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INTRODUCTION

The importance of passive cooling systems for nuclear reactors heat removal
function was highlighted after the Fukushima accidertl March 2011. Therefore,
advanced nuclear power plants are designed with passive cooling systems, which due
to the simple operation principle without the need for external power supply
contribute to nuclear safety. It is necessary to evaluate the ability of passive cooling
systems to effectively codiownthe nuclear reactor or atmosphere in the containment
in order to impément passive cooling systems in a new generation nuclear power
plant under construction or desigmocess and it is directly related to accident
management. In the historical context, accident management or mitigation of its
consequences using passivelow systems is particulgrimportantfor the operation
of nuclear installationgasin the worsicase scenario radioactive releases can occur
and potentially damage workers, resideatsl/or the environment. However, the use
of such passive cooling sgshs in nhomuclear facilities and installations is also
important. Firstly,nonnuclear facilities and installatiorsse more widely operated.
Secondly, in the industrial sector, there is a growing number of parks of different
companies, which use a singbewerful thermal energy generation unit as a heat
source for a variety of technological processes (e.g. glass or fertilizer manufacturing).
It is understandable, that natural convention and thermal stratification phenomena
have the same nature and causaVs/relationships in the secondaite of the above
mentioned industrial facilitiegnon-nuclear and nuclear facilitiesYherefore, the
interpretation of these phenomena, based on operational experience of nuclear
installations or results of relatedperimentalinvestigations, is correct and applicable
to similar or analogous thermal energy facilities.

A large volume cooling pool is one component of a passive cooling system,
which is designed to accumulate large amounts ofiheamingfrom the reactocore
or the containment in a case of station blackdypically, the heat exchangers are
located at the bottom of the cooling pool and are designed to transfer heat from the
heat source to the cooling pool watait circulates freely bove the cooling @ol.

Due to the heat transfer through the walls of the heat exchangers, the density of the
water adjacent to the heat exchangers reduces, therefore, lower density water begins
to rise upward via the buoyancy force. The heated water after reaching the free
surface, cools and mixes with the colder water below and flows around the heat
exchangers again. Natural convection flow is formed above the heat exchangers,
meanwhile, there is no flow below the heat exchangers and aftbileg thermal
stratification isformed. As the amount of heat incoming from the heat source
increaseswater temperature approactesaturation temperature and water starts to
mix under the heat exchangérthermal stratification disappeaiThese phenomena
occur not only irtheabowe-mentioned cooling pool but also in the spent nuclear fuel
pool or the nuclear reactddatural convection and thermal stratification phenomena
are closely interrelated and particularly important to nuclear safety, and they always
havebeen of interesand remain relevant to engineers, inspectansl researchers.
Currently, there is a growing interest in modelling of these phenomena using CFD
software. Although CFD programes are rapidly developed, these phenomaea
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modelled using a lot of simplificains such as fluid properties are constant, aray
singlephase flow, simulations performed using stestéte conditions, the effects of
solid walls are neglected, etc. Investigations with these simplificationthieability
to perform a comprehen@ nuclear safety assessment. Therefore, in the development
of today®s and creatin of future nuclear energy, it is necessary to develop
methodology thatvould allow perforning complex modelling of natural convection
and thermal stratification phenongeimn cooling poolsThe developed methodology
would allow evaluaing the variablethermodynamighysical properties of the fluid
involved in the heat transfer process, changing-damponent twephase flow
regime, dynamics of heat release and heat tratisfaughthe heat exchanger walls,
inevitable phase changend other variable parameters and phenomena.

This dissertation introduces the methodology for modelling ofd@rmponent
two-phase natural convection and thermal stratification phenomeneoiing pool
using CFD softwarelhe modelling methodology was developed based on the results
of the two international experimenfBhe first experiment is a case where the heat
exchangersreplacedin ahorizontalpositionin the cooling pool (horizontal hiag
surface) and this case corresponds to the component of the passive cooling system
being installed in advanced new generation nuclear power plahes.second
experiment is a case of cooling gbi@essusedwater reactor that has been shut down,
openedand ready for overload (vertical heating surface).

Relevance of tke work

It isimportantto understand processéspredictsteady or changingjtuations
andto manage potential or unexpected accideviiena powerful industrial unit is
operatedPassive cooling systems thatmi require an externglowersource during
critical situations and acciderdse being installed or designgdadvancedndustrial
facilities in order to prevent or minisg the potential consequences of such accidents.
This issue is particularly relevant in nuclear power plants because the potential
consequences of accidents at these facilities can be sblatoeal convection and
thermal stratification phenomena, which occur in cooling pools of passive systems are
closely interrelated and their behavior affects the safety of the installations, and they
always have been of interest and remain relevant to engineers, inspeetuds
researchergCurrently, there is a growing interest in moteg of thesephenomena
using CFD software, however, these phenomem@ modelled using a lot of
simplifications.There is no detaileend complex modding methodology for these
phenomenavailable today or it has not been published.

Object of the research

The two-componenttwo-phase natural convection and thermal stratification
phenomenan thermal installations

Aim of thework

Todevelopthe methodology for modelling of twmomponent twephase natural
convection and thermal stratification phenomenthermal installationsisng CFD
software.
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Tasks of the work

1. To create numerical models of the experimental facilities with horizontal
and vertical heating surfaces.

2. To determine the influence of initial and boundary conditions and numerical
model parameters on modelling results durihg modelling of natural
convection and thermal stratification phenomena in the experimental
facilities.

3. To create and describe tine programming languagéne UDFdesigned to
definethedynamics of heat release on heating surfaces.

4. To prove the appropriateness of ttevelopednethodologyby modelling
the experiments that represent tammponent twegphase natural convection
and thermal tgatification phenomena ia cooling pool and to anatg the
obtained results.

Novelty of the work

1 The methodology for modelling of twoomponent twephase natural
convection and thermal stratification phenomémahermal installations
using CFD softwarewas developed based on modelling thie two
experiments. Until now, these phenomena assuming a lot of simplifications
aremodeled using CFD software.

1 The cveloped methodology allows evalwmat not singlephase fluid, but
two-phase (twecomponent) fluid in one anagd system with variable
thermodynamighysical properties of this fluid. As well as allows
evaluating theinteraction between different fluids, transient and phase
transition process and heat tnasfer through solid structures.

Practical significanceof the research

The developed methodology allowgerforming complex numerical
investigations of two-component twephase natural convection and thermal
stratification phenomena using CFD software. The methodology can be applied for
modelling of these phenomena, which ocdarpower or industrial installationsn(
the cooling pool ofthe passive gstem,in thespent nuclear fuel poak thenuclear
or chemical reactor, etciacility or installationsafety assessmemtevelopment of
accident management methodolpgic.The second application of this methodology
is its use in the process afeaing and developing CFD programes.

Statement presented for defense

1. TheQ - realizableturbulence model witenhancedwall treatmenimore
accurately simulates the thermal stratification phenomenon tha@ the
SSTturbulence model.

2. The implementation of solid structures in the numerical model has a
significant influence on modelling results tWo-component twephase
natural convection and thermal stratification phenomena.
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3. A special UDF described in programming language and impledeénthe
numerical model ia suitable numerical tool in orderdefine the dynamics
of heat release on heating surfaces.

4. The developed methodology allowsrforming complexnodellingof two-
component twephase natural convection and thermal stratificati
phenomenan complex configuration geometries

Approbation of dissertation

Two scientificarticleson the theme othe dissertation haveeen published in
journak with a citation index athei C| a rAinvadtyeg i cs 0 dat abase
Code Col | ect i on articlashale bden pullisheddni peoceedindsiofc
international conferencesThe fesults of the research were presented at five
international conferences.

Structure and content of the dissertation

The dissertation work consists of the following chapietsoductioniterature
review, the methodologyof CFD simulationsdescription of experimental facilities
and CFD modelstesultsand discussiomf numericalinvestigations conclusios,
references, list of scientific articles publishediomtheme ofhedissertation, antivo
appendixesGeneral information on the contenttbé dissertation is as follow®7
pagesg6 figures,8 tables and77 references.
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1. LITERATURE REVIEW

The ratural convection and thermal stratification phenomemajetaiked
overview of the most popular CFD software to solve thasd othemphenomena
related to nuclear safety, aad overview ofthe public scientific articles relatet
numerical investigationsof the ratural convection and thermal stratification
phenomena using CFD softwaepresented and discussedhis chapter

1.1. Natural convection phenomenon

Natural (or free) convectionis a type of mass artkattransportin which the
fluid motion isgenerated only bthe density difference of a fluid due to temperature
change or gradienNatural convection occutiie to temperaturghange ogradient,
not by any externdorce source(like a pump, fan, suction device, gtdn natural
convection a fluid surrounding a heat source receives heat @uel to thermal
expansionbecomes less dense and rises. In other words, heavier (more dense)
components will fall, while lighter (less dense) components rise, leading to bulk fluid
movement.Natural convecton can only occur ina gravitational field or inthe
presence of anothgroperaccelerationsuch asccelerationcentrifugalforce, or the
Coriolisforce(1).

In natural convection, thlow is characteged by theGr andRa numbers
Usually, the density decreases due to an increase in temperature and causes the fluid
to rise. The buoyancy forcagses this motion. The major force that resiss motion
is the viscous force. The Gr number charasterihe ratio of the buoyancy ta
viscous force acting on a fluid ahds the following forng2, 3):

Yy

“Oi (1)

The boundary layer is laminar in the ramqget < Gr <p T, transition n the
rangep 1< Gr <p 11, and turbulent Gr p Tt

The Gr number is closely related ttee Ra humber, which is defined as the
product of the Gr and the Pr numbers. The Pr number chasasténe relationship
between momentum diffusivity arttiermal diffusivity. The Ra number issed to
express heat transfer in natural convection and is a good indication where the natural
convection boundary layer is laminar or turbulécordingto Referenceg4, 5) the
flow is laminar if Ra p 1, the transitiorregionis largeandvaries betweep 1
p Tt,andturbulentifRa p 1 TheRa numbehas the following fornge):

Y @ Noltei N 2)

Provided that forag or natural convection can be neglected for a systeen, t
ratio of the Gr number to the square of the Re number can be foisdle
characterisatiorThis characteristic ratio is called the Ri numéeahas the following
form (7):

Yy

Y0 — 3)
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If the Ri < 1, thematuralconvection can beeglectedIf the Ri > 1, then forced
convection can beeglectedIf the Ri 1, then the regime is combined forced and
naturalconvection.

1.2. Thermal stratification phenomenon

Thermal stratification is formed in horizontal fluid layers with different fluid
temperatures, where the warmer fluid layers are located above the cooler fluid layers.
Thermal stratification occurs due to the changdluid density with temperature.
However, thermal stratificationcan be greatly disturbed hbhe undesirable and
uncontrolled water flows, which stirs the otherwise thermally separated layers
together and mixes them into a uniform temperg@)t®ifferent parameters are used
to measure the level of thermal stratification phenomenon. nibst used are
Charging energy efficiency, the Re number, the Mix number, Lost itgmedothers
(97 17). Themain disadvantage of these parameters is that they are used for solar water
heating systems wherinlet and outletand steadystate condition exis. These
parametersare notu s ed f or a fAfree surfaceo stor
correspondso the inlet and outlet at the same tiared transienboundarycondition
exists.

