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Abstract


Heikki Suikkanen


Application and development of numerical methods for the modelling of innovative
 gas cooled fission reactors


Lappeenranta 2014
 130 p.


Acta Universitatis Lappeenrantaensis 610
 Diss. Lappeenranta University of Technology


ISBN 978–952–265–698–8, ISBN 978–952–265–699–5 (PDF)
 ISSN-L 1456–4491, ISSN 1456–4491


Innovative gas cooled reactors, such as the pebble bed reactor (PBR) and the gas
 cooled fast reactor (GFR) oﬀer higher eﬃciency and new application areas for nu-
 clear energy. Numerical methods were applied and developed to analyse the specific
 features of these reactor types with fully three dimensional calculation models. In
 the first part of this thesis, discrete element method (DEM) was used for a physically
 realistic modelling of the packing of fuel pebbles in PBR geometries and methods
 were developed for utilising the DEM results in subsequent reactor physics and
 thermal-hydraulics calculations. In the second part, the flow and heat transfer for
 a single gas cooled fuel rod of a GFR were investigated with computational fluid
 dynamics (CFD) methods.


An in-house DEM implementation was validated and used for packing simula-
 tions, in which the eﬀect of several parameters on the resulting average packing
 density was investigated. The restitution coeﬃcient was found out to have the most
 significant eﬀect. The results can be utilised in further work to obtain a pebble bed
 with a specific packing density. The packing structures of selected pebble beds were
 also analysed in detail and local variations in the packing density were observed,
 which should be taken into account especially in the reactor core thermal-hydraulic
 analyses.


Two open source DEM codes were used to produce stochastic pebble bed configu-
 rations to add realism and improve the accuracy of criticality calculations performed
 with the Monte Carlo reactor physics code Serpent. Russian ASTRA criticality ex-
 periments were calculated. Pebble beds corresponding to the experimental specifi-
 cations within measurement uncertainties were produced in DEM simulations and
 successfully exported into the subsequent reactor physics analysis. With the de-
 veloped approach, two typical issues in Monte Carlo reactor physics calculations of
 pebble bed geometries were avoided.


A novel method was developed and implemented as a MATLAB code to calcu-
late porosities in the cells of a CFD calculation mesh constructed over a pebble
bed obtained from DEM simulations. The code was further developed to distribute
power and temperature data accurately between discrete based reactor physics and
continuum based thermal-hydraulics models to enable coupled reactor core calcula-
tions. The developed method was also found useful for analysing sphere packings in
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CFD calculations were performed to investigate the pressure losses and heat trans-
 fer in three dimensional air cooled smooth and rib roughened rod geometries, housed
 inside a hexagonal flow channel representing a sub-channel of a single fuel rod of a
 GFR. The CFD geometry represented the test section of the L-STAR experimen-
 tal facility at Karlsruhe Institute of Technology and the calculation results were
 compared to the corresponding experimental results. Knowledge was gained of the
 adequacy of various turbulence models and of the modelling requirements and issues
 related to the specific application.


The obtained pressure loss results were in a relatively good agreement with the
 experimental data. Heat transfer in the smooth rod geometry was somewhat under
 predicted, which can partly be explained by unaccounted heat losses and uncertain-
 ties. In the rib roughened geometry heat transfer was severely under predicted by
 the used realisablek ✏turbulence model. An additional calculation with av2 f
 turbulence model showed significant improvement in the heat transfer results, which
 is most likely due to the better performance of the model in separated flow problems.


Further investigations are suggested before using CFD to make conclusions of the
 heat transfer performance of rib roughened GFR fuel rod geometries.


It is suggested that the viewpoints of numerical modelling are included in the
 planning of experiments to ease the challenging model construction and simulations
 and to avoid introducing additional sources of uncertainties. To facilitate the use of
 advanced calculation approaches, multi-physical aspects in experiments should also
 be considered and documented in a reasonable detail.


Keywords: nuclear reactors, gas cooled reactors, high temperature reactors, pebble
 bed reactors, gas cooled fast reactors, computational fluid dynamics, discrete ele-
 ment method


UDC: 621.039.5:621.039.534.2:51.001.57:519.61:004.94



(5)
Acknowledgements


The funding of this work and my postgraduate studies between 2009 and 2014 has
 come from several sources. I would like to thank the Academy of Finland for the
 financial support they have given for the research of new type nuclear reactors, first
 in the New Type Nuclear Reactors project (Grant No. 124264) and then in the
 Coupled Multi-Physics Modelling of Pebble Bed Reactor Core project (Grant No.


258145). I also wish to thank Fortum Oyj. for their participation to the funding of
 the former project. In between these projects, I was selected as a fully sponsored
 member of the YTERA doctoral school whose board I wish to thank for their trust
 and support. My acknowledgements go also for the European Commission as the
 work presented in the second part of my dissertation was conducted in the FP 7 EC
 collaborative project THINS (Grant agreement No. 249337). I also wish to express
 my gratitude to the Doctoral School of Computational Fluid Dynamics (2009) and
 the Research Foundation of Lappeenranta University of Technology for the travel
 and support grants they have given for my postgraduate studies and research.


I would like to thank my supervisor, professor Riitta Kyrki-Rajamäki not only
 for guiding me through my doctoral studies but also for introducing me to the
 serious and important world of project management and applying research fund-
 ing. I also wish to thank her for encouraging me to participate several international
 courses, conferences and collaborations from the very beginning of my doctoral stud-
 ies. These things have greatly widened my perspective to research work and to the
 world in general. For my dissertation work Professor Kyrki-Rajamäki has given
 me much room to find my own way but has still given many valuable comments
 and suggestions during the work and the finalisation of this dissertation. Professor
 Kyrki-Rajamäki has a remarkable talent to get things progressing even when the
 deadline was already yesterday.


The preliminary examiners of my dissertation, professor Lars Davidson and assis-
 tant professor Danny Lathouwers I would like to thank for their good comments and
 suggestions, which helped to further improve this work. My opponent Dr. Timo Pät-
 tikangas I would like to thank in advance for his eﬀorts and undoubtedly very good
 comments and questions he will raise during the public defence of my dissertation.


My friend and colleague Ville Rintala has played a vital role in the success of this
 work. With his skilful reactor physics input to the modelling of pebble bed reactors
 we have together managed to do things no-one else has done before. He also possesses
 a deep passion for developing and maintaining our computer clusters which has made
 it possible to perform the calculations in this work. This is very valuable work as it
 has a direct positive eﬀect to the output of many other researchers.


I wish to thank Dr. Jouni Ritvanen and Dr. Payman Jalali for introducing me to
the practise of discrete element modelling and for the nice interlaboratory work we
managed to process into the form of a publication. Dr. Jalali was also responsible
for the major part of my post-graduate courses and I have to mention that they were
very inspiring and of excellent quality. Dr. Ritvanen I have to thank also for his
numerous helpful tips, tricks and templates which he seems very keen on sharing.



(6)Within the THINS project I had the pleasure to work with Rodrigo Gómez from
 KIT and Sebastian Buchholz from GRS. I wish to thank both of them for the
 successful co-operation which resulted in a joint publication. Rodrigo Gómez and
 the whole L-STAR experimental team deserve my thanks for the hard work they
 have done to run the experiments.


I would like to thank Dr. Jaakko Leppänen from VTT for his input in our
 reactor physics work. Without the eﬃcient reactor physics code Serpent and the
 HTR specific models he implemented into Serpent, it would have been practically
 impossible to utilise the results of my DEM simulations in the subsequent reactor
 physics calculations.


For proofreading this thesis and pointing out some technicalities in writing en-
 glish, I would like to express my gratitude to Sari Silventoinen. I wish to thank also
 Markku Nikku and Ville Rintala for pointing out some mistakes in the text.


I wish to thank everyone in my laboratory and also the people who have partic-
 ipated the coﬀee breaks in the "secret" coﬀee room for nice discussions and slight
 distractions.


All friends who have shared with me the time when I have not been working or
 studying, including also some of whom I have already mentioned, I want to thank
 for the good time and the important distraction from the sometimes too serious and
 absorbing work.


