy. Total
heat power can be up to 670 MW and and electrical power up to 300 MW. During winter time
the heat consumption can be 14 % higher than average. However, major part of this energy is
produced by biorefinery itself by burning biomass and bio-based black liquor. More than 85 % of
heat can be bio-based.
This fact sets limits to the exploitability of nuclear heat in nearby biorefinery. Black liquor
needs to be treated in recovery boiler in order to regenerate the cooking chemicals. There are also
wood residuals from the processes which are disposed and used by burning. In addition, some of
the used fossil fuel is needed as support fuel in recovery boiler and for lime-kiln. On top of those
processes there is need for some additional energy, which is produced using bio fuels and fossil
fuels. If it is assumed that 20 % of biomass and fossil fuels must be used in current processes in
any case and all black-liquor is burned as today, it would mean that approximately 30 % of total
heat energy is replaceable with nuclear heat. This means 180 MW heat power demand for Kemi
biorefineries and 150 MW heat power demand for Rauma biorefinery.
If recovery boiler is operating, there is enough supply for high and medium pressure steam.
Nuclear heat can be delivered as form of low pressure steam (150 ◦ C and 3.8 bar). This makes
transportation of steam easier.
Current electrical power at Kemi biorefineries is 180 MW and 300 MW at Rauma. If less
steam is produced, there is also increasing need for electrical power at biorefineries.
When future biorefineries are considered, the black liquor could be converted back to cooking
chemical by using black liquor gasification burner instead of recovery boiler. Syngas could be
used for producing various liquid fuels or firing lime kiln. It is assumed that that black liquor
gasification produces 33 % less heat than recovery boiler. Created syngas can be used for replacing
additional fossil fuels, and no additional biomass is needed for producing heat. Based on these
assumptions there is need to bring almost 60 % of total heat energy from nearby nuclear power
plant. This means 380 MW need for thermal power at Kemi biorefineries and 290 MW at Rauma
biorefinery. Gasification creates enough high and medium pressure steam, so supplied energy can
be in form of low pressure steam (150 ◦ C and 3.8 bar). Also more electrical power is needed.
Additional possibility for nuclear energy is to support biorefining processes by providing additional hydrogen. For example there is apparent need for additional hydrogen in Fischer-Tropsch
synthesis: carbon-hydrogen ratio of bio-based syngas is close to 1, and needed ratio for producing
parafins in synthesis is over 2. Currently additional hydrogen is created by water-shift reaction.
This lowers the yield of synthesis and produces gross amounts of carbon dioxide.
If Fischer-Tropsch synthesis is supported with additional nuclear hydrogen, this would double
the yield of diesel from 100 000 t/a to 200 000 t/a. If electrolysis is used for producing hydrogen,
there would be need for additional 200 MW electrical power to produce hydrogen.
If bio-mass gasification burners will widely installed in future biorefineries, this would reduce
the need for additional nuclear energy. Gasification burners with high temperatures create enough
thermal power to supply the energy needs of biorefineries. Trend is to install biomass gasification processes in order to produce Fischer-Tropsch diesel, and this had to be remembered when
BioNuclear-refineries are considered. When 4th generation nuclear power is considered in the
future there will be heat available at very high temperature levels for gasification eliminating the
need to burn biomass in the gasifier.
In addition, there is need for steady supply of heat to biorefineries. If nuclear reactor needs to
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be shut down in case of emergency situation or for maintenance, there is still need to supply heat
to biorefinery. Some of the biorefining processes can not be stopped rapidly for long time. For this
reason, either dual reactor installation or other reserve power plant is needed to ensure constant
heat flow to biorefinery.
The next step is to define one or two exact process designs where nuclear energy is utilized
in biorefining processes. The most important thing is to consider energy integration: how much
nuclear heat, electricity and hydrogen are used in these specified cases. Only rough estimates are
given in this paper.
Also 4th generation nuclear power is considered in the future. The will be heat available at
very high temperature levels. Can these high temperature be used in biorefining processes, or is
only low temperatures needed. This will be considered in the future too.
There is also need for general acceptance of this new Concept. Currently biorefineries are
almost energy independent, but they use massive amount of biomass for energy to secure this
independency. By utilizing also nuclear heat, the biomass could be used more efficiently for
value-added products.

4

Conclusions

Nuclear heat can be utilized already in current biorefineries. If additional biomass and fossil fuel
is subsided with nuclear heat, there is need for 180 MW thermal power at Kemi and 150 MW
at Rauma today. If black liquor gasification burners would be utilized in the future the demand
increases to 380 MW and 290 MW. Demand for electrical power would increase in any case. The
biggest increase of electrical power would occur, if Fischer-Tropsch synthesis would be enchanted
with hydrogen. This would however double the yield of synthesis.
Temperature levels of needed heat are low. Biorefining processes itself generate high and
medium pressure steam, and additional heat from nuclear power plant could be delivered as low
pressure steam (150 ◦ C). The distances from nuclear power plants to biorefineries are short, under
15 km. Transportation of heat should be possible.
If nuclear heat would be utilized in biorefineries instead of biomass based heat, the yield and
value of products would increase. The limited supply of biomass should be fully utilized for
bio-based products, and nuclear energy for running the processes.
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An Overview of Gen-IV Research at Aalto University
Jarmo Ala-Heikkilä and the Fission and Radiation Physics group at Aalto
Fission and Radiation Physics, Aalto University School of Science,
P.O.Box 14100, FI-00076 Aalto, Finland
Abstract
An overview of research activities at Aalto University School of Science within the NETNUC project and on some parallel Gen-IV studies during 2008–2011 is presented in this
paper. Our most essential research areas are presented in separate articles in this report. In
total, 26 persons have participated in these research activities and dozens of publications have
been written, so it is a great challenge to try to summarize the work on a few pages.

1

Introduction

Aalto University is a merger of three Finnish universities that was established in the beginning of
2010. The former Helsinki University of Technology (TKK) is now represented by four Schools in
Aalto University. The Fission and Radiation Physics (FRP) group, participating in the NETNUC
project, belongs to the Department of Applied Physics that, in turn, belongs to the School of
Science (http://physics.aalto.fi/groups/fission/).
The FRP-group of Aalto has long traditions in nuclear engineering and radiation spectrometry, with strengths in system modeling, software development and computational physics. In the
NETNUC project the research activities of the FRP-group can be grouped under six themes:
1. Modeling of Supercritical Water Reactor (SCWR)
2. Safety features of Sodium-cooled Fast Reactors (SFR)
3. Modeling of Lead-cooled Fast Reactors (LFR)
4. Utilization of thorium as nuclear fuel
5. Development of reactor physics code Serpent
6. Miscellaneous, e.g., modeling of UO2 fuel pellet, Combined Heat and Power (CHP) with
nuclear, properties of graphite, gamma-ray spectrometry.
Each of these themes will be presented in the subsequent sections.

2

Modeling of Supercritical Water Reactor (SCWR)

Researchers: D. Danielyan, L. Rintala

The Supercritical Water Reactor (SCWR) is a natural descendant of current light water reactors. Supercritical water is utilized in modern fossil-fueled power plants, but since the safety
requirements in a nuclear power plant (NPP) are more stringent, the properties of the coolant
medium need to be investigated more thoroughly for nuclear applications. A couple of EU research projects on the SCWR have been pursued, with VTT as an active partner.
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Figure 1: Geometry and boundary conditions for the sodium pool fire under a natural convection
flow condition. A. Yamaguchi (2009)
At Aalto, we started with modeling SCW with Apros, a process simulation software package
developed by Fortum and VTT. VTT had developed the SCW models in Apros in the abovementioned EU projects. We applied Apros for some benchmark experiments, but the correspondence of simulation and experimental results was not satisfactory. Therefore, Computational Fluid
Dynamics (CFD) calculations, starting from the governing physical equations, were the next step.
The public-domain CFD OpenFoam code was utilized and the experimental results could be reproduced better but not perfectly.
A separate article on the SCWR studies is available in this report.

3

Safety Features of Sodium-Cooled Fast Reactors (SFR)

Researchers: J. Kalilainen, M. Tammela

Literature studies were made on the safety features of Sodium-cooled Fast Reactors (SFR).
Liquid sodium has widely been studied and used as a fast reactor coolant in several prototype
reactors. It is a weak moderator and has desirable heat transfer properties. The melting point is
370 K and density below that of water, both properties more convenient than those of lead.
A major disadvantage of liquid sodium coolant is its high chemical reactivity with air and
water. Sodium leakages and fires have frequently occurred in the prototype sodium-cooled fast
reactors. This is actually the reason why many prototype SFR’s have been shut down.
In a working sodium combustion model, the combustion is usually divided into two separate
phenomena: spray combustion and pool combustion. In the spray combustion model, sodium
droplets with varying initial diameters form a sodium spray which falls through ambient air. Pool
combustion model, on the other hand, considers a burning sodium pool lying, for example, on the
floor of a test vessel. These models can be used to calculate the combustion rates and heat and
mass fluxes caused by the sodium fire.
Besides pool and spray combustion models, a functional sodium combustion model also needs
a part which solves the concentrations of chemical species formed in the sodium fire. This is
done by assuming that chemical reactions only take place in an infinitely thin layer: at the surface of a droplet in case of spray combustion and at the flame sheet above sodium pool in pool
combustion. This layer is assumed to be in thermodynamic equilibrium from which it follows that
concentrations of species can be obtained by minimizing the Gibbs free energy.
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Another challenge of an SFR is the fast neutron spectrum that makes the reactor somewhat
more difficult to control than thermal reactors. The reactor period is shorter than in thermal reactors because the mean neutron lifetime is clearly shorter for fast reactors. Also the negative
reactivity feedback coefficients have smaller magnitude in fast reactors than in thermal reactors.
However, with careful core and fuel design the safety of the reactor can be ensured from the
neutronics viewpoint.
Sodium becomes radioactive due to radiative capture reaction. That is why two different loops
of sodium must be used. In the primary loop the radioactive sodium circulates through the core
and releases the heat for the secondary sodium loop in the intermediate heat exchanger. The
secondary sodium releases the heat in the steam generator. The secondary loop components must
be protected from the core neutron radiation in order to avoid the secondary sodium to become
radioactive. Necessary shielding is also required for the primary loop components because the
primary sodium is radioactive.
Several countries have built their own SFR’s but many plants have been closed due to accidents
and lack of funds as well as due to political resistance. However, nuclear power and new reactor
technologies have gained popularity in the 21st century. Although SFR is not a new invention, it
is considered one of the promising future reactor types. Especially the more efficient utilization
of uranium is considered important, because there is only a limited amount of uranium available
on the Earth. The fast breeder reactors could also produce fissile fuel from Th-232 and U-238.

4

Modeling of Lead-Cooled Fast Reactors (LFR)

Researchers: M. Böhling, E. Latja, A. Muñoz

The MYRRHA accelerator driven system (ADS), currently planned in Belgium, is meant to be
a test reactor for the Gen-IV fission reactor concepts. MYRRHA will make use of a proton accelerator and a lead-bismuth spallation target to create neutrons for the sub-critical core. MYRRHA
will use mixed-oxide (MOX) fuel and liquid lead-bismuth eutectic (LBE) as coolant. As the core
is sub-critical, an ADS is inherently safe, as the reactor stops when the proton accelerator stops.
MYRRHA will demonstrate and further develop the capabilities of the ADS design. It will
be used to study minor actinide transmutation. Minor actinides combine high radiotoxicity with
a long half-life, and create a large portion of the long-term problems of spent nuclear fuel. By
inducing fissions in the minor actinides they can be transmuted into fission products with shorter
half-life, and thus lessen their long term-impact. As MYRRHA is a fast spectrum ADS with a
very controllable neutron source, it is suitable for transmutation testing.
The performance of the MYRRHA core was simulated with the Monte Carlo particle transport
code FLUKA. FLUKA is capable of following the propagation and interaction of a wide range
of particles in matter. It is, however, mostly used for high energy applications. For simulating
the spallation neutron source it proved suitable. It was used to simulate the neutronics and energy
multiplication of MYRRHA, with qualitatively satisfactory results. For further accuracy, a more
accurate geometry and material assignment in the input, along with some modifications to the
neutron cross-section libraries could be used.
A promising fuel for LFR’s is Uranium Nitride (UN). UN seems to have proper thermal and
physical characteristics and it is chemically stable, but its production presents some difficulties.
Additionally, radioactive 14 C is generated when UN fuel is irradiated inside the core. We studied
the 14 C production in lead-cooled reactors and determined the necessary 15 N fuel enrichment to
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Figure 2: Materials in the transmutation simulation geometry of MYRRHA. The light blue areas
consist of lead-bismuth-eutectic (LBE), the grey areas are cladding and the red areas are the mixedoxide fuel rods. The yellow rods are for americium transmutation, and the white spaces are empty
irradiation regions. Böhling (2011)
produce a similar amount of 14 C as in thermal nuclear reactors. For this purpose, several pin cell
simulations were run with the reactor physics code Serpent using different 15 N enrichments.
The simulations showed that the 14 C production is clearly affected by the 15 N fuel enrichment,
and that this production increases linearly with burnup. It should be mentioned that most part of
the 14 C produced remains in the fuel and structural materials, and that only a small part is released
to the coolant and spreads through the primary loop.
A 15 N enrichment of 92%–99% is needed to produce a similar amount of 14 C as in current
thermal nuclear reactors. A factor of 100 reduction in 14 C production is reached with 99% 15 N
enrichment if compared to natural isotopic abundance <1% of 15 N. It should be stressed that a
99% 15 N enrichment has been proposed as economically viable in some studies due to the cost
decrease predicted.