The temperaturéistribution along the height ahe storage tank at different
time intervals can be used to evaluate
sur faceodo s tsesimgygpotted amndh tkéempdrature profiles represemt
thermal gradient from thto the bottom of the storage tank. A larger temperature
difference implies a larger temperature gradient and hence a lavgéof thermal
stratification(9, 18).

The Str number is another parameter in order to evaluate the level of thermal
stratification. The Str number was defined as the ratio of the mean of the temperature
gradients at@anytime to the maximum mean temperatgradient(9, 10, 16):

o~ s s 7
YO I 7— (4)
The Ri number, mentioned Bectionl.1. can be used to evaluate the level of

thermal stratification modifyingquation3 to the following form(9, 15, 17, 19):

YQ n 5)

whereY"Yis modified to"Y 1 is the temperature at the top of the storage tank
(0) and”Y i is the temperature at the bottom of the storage tahk (

A small Rinumber means a mixed storage tank, while a larger Ri number means
a stratified storage taniimilarly, the Ra number also can be modified and used to
evaluate the level of thermal stratificatidteverthelessthe temperature distribution
along the heighof the storage tank is the best and the simplest way to compare the
|l evel of thermal stratification for a 0
condition. This parameter is useful when numerical results are compared with
experimental data
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1.3. Overview of themost popular CFD software

Computers have been used to solve fluid flow problems for many years. From
the mid1970s, the complex mathematics required to gesertide algorithms began
to be understoodnd general CFD solvers were developed. These CFD solvers began
to appear in the early 1980s and required very powerful computedgpth
knowledge of fluid dynamigsand large amounts of time to prepare-getfor
simulations. Therefore, CFD solversneaised almost only in research.

Year by yearthe advance of computing power, solvers, modaigl graphics
have made the progress of CFD modelling and aisadf results less complexas
well asreduedtime and cost. Advanced solvers together with HiP@ble robust
solutions in a reasonable timEoday, CFD software is widely used as industrial
and research to¢R0).

There are a lot of CFD codes, which can beduseanalyse the flow fields
numerically; neverthelestiese CFD codes hatheir advantages and disadvantages.
Almost all CFD software solves the same problems and descggfidhis software
aresimilar in their websitesANSYS Fluent / CFX, OpenFOAMSTAR-CCM+ and
STAR-CD, FLOW-3D, PHOENICS COMSOL Multiphysicsand Code Saturrare
the most popular CFD software related to nuclear industry and re¢egrch

1.3.1.ANSYS Fluent

ANSYS Fluent has powerful modelling capabilities: to model fluid flow, heat
transfer, turbulence, reactignairflow over an aircraft wing, combustion, bubble
columns, oil platforms, blood flow, etc. This software is written in the C computer
language, therefordt, can be automated using journal and scripting files and widely
used incommercial and academicganiations A large advantage of ANSFluent
is 2D modelling, Shell Conduction model, Porous Media, Simplified Heat Exchanger
Model, dynamic mesh, et(22). Thesoftware also enables magiinementbased on
the flow solution.

ANSYS Fluent offers highly scalable, HPC helps to solve complex and large
CFD problems quickly and cesffectively.This software setworld supercomputing
recordby scalingto 172000 core$23).

1.3.2.ANSYS CFX

ANSYS CFX software is a higherformance generglurpose CFD programe
thatis applied to solvewide rangeof fluid flow problems for over 20 years. Due to
advanced solver technologyoftware achieves reliable and accurate solatoirckly
and robustly. This software can capture virtually any type of phenomena related to
fluid flow. Furthermore, the software has a modéntyitive, and flexible GUI and
user environment with extensive capabilities for cussation and automation using
session files, scriptingand expression languad20, 24). Compaed to the same
developer product called ANSYS Flue®NSYS CFX has some disadvantages,
namely the lack of opportuniti¢e solve 2D problemgo use ROMDensityBased
Coupled Solverand SolutiorAdaptive Mesh Refinementb overset mesho model
Shell Conduction, Simplified Heat Exchanger Model, Porous Media, Macroscopic
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Particle Model etc ANSYS CFX hadewer capabilties comparing tdghe ANSYS
Fluentaccording tdReferencg25). ANSYS CFX software irthenuclear safety field
is used quite often.

1.3.3.0penFOAM

OpenFOAMis afree and opesource CFD software. This software is quite new
T debut was in 2004 and now it has a lot of users from commercial and academic
organizations. OpenFOANRanmodelawide rangeof fluid flows involving chemical
reactions, turbulence, heatrisder, acoustics, solid mechanics, €¢&6). One ofthe
advantage of OpenFOAMis thatsoftware andgarallellicensesare free of charge,
while other CFD software is quite expensiv¥@otheradvantage of OpenFOAM is
C++ programming languagehich allows for &CFD usetto create his own models
provided that CFD useunderstanginot onlythethermathydraulics phenomenaut
alsothe C++ programming language. It may be the reason why there arsamyt
scientific articles related tauclear safety topics and especially to numerical
investigations of passive cooling systems in NPPs.

1.3.4.STAR-CD and STAR-CCM+

STAR-CD software vas created fothe development ofnternal combustion
engines. This software has been actively involved wittylmder analysis from its
inception and there are many engines in production now that have benefitted from
using STARCD. In-cylinder processesuch as turbulence, heat transferp-phase
flow, evaporation, spray, combustion, chemistrgnd turbulencehemistry
interactions, reafjas effects, etcarekey STARCD softwarephenomend27).

STAR-CCM+ software is used for simulations of electromagnetics, heat
transfer, multiphase and particle flows, aerodynamic, reacting,fkmlid mechanics
and rheologyAlso, the software focusson theaerodynamisof cars, wind turbines,
motorbikes, buildings, et€28). In ather words, iis the same software as STARD
and isa powerful tool for aerdynamics simulations.

1.3.5.FLOW-3D

FLOW-3D is a highly-efficient and comprehensive CFBoftware, which
specialses in solving transient arfcee-surface problemslhis software is the most
used by engineers, who investigatithg dynamic behavior of liquids am gas in
industrial installations or nature (for example river and-th@eak flows)(29).

1.3.6.PHOENICS

PHOENICS is typical CFD software, which has been used for different kinds of
simulations that involve multiphase flows, heat transfer, chemical reactions, particle
tracking, ventildon and acclimasgation, smoke dispersion, e{80). The developers
of PHOENICSsoftwarepublished the list of thecientific articles(31) in order to
show how widéy the software is used.

17



1.3.7.COMSOL Multiphysics

COMSOL Multiphysics is a wideange simulation software for motiab
designs, devices, angrocesses in all fields of engineering, manufacturing, and
scientific research. This software has different modules such as electromagnetics,
structural mechanics and acoustics, fluid flow and heat transfer, chemical engineering,
etc. These modules allovegormng complex simulatiosof solving problera (32).

1.3.8.Code Saturne

Code Saturne is the free and ojsemrce software developed to solve CFD
problems. Cod&aturnecansolve 2D and 3D flows, steady and transient, laminar and
turbulent, incompressible and weakly dilatable, isotherraall not isothermal
problems. RANS and Largeéddy Simulation models are available. Specific physical
models are available: combustion, &dtlie heat transfer, particteacking, electrics
arcs, atmospheric flows, e(@3).

1.3.9.Performance of different CFD software

It is difficult to assess # performance of these different CFD software for
solving the CFD problem. KeshmiriA. et al. (34) performed the benchmark of
CONVERT, STARCD, and Code Saturne in simulating natural, foraa mixed
convection flows. The first case wasnixed convection flow in a vertical pipe. The
se®ond case was natural convection in an enclosed tall cavity. Despite differences in
the numerical procedures used by each software, good agreersemtbiained for
velocity and temperature gradients between the CFD software. Meanwhile, some
discrepanciesvere found in both cases for the Reynolds shear stress ameturb
kinetic energy gradients.

Due to the complex nature tife CFD software, iis difficult to identify all the
sources that would contribute the discrepancgein the results. Thereford, is
difficult to choose th@roperCFD software fothe CFD problem.

1.4. Numerical investigations of natural convection and thermal stratification
phenomena in the rectangular enclosures by other authors

Many investigations have been performed to assathe natural convection
phenomenon in enclosures for different geometries, boundary conditions and fluids
using CFD codeslThe doctorathesis focusedn theCFD investigations of thivo-
component twegphasenatural convection and thermal stratification pheeoanin
rectangular enclosures within horizontal cylindrical heating elements and heat transfer
through solid structuse(the conjugate heat transfddjfferent researchers have been
analysing these phenomena using different approaches, assumptants
simplifications. Twedimensional and thregimensional modelling approaches could
be distinguished.

Numerical simulations of natural convection phenomenon using- two
dimensional approach(Fig. 1.1) for different thermal boundary conditions,
Richardson and Rayleigh numbers, diameters and positions of a cylindrical heating
element in rectangular enclosures, were performed by many resmsarch
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Fig. 1.1. The examples of 2D models for numerical investigations of natural convection
phenomenon3si 42)

Oztop H.F. et al.(35) studied mixed convection characgtids for a liddriven
air flow within a square enclosure, which has a circular body. The left wall of the
square enclosure moves up or down idingction while the other walls remain
stationary. Different boundary conditions were applied for the watlsttam circular
body. It was found that the most effective parameter on flow and temperature fields
is the orientation of the moving wall. The circular body can be as a control parameter
for heat and flow fieldsPark Y.G. et al.(36) carried outa numerical investigation of
natural convection induced by a temperature difference between a cold outer square
enclosure and two hot inner cylinders. This study investigated the effects of the
locations of the two cylinders in the enclosure on the heatfaraand laminar fluid
flow when they move imvertical direction along the cartine. It was found that the
bifurcation of natural convection from steady to the unsteady state depends on the Ra
number and the dimensionless vertical distance from theresqgylinder center to the
circular cylinder center of the two cylinders. Whenmt 'Y ® p m, the flow and
thermal fields reached steady state and flow and thermal fields became unsteady at
Y& p 1 The same authof87, 38) studied the same phenomena, but the difference
from the previous investigation is that the two cylinders welaced ina vertical
position inasquare enclosurandarother casés that the four cylinders were placed
in asquare enclosur&ang D.H. et al.(39) investigated the effect of the location of
an inner heated cylinder along a horizontal or diagonal line in a cooled enclosure on
the fluid flow and heat transfer fora® p 1 The flow andhermal fields change
from the steady or unsteady to the unsteady or steady state at critical positions on both
the horizontal and the diagonal lines. The major origin of the unsteady state depends
on the position of the cylinder. The unsteadiness neawper corners, the ceatof
the enclosure, and the lower corners is governed by a series of cells, and the inner
vortices periodically merging and separating within the enlarged lower primary eddy.
The variation in the local Nusselt number of the cylmaled enclosure is dominated
by the gaps between the inner heated cylinder and the cooled enclosure, the upwelling
and downwelling thermal plumes, and the upward returning fMun, G.S. et al.
(40) carried out numerical simulations of natural convection heat transfer induced by
the temperature difference between cold walls of the tilted square enclosure and a hot
inner cylinder forpmm 01 pmandpm Y& p 1 The outer square
enclosure is tilted 1 J T u. & was found that the unsteady characteristics of the
flow and thermal fields occurs ptt 'Y @& p mandm8tp 01 1 regardless
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of the tilted angle of the enclosure due to the increase in the flow litgtakicept
the casefor ' Y® p mand0i 1@ atp v J[ o 1t The Pr number is directly
depended only on the fluid and fluid state. The entropy generation rates due to heat
transfer and fluid friction increases very slightly fort 'Y @ p 1. The degreefo
the irreversibility produced in the system is similar regardless of the variation in the
tited angle of the enclosure at the same Ra and Pr numbers. At relatively low Ra
numbersp T Y& p m, the irreversibility in the system is dominantly produced
by the heat transfeSimilar phenomena were studied by the sanmtors(41) as in
theprevious studynonetheless, theudy focused on not tilted square enclosGhei,
C. et al. (42) studiedthe effect of a cylinder location on natural convection in a
rhombus enclosure f@r T Y@ p 1 The inner hot cylinder location is vertically
changed along the rhombus enclosureartine. They identified three thermal and
flow regimes: steadgymmetric, steadgsymmetricand unsteadgsymmetric. The
distribution of the thermal and flow regimes was presented as a function of the
dimensionless oftente distance anthe Ra number. e characteristics dhe heat
transfer between the cylinder and the enclosure also depend on the location of the
cylinder and the value of the Ra numbas.convection magnitude becomes larger
than its magnitude for lower Ra numhetiee difference in ththermal and flow fields
occurs

