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The effects offlow acceleration due to thermal expansion armdiiue tobuoyancy
have beemnvestigated to study thieow and heat transfdsehaviourin the flow of waterat
asupercriticabressuren a channel with sight gap The objective of these investigatidas
to develop a better understandinglod turbulentflow behaviour and heat transfer between
subchannels specifically relevant Supercritical Watecooled Reactor (SCWR)Large
eddy simulationsvith an SGSWALE modelare carried ouin a trapezoidannulus, which
represents &ightly packedrod bundle configurationlThe studies considered a(g forced
convectiorto study the flow acceleration due to thermal exparenatfii) mixed convection

to study tke buoyancy influences.

In the case of forced convectioarde flow structure have been observedthe narrow
gap allheating cases considerdalit such flowstructures are much weaken higher heat
fluxes. Themain reasonfor the weakening flow structes in the high heating casésthe
severevariatiors of thermal propertiedn particularthestreamwisdluctuationsarereduced
significantly downstream ofthe heaed channel. The spanwise turbulence component
reflectingthe swinging flow structuris also found to be the highdstthe narrow gapcross
the channe| but reduce asin forced convectiorswinging flow structurés weakenedThe
effect of variations of thermal properties has been found to be very similar to that of

buoyancy.

In the case fomixed convection,lte behaviour of the flow and heat transfethalow
buoyancy influence case very similar tothat ofthe forced convectiorin high buoyancy
influence casg significantheat transfer deterioratidras beeriound tooccur. It has éen



demonstrate that theswinging flow structure inthe narrow gajn high buoyancy casare
almost norexistentdownstream irthe heated¢hannel A number ofpotential reasonsave
been identifiedhat the heat transfer deterioratiarhigh buoyancy ifluences Theyinclude
thesignificantly reducedtreamwise turbulencdisappearing of largdow structures as well

as low mixing, and lastly significant variat®af thermal properties.
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1.1 " AAECOI Ol A

Supercritical Watecooled Reactor (SCWR) is one of the six promimardlear reactor
conceps that hae been selected under Generatlohinternational Forum (GIF) and is
currently under developmer8 CWR haghe advantage oé high thermal efficiencywhich
is betweemt5-50% In comparisonthe thermal efficiencyf current light water reactsis
around 3335% [1]. The understanding of théofv and heat transfer characteristics of the
coolant waterof SCWRis essentiafor both design and operatiomhis is because even
thoughthe water at supercritical pressure does not undergo any boiling process through
heating, thehermophysical propertiasry dramatically athe temperature goes throubh
pseudecritical point. Thiscanomalybehaviour of the thermophysical propertdtenleads
to unusual characteristics with regardshiat transferThe phenomena difieat transfer
deterioration or enhancemehtave been reported by many researcheardgat transfer
deterioration (HTD) should be avoided to maintain the integrity of the fadtoig[2]. It is

acknowledged thdbr the supercritical fluid flowit is hugely importanto be able tgredict
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the detailed flow and temperature distributions for the development of reactor design and

safety.

Pump

Figure 1.1: Schematic diagram of SCWR pressureessel3].

Recently small modular reacts(SMR) hare become populaiTheypotentially provide
asimpler and much safer desigi 7]. SMR is afractionof the size of a conventional nuclear
power plant. This makes SMR iddal providing the electricityat a location with small,
limited, or distibuted electricity grid systenit can alsdeuseful for countries with limited
financial resourcesas the investment requinentsaremuchlessthanthat ofalarge nuclear
power plan{4]. The supendtical reactor system hadso been selected someof the SMR
designg8i 10]. Similar to the conventional of the proposed desigrE&WR, supercritical
type of SMR has the potentiativantage oincreasing the efficiencgndthe simplicityof

thedesign as no phase change occurs at supercritical pressure.

In nuclear reactor designs, thypical configuration ofuel assembliegs usuallyin the
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form of rod bundles and this alsotrue forthe SCWR The coolantn a rod bundlélows
through via subchannetsatareformedin theinterstices of théuel rods.Subchannels in the

fuel rods arrayareconnecedto each other by thgapsthatformed between the fuel rods
These gapare canmonly characterised by the pitd¢b-diameter ratiosWithin these gaps,
they maybean occurrence ohstability and intechannel mixingf the flow. Understanding

the behaviourof this flow and its influenceon the overall flow and heat transfeat
supecritical pressure in a rod bundteuld bean essential input to the SCWR core design.
An International Atomic Energy Agency (IAEA) Coordinated Research Project (CRP) has
identified that the studgf the flow between subchannels supercritical pressute be an

area where better knowledge needs to be develdddd This information can assise

further development of subchannel codes.

-~ ~ pe

1.2 ' EOAT A | AEAAOEOAO
The goal of the present research is to develop knowledge of the turbulent mixing and

instabilites of the flow across the gapetweersulchannelsn supercritical water flowThe

focus of thisresearchs on the effect of large flow structures in tinght gap totheflow and

heat transfeat supercritical pressur&he present woris an extensioto the recenstudy of

mixed convection on thieehaviour of thélow and heat transfen thetrapezoidannulusby

Duan & He[12,13] It was reported that the behaviour of large flow structuréle flow

channel plays dominantrolein theconplicatedbuoyancyinfluenceflow, which intertwines

with other factorssuch asthe redistribution of the mass flow ra@nd the variation of

buoyancy influence to local turbulence in different regioihthe channel

The present PhD study aintwsfurtherinvestigae the behaviour of theurbulent flowand
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heat transfem therod-bundlelike configurationspecifically relevant to SCWRAIso, the
thesis aims to complement themerical experimergtudy of the behaviour of the large flow
structures in superitical water by investigating the effect of the thermal expansion due to

the thermal property variation in forced and mixed convection.

Thespecificobjectivescovered by this thesere:

1. To develop a Large Eddy Simulation (LES) modetithin the frameworkof
Code_Saturnéor the study of flow and heat transfarsupercritical water

2. Toinvestigate the flow instability and large unsteady flow structurasad-bundle
like configurationfor supercritical wateunder the condition of forced convection

3. Toinvestigate the flow instability and large unsteady flow structures in-aundle
like configuration for supercritical water under the influence of buoyancy.

4. To develop mixing parameteb®tween subchannels as an ifputusein subchannel

codes
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The present thesis consists of six chapters. Chapter 2 prassmtsmary of literature
reviews on relevant subjects on the supercriticad fllow andtheflow in rod bundlesThe
instability and mixing phenomenon between channels across ttoevngaipsarereviewed
Next chapter Chapter 3 introduces the background of turbuterstudies, followed by the
statistical description for turbulence characteristithis chapter also discusses the Large
Eddy Simulations (LES) approach with the SGS atednd present numerical schemes used

in Code_Saturnéor the present investigations.
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The study of forced convection for supercritical water in trapezoid annulus is discussed
in Chapter 4 whereasn Chapter 5 the investigations on the buoyaaided flowin the
trapezoid annuluare presentedrinally, in Chapter 6conclusiors of the presengtudiesand

discus®n of futurework areoutlined
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At supercritical pressurdfjuid properties behave differently compared ttmse at
subcritical pressure. As the temperature increasesratant pressure, the fluid does not
undergo any boiling procesthat is,the phase of the fluid does not change. However, the
fluid does change fra the liquidlike to gaslike condition witha significantvariation of
thermal properties around the psegdtcal point This anomaly could affect the turbulence
behaviour in a heated channel and consequehigyngethe heat transfer rate, especially
around the pseudocritical poirfluid in this condition may also be simpigferred toas

supercritical fluid.

The thermophysical propertiesafiuid at supercritical pressure (SCP) vary dramatically
andthis can cause a decrease in the heat transterThé phenomenon could take place
within the neafcritical and pseudocritical regiongor water, the critical pressure and

temperature are 22.064 MPa and 373.95°C respectively. The heating praxesssiaint
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supecritical pressure will change the wateom a liquidlike phase to a gdge phase with
adramatic and fast change of thermophysical propertiesimepseudocritical temperature,
“Y . Some properties decrease drasticatlyoss’'Y , suchasdensity, thermal conductivity

and dyramic viscosity, whilehe specific heat reaches its peak valuéyat

The strong variations of thermal properties may leesignificanteffect on the turbulegn
flow. Many researchersaveworked in this area to determine the gendvehaviour or
characteristicof the turbulence at this conditiomhe properties variationsould largely
affect the turbulence production imery complex manner, consequently affecting the
effectiveness of the heat transfer. Therefore, thaepth understanding of tharbulent flow

structure at supercritical pressure is very important for the development of SCWRs.
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The heat transfan supercritical fluidshas applications imany industrial applications,
including, for example supercritical steam generators in fodsilled power plants,
supercritical hydrogen fuelled chemical nuclear rockets, supercritical fluids for transforming
geothermal energy into electricity, -aonditioning and refrigerating systems with
supecritical CQ refrigerant, and processes su@s supercritical chromatography,
supercritical fluid extraction and polymer processing in pharmaceutical and chemical
industrieg14]. The idea to increase the thermal efficiency of fefsmlled power plants by
using the supercritical water for steam generators wasl fatiractive in the 19508Vith the
same technology employed the modern supercritical fosdilelled power unitsjt is
expected thahe thermal efficiengof modern nuclear power plants could be increased from
33-35% to 4550%. The concept of superical water reactor (SCWR) has been
recommended as one of the next generatioih nuclear types in the Generation IV
InternationaForum (GIF) for further developmefit5]. A better understanding of problems
associatedavith the supercritical fluid flow and heat transfers in the fuel assemblies is much

needed in developinBCWR.