5

Utilization of Thorium as Nuclear Fuel

Researchers: B. Galiana, Z. Giedraityte, A. Isotalo, J. Kuopanportti, L. Rintala, R. Salomaa, T. Silvonen,
R. Vanhanen, T. Viitanen

During the NETNUC project duration, various investigations on thorium fuel utilization were
made in the Aalto research group. Studies were made on the radiation toxicity of spent Th fuel
and its proliferation resistance, when the reference is the currently prevailing uranium fuel cycle.
The economics of the Th fuel cycle were also assessed with several baseline alternatives. Clear
advantages in the safety respect was seen, but also some drawbacks, whereas the financial consid-

132

New Type Nuclear Reactors (NETNUC) 2008–2011 Final Report

erations showed that the Th fuel cycle is not competitive at the current uranium price level nor in
the foreseeable future.
Various codes were used to model Th fuel properties and its use in reactors: FEMAXI, Monteburns, MCNP, Serpent, CASMO. A frequent approach has been to use the Radkowsky Th fuel
concept in light-water reactors, replacing some of the uranium assemblies with these thoriumcontaining assemblies. A recurrent finding has been that high discharge burnups are necessary to
utilize the breeding potential of thorium.
A separate article on the Th studies is available in this report.

6

Development of Reactor Physics Code Serpent

Researchers: P. Aarnio, A. Isotalo, T. Viitanen

Serpent is a Monte Carlo reactor physics code developed at VTT. The FRP group of Aalto
University has participated in the development effort under supervision of the main developer of
the code, Dr. J. Leppänen. The main lines of research have been the following:
1. development of a Doppler-preprocessor for cross section libraries,
2. improvement of time integration methods for burnup calculations.
These methods were implemented and verified in version 1.1 of Serpent, and they are integrated
in the version 2.0 that is currently in beta testing phase.
Separate articles on the Serpent studies are available in this report.

7

Miscellaneous

Researchers: J. Ala-Heikkilä, C. Barray, H. Heikkinen, S. Ihantola, K. Kajanto, K. Kustonen, T. Laato, E.
Laurila, V. Valtavirta, T. Viitanen

The previous five sections presented the mainstream Gen-IV themes of the FRP group of Aalto
under the NETNUC project. This last theme covers everything that does not fit under the previous
ones. Four sub-themes are presented in the following.
7.1

Modeling of UO2 Fuel Pellet

The heat transfer properties and the temperature profile of a UO2 fuel pellet have been modeled
by us. We started the investigations with the COMSOL Multiphysics code package. Some of the
obtained results were realistic, but some were clearly unfeasible. We continued the studies by calculating the temperature profile with a semi-analytical model and coupled the power distribution
given by Serpent to the temperature profile of the pellet. Burnup and temperature dependences of
the heat conductivity were implemented in the model. The temperature profile was fed back to
Serpent for cross section evaluation.
A separate article on the fuel pellet studies is available in this report.
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Combined Heat and Power (CHP) with Nuclear

A literature study was made on nuclear CHP, motivated by the decision-in-principle applications of
both Fortum and Fennovoima where this option was presented. The advantage of CHP production
would be to increase the overall efficiency of energy production and reduce the heat emissions to
the sea. Overall efficiencies of 50–60% are available with nuclear CHP, clearly above the typical
35% of condensing power. On the other hand, fossile-fired CHP plants reach 80–90% efficiencies.
Nuclear CHP has been implemented in many countries in the past. Russia and Ukraine have
had the largest number of nuclear CHP plants in operation, but CHP plants have also been operating in Bulgaria, Canada, China, Hungary, Lithuania, Slovakia, Sweden, and Switzerland. The
maximum heat power has typically been 5–10% of the electric power and it has been used for
district heating and as process heat.
Design of a nuclear CHP plant has to account for the additional investment costs and the
different price level of electricity and heat. The end-user of heat should be relatively near the
plant. In fact, our calculations showed that the distance of 75 km between Loviisa and Helsinki
made the pipeline capital investment the main obstacle for a nuclear CHP option at Loviisa.
7.3

Properties of Graphite

A literature study was made on the properties of graphite, a building material of some Gen-IV
reactor types. The objective was to assess possible challenges in the final disposal of graphite
used in nuclear power plants, but also the manufacturing process as well as different usages of
graphite at NPP’s were investigated. There is currently 250 000 tons of used graphite in the world,
produced especially in the gas-cooled reactors of Gen-I and Gen-II, so this issue is also related
with decommissioning of old reactors.
Graphite is activated when used in a nuclear reactor. Especially 14 C and 36 Cl are problematic
due to their half-lives of thousands of years. Another challenge is the Wigner energy that is stored
in graphite under irradiation. If released, it may cause cracking and heating, so the used graphite
must be preprocessed. Currently, there are no proven methods for the final disposal of graphite,
but the alternatives of burning and recycling are even more distant in the future.
7.4

Gamma-Ray Spectrometry

The FRP group of Aalto has long traditions in gamma-ray spectrometry, dating back to the 1960’s
when the development of the S AMPO spectrum analysis code started. In the late 1980’s, we
started developing S HAMAN, an expert system for radionuclide identification that uses S AMPO as
its preprocessor. These codes are widely used general-purpose analysis packages, but during the
past 15 years their main application domain has been verification of the Comprehensive NuclearTest-Ban Treaty (CTBT).
A doctoral thesis was finished during the NETNUC project concerning this CTBT application.
The same analysis system can naturally be used in national surveillance networks similar to the
global network of CTBT radionuclide monitoring stations that are based on gamma-ray spectrometry of air samples. Specific to the CTBT verification, there are also seismic, infrasound, and
hydroacoustic stations that complement the radionuclide network, but any observed man-made
radionuclides are the “smoking gun”.
The analysis system based on S AMPO and S HAMAN was shown to produce reliable results
both in a routine situation, where there are only scattered observations of man-made nuclides, and
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Figure 3: Energy region 650–700 keV of a gamma-ray spectrum measured in a release situation
and analyzed with S AMPO and S HAMAN. Ala-Heikkilä (2008)
in a real release situation with dozens of man-made nuclides in a single sample. Many analyses
during the Fukushima Daiichi event in March 2011 were made using our system, both in Finland
and abroad.
The possible synergies of gamma-ray spectrometry with Gen-IV reactor research may not be
obvious. There are, however, plans to utilize gamma-ray spectrometry in the Gen-IV material
testing at the JHR research reactor, currently under construction in France. Additionally, gammaray spectrometric methods could be used to verify burnup calculations of new reactor or fuel types,
and they are being used in safeguards applications.

8

Summary

Many aspects of Gen-IV reactors were investigated and modeled by the FRP group of Aalto during
the NETNUC project in 2008–2011. Yet, many aspects were left for the future generations of
nuclear engineers to be educated at Aalto University.
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Abstract
In the NETNUC project we have discussed nuclide generation in thorium containing nuclear fuel from the viewpoint of safeguarding and long-lived nuclear waste. Several burnup
code packages to calculate nuclide inventories have been used and further developed to improve their accuracy and speed. The applicability of thorium based fuel in present LWRs has
been explored considering both single assemblies and/or full core loadings. The Radkowsky
seed-blanket configuration in PWR has been assumed. In a BWR, more fuel alternatives enter
because of the 3D variation of core composition and neutron spectrum. In both PWR and
BWR cores, the use of individual thorium containing fuel bundles appear technically feasible. Core neutronics calculations have involved various Monte Carlo methods and up to date
neutron transport code packages. As a case study involving GEN4 candidates, advanced lead
cooled fast reactor configurations have been modeled and analysed in some detail. Large burnup, fast neutron spectrum and possible new coolants make the materials performance of the
thorium based fuel particularly demanding. Economic viability of Th-U fuel cycle has been
assessed and compared to present U-Pu fuel cycles.

1

Introduction

The sustainability of nuclear energy has been challenged because of the finite uranium resources
in the world. Nuclear chain reactions require fissile isotopes like 235 U, 233 U or 239 Pu of which only
235
U exists in nature. Besides military and nuclear industry, the general demand of uranium and
thorium is small. Present light water reactors depend on the rare uranium isotope 235 U and, therefore, the current nuclear fleet could run only for about one century even with enhanced conversion
and fuel reprocessing. An enormous increase in fission energy resources is obtainable by breeder
reactors which transmute 238 U into fissile 239 Pu. Nuclear fuel for breeder systems would suffice for
thousands of years. The problems of U-Pu breeder reactors include, i.a., their demanding technology, proliferation risks, long-lived fuel waste, and their economic viability. As an alternative, the
Th-U breeding cycle is being advertised as a more benign case. In the NETNUC project (KyrkiRajamäki et al., 2009) of SusEn, Sustainable Energy Program of the Academy of Finland, we have
critically addressed to what extent such positive expectations can be met (Salomaa et al., 2011).
Thorium has only a single natural isotope 232 Th and is even more abundant in the earth crust
than uranium. The fissile nuclide 233 U which has excellent neutronics properties can be bred from
the fertile isotope 232 Th through neutron capture and two beta decays: 233 Th→233 Pa→233 U with
respective half-lives of 22.2 min and 27.4 d. Thorium fueled reactors have been demonstrated in
several cases throughout the history of nuclear energy, but no breakthrough has taken place yet.
A complete Th-U fuel cycle would first need a pre-breeder phase where criticality is ensured by
fissile U or Pu seed and where part of the neutrons are used to produce 233 U in a 232 Th-blanket.
In a full breeder system, 233 U-production will be self-sufficient and the Pu branch can be closed.
A complete transition would assume many reactor types and would last for several decennia.
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Therefore, a comprehensive feasibility assessment of the Th cycle will inevitably involve huge
uncertainties.
In this brief summary report we discuss some topics of our NETNUC studies on Th fuel cycle.
The focus is on reactor core kinetics and thermal hydraulics issues and other nuclear engineering
aspects are only dealt superficially. Section 2 is devoted to burnup calculations involving a large
number of nuclides and methods for improving the accuracy and speed. Neutronics is modeled
by several Monte Carlo codes. Full core analysis is done by commercial neutron transport codes.
Section 3 discusses the nuclide generation in Th-fuel in view of both safeguarding and nuclear
waste. As an additional topic, examples of structural activation in lead cooled fast reactors (LFR)
is mentioned. LFR is one of the Generation 4 (GEN4) new type reactor candidates which aim
for improved safety, security, sustainability, and economic viability. Instead of an analysis of a
full-breed thorium reactor systems, we consider in Sec. 4 a more direct way of using Th-fuel
assemblies in current LWRs and study their technical suitability. Section 5 addresses economic
prospects that thorium fuel might have.