The most numericaimulationsof natural convectioand thermal stratification
phenomenausing threedimensionalapproach usually are performed smmilar
conditionscompared to the ones fwo-dimensional numericaimulations Fig. 1.2,
Fig. 1.3).
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Fig. 1.2. The examples of 3nodels for numerical investigations of natural convection
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Seq Y.M. et al.(43) carried out threglimensional numerical investigations of
the natural convection around the heated cylinder located in the cold cubic enclosure
forpm 'Y® p matd i 1. The radius of thénner cylinder varied im@0
'Y m&0. According to their research, the numerical solution shtve time
independent characteristics, and the flow and thermal structures have almost a two
dimensional structure regardless of the variation of the cylima#ius. When the
cylinder radius increases ™ Tm@&0 at'Y @ p T, the flow experiences a transition
from the steady state the unsteady state. When the cylinder radius increases from
Y mgOto'’Y @0 at'’Y® p m the space that the spanwise veroecupies is
confined and hence the flow instability is intensified. When the cylinder radius
increases toY m&0 from'Y T1®0 at'Y® p m, the space in which the fluid is
filled is extremely confinedLee S.H. et al. (44) also studiedthreedimensional
numerical investigations of the natural convection around the heated cylinder located
in the cold cubic enclosure with sinusoidal thermal boundary conditioi¥sdo p 1
andY® p matd i 7. It was found that if the hot inner cylinder is located at the
center of the enclosure™tw p T, the flow and thermal fields reach the steady state
with the mirrorsymmetric pattern. Then the distribution of local dklsnumbers at
the walls ofthe enclosure doesot depend much on the sinusoidal temperature
variation at the bottom wall. If the inner cold cylinder is located at the center of the
enclosure, the mirresymmetric pattern of isotherms is broken, andsbéhierms and
streamlines rotate in the countdockwise directionThe distribution of local Nusselt
numbers depends on the position and size of the cetlntekwise rotating ascending
plumes, whichs afunction of the sinusoidal temperature variatimrthe bottom wall.
When'Y & p m, the distribution of flow and thermal fields becomes titependent
for both cases of the presence of the hot and cold inner cyliddeayehB. et al.
(45) numerically investigated thredimensional natural convection of air induced by
atemperature difference between a cold outer cubic enclosure and a hot inner cylinder.
Numerical investigatiomwere carried out fgg 1 'Y ® p mand a titled angle of
the enclosure varying from Jo w 1t It was found that the distribution of isocontours
of temperature, components of velocity and streamtraces eventually reaches a steady
state forp T Y@ p 1 for titled inclination ofw T However, for the remaining
inclinations, Ra numbers must be in the rapge p 1 to avoid unsteady state,
which is manifested by the subdivision of the area, containing the maximum local heat
transfer rate, into three parts fgro  p 1tand inclination ofo 1T The optimal average
heat transfer rate is obtained 10 p 1 and an inclination oo Ttfdr both cases of
the inner cylinder and lateral walls tfe cubic enclosureKumar, A. et al. (46)
investigated the transient twebmensional and thredimensional simulations of
natural convection of air around a cylinder enclosed in a box of 2000 mm x 600 mm
x 1200 mm forY @ p& Jp Tt It was found that the distance between the cylinder
and the top wall is an important parameter, which affects the nature of the flow. 3D
vortices were observed when the H*/D ratio was 0.2 and these vortices helped in
enhancing the heat transfer in the redietween theylinder and the ceiling aswas
shown in the comparison between theo-dimensional and thredimensional
simulations. FoH*/D=0.4, 1, and 2.3, the difference between the resultsvof
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dimensional and thredimensional simulations was nyesmall. The authors also
anaysed t he ot her r es edamersibnalraddsthredimensionae s by
simulations.Gandhj M.S. et al. (5, 47) carried outthe numerical and experimental
investigation of twephase natural convection and thermal stratification with boiling
phenomena in a rectangular tank fitted with a single argka 10 tubes assembly.
The phenomena were angdg fort®& T ™ Y ® ¢& «3p 1. It was found that

the fractional vapor hotdp increases from zero to 0.0%for single tube and 0.3%

for the 10 tube assembly. AtY® t&@ ™ m and 'Y® v&3Pp 11, was no
difference betwee the CFD predictions of singfghase and twphase models. An
increase of Ra number has substantial influence on the liquid flow rate, therefore, high
values of mixing time indicate that mixing is poor and thermal stratification accurs
Good agreement was found between the values of heat transfer coefficient obtained
from experimental measurements and the developed mathematical @dloex.
numerical and experimental investigations performedGaydhiet al. (48) were
dedicatedto two-phase natural convection and thermal stratification with boiling
phenomena iacylindrical vessel with different heating tube designs. The phenomena
were analged fora® Xp m Y@ uv® XPp 1. The results showhat the natural
convection is feeble, the rates of mixing and heat tramgtdow, andthe thermal
stratification level is high. Reduction in the aspect ratio causes reduction in the heat
transfer rate and someduction in the thermal stratificatiomhe pesence othe
appropriate size dhedraft tube enhances the overall liquid circulation velocity and
reduces the mixing time and the stratification number. Attachment of baffles to the
plain tube provides raal flow, which in turn causetemixing of hot and cold fluids.

Solid structures, representing walls of a rectangular enclosure are rarely
considered in CFBimulationsof the natural convection and thermal stratification
phenomena. However, solid structures hagignificant influence on the results of
CFD simulations Kelm et al. (49) performed ANSYS CFX validation and
comparative assessment of two different experiments (the TH22 test of the German
THAI and the NATHCO test of the French MISTRA experimental facilities) on the
buoyancydriven mixing processe the cae of buoyant flows, theesults of CFD
simulationgreveal thatheheat transfer process between the fluid and solid structures
have significantly influenced the CFImulation resultsin order to predict a reliable
heat transfer processhe neawall gradients need to be resolved sufficiently.
Furthermore, the definition of solid structures used in Giidulationsis very
important and significantly influensehelocal circulation flow rate ofluids mixing
as well aghe heat transfer procesBapukciev, A. and BuchholzS. (50) performed
validation of ANSYS CFX for gas aritieliquid metal flows with the conjugate heat
transfer. They anased thermahydraulic processes in two experimental facilities (L
STAR and TALL-3D). Numericalsimulationsof the TALL -3D facility show that
solid structuresn the CFD modelare necessary in order to obtain highality
modelling results. Solid structures introduce thermal inertia and should be involved in
transient simulations. laddition, the results of simulation showed that significantly
lower mesh resolution is needed for solid streegsucomparing with the fluid region

22



Also, withtheadditional solid domairCFD simulations can converge fastentliae
ones without it.

1.5. Summary of literature review and the formulation of scientific problems

The importance of passive cooling systems has significantly increased after the
Fukushima accident on March,2D11. Researchers pay more attentmmumerical
investigations of thermdiydraulic processes in passive cooling systems using CFD
software. The methodology used for numerical investigations is not fully developed
and still has limitations.

The above literature survey clearly shows that-tivoensional andhree
dimensionahumeical investigations of natural convection and thermal stratification
phenomena are often performed taking into account simplifications such as:
Singlephase flow;

The fluid flow is incompressible;
The Boussinesq approximation is used for the definitidiuaf density;
Performing simulations at steadtate (not evaluating transients)
conditions;
The effects of solid wall(s) location and thicknessnjugate heat transfer)
are neglected;

6. Fluid properties are constant excepthia formulation of buoyanderm;

7. Two-dimensionakimulations or thredimensional simulations with only a

half or a quarter of geometry were performed.

The most numerical investigations die natural convection and thermal
stratification phenomena the passive cooling systemis, the passive cooling pool
or the spent nuclear fuel pool were performed accordingpese simplificationand
are not accurateenough. Therefore, in order to perform more accurate and reliable
predictions of thermahydraulic accidents in nuclear powerapis using CFD
software a more developed methodology is needed

In this thesisthe experimental data obtaindém the scientificarticles (8, 51,

52) was used as a basecreatdhe methodology fonumericalinvestigationf two-
component twegphasenatural convection and thermal stratification phenomena in
rectangular enclosusaisingthe CFD software Unlike numerical investigationby
many other authors, these phemma were simulated in detail. THell-scale
computational domasof the experimental facilitiesvere created.Full transient
calculationswere performedMany sensitivityinvestigationswere performedor
CFD models ofOsaka University and KAERI experimental faciliti€airthermore,
thespeci al keBXiR ratesof the heated surfacesere createdTwo-
component twephaseflow, generation of water vapor bubbles around lieated
surfacesevaporationand condensation phenomena were includéidese numerical
investigations.

The thesis is written based dhe experience gained in the CFD groups for
nuclear safety durinthe six-weeks internship in theRSresearch cent¢2016) and
six-months internsp in theNRGresearch centé2018) and based aimeknowledge
obtained during the European Nuclear Safesining and Tutoring Institute courses
related to nuclear safety.
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o
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Author® sontribution

The author of the dissertation areg the scientific da on the twecomponent
two-phase fluid natural convection and thermal stratificatigilenomena in
rectangular enclosures witta cylindrical heating elementand numerical
investigation®f thesgphenomena usirpe CFD softwareBased on two experiments
and using ICEM CFD and ANSYS Fluent software, detailed numerical models of the
experimental facilities were created atwlo-component twephase fluid natural
convection and thermal stratificatipmhenomena weneumerically investigatedihe
authordevelopedhemethodology for complex numerical investigations of the above
mentioned phenomena usittge CFD softwareln order to define the dynamics of
heat release on heating surfacespecial UDF described in programming language
and implemented imumerical models was createélb determine the influence of
initial and boundary conditiorend rumerical model parameters on modeling results
the author performed the sensitivity analysis
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2. METHODOLOGY OF CFD SIMULATIONS OF NATURAL
CONVECTION AND THERM AL STRATIFICATION PHENOMENA

This chapter introduces the methodoleggatedor numericainvestigationof
the two-component two-phase natural convection and thermal stratification
phenomena in rectangular enclosures uie@CFD software. A overviewis given
on theselection ofthe CFD software ANSYS Fluent mathematics, gaetry and
mesh generation, newall and turbulence modelling, and multiphase modelling
includingthe evaporation and condensation modéle gverning equations needed
to be solvechumericallyare describedThe requirements for stable and converged
transient calculatioareintroducedIn order toenhance modelling capabilitiess brief
introduction to UDHFs presentedn the last section.