Most studis publishedn the heat transfer to the supercritical flasyally concerned
in a heatedirculartube or channel. However, the behaviour of the flow and heat transfer in
fuel assemblies in the reactor could be more complicated than the simple georadtriyeof
or heated channel. The literature review will cover some conditions related to the
supercritical flow.The gneral behaviour and characteristics of the supercritical flow in
heated tubes and channels discussed heravhile the heat transfer inod bundles or

subchannels will be discusskader in§2.2.2, whichfocuses on this topic specifically.
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The general behaviour of heat transfer

The heat transfer of the supercritical flavan be classified into three groupsmely,
Onormdket érard adie uddegh6,87] Bhe normal heat transfer mode can
be described to be similar to the heat transfer thatitsidefrom the pseudcritical range,
wherea monotonicchange of wall temperaturgobservedn a uniformly heated tubéleat
transfer deterioratioms encounteredh a test section whenever a sudden increase of wall
temperature due to a sudden dropeat transfer coeffient occursin contrastan increase
of heat transfer coefficiensuggetsan O6i mproveddé heat transf e
deterioration(HTD) usually occurs at high heat flux and low mass flux. The etfetitow
acceleratioror thebuoyancy forceareoftenthe causgof HTD, where both effects madgad
to a decreasin turbulent kinetic energpy reducing the level of Reynolds stresses near the
wall region. Consequentlieat transfer isnpededrefer to[17]). It is alsoworth notingthat
a sudden increase wall temperature may raise a safety con@ait could potentially cause
damage to the pipe or cldidg of the fuel pin. Ithas beemn interesbf many researchers to
understand this phenomenon. Some reviéth@®work carried out othis topic can be found
in[16i 22]. In this sectionasummaryof the heat transfer at supercritical presswill discuss

briefly.

When strong variatianof thermophysical propertiesccur near Ty, the supercritical
water flow behaves im complicatednanner and flow instabilitynay occuralong with
pressure pulsati@and oscillations offw, consequently aking the system unstabl&his
has been observed by several researd@827]. The unusual behaviour cae explained
by the combination of singiphase antvo-phasdluid dynamics theoryThe formeiis based

on the unstable charactdics of the thin boundary layer due to excessive changes in the
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thermophysical properties, while the latieibased on the unusual phenomelu@ to the
transition from pseudonucleate to pseudofilm boiling process. Howdvere is no
consensus among resehers on the real causes of flow instability andstiissubject tahe

furtherinvestigation28].

In essencethe peculiarity of heat transfer to supercritical fluids is caused by buoyancy
and flow acceleration due to the thermal expansassupprted bythe comparison made
experimentally for the upward flows and downwards flows utitkesame conditionf29i
31]. Yamagateet al. [32], among others discussedother interesting feature tfe heat
transfer of supercriical fluids, thatis, the peak value of the convective heat transfer
coefficientfoundnearthe critical or pseudocriticgoint. This isdue to the abrupt change of
thermophysical properties of the fluid. This phenomenasseento persist in both vertal
and horizontal tube flow. The magnitude of the peak of heat transfer coefficient decreased
with increasing heat flux and pressure. Similar results were also observed later by Yoshida

& Mori [33].

In anupward flow, the buoyancy effect may cause an enhancement or deterioration of
the heat ransfer, while ina downward flow onlyan enhancemenimay occur[34].
Meanwhile the acceleration effect due to thermal expansion only saudeterioration in
both upward and downward flow3he buoyancy effect and the flow acceleratiare
respectivelharesultof the gradient of density in radial and axial direc{i@8]. A theoretical
explanationhas been providelby Hall & Jacksor[29], wherethe main factor of the HTD
phenomena is due to the modification of the sis¢é@ss distribution across the pipe with
consequential changes in turbulence production. A study by Tatakd31] investigated

the effects of buoyancy and flow accelgon due to the thermal expansion on turbulent
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forced convective heat transfer to supercritical fluids in vertical tdiesaithors found that

the effects othe two factoroperatesimilarly with a very rapid decrease of the shear stress
near the waland they proposed a criterion of the reverse transition from turbulent to laminar
flow. A general criterion for the onset of the buoyancy effect applicable to both SGireand
subcritical pressure was later provided by Jackson & [3&|B6] In addition, HTD is not
restricted to the pseudocritical region, bubdcurs inall temperature ranges including
subcritical pressure§37]. Experimental work on annuli tube has been conducted by
Glushchenkeet al.[38] and Ornatskiyet al.[39] and it has found that in the upward flows

of water in annuli, the wall temperature variations were similar to that in tubes when both

tubes and annuli are log7].

Numerous engineering correlations proposeste based on experimental dafEhese
correlations will usually relatNusselt number to the Reynolds number and Prandtl number.
The modification of DittusBoelter equation is verypopular among many proposed
correlationsn predicting the temperature distribution in a cylindrical tube improve the
accuracy of heat trafes predictions for supercritical fluids, the effect of property variations
such as density and specific heat at constant pressurealssbeen adopted in many
correlations[40i 45]. There are a few studieghich introduced Grashof number and
dimensionless heat flux,"qnto the correlation to consider the buoyancy and thermal
acceleration effed6,47] but the predictions are still quite poor. It is noted from the report
by IAEA [11] that the correlations availabdéee mostly for tubes and at specific conditions.
Researchas to be extended to several other aspects ¢gegmetries, gap sizes, spacing
devices, axial power profile, ethgfore correlations can be implemented for safety analyses

and fuel design supps. This also includes the use of correlatiam the subchannel
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application, where those data are still rather limited

Numericalstudies

Following computational advancement, the wonlsupercritical fluid flow has also been
extended numericallysince the 1980s to further investigate the physics of turbulent
convective heat transfer. Mosbrk hasfocusedon develomg areliableturbulence model
that can provide reasonable accuractyredicting the heat transfer of supercritical fluids
flows at differen situations Most of the turbulence models available are able to capture the
general behaviour dfeat transfer for the forced convection of supercritical fluids in channels
[48i 50]. That is, in such conditions, the turbulent only influenced byfltdve acceleration
caused by the property variation of the flyidéile no buoyancy influence is includdtis
a challenge forthe turbulence modelling in the heat transfer of supercritical fluids flow with
the effect of buoyancyunder sucttonditions,jt mustbeableto predict reasonably accurate
results for heat trafesr when a significant laminaasion effect duéo the buoyancy forcs

presentThis phenomenon can occurlinth verticalandhorizontal flows.

An assessmerdf somelow Reynolds number turbulence modgis their performance
on predicting the heat transfer and flow of supercriticat @@ heatedube has been carried
out by Heet al.[51i 53]. All turbulent models assesd were compared with DNS datde
generabehaviourf the buoyancynfluenceson heat transfewvasable to be captured by the
models testedbut the performance varidcom onemodd to another. The performance of
V2F model[54] wasthe best among all turbulencendels assessed. All testenbdels were
preformed varied sigficantly between one another, but mostabée to reproductirbulent
kinetic energyecoveryunderstrongly influenced bu@ncyreasonablyvell. However, they

were still unable toeproducdhe heat transfeznhancemerfully which partly due to their
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inability to reproduce the turbulent heat flusing a constant turbulent Prandtl numiia&i.

On the other hand, SSKF¥ model has also found to be a good turbulence nimdsme
authosasseling that itis as good aheV2F model[54]. Wen & Gu[56,57]found that their
numerical simulations witthe SST model hd.good agreement witexperimentabtatathat
they compared with under both studies at the same flowitaamsl Similarly, Jaromin &
Anglart [58] found good agreement between the SST model and the experichetiatady
Shitsman (1963) and Ornatglat al. (1973) wherethe authorsdiscussedhe significant
influence of turbulent Prandtl number on predicting the wall temperature and consequently
the HTD. Moreover, Liet al.[59,60] foundthatthe SST modeperforns the besin thar
mixed convectiorstudy ofannular and circular tube$ water at supercritical pressuweder
a specific condition Comparisons were maddgth experimental datgimilar to above of
Shitsman (1963) and Ons&ij et al.(1973) for the tub&0], while data from Glushchenko

& Gandzyuk (1972yas usedor the annur channe]59,60].