2

Tools for Reactor Core Calculations

Nuclear reactions like fission, neutron and gamma capture, spontaneous decay, etc., create a large
number of nuclides that are usually radioactive and cause feedback into the core behavior. The
nuclide inventory evolves with time at a rate that depends on neutron induced reactions, i.e., the accumulation of fuel burnup matters. During operation and shut-down situations, the coupled decay
chains vary which means that the importance of the nuclides differ, e.g., in waste management and
in fuel and power production processes. Accurate modeling with hundreds of nuclides with very
different half-lives has to be performed. Neutron induced reaction rates presume realistic core calculations and reliable cross-section data. In our studies we have explored radiologically important
minority nuclides, improved the performance of Monte Carlo codes and upgraded current reactor
physics codes for non-standard fuel cores and for nuclear waste transmutation investigations.
In both Th-U and in U-Pu fuel cycle studies, we have utilized several burnup codes, such as
ORIGEN, Monteburns, DeTra (Aarnio, 1998), and CASMO, for calculating nuclide compositions
in various nuclear core configurations. Methods to solve accurately the Bateman equations which
describe the decay chains have been investigated and published. The matrix exponential power
series of ORIGEN, the Chebyshev rational approximation method (CRAM), and different transmutation trajectory analyses (TTA) have been applied and compared, see (Isotalo and Aarnio,
2011) and references therein.
Reliable simulations of neutronics can be done by Monte Carlo codes of which we have used
MCNP, FLUKA developed in CERN for high energy applications (Ferrari et al., 2011), and Serpent (Leppänen, 2012). As further developments of Serpent we have written subprograms for
clever extraction of cross section data and for taking into account the temperature distribution of
fuel pellets and their influence on Doppler-effect. These algorithms have been implemented and
tested (Viitanen, 2009). In general, the open source Monte Carlo codes allowed several benchmark
comparisons, like those between MCNP and Serpent. These codes can also straightforwardly be
applied to non-standard reactor systems.
We have made Serpent models to various GEN4 reactor types (e.g. LFR Myrrha) and to
thorium fueled cores of present LWRs. The performance between FLUKA simulations have been
launched to investigate nuclear waste transmutation. FLUKA spallation spectrum is expediently
obtained and the code is able to describe subcritical accelerator driven systems. We have tested
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transmutation of high burn-up BWR/PWR fuel rods in Myrrha and calculated the actinide and
fission product burning efficiencies. A comparison between Th-U and U-Pu cycles is presently
being performed and, in particular, the effects of hard neutron spectrum on reduction of the overall
life-time radiotoxicity will be analyzed.
Monte Carlo methods are still restricted by finite computing resources. Therefore, we were
forced to use some simplifications of the core details concerning concentrations, materials and
geometry. For neutron transport an alternative is a full core analysis package CASMO-4E and
Simulate-3 which we have applied to studies of Th-bundles in LWRs. The achieved accuracy
depends of the nuclear cross-section data and in this respect Th-U cycle is less validated than that
of U-Pu and in particular fast neutron data deserves improvement.

3
3.1

Nuclide Generation in a Thorium Fuel Cycle
Proliferation in Th-Cycle

One of the main objectives of the Generation 4 nuclear reactors is to improve their proliferation
resistance. A fuel cycle has to be assessed according to the amount and quality of weapons usable
materials 233/235 U and 239/241 Pu it incorporates. The diversion process and generation of harmful
or denaturing parasite nuclides play also important roles. The total fissile mass of the discharged
fuel, spontaneous neutron generation (increases the risk of pre-ignition), heat production (complicates the design of the device), radioactivity and isotopic enrichment all affect proliferation.
Concerning thorium fuel cycle 233 U is a better weapons material than 235 U and, therefore, its enrichment should stay below 12-17 wt.% as compared to the acceptable 20 wt.% enrichment of
235
U (LEU). The primary sources of spontaneous neutron generation are the plutonium isotopes
238/240/242
Pu of which 238 Pu produces a large amount of decay heat, too.
In a comparison between Th-U and U-Pu cycles a prominent difference arises from the very
hard gammas emitted in the thorium decay chain containing the 232 U nuclide. The strongly penetrating radiation enables easy detection and is expected to prevent malevolent diversion of fissile
material in Th-U fuel. According to our findings concentrations of 500-3000 ppm of 232 U enter
in Th fuel assemblies and consequently it would be rather easy to detect significant quantities of
fissile material. The generation of 232 U involves several (n,2n) or (n,γ) reactions which proceed
through protactinium isotopes with very different half-lives and, therefore, more detailed studies
on the spectral effects of the processes are needed. Another characteristic difference between the
Th-U and U-Pu cycles is the much longer half life of the 239 Pa precursor decaying to 233 U than
that of the precursor 239 Np decaying to 239 Pu which would affect the strategy of irradiation and
extraction of fissile materials.
To make a more quantitative comparison of the features discussed above we have simulated the
behavior of a thorium containing fuel assembly inserted into a typical PWR core (Kuopanportti,
2010). We have chosen a Th-assembly with rather optimal properties (Todosov and Kazimi, 2004).
This Radkowsky thorium fuel concept consists of a central seed and a surrounding blanket unit
(SBU). Nuclide production in the SBU has been modeled by CASMO-4E transport code and by
Serpent. Typically one third of the seed rods in SBU would be changed in 18 month periods and
the blanket would be burned for 54 months. In our calculations the partial reloading of the seed
was ignored. The SBU reached an average burnup of about 65 MWd/kg; the seed discharge burnup
was very high, 125-130 MWd/kg and that of the blanket 37-39 MWd/kg. As a reference, a typical
Westinghouse 17×17 PWR bundle with a 4 % enrichment was assumed. Its discharge burnup was
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Figure 1: Plutonium production in Radkowsky Th SBU and standard UO2 fuel assemblies in
PWR. The left hand side gives the isotope fractions and the right hand side the total mass production (Kuopanportti, 2010)
chosen to be 45 MWd/kg which is typical for Finnish LWRs. Some additional description of SBU
performance is given in Sec. 4.1.
Figure 1 illustrates plutonium production in the system above. Altogether the SBU produces
significantly less Pu than a conventional UO2 -assembly. Moreover, the high content of 238 Pu
makes the plutonium less suitable for weapons use. The discharged uranium in the blanket, however, has a rather high 12.8 wt.% fissile content. Additional 238 U may be needed for denaturation
unless the gamma emission from 232 U provides credible prevention.
3.2

Nuclear Waste of Th Fuel

The fission products of all fuel options are roughly similar although some distinct nuclides appear and the neutron spectrum makes a role. We have not yet studied them in detail but have
rather focused on the neutron capture into heavy isotopes which generally produce long-lived alfa
emitters. Due to its lower atomic mass number 232 Th generates less long-lived minor actinides
than 238 U. This has been verified in our burnup calculations concerning both capture nuclides and
fission products (Rintala, 2008). The intermediate Th-Pu cycle that preceeds full 233 U breeding,
creates 241 Am and 241 Pu which dominate in the long-lived waste fraction. In the 233 U cycle the
nuclides 232 U and 228 Th dominate in the first century and thereafter 233 U and 229 Th become the
most prominent active nuclides.
Burnup calculations yield the amount of radioactive nuclides and their subsequent evolution
in the decay chains. Their importance can be based on activity levels but an evaluation of the dose
commitment or the radiotoxicity is more relevant. In such considerations one ought to estimate
the nuclide transport from the final repository which is clearly beyond the scope of our present
investigations.
3.3

Role of Structural Materials

A most challenging problem in Th-fuel is the very large burnup needed to obtain self-sufficient
fissile breeding of 233 U: typically 100-150 MWd/kg as compared to the acceptable values 40-60
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MWd/kg of present uranium fuel. The fuel rod cladding is a critical factor. We have reviewed possible cladding materials, in particular those suggested for lead-cooled systems, and have addressed
their properties as regards mechanical performance, corrosion, licensing restrictions, etc. (Galiana,
2011). Some fuel simulations of Th-fuel were performed with the FEMAXI-6 code (Vanhanen,
2009). The highest burn-up takes place in the seed rods of a SBU assembly and they have to be
replaced before the final discharging of the assembly. One advantage of thorium is the good heat
conductivity of ThO2 which allows lower operating temperature of the fuel.
As compared to uranium oxide fuel an interesting alternative is the nitride fuel, but there the
14
C production from 14 N may cause difficulties. We have calculated the amount of 14 C generated
in a conceptual Russian lead cooled BREST reactors and estimated the need of 15 N/14 N isotope
separation to keep the 14 N-doses tolerable. Nitride fuel is, perhaps, not feasible unless competitive
innovations in nitrogen isotope separation are found (Muñoz, 2011). In a LFR another safety
problem is the toxicity of polonium created, if Pb-Bi eutectic is used as a coolant. Analogous
problems for GEN4 fission and DEMO type fusion reactors may occur.

4

Application of Th in LWR Cores

Partly as education and training activities of the NETNUC program we have modeled several reactor cores at different levels of detail and with different core neutronics tools. The first attempt was
to simulate the Shippingport Light Water Breeder Reactor with Monteburns which links ORIGEN
burn-up code to the Monte Carlo code MCNP (Viitanen, 2008). As mentioned before, later on we
have applied codes from present PWRs and BWRs to GEN4 concepts like the accelerator driven
Myrrha and BREST. In this section we discuss some findings of the LWR investigations.
4.1

Radkowsky Type Th Fuel Assemblies in a Present-Day PWR

In a PWR, a Radkowsky type fuel assembly has been inserted into an ordinary PWR core as
shown in Fig. 2. Such a configuration allowed us to evaluate flux distortions, fissile utilization

Figure 2: Typical parameters for a Radkowsky thorium fuel assembly surrounded in a standard
UO2 PWR core (Kuopanportti, 2010; Todosov and Kazimi, 2004).
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Figure 3: Relative distribution of the fission rate and thermal flux in a quarter of the UO2 -assembly
(right hand column) and SBU-unit (left column). The upper row of graphs (a) are for 50 days and
the lower ones (b) for 1500d. Warm colors indicate fission rate and cold ones thermal neutron
flux. Brightness increases with the value of the parameter (Kuopanportti, 2010).
and to estimate nuclide generation as regards proliferation and waste generation. The reactor code
CASMO-4E was used for burnup calculations and comparisons with Serpent were performed.
Figure 3 displays the flux distribution and fission rate in the SBU assembly and in the neighboring standard UO2 assembly. The flux and power distributions smooth down as burnup accumulates. Figure 4 illustrates the evolution of the fissile nuclides and the relative power production
in the assemblies. In SBU the seed part is refueled according to Sec. 3.1. Note that in the power
distribution graph (RHS) the second-cycle curves are overlaid on the first-cycle curves.
The calculations demonstrated that Th-fuel loading does not cause inacceptable flux variations.
Also reasonable breeding is obtained, but this requires very large burnups which forms a challenge
to the mechanical strength of the fuel. The high enrichment percentages needed in both the seed
and blanket units make the overall efficiency of use of fissile material debatable.
4.2

Utilization of Th Fuel in a BWR

Use of thorium in BWR cores offers a much more complicated optimization task than, e.g., finding
optimal PWR parameters for a Radkowsky assembly. The truly 3D enrichment distribution of the
core, control rods, water channels, part-long fuel rods and spectral shifts introduce several new
features in BWR core calculations. As a subproject of NETNUC we have made preliminary
surveys on the feasibility of thorium fuel in current BWRs (Vanhanen, 2011).
The lattice calculation code CASMO-4E was used as a part of the analysis. We compared
few-group constants generated by CASMO-4E to those obtained from Serpent based lattice calculations. ENDF/B-VI libraries were used. The results show that the differences in few-group
constants between the codes remain of same level when similar uranium and thorium fueled as-
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Figure 4: Evolution of fissile nuclides versus burnup (left). The right hand side shows relative
power production of the SBU units. Notice that in the second cycle (at about 65 MWd/kg) the
seed rods are replaced with fresh ones (Kuopanportti, 2010).
semblies are used. This demonstrates that the code package is reasonably well applicable.
We applied CASMO-4E for five different thorium assemblies. Three of them were high thorium content assemblies and two involved low thorium content. Figure 5 illustrates the equilibrium
core loading pattern and the geometry of a 10×10 fuel assembly. In a reference uranium assembly
235
U enrichment increases from 1.70 to 4.95 wt.% from pin #1 to #6, respectively. The pin #7
contains burnable Gd-absorber. The average power density for the assembly life of 1620 days is
57.5 kW/litre and the average final burnup is 44.6 MWd/kgHM. In Th-containing assemblies the
strategy was to have equivalent average energy and neutron production as in the reference core. In
the ´least change scenario´ the pin positions and the geometry of the bundle were kept fixed except
that 238 U was replaced equivalently by 232 Th. The fuel composition is such that uranium with a
constant 235 U-enrichment (around 10 wt.%) is mixed with thorium. Then in pin #1 the compositions are 83.00, 2.19, and 14,79 wt% of 232 Th, 235 U, and 238 U, respectively. In the reference case
the axial fissile and heavy metal contents are 20.33 and 493.01 g/cm, respectively. In the thorium
assembly the fissile, thorium, and heavy metal axial contents are 24.84, 274.48, and 467.52 g/cm,
respectively. The fuel rod 235 U enrichments vary from 2.19 to 6.38 wt.% in heavy metal.
The other cases investigated involved manual optimization of the assemblies by changing the
pin pitch and the relative 235 U-238 U-232 Th concentrations. Also 12×12 fuel assemblies where
studied. A BWR with one type of assemblies running an equilibrium cycle was modeled with
SIMULATE-3. Thermal limits, shutdown margin, discharge burnups, reactivity feedbacks and
resource utilization of each design were compared to the reference design. As an example Fig. 6
shows the axial power profiles in the beginning and end of the cycle at various fuel assemblies.
No thorium design improved all these considered stability properties as compared to the standard
uranium core. However, in many individual factors thorium designs surpassed than performance
of the reference design .
In conclusion, it was demonstrated that from the neutronics point of view it is possible to
use thorium fuel in current BWRs. Thorium exhibits some clear advantages over uranium fuels.
Thorium fuels could excel when it is possible to reach higher burnups. However we emphasize
that these studies concentrated on the technical performance only. Economic feasibility in these
studies has not been assessed.
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Figure 5: Equilibrium BWR core loading pattern (left) and the geometry of the reference assembly
(right) (Vanhanen, 2011).