2.1. Selection of CFD softwareand computing reurces

To perform numerical investigations of the natural convection and thermal
stratification phenomena in rectangular enclosutbe most appropriate CFD
software must be selected

The geometresand meses of the experimental facilitiegll be generged using
the ICEM CFD software. The first reason why ICEM CFD software was chosen is
that generated mesh consisif hexahedral cells only. In most cases, the best
numerical results are obtained wh#ére mesh ofthe CFD model consist of
hexahedral cellsThe second reason was that ICEM CFD softwasvery powerful
meshing capabilities comparing withe other meshing software. For examptlee
ANSYS Mesh software has many limitations dader options in hexahedral mesh
generationThe hird reason was that lot of knowledgevas gained on usinthe
ICEM CFD software during the internshipstie GRS research center.

The first reason whyhe ANSYS Fluent software was chosenthat the
ANSYS Fluent software has powerful and wide modeltagabilities (described in
Sectionl.3.]), whichcan be enhandéy incorporating UDFs, comparing with other
CFD software. Calculations can bhatomated using journal and scripting filéte
secondreason was that the most numerical investigations cetatauclear safety
were performed usinthe ANSYS Fluent software according tioe public scientific
articles. Thethird reason was thahe ANSYS Fluent software with HP@Gelps to
solve complex and large CFD problems quickly and-efstctively. Thefourth
reason was thdtEl manages the newest ANSYS Fluent user licenses together with
256 parallel licenses for HPC. Also, LEI manages the HPC cluster, which together
with the ANSYS Fluent software provides huge computing power. fiftie reason
was that a lot of knowledgeas gained on using tNSYS Fluent software during
the internships in GRS and NRG research cenféras, he ANSYS Fluent 17.2
version (53, 54) and HPC cluster SGI Altix ICE 8400 were used for numerical
investigationsThe HPC cluster SGI Altix ICE 84000onsists of the 20 nodes, where
each node has 48 GB randomaccessmemoryand 12 cores (3.33 GHz).
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2.2.The mathematics of ANSYS Fluentoftware

For all flows,the ANSYS Fluent solvetheconservation equations for mass and
momentum. If flows invole heat tansfer or compressibility, then additional energy
equation is solvedThe dmain is discretied into a finite set of control volumes,
where conservation equations are solved on this set of control volumes. Partial
differential equations are discretd inb algebraic equatien when algebraic
eguations are solved numerically to render the solution fiElESANSYS Fluent has
two solver technologies: presstiyased and densityased Pressuréased solver is
used for the most problems, where Mach numbeesdretween 0 and 3. Pressure
based solvehas two algorithms: a segregated algorithm and a coupled algorithm. In
the segregated algorithm, the governing equations are solved one after another. Each
iteration consists of the steps illustratedrig. 2.1. Also, when solving heat transfer,
turbulenceor multiphase problenthe doubleprecision solveis recommende(b4).
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Fig. 2.1. Segregated algorithm scheinethe transient calculation mann(&¢)
2.3. Geometry and mesh generation

The geometries and hexahedral meshes of the experimental fauiiitiée
created using ICEM CFBoftware taking into account OECD/NEA Best Practice
Guidelines (55, 56), ECORA (57, ERCOFTAC (58) and ANSYS (59
recommendations.

Mesh quality has a strong influenoe theoverall calculation (e.g. velocity,
temperature and density gradients, computational seetresources, converge,
etc.). The am of the mesh generation proceduizto find the best compromise
between accuracy, efficien@nd easiness way to generditemesh.The nesh must
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be able to capture heat transfer, flow gradients, boundary layer§hetacceptable
mesh quality parameters are presentedable 1. It is importantto avoid large
changes in mesh density and recommenai#dg hexahedrakells. More accurate
results can be obtained using hexahedral tadls tetrahedratells, orarother type
of cells, with the same sizef cells The study of msh independence mulsé

performed in each numerical investigation, bekieatingthefinal calculation.

Table 1. Mesh parameters of the computational m¢ae)

Parameter

The acceptable value

The smallest cell size

The biggest cell size

Mesh quality 0.3
Minimum angle ofacell 20.0
Aspect ratio 100.0
Skewness 0.8
Orthogonalquality 0.2
Expansion rate 20.0p

Cells type

2.4.Near-wall modeling

Mesh generation nedhe wall has a strong impaain the gradients in the
boundary layer. Velocity, temperature,dukence, etc., variables changpidly in
the boundary layer. In order tmrrectly capture gradients in the boundary layer, the
nondimensional distance from the wall {)Ycan be used to calculatee size of the
first mesh cell near the wall. The equations for tHecalculation are presented in
Reference(60). Boundary layer regions are presentedrig. 2.2. In the viscous
sublayer, the flow is laminar and the viscosity plagsnportant role in heat and mass
transfer, momentum, etc. In the buffer layer, the effects of molecular viscosity and
turbulenceareequally important. In the fully turbulent region, thebulence plays a
major role.

Ufdr = 2.5 In(Ur ylv) +5.45
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Fig. 2.2. Near wall regior(60)
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There are two approaches to modellitige nearwall region. In the first
approach the viscous sublayer and buffer layer are not resolved. -Bemirical
equations s¢ al | ed ufMwal lo n sto comnece theunsalk ahd the fully
turbulent region eliminatinghe viscous sublayer and buffer layer. time second
approachthe viscous sublayeis resolved by the fine mesh neéwe wall and this
approach i-wakchbdl ed hase asmnqglschanatibadlydrig.a r e
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In cases, where nearall modelling is not needed wall functions can be used.
Usually, wall functions are used where all attention is focos@dixing in the middle
of the domain. Using wall functions, the first cell must be located in théajey
region (30<Y<300) and wall functions should be never used beldw89. Almost
in all CFD problems, the most important regiothisviscous sublayein the viscous
sublayer (neawall modelling),thesize of the first mesh cell needs to be aboutlY
and the other mesh parameters accordin@aiole 1. In order to modeh viscous
sublayer, the correct turbulence moslebuld be choseithe E 5 models andE
R models with enhancedwall treatment are used to solvke viscous sublayer
according tahe ANSYS manualg53, 54) and recommendatior{g0).

As mentioned above, the equations for thecélculation are presented in
Referenc€60). These equations atlee preliminary assessment tbfe size of the first
mesh cell near the wall. Howevehe real value of the Ycan be found only during
the calculation by plottinghe contour fields ofthe Y* value. Ifthe Y* value is too
high, itis necessary to refine the mesh.

2.5. Turbulence modeling

Turbulence is a flow regime in which the thidienensional motion becomes
unstable above a certain Re number. The motion becomes intfinaitsteady even
with constant boundary conditions. The velocity and all other flow properties vary in
a random and chaotic way. A decomposition of the flow velocity in mean velocity is
presented iffrig. 2.4.
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Fig. 2.4. Typical velocity in turbulent flow61)

Turbulence is described by the Nav&tokes equations, impossible in most
problems to resolve the wide range of scales in time and space by direct numerical
simulation due to huge computirmgsources needed. For this reason, averaging
procedures have to be applied for NaaxB¢okes equations in order to filter out all
parts of the turbulent spectrum. Reynetd&raging is the most applied averaging
procedure of the equations, resulting in RA&NS equations. All turbulent structures
are removed from the flow and a smooth variation of the averaged velocity and
pressure can be obtained. The reliability of the calculation dementhe selected
turbulence modelherefore, itis important to chose the proper model as well as to
createthe proper mesh for the selected mo(is).

The most popular RANS based models are-égoation modelsQ - group
(Standard, RNG Realizable) andQ 71 group Gtandard, BSL, SST). The most
advanced turbulence models @e - realizable and 7 SST.ThéQ - realizable
turbulence model is suitable for complex shear flows, moderate swirl, vodites
locally transitional flows. ThéQ 1 SSTturbulence modek suitable for boundary
layer flows under adverse pressure gradient and separation, fredshdéda number
flows (60). The Q - realizableturbulence model wit enhancedwall treatment
(nearwall modelling) was choseior numerical investigationg4, 60). In addition,
the influenceon theresults ofthe™@ 7 SST as well aX) - standad turbulence
models vastested.

2.6. Multiphase modelling

A large number of flows in nature and technology are a mixture of phses.
physical phases of matter are gas, ligaidd solid. Multiphase flows can be grouped
in these categories: géquid or liquid-liquid; gassolid; liquid-solid; threephase
flows. The first step in solvinthe multiphase problem is to determine which category
(flow regime) best representeanalysed problemAccording totheliterature review
and the descriptions theexperimental facilitiesin this thesistheanalysed problem
belongs tathe gasliquid category, wher¢he flow regime isstratified/freesurface
flow (flow of immiscible fluids separated by a cleadgfined interface(54).
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There are two approaches for numerical investigation of multiphase flow at this
moment: the EuleLagrange and the Eul&uler approaches. In the Euleagrange
approach, the fluid phase is treated as a continuum by solving the Savies
equations, whé the dispersed phase is solved by tracking a large number of particles,
bubbles, or droplets through the calculated flow field. The dispersed phase can
exchange momentum, mass, and energy with the fluid phase. ThisLegtange
approach is used fadiscrete phase modelling. In the Eul&uler approachthe
different phases are treated mathematically as interpenetrating continua. Since the
volume of a phase caaot be occupied by the other phases, the concept of phasic
volume fraction is introduced. Theselume fractions are assumed to be continuous
functions of space and time and their sum is equal to one. Conservation equations for
each phase are derived to obtain a set of equations, whicla biawiar structure for
all phases. These equations aresetb by providing constitutive relations that are
obtained from empirical information, or, in the case of granular flows, by application
of kinetic theory. ThifulerEuler approach is used for typical multiphase problems
and hathree different mitiphasemodels: VOF, Mixtureand Euleriar{54). The VOF
model is necessary in order to simuldtetwo-phase natural convection and thermal
stratification phenomenia the exgrimental facilitieg8, 51, 52) asthe flow regime
is free-surface flow

2.6.1.The VOF model

The VOF model is designed for two or more immiscible fluids wtibee
interface between the fluids is a place of interest. In this model, a single set of
governing equations is shared by theages and the volume fraction of each fluid in
each mesh cell is tracked throughout eatithe CFD model The VOF model
formulation assumes that two or more fluids (or phases) are not interpenetrating. For
each additional phase, the volume fraction of the phase in the mesh cell is introduced.
The aim of the volume fractions of all phases is equal to éachmesh cell. The
fields for all variables and properties are shared by the phases and represent averaged
values as well as the volume fraction of each of the phases is known at each location
of the computational domain. The variables and properties of ahe phases, or a
mixture of the phases, in all mesh cells are shown according to the volume fraction
values Fig. 2.5). For example, the twphase systa consists of airf{**) and water
liquid (1*"Y) phases. The volume fraction pf'in the mesh cell is denoted|as |,
andn?is denoted as  , respectively. Then three conditions are possible:

1. If mesh cel contain pure air, when p and| TG,
2. If mesh cel$ contain pure wateliquid, when| Tt and|
p;
3. If mesh cels containTt | pandt | p, when the

interface between thgstandn?"phases are visible.
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Fig. 2.5. Theoretical distribution of thg" in mesh cells calculated by the VOF mo¢is)

The VOF model is applied for modelling of stratified/fimeface flows, tank
filling, waves in open channel)e motion of bubbles in a liquid, etGenerally, the
VOF model is usedo perform transient calculatiorend must be used with the
pressurebased solver. All mesh cells must be filled a@ysingle fluid phase or
combination of phases. Only one phase can be specified as a compressible ideal gas
(recommende dphaséo angEldal gas).Tihe anly frst-order implicit
scheme can be used for transient formulagtat).