In additionto the above modelsan RNG k-U modelas well asReynold stress model
(RSM) with an enhanced wall treatmgmavebeen testetly Kaoet al.[61]. They compare
their results with experimental datd Yamagataet al. [32]. The predictiors from both
models showd good agreement with experimental data on predicting the heat transfer
enhancement (HTEJheRSM model has also been testedits capabilityto simulate HTD
Comparisons were made withe data from Shitsman (1963) atfie authorsconcluded that
it was capableof predicing HTD. Similar to other workthe authors alsadiscused the

importance of the treatment of turbulérandtl number on predicting the deterioration

For DNS, Baet al.[33] havedocumented the supercriticaD2upwards and downwards

flow in a circular pipe. In order to obtain a fully developed isothermal turbuniéotv flow,
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Baeet al.implemened a spatially periodic domaiat the inletwhich is nhorheatedbefore
the mainheatingdomain From their resultghey observed that tlehange in the streamwise
turbulent heat flux is strongly influenced by theyancy conditiomn anupward flow When

the maximum deterioration of heat transfer occurred at a reduced turbulence eegion
positive distribution of thetreamwise turbulent heat flux found to be dominant irctbss
section From theiresultsthey indicated thdiuoyancy production terms have a direct effect
on the Reynolds stresses and turbtilesat flux wherethis is truein vertical supercritical
flows. An annular supercritical CO2 flowasalso studied by Baet al.[37] to investigate
the flow behaviour in the near wall regionan upward directionThe aithors found that
when thewall temperature surpassed feeudocritical temperatu(@w>Tps>Tb), a strong
stabilizing efectfrom thevariatiors of propertiesind buoyancyccurred that the turbulence
cannot be selfustainedit is also observed thatragh radial turbulent heat fluwithin the
crosssectionof the channel may eexist with anearly flat temperature distukion outside

theviscous region due theincrease of energy of tlfleid without changing the temperature

Some studies uddarge eddy simulations (LES) in their woikunik et al. [62] study
the forced convectionin a circular tube forsupercritical CO; by using LES. They
implemened an inflow generator to ensueefully developedat the inlet of theitheated
domain SGS modelthatwere tested in the paper are Smagorinsky, Dynamic kinetic energy
and Kinetic energy. It was shown from their results that the best prediction when the mesh
was coarse wabat ofthe dynamic kinetic energyGs model. Meanwhiléhe LES study by
Niceno & Sharabj63] testeda WALE SGS modelith two SGS modslasmetnionel above
(Smagorinsky and Dynamic Smagorinsky SGS modélg advantages and disadvantages

of eachmodel were discussed. The WALE model wimind to be the beststable and
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performed wellin the near wall regionin comparison, even thoughe Dynamic modeis
quite good as the SGS viscostignbedampedin the neamwall region butit is numerically
unstable as the produced SGS viscosity can be negatiM@e other hantheWALE model
is able to keep theddy viscositypositive therebymaking it more sable. This advantage
makes WALE capablef achiewng a resultsimilar to DNS simulation if the mesh is fine
enough.LES simulationis shown to be performed well tpredict the heat transfer
deteriorationand turbulent kinetic energylhe aithors observedhat from the total
production of turbulence in upward flowthe buoyancyroduction is significanivhereasts

contribution was small to the total productiorthe downward flow

2213 00AEAO &I O &I OEAO AO 30AAOEOEAAI
The standard configuration of a nuclear readore is normally in the form of rod
bundles, where the main heating takes place through these rods (fuel pins). Sewveadl type
fuel rod bundle configurationsave been considered in previous work. The rod dien
configurations usetbr research worlareeither in the form odwholerod bundle, a section
of it or some subchannels. The latter may be categorised into four differentégeesling

on its location in a fuel assembly, namely, ordinary, edge, cporeguide tubeln a
subchannel analysj64], the degree of subchannel heterogensitgeasured by the ratio of

the heated perimeter to tHew area, H/A.
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a) Ordinary (b) Edge (C) Corner (d) Guide tube
Figure 2.2 Subchannel types[64].

The significant difference of turbuleastructures betweemsubchannetod bundle ad

an axisymmetric pipe flow were first discovered by Rawvel [65]. The flow conditions

inside the rod bundles have been revealed to heditferent from the typical pipe flow, as

the flow in subchannels is bounded by adjacent rods and the containing pressure tube walls
Flow through a subchanneligry complex and may exhibit patterns thegnat present in

pipe flows[661 68]. The formation of secondary vortices inside these configuratioas is
resultof the neatwall turbulenceanisotropy that causéhe coolant to spiral through the rod
bundles and also between subchannels. Hooper & Rfggheere the first to demonrsite

the existence of periodic azimuthal variations of the turbwleltcity component through

the gaps of closely spaced rod arrays. The azimuthal turbwdéotity component is not

associated with the seconddlyw velocities driven by the Reynoldsress gradients.

Even though there asomeexperimentalnvestigations on flows rod bundles, work
considering mixed convectias still rather limited. As mentioned earlier, in a rod bundle
turbulent mixing and crossflow between subchanoetsur, which makes the heat transfer

in rod bundle more complicated than in simple channels asihcular or annular tubes.

In nuclear rod bundles, spacer grids are used to maintain the position of each.fuel rod
Theyalsohave thefunctionof safeguarohg the stuctural integrity of the rod bundle as the
fuel rod expanslat higher temperatuseThe presence of spacer grids may hinder the coolant

flow and caus@anadditional pressure drop. However, the heat transfer performance may be
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enhanced by spacer gridse b an increase ithe local heat transfer coefficief#Oi 73].
Some correlations for the local Nusselt number dowast of a spacer grid has also

developed74,75]

Some CFD worlkhas been conducted 5 x 5 rod bundlg76i 78] to study the effect of
spacer grids and mixing vanes to the flow. A recent experiment study by Liu[9>has
considered a B8 5 square arrayed rod bundle. They tested Reynolds namamgjing from
1x10 to 3x1d with Bo' number from 1x16 to 5x102 In rod bundles, the effect of mixed
convectionwasfound to be similato thatin simple channels deterioration of heat transfer
followed by the recoveryas the buoyancy is increasékhey conclude that the effect of

buoyancyonthe heat transfer should not be negleesgeciallyat low Reynolds number.

CFD simulations tend to be a popular tool used by researchtts study of the flow
behavioursvithin arod bundle. Specifically, the RANS/URANapproacls found to be the
most popular adopted approach. Its flexibility aethtively cheaper resouraequirement

make it the best choider many applications.

With regard to the application of the rod bundle flow, RANS predictions may perform
poorly if no any specific adjustments are considered. This has been shown by Lee & Jang
[80], where they uska nonlinearki Hmodel without any adjustments on the closely spaced
bare rod arraysThey found that the model strongly underestimated the strong azimuthal
turbulence intensity shown byooper & Rehmd69]. Meanwhile Xiong et al. [81] tested
two types of Reynolds stress magjéle., the SSG modednd the baselinRSM (BSL-RSM)

for an experimental validation study of 3x3 rod bundlee aithors concludéthat the failure

in calculating the strorlg negative6a2adn the gap region connecting subchannels edus

large discrepancies of axial flow leeity between the numerical and experimental results.
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These examples shewthat the lateral flow pulsatiorould notbe predicted by steady

RANS calculation anthey arealso incapable of resolving the flow unsteadiness.

Rod bundlesconsideredn previous work are restricted to the geometnwvhere only
elementary sectiorsre simulatedising the assumption of symmetry across the boundaries
[80i 83]. Whenunsteady structureme concernedhis isnot appropriatas it oversimplifies
the condition at the symmetry, especialpund the gaps. Most numerical stud@s
subchanelsdo not @apturethecomplete flow phenomenathe whole bundle, where several
types of subchannetsay be presenfaking the 3#od bundle of the CANDU reactas an
example it consists ofdifferent kind of subchannels suels triangular, square ahedge
subchannels. To capture the possible interactions between different types of subchannels
require full bundle simulations. This approach can be computdijoagpensive, even
though it could provide more information and deveddyetter understandgnof the mixing
network within the whole bundle. In addition, mastdiesin rod bundls consideed an
isothermal flow and only few studies were concermd with mixed convection at constant

properties.

Three different types of subchannefgluding arordinary, edge and corner subchannels
have been studied by Goet al.[84,85] Among al turbulence models chosen, the Speziale
quadratic nodinear high Re&-Umodel with two layesnearwall treatment hathecapability
to reproduce the anisotropic turbulence flow in4ooular flow channels. From the chosen
model, secondary flowsereobserved in their studies. The same model has been applied by
some other researchers for rod bundle studies in supercritical watkasuh@ershownto

perform well[86i 88].