Figure 6: Axial power profiles at beginning (left) and end of cycle (right) in various fuel types in
a BWR (Vanhanen, 2011).

5

Economics of Th

One of our NETNUC subprojects comprised studies on economic prospects of thorium based
reactor systems. The emphasis has been solely on the fuel costs. A comprehensive Th-based nuclear energy scenario would begin from 235 U/239 Pu fissile system to breed 239 Pu/233 U in a fertile
238
U/232 Th blanket, and thereafter move from pre-breeder phase into a self-sufficient 233 U breeding cycle. In the three steps the fissile isotopes 235 U, 239 Pu, and 233 U would enter in respective
order of importance. In Indian strategy, the first stage involves pressurized heavy water reactors
(PHWR), thereafter liquid metal cooled fast fast breeders (LMFBR) with both 238 U an 232 Th blankets, and in a final third stage advanced heavy water reactors (AHWR). The complicated fuel cycle
calls in each phase considerable core modifications, different type of reactors and reprocessing facilities. A full transition from present to the final 233 U/232 Th cycle would take a very long time,
characteristically almost half a century, which renders extremely hard to make estimates of the
total energy costs.
In present LWRs the main fuel cost items are raw uranium, conversion, enrichment, fuel fabrication, waste management and reprocessing. The back end costs depend on whether the fuel
cycle is open or closed. We have compared the Th fuel cost of CANDU and AHWR to those
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Figure 7: Relative fuel costs of uranium fueled PWR and thorium fueled AHWR (Silvonen, 2010)
of a PWR, Olkiluoto 3 being our reference unit. The largest uncertainties arise from the value
of Pu and THOREX reprocessing. In Fig. 7 an example of relative fuel costs is given. In the
PWR we have assumed uranium price to increase about three-fold from average current value.
Evidently thorium as a price item ice is negligible and the fuel costs of an AHWR arise mainly
from reprocessing. According to our sensitivity studies uranium price has to increase to about 500
e/kg before thorium fuel would become competitive. Also considerable enrichment cost increases
would be needed.
We have also studied thorium cycle in a high temperature gas cooled reactor (Giedraityte,
2010). The economic estimates where based on the Present Worth Cost method. The fissile materials flow was calculated with the V.S.O.P. code. The value of plutonium is a critical factor and the
fuel cycle optimization depends on whether, e.g., the Pu amount should be minimized. Sensitivity
studies are needed to resolve uncertainties from reprocessing cost, and fuel fabrication. Of course,
the full price of energy is dominated by the capital costs for which only vague approximations can
be done for the moment.

6

Conclusions

In conclusion our calculations show that it is possible to use thorium fuels from the neutronics
point of view in current LWRs. The efficiency of transmutation without partitioning requires
more detailed assessment. Studies of thorium cycle offer interesting benchmarking tasks for calculational tools and enable validation of the codes into non-standard parameter regions. Much
further detailed study is still awaiting for exploration of thorium based nuclear energy systems.
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Abstract
This article summarizes research on thorium fuels in 1st and 2nd generation LWRs in Fission and Radiation Physics Group of Aalto University (former Advanced Energy Technology
Laboratory at TKK) during the NETNUC project. The research has focused on three concepts: a high conversion thorium reactor concept, Radkowsky Thorium Fuel Concept (RTFC)
and Thorium fuel utilization in BWRs.

1

Introduction

Most of today’s nuclear energy is created with light water reactors because of their simplicity,
reliability and economical feasibility. Thousands of years of operating experience have given the
nuclear professionals ability to operate the existing reactors in a safe and efficient manner. New
LWRs can also be designed to create much more electricity out of the same pile of uranium than
before mainly because of the good knowledge on the technology. (Viitanen, 2008)
Economical feasibility of light water reactors is based on quite cheap uranium prices and so
called once-through cycles, where fuel is disposed of after removal from reactor. Unfortunately,
this leads to a relatively high reactor fuel consumption and because of limited uranium resources,
the world will run out of nuclear fuel in a couple of centuries. (Viitanen, 2008)
By introducing relatively expensive fuel reprocessing it is possible to save some fuel material,
but with conventional light water reactors the savings remain quite small. Situation would be very
different with fast breeder reactors that are able to produce even more fuel than they consume.
However, fast reactor technology has been under research for decades and no-one knows when
they break through, if ever. It would seem beneficial to somehow combine the well-known and
reliable light water technology to the new fuel breeding property: this is what thorium fuels might
do. (Viitanen, 2008)
From the mid 1950s to mid 1970s, there was a significant interest in the development of thorium fuel cycles, and several experimental and power reactors operated in the USA, Netherlands,
UK and Germany. In recent years, the interest has risen again due to the need of improved proliferation resistance and waste characteristics of used nuclear fuel. Especially, countries with large
thorium deposits but limited uranium reserves have been developing thorium fuels. Thorium fuel
has not been introduced commercially because uranium resources have been sufficient. Thorium
resources have been estimated to be three to four times more abundant than uranium resources.
Notably India and Norway have large reserves of thorium. (Kuopanportti, 2009, 2010)
All the work summarized here is restricted to light water reactors using mostly oxide fuels.
Only steady state problems with long term burnup properties are considered.
This article is organized as follows. Section 2 lists properties of thorium as a nuclear fuel.
Sections 3 through 5 introduce the ideas of the studied designs: a high conversion thorium reactor
concept, Radkowsky Thorium Fuel Concept and Thorium fuel utilization in BWRs, respectively.
Finally section 6 summarizes findings.

J. Kuopanportti et al.: Thorium Fuel in Light Water Reactors, 146–155

2

147

Thorium as a Nuclear Fuel

Thorium does not have a fissile isotope, unlike uranium. In nature, thorium occurs solely as the
fertile 232 Th-isotope. Thus, the potential of thorium as a nuclear fuel is based on the conversion
of 232 Th to fissile 233 U, i.e., thorium is always the fertile part of the fuel. Before thorium can be
utilized in a nuclear reactor, it needs to undergo irradiation or some fissile isotope needs to be
mixed with the thorium fuel. The conversion reaction of 232 Th is:
232

β−

β−

22.3 min

27 d

Th(n, γ)233 Th−−−→ 233 Pa−−−→ 233 U.

(1)

Natural uranium consists of fertile 238 U and fissile 235 U. The abundance of 238 U is 99.3 % and that
of 235 U is 0.7 %. It also contains small amounts of 234 U and trace amounts of 236 U. Thus, uranium
fuel always has a majority of the fertile isotope. The conversion reaction looks very similar to
thorium’s:
β−
β−
238
U(n, γ)239 U−−−→ 239 Np−−−→ 239 Pu.
(2)
23.5 min

2.35 d

The significant difference between reactions (1) and (2) is the decay time of the second intermediate nucleus. The half-lives of 233 Pa and 239 Np are 27 days and 2.35 days, respectively. (Kuopanportti, 2010; Vanhanen, 2011)
There are two options to use 233 U bred from thorium: either reprocess the fuel or use it insitu. The reprosessing leads to reactors with high conversion factors or even breeding, where low
burnups do not matter, as the fissile material is harvested from the spent fuel. Efficient in-situ
usage basically requires very high burnups compared to current standards.
Thermal properties of ThO2 are generally better than those of UO2 . ThO2 has higher melting
point, it has higher thermal conductivity and the coefficient of thermal expansion is lower. These
properties make ThO2 both more efficient and safer in reactor. ThO2 is also chemically more stable
as thorium has only one oxidation state, compared to several of uranium’s. However, reprocessing
of ThO2 is more difficult for the same reason. (Vanhanen, 2011)
Fuel rods containing only thorium are a proliferation risk because converted 233
92U can be ex239
tracted and used as a nuclear explosive material like 94Pu can be used from uranium fuels. However, thorium fuels can be easily denatured by adding some natural or enriched uranium so that
chemical separation does not produce highly enriched fissile material. Thorium fuels also always
232
contain some 232
92U due to (n,2n) -reactions.
92U emits α-particles with half-life of 73.6 years
228
228
decaying to 90Th. 90Th is also α-emitter with smaller half-life. The decay chain contains γactive nuclides, some of which emit very high energetic γ-rays. 208
81Tl in the decay chain has a
2.6 MeV gamma emission. As a downside, this makes thorium fuels much more radiotoxic than
uranium or MOX fuels. Facilities processing thorium needs shielding and remotely operated machinery. (Kuopanportti, 2010; Vanhanen, 2011)
The long-term radiological impact of nuclear fuel is primarily due to plutonium and other minor actinides. In the long run, the residual heat is mainly due to plutonium isotopes. Thorium fuel
does not produce plutonium or long-lived minor actinides such as Am, Cm or Np but produces
other radionuclides like 231 Pa, 229 Th and 230 U that could have a radiological impact. All in all,
thorium fuel produces lesser quantities of minor actinides compared to the uranium fuel cycle, and
thus radioactivity is weaker in the long-term. ThO2 is almost insoluble in groundwater. (Kuopanportti, 2010)
Deterioration of cladding is a limiting factor of how much burnup fuel rods can endure. The
good thermal properties and chemical stability of ThO2 implies less stress for the cladding. The
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Table 1: Neutronic properties of 232 Th, 233 U, 235 U, 238 U, 239 Pu, and 241 Pu in thermal and epithermal regions. (Kuopanportti, 2010, and references therein)
Nuclear Data
Thermal region
Absorption σa (barns)
Fission σf (barns)
α = σc /σf
Neutron yield/absorption ηth
Epithermal region
RIa (barns)
RIf (barns)
α2 = RIc /RIf
Neutron yield/absorption ηepi
Neutron yield per fission ν
Delayed neutron fraction β
Capture
2200 m/s value (barns)
Resonance integral (barns)