My parents and family have always supported and valued my desire to study and
 have never pushed me in any direction I did not want to go myself. For this I am
 very grateful. I am also very grateful to Päivi, who has been by my side the whole
 time I have pursued the degree of doctor. She has been the most valuable person
 supporting me during this sometimes stressful period of my life.


At the time of writing these acknowledgements I am just a few kilometres away
 from the site where two full scale pebble bed high temperature reactors are under
 construction. Doing research on a technology that has minor interest in Finland
 can feel quite lonely at times. It is thus encouraging to follow the progress of the
 technology in China and feel that the results of my work might soon become useful
 in practice.


Heikki Suikkanen
29th of October, 2014
Weihai, China



(7)
Contents


Abstract


Acknowledgements
 Contents


Nomenclature 11


1 Introduction 15


1.1 About gas cooled reactors . . . 15


1.2 Background and objectives . . . 18


1.3 Outline and scientific contribution . . . 19


Part I DEM modelling for gas cooled pebble bed reactors 23
 2 Background and state of art 25
 2.1 A brief review of related work . . . 26


3 Methods for discrete element simulation and data analysis 29
 3.1 Contact of two spheres . . . 29


3.2 Contact force models . . . 30


3.2.1 Normal force . . . 30


3.2.2 Tangential force . . . 31


3.2.3 Force summation . . . 32


3.3 Time integration and simulation time step . . . 32


3.4 Data analysis methods . . . 33


3.4.1 Average packing density . . . 34


3.4.2 Area based packing density profiles . . . 34


3.4.3 Local packing density . . . 35


4 Pebble packing studies for an annular reactor core geometry 37
 4.1 Calculation model . . . 37


4.2 Packing simulation results . . . 39


4.2.1 Comparisons with experimental data . . . 39


4.2.2 Average packing densities . . . 40


4.2.3 Local packing structures . . . 42


5 Enhancing neutronics analyses with realistic pebble packing data 47
 5.1 Discrete element simulation codes . . . 48


5.2 ASTRA packing simulation models . . . 49


5.3 ASTRA packing simulation results . . . 52


5.4 Feedback from reactor physics calculations . . . 55



(8)6 Mapping discrete pebble bed data to continuum volume elements 59


6.1 Description of the method . . . 60


6.2 Application examples . . . 63


6.2.1 Mapping data from discrete to continuum models . . . 64


6.2.2 Extracting volumetric packing density data . . . 68


7 Summary and conclusions of Part I 73
 Part II CFD modelling for gas cooled fast reactors 77
 8 Background and state of art 79
 8.1 A brief review of related work . . . 79


8.2 Description of the related experiments . . . 81


9 Flow and heat transfer models 85
 9.1 Governing equations . . . 85


9.2 Turbulence modelling . . . 86


9.2.1 Realisablek ✏model equations . . . 87


9.2.2 Reynolds stress model equations . . . 88


9.2.3 Near wall treatment . . . 89


9.3 Turbulent heat transfer modelling . . . 90


10 CFD calculation model 91
 10.1 Geometry and materials . . . 91


10.1.1 Flow conditioner . . . 93


10.1.2 Surface roughness elements . . . 93


10.2 Calculation mesh . . . 94


10.3 Cell zone and boundary conditions . . . 95


10.3.1 Porous zones . . . 97


10.4 Turbulence models . . . 98


10.5 Heat transfer models . . . 99


10.6 Solver and numerical methods . . . 99


11 CFD calculation results 101
 11.1 Data extraction locations and dimensionless parameters . . . 101


11.2 Numerical reliability of the results . . . 103


11.2.1 Mesh convergence . . . 103


11.2.2 Iteration convergence . . . 107


11.3 Results and comparisons with experimental data . . . 108


11.3.1 Total loss coeﬃcients . . . 108


11.3.2 Friction factors . . . 110


11.3.3 Nusselt numbers and rod temperature profiles . . . 111


12 Summary and conclusions of Part II 117



(9)13 Final comments 119


References 121



(10)
(11)11



Nomenclature


Latin alphabet


A Area m2


a Translational acceleration vector m/s2


a,b Polynomial coeﬃcients -


Bij Buoyancy production tensor in RSM model kg/(m s3)


C Inertial loss coeﬃcient -


C1,C2 Coeﬃcients in thek ✏turbulence model -


Cµ Coeﬃcient in thek ✏turbulence model -


cp Specific heat capacity m2/(s2 K)


Dij Turbulent diﬀusion tensor in RSM model kg/(m s3)


d Diameter m


Eij Dissipation tensor in RSM model kg/(m s3)


E Young’s modulus kg/(m s2)


e Restitution coeﬃcient -


F Force vector kg m/s2


F Force kg m/s2


f Friction factor, relaxation function -, -


fD Darcy friction factor -


G Shear modulus kg/(m s2)


Gb Generation ofkdue to buoyancy kg/(m s3)


Gk Generation ofkdue to mean velocity gradients kg/(m s3)


g Gravitational acceleration vector m/s2


g Gravitational acceleration m/s2


H Width m


h Specific enthalpy, heat transfer coeﬃcient m2/s2, kg/(s3 K)


I Moment of inertia kg m2


K Permeability m2


k Stiﬀness, multiplication factor, turbulence kinetic energy kg/s2, -, m2/s2


L Thickness m


m Mass kg


˙


m Mass flow rate kg/s


M a Mach number -


N Number of entities -


n Normal unit vector -


N u Nusselt number -


P Probability -


p Pressure kg/(m s2)


p Mean pressure kg/(m s2)


p0 Fluctuating pressure kg/(m s2)


p01,p02 Pressures at measurement window positions kg/(m s2)


P r Prandtl number -
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P r✏ Turbulent Prandtl number for ✏ -


P rk Turbulent Prandtl number for k -


P rt Turbulent Prandtl number for energy -


Q˙ Power kg m2/s2


q00 Heat flux kg/s3


R Radius m


r Position vector m


r Radial coordinate m


Re Reynolds number -


Sh Energy source term kg/(m s3)


sij Strain rate tensor 1/s


sij Mean strain rate tensor 1/s


T Torque vector kg m2/s2


T Temperature K


T Mean temperature K


T0 Fluctuating temperature K


t Tangential unit vector -


t Time s


tij Viscous stress tensor kg/(m s2)


v Velocity vector m/s


v Velocity m/s


v Mean velocity m/s


v0 Fluctuating velocity m/s


v+ Dimensionless velocity -


v⌧ Friction velocity m/s


x,y,z Cartesian coordinates m


˙


x Velocity m/s


¨


x Acceleration m/s2


y+ Dimensionless wall normal distance -


z10,z20 Axial positions at measurement windows m
 Greek alphabet


↵ Angular acceleration vector rad/s2


Overlap distance/deformation vector m


Overlap distance/deformation m


ij Kronecker delta tensor -


✏ Turbulence dissipation rate m2/s3


" Porosity -


⌘ Damping coeﬃcient kg/s


✓ Angular coordinate rad


Thermal conductivity kg m/(s3 K)


t Turbulent thermal conductivity kg m/(s3 K)


µ Dynamic viscosity kg/(m s)
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µf Friction coeﬃcient -


µt Eddy/turbulent viscosity kg/(m s)


⌫ Poisson’s ratio -


⇧ij Pressure-strain tensor in RSM model kg/(m s3)


⇢ Density kg/m3


Standard deviation -


⌧ Stress tensor kg/(m s2)


⌧w Wall shear stress kg/(m s2)


Packing density/fraction -


Average packing density/fraction -


! Angular velocity vector rad/s


! Specific turbulence dissipation rate 1/s


Subscripts


1, 2 Axial measurement locations at/near inlet, outlet


B Body


b bulk


c Critical, cross section
 con Convective


eﬀ Eﬀective


f Fluid


heating Heating


h Hydraulic


i,j, (k) Indices for spheres/pebbles, indices in the Einstein summation notation
 init Initial


inner Inner wall
 losses Losses


m Moderator, mean


outer Outer wall


p Pebble


rod Rod


r Relative


s Slip, solid, surface


tot Total


vor Voronoi


Abbreviations


3D Three dimensional


AGR Advanced gas cooled reactor
 ASM Algebraic stress model


AVR Arbeitsgemeinschaft Versuchsreactor
CAD Computer aided design
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CEA Commissariat à l’énergie et aux énergies alternatives
 CFD Computational fluid dynamics