Natesaret al.[89] investigate the flow in a 19rod bundle ofiliquid metal fast breeder
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reactor (LFMBR) with wire wrapped rods usikd) k-¥ and a Reynolds stress mod&lom

the simulations, it was found that Nusselt number and the heat transfer coefficient are
insensitive to the pitch of the rod bundle. In terms of the fuel assembly design, the wire wraps
in the rod bundles could enl@n mixing in the coolant and hence reduces temperature

variations among the sections of the subassembly.

Ninokataet al. [90] studiedthe flow in a tight lattice triangular configuration of rod
bundle at low Reynolds numbesing three different approaches, i.e., Direct Numerical
Simulation (DNS), Large Eddy SimulatiobES) and Unsteady Reynole&veraged Navier
Stokes (URANS) They developed simple analytical methods to detect and capture coherent
structures, the cause of instabilities ahe onset conditions of local lamingdurbulent
transitions. By comparing the three apgches used, it was concluded that LES is the most
promising approach to conduct thermal hydraulics study in fuel subassemblies as it gives
sufficient information but is not as expensive as DNS. Another LES study was carried out by
Zhang & Yu[91] to investigate the éw excitation in 43pin CANDU caused by the
endplatesat the entrance and bundie-bundle interface. They found that the major
disturbance source to the flomes from the endplates. They also confirnibdt bare fuel
elements without endplates do not produce significant flow fluctuations and wakes in the

entrance region.

Results from LES ha been demonstrated to be more superior tiase fromthe
RANS/URANS approach even though the implementatiothisf approach is still quite
limited due to the large requirement of computational time and mesh density needed. The
predictions of the characteristics of the flow such as the vortex street and flow pulsations in

the rod bundlesan be investigatefurtherusing LES and could provide more information
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to the general behaviour of the flow in such configurations
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There have been onlyfew experimentastudiesthat have been done for flowstae
supercritcal condition for configurations other than tubes,,@g.annulus and especially
flow in a rod bundle. One of the early studies at supercritical pressure for rod bundle was
done by Dyadyakin & Popd®2] and Silinet al.[93]. Dyadyakin & Popoy92] investigated
the flow in a tight bundle of seven rods in which allsdadd four helical fins on them and
pressure oscillations were recorded in their study. A correlation was developed from this
study, which has been referencea severalater studieg94i 97]. Silin et al. [93] reported
that the there is no heat transfer deterioration observed in theratuliundles compared to

the same test parameter range in tubes where the phenomengn exis

An experimental study by Richards al.[97] consideredsupercritical Freon R2 ina
7-element rod bundleThe data obtained from this stubdgsbeencompared with several
correlations. They found thatl correlations predict the HT@oorly with theexperimental
data. The effet of spacers has also been observed to either deterior enhancheat
transfer depending on the parameters tesliedilar effects on heat transfer were noted for

wire wrapped pindy Li et al.[28].

There are als@ few recent studiesma 2x2 rod kbindle with rounded corners in
supercritical water. Experimentstudies from Shanghai Jiao Tong University considehed
rod bundlewith and without wire wrapg$98i 100], and several correlations yebeen
compared with their experimental data. From those studies, they concluded that the

correlations that produced the best prediction are those of Jackson & FpM$teand
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Bishopet al. [41]. Guet al. [98] also showed that the buoyancy parameter developed by
Chenget al. [101] characterises the dependence of heat transfer coefficient quite well.
Meanwhile, similar wdt of 2x2 rod bundlevasalso investigated by Wargg al.[102] and
among theeight correlations thawvere compared with their experimental results, only the
correlatiors by Jacksor45] and Ornatsky103] predicedthemore accuratdlusselt number

reasonably wellA new correlatiorwas developedsingtheir newdataset

In addition to the above experiments, an experinoér centralsquare suthannelin
supercriticalwater was conducted by Wangt al. [104]. The configuration considered
represergd a2x2 rod bundleThe aithor produced a new correlation based on the expression
of Mokry correlation, whiclsatisfied the prediction dhesulchannel to further improve the
accuracy. However, th experimentid not take into consideration imhbalance of the flow

andthe transverse mixinig the 2x2 bare rod bundle.

Numericalstudies

RANS method may not beamble of accurately prediatg flow and heat transfer in
supercritical flow fully butit is avery handypractical engineering tool and in some cases,
the only variable metholany approaches and assessmeats been doneoncerningheat
transfer in supercritical water flowithin rod bundles. A selection of literatudiscussed

here.

Research on subchannel configurations of tight square lattice and triangular lattice fuel
rod bundles at supercritical pressure was conducted by ¥amd) [105], wheresome
turbulence models implemented in S&D were usedExperimenal databy Yamagataet
al. [32] were compared with their resuli@he aithors observed th#tetwo-layer model with

anear wall function (Hassid & Porepgrformedhe best in the prediction tifeheat transfer
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coefficient. In additionthe authors claimed that thieeat tranfer deterioratiorwould be
likely to occur in the narrow gap regidne to thdow mass flow rate. Yanet al.concluded
that without considering the cross flow effects, the largeuroformity of the flow area
causes a strong circumferential temperatynadient at the cladding. The circumferential
temperature gradient on the cladding surfaasaiso observetb behigh inthe bundle with

asquarearrangement but na atriangulararrangement of a rod bundle

Chenget al.[106] simulatel flows in acircular tube as well atose insubchannalof
square and triangular fuel assemldgnfigurations for supercritical flowFrom their
assessment, they recommendubke ofSSGRSM mode]which wasoundperformedbetter
thanother turbulence mode{e.g, k-Umodel and RNG model) that they test&e aithors
haveestablishedhe advantag of the SSGRSM modelin predictingthe heat transfer of
supercritical fluid flow in rod bundlebecausethe modelcan capture the anisotropic

behaviour of turbulence in sualgeometric configuration, including the HTD.

Similarly, Guet al. [107,108] have also used the SSBSM modelin their study of
supercritical water flow which focused on the subchanotboth square and triangular
lattice bundle. In these studies, the efft of pitchto-diameter raticon the secondary flow
and the turbulent mixing between subchannels were discussed. They fouRdDtinatio
directly influence theéurbulence mixingwhere this resulagrees witho thefinding thatof
Zhanget al.[109]. However, the effect of the gap flow instability phenomenon that can occur

when P/D is smallvasnot considered in these studies.

Vertical upward and downward fl@of a supercriticalfluid in three types of fuel
assembl arrangemestwere considerecby Shang[110], i.e, a square,a hexagon anc

cylindrical geometry In the studythe author usedhe Speziale quadratic ndmear high
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Reynolds numbeiZ - turbulence model with a twiayer near wall treatment (Hassid &
Poreh). The hexagon geometry fram@as able to attain tle lowest wall temperature
comparedwith the other two. lhas been reportetthat heat transfecontrolled by the?/D

ratio. For examplethe heat transfer #helarger P/D ratio can be worgeen thouglat the

wall temperature can habtainedquite low wth a small difference between its maximum
and minimum valueThus, a suitable P/D ratio shouigally beconsideed for both the
efficiency and safety. The worlkndhose fuel assemblies has been extended to horizontal
flow by Shang & Ld86,87] As expected, the temperature profile of thewadaffected by

the direction of the flow with higher temperataethe top andhe temperature would be

even out bythe mixing between channels some locations

H = % A VBN

(@) (b) (©

Figure 2.3: Types of geometric frames for thduel assembliegcredit to Shang[110]).
a) square b) hexagon c) cylinder

Studies on a section of the whole rod bundlethef Canadian SCWRlesignwere
corducted by Podila & Ra@l11,112] Both wirewrapped and bare fuel bundlegere
considered in these studiéBhe presence of wire was found to help the istdrchannel
mixing and decrease the circumferential wall temperature compatfethe bare bundles.
Moreover, the chosen SSF] model was capablef capturing the HTD phenomenon, but

the RSM could nofl111].
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It can be conladed thasomeow Reynolds number turbulence models and RSM models
are able to predict théeat transfer deterioration causbkg the buoyancy at certain
conditions In spite ofthis, all turbulence modelsreunable to resolve the supercritical fluid
flow under all conditions. Ttheauthod knowledge, DNS and LES have been useudyy
few researchert study supercritical fluid flow in rod bundleSonsequentlythere is lack

of published workor this condition.
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Whenrod-to-rod and roeto-wall gaps regions of a rod bundlare small relative to the
dimension of the subchannéhe flow is characterized by strong transverse flow pulsations,
which can contribute significantly tthe momentum and heat transfer across tips.gais
widely accepted that these instabilitiesthe formof flow pulsations are associated with
largescale vortices, which form quageriodically in pairs on either side of the g&uch
flow structures are sometimes referreésocoherent struates[113/ 115]. The background

on the study of flow instabilities can lbeundin the review article by Meydi16].