2.6.2.Evaporation and condensatiormodelling

Evaporation and condensation phenomena, within the VOF model, can be
simulated usinghe Lee model or UDFs created tiye CFD user. In this thesis, Lee
model was chosen. In the Lee model, the mass transfer (evaporation and condensation)
is governed by theapor transport equatiqd4):

- no| " b (6)

As shown inEquation3, the ANSYS Fluent defines positive mass transfer from
the liquid to the vapor. The mass transfer can be described as folloWs, Y
(evaporation):

WéE My " — (7)
and, if’Y “Y (condensation):
wéE MY " — (8)
2.6.3.Governing equations

Tracking oftheinterface(s) between the phases is accomplishelddsplution
of the continuity equation for the volume fraction of one (or more) of phases. The
equation of]y pha® hathe following form(54):

—1 " o "® Y B 9)

The volume fraction equation solved through explicit time formulation and
discretsed in the following form:
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———& B "Y| ; B Y @ (10)

A single momentum equation has the following form:

® 10" db o o' b w R VI V) (11)
The energy equation, as well as the momentum equation, is Shaety

phases:

— 70 1"0®d” 0On noQ ny Y (12)

The VOF model treats total enerd® (and temperaturé’}f as massveraged
variables:
B

0 — (13)

In Equation10, thetotal energy forj phasg(O ) has the following form:

o 17 - —N (14)
where enthalpy’Q is defined for ideal gases (air phase) as:

MM B0 Q (15)
and for incompressible flows (water phase) as:

Q B0 Q - (16)

In Equaions12and B, enthalpy of specids('Q) has the following form:

N . QRQTY (17)
The transport equations for th@ - realizable model:
-7 —" — * —— 0 0 "- & Y (18
and

—T . — "6 — = — 8- "6 —— 6 -6 0 Y (19)

The transport equations for tie2 1 SST model:

—"Q —"Q6 —3— 0O & Y (20)

" —| . n -| é — 3 — nO (I) ,O “Y (21)
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2.7.Convergence

Solving a complex mathematical system is difficult atite CFD user may
encounter stability and converge problems. All conservation equati@iscontrol
volumes (cells) hee to satisfy specified convergence (tolerance) criteria.
Convergence criteriare equal to 16 for energy and 16 (to obtain more reliable
solution 1) for continuity, k, omega, X, Yand Z velocitiesn standard ANSYS
Fluent settingsThe residuals measure these imbalances and the residualsnausves
decrease belotheseconvergence criteridn other wordsthe overall mass, energy,
momentumand scalar balances must be achieved. The solver must perform enough
iteration in order to achieva converged solutionConvergence can be judged by
residuals curves angonitors (e.g. temperature, velocity, turbulence, pressure, etc.,
monitoring point or monitoring surface). When the residuals curves decrease below
the convergnce criterigFig. 2.6) andthechosertargetquantties(themonitor9 such
as mass flow rate, heat flux, eteecome constaiFig. 2.7), theCFD user can assume
that solution is fully converged.

1e+01 5

1 i Residuals
| —continuity

ev00 All equations [—cortnui
i y-velocity

converged |zl

1e-01 o

1e-02 —:““
:I.O_3 Tepse :“..

1e-04 o

1e-05 o

10'6 -1»95--;

1e-07

o 50 100 150 200 250 300 350

lterations

Fig. 2.6. Convergence according tesiduals curveg?2)

Isentropic Efficiency
\
//

Iteration Number
Fig. 2.7. Convergence according the chosertarget quantity(62)
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Stability problems could arise with wrong initial conditions, poor quality mesh
or inappropriate solver setting$he increasq o r i snt residualé )ndicates
diverging, stability problemsand imbalance in governing equations. These solution
results are misleading. Such stability problems can be solved by ensuring that the
initial conditions are welposted, decreasing under relaxation factors for equations
that haveconvergence problemsmesh or refine celthat havepoorquality cells.

2.8. Transient calculation

All flows in nature are unsteady and many problems (e.g. aerodynamics,
multiphase flows, unsteady heat transfer, etc.) reqpeeforming unsteady
calculation CFD calculationcan beperformed under steadbtate (the influence of
time not evluated) or transient conditidthe influence of time is evaluated)sually,
most thermathydraulic experimentshave been anating changes of processes in
time, thereforethetransient calcul&n is necessaryn order to perform successful
transient calculation a@hachieve a converged solution, many requirements for
transient calculation must be satisfiatbre inputs are requirednd deep knowledge
of transient calculatiors necessaryl hetransient calculation is solved by computing
a solution for many discrete po#in time. At each point in time, the solver must
perform as many iterations as needed to actaeomverged solutionHg. 2.1).

The time step size is a very important parameter in transient calculations. The
time step size must be small enough to resolve-tiependent problemé. too large
time step can cause staflyiland convergence problentswever a large time step
size generates less solution (orcsa | | ed fAdat ao) fgldse@Uand «
time. Meanwhile, a smaller time step size can ensure better stability and convergence
of calculation,neverthetss,larger solution files are generated aheé calculation
takesmore CPU time. The CFL numbean beused to estimate a time step size. The
CFL number gives the number of mesh elements the fluid passes through in one time
step. Usually,n order to reslwe mean flow physical time scalemder transient
condition the CFL number should be not higher thaand have the following form:

6 "OD y—y (22)

Residuals plot for transient calculation not always indicate a converged solution.
The time step size must be chosen that the residirdseasdoy 213 orders of
magnitude within one time stefrig. 2.8). For smaller time steps, residuatgay
decreasdy 1i 2 orders of magnitude. I better to use the smaller time step size than
more iterations in one time step. The time step size should be such that the residuals
satisfy the convergence criteria with arouid ® maximum iterations per time step.
Accordingto these recommendatiol83), itisagood i dea to go 0
for example, to set 50 iteratisn per t i me s with fime atepdizenti o p
the time step size will be propdrhere is another way to set the time step size using
avariable time stepping method, which automatically calcsthate CFL number and
the time step siz@everthetssthis method requiseadditional knowledgegCommand
lines with specified time steps sizaethe best way to manage transient calculation
based ortalculation stabilityand convergence
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Fig. 2.8. Example of residuals of transient calculation (~15 iterations per time(§®p)
2.9. UDF for heating

A UDF is a function(s) constructed in the C progragianguage, which can be
loaded directly to the ANSYS Fluent solver in order to enhance modelling
capabilities. UDFs can be used to specify mass, momeminunenergy sources, as
well as variable boundary conditions such as variable heat flux throughathe w
variable mass éiw through the inletetc. Specific models such as chemical reactions,
mass transfer, heat transfer correlations, etc., can be created inndDéthelesst
requires deep knowledge of phenomena and creation of (d2:dn other words,
almost all numerical investigations of theragidraulic phenomena in experimental
facilities under tragient condition requirepedally created UDF(s) for each kind of
experimental facility.
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3. DESCRIPTION OF EXPERIMENTAL FACILITIES AND CFD MODELS

First, the design of the different experimental facilities and the description of
the experimentarepresented within this chapter. Thedack of information needed
for successful numerical investigations and numerical models of the experimental
facilities is described.Variable/constanthiermaiphysical properties of the water
liquid, watervapor, and airare presentedFinally, the UDF, which describeghe
thermal power rate of the heater (®dandhas been developed during the PhD studies
and incorporated in the CFD modesspresented

3.1.Introduction to KAERI experimental facility

After the Fukushima accidenn 11 March 2011 the importance of a passive
safety system for the reactor, containment and spent fuel pool heat removal was
highlighted. Many advanced NPPs are designed incorporating a passive safety system
now. In order to incorporate a passive safety systieeevaliwation of heat removal
capacity is required for system design and safety analysis. Large pools of water near
atmaspheric pressure providdaat sink to removieeat from the reactor, containment
and spent fuel pool by natural convecti{@®, 66). In these water poqlslue tothe
heat transfer process threedimensional convection flow develap§hermal
stratification is increasingly encountered in large pools of whtdris being used as
heat sinks in the new generation NPPs.

Fig. 3.1 shows a schematic view of the PAFS, which is an example of a passive
safety system and was adopted in the advanced power reactor plus (APR+). The PCCT
and PCHXs are few parts of many pdhig constitutfull PAFS. Due to heat transfer
from the PCHXs, which are placedarhorizontal position in the bottom part of the
PCCT, water temperature increases up to saturation temperature and forms natural
convection flow inside the PCCT. Whéime heattransfer process from the PCHXs
starts,the temperature othe water near the PCHXs starts to increase. During this
processthedensity of watedecreaseand water moves upward due to the buoyancy
force. After reaching the free surface, the warmetemwmoves toward the other
sidewall of the PCCT, along the free surface. During the moving along the free
surface, warmer water cabown andwhile mixing with colder water moves
downward along the wall at the other side of the PCCT. Natural convection forms
above the PCHXs, meanwhile there is no flow below the PCHXs and thermal
stratification occurs. Thermal stratification disapseenrd water becomes well mixed
whenthewater temperature reag$saturation temperatu(g, 51).
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In order to investigate natural convection and thermal stratification phenomena
as well as multdimensional local flowelocity, turbulence intensitand energy, the
KAERI createdanexperimental facility, which represents the PCCT within PCHXs.

It is the recingular enclosure within heated placed in the horizontal position at the
bottom part of the rectangular enslwe(8, 51).