CPU Central processing unit
 DEM Discrete element method
 DIN Deutsches Institut für Normung
 DNS Direct numerical simulation


EARSM Explicit algebraic Reynolds stress model
 EIR Eidgenössiches Institut für Reactorforchung
 EWT Enhanced wall treatment


GCR Gas cooled reactor
 GFR Gas cooled fast reactor


HTGR High temperature gas cooled reactor
 HTR-10 10 MW high temperature gas cooled reactor
 HTR-PM High temperature reactor pebble bed module
 HTR High temperature reactor


HTTR High temperature engineering test reactor
 INET Institute of Nuclear and New Energy Technology
 KfK Kernforschungszentrum Karlsruhe


KIT Karlsruhe Institute of Technology
 KTA Kerntechnischer Ausschuss


L-STAR Luft, Stab, Abstandshalter, Rauheiten
 LDA Laser Doppler anemometry


LES Large eddy simulation
 LWR Light water reactor
 MPI Message passing interface


OEEC Organisation for European Economic Co-operation
 PBMR Pebble bed modular reactor


PBR Pebble bed reactor


RANS Reynolds averaged Navier-Stokes
 REV Representative elementary volume
 RRC Russian Research Center


RSM Reynolds stress model
 S2S Surface to surface


SIMPLE Semi implicit method for pressure-linked equations
 STL Stereolithography


THINS Thermal Hydraulics of Innovative Nuclear Systems
 THTR Thorium high temperature reactor


TRISO Tri-structural isotropic
UNGG Uranium naturel graphite gaz
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1 Introduction



1.1 About gas cooled reactors


Despite the fact that the majority of the nuclear power reactors today are light
 water reactors (LWR), several gas cooled reactors (GCR) have been constructed
 in the past, some of which are still in operation. While the LWRs represent an
 already mature technology, advanced reactors designed with gas cooling still require
 major development eﬀorts to realise their full potential. This potential includes
 increased eﬃciency and entirely new application areas for nuclear energy due to high
 operating temperatures made possible partly by the use of a gas coolant. Practically
 two gaseous materials, namely carbon dioxide and helium, are considered suitable
 for reactor cooling (Melese and Katz, 1984). Carbon dioxide was typically used
 in the past GCRs but as it has an unfavourable corroding eﬀect with graphite, the
 typical moderator and structural material in GCRs, helium has become the preferred
 coolant option for modern GCR designs.


There are several advantages in using a gas coolant and specifically helium over
 other practical reactor coolants. Helium does not interact with neutrons signifi-
 cantly. This simplifies the reactor physical design as the coolant has an insignificant
 role in moderating neutrons contrary to, for example water, and thus makes it a
 more suitable coolant option also for fast spectrum reactors. Helium itself does not
 become radioactive although the possible impurities in the coolant might. Also, as
 helium gas is transparent the maintenance of the reactor circuit is easier compared
 to, for example, lead-bismuth cooled reactors where radioactive polonium is pro-
 duced and the coolant is opaque. Helium is also chemically inert so that it does
 not contribute to the corrosion of reactor materials like liquid lead and supercriti-
 cal water or have the possibility of unfavourable exothermic chemical reactions like
 sodium has when it comes in contact with water or air. Yet another good feature is
 that there is no phase change in the normal or abnormal operating conditions which
 further simplifies the reactor design and does not become a limiting factor for the
 operating temperature.


Despite the many advantages there are also challenges in using helium as a reactor
 coolant. Due to its low density helium needs to be pressurised to obtain suﬃcient
 heat transfer properties. Retaining a high pressure level in the primary circuit is
 not as crucial an issue from the safety perspective for thermal neutron spectrum
 reactors, where the core typically contains large amounts of thermal inertia in the
 form of graphite. However, if used as the coolant in fast spectrum reactors where the
 graphite is missing, the reactor circuit needs to retain at least some pressure level
 even to transfer decay heat from a shut down reactor core. This requires optimisation
 of the heat transfer from fuel to the coolant and design of additional safety systems
 to guarantee a suﬃcient pressure level in the reactor circuit in all circumstances.


Another, yet manageable issue is the leakage of helium from the primary circuit
due to helium being such a small atom. Special attention needs to be put into the
tightness of the circuit to keep helium losses at minimum. In graphite moderated
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 thermal GCRs it is also important to secure the integrity of the primary circuit to
 prevent the ingress of air into the loop after its depressurisation which could cause
 oxidation of graphite and thus increase material temperatures and eventually lead
 to the release of radioactivity (Hishida et al., 1993). However, this issue does not
 directly arise from using gas cooling.


Several thermal GCRs have been constructed in the past. First ones were de-
 veloped in Britain and in France in the 1950’s. They were at first used to produce
 weapon plutonium but later on also electricity. Carbon dioxide was used as the
 coolant in the first generation GCRs, which were called Magnox in Britain and
 UNGG (uranium naturel graphite gaz) in France (Melese and Katz, 1984). Al-
 though independently developed, the reactors had rather identical design features.


Natural uranium was used as the fuel which was possible by using graphite as the
 moderator and a fuel cladding material with a low neutron absorption cross section
 (Magnox alloy). The first reactors were assembled inside a steel pressure vessel but
 later on pre-stressed concrete pressure vessels were developed because of the huge
 size of the reactors. In Britain26 and in France 8 such reactors were built and a
 few were exported to Italy, Japan and Spain (Goodjohn, 1991).


GCRs were further developed in Britain. The second generation was the advanced
 gas cooled reactor (AGR) designed for higher eﬃciency and fuel burnup than Magnox
 (Melese and Katz, 1984). This was achieved by using a slightly enriched uranium
 fuel now enclosed inside a stainless steel cladding capable of withstanding higher
 operating temperatures than the Magnox alloy. Carbon dioxide was still used as the
 coolant. Core power density was increased and thus also the physical dimensions
 of the reactor were reduced. The first AGR was started in Windscale in 1963, a
 prototype reactor which has already been shut down (Melese and Katz, 1984). A
 total of14AGRs were started between 1976–1988 (Goodjohn, 1991).


A helium cooled high temperature reactor (HTR) was being developed in paral-
lel with the AGR. With the entire core built of ceramic materials it was possible
to increase the operating temperature. The first HTR test reactor, Dragon, was
built in Britain as an OEEC (Organisation for European Economic Co-operation)
coordinated project and it operated from 1964 to 1977 (Simnad, 1991). Dragon was
primarily used in experiments with diﬀerent fuels and materials, such as the coated
particle fuel TRISO (tri-structural isotropic), which was the fuel type to be used
in the later HTRs. HTRs with the TRISO fuel particles enclosed inside graphite
spheres with a diameter of 60 mm were developed in West Germany (Stansfield,
1991). A critical core was formed by piling these "pebbles" inside a cavity sur-
rounded by graphite blocks. The core was cooled by a helium flow that was forced
through the pebble bed. This type of HTR came to be known as the pebble bed
reactor (PBR) and two such reactors were built in West Germany. First was the
prototype reactor AVR (Arbeitsgemeinschaft Versuchsreactor) which was operated
from 1967 to 1987 (Marnet et al., 1991). AVR was followed by a 300 MWe tho-
rium high temperature reactor (THTR) which had its first criticality in 1983 and
was shutdown in 1988 (Baumer and Kalinowski, 1991). HTRs were also developed
in the United States, although an acronym HTGR (high temperature gas cooled
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 reactor) was used. These reactors were also designed in a more conventional way
 and thus instead of graphite pebbles the TRISO fuel particles were enclosed inside
 small graphite rods which were placed into bigger graphite blocks (Stansfield, 1991).


The reactor core was then assembled from these blocks which also included channels
 for the helium flow. A prototype reactor was built and operated in Peach Bottom
 Pennsylvania between 1966 and 1974 (Simnad, 1991) followed by a330MWepower
 reactor that was built in Fort St. Vrain in Colorado and started producing electricity
 in 1976 (Brey, 1991).