232

Th

233

U

4.62
0
-

364
332
0.096
2.26

85.6
0
7.6
85

235

U

405
346
0.171
2.08

238

U

239

Pu

241

Pu

1.73
0
-

1045
695
0.504
1.91

882
405
746
272
0.182 0.489
2.10
1.63
2.48
2.43
0.0031 0.0069

278
0
-

474
740
293
571
0.618 0.296
1.77
2.29
2.87
2.97
0.0026 0.0050

54
140

2.7
275

267
200

100
144

1121
842
0.331
2.23

rate of fission gas release to the gas gap in fuel rods in ThO2 is one order of magnitude smaller
than for UO2 so less internal pressure is to be expected in ThO2 fuel. (Vanhanen, 2011)
For the same volume more UO2 fuel can be fitted in fuel rods because UO2 is about 10% denser
than ThO2 . This also makes burnups of thorium seem higher in units of energy per original heavy
metal mass, even when the same amount of energy has passed through cladding. (Vanhanen, 2011)
Table 1 summarises the cross-section data of 235 U, 238 U, 233 U, 232 Th, 239 Pu, and 241 Pu in thermal and epithermal1 neutron energy regions. In the thermal region, 232 Th has over two and a half
times higher neutron capture cross-section than 238 U. Thus, a breeding ratio could exceed one in
a thermal spectrum with thorium fuel. On the other hand, the high capture cross-section requires
a higher enrichment for the fissile neutron source. All in all, 232 Th is a superior fertile material
for a thermal neutron spectrum. 238 U is a better material for fast spectrum reactors because the
resonance integral of capture cross-section of 232 Th is over three times lower than that of 238 U.
Moreover, the fission cross-section of 238 U is already significant at energies below 1 MeV, while
the fission cross-section of 232 Th differs from zero only above 1.4 MeV neutron energy. (Kuopanportti, 2010)
233
U has superior fissile properties compared to the other two basic fissiles – 235 U and 239 Pu.
The ratio of capture and fission cross-sections α is lower. Moreover, the thermal neutron yield per
absorption ηth is the highest of all major fissile isotopes and changes much less as a function of
energy as can be seen in Figure 1. Thus, shifts in the neutron spectrum do not affect the reaction
rates so much. Also the neutron capture cross-section of 233 U is clearly lower compared to the
other fissiles. Therefore, it is likely to consume less fissile material per net fission. Normal 235 U
1

The energy of epithermal neutrons is between 0.625 eV and 10 keV
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Figure 1: Neutron yield per absorption of 232 Th, 233 U, 235 U, 238 U, and
incident neutron energy. (Kuopanportti, 2010, and references therein)

239

Pu as a function of

fuel is easier to control because its delayed neutron fraction is higher. However, as 239 Pu builds
up, the fraction decreases because the delayed neutron fraction of 239 Pu is lower. (Kuopanportti,
2010)

3

A High Conversion Thorium Reactor Concept

The Shippingport light water breeder reactor demonstrated that it is possible to produce new reactor fuel material in a light water reactor by using thorium-based fuel. In the hight conversion
thorium reactor concept project we decided to continue the research on light water breeder reactors. The goal of the work was to sketch a reactor core that would breed new fuel from thorium
and at the same time last for as long a period as possible. The initial idea was to design an ”eternal
core”, but this target had to be given up in an early phase. (Viitanen, 2008)
The designed core was modeled using a combined Monte Carlo and burnup code called Monteburns. Monteburns combines the well known Monte Carlo code MCNP to simulate the chain
reaction and a material burnup program ORIGEN to calculate material changes. (Viitanen, 2008)
Some design characteristics are tabulated in Table 2. One of the interesting features is the
movable seed of the reactor, which is elevated as the fuel burnup increases. The elevated seed
introduces fresh fuel to the center of the core while the reactor operates, maintaining criticality.
This is illustrated in Figure 2. (Viitanen, 2008)
Only 75 000 neutrons per time step were used after convergence and only the multiplication
factor was used as a measure of convergence. Therefore the results concerning burnup are only
indicative and are not reported here. However, the work taught us much about Monte Carlo methods.
The initial reactivity coefficients were negative, so it would be possible to start the reactor
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Table 2: Some basic parameters chosen for the reactor. (Viitanen, 2008, and references therein)
EPR
Shippingport New
Thermal power
4500 MW
236.6 MW
200 MW
238
Fuel material
U/235 U
Th/233 U
Th/233 U
Fuel lattice type
square
hexagonal
square
Fuel assembly pitch
21.504 cm
varying
22.26 cm
Reactivity control
Burnable & soluble poisons, Movable seed Movable seed
control rods
Coolant avg. temp.
590 K
550 K
570 K
safely from the feedback point of view. A higher, and sufficient, number of neutron histories
(690 000) was used to calculate the reactivity coefficients. The initial coolant void coefficient was
found to be −0.889 $/%, the prompt fuel temperature coefficient −0.0205 $/K and moderator
temperature coefficient −0.001 $/K.

Figure 2: Side view of the high conversion thorium reactor concept core showing the movable
seed in the middle. The numbers 1 to 5 are different material regions. (Viitanen, 2008)
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Radkowsky Thorium Fuel Concept

The Radkowsky Thorium Fuel Concept (RTFC) was initially proposed by Professor A. Radkowsky to decrease proliferation potential of the LWR fuel cycle by utilizing thorium as a fertile
material. The concept has two separate fuel regions. The outer Blanket Sub-Assembly (BSA)
consists of a mixture of 12.2 w /o enriched UO2 and ThO2 (87 % of ThO2 ). The inner Seed SubAssembly (SSA) has 20 w /o enriched UO2 -rods with ZrO2 /ZrB2 -poison plugs to control power
peaks. The whole concept is generally called the Seed-Blanket Unit (SBU). The work concentrated on the RTF concept designed for a standard 17×17 Westinghouse PWR. Geometrical properties of the design are one for one fit with a conventional uranium fuel assembly. Therefore, the
RTF concept could be used in already existing PWR reactors. A reactor containing only SBUs is
called the Radkowsky Thorium Reactor (RTR). The layout of the SBU can be seen in Figure 3.
(Kuopanportti, 2009, 2010)
The idea of the SBU is that the strongly enriched SSA will supply neutrons consistently and
effectively for the fertile BSA. Thus, the utilization of 233 U and the power production would
be maximized in the blanket. However, the BSA itself will stay subcritical during the whole
burnup period. The amount of uranium has been kept as low as possible in order to minimize
the production of plutonium, and thus lowering the proliferation potential significantly. The BSA
will need a much longer burnup period than the SSA, because the conversion of thorium is rather
slow. With a normal 18-month burnup period, one third of the seed rods will be changed after
each period, but all blanket rods will stay in the reactor for three periods. The discharge burnup
of the blanket is about 80 MWd/kg, but it will be almost twice as high for the seed region. The
extremely high burnups could cause problems especially with the cladding and fuel durability. In
the work, only two cycles are considered. (Kuopanportti, 2010)

Figure 3: Layout of the SBU. The larger pins are guide tubes, which are used for control rods.
The darker brown pins are blanket pins and the lighter ones are seed pins. Seed pins have also a
poison plug in the middle. (Kuopanportti, 2010, and references therein)
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The programs used to predict the neutronics of the fuel was Serpent (Kuopanportti, 2009) and
CASMO-4E (Kuopanportti, 2010). Serpent is a Monte Carlo neutronics code similar to MCNP.
CASMO-4E is a deterministic transport code used to model standard or near standard fuel assemblies. One of the interests was to see how the seed cycles differ from each other and how near
each other the predictions of the two programs are.
The difference between the two seed cycles can be explained by the conversion of thorium.
The weight percent of 233 U and 235 U in the blanket and 239 Pu in the seed can be seen in Figure 4.
In the beginning of the first cycle, the seed is very fissile rich, and thus the majority of the power
output is due to the seed. The conversion of 238 U in the seed is not nearly as effective as the
conversion of 232 Th in the blanket. As a result, the amount of 233 U increases significantly and so
does the power share of the blanket. This causes a higher burnup rate for the blanket and lowers
the discharge burnup of the second seed loading. Even though the mass percentage of 233 U is
not substantial at any point, the superior fissile properties make the blanket produce significant
amounts of power. The slowness of the thorium conversion can also be observed in Figure 4. 233 U
builds up almost until the end of the second cycle. This verifies the need for a very long burnup
time for the blanket region. Furthermore, 239 Pu reached its saturation concentration much earlier
than 233 U, because it has a higher capture cross-section. (Kuopanportti, 2010)
The calculations performed with CASMO and Serpent gave similar results. The discharge
burnups of the seed were 129.5 MWd/kg and 122.5 MWd/kg and of the blanket 37.7 MWd/kg
and 39.7 MWd/kg. Serpent gave a higher burnup for the blanket, because the concentration of
233
U was larger, which can be seen in Figure 4. However, the behaviour of 235 U is practically
identical. (Kuopanportti, 2010)
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Figure 4: Heavy metal weight percent of 233 U and 235 U in the blanket and 239 Pu in the seed.
Black colour indicates the CASMO prediction and red colour indicates the corresponding results
of Serpent. (Kuopanportti, 2010)
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Thorium Fuel Utilization in BWRs

Most of the analysis of thorium usage has been carried out for PWRs. Therefore, this work concentrated on the BWRs. Compared to PWRs the BWRs have axially changing and harder neutron
spectrum. However, no axial variation in the assemblies was considered in this work. (Vanhanen,
2011)
The Radkowsky thorium reactor concept requires the assemblies to be in a reactor very long
times, up to a dozen years. However, current zircaloy cladding technology does not allow that
long residence times to be achieved. Future will show when new ceramic or improved zircaloy
cladding materials are durable enough for these concepts. In this work, a more feet-on-the-ground
approach was taken: five thorium assemblies were compared to a reference uranium assembly
using typical residence times and the once-through fuel cycle. (Vanhanen, 2011)
One of the designed assemblies is illustrated in Figure 5. The assemblies were constrained to
use typical dimensions in boiling water reactors, so that they can be used without modifications
in a reactor core. Changes to the most restricting limits in a typical boiling water reactor were
evaluated. Considered limits were thermal margins, discharge burnups, reactivity feedbacks and
shutdown margin. Utilization of fissile uranium resources was briefly analyzed. (Vanhanen, 2011)
Standard licensing level tools for light water reactor analysis were used. Lattice calculation
code CASMO-4E was used to design three high-thorium-content assemblies and two low-thoriumcontent assemblies. CASMO-4E was also used to prepare few-group constant libraries for full core
simulations using a nodal code SIMULATE-3. The full core simulations consisted of a BWR core
loaded with a single assembly type and driven to an once-through equilibrium cycle. The cycle

Figure 5: One of the considered BWR thorium assemblies with control rod blade in the upper left
corner. Numbers refer to different material compositions. (Vanhanen, 2011)
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was not optimized but used the same loading and shuffling patterns and control strategy for all
considered assembly types. (Vanhanen, 2011)
The results show that the shutdown margin is more easily met using thorium fuel which allows
reduction of burnable absorber contents. In the work, this was somewhat overdone because only
a single thorium assembly managed to meet the shutdown margin requirements. However, even
the reference assembly did not meet the shutdown margin requirements. Thorium assemblies
have lower maximum total power peaking, allowing for example higher power density. Thorium
assemblies have higher maximum axial power peaking, making heterogeneous axial design more
beneficial for thorium fuels. However, more 235 U is needed for this rather short thorium cycle.
Overall, thorium fuels have some advantages over uranium fuels, but the work could not improve
on all considered limits simultaneously. (Vanhanen, 2011)
The used tools were validated only for uranium fuels, not for thorium fuels, and capability
of CASMO-4E was assessed against another lattice calculation code Serpent. Here, burnup rate
of burnable absorber gadolinium was a performance parameter. The differences are illustrated
in Figure 6. General magnitude of differences of few-group constants between the codes is 1 %
and the maximum 3.5 %. The differences grow with increasing void fraction, illustrating that
there might be more discrepancies in the harder spectrum. Even though there are differences
between the codes, the differences do not grow when uranium fuel is changed to thorium fuel.
Therefore, at least for the test assembly, the used tools predicted thorium fuel behavior with similar
accuracy to uranium fuels. Effects of heterogeneous thorium additions should be considered as
future work. (Vanhanen, 2011)
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Figure 6: Gadolinium concentration differences between CASMO-4E and Serpent of thorium and
uranium fueled assemblies. (Vanhanen, 2011)
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Summary

Steady state reactor modeling has taken a large step forwards at Aalto during NETNUC. The basic
neutronic properties of thorium have been collected from the open literature and the group can now
model thorium fuel in a reactor environment.
Three concepts concerning thorium in light water reactors have been studied. Long residence
times allow energy to be extracted from thorium without reprocessing, but need advanced cladding
technology. On the other hand current reactors might benefit from small thorium additions in fuel.
Current industrial codes (e.g. CASMO) need further validation for thorium calculations.
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Abstract
This article offers short summaries of four studies conducted in Aalto University Department of Applied Physics in the framework of the NETNUC project. The first two studies
in this article focus on processing the cross sections of different nuclides in Monte Carlo
neutronic calculations and their temperature dependency. The latter two studies consider temperature and burnup related aspects of the nuclear fuel.