The flow instability phenomeon can beconsidered to originatitom anexperiment of
wall-bounded 4od channetonducted by Hogr & Rehmg69]. The aithorsfound strong
periodic lowfrequency oscillationsin the axial and peripheral turbulent velocity
componerd The experimentwas repeated witla symmetrical squackpitch rod cluster
channel and similar structures with smaller amplitudes of velocity componergsound
The reasorfor the smaller amplitudevas attributed to thiarger pitchto-diameter ratidn
comparson with the former experimental configuration. The conclusiorade from te

experiments were, for developed singlease turbulent flow through closely spaced rod
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arrays, the mass, momentum and heat transfer processehaaeeterisedby strong
guasipeiodic azimuthal turbulent velocity directed through the Jdpe azimuthal turbulent
velocity has been found to @parently generated by incompressiméeallelchannelflow
instabilitesandis not associatedith the mean secondary flow velocitieswdm by Reynolds
stress gradients. Furthermore, the lersgiles of the axial and azimuthal turbulent transport
processeblave been found to be significandlifected by the gawidth, whichindicates that

the anisotropy of the turbulent transport processehe rod gap is an essential featureeo

reproducd in numerical simulations of rod bundle flew

Moller [117,118]extended the work ghewall-bounded othe4-rod channeto further
investigate the quagieriodic behaviour of the fluctuating velocitlagvaryingthegap width
and Reynolds maber. The aithor found that the largecale fluctuatios could easily be
determined withithe identification of peaks in the power spectra of the azimuthal velocity.
As the flow velocity increased dhe gap width reduced, the frequenisyincreased. The
Strouhal numbetthat is, the frequencynondimensionalized using thed diameter and

friction velocityis given as follows,

00 :
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The Strouhal number was found to be independent of Reynolds number and inversely
proportional to the gap width. Mdller proposed a flow model of a street atesiin the
centre of the gap that rotatelternately in opposite directisifrefer to Figure 2.4). They
move inthe axial direction with their axis perpendicular to the rod surface in the gap. These
largescale vorices were attributed to the velocity gradient, similar to that near a wall. Since
there is no wall at the centre of the gap, the metdreddies verenot obstructed, therefore

large eddies cabe sustainednd cross the gap as they are transported byéne flow.
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Figure 2.4: Flow model of street vortices in the gagoy Moller [117].

Krauss & Meyer conducted investigationsa 37#rod bundlewith wall subchannslof
W/D=1.06[119] and a central channel with P/D=1]a44]. It wasconcluded that the vortex
trains in a rod bundle are highlyrsshronized From the twepoint measurements results,
they proposed a flow modshownin Figure 2.5, which is quitesimilar to Mélleré. Two
vortices are driven by the higher velocity at either side of the gap aaig intopposite
directions. Unl i k efthe vortideiréoheither8ide ofrthe gaénktead a x e s
of at the gap centre, with those vortices are moving axially within thégamonvection

speedU.) andarehalf wavelength(e- /) &art

Al2

Figure 2.5: Flow model of street vortices in the gafpy Krauss & Meyer [114].
The gap instabilities are nonly present in rod bundlebut canbe observed in other

nonuniform geometries. Wu & Trupfl20,121]investigated the flow structisat the gap
formed betweemtrapezoid channandan enclosed rofFigure2.6). They have confirmed
the existence of significant turbulence e trodto-wall gap region in their studies. On the

other hand, Meyer & Rehnj#22,123] conducted exgénents m square channels connected
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by a narrow crossectionto investigataf theinstability phenomenors not restricted tahe

flow in rod bundles(Figure 2.7). The gap width and gap length connecting the square
channelswere varied. Similar vortices at the gapere found havediameters roughly
equivalent to the gap depth and the centres of vortices were located on both sides of the

centreline of the gagimilar to the proposed model by Krauss& Meyer

Figure 2.6: Crosssectionof trapezoid channel withan enclosed rod by Wu & Trupp
[120,121]

Figure 2.7: Cross-sectionof connecting rectangular channels by Meyer & Rehme
[122,123]

The experimental work to fully characterizkee coherent structures has also been
conducted athe University of Ottawa by Guellouz & Tavoularigl24]. A rectangular
channel containing a cylindrical rod was chosen. Gaps between wall and rod were varied and
their results were in agreement wipirevious work. Guellouz & Tavoularifl25]
investigated the onset of the flow instability by considering laminar flow. The pulsktng f
was also observed at low Reynolds numsb&here are two types of instabidis, namely

symmetric mode and ardymmetric modeThe formerresultsfrom the Kelviin Helmholtz
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instability of the walnormal profile, while the latteesultsfrom the wakdike instability of
the sparwise profile. Similar instabilities have albeenobserved by Choueiri & Tavoularis
[126,127]inan eccentric channel. The figap vortex st

two mixing layers on both sides of the gap.

(a) (b)
Figure 2.8: Cross-sectionsof a) rectangular channel with enclosed rod by Guellouz &
Tavoularis [124,125]b) eccentric channeby Choueiri & Tavoularis [126,127]

From the same configuration of Guellouz & Tavouldfig4,125] additionalwork by
Chang & Tavoulari§128] considered isothermal flow numerically. They dise URANS
approach with RSMsturbulence model and produced thar¢eraged and phaseeraged
velocity measurements including turbulence charatiesis Results obtained shed
agreement to the experimental data with matched mean velocity and turbulent stresses
distribution. The characteristics of coherent structures in the gap fegmontheexperiment
were also reproducatumerically A further stidy by Chang & Tavoularigl29] consideed
heating fromarod inarectangular duct to demonstrate the importance of cohereciiusas
on heat transfer in the gap. In this stuithe temperature increas@aslow where theeffect
of temperature variatioan the velocity and the fluid propertissnegligible The structures
in the gap were observed be capableof transporing fluid across the gapmreating
substantial local variations of the instantaneous temperature and heat transfer coétfieient.
authors suggested that these fluctuations may need to be taken into consideration in safety

analyses.



2.3 Studies orthe Gaps Instability 29

Theexperiment conducted byeket al.[130] used theatio ofthe sumof thegap width
andtherod diameteto the rod diameter— to replace the pitch to diameter ratio to study

the mixing betweesubchannels due tbe pulsating flow structuréurthermore,Jeonget
al. [131]introducedanew ar amet er t o char acdntheratisefthe he ng

distance between two adjacent subchammesires | to the hydraulicdiameter. They
found thathis geometrical parameteatio] 7O is a dominant factor affecting the turbulent

mixing and correlatesbetter withthe experimental datdhan doesthe gap to diameter

parameter.

Ninokataet al [90] simulated strong and larggeale pulsation flow in the narrow geg
a wide range of geometrical and hydraulic parameters. They have considered several
approaches including RANS, LES and DNS in their study and preferred LES to study the
global flow pulsation phenomena that dominate the mixing between subchannelsi Blerza
Ninokata[132] has used LES simulation farflow in tight-lattice rod bundle. Using proper
orthogonal decomposition approach (POD), they suggested POD could provide more
complex dynamical behaviour in rod bundles. The interaction of higher moded$dm

mi ght explain the presence of Amissing peri

Yanet al.[133i 136] conducted numerical stig$of the largescale flow pulsation ithe
tight lattice and rectangular channels witte URANS approachin conjunction with a
Reynolds Stress Model. They conclddeom their results that in any chanrtelat they
studied thelargescaleperiodic vortex stctures havedeveloped from the flow disturbance
due to the transverse vorticity gradient. The distribution of vorticity correspotige vortex
structures. When the pitch to diameter ratio, P/D was close to the critical value, coherent

structures andhe mixing become more apparent. They discovered that the critical P/D of
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tight lattice is about 1.03or this kind of lattice the local heat transfer, the average heat

transfer capabilityand fluid mixing between sghannelsare maximized

Duan & He[12,13] investigate the effect of buoyancgided flow on large flow
structures in the trapezoid annulus chanmeing LES based on the Boussinesq
approximation The chosen configuration was the sarsedoy Wu & Trupp[120,121] The
authors concluded that the buoyancy force hasmegligible effects on the behaviour of the
large flow structuresThe scales of large flow structures temporally and axially are
influenced bybuoyancyin a similar as is theturbulenceThat is, the sales of largdlow
structures reduce when the flow is laminarised by the buoyaratgo ddhe mixing factors
betweerthe sulchannelsThe aithors also concluded thsg¢verafactors make the efé of
buoyancy complicatedThe factors include differenton-uniform buoyancy effects on
turbulence in different regions of the domain, the redistribution of the mass flow in the
various subchannebss well adarge flow structures in the flow channel.€lbffect of the

last factorwasfound to be most dominant.

Mixing factor

Thanks to the existence of pulsatibghaviourin the narrow gap, mixingf the flow
between the subchannels sgrengthenedRehme[113] has introduced an equation to

evaluate te mixing factor due to the large flow structures whgshown below.