Despite the relatively good experiences with HTRs and enthusiasm to even con-
 struct fast spectrum breeder reactors with a gas cooling (Melese-d’Hospital and
 Simon, 1977), the development of gas cooled reactors like the development of many
 other advanced reactor concepts stalled in most countries mainly due to political
 reasons in the late 1980’s. However, motivated by the possibility to produce in-
 dustrial process heat by nuclear reactors, a test reactor with a similar design as
 the HTGRs in the United States was constructed in Japan (Shiozawa et al., 2004).


This30 MWth reactor HTTR (high temperature engineering test reactor) had its
 first criticality in 1998 and is still in use. One of the important objectives with
 HTTR is to investigate the production of hydrogen using nuclear heat produced by
 HTRs. The reactor has demonstrated coolant outlet temperatures around950 C
 which opens up new possibilities to utilise nuclear energy in the process industry
 (Fujikawa et al., 2004). Also a 10 MW high temperature gas cooled reactor (HTR-
 10) based on the German pebble bed concept was built in China (Wu et al., 2002).


This test reactor had its first criticality in 2000 and it was built to acquire experience
 on the HTR technology and investigate the cogeneration of heat and electricity and
 the safety features of HTRs (Xu and Zuo, 2002).


A few full scale HTR reactor projects have seen light in the 21st century. A major
 eﬀort in HTR development was launched in 1994 in South Africa led by the electricity
 utility Eskom (Koster et al., 2003). Pebble Bed Modular Reactor (Pty) Limited was
 formed in 1999 from various actors in the nuclear industry to design and construct
 a modern pebble bed modular reactor (PBMR) for the cogeneration of heat and
 electricity. The PBMR design featured a helium turbine in the primary loop, that
 is, a Brayton cycle for electricity generation and a high reactor outlet temperature
 of 900 C. The project, however, came to its conclusion when the South African
 government ceased to fund the project in 2010. Another project to construct a
 modern PBR emerged in China (Zhang et al., 2009). Design of a modular HTR-PM
 (high temperature reactor pebble bed module) is led by the Institute of Nuclear and
 New Energy Technology (INET) of the Tsinghua University. The experience gained
 from the test reactor HTR-10 has been used in designing a PBR with design choices
 based on already proven technology.


In addition to thermal GCRs, gas cooled fast reactors (GFR) have also regained
some renewed interest (Stainsby et al., 2011). Not even a single research reactor
with a fast spectrum and gas cooling has been built so far. Some research is, how-
ever, conducted and a GFR prototype reactor ALLEGRO has been envisaged to be
constructed in Europe (Poette et al., 2009).
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1.2 Background and objectives


In this thesis, some of the challenges in the development of GCRs, specifically the
 pebble bed high temperature reactor and the gas cooled fast reactor, are addressed.


Modern computational methods are applied, developed and validated to study var-
 ious aspects related to the reactor types with three dimensional calculation models.


The work related to PBRs is a part of an eﬀort to develop a new type of a three
 dimensional calculation system for full core PBR analyses coupling Monte Carlo
 reactor physics with a thermal-hydraulic solver using a porous medium model for
 the pebble bed. A computational method for modelling particulate materials known
 as the discrete element method (DEM) is used to provide a realistic representation
 of the packing of the fuel pebbles inside the reactor core for the reactor physics and
 thermal-hydraulics calculations. While the author of this thesis is also responsible
 for the development of the thermal-hydraulic tool, the details of the PBR thermal-
 hydraulic models have been left outside of this thesis as the emphasis is in the DEM
 simulations and development of data transfer methods from DEM to the reactor
 physics and thermal-hydraulics models.


The work related to GFRs is an eﬀort to validate computational fluid dynamics
 (CFD) models for the GFR analyses related especially to the development of the
 European demonstration reactor ALLEGRO. The turbulent flow and heat transfer
 in a three dimensional gas cooled heated rod geometry representing a sub channel
 of a GFR is investigated numerically with CFD. The CFD calculation results are
 compared with the results of the related experiments performed at the Karlsruhe
 Institute of Technology (KIT) to validate the CFD models. The studies include
 heated rods with a smooth and a rib roughened surfaces.


The work presented in this thesis has been done within several projects. The work
 related to PBRs has been done in theNew Type Nuclear Reactors project funded
 primarily by the Academy of Finland and partly by Fortum Oyj. and theCoupled
 Multi-Physics Modelling of Pebble Bed Nuclear Reactor Core project funded solely
 by the Academy of Finland. The work related to GFRs has been done within the
 Seventh Framework Programme projectThermal Hydraulics of Innovative Nuclear
 Systems funded by the European Commission.


Objectives of the work presented in this thesis


• Establishment of capabilities and experience for the discrete element modelling
 and analysis of the packing of fuel elements in PBRs.


• Application of discrete element modelling to construct realistic pebble bed
 configurations for subsequent reactor physics and thermal-hydraulics calcula-
 tions.


• Development of a method to transfer data accurately from the discrete pebble
bed models to volume averaged continuum models.
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• Validation of CFD calculation models and their application practices for the
 flow and heat transfer analyses of gas cooled fuel rod geometries.



1.3 Outline and scientific contribution


This thesis has been divided into two parts. The first part covers the work related
 to the DEM modelling of PBRs while the second part presents the CFD calculations
 related to GFRs.


The contents of the individual chapters is briefly the following. Chapter 2 pro-
 vides background information and a literature review for the first part of the thesis.


The models and methodology behind DEM are covered in Chapter3along with the
 description of the methods used for analysing the data obtained from DEM simula-
 tions. In Chapter4, an in-house DEM code is used in pebble packing simulations of a
 full size annular reactor core geometry. The eﬀect of various parameters on the final
 packing density of the compacted pebble bed is studied and selected pebble beds are
 further analysed at various spatial scales to extract data of the local variations in the
 packing density. Chapter5describes how Monte Carlo reactor physics calculations
 of pebble beds are enhanced by using realistic pebble bed configurations produced
 in DEM simulations. In Chapter6 a method is developed and implemented as a
 MATLAB code to map discrete pebble bed data to the continuum volume elements
 of thermal-hydraulics models. A summary and conclusions of the first part of the
 thesis is given in Chapter7. Background and literature review related to the second
 part of the thesis are given in Chapter8 along with the description of the related
 experiments. Chapter9covers the models and methods relevant for the CFD calcu-
 lations in this work. The calculation models for the CFD calculations of the smooth
 and rough surface heated rod geometries are described in Chapter10. The results
 of the CFD calculations are presented in Chapter11with comparison to experimen-
 tal results. A summary and conclusions of the second part is given in Chapter12.


Finally, some concluding words regarding the whole thesis are given in Chapter13.


Scientific contribution of the thesis


• Knowledge was gained on producing and analysing randomly packed pebble
 beds of various packing densities for subsequent reactor physics and thermal-
 hydraulics calculations. The possibility to produce stochastic pebble beds
 with very low and very high packing densities provides a way to introduce
 conservatism for the otherwise realistic "best estimate" calculation models.


• Knowledge was gained regarding the local packing density variations in a full
 size annular PBR geometry. Suggestions for taking these variations into ac-
 count in thermal-hydraulic analyses of PBRs were given.


• Comparisons of the results obtained from DEM packing analyses with ex-
perimental results found from literature contributed to the validation of an
in-house DEM code.
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• A new approach was developed to enhance Monte Carlo reactor physics anal-
 yses of pebble bed geometries by producing realistic stochastic pebble bed
 configurations in DEM simulations. With this approach two typical issues
 encountered in Monte Carlo calculations of pebble beds can be avoided.


• A novel method was developed and implemented as a MATLAB code to trans-
 fer detailed three dimensional pebble bed data obtained from DEM and reactor
 physics simulations accurately to thermal-hydraulic continuum models. The
 method can also be used to investigate the packing structure of numerical
 sphere packings in general.


• The PBR related work forms a major contribution to the development of
 a unique calculation system where DEM is used to provide pebble packing
 data for the coupled Monte Carlo reactor physics and porous media thermal-
 hydraulics models.