1

Cross Section Pre- and Postprocessor SFFER (Viitanen, 2009b)

The research into processing nuclear cross sections started with T. Viitanen’s special assignment
concerning the writing and testing a cross section pre- and postprocessor SFFER to be used with
the cross section processor NJOY (MacFarlane and Kahler, 2010).
The need for such a code system rose from the facts that the modular program collection
NJOY is not very easy to use or understand because of its complex input. In addition, usually it is
necessary to process cross sections for several nuclides at once, which is not very convenient with
NJOY. It was noted that a program ENDF2ACE, a kind of NJOY preprocessor, is freely available,
but unfortunately it is not capable of handling several files at once and also suffers from limited
documentation.
The aim of the work was to make SFFER usage so easy and simple that even a first time user
could use it without reading many pages of documentation. On the other hand, some properties
were maintained for more advanced users. This balancing led to the separation of SFFER and
SXSDIR modules. Also the usage of quite many input and output files between the different
phases of a SFFER run originates from here.
The libraries created with SFFER were tested thoroughly. Because a fully accurate library does
not exist, the only alternative was to compare different libraries to the ones created by SFFER with
the highest reasonable accuracy.
The quality of the resulting MCNP libraries may differ a lot from one original nuclear data
source to another, so some comparison between them were also made. In this comparison MCNP
libraries were created using JEFF, JENDL and ENDF (U.S. Nuclear data libraries) data files and
these were further compared to the standard MCNP library, which is distributed with the MCNP
code.
Libraries were tested using two infnite lattice cases. First of them represented quite an ordinary
pressurized water reactor (thermal spectrum) and the second reminded of a sodium-cooled fast
reactor. The geometry was made very simple: only one fuel rod with its cooling channel was
modelled and the system was expanded to infinity with reflecting boundary conditions.
The rod was 1 cm in diameter, contained no cladding and consisted of homogenous uranium
oxide alloyed with a small amount of impurities 135 Xe and 149 Sm. Enrichment of the uranium was
chosen so that the system kef f was close to 1. No special thermal scattering libraries were used,
because the library comparison could be performed without their interference.
Testing of SFFER showed that the simulated keff varies quite a lot from one original nuclear
data source to another - at least with the chosen test cases containing 7 nuclides. The system
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reactivity varied from 5.6 $ (JENDL) to 6.0 $ (ENDF) for the thermal lattice case. In the fast
lattice case the deviation was even larger: reactivity values were between -1.4 $ (JENDL) and 0.9
$ (MCNP standard library).
Also the library sizes varied a lot. JENDL data files resulted in the largest final libraries in all
the comparable cases, while the libraries were smallest when created from ENDF.
If the data files contain this big uncertainties, it is unreasonable to create extremely accurate
libraries to be used with MCNP (wasted storage capacity, slightly slower MCNP runs). Therefore,
deviations of about 0.1 $ for thermal cases and 0.2-0.3 $ for fast cases are considered acceptable
when choosing parameters for SFFER. The only thinkable situations where higher accuracies
would be necessary are library comparisons and situations, in which the user has some priori
knowledge about the confidence of the nuclear data source.
The effect of different input parameters and the enabling or disabling of different NJOYmodules were also analyzed.

2

Doppler Preprocessor of Cross Section Libraries for Serpent (Viitanen,
2009a)

The experience and expertise gained with the SFFER-project on processing cross section libraries
was next applied to implementing a doppler-preprocessor of cross section libraries for the VTT
based reactor physics code Serpent as T. Viitanen’s Master’s thesis.
The motivation of the work was the fact that the processing of cross section data is done in
many cases with the code system NJOY, which is, despite its name, quite complicated and hard
to use. Luckily for those not familiar with NJOY, basic libraries are distributed along with many
of the simulation codes. However, at least in the case of the popular Monte Carlo code MCNP
they are available only in room temperature for most of the nuclides and they are, additionally,
quite inaccurate. As an example, a 100 K change in temperature of a VVER-440 fuel bundle in
an infinite lattice corresponds to almost 0.4 $ change in reactivity, which is quite an unacceptable
magnitude for error. Thus, for an MCNP user it is impossible to accurately model a reactor
working in realistic temperatures without introducing NJOY.
Generally, it would be possible to take another approach by including the temperature processing of cross sections as a part of the simulation code itself. This way the original libraries would
be - at least in theory - needed in only one temperature, and the user would be able to choose
the temperature of a cross section arbitrarily in the code input without using clumsy cross section
processing programs beforehand. In brief, such processing ability would enable easy and accurate
temperature handling, while also storage capacity could be saved because of the reduction in the
number of original cross section libraries needed. The greatest disadvantage in this approach is
the increase in calculation time compared to the preprocessed case.
To pursue this second approach a Doppler-preprocessor for cross section libraries, designated
”Doppler routine” in the following, was designed and successfully implemented in the Monte
Carlo reactor physics code Serpent. The routine is able to rise the temperature of existing cross
section data and thus provides an easy tool for modeling the temperature distribution of a reactor.
The routine can be activated by adding an attribute tmp <temperature in K> as a part of
the material cards in Serpent input. It should be noted, however, that the routine is not able to
modify the temperatures of thermal scattering cross sections and secondary particle distributions.
Also the probability tables of unresolved region are left untouched.
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As a by-product, thermal scattering libraries were created for Serpent using NJOY.
The routine proved to be so fast that its duration can be considered almost insignificant. The
accuracy of the routine was evaluated first by comparing routine-broadened cross sections to those
created by NJOY and, secondly, through results of Serpent simulations. The calculation of pointwise proportional errors showed that there are notable differences between the cross section curves
of the routine and NJOY. These errors originated mostly from differences in the energy grids: unlike NJOY, the routine does not optimize energy grid, which causes inaccuracies especially at
energy regions between resonances. Fortunately, the absolute errors in cross sections were small.
The integral comparison revealed a slightly more severe source of inaccuracy in the routine.
When integrating the linear approximation of a cross section, the results become slightly too large
in convex and too small in concave parts of the cross section curve. The effect is emphasized for
less accurate cross section libraries. However, also these errors were quite small (integral errors
. 0.1 %) for all energy intervals.
Comparison of the Serpent results confirmed that conclusions about the cross section accuracies were correct. The keff of a VVER bundle depended more on the accuracy parameters of
NJOY than the broadening method. Also the deviation in two group cross sections was negligible
as long as the accuracy of the original library remained sufficiently high.
The evaluations prove that the Doppler routine can be used to reliably broaden cross sections,
especially, if the accuracy of the original libraries is high and unresolved region probability tables
exist. In any case, libraries processed with the routine should lead to better results than using cross
section libraries at wrong temperatures. It is recommended that the base library for broadening is
chosen as close to the final temperature as possible because of the gain in efficiency due to sparser
energy grid. As regards the library accuracy, the tests indicate that even temperature changes as
high as 3000 K should not lead to significant inaccuracies.
The only noteworthy deficiency in the routine is the minor lack of accuracy: the routine is
not quite as accurate as NJOY. Therefore, if the user requires extremely accurate cross sections in
some specific temperature not already available in the ACE-libraries, they must be created from
scratch using NJOY. This could be the situation for example when comparing two cross section
data sources.
Two methods for enhancing the accuracy were observed. By introducing energy grid optimization it would be possible to first of all get rid of the high proportional errors between resonances
and, at the same time, gain some performance by removing unnecessary grid points. The grid optimization algorithm could be quite similar to that of NJOY so that points are added between the
existing grid points until some conditions are met and, correspondingly, they are removed when
possible. In practice this might be quite challenging, because the same energy grid is used for all
reaction channels of a nuclide and, additionally, changing the size of an array in computer memory
can be very time-consuming. It could also be beneficial to somehow add the grid optimization as
a part of the union grid generation of Serpent.
The second method concerns the way cross section curve is approximated in the integrations
of Doppler broadening. Even though NJOY has chosen the energy grid of the base library so that
linear interpolation can be used between the points up to certain accuracy, the cross section is in
reality everything but linear between the grid points. For this reason, linear interpolation causes
error especially in the regions, where the cross section curve is strongly convex or concave. Better
results could be achieved by replacing the linear approximation with some higher-level interpolation scheme, for example spline interpolation. However, this would complicate the integration
significantly and most probably disable the possibility of accurate analytical integration.
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Fuel Modeling with COMSOL Multiphysics (Kajanto, 2010)

COMSOL Multiphysics is a FEM solver widely used in many fields of engineering. It has not
been widely applied in the field of nuclear fuel modeling. The thermal distribution of a nuclear
fuel is important since melting temperatures must be avoided. High temperatures also drive various
changes in the structural properties that affect the fuel performance. Fission product gases are a
difficult phenomenon that also affects the fuel properties as gases have lower densities and thermal
conductances than the fuel.
The objective of the study was to construct models with COMSOL that calculate the temperature distribution and the burnup at which pellet cladding mechanical interaction (PCMI) first
occurs. Furthermore the modeling of fission gas release with COMSOL was to be observed and
the obtained results were compared with experimental data from Sofit and Kola experiments. The
accuracy of the calculations was evaluated and possible sources of errors were identified.
COMSOL Multiphysics proved itself to be an efficient tool when it comes to solving and
visualizing problems. It has lots of potential, since many modules can be adapted to different
fields of nuclear fuel modeling.
The comparison of obtained results to existing experimental data reached varying success. The
first task was to calculate the fuel centerline temperature and compare it to the results given by
the Sofit experiment. Two models were made to examine this effect, one with the whole rod and
another with just the fuel. The first model gave 200 K to 700 K overestimated temperatures in the
linear power region 10-40 kW/m, with enormous temperature rises in both the gap and fuel. Most
likely sources of error are the inability to model the gas in the gap, and the thermal conductivity
of the fuel.
In the second model the gap was not included. In this case the fuel outer surface temperature
had to be set. A rough model for the temperature rise at different linear power rates was introduced
and applied. The results from this model agreed better with reference, the overestimates are just
from 20 K to 200 K. It must be noted, however, that the fuel outer surface temperature is arbitrary,
based on the knowledge of the total temperature rise in the rod. COMSOL lacks tools for gas
modeling, which is why the modeling of the gap was so problematic. Still, there are some issues
even if the gap is ignored. Problems may rise from the thermal conductivity as it is supposed
to change when the high burnup structure forms. It is also possible that the chosen model for
thermal conductivity was not correct. It is still good news that the results stay above the measured
temperatures. In trying to avoid too high temperatures, it is good that the real temperatures are
always lower than the calculated ones.
The fission gas effects were examined with the Earth Science Module. Odd as the choice may
seem, it worked surprisingly well when modeling a porous solid with the emphasis on the fluid
within. The only problem is the geophysical coefficients that are hard to find for UO2.
The tasks were to determine the PCMI burnup and fission gas release rate. The PCMI burnup
case was quite successful: the calculated result was 33 MWd/kgU as the measured PCMI begins
to form at 35 MWd/kgU and the gap is fully closed at 51 MWd/kgU. The model did not include
modeling the gap. The fuel boundary temperature was set by the user as in previous cases, and
leaves some room for error. All the resistive forces such as the pressure in the gap were ignored,
which might explain the slight underestimation.
The fission gas release was calculated for a fuel rod filled with gas in constant pressure. The
effects of the PCMI or the exerted pressure are not included. The obtained fission gas release rate
was 1 %, very close to the measured 1.16%. The accuracy of the result may be pure luck, because
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the permeability was chosen very arbitrarily in the lack of proper models. The absence of resistive
forces may also have some effect on the result.
Further studies on the subject should definitely include implementing more realistic models
for e.g. fuel porosity to be used with COMSOL. However model construction and selection for
fuel properties are one of the most challenging fields in nuclear technology.
The final verdict was that COMSOL Multiphysics has potential in approximate nuclear fuel
modeling. More experience of its features and possibilities will enable a more extensive use.