T iceq

whereuess is the effective mixing velocity arid is the distance between the subchannels,

and- [is the reference eddy viscositys is defined by Wu & Trupgpl21] asfollows:
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wheref, is the peak frequency arigl.u(f) is the power spectrum density function. The
reference eddy viscosity[in equation(2.2) is givenby Rehme af113:

YQQ .
— — ic8q
Cm y
where’ is the average kinematiiscosity and théQ is friction factor. Following Rehme

[113], an estimated? is obtained from the turbulent isothermal flow in a smooth pipe at

similar Reyolds number, which is given by:
0 mwa?d jcdq
Rehmeg113] also stated that may be calculated away from the centreéhefgap. The

semiempirical correlation to estimates at the location away from the centretbé gap is

given by Rehm¢l13] as:

0 6 5 pm® 7 18:.|
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In the last few decades, the understanding of the heat traioséeipercritical watehas
beensignificantly improvedThe heat transfer can be enhanced due to the incregsetan
the buoyancy is weak. When the buoyancy effect is megligible, te heat transfer is
normally enhanced ia downward flow, whereas ianupward flowthe behaviours more
complicated. Heat transfer deterioration is likely to happen when the heat flux enlaliifgin

mass fluxis low. When the buoyancy is réalstrong, the heat transfer recovery occurs



2.4Summary 32

Several correlations have besevelopedo predictthe wall temperature. Most correlations
are strictly for tubes and at specific conditions. These correlations are not necessarily reliable

for other geometrie especially fuel assembly configurations.

Numerous studies have focused on flow in rod bundle, either experitpeatal
numericaly. However,with regards to mixed convection and data of heat transfer in rod
bundles, there is still quite limited experim&al work that has been done. Specifically,
experimental studs for flow and heat transfem a supercritical fluid are limited.
Correlations that hae been proposefibr circular tubs are found not particularly reliable for
the supercritical flow in roBundles. Correlations by Jackson & Fewsfé4], and Bishopet
al. [41] were found to predict the bast2x2 rod bundleecentstudies. Consequéy, more
experimentsfor rod bundls, in general are needed for more reliable correlatidoshe
proposed for safety analyses and fuel design suppgst®r the instabiliy phenomena in
the gaps, the general understanding has been developed by meaichess. The
phenomenon in the gapsf rod bundles canalso be found in other nonniform
configurations. However, there are not many igsidn the effect of buoyancy and/or large
variation properties on the flow instabilities in the gaps. This is tuédth experimental

andnumericalinvestigations

Most numerical studiesf flows in fuel bundlesised RANS approacht has beefound
that low Reynolds number turbulence models and RSM models may girediotsome
heat transfer deterioration in buamcy influence flow asupercriticalpressureo a certain
degree but quantitatively none of therm able to predicthe phenomena accurately for a
range of conditionsThe accuracy ofhe predictions ofurbulence models dependent on

the case studiedThe RANS approach also strugglesésolve the supercritical fluid flow
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undermanyconditions andareunable to provide information on the instatip#é and cross
flow between suthannels. Some authorsowever have built some confidence on the
applicaility of the URANS approach to simulate the flow in airodndles or rosdbundle
like configurations to study instabilities phenomena, even though the preslicien

generallyless reliable than DNS and LES especijdtly the detailed flow field.

It is the LES and DNS assuredly could provide more detailed flow structames
additionalinsightinto the flow phenomenon. Yet the work with the use of DNS and IkES
still limited especiallyfor configuratiors other than simplesircular tubes as the higher
computational costs involved for such flowsDNS/LES can beviewed asan alternative
optionfor experiments to study the effect of supercritical fluid flow and heat transfer as well
as the flow instabilities in the gapEhework using LES and DNS in rod bdles for mixed
convection cases, specifically in the supercritical fiswuch neededsthere isstill alack
of published work on these conditions. Some authors suggested LES be the best option as an

intermediate approach in providing degdiinformaion on a reasonable cost.

The PhD work presented hdseconcerned witlthe supercritical flown a rodbundle
like configuration. The works based otarge eddy simulation€hapters 4 and 5 describe

studies of forced convection and mixed convectiorpeetvely
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Turbulentis a diginct physical phenomenon idiynamic fluid flow and has been an
interestto many researcheffer a very long time It could go back circdl500 from the
illustration workof Leonardo da Vingibutthe understanding of this phenomenon comes
aroundlater in the 19" century. Research in turbulence can bategorisedn into three
di stinct oV er | ayguggestediyb@loapneange Tolbak [@37]. The first
movement can beatled asa statistical movement, which started around laté d@ntury
with the workof Osborne Reynolds and all the way to the present with recent work. This
movement considered the nondeterministic approachesastibh use of RANS and LES
approacheswhere studiesare based onthe statistical average of the flowhe next
movement is the structural movement whadtording totChapman% Tobak[137] began

with the discoveryof Tollmien-Schlichting wavesand their measurement 3chubaue&



3.1Introduction to Turbulence Theory 35

Skramstad in 1948. This movement basicalgtects and analysesherent structures in
turbulent flowswhichwere not be provideby the previougsnovementsThe lastmovement

is the deterministic movement that laagvith the work of Lorenz in 1963, but can easily
includethestudies as far bacsthe work of Poinca in 1899. The deterministic movement
includes thedeterministic approa&ssuchasDNS and LES that undoubtedly incorporate
some aspects of both the statistical and structural movements. Even though LES might also
be seen as a part of thttistical movemdndue tothe use of SGS model, it is however
indirectly incorporate aspects of structural and deterministic moveragike large scales

are computedlirectly. This chapter aim# present the fundamental turbulence theory, the
characterisation technigsiéor the turbulence statistics, the description of the Large Eddy

Simulation and finally the numerical method Code_&turne employed throughout this

study.
| I I I I I
Statistical Movement
Reyr?olds
Structural Movement
Schubauer & Skramstad
Deterministic Movement
Poincaré Lorenz
1880 1900 1920 1940 1960 1980

Figure 3.1: Movements in the study of turbulencq137].
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The concept of the energy cascade is that turbulemwprises ofeddies ofdifferent
sizes and itwasfirst coined by Richardsoim 1922.The idea is that lasgeddies are unstable
and brealdp and transfeenergyinto smaller eddiesThese smaller eddiego througha
similar breakip and transfer the energy into even smaller eddies and this process sontinue
until the eddy motion is small enough that is stable, and molecular viscosity is effective in
dissipding the kinetic energysmaller scales may al&® present within the large eddies of

the flow. Thisis succinctlysummarised by Richardson in his poem:

ABi g whorls have I|ittle whorl s,
which feed on their velocity;
and little whorls have lesser whorls,
ard so on to viscosity
(in the molecul ar sense)o.
Eddies of the largest size rangan becharacteried to theirlengthscale/b and

characteristic velocitp k 6 Jb . Thelengthscaldb is comparable to the flow scdleand

the characteristic velocity is on order of theoot mean squartirbulence intensity and

LT
6 k -Q which is comparable to . Thelast sequencef the energy cascade process is

dissipation Its ratecan bedetermined by the transfer of energy from the largest edbhes.
large scaleddieshaveanenergy of the order @f andtimescalet  JbX0 , which implies
thatthe rate obnergy transfeés 0 7+ 6 ¥/b. Therate of dissipation, scaled withd /b
at high Reynolds numbes independent of. The framework ofturbulence modellings

generally motivated by thigew of energy casae.
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In understanding the concepf the size characteristics oéddies andits energy
Kolmogorovhasformed three hypothesedsat could assist in this identification proceBse
hypothesesimto answer questions on the sifdloe smallest eddies thateresponsible for
dissipating energy anthe behaviour of bothelocity 6 /b and timescale /b whenthe

lengthscaldtdecrease The three hypotheses are as following:

Kol mogorovds hypot heEhse snwmlscalé turbutert endtiongts ot r op y
Jb are statically isotropic at a sufficiently high Reynolds number. thestgles canthen be
separated between the anisotropic of large eddies and the isotropic small eddies. The
informationbroughtdown fromthe large scalesan beargued lost as the energypassed
down the cascade. This results in the universal form ofthtstics of the sma#icale

motions.

Kol mogorovds f i r st Atsuffioently dighiReynolds numbetheh e s i s
smaltscale motionsf every turbulent flovhave a universal forimatis uniquely determined
by the mean energy dissipation rafe, and t he ki neGnenthesetwey i SCOS i
parameters, thenigue length, velocity and tirseales can be obtained respectively in the

form of:
-k T ok -7 Ttk 1 7
Two identitiescan beobtainedfrom abase definitions indicaing thatthe Kolmogorov

scales represent the smallest dissipative eddies. ResReéynolds numbdrased on the

Kolmogorov scales is unity’'YQ -6 I p, and thesecondidentity is thatthe
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dissipation rate is givenby ' 0 1- ' Tt ,where6 7- pXt can be equivalently
obtained. Thisprovides a consistentcharacterisation of the velocity gradients of the

dissipative eddies

Moreover, fromthe dissipation ratescaling- 6 ¥/b, the ratiosof the length scale,

velocity scales and timescalefthe large and small eddies of the flave as following:
IbDYQT o6F DYQT T DYQT

whereYQ —2. Itis therefore evident thaat high Reynolds number, the velocity scales

and timescales of the smallest eddésandt ) are small compared with those of the largest

eddieg6 andt).