• Knowledge was gained regarding the adequacy of diﬀerent turbulence models
 for the prediction of the flow and heat transfer in three dimensional smooth
 and rib roughened GFR fuel rod geometries. Suggestions for future work were
 given.


• Knowledge was gained of the requirements and issues related to the three di-
 mensional CFD modelling of the investigated gas cooled rod geometries and
 of the relevance of diﬀerent heat transfer mechanisms.


From the experience gained during the work the following general recommendations
 are given for experimental work intended for the validation of numerical models.


• Viewpoints of numerical modelling should be included in the planning of ex-
 periments to ease the challenging model construction and simulation and to
 avoid introducing additional sources of uncertainties.


• Multi-physical aspects in experiments should be considered and documented
 in a reasonable detail to facilitate the use of advanced calculation approaches.


Additional notes about the author’s contribution


• The in-house DEM code used in the work described in Chapter 4 was not
 programmed by the author of this thesis, although the author did minor mod-
 ifications to its original source code.


• The Monte Carlo reactor physics simulations mentioned in Chapters 5 and 6
 were not done by the author of this thesis.


• The thermal-hydraulic calculations mentioned in Chapter 6 were done by the
author of this thesis.
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 This thesis is written as a monograph and it contains both published
 and unpublished work. The articles related to this monograph are listed
 below.


Peer reviewed articles with major contribution by the author


Suikkanen, H., Ritvanen, J., Jalali, P., and Kyrki-Rajamäki, R. (2014). Dis-
 crete element modelling of pebble packing in pebble bed reactors. Nuclear
 Engineering and Design, 273:24–32.


Rintala, V., Suikkanen, H., Leppänen, J., and Kyrki-Rajamäki, R. (2014).


Modelling of realistic pebble bed reactor geometries using the Serpent Monte
 Carlo code. Annals of Nuclear Energy, Accepted.


Gómez, R., Buchholz, S., and Suikkanen, H. (2014). Experimental and numer-
 ical investigation of heat transfer and pressure drop for innovative gas cooled
 systems. Nuclear Engineering and Design, revised and resubmitted after minor
 comments.


Suikkanen, H., Rintala, V., and Kyrki-Rajamäki, R. (2014). Development of
 a coupled multi-physics code system for pebble bed reactor core modeling. In
 Proceedings of HTR 2014, Weihai, China, October 27–31, 2014.


Suikkanen, H., Rintala, V., and Kyrki-Rajamäki, R. (2010). An approach
 for detailed reactor physics modelling of randomly packed pebble beds. In
 Proceedings of HTR 2010, Prague, Czech Republic, October 18–20, 2010.


Related articles with minor contribution by the author or no peer review practice
 Suikkanen, H., and Kyrki-Rajamäki, R. (2014). Validation of RANS CFD
 models for gas cooled fuel rod analyses. In THINS 2014 International Work-
 shop, Modena, Italy, January 20–22, 2014.


Suikkanen, H., and Kyrki-Rajamäki, R. (2013). RANS calculations of L-
 STAR/SL gas cooled smooth rod experiments. In THINS 2nd Cluster Work-
 shop, Stockholm, Sweden, February 5–7, 2013.


Suikkanen, H., Ritvanen, J., Jalali, P., and Kyrki-Rajamäki, R. (2012). Mod-
 eling packing of spherical fuel elements in pebble bed reactors using DEM. In
 The Proceedings of the International Symposium on Discrete Element Mod-
 elling of Particulate Media held at the University of Birmingham on 29–30
 March 2012.


Roelofs, F., Shams, A., Hering, W., Otic, I., Papukchiev, A., Lathouwers, D.,
Pavlidis, D., Suikkanen, H., Hassan, Y., Barth, T., Niceno, B., and Cheng,
X. (2012). HTR related activities within the European Thermal-Hydraulics
for Innovative Nuclear Systems (THINS) project. InProceedings of 6th Inter-
national Topical Meeting on High Temperature Reactor Technology HTR2012,
Miraikan, Tokyo, Japan, October 28 – November 1, 2012.
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Kyrki-Rajamäki, R., Salomaa, R., Vanttola, T., Suikkanen, H., Viitanen,
T., Penttilä, S., and Kangas, P. (2009). The Finnish Sustainable Energy
(SusEn) project on New Type Nuclear Reactors (NETNUC). In Proceedings
of 20th International Conference on Structural Mechanics in Reactor Technol-
ogy (SMiRT 20), Espoo, Finland, August 9–14, 2009.
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Part I



DEM modelling for gas cooled

pebble bed reactors
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2 Background and state of art


The first part of this thesis documents the work that was done to establish a frame-
 work for physically realistic simulation of pebble packing in PBRs and the subse-
 quent utilisation of the result data in reactor physics and thermal-hydraulics anal-
 yses.


There are several methods and algorithms available for the generation of dense
 sphere packings. Some of them are based only on geometric parameters or might
 include some simplified physical models (see, e.g., work by Jodrey and Tory (1985) or
 Visscher and Bolsterli (1972)). Such algorithms can be used for generating random
 packings with a minimal computational eﬀort. Depending on the purpose for which
 they are needed it might be important to verify that the packings actually have
 physically realistic packing structures. This type of algorithms also have a limited
 applicability and cannot be used for further dynamic analyses such as for simulating
 granular flow. Methods in which the actual contact physics of the spheres are solved
 and the trajectories of the individual spheres are tracked in a Lagrangian reference
 frame are computationally more demanding but also more versatile and physically
 realistic. There are basically two approaches for contact modelling in such methods,
 either treat the spheres as hard spheres which do not overlap each other, or as soft
 spheres which can overlap (Allen and Tildesley, 1987). The hard sphere model is
 typically used in simulations of gases as it is more suited for dilute systems. For
 dense systems, such as a packed bed of spheres in PBRs the soft sphere approach
 is more suitable. The term discrete element method (DEM) basically covers both
 simulation approaches but is usually used to refer to the soft sphere approach.


DEM was preferred in this work over simpler sphere packing methods because
 of its versatility and capabilities to model the actual packing process and dynamic
 behaviour of the pebbles. The main objective of the pebble packing studies in
 this work was to be able to produce realistic pebble bed configurations that can
 be utilised in further reactor physics and thermal-hydraulics analyses. Eventually
 the objective is to build a coupled code system for full reactor core analyses, where
 DEM simulations provide pebble bed packing data for a Monte Carlo method based
 reactor physics code and a thermal-hydraulic code employing the porous medium
 approach for the pebble bed. The reactor physics and thermal-hydraulics codes
 then exchange power and temperature data in iterations between each other until a
 converged solution is obtained.


It is important to have a suﬃcient understanding of the method to be able to use
the simulation tools in a valid and eﬃcient way. Also it is good to establish proper
methods to analyse the data resulting from the simulations. These important pre-
requisites are covered first in Chapter 3. The next natural step is to move into
practice. An in-house DEM code was used in pebble packing studies of a full size
pebble bed reactor geometry. The eﬀect of various parameters on the average pack-
ing density of the resulting pebble bed was studied and some of the result pebble
beds were investigated in detail to extract packing structure details at various spatial
scales. Also, comparisons to available experimental data were made. In the work
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 presented in Chapter 5, reactor physics analyses were enhanced by producing real-
 istic pebble bed configurations to be used directly in a Monte Carlo method based
 criticality calculations. Finally, a description with examples is given of a method
 that was developed to map discrete pebble packing data to the volume elements of
 thermal-hydraulic continuum models. As a whole, these eﬀorts cover a major part
 of the work towards the above mentioned coupled multi-physics calculation system.



2.1 A brief review of related work


Experimental work on granular flow related to pebble beds was done by Kadak and
 Bazant (2004) for a PBR design with a dynamic centre reflector formed of graphite
 pebbles. They did pebble flow experiments in a scaled-down facility using small
 plastic beads to represent the pebbles and studied the streamlines of the pebble flow
 and the mixing of the moderator and fuel pebbles. In their experiments they used a
 half model and a full three-dimensional model. Similar experimental work was also
 done by other investigators, for example Li et al. (2009), Jiang et al. (2012) and Yang
 et al. (2012) along with DEM computer simulations to compare experiments with
 and provide complementing data. Pebble flow simulations with DEM was also done
 before by Rycroft et al. (2006), who studied the pebble flow in a full scale reactor
 geometry with a dynamic centre reflector formed of moderator pebbles. Later on,
 Li and Ji (2013) did also DEM simulations on pebble flow coupled with fluid flow
 calculations.