4

Radial Temperature Distributions in Fuel Rods and Effective Temperatures (Valtavirta, 2011)

The temperature of the nuclear fuel affects its reactivity mostly through the broadening and flattening of the resonance absorption peaks of the isotope cross sections at high temperatures. While the
area of the absorption peak stays practically constant, the deterioration in self-shielding increases
capture reactions in the fuel and lowers the reactivity of the fuel.
However, due to restrictions in available processor time and memory it is impossible to use
an arbitrarily accurate temperature profile in neutronics calculations. The number of temperature
zones in the system must be reduced, which can be done by homogenizing the temperature for
each fuel pin, i.e., calculating a single effective temperature for the whole pin. Usually this is not
enough and the temperature zones must be further reduced on the bundle level.
Two cases of temperature homogenization were assessed in this work, namely the in-pin homogenization of the temperature profile of a Gd-doped EPR-fuel pin and the in-bundle homogenization of temperatures in a Loviisa-type VVER-bundle containing six Gd-doped pins of 126
pins total.
For the calculations the VTT based neutronics code Serpent was coupled with an external
temperature solver and homogenizer Thermosss, written in Aalto University by T. Viitanen for
studies on temperature homogenization.
The first case focused on an infinite square lattice of EPR pins, where a Gd-doped pin was surrounded by eight non-doped pins. The temperature of the Gd-pin was calculated with Thermosss
whereas the temperature of the surrounding non-doped pins was kept at a constant 1100 K. The
capture cross section of the Gd-pin obtained from calculations with different in-pin temperature
homogenization methods was compared with that received from the multi-temperature calculations. Comparisons were done at burnups ranging from 0 to 60 MWd/kgU both pointwise (noncumulative) and letting the differences accumulate into the material compositions (cumulative).
The temperature homogenization methods compared were
• Volume averaging of the temperature
• The Goltsev’s weighted volume average (Goltsev et al., 2000)
• The Rowland’s chord average (Rowlands, 1962)
The non-cumulative calculations showed no pointwise differences in the capture cross section
between different temperature homogenization methods suggesting that any statistically significant differences between the methods in the cumulative case should be due to differences in
burnup calculations. Moreover the pointwise differences compared to the multi-temperature case
stayed under 0.25 %.
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The cumulative calculations showed different trends for different homogenization methods.
The volume averaging of the temperature resulted in the greatest differences (up to 0.3 % at 60
MWd/kgU) even though its accuracy was slightly increased by using the (incorrect) simplification
of a parabolic temperature distribution. Goltsev’s volume averaging resulted in a smaller overprediction of the capture cross section (max. 0.15 % at 40 MWd/kgU) albeit its somewhat nonphysical background. The most accurate results were obtained from Rowlands’ chord-averaging
with maximum deviation from multi-temperature results being 0.06 % at 40 Mwd/kgU. Moreover
Rowlands’ method was the only one that stayed on the conservative side, i.e., overpredicting the
reactivity rather than underpredicting it.
While the deviations in the capture cross section are modest on the pin level, it is not yet known
how big differences they will result in on the bundle level. While there are only a few Gd-doped
pins in a bundle, their effect in the spatial distribution and the energy spectrum of the neutrons can
yield significant changes in material compositions and system properties in burnup calculations.
The second case was set to assess the errors made in assuming a bundle-wide homogeneous
temperature in a Loviisa-type VVER-bundle containing six Gd-doped pins. In the VVER-bundle
the transmutation of gadolinium was seen to happen until the burnup of 25 MWd/kgU and the
volume average temperature grew from 665 K to 940 K during the fuel life. The volume average
temperature of the Gd-pins reached that of the rest of the bundle, namely 813 K, at the burnup
interval of 20–25 MWd/kgU.
The homogenization of the bundle temperature to 813 K did not result in significant deviations
in reactivity in the non-cumulative case, and no statistically significant deviations were observed
in the cumulative case either. The self consistency of the pin-wise temperatures at different stages
(e.g. the material cross section homogenization stage and the full core simulation) of full core
simulations would nevertheless be an interesting research subject.
Ultimately, this study concludes that while the effect of temperature homogenization on the
neutronics of the system is very subtle, it results in clear differences in the burnup calculations.
The differences are explained by changes in the material compositions due to the temperaturerelated changes in cross-sections. The exact nature and extent of these changes could be a good
subject for future research.
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Advanced Burnup Calculations
Aarno Isotalo, Pertti Aarnio
Fission and Radiation Physics, Aalto University School of Science,
P.O. Box 14100, FI-00076 Aalto, Finland.
Abstract
When material changes in burnup calculations are solved by evaluating an explicit solution to the Bateman equations with constant microscopic reaction rates, one has to first predict
the development of the reaction rates during the burnup step and then further approximate
these predictions with their averages in the depletion calculation. Representing the continuously changing reaction rates with their averages results in some error regardless of how
accurately their development was predicted. Since neutronics solutions tend to be computationally expensive, steps in typical calculations are long and the resulting discretization errors
significant.
In this paper we present comparison of Bateman solvers applicable to depletion calculations together with methods for reducing the discretization errors.

1

Bateman Solvers

In this work five algorithms for solving the system of decay and transmutation equations with
constant reaction rates encountered in burnup calculations were compared (Isotalo and Aarnio,
2011a). These are Chebyshev rational approximation method (CRAM), which is a new matrix
exponential method developed at VTT (Pusa and Leppänen, 2010), the matrix exponential power
series with instant decay and a secular equilibrium approximations for short-lived nuclides, which
is used in ORIGEN, and three different variants of transmutation trajectory analysis (TTA), which
is also known as the linear chains method. The common feature of these methods is their ability
to deal with thousands of nuclides and reactions. Consequently, there is no need to simplify the
system of equations and all nuclides can be accounted for explicitly.
The methods were compared in single depletion steps using decay and cross-section data taken
from the default ORIGEN libraries. Very accurate reference solutions were obtained from a high
precision TTA algorithm. The results from CRAM and TTA were found to be very accurate. While
ORIGEN was not as accurate, it should still be sufficient for most purposes. All TTA variants are
much slower than the other two, which are so fast that their running time should be negligible
in most, if not all, applications. The combination of speed and accuracy makes CRAM the clear
winner of the comparison.
Two reactors were considered in the comparison. The first one is a pressurized water reactor (PWR) with 0.04:0.96:2.0 mixture of 235 U, 238 U and 16 O as the initial composition and constant flux of 3.0 × 1014 cm−2 s−1 . The second one is a 233 U/Th liquid metal fast breeder reactor
(LMFBR) core with 0.15:0.85:2 initial mixture of 233 U, 232 Th and 16 O and a constant neutron flux
of 4.0 × 1015 cm−2 s−1 .
Here we restrict ourselves to present the comparison of the CRAM algorithm to the high
precision, 75 decimal places, TTA algorithm. Figure 1, where each point represents a nuclide,
displays the relative errors of CRAM compared to the high precision reference algorithm following
a single step of 1 and 100 days in the PWR test cases with fresh and spent fuel. Results from the
LMFBR cases were slightly more accurate and plutonium, rather than curium, isotopes had the
largest errors. As can be seen, CRAM is extremely close to the correct values. With old fuel all
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Figure 1: Relative errors for individual nuclides in CRAM results after single 1 and 100 day
depletion steps of fresh and old fuel in the PWR test.Isotalo and Aarnio (2011a)
nuclides with atomic fraction over 10−20 agree to six or more digits and even with fresh fuel only
a few nuclides are more off. Even the largest error observed is less than 1%.
It appears that some parts of the decay and transmutation web, like the curium isotopes in
Figure 1, are difficult for CRAM. The reason for this is not evident, but the effect is particularly
strong with long steps as the importance of complex routes increases with step length. The effect
is only seen clearly with the fresh fuel as it gets averaged out with the old fuel. The contributions
from 238 U to curium isotopes are solved equally in both cases, but in old fuel the inaccuracy in
this part of the solution is dwarfed by larger and more accurate contributions from other nuclides.
The saturation of errors at 10−12 is too sharp to be of numerical origin and appears to be
the limit of accuracy in the Chebyshev approximation of order (14,14). It is, however, of no
consequence as the error is extremely small and well below the level of uncertainty in even the
most accurately known cross-sections and half-lives.
The apparent accuracy of CRAM provides additional assurance that the high precision algorithm used to obtain the reference solutions works. CRAM and TTA use so different approaches
that it is difficult to see how they could be so close to each other without being at least comparably
close to the correct results. The small increase of errors seen at atomic densities below 10−16 in
the bottom left panel of Figure 1 is actually caused by inaccuracy in the reference solution, i.e., 75
decimals was not enough.

2

Higher Order Predictor-Corrector Methods

A group of methods for burnup calculations solves the changes in material compositions by evaluating an explicit solution to the Bateman equations with constant microscopic reaction rates. This
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Figure 2: Absolute and relative errors for 155 Gd atomic density in the PWR assembly test case. The
initial atomic density of 155 Gd is 1.8 × 1019 cm−3 . LE used 43 steps while the predictor–corrector
methods used 22. Isotalo and Aarnio (2011b)

requires predicting representative averages for the one-group cross-sections and flux during each
step, which is usually done using zeroth and first order predictions for their time development in a
predictor–corrector calculation. In this work (Isotalo and Aarnio, 2011b) we presented the results
of using linear (LE), rather than constant (CE), extrapolation on the predictor and quadratic (QI),
rather than linear (LI), interpolation on the corrector. Both of these were done by using data from
the previous step, and thus did not affect the stepwise running time.
The methods were tested by implementing them into the reactor physics code Serpent and
comparing the results from four test cases to accurate reference results (std) obtained with very
short steps. The test cases were: 1) typical Westinghouse 17 × 17 PWR assembly, 2) Radkowsky
seed blanket unit, 3) single pin cell of the previous PWR assembly, and 4) single pin cell of the
BN600 sodium-cooled fast reactor.
Here we restrict ourselves to present the errors in comparison of gadolinium depletion in the
PWR assembly, where Gd is used a burnable absorber. Figure 2 shows the absolute and relative
errors for 155 Gd. The errors for 157 Gd behave similarly and reach comparable maxima as those for
155
Gd but peak earlier. Errors in the gadolinium isotopes are mirrored by the effective multiplication factor, the errors for which peak around 10 MWd/kgHM reaching roughly 400, 250 and 150
pcm for CE/LI, LE and LE/QI, respectively. No statistically significant errors in the multiplication
factor were observed for LE/LI.
Using linear, rather than constant, extrapolation on the predictor steps clearly improved the
results for long-lived nuclides in the three test cases with thermal spectra. Results for the gadolinium bearing PWR assembly test case were improved most, and linear extrapolation allowed step
lengths to be doubled while retaining equal or higher accuracy for the multiplication factor,
gadolinium absorber, long-lived fission products and most major heavy metal isotopes.
The difference between constant and linear extrapolation is even more dramatic when they are
used without corrector steps, and linear extrapolation might actually provide a viable alternative to
the predictor–corrector methods. It would have a major advantage in cases where the desired output frequency, rather than the accuracy of the results, is the limiting factor for step lengths. If sufficient accuracy can be reached without corrector using one step per output, a predictor–corrector
method would unnecessarily double the running time.
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Figure 3: Relative errors in the atomic densities of 99 Mo and 131 I in the PWR and SBU assembly
test case with various numbers of substeps on the corrector. The PWR calculations used 22 steps
while the SBU ones used 10. Isotalo and Aarnio (2011c)

3

Substep Methods

When material changes in burnup calculations are solved by evaluating an explicit solution to the
Bateman equations with constant microscopic reaction rates, one has to first predict the development of the reaction rates during the step and then further approximate these predictions with their
averages in the depletion calculation. Representing the continuously changing reaction rates with
their averages results in some error regardless of how accurately their development was predicted.
Since neutronics solutions tend to be computationally expensive, steps in typical calculations are
long and the resulting discretization errors significant.
In this work (Isotalo and Aarnio, 2011c) we presented a simple solution to reducing these
errors: the depletion steps are divided to substeps that are solved sequentially, allowing finer
discretization of the reaction rates without additional neutronics solutions. This greatly reduces
the discretization errors and, at least when combined with Monte Carlo neutronics, causes only
minor slowdown as neutronics dominates the total running time.
Substep methods were tested in cases similar to the ones described in Isotalo and Aarnio
(2011b), see above. Here we restrict ourselves to a case where the largest improvement from
using substeps were observed, namely to those short-lived fission and activation products whose
production is dominated by neutron induced reactions and removal by decay. The errors for these
nuclides are not significantly affected by the predictor and corrector orders or the number of substeps on the predictor, but depend linearly on the step or substep length on the corrector. The
relative errors for all applicable nuclides reach roughly 0.5% and 0.4% per MWd/kgHM of step
length in the PWR and SBU test cases, respectively. As an example, Figure 3 shows the relative
errors for 99 Mo and 131 I in the PWR and SBU assembly cases. The PWR case uses shorter steps in
the beginning to account for the depletion of the initial gadolinium, which causes the discretization
errors to stay small until the step length starts increasing after 12 MWd/kgHM.
Using substeps dramatically improves results for short-lived nuclides, removing almost all
errors observed without them. For substeps to have a significant effect, the effective half-life of
a nuclide only needs to be of the same order as the step length, so substeps also affect many
non-short-lived heavy metals, such as various plutonium isotopes, and even 235 U to an extent.
Long-lived fission products reflect the errors in the fissile inventory and are thus also affected.
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Conclusions