Kol mogor ovds s ec on dAtsuificentlly hagh Reynpldsmyterghe h e s i s
statistics of theurbulentmotions of scalébwhich is much smalleghan/b yetis still larger
than—, i.e, /bl JH -, have a universal formthaanbeu ni quel y det ésr mi ned b
i nde p e n &renmtheseoond senilarity hypothes the energycontaining range (large)
eddies and the dissipation range (small) eddies caagaratedMotionsbetween this range
are called the inertial subrang#hich is determined by inertial effectwith the viscous
effects being negligibleThemations inthe dissipation range experience significaiscous
effects.The various rangesan be seen iRigure3.2, where the demarcation linbstween
inertial subrangeand the dissipation range and energy containing raargaespectively
denotedby /b and/b . The characteristic velocity scales and timescales are formed from

w

the dissi pathieon nreatte,alU laemdgt hscal e, & as:

6/b -/bF, t/b IbF- 7
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Universal equilibrium

range Energy

containing range

Inertial
subrange

Dissipation
range

Transfer of energy to Production P

Dissipation €
smaller scales

Figure 3.2: Various lengthscales and ranges of eddy sizésand the process of energy
cascade in turbulent flow[138].
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There are several approaches either experimentally or numericatlydythe problem
of turbulent flows. In princile, numerical simulations are efficieanhd relatively chaper
than experimental methsdbut it is required fornumerical models to be validated with
experimental resultsThe fundamental equations for any flow problems areNheier
Stokes equationmcludingthe conservation of mass, momentum and energydéstribe
the motion of a fluid For an incompressible flow, the mass and momentum equations are

givenas
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where,6 andw arevelocity componerst and coordinataa the™Q direction,0is the time,

" the densityr) the pressure aridthe kinematic viscosity.

Directly solving the NS equations are impractical for most erging problemsThe
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most usedhumerical approach in engineering applicafianits flexibility and cost efficient
is the ReynoldsAveraged NavieStokes (RANS) methodRANS solves statistically
averaged information that can be uded high Re flows as wkas complex geometry
problems.In the RANS, theNavierStokes equationsre timeaveraged by using the
Reynolds decompositiontroduced by Osborne Reynolds, where flow variables can be
decomposed into mean and fluctuating components. Therefonestéietaneous velocity
and instantaneous pressuje&an beexpresseds:

6 ™0 o6 .
ha0 he oo
where the angle bracke® Odenotes the timaveraged component and the primee
denotes the fluctuating compone@bnsequently, the average of the fluctuating components
become zero®.O Tt . Using (.3), equation 8.1) & (3.2) can be rewritten as follows:
16O
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From the transformation, an additional term is adafgtie right hand sidef equation

(3.5), which is a nonlinear terof fluctuating velocity components. This additional nonlinear

termresults in a&losure prok#m of turbulence, wheane or morextra equatios areneeded

to solve it.

Without timeaveraging,the NavierStokes equations can be solved directly and this
approach is called Direct Numerical Simulation (DN$Jo turbulence modelling
assumptionsare required as DNS resolves all temporal and spatial scales of motions.

However, in order to resolve all scales of motions, the number of the grid points required is
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proportional to R¥*, consequentlyhere is avery high computationatostfor moderate to
high Reynolds number rangeConsequentlythe aforementioned DN rarely used in

industrial applicationbut ismore commonly used in the fundamental staflghysics flow.

There isanotherapproach thatesolves more flow physithkanRANS doesandrequres
alower computationatost than DN&loes The approacks called Large Eddy Simulatien
(LES). Theturbulent kinetic energy imostlystored in the largescale eddiesn LES method
large scales of motioree resolvedising filtered NavieiStokes equeonswhile modeling
the smaller turbulent eddies The influencesof the smaller scales on the larger scales
momentum fluxis represented bthe subgridscale (SGS) mode&incethe computational
grids in LESdo not resolve the small scaléis approacls cheaper than thaif DNS and
is convenient for higher Reynolds numbetith reasonably accurate resulis the present
study, LES isbeingused to study the large flow structsiend coherent structuresutther
detailson the LES approach and its S&smodels are discussed in §3\Bre details on l&
mentioned numerical approaches can be found in Pope (RAB&)) Davidson (2004)139]

and Fergizer & Perif140].
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The complexity of turbulent flows is that solutions of the Natwkes equations are
generally random. This is due to turbulent flow sewisjt to the initial and boundary
conditions especially at high Reynolds number. Therefore, to determine the evolution of the
flow field, statistical methods are used in the description of turbulence. Averages,

correlationsand spectral analysis are pnetsgl in the following sections.
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The statistics of turbulence flow can be computed by performing stochastic mean
(ensemble, spatial and temporal averaging), whiehdenoted with® O The statistical

moment of orde¢ for any random variablé&is defined as the mean %# :
o O % QOQ® joq
where'Qis the probability density function (PDF) such that:
0 % "NOQ® jo&q

The mean of a series of discrete points regularly sampled Mitealizations can be

defined as:

[ 71e] ioE@?’ %o jo]q

where%o is a finite sample at one realization. It is associated with the turbulent fluctuation

%athat can be derivkin the mathematal expression of:

%o %o K josq

By theabove constrttion, 3%&6is a propertyequivalent to zero. However, the fluctuation
moments of second or higher order are not necessarily zero. Thus, variance can be defined

to be the measquareof thefluctuatiors and expressed as:

O I EY % @O |
0 jop 1
B0 O

The gandard deviation or root mean square of variance (r.m.s) value of the random
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variable %oby %o & can be used to measure the strength of the fluctuation or
known as turbulence intensity. The second moment or covariance of thatiluttelocity
can beusedto calculate Reynolds stresses in form of:
60 ©®o60 @O jop 0l
Additional information regarding the statistical structure of turbulence can be inspected

using higheforder statistics. The normalised third and fourth order moments are called the

skewnessS and flatness, F (or kurtosis) respectively,

L, 6%0 C’y - 6%)0 O
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The &ewness is to determine the lack of symmetry between the positive and negative

fluctuations;whereas théatness indicates the possibility of extreme amplitudeaitss.

322#1 OOAT AGEI 10O
A correlation of fluctuating motions can be conducted betweerpbirds in space dn
time, which can quaify the lengthscales and timeales respectively. The twmint spatial

correlation between velocity fluctuations at spat@hpswandw i can be defined as:
Y o i ® 0w o i O jo®
In normalized form, the correlation function can be expression as:

_ el O 0o w 10O _
Y odw i — 10 q

® w0

The terms autocorrelation and crassrelation are adopted fo Qand Q Q

respectively. The integral lengthscale characteristi¢leambe measted using the twoint
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spatial correlation and it is defined as:
0 Y i Qi 1o
For a statistically stationary process, the temporal correlation can be determiaed by
similar approach to the spatial correlation by measuring signal inFionagnals measured
at a given point with a time delay T, thetwo-time correlation functiocan be written as
® o060 tO

v 1 , .
o 00 jop q

Hence, the definition of an integral timescale of turbulence can be derived as:

¢ Y tQt jod @
whichindicates the periodhich turbulent fluctuationsemain correlated.
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To analysehestructure of different sizesf turbulence, it is convenient to-express the
turbulent fluctuations in terms of wavenumber spectrum. Transformation from the physical
domain to the spectral domain can be obtained by using a Fourier transform. The three
dimensional Fourier transform dhe spatial correlation for a statistically homogenous
turbulence is given as:

o o jo
B I —— Y i Q °Qi

and its inverse transform as:

Yo B I'Q 2Ql jo®
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where Qs the imaginary unjtQ p, I is the wavenumber vectowrith a dimension of
(Length)!. The lengthscaléb 0 |l is qualitatively nterpreted aarepresentation dhe

wavenumbell in thespatial scale.

Alternatively, the Fourier transform and its inverse can be used on the time correlation of
equation(3.15) to move between time and freepcy domains. Therefore, equat(@i7) &
(3.18) can be reformulated as a function of frequen€yinstead of in a function of
wavenumbell. With the energy calculated as the square ofRberier coefficients, the
energy spectrum functiomay represent the contributioof the turbulent structures tbe

turbulent kinetic energin terms offrequency or wavenumber.