Either commercial or freely available general purpose DEM codes have been used
 by most investigators. However, Cogliati and Ougouag (2006) developed the DEM
 code PEBBLES specifically for PBR related analyses. It was used for simulating
 the pebble packing and flow in the Chinese test reactor HTR-10 and the South
 African PBMR-400 reactor designs. Earthquake simulations were also performed
 with PEBBLES where DEM results were utilised in a transient neutronics analysis
 (Ougouag and Cogliati, 2007; Ougouag et al., 2009). Use of DEM simulation for
 studying loads on the solid centre reflector during an earthquake was also reported
 by Keppler (2013) who used the EDEM software. The DEM code PEBBLES was
 also used in simulations where the amount of dust produced in the German AVR was
 estimated by using DEM together with wear models (Cogliati and Ougouag, 2008).


Dust generation related DEM analyses were also done by Rycroft et al. (2012) as
 scaling studies to give recommendations for designing an experimental facility for
 graphite dust experiments.


During the development of the South African PBMR, DEM was used to produce
 data for structural, thermal-hydraulic and neutronics models, for pebble packing
 and flow analyses and for estimating the loads caused by the pebble bed on the
 centre reflector blocks (Mitchell and Polson, 2007; Venter and Mitchell, 2007).


Methods to generate packed pebble beds were surveyed by Ougouag et al. (2005)
and Auwerda et al. (2010). DEM is a highly accurate method as it is based on
physical models. Due to this, it is also computationally a very expensive method
for generating dense packed beds. There are also simpler algorithms for generating
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 packed beds that are based only on geometrical parameters or simplified physical
 models such as the one developed by Li and Ji (2012) for the fast generation of
 packed pebble beds.


du Toit (2002, 2006, 2008) did extensive work to study the packing characteris-
 tics of numerical pebble beds. He presented methods for analysing the radial and
 axial porosity variations in annular pebble beds, analysed the the packing structure
 variations of physical and numerical packed beds and compared them with litera-
 ture correlations. He came to the conclusion that the packed beds obtained using
 DEM can be considered as acceptable representations of real packed beds. Recently,
 Auwerda et al. (2013) presented results of packing fraction measurements done with
 gamma ray scanning together with comparisons to computationally generated peb-
 ble beds.


Related to the utilisation of DEM results directly in Monte Carlo reactor physics
 analyses of pebble beds, surprisingly not a single published work could be found.


Although, for example Monte Carlo code MCNP has capabilities to model stochastic
geometries, which has been demonstrated with pebble bed calculations by Abedi and
Vosoughi (2012), the pebbles were packed with an algorithm that does not simulate
the physical packing process. However, Forestier et al. (2008) reported pebble bed
criticality calculations performed with the Monte Carlo code MORET where the
stochastic pebble bed was produced with a dynamic packing method apparently
similar to DEM, although the details of the method were not explained in detail.
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3 Methods for discrete element simulation and data analysis


Discrete element method (DEM), sometimes referred as distinct element method
 (Cundall and Strack, 1979), is a numerical method used to solve interactions between
 individually defined bodies, typically spheres. The method can be considered to be
 a sub-category of molecular dynamics (Allen and Tildesley, 1987). In DEM the
 spheres are typically regarded to be soft so that they can overlap each other. The
 overlap distance then represents the deformation between the spheres which is the
 parameter that is used to formulate contact forces. The contact force models and
 numerical methods behind DEM as well as methods for analysing simulation results
 are introduced below in the extent relevant to this work.



3.1 Contact of two spheres


A few useful parameters are defined as preliminaries before introducing the specific
 contact force models.


Two spheresiandj are in mechanical contact with each other if


nij=Ri+Rj |ri rj|>0, (3.1)
 where n is the normal overlap distance, R is the radius of a sphere and r is the
 position vector. The normal unit vector between the spheres is


nij= rj ri


|rj ri| (3.2)


and their relative velocity is


vrij=vj vi. (3.3)


The slip velocity at the contact point can be calculated from


vsij=vrij (vrij·nij)nij+ (Ri!i+Rj!j)⇥nij, (3.4)
 where! is the angular velocity of a sphere. A tangential unit vector can then be
 calculated with the slip velocity as


tij = vsij


|vsij|. (3.5)


Considering that the spheres can have diﬀerent sizes and material properties it
 is useful to define eﬀective parameters for the sphere pair. The eﬀective radiusRe↵


and massme↵ of a sphere pair are


Re↵ = RiRj


Ri+Rj


, (3.6)


me↵ = mimj


mi+mj


. (3.7)



(30)30 3 Methods for discrete element simulation and data analysis



3.2 Contact force models


When the two spheresiandjare in contact with each other the force between them
 consists of a normal and a tangential component


Fij =Fnij+Ftij. (3.8)


In general, the contact forces in DEM are formulated using spring, dash-pot and
 slider components. The contact force models are shown in Figure 3.1. The spring
 and dash-pot represent the elasticity and viscosity of the material, respectively.


The slider component in the tangential force model represents the friction between
 surfaces. The parameters in Figure 3.1 are the stiﬀnessk, the damping coeﬃcient⌘
 and the friction coeﬃcientµf.


A simple linear spring and dash-pot model can be formed as


m¨x+⌘x˙ +kx= 0. (3.9)


Other models have been formulated, for example, by Walton and Braun (1986). In
 their model diﬀerent stiﬀnesses for the spring component in the normal contact are
 used depending on whether the spheres are moving towards or away from each other.


normal force


kn


⌘n


i j


tangential force


kt


⌘t


µf


i


j


Figure 3.1: Contact force model based on a spring, a dash-pot and a slider.


3.2.1 Normal force


The preferred force model in this work is the nonlinear model proposed by Tsuji et al.


(1992). Equation 3.9 can be reformulated using the previously defined parameters.


A linear normal force on sphereiis then given by


Fn= kn nijnij ⌘n(vrij·nij)nij. (3.10)


The elastic part can be replaced with a non-linear force deformation relation based
 on the contact theory by Hertz (1881) when the material parameters are known. The
 damping part can be calculated using the model proposed by Tsuji et al. (1992).


The normal force then becomes
 Fn= kn


pRe↵ 3/2


nijnij ⌘n 1/4


nij (vrij·nij)nij, (3.11)
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 where the normal stiﬀness is calculated based on the material parametersE and⌫
 denoting Young’s modulus and Poisson’s ratio, respectively. The normal stiﬀness
 can be obtained from (Pöschel and Schwager, 2005)


kn= 4
 3


EiEj


Ei 1 ⌫j2 +Ej(1 ⌫i2) (3.12)
 and the damping coeﬃcient from (Tsuji et al., 1992; Antypov and Elliott, 2011)


⌘n=


p5 ln (e)
 q


ln2(e) +⇡2


pme↵knRe↵14 , (3.13)


whereeis the restitution coeﬃcient. The coeﬃcient of restitution is typically given
 a constant value, although in reality it is a function of the impact velocity (Lun and
 Savage, 1986).


3.2.2 Tangential force


The tangential force on sphereiis given by (Tsuji et al., 1992)


Ft= kt tij ⌘tvsij. (3.14)


However, if the following criterion is satisfied,


|Ft|> µf|Fn|, (3.15)
 meaning that the spheres are sliding, the tangential force is calculated as


Ft= µf|Fn|tij. (3.16)


When the tangential force is calculated with Equation 3.14 the tangential stiﬀness
 is given by (Tsuji et al., 1992)


kt= 8Ge↵


pRe↵ nij, (3.17)


whereGe↵ is the eﬀective shear modulus given by


Ge↵ = EiEj


2Ej(2 ⌫i) (1 +⌫i) + 2Ei(2 ⌫j) (1 +⌫j). (3.18)
The tangential damping coeﬃcient can be assumed identical with the normal
damping coeﬃcient as suggested by Tsuji et al. (1992).
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 3.2.3 Force summation


After the contact forces between all sphere pairs have been resolved, the total force
 and torque on each sphere are calculated. For the sphereithe total contact force is


Fi,tot=
 XN


j=1


Fij, (3.19)


whereNis the number of spheres in contact with the spherei. Similarly, the contact
 torque on the sphereiis calculated as


Ti,tot=
 XN
 j=1


(Rinij⇥Ftij). (3.20)
 The translational acceleration of the sphereican then be solved from


ai= Fi,tot


mi


+g, (3.21)


which includes the gravitational accelerationg. The angular acceleration is given
 by


↵i= Ti,tot


Ii


, (3.22)


whereI is the moment of inertia, which in the case of a sphere is
 I = 2mR2


5 . (3.23)



3.3 Time integration and simulation time step


A typical DEM simulation progresses with explicitly set constant time intervals.