Since substeps and the higher predictor and corrector orders tackle different error sources, they
should be used together for the best results. The higher order methods have the largest effect
on those nuclides, e.g. initial gadolinium, that are least affected by substeps, whereas substeps
provide the largest improvement for short-lived nuclides that are barely affected by the predictor
and corrector orders. Combined, these two improvements result in more than a factor of two
reduction in errors for essentially all nuclides. Alternatively, they allow twice as long steps to be
used while retaining equal or higher accuracy.
All in all, combining fast and accurate proven depletion algorithm CRAM with higher order
predictor-corrector method and substeps provides us with the means to obtain accurate nuclide
inventories using longer time integration steps.
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SCWR Research at Aalto
Lauri Rintala
Department of Applied Physics, Aalto University, P.O. Box 14100, 00076 Aalto, Finland.
Abstract
The supercritical water reactor (SCWR) was studied at Aalto University within the framework of NETNUC project. The research concentrated on the heat transfer from heated surface
to supercritical water. The heat transfer poses large uncertainties and better understanding of
it is necessary. First the heat transfer models and capabilities of process simulation software
APROS was studied and after that moved to full CFD modelling of an experiment of heat
transfer in a pipe.

1

Introduction

In the beginning of new millenium the Generation IV International (GIF, 2002) forum selected six
different reactor types for further development from a large variety of options. One of them is the
supercritical water reactor (SCWR). It will continue on the same path with conventional thermal
power plants and obtain higher efficiency by higher coolant temperatures. The SCWR is claimed
to have lower construction costs due to fewer components required, e.g., pressurizer, steam generator, recirculation pumps or steam dryers are not needed. Also the supercritical turbines are in
world wide use in conventional power plants.
The main challenges in applying supercritical water to nuclear reactors are safety margins and
uncertainties. The supercritical water is highly corrosive fluid, which sets high requirements to
used materials. In addition to oxidicing water they must stand high stresses in high temperatures,
therefore the supercritical water has temperature over 374 ◦ C and pressure over 22.1 MPa.
Also the heat transfer from solid to supercritical water is yet an unsolved problem. It has been
under heavy research since the first half of the 20th century, but relies still on different empirical
correlations of which no one gives accurate values for all situations. There is wide agreement on
the fact that the drastic property variations near the critical point, on the so called pseudocritical
line, may cause deterioration or enhancement of heat transfer in different geometries and boundary
parameters.
The conventional power plants cope with this uncertainty in heat transfer correlations well,
because they have a constant temperature boundary condition: the boiler wall will not become
hotter than the flame. In case of pipe rupture the plant is shut down and the rupture is fixed.
In a nuclear reactor both aspects differ. In nuclear reactor there is a constant power boundary
condition: if the heat transfer from the fuel to coolant is too low, the fuel temperature rises without
upper boundary. And in case of a rupture a NPP is not simply shut down and a filling welded,
it causes always a serious radiation hazard and in case it is avoided, at least negative publicity is
inevitable.

2

Supercritical Water

The boiling curve of water, or any other substance, starts from triple point where all three phases
can co-exist and ends at critical point. Beyond the critical point there is the supercritical region.
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Figure 1: Density and thermal conductivity of supercritical water. (Rintala, 2009)
There is no phase change in the supercritical region, which prohibits classical boiling and boiling crisis, which is one of the most limiting factors in current nuclear plants. Although boiling
crisis does not occur in supercritical region due to absent phase change, the large change in, e.g.,
density or thermal conductivity (Figure 1) causes heat transfer deterioration. Heat transfer deterioration causes smaller and not as steep decrease in heat transfer coefficient and thus temperature
of the heated surface does not rise as drastically as in boiling crisis.
At the moment the most accurate numerical model for thermodynamic properties of water is
the IAPWS Scientific Formulation ’95 (IAPWS, 1996) which covers temperature up to 1000 K
and pressures up to 100 MPa. There is also specific correlations for the vicinity of critical point
or for the supercritical region, but for wide range of temperatures and pressures, the IAPWS-95 is
the most accurate correlation.
One of the key tasks carried out during NETNUC project was implementing these thermodynamic properties of supercritical water into CFD code OpenFOAM.

APROS Simulations
APROS is a simulation software for combustion and nuclear power plants, pulp and papermills
and other industrial processes (APROS, 2012). It has been developed since 1986 by VTT and Fortum. APROS includes models for one dimensional thermal hydraulics, one and three dimensional
core neutronics, system electronics and automation and latest development is nuclear reactor containment model for safety analyses. APROS has steam tables up to 35 MPa and hence it can be
used also for simulations extending to supercritical region.
The correct steamtables enable the simulations also in the supercritical region: the temperatures, enthalpies etc. will be correct and correspond the thermal powers used in the simulation.
Only the predicted surface or cladding temperatures will be false since there is no proper heat
transfer correlation for supercritical water. There is worldwide research interest in this matter, but
despite numerous proposed correlations no general solution has been found.
The simulation results reveal how current heat transfer correlations perform. The results show
no sign of heat transfer deterioration and the increase in wall temperature is almost linear. One set
of experimental results is shown in Figure 2 and simulated results are shown in Figure 3
The experiment is heat transfer into supercritical water in a vertical cylindrical pipe with inner
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Figure 2: The measured pipe wall temperature with water inlet temperature of 300 ◦ C. (Alekseev
et al., 1976)
diameter of 10.4 mm and heated length of 500 mm. The pressure was 24.5 MPa. Used heat fluxes
varied between 0.27 and 0.58 MW/m2 and inlet temperatures of water were 100 and 300 ◦ C. Only
one mass flux, 380 kg/m2 s, was used.
After these simulations the development of APROS has continued and the situation might have
changed with implementation of new, better heat transfer correlations.

3

OpenFOAM

OpenFOAM is an open source toolbox for continuum mechanics, which includes fluid dynamics
(OpenFOAM, 2012). It has several different solvers for different situations: incompressible or
compressible, viscous or inviscid, steady-state or transient, solely fluid motion or heat transfer
between solid and liquid included, single phase or multiple phases etc. The solvers do not dictate
the whole simulation set up, the user has possibility to choose between various fluid and turbulence models. Several different turbulence models are readily available, including all most known
models of different groups: RANS, LES and DNS.
The fluid models were more of a challenge in our research. OpenFOAM has three separate modules for calculating fluid properties: the equation of state, thermophysical properties and
transport properties. OpenFOAM comes with two different equations of state, four thermophysical property options and three transport property options. Of course the availability of source
code makes it possible to add arbitrary property libraries. None of the combinations of different
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Figure 3: Wall temperatures from APROS simulation results with inlet temperature of 300 ◦ C.
(Rintala, 2009)
calculation modules give satisfactory results for supercritical water and hence the properties of
supercritical water were implemented into OpenFOAM.
The simulations had one clear target: to find out which turbulence model gives best results for
heat transfer. Also some other aspects were inspected, e.g., the effect of gravity and the effect of
computation mesh and its density. Also fundamental properties such as the conservation of energy
was checked.
Four different mesh resolutions were used in the simulations of which two coarser ones produced results that were clearly effected by the coarseness of the mesh whereas the two finest
meshes produced almost similar results. The similar output from the two meshes was taken as a
signal of correctness of the results and the second finest mesh used hereafter because of shorter
simulation times. And the correctness of the results meant that further increasing the amount of
calculation cells does not provide any further information of the case.
The gravity effected the velocity field and heat transfer as expected. In the upward flow the
heated water close to wall accelerates by buoyancy and prohibits the mixing with colder water
in the middle and hereby lowers the heat transfer. In the downward flow the opposite happens:
the denser water in the middle of the pipe is accelerated by gravity to the point where there even
occurs some flow reversal close to the wall in the beginning of the heated section. This provides
cooler water to the walls longer into the heated section and heat transfer is more effective than in
the upward flow case. The zero gravity results resemble the upward results very closely which
was a minor surprise.
The turbulence models caused large differences to the results. The laminar turbulence model
differs on calculational level more from k- and SST turbulence models than they from each other.
The laminar case overpredicted wall temperatures, i.e., underestimated heat transfer dramatically. This result was anticipated as the zero Reynolds stress hinders radial diffusion or convection pretty well and all heat is transported only by conduction further away from the wall. The k-
model tended to overpredict the heat transfer coefficient as much as laminar model underpredicted.
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Figure 4: The OpenFOAM simulation results with inlet temperature of 300 ◦ C, SST turbulence
and 2.1M computation cells. (Rintala, 2011)
The SST model got closest to the experiment results. The heat transfer coefficients from
simulations were in all cases within factor of two from the experiment values, did not clearly
under- or overestimate it, which was remarkably better than the other two. The heat transfer
deterioration was still uncaptured by simulations: none of the simulations showed such behaviour.
Figure 4 provides one example of OpenFOAM results for comparison with experimental and
APROS results. It is the same case as above the APROS results and the experimental results,
but presented with water bulk temperature versus heat transfer coefficient. The used turbulence
model is SST and all the experimental results are marked with points without separation between
different heat fluxes.

4

Conclusions

The initial reason to adopt CFD calculation was to get better results than what was obtained by
system code APROS and see if CFD could be used in system code development. Better results
were certainly achieved but still the computed results were a bit far away from the real life values.
During the past years the correctness of these experimental results has every now and then been
in doubt. This study did not bring any final solution for that question, but the simulation results
were so close that the experimental results certainly have not been taken out of nowhere and the
experiment has been carried out with at least modest accuracy.
The use CFD to replace experiments is at least in the light of this study not at hand. There are
some better CFD results obtained against other experiments with fine-tuned turbulence models,
etc. but this out-of-the-box OpenFOAM with supercritical water properties is not quite ready for
that. One must still remember that the cost effectiveness of OpenFOAM is outstanding. The work
done in this project showed that CFD can be used for supercritical water and it is not too difficult.
The results could be better and certainly with additional work they can be enhanced.
In the light of SCWR research the CFD results did bring some insight to heat transfer but
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using OpenFOAM for development of a heat transfer correlation for a system code is not yet
possible. As mentioned in previous paragraph: with further research, tuning turbulence model or
even moving over to DNS, it would also be possible.
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Riitta Kyrki-Rajamäki Lappeenranta University of
Technology
Rainer Salomaa
Aalto University
Liisa Heikinheimo
VTT Technical Research Centre of
Finland
Timo Vanttola
VTT Technical Research Centre of
Finland

Leader of the Consortium
Leader of the Aalto Sub-Project
Leader of the VTT Sub-Project
(2008–2009)
Leader of the VTT Sub-Project
(2010–2011)

Steering Group
The steering group of the project assembled eight times during the project. Official members of
the steering group are listed below.
Marja-Leena Järvinen
Sami Hautakangas
Jorma Aurela
Riitta Kyrki-Rajamäki
Riku Mattila
Saila Seppo
Keijo Valtonen
Tero Varjoranta
Juha Äystö
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Lappeenranta University of Technology

Vesa Tanskanen

Lappeenranta University of Technology

Chair
Vice Chair
Member
Member
Member
Member
Member
Member
Member
Secretary
(2009–2011)
Secretary (2008)

180

New Type Nuclear Reactors (NETNUC) 2008-2011 Final Report

Researchers
List consists of researchers funded in the project but also persons involved in the project either as
supervisors or assisting personnel.
Lappeenranta University of Technology
Jordan, Anne
Kauppinen, Otso-Pekka
Kyrki-Rajamäki, Riitta
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