3.1.1.Description of the KAERI experimental facility

The rectangular enclosure consistshe single heater rod, solid walehd 2D
PIV measurement technique. The horizontal cylindrical heater rod inside the
rectangular enclosure was designed to produce natural convection and thermal
stratification phenomena. The working fluid in this fagiis thede-ionised water (for
the PIV measurements). The lengttttod rectangular enclosure is 300 mm, width
60 mm and height 650 mm. The heater rod, which is 19.05 mm diameter, is placed
in ahorizontal position, 85 mm above the bottdrhe btallength of the heater rod is
160 mm: 150 mm is heating part and 10 @&nthe end of the rod is a ndreating
part. The back wall imade from 15 mm thick polycarbonate, the front and right walls
are made from 3 mm thighyrex glass,and for the bottom aniéft wallsthe 20 mm
thick stainless steel fA3040 icanstruckoaid. A
shown inFig. 3.2Error! Reference source not found. Five thermocouples (T+
01 TF-05) in the rectangular enclosure and 25 thermocouples@QITVWW-25) on
the rectangular enclosure walls were installed ¢mitor and record thermal changes
duringthe experiments. The 781 TF-05 thermocouples were placed in the oent
of therectangular enclosure, excepé TF-02 thermocouple, which was placed 2 mm
away from the heater rod surfacesghematic drawing ahe rectangular enclosure
andthepositions of TFO1 TF-05 thermocouples are shownFig. 3.3.
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Fig. 3.3. Drawing of the rectangular encla®g (dimensions in mm)
3.1.2.1nitial and boundary conditions of the KAERI experiment

The experiment takes five hour§he initial de-ionised water, rectangular
enclosure wallsandtheambient temperature &pproximatelyl53 . The rectangular
enclosure is filledvith water up tca 400 mm level. Thermal power of the heater rod
is 600 W.The insulation could not be used the walls due ttheemployment ofthe
PIV measurement technique, heat losses through thehsall® besvaluated. These
losses were evaluated by comparing the amount of heat supplied to the water (given
electrical power) anthe real increase of thevater enthalpy and the time spent to
reach the saturation temperature. The estimated average heat losstluitingg
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interval, when the water temperature increased froen #)903 , was approximately
310 W(5)).

3.1.3.Lack of information

In Referenceg8, 51), thereis no information abouthe construction of the
experimental facilitywalls. It is difficult to understand how the walls are connected
to each otheeither thethermalphysical properties ahe wallsnor thepicture of
the experimental facilitys provided Furthermorea detailed investigation of heat
losses during the experant was not performed.

3.2.Introduction to the Osaka University experimental facility

In an accident of station blackout (whiaftcurred in thé=ukushima NPP) or
loss of the heat removal system in the 4iop operation duringhe shutdown of the
pressused water reactor, reactor core cooling has to occur by natural convection.
Usually, heat flux has axial distributiontine nuclear fuel assembly, e.g. the top part
of the fuel rod has a larger heat flux, while the upper part has a smaller heat flux.
Under his assumption, the natural convection is limited to the upper part of the reactor
vessel and thermal stratification is considered to occur. Thereforegd&tawvledge
of naturalconvection and thermal stratification phenomena in vessels with axially
distributed heat flux is indispensalfte).

In order to investigate natural convection and thermal stratification phenomena
under these assumptions, tBeaka Universityesearchers created theperimental
facility, which represents the pressad water reactor withhot leg during thetation
blackout orloss of the heat removal system in the #oidp operation duringhe
shutdown During these accidenthe pressurén the reactor vessel is almost equal to
atmospheric pressure, the temperature is around & the heating rate is at decay
heat magnitude.

3.2.1.Description of the Osaka University experimental facility

The experimental facilityKig. 3.4), which is a rectangular enclosure with an
attached pipe, represents the pressure vessel and the hathegeattor vessel. The
walls of the rectangular enclosure and pipe are made from Lucite material and can be
operated until 138 . The wdth and length of the rectangular enclosame120 mm,
the height is 550 mm. The pipe &cylinder with an inner diametef 30 mm andc
length of 250mm (Fig. 3.5). The pipeis attached 45 mm from the top of the
rectangular enclosure and the end of the pipe is closesl.2%hheater rods were
installed inside the rectangular enclosure. The nine heater rods were installed in the
center part of the rectangular enclosure and are callecegenss, the 16 heater rods
were installed in the peripheral part and are called pergbinods, respectively. Each
heater rod haa 10 mm diameter and 100 mm heated section, located between
altitudes of 0 100 mm, while the rest length of the heater rods is unheatetspart
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Fig. 3.4. The experimental facility52)
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Fig. 3.5. A schematic view of the experimental facil{2)

The heater rods were placeda square kice with a pitch of 20 mnHig. 3.6).
Heat flux was regulated by changing electricity input voltage to each heater rod. The
cente and pripheral rods were regulated separately. 16 CA thermocouples were
located in the cerd subchannel, 11 CA thermocouples in the peripheralchdmnel,
11 CA thermocouples in the pipe, respectivélig(3.7).

40



Fig. 3.6. Top view of the experimental facilifp2)
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Fig. 3.7. Positions of the thermocoupl¢52)
3.2.2.0saka University experimentinitial and boundary conditions

The experiments were performed at atmospheric pressure underpdiagke
and twephase natural convection conditions. The exparintekes 1357 seconds.
The vessel was filled up with denised water until 155 mm altitudeyhich
corresponds half pipe of its diameter. The initial water temperature was areaund 9
the initial experimental facility and environment temperature was ar@@ng ,
respectivelyThe hermal power of the heater rods was 474.0 kW/n?.

3.2.3.Lack of information

In Referencd52), there is no information abotiie thickness of the pipe walls
and how the pipe walls are connected to the vessel walls. The th@mwmsatal
properties of the walls are not provided in thAERI experiment. Furthermore,
detaikdinvestigation of heat losses during the experiment was not perfaithed

3.3. A numerical model for KAERI experiment modelling

A full -scale geometry of the CFD model of the experimental facility was created
usingthelCEM CFD software. All solid walls were considered in this model and were
meshed instead of usirige Shell Conduction model, which treats walls as virtual
walls. There are no symmetry planeéBhe main simplification is that the solid
structure of the héear rod is not modelled. It means that the thermal inertia of the
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heaterrod wasnot considered in the CFD modeakit is not expected thahermal
inertia of the heatand can havaninfluenceonresults.

3.3.1.Mesh generation

The mesh, as well as geometry, was created USHEN CFD software. In order
to performthe mesh independence study, four different me@Figs 3.8, Fig. 3.9)
were created according tthe mesh quality requirementand recommendations
mentioned inSection2.3. The most important locations in tesrof meshing are the
boundary layer near all surfaces and smooth cell size in overall georAetry.
comparison of four different mesh parameters is presentealile2.

@ (b) (© (d)

Fig. 3.8. Thecontours of theneshcells on the plane ZX: (a) 218313; (b) 313964, (c) 570610
and (d) 922736
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Fig. 3.9. The contours of the mesh cells on the plane @AY 218313; (b) 313964, (c) 570610
and (d) 927236
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Table 2. Mesh parameters of the computational model

Parameter The f‘/gﬁfgtab'e 218313 | 313964 | 570610 922736
;22 smallest cell T 1.96 mm 1.89mm 1.41mm 0.28 mm
The biggest cell siz¢ T 9.87mm 8.55mm 7.15mm 8.31 mm
Mesh quality 0.3 > 0.47 > 0.49 > 0.50 > 0.55
('\:"e'lrl"m”m angle ofa 20.0 50.10 > 49.52
Aspect ratio 100.0 446 | <4.16 <6.77 | <40.28
Skewness 0.8 0.23 <0.24
Orthogonal quality 0.2 0.77 >0.76
Expansion rate 20.(p 20.Cp
Cells type T Hexahedral

3.3.2.Boundary and initial conditions of the CFD model forthe KAERI
experiment

The nitial temperature of ambient air, wateand walls of the rectangular
enclosure was set to 85. The water level inthe enclosuras 400 mm.The hermal
power of the heater rod was set to 600 W and regulated accordihg tDF.
Unfortunately, the exact rangd beat transfer coefficients from the walls of the
rectangular enclosure to tlenvironmentair during the experiment is unknown.
Thereforetheheat transfer coefficient 18.95 WA was applied forll the walls of
the computational domain and was calculated according to heat losses during the
experiment(51). Heat loss to ambient air was treated as ¢bnvection thermal
condition (67). The calculations were performenhtil water started to boih full
volume, not only around heatend, asin this @se thetime step size needdd
properly simulate water boiling should be very small (~0.0R005 sec). Generation
of water vapor bubbles around the heater rod, evaporation and condensation processes
were taken into account using the Lee evaporatmrensation modellhe naterial
properties of the rectangular enclosure walls are presenteabia3.

Table 3. Material properties of the rectangular enclosure walls assumed in numerical
simulation(68i 70)

Properties Polycarbonate Pyrex-glass Stainless
Density, kg/m 1200 2230 8030
Specific heat, kg 1200 753 500
Thermal conductivity, W/riK 0.19 1.1 16.2

3.4. A numerical model for the Osaka University experiment modelling

The creation strategy of the CFD modettu#experimental facility wasimilar
as described irsection 3.3. The CFD model othe experimental facility was split
according tahesymmetryplane usinghelCEM CFD softwareThe first calculations
will be made without the solid walls due tise mesh sizehowever the solid walls
will be considered in the last calculatiofiswas assumed thé#te solid structures of
the heaterods are nomodelled.
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3.4.1.Mesh generation

The mesh was created usithge ICEM CFD software. In order to perforthe
mesh independence studlyefive different meshedHig. 3.10i Fig. 3.14) were created
according to the mesh quality requirements and recommendatiensoned in
Section2.3. Thesize of themesh cells wasodified by a factor 1.5 fronthe initial
mesh 463176 cells) Also, in order to ensure the same CFL number during the mesh
independence studyhe time step size was modified by a factor. THe first four
meshes are created without solid walls and the last mesh inthededid walls.The
most important locations in tesnf meshingarethe piperegion the upper unheated
region the heatedegion the smallregionunder the heaterkgion where thermal
stratification expected, and the boundary layer of the menti@ggahis as wellvery
important.A comparison of five different mesh parameters is presentédhle4.
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Fig. 3.10. The contours tthe mesttells (9&50 cells)
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Table 4. Mesh parameters of the computatiomaldel

The
Parameter | acceptable 98550 463176 1125338 2763037 34777
value
The
smallest T 1.19 mm 0.60 mm 0.40 mm 0.27mm
cell size
The biggest i 31.83mm | 1351 mm | 13.97 mm 16.40 mm
cell size
Mesh 0.30 >0.47 >0.52 >0.56 >0.54
quality
Minimum
angle ofa 20.00 > 41.49 > 37.60 > 35.15 > 33.62
cell
gst%e‘“ 100.00 | <35.71 <29.75 <47.22 <84.17
Skewness 0.80 <0.34 <0.39 <0.42 <0.45
Orthogonal 0.20 0.66 >0.61 >0.58 >0.55
quality
Expansion | 54 gop 20.0p
rate
Cells type i Hexahedral

3.4.2.Boundary and initial conditions of the CFD model for Osaka University
experiment

The initial water temperature is, ambient air isl2 3 , respectively. fie
thermal power of the heater rods was set.tbkW/nt and regulatedising created
UDF. The exact range of heat transfer coefficients from the walls of the rectangular
enclosure to the ambient air during the expeninig unknown as well as duririge
KAERI experiment. The correctelat losses t@nvironmentair were searched by
performing calculations using adiabatic conditions (HTC=0 ¥®mand increasing
HTC (the convection thermal condition) from 0 until 100 \A®n The generatiorof
water vapor bubbles around the heater radd evaporation and condensation
processes were taken into account using the Lee evapecatidensation model,
however it wasnot expected to capture these phenonreato short time anidw
heat flux during the experimenthe raterial properties of the rectangular enclosure
walls are presented ifableb.