There are various time integration methods that can be used to progress the simu-
 lation (Kruggel-Emden et al., 2008). First order accurate forward Euler integration
 is the simplest option. With this integration method the position of a sphere at the
 next time step(t+ t)is calculated simply as (Kruggel-Emden et al., 2008)


ri(t+ t) =ri(t) +vi(t) t (3.24)
 and the velocity as


vi(t+ t) =vi(t) +ai(t) t, (3.25)
 wheretis the time.


A more accurate and stable integration method is, for example, the velocity Verlet
 algorithm. With this algorithm the position and velocity are given by (Martys and
 Mountain, 1999)


ri(t+ t) =ri(t) +vi(t) t+1


2a(t) ( t)2 (3.26)
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 and


vi(t+ t) =vi(t) +ai(t) +ai(t+ t)


2 t. (3.27)


The simulation time step needs to be small enough to capture all relevant physics
 but as large as possible for computational eﬃciency. Because the contact force is
 formulated using the overlap between the spheres, a too large time step would lead
 to unrealistic contact forces as the pebbles could move too much within each other
 in a single time step. The contact time for two elastic spheres can be derived from
 the energy balance of the collision as (Landau and Lifshitz, 1986)


ttot= 2.87


✓ m2e↵


Re↵Ee↵2 vr


◆15


, (3.28)


where


Ee↵ =


✓1 ⌫i2
 Ei


+1 ⌫j2
 Ej


◆ 1


. (3.29)


The simulation time step then needs to be a small fraction of the total contact
 time. Asttotis dependent on the relative collision velocityvrthe time step needs to
 be estimated based on the maximum expected velocity between spheres during the
 simulation.


Another requirement for the simulation time step is related to the speed of energy
 transfer in the system. Energy must not be transmitted faster in the simulation than
 it would be transmitted in reality (Li et al., 2005). In DEM the dynamics of a system
 consisting of multiple spheres is approximated with multiple simultaneous pairwise
 interactions. This requires that the simulation time step is small enough so that
 the displacement induced stresses cannot propagate further than to the spheres in
 direct contact with each other (Vargas and McCarthy, 2001). Typically in DEM
 simulations it is assumed that all of the energy is transferred by Rayleigh waves and
 the critical time step based on the propagation of Rayleigh waves is given by


tc= ⇡Re↵


0.8766 + 0.163⌫


r⇢


G, (3.30)


where⇢is the density of the material (Li et al., 2005).


The time step used in DEM simulations should be decided based on both of the
 above constraints. In practice, a maximum value for vr can be estimated based
 on the type of simulation (e.g. dropping spheres) and then later verified from the
 simulation output. As the other parameters are defined before the simulation, the
 contact time and Rayleigh critical time can be calculated and the smaller of these
 selected as the determinative constraint. It is then typical to use a simulation time
 step in the order of 10 % of the determinative time (see, e.g., Li et al. (2005)).



3.4 Data analysis methods


The packing density or packing fraction and its opposite parameter porosity"=
1 are the parameters of interest in this work. Other parameters, such as the
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 coordination number, characterising sphere packings are not investigated in the
 context of this work. Below, data analysis methods are established to analyse the
 packing density of numerical pebble beds at various spatial scales ranging from
 the average packing density of the whole pebble bed to the packing fraction of an
 individual pebble.


3.4.1 Average packing density


The average packing density is calculated as the ratio of the solid volume of pebbles
 and the total volume they are enclosed inside. The average packing density reveals
 how densely packed the pebble bed is in general but does not give any information
 regarding local packing density variations.


3.4.2 Area based packing density profiles


Profiles of packing density variations along diﬀerent coordinate axis directions can
 be formed to extract more detailed information of a packed bed. In a Cartesian
 coordinate system it is rather straightforward to form cutting planes at regular
 intervals along a coordinate axis direction, for examplex, so that the plane sphere
 intersection areas (circles) are calculated and summed together to give the total
 solid area. The area of the solids is then divided by the total area to obtain the area
 based packing density at the current position as


A(x) =X


i


Ai(x)


Atot(x), (3.31)


where the summation is taken over all pebbles i which intersect with the current
 plane located atx. Aiis the intersection area of the pebbleiand the cutting plane
 andAtotis the total surface area of the cutting plane inside the container.


As the typical container geometry of pebble beds is cylindrical the packing density
 profiles need to be calculated also in the radial direction of the cylindrical coordinate
 system. In cylindrical geometries, packing density profiles in the radial coordinate
 direction can be extracted with a method presented by Mueller (2010). Several
 concentric cutting cylinders are formed with radiirinside the container. In this case
 intersection areas between spheres and cylinders are calculated. In this work, the
 radial profiles are formed only for annular geometries and thus the integral equation
 presented by Mueller (2010) to calculate the intersection areas can be simplified to


Ai(r) = 4
 Zr


r2
 i+r2 R2


i
 2ri


s


R2i r2+ 2xri ri2


r2 x2 rdx, (3.32)


which can be solved numerically.


When interpreting the area based packing density profiles it should be noted that
they represent areal densities which can be significantly higher than the maximum
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 volumetric packing density of ⇡/p


18 = 0.74048 for mono-sized spheres. This is
 typically seen at the near wall regions where the packing is highly ordered. Area
 based profiles are, however, often used to analyse the packing structures in wall
 bounded packings and to compare with experimentally obtained results.


3.4.3 Local packing density


Packing densities at the scale of individual pebbles can be obtained by first forming
 a three-dimensional Voronoi decomposition (Voronoi, 1907) to the pebble bed and
 then dividing the pebble volume with the volume of the corresponding Voronoi
 polyhedron. A Voronoi polyhedron of a pebble consists of the volume that is closer
 to it than to any other pebble. An example of a Voronoi decomposition around
 pebbles is shown in Figure 3.2.


There are several code implementations for calculating Voronoi volumes. The
 open source software library Voro++ by Rycroft (2009) is used in this work. In
 addition to normal Voronoi tessellation it is capable of forming the so called rad-
 ical Voronoi tesselation which is essential if the packing consists of polydisperse
 spheres. In Voro++ convex walls can be defined that cut the Voronoi volumes at
 the boundaries. For non-convex walls, such as the inner wall of the annular reactor
 core geometry, a specific technique utilising copied pebbles can be used to form the
 boundary where the Voronoi cells are cut (see Suikkanen et al. (2014b)).


The Voronoi decomposition method can be used for pebble scale packing fraction
 (denoted by vor) analyses.


Figure 3.2: Spheres surrounded by their Voronoi tessellation.
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4 Pebble packing studies for an annular reactor core geometry


DEM simulations were performed where selected parameters were varied to find out
 their eﬀect on the packing density of the resulting pebble bed after compaction in
 the packing simulation. Main motivation in these studies was to gain experience
 on how to produce numerical pebble beds that have a pre-specified average pack-
 ing density and also how to analyse them in more detail using the data analysis
 methods introduced in Chapter 3. Another objective was to test the performance
 of an in house DEM code, which was designed specifically for cylindrical pebble bed
 geometries.


The DEM simulations were done for an annular cylinder geometry representing
 a real size PBR core with a solid centre reflector. A total of 450,000 pebbles were
 compacted inside the geometry in the simulations. The investigated parameters
 included the friction and restitution coeﬃcients and the packing density of the initial
 pebble column before it was collapsed inside the reactor geometry. In addition,
 the eﬀect of pebble size distribution was studied. A comparison with available
 experimental data was also done to add confidence to the results obtained with the
 code. In addition to this thesis, this work has also been discussed in Suikkanen et al.