Table 5. Material properties of theectangular enclosure walls assumed in numerical
simulation(71)

Properties Lucite
Density, kg/m 1180
Specific heat, kg 1810
Thermal conductivity, W/riK 0.1%8

3.5. Numerical setup

The VOF multiphase model for twghase flow simulations and tintkepended
explicit formulation forvolume fraction discretation waschosen. The flow regime
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in natural convection could be selected evaluatiedRa numbeiTheRa=080 (p 11
for the KAERI experiment an&a=p® ¥ 1t for the Osaka Universityexperiment
were calculatedaccording to Eg. 1lt was considered that natural convection is
turbulentin both experiments

The convergence criteria 2@or energy and 10 for continuity, k, omega, X,
Y, Z velocities were appliedror calculations of the KAERI experimethg variable
time-stepping fgorithm was usedThe maximum CFL number was set to 1. The
initial time step sized was f0second witha 5 % increas until the CFL=1 was
reachedFor calculations of th®saka Universitgxperiment, the fixed timstepping
al gorithm wasalucsud da.t i Smedomfraahtl lefeswastused tb e x t
set the number of iterations, the time step,sine other commands relatexstable
and converged calculation.

The spatial discretation settings used for numerical investigations are
presented iTable6. The discresation equations were solved using Pressomaicit
with Splitting of Operators (PISO) segregated algorithm.

Table 6. Spatial discretation settings

Discretisation Scheme
Gradient Least Squares CeBBased
Pressure PRESTO
Density
Momentum
Turbulent Kinetic Energy SecondOrder Upwind
Specific Dissipation Rate
Energy
Volume Fraction GeoReconstruct

3.6. UDF for heating

The UDFs were created and used mamerical investigations dfhetwo-phase
natural convection and thermal stratification phenomertheiK AERI and Osaka
Universityexperimental facilities in order to describe and regute¢hermal pover
rate of the heater rod(shhe mathematical form of thermal power rate of the heater
rod(s) is presented below:

0 03N (23)
where:P 1 total heat flux, W/ri Q 1 heat flux ratio per second until full thermal
power will be reached, Wint i time, s.

This mathematical form was converted to the UDF and implemented to the CFD
modelsof the KAERI andOsaka Universitgxperimental facilities

* HEATING MODEL FOR VARIABLE SURFACE HEAT FLUX

*

* Created: 17 July 2018, A. Grazevicius, NRG, Petten, The Netherlands
* Modified: 18 August2018, A. Grazevicius, NRG, Petten, The Netherlands
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#include "udf.h"
/* profile for variable wall heat flux */

DEFINE_PROFILE(heater_rods,t,i)
{

face tf;
real flow_time = CURRENT _TIME;

begin_f _loop(f,t)

[* heat flux linear increasing from beginning urikec (heat fluB W/m2 /A sec
(CW /Asec)) */
if (flow_time > A.) flow_time =A.;
F_PROFILE(f,t,i) =D * flow_time;
}
end_f_loop(f,t)
}

/* S —_— S -k/

where: AT total timeneededo reach full thermapower, secB i total heat flux,
W/n?; C1 total integral heat flux, WD 7 heat flux ratio per second until full thermal
power will be reached, Whnflow_time1 time, s.

3.7. Thermal-physical properties of the fluids

For both numerical investigations of the KAERI and Bsaka University
experiments, the real variable/constant thespmaisical properties of fluids (air,
waterliquid and watewvapor) were chosen and these propertiespaesented in
Table7.
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Table 7. Variable/constant thermalhysical properties of the fluids usedinenumerical simulatioti72i 76)

Data | Temperature, Density, Specific heat, | Thermal conductivity, | Dynamic viscosity, | Molecular weight,
point K kg/m?® J/kg& W/m3 kg/m3 kg/kgnol
Variable air thermal -physical characteristics
1 273.15 0.02364 1.72900°%
2 333.15 Idealgas 1005 0.0288 2.00820° 28.97
3 393.15 0.03095 2.18120°
Variable water-liquid thermal -physical characteristics
1 273.15 999.8 4217 0.001792
2 293.15 9980 4182 0.0010@
3 313.15 9921 4179 0.000653
4 333.15 9833 4185 0.6 0.000467 18.02
5 353.15 9718 4196 0.000355
6 373.15 957.9 4217 0.000282
Constant water-vapor thermal-physical characteristics
1 - 0.59 | 20267 | 0.0261 | 1.220° | 18.02




4. RESULTS AND DISCUSSION

In this chapter, the calculations of tRAERI andOsaka Universitgxperiments
are presentednd their results are discussed. Almdktalculationsweretreated as
intermediate calculations, because differgeitings such as mesh sizes, turbulence
models, heating rates, etc., were tested. Brief discussidhem@sults of intermediate
calcubtions are presented. All the best settings of intermediate calculations were
chosen according tthe results and used fdhe final calculations. Finally, detat
analyses ofheresults otthefinal calculations are presented and discussed in detail in
the last sections.

4.1. Numerical investigation of theKAERI experiment

The calculation journal was created dhelconditions of each calculation were
planned (APPENDDA) beforethenumerical investigationf the KAERI experiment
started. This calculation journal was updated durihg overall numerical
investigation Calculations were planned and performed in this oadeording to the
calculation journal

1. 01to performthereference calculation;

2. 02 03 to test the viscous models

3. 04to test smaller time step size;

4. 05/ 07 to performthe mesh independee study;

5. 08i 12 to test different conditions ahe heating raticandto perform
thefinal calculation

Results of the monitoring pointkat represerthethermocouples T 1 é T F
05, of each calculatiorwere compared in the charfhe mmparison ofheturbulence
models, mesh size, time step siand different conditions dhe heating ratio were
analysed for the first part (until 5300 sec.) of the experiment due to large CPU time
requirements for one calculatiadeanwhile as the boiling process was not simulated
the final calculation was performed for time period 10558 seonds Brief
discussions are presentad Sectiors 4.1.114.1.3 (intermediate calculations) and
detaikddiscussionin Section4.1.4 ¢hefinal calculation).

4.1.1.Influence of the turbulence models

The first stepgn the numerical investigatiomwas toanalyse theinfluence of the
"Q ‘Qrealizable withenhancedwall treatment and 7 SST turbulence models as
the mostadvanced RANS groumodels to addresbeat transfer and turbulence
problemg(67). The Laminar viscous model was testsdwell

The comparisonof the results of the 0103 calculations showed that the -TF
0 1 é TOB temperatureare inquite good agreement with the experimental data,
meamwhile, the TF04 and TFO5 temperatures show differend€4g. 4.1i Fig. 4.5).
According to the resultshe™Q Qrealizable turbulence model works better titan
1 SST at the thermal stratification region (below the heater To®) TF04 and TF
05 temperatures inease immediately durindpe calculation,meanwhile during the
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experimentthese temperatureshow delay. Thé&Q Qrealizable turbulence model
was chosen for further calculations.
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4.1.2.Mesh independence study

In order to investigatehe influence of mesh size for results (01,703
calculations) four different meshes were created (Section 3.3The TF02
monitoring point is only two millimeters awdgom the heaterod surface, therefore,
this monitoring point showthe best results atheinfluence of mesh siz&uring the
comparison, ther monitoring points T91, TR0 3 é T0B show similar results.

The mesh, which consists of 33} hexahedrakells was chosen for further
simulations because the temperature value of the monitoring poifi Wras the
same magnitude for the rest 570610 and73B2neshesH(g. 4.6). The mesh quality
parameter®f the mesh, which consist of 3&4 hexahedral cellare presented in
Table2.
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Fig. 4.6. Comparison of measureddnalculated TF2 temperatures
4.1.3.Influence of the heating rate

During the turbulence models testinge¢tion4.1.1) and mesh independence
study Gection4.1.2), quite good agreement between the experimental and calculated
temperatures of the T¢ 1 € TOB was found. Meanwhile, differenceégtweenT F-

04 and TFO5 temperatures ave observed. The results showed ttizd calculated
temperatures increase much faster thamexperimental temperatures. The main
hypothesis was that the heat flux (600 W) released by the heater rod is todnlarge.
order to confirm tks hypothesis and to find a reason why these differeadss,
additional calculations (082 calculation$ relatedto different heating boundary
conditions were performed.

During the 08 calculadin, following the assumptiorthat the experimental
facility is placed on a very thermal conductive surface sucheasless steelthe
bottom wall was cooled using the heat flux thermal conditi®b2 W) Slow heating
600 W per 300 seconds was set during the 09 calculation in order to investeggate
influence of heating ratio. In all calculations were assumed, datflux is released
through the all surface of the heater rod, except the 10 calculation, where 480 W / 60
sec were released through the upper surface and 120 W / 60 sec through the lower
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surface of the heater rod. The 11 and 12 calculations were pedfdonievestigate

the smaller heat flux (480 W / 60 sec and 450 W / 60 sEkg results of these
calculations are shown iRig. 4.7 and Fig. 4.8. The different heating boundary
conditions give similar results for the T8 and TFO5 temperatures as well tse

mesh independence studlyedifferentturbulence mdels and smaller time step size.
The TF04 and TFO5 calculated temperatures increase much faster than experimental
temperatures.
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Fig. 4.7. Comparison of measureddnalculated TH1 temperatgs
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Fig. 4.8. Comparison of measureddnalculated T4 temperatures

According totheresults of 0112 calculations,hte 05 calculation was selected
asthefinal calculation andhetwo-phase natural convesh and thermal stratification
phenomenavereanalysedin more detail irSection4.1.4.

4.1.4.Final calculation

As it was mentioned earlier, the rectang@aclosurgFig. 3.2) with the heater
rod placed ina horizontal positionwas modelled using the ANSY&ftware The
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results of numerical simulations are presented in two vertical-sszt®ns, as shown

in Fig. 4.9. The crosssections ZX and ZY were chosen according to the positions of
TF-0 1 é TOB thermocouples in the experimental facility and geometry spedific

the developed modethe average water temperature is calculated in the positions of
TF-0 1 € TOB thermocouples.

k

Fig. 4.9. Positions of ZX and ZY plees in the computational domain

During the experiment, 600 W of thermal power was supplied to the heater rod.
Due to the heat transferred from the heater rod, the water heats up around the heater.
This leads to the local water density decreasea Asult of this density difference,
thermally induced buoyancy forces initiate natural convection of the water. As it is
seernfrom Fig. 4.10, the wateupward flow arisesear the left wallln the top part of
water, just below water level (near a free surface), the water flo@sharizontal
direction to the right wall and after mixing with colder water, it starts to flow
downward along the right wall. The water circulation is formed abodéater rod,
meanwhile, there is no flow below the heater rod and thermal stratification occurs in
the lower part oftherectangular enclosur€&ig. 4.10 showsa \elocity field at water
temperature 72 . The experimentally measured water circulation above the heater
rod and the results of numericgimulationsare very similar at water temperature
(723 ). Meanwhile, smaller velocity is observadar the right wall and region near
t he -WMeatne dféhe hpeater tod. Due thewarming of the water, heat transfer
through the free surface is increasing, therefore, natural convection of the air begins
above the watefAs it is visible inFig. 4.10, the air above the water region, moves
downward near the right wall and moves against water flow direction near the free
surface. The heated airesupward to the top and flows out from the computational
domain near the left wall. Similar results are capturédgmd.11at water temperature
equalto 91.33 . Fig. 4.12 andFig. 4.13 show that tlermal stratification disappears
and when the water temperature reaches a saturation tempédvadibee temperatures
in the bottom part are equal98.13 ) the water becomes well mixethis shows that
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theoverall phenomena were predictedthg CFD softwarein quite good agreement

with experimental data. As we can see frigim 4.10i Fig. 4.13, there is a sufficiently

good agreement between the experimental and numerical velocitydigtdswater.

The temperature gradients during numerical simulations are preserfag 4nl4.

Up to 91.33 , in the regiorbelow the heater rod, theat to the water is transferred

only due to conductiorAs experimental data was not given in Referenges1j,

thereis no opportunity to showhe temperature fields of the experime@pecial
measurement technique, for example, Ldsduced Fluorescence (LIF)
measurement technique and fluorescent dyes, must be used during the experiment in
order to obtain temperature fields in water.

Greitis (m/s)

a) b)

Fig. 4.10. Velocity field at water temperature 32: a) experimen(51); b) CFD (ZX plane);
c) CFD (ZY plane)

Greitis (m/s) 117NV
0,10 \

a) b)
Fig. 4.11. Velocity field at water temperature 9133 a) experimen51); b) CFD (ZX
plane); c) CFD (ZY plane)
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Fig. 4.12. Velocity field at water temperature 9&1: a) experimen(51); b) CFD (ZX
plane); c) CFD (ZY plane)
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Fig. 4.13. Velocity streamlinesit water temperature 9831



Temperatiira
100

<)

Fig. 4.14. Temperature fields, calculated by CFD, at different water temperatures3g) 72
b)81.53 ;¢)91.33 ;d)98.13

The comparison of T 1 é TOB temperature changesid. 4.15 Fig. 4.17)
shows a good agreement with the experimental @laathermocouples F6 1 é T F
03 present thbehaviar of water temperature in the parttbe experimental facility
above the heater rod. This part consists of ~80 %hefotal water volume in the
experimental facility. The agreement between the measurddcalculated TF
0 1 é TOB water temperatures proves that heat losses (heat transfer coefficient from
the outside surface area of walls to the ambient air) are predicted well.
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During the experiment measured temperatures o0 @¢é TOb shows a
significant delay in water heaip, while in numericasimulationsthe TFO 4 & TOb
temperatures start to increase watkiery short delay after the beginninghaatup
(Fig. 4.18, Fig. 4.19). The first observain is that the ifferencesbetween the
experimental and numerical behaviour of@F é TOBb temperatures could arise due
to the unknown accurate heat losses during the experimerefémencg51), when
the water temperature was increased f&3 to 903 , it was just written that the
average heat loss during the experimests approximately 310 WA detailed
investigation of heat losses during the experiment wagpedormed. Numerical
simulationsshowed greater heat lossefom 80 W (atthe beginning of heatinglp
to 531 W (at the beginning of water boiling). Based on the good agreement of
calculated and measured water@FL é TOB temperaturesve can conclude &t we
set a correct heat transfer coefficient and numerical heat losses are verytsithigar
experimental heat losses. The second observation ihéhhetlosses are very large
comparedto the thermal power of the heater rod and the walls of theanguilar
enclosure must play a significant role as heat sinks. The front and right walls are made
from Pyrexglass, which is a very conductive material with low specific heat, tiso
thickness of the front and right walls is only three millimeters efioee, these walls
are not significant heat sinks. Meanwhile, the bottom, left, and back walls have larger
thickness (from 15 to 20 mm) and are made fpmtycarbonate andtainlesssteel.
According toTable3, these walls can be treated as significant heat sinks. Taking into
account thioobservatiorand the results dhe ANSYS Fluent, we can conclude that
the main amount of heat losses goes to the emvient through the front and right
walls, while the rest small amount of heat losses goes through the bottormndeft
back walls. In addition, there is no information Reference(51) regarding the
accurate thermgdhysical properties of the walls, which were useith@construction
process of the experimental facility, therefore, deviations of th@4Tend TFO5
numerical results are expectddhe third observation is that the processes during the
experiment are very slowtherefore,unknown accurate heat losses during the
experiment and unknown accurate therpiaysical properties of the walls must have
a significant influenceon the TR04 and TF-05 numerical results. Despite all
observationsin order to understand T4 and TFO5 differenceswastested a lot of
different assumptionsho heat losses, different heat transfer coefficients, cooling of
the bottom wall, different mesh size, di#et turbulence models, different heg
rate, etc., and all these tests gave very similar resliis. assumption that the
measurements of T84 and TFO5 temperatures could bffected by some systematic
error could not be rejectexither.
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Fig. 4.19. Comparison of measured andadhted TFO5 water temperature

Heat losses through the walls of the computational domain tinetivater
temperature reaches the saturatemperature are presentedHig. 4.20. Theminus
sign means thenovement of theneat flux from the comgational domain to the
ambient.
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Fig. 4.20. Total heat losses through thellsaf the computational domain

Fig. 4.21 andFig. 4.22 show water mass and volume changes dutiedinal
calculatian. Duringthetime period of 03600 seconds, water mass is stable and water
volume increases due to the density changéwen the evaporation phenomenon is
becoming more and more intense, waterss start$o decreasaignificantly since
4200 seconds untihe end othe finalcalculation. The biggest water volume is about
7000 seconds and gmto decrease duettoeevaporation phenomenon. These charts
demonstratethat not only the natural convection and thermal stratifiion
phenomenon were simulatédt alsothe generation of watevapor bubbles around
the heaterrod and evaporatiorphenomenawere considered irthe numerical
investigation.
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Fig. 4.21. Water mass conseniah in the computational domain
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Fig. 4.22. Water volume conservan in the computational domain

The numericalnvestigationdemonstratesimilar results otwo-phasenatural
convection above the heater rod and thermal stratification beWweter rod as in
the experimental facility. Furthermore, it was found a good agreement with the
experimental data, excefot the deviation of T4 and TFO5 temperaturesn order
to performthe double check of the created methodology dechonstratehat the
created methodology is reliable for numerical investigationketivo-phase natural
convection and thermal stratification phenomena, the additional experiBeetiof
3.2) was chosen and investigated using the same CFD software and the same
methodology.

4.2. Numerical investigation of theOsaka University experiment

The calculatiofournal(APPENDIXB) was created as well as for investigations
of the KAERI experiment. The&calculations were planed and performed in this
order:

01 o performthereference calculation;

02 to tesfeweriterations per time step;

03i 04 to test smaller time step size;

05i 11 to findthe proper heat transfer coefficient;

121 14 to invesigatetheinfluence ofthe heating ratio;

15i 19 to findthe heating power;

20i 21 to st the turbulence models;

22i 14 to perfom themesh independence study;

26to supplement the CFD model with solid wallsdto performthe
final calculation

The nonitoring points, which represetite thermocouples in the cemsub
channelthe peripheral suithannel andthe pipe werecreatedo compare numerical
and experimental results. As opposed to the KAERI experimantpst all
calculations were performed and comparedhterfull-time period of the experiment
(0i 1357 sec)ln order to hae a balance between the quality of results and CPU speed,
al calculationsbefore themesh independence study ahe final calculation were
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performed usinghe medium quality mesh (4@36). As well as a discussion of the
KAERI results, brief discussiorese presented f@ections4.2.1i 4.2.7 (intermediate
calculations) anc detailed discussion fothe final calculation(Section4.2.8) The

result of each monitoring pointascompared tdhe experimental data in the charts
However, due t@large amounof thecharts theresults of thdi CS 1350, A CS
iCSh 0 and locatibris Gr® presentednly for a brief discussion ofthe
intermediate calculationdMeanwhile much more results presented fmdetaiked
discussion of the final calculatiomhelbcat i ons ACS 1 350 ,anfdCS
i 1 2d¥edin four differentegionsof the experimental facility. These locations are
presented irfrig. 4.23.
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i e
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120

Fig.423.Locations of the ®HOGS ah35 dndcap@sandh=ed, n
monitoring points

4.2.1.Influence of the number of iterations

To analyse the influence of the results using four and 50 iteratiensumber
of iterations per time step wasvestigatedAs to test different boundary conditions
(01 24 calculations) using 50 iterations per time step will recaufev years othe
CPU time four iterations were chosen to perform calculations with stirak
consumptionsTherefore, 50 iterations per time step were chasdnfor theinitial
and final calculatios Using 50 iterations per time step and depending on the CFL
number, convergence taria weresatisfied after 615 iterations. ldemonstrateghat
aconverged solution was reached in each time step.

As heat losses during the experiment are unknowr@fiH@2 calculations were
performed withouthe heat transfer coefficierfho heat loseg. ThereforeFig. 4.24-
Fig. 4.27 shows thathe calculated temperatures are higher thiamexperimental
temperatures arntiedifferences between calculations using four and 50 iterations per
time step are negligible, except the pipsgion where minor differences were
captured.
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4.2.2.Influence of time step size

The influence of the different time step sizes was investigalee. initial
calculation was performed using 0.015 second for each time step. The 0.01 second
wasused forthe 03 calculation and 0.005 second fioe 04 calculation. All different
sizes of time &p demonstratestable solution and residualermalways decreasing.

CPU time consumptions using 0.015 secomdtime step was approximately two
days thereforejt was decided to continube calculation until the end. Meanwhile,
due to a large CPU tienconsumptionthe O3calculation was stoppeat 1150 second
andthe O4calculationat 625 second

Fig. 4.28/ Fig. 4.31 show thathechosertime stepsizes has no influence fahe
results, exceph the piperegionwhereminor differences were captured.
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Fig. 4.30. Comparison of measuredd calculated CSb temperature
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Fig. 4.31. Comparison of measureohd calculated 120 temperature



4.2.3.Influence of the heat transfer coefficient

After previous investigations, thillowing aim was to finda proper heat
transfer coefficienand heat losse$he heat transfer coefficier@nd reat lossesvere
not investigated during the experiment and not specified inRiéference(52),
therefore, they are unknowmccording to Reference(77), experimentally and
numericallyit was found thatheheat transfer cdtcient on a vertical flat plate in air
is between 5 and MY/m?X. In order to find propeheat transfer coefficiemndheat
losses and to perform sensitivity studshe different heat transfer coefficients were
tested: 5, 30, 50, 70 and 190m?X (05 11 calculations)Fig. 4.32i Fig. 4.35 show
thetemperaturechangeslependingntheheat transfer coefficienNotwithstanding
that he trend ofthe 50 W/nt3 curve (09 calculation)represents the trend tie
experimental pointthe bestduring the experimeithe heating poweseems too high
compaedto the calculationsFig. 4.35 shows that the pipesgionis very sensitivéo
thesize oftheheat transfer coefficienThe sze oftheheat transfecoefficient has no
influenceonresults when théuid andenvironment air temperaturase similaratthe
beginning ofthe calculations. Meanwhilghesize oftheheat transfer coefficient has
a major influencenthetemperatures due to large temperature differeattte end
of thecalculations.
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Fig. 4.32. Comparison of measureddnalculated CS 135 temperature
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Fig. 4.33. Comparison of measured and calculated CS 75 temperature
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Fig. 4.35. Comparison of measureohd calculated 120 temperature














































