(2014b).


Several DEM implementations exist from general purpose codes to highly spe-
 cialised tools and from commercial closed source software to free to use open source
 codes. The DEM code used in these simulations is an in-house implementation of
 the method described in Chapter 3. It is written in C++ and parallelised using
 OpenMP directives to utilise multicore processors on a single computing node. The
 link cell neighbour search algorithm (see e.g. Pöschel and Schwager (2005)) in the
 code uses a cylindrical coordinate system making it more optimised for cylindrical
 geometries typical for PBRs.



4.1 Calculation model


An annular container geometry representing the core of the PBMR-400 reactor de-
 sign (Venter and Mitchell, 2007) was defined with the inner and outer radii of the
 annulus having the dimensions specified for the real reactor geometry. The con-
 stant parameters and material properties used in the model are given in Table 4.1.


Contrary to the real reactor geometry where the bottom of the core cavity would
transform into narrow pipes for pebble outlet, a flat bottom plate was defined. There
is no data openly available regarding the details of the bottom geometry and also the
domain of interest in this work was the main core region. For the packing density
analysis the bottom and also the top regions of the packings were excluded so that
the obtained results represent the region unaﬀected by the bottom wall boundary
and the free surface at the top of the pebble bed. This way the results are compara-
ble between each other as exactly the same bed height is considered. The analysed




    
  




      
      
        
      


            
    
        Viittaukset

        
            	
                        
                    



            
                View            
        

    


      
        
          

                    Lataa nyt ( PDF - 133 sivua - 33.53 MB )
            

      


              
          
            Outline

            
              
              
              
              
              
                              
    About gas cooled reactors
                              
    Local packing density
                              
    Local packing structures
                              
    ASTRA packing simulation models
                              
    Feedback from reactor physics calculations
                              
    Mapping data from discrete to continuum models
                              
    Extracting volumetric packing density data
                              
    Total loss coeﬃcients
              
              
            

          

        

      
      
        
  LIITTYVÄT TIEDOSTOT

  
    
      
          
        
            tavaraliikenteen mallintaminen
        
      

        lähdettäessä.. Rakennustuoteteollisuustoimialalle tyypilliset päätösten taustalla olevat tekijät. Tavaraliikennejärjestelmän käyttöön vaikuttavien päätösten taustalla

    
      
          
        
            Rakennushankkeen luovutusprosessin kehittäminen
        
      

        Luovutusprosessi on kuitenkin usein varsin puutteellisesti toteutettu, mikä näkyy muun muassa niin,  että työt ovat keskeneräisiä vielä luovutusvaiheessa, laatuvirheitä

    
      
          
        
            Luotettavuusteknisten menetelmiensoveltaminen urheiluhallinpoistumisturvallisuuden laskentaan
        
      

        Tässä luvussa lasketaan luotettavuusteknisten menetelmien avulla todennäköisyys sille, että kaikki urheiluhallissa oleskelevat henkilöt eivät ehdi turvallisesti poistua

    
      
          
        
            Ilmanvaihtojärjestelmänpuhtaan asennusmenetelmänkehittäminen
        
      

        Halkaisijaltaan 125 mm:n kanavan katkaisussa Metabon kulmahiomakone, Dräcon le- vyleikkuri, Milwaukeen sähkökäyttöiset peltisakset ja Makitan puukkosaha olivat kes-

    
      
          
        
            Hihnakuljettimien käytön
        
      

        Jos valaisimet sijoitetaan hihnan yläpuolelle, ne eivät yleensä valaise kuljettimen alustaa riittävästi, jolloin esimerkiksi karisteen poisto hankaloituu.. Hihnan

    
      
          
        
            Kati Tillander & Olavi Keski-Rahkonen
        
      

        Vuonna 1996 oli ONTIKAan kirjautunut Jyväskylässä sekä Jyväskylän maalaiskunnassa yhteensä 40 rakennuspaloa, joihin oli osallistunut 151 palo- ja pelastustoimen operatii-

    
      
          
        
            aerodynamiikkaan ja kuormituksiin
        
      

        Tornin värähtelyt ovat kasvaneet jäätyneessä tilanteessa sekä ominaistaajuudella että 1P- taajuudella erittäin voimakkaiksi 1P muutos aiheutunee roottorin massaepätasapainosta,

    
      
          
        
            Taidetyön yhteismuotoutuva todellisuus
        
      

        (HirviIjäs ym. 2017; 2020; Pyykkönen,  Sokka &amp; Kurlin Niiniaho 2021.)  Lisäksi  yhteiskunnalliset mielikuvat taiteen.. tekemisestä työnä ovat epäselviä

      



      

    

    
            
            
      
  LIITTYVÄT TIEDOSTOT

  
          
        
    
        
    
    
        
            Issues affecting enterprise development in the forest sector in Europe
        
        
            
                
                    
                    407
                

                
                    
                    0
                

                
                    
                    0
                

            

        

    


      

          
        
    
        
    
    
        
            The application of data mining methods
        
        
            
                
                    
                    41
                

                
                    
                    0
                

                
                    
                    0
                

            

        

    


      

          
        
    
        
    
    
        
            Energiatehokkuuden kehittyminen Suomessa
        
        
            
                
                    
                    91
                

                
                    
                    0
                

                
                    
                    0
                

            

        

    


      

          
        
    
        
    
    
        
            Elinkaaritiedon hyödyntäminen teollisen palveluliiketoiminnan kehittämisessä
        
        
            
                
                    
                    72
                

                
                    
                    0
                

                
                    
                    0
                

            

        

    


      

          
        
    
        
    
    
        
            Tieto- ja viestintäteknologiaa  hyödyntävän rakennetun  ympäristön kehitysnäkymät 
        
        
            
                
                    
                    102
                

                
                    
                    0
                

                
                    
                    0
                

            

        

    


      

          
        
    
        
    
    
        
            Yritysverkoston strateginen kehittäminen
        
        
            
                
                    
                    60
                

                
                    
                    0
                

                
                    
                    0
                

            

        

    


      

          
        
    
        
    
    
        
            Monte Carlo -reaktorifysiikkalaskennan ja laskennallisen virtausmekaniikan kytkentä kuulakekoreaktorissa
        
        
            
                
                    
                    120
                

                
                    
                    0
                

                
                    
                    0
                

            

        

    


      

          
        
    
        
    
    
        
            Development of an HTR-10 model in the Serpent reactor physics code
        
        
            
                
                    
                    74
                

                
                    
                    0
                

                
                    
                    0
                

            

        

    


      

      


              
          
            
          

        

          

  




  
  
  
    
      
        Yhtiö

        	
             Tietoa meistä 
          
	
            Sitemap

          


      

      
        Ota Yhteyttä  &  Apua

        	
             Ota yhteyttä
          
	
             Feedback
          


      

      
        Oikeustieteellinen

        	
             Käyttöehdot
          
	
             Tietosuojakäytäntö
          


      

      
        Social

        	
            
              
                
              
              Linkedin
            

          
	
            
              
                
              
              Facebook
            

          
	
            
              
                
              
              Twitter
            

          
	
            
              
                
              
              Pinterest
            

          


      

      
        Hanki ilmaiset sovelluksemme

        	
              
                
              
            


      

    

    
      
        
          Koulut
          
            
          
          Aiheet
                  

        
          
                        Kieli:
            
              Suomi
              
                
              
            
          

          Copyright 9pdf.co © 2024

        

      

    

  




    



  
        
        
        
          


        
    
  
  
  




     
     

    
        
            
                

            

            
                                 
            

        

    




    
        
            
                
                    
                        
                            
  

                            

                        
                            
  

                            

                        
                            
  

                            

                        
                            
  

                            

                        
                            
  

                            

                    

                    
                        

                        

                        

                        
                            
                                
                                
                                    
                                

                            

                        
                    

                    
                        
                            
                                
  

                                
                        

                        
                            
                                
  

                                
                        

                    

                

                                    
                        
                    

                            

        

    