Fourier transform requisssample values oY in the numerical comgations hence the
Discrete Fourier Transform (DFT) is performed. For a number of N samples, the DFT of

is computed as:

L

%0'Q Y &7 jod q

where| Q 7 and'Qis the nordimensional wavenumber in the raqge Q 0.
In practice, the Fast Fourier Traosh (FFT) algorithm manages to reduce the complexity
of computing DFT which equivalently reduces the required number of computations from

the order o) to0 a € 'QO

~
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3.24.1 Vortex Identification

The turbulent flow can bstudied byaralysis ofthe secalledcoherent structures (CS).
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There is no consensus on the definition of B8weverto demonstrat¢he general concept

of the phenomena, some definitions frafew researchers are described here. Hu$$ab]

defined CS aalargescale turbulent mass thatconnected with a phasmrrelated vorticity

over its spatial extent. Robinsfid1]r e f er r e d difenaienal fegion bftthe flow

over which at least one fundamental flow variable (velocity component, density, temperature,

etc.) exhibits significant correlation wittself or with another variable over a range of space

and/ or time that is significantly | ar,ger than
Jeong& Hussain[l42]descri bed CS as fdAspatially coherent
struct ur e appaar td/lwerwidely aecepted in describing coherent structures in

turbulent flows, whichaccording to Hussaji 15], have distinct boundaries and indepertde

territories.

The identification of CS is pretty difficult as it can be easily confused witkcoberent
turbulenceand mean vorticity It must be based can unambiguous quantitative criterion.
Some ofthe early criteria were rather intuitive and idiéied as isevorticity surfaces or
circular streamlines. There are two quantitative criteria proposed to identify vortex namely
O-cr i t er i-coterionaBoth characterisation techniques are briefly introduced below,

butadetaikedreviewof the metlod of vortex identification can be found in Je@g¢lussain

[142] and Cucitoreet al[143].
|-criterion

The0 criterion is the second invariant thfe gradient tensor, 6 which gives:

. PrYTY p .~ .
0 L Y Y
ThTh C m m jog 1

wherenm and3 are an antsymmetric part (rotation tensor) and a symmetric part (rate of
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strain tensor), respeetly, and defined as
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This criterion,first proposed by Hunet al. [144], identifies a vortex core as a spatial
region. Voticity overcomes strain at regions of positire hence distinguishing vortical
activity from highstrain activity. This method has an improvementletecting vortical

motions in walbounded flowverthe previous method suésiso-vorticity surfaces.
f -criterion

_ -criterion proposebtly Jeong& Hussain142] determingthe local pressure minimum
to identify vortex This isa region with two negative eigenvaluesﬂof . By neglecting
the unsteady and viscous effects, the symmetric part of the gradient of the incompressible
Nawvieri Stokes equation can be expressed as

j P jog €

where'Y andm are the symmetric and antisymmetric components of the velocity gradient
tensorno (same as definedbove) andn is the pressure and equation above is a
representation of the pressure Hessian 1 .1 ATt G Gxy. To identify the region of

local pressure minimum, Jeong & Hussain define the vortex core as a connected region with
two positive eigenvalisof the pressure Hessian. If the eigenvalues of the symmetric tensor

-|| areorderedas.  _  _ , this definition satisfies to the requirement that Tt

at every point inside the vortex core.

3.24.2 Proper Orthogonal Decomposition (POD)

The POD is an eduction technique that was introduced by Lyd¥é&yto the turbulence
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community It is based omthe twapoint velocity correlation. The POIS also known as the
Karhuneii Loeve expansion. Lumlaysedthis method to identify the motions with functions

of the spatial variable that contain the most energy.

A proper orthogonal decomposition of the velpdield 6 ¢hd can be written as an
expansionof a series of orthogonal spatial basis functiens @ and the basifunction

coefficients®d 0, where n denotes the mode number:

6 6o O o @ jog @

Mathematically, the POD projects the random velocilyadd 6 O B 6 into
an orthonormal coordinate system . It must be noted that tHanctionss & do not
represent directly the coherent structures, however, as a consequence »2Fqthe
coherent structures can laentified from the instantaneous flow field by the superposition
of some of the basiinctions. Therefore, POD is a useful method to recognize the most
important modes of turbulence, as well as an effective way to analyse the turbulence

dynamics.

The dire¢ solution of the problem could be computationally expensive for a-three
dimensional turbulence. Taking an example of the POD from DNSawitksh size oN,
the eigenvalue problem will have a size equabtoc 0. This can be impractical to
engineering problemsf Reynolds numbers. A simplified approach to solve this problem has

been proposed by Sirovi¢h46], which is referred to asmethod of snapshots

The method is based on collecting an adequate number M snapshots (linearly independent
realizations of the floield6 @ 6 ho ), to reconstruct the eigenvaluggenfunction

problem. The energy associated from each mode is given by the eigenwdltiee twoe
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point temporal correlation tensor of independent snapshdfist7] and can be written as:

0 ¢ _- jog q
where0 readas,

5 Uﬂoo o B Wd O R pBO R jog q
The operatof8 Qilenotes ensemble average armbrrespondso the complex conjugate.

The solutions are ordered accordingitesize of the eigenvalues as follows,

- - E _ m jog @
Each eigenfunction @ canthenbe computed from the POD modes through the

projection on the original fields using tfelowing equation
e we e 0 W jo®

wheres is the mth element of the eigenfunctorcorresponding to the nth eigenvalue

The random velocity fieldsp 6 b  fromtheabove derivation may also be
replacedoy scalar functions such as the vortiattymponenty 3 or vectorvalued functions

More comprehensive description of POD can be found4®i 147].

Ve
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As discussed earlier, ithe LES approachlarger scales are resolved whilaall-scale
eddies which are supposed to be isotrapanodelled As asimple description?ope[138]

haslisted four conceptual steps the LES methad

1. By applyingafilter operation, the velocity idecomposethto afiltered component
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(or resolved) and aesidual component (or subgisdale, SGS). The filtered
componenthatis resolvedrepresents the large eddas it isthree dimensional and

time dependent.

2. Thegoverningequations fothe filtered velocityfield are derived from the Navier
Stokes equations. These equations are of the stafatardvith an additional term
of the residual stress tensor (which arises from residual motions) in the filtered

momentum equation.

3. Theresidualstress tensor is modetl to achieve closuremost simply by an eddy

viscosity model

4. The filtered equations are solved numericdlly the filtered velocityé which

approximates the larggcale motions imnerealization of the turbulent flow.
331&EI1 OAOET ¢

In LES, thelargescde motions of the flow are solved lbgmoving (filtering) the small
scale structurefsom the solution to the Navier Stokes equations. This operation is performed
by applying scale higipass filter (i.e.low-pass frequency) filter to the exact solution.
Mathematically, the filtered fiefddenoted with a bar, is represented in physical space as a

convolution product as following:
%  %oCEHD O® © Qe jo’ q
where, Ois the convolubn kernel (the characteristics of the filter used) whsclinked to

the cutoff scales in space and tiféandT respectively. In Fourier space, the spatial cutoff

length is associated witf, whilstT~ associated with .
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The residual field or the unresolved part@fis defined as

% (fO  %oGfD %o D jog q
which can beapplied to therelocity or pressurdield, so that the velocity fieldnd pressure
field has the decomposition as

6ad O dn oD

Ll waEn a jo®

n oo n oo naado

This equation appears to be analogous to the Reynolds decompositi@vdid

andn[afd arerandom field and time deperaht, and the filtered residual is not zero

fadd T

e jo®
neado
There are three propertiéisat must be satisfiedor a filter to be used on the Nawer

Stokes equationd48]:
Conservation of constants:
® Oy oW Qw p jo® ¢

Linearity:

% [ %o [ jo @
Commutation with derivation:

' %o T %o. 8 jo® q
Ttk g

There are three classical filtering types specified by Safjai8] for Large Eddy
Simulation. All three classical filter for cwiff length¥ in onedimensional are as shown in
Table3.1. There are other filters such as Caué&hipao filters that are listed by Po[ie38]

that are not shown in her&heir transfer function and filter functions are similar to the
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Gaussian fter. The filter width in LES is usually defined by the size of the control volume,

and it is located within the inertial subrange. The inertial subrange is defined by the

Kol mogorovds

second

similarity

hypodhdyesi s t ha

inertial effects and independent of the viscous effects in a sufficiently high Reynolds number.

Thus, the eddy resolution is determined directly by the grid and thefdehgthwdoes not

explicitly appear in the equations. From the spatialrdtsation, structures that are twice

the size of the cells are the resolved scale€dde Saturnethe value of the filter width

implemented for the hexahedral ceIIins ¢S S, wheres sis the volume of the celR

Tab3le

Thr ee

cl a
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Type of
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Transfer
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3.32, %8 Oi O1I AGEIT 1

By applying filter to equation.1) & (3.2), theNavierStokes equatiooan be rewritten

as
15 1o plH 15 It |
To 76 o oo To jo®
T—? h T—(? T jo® @
Tw Tw

wherethe additionaterm T is the residual stress termwhich arisesbecause the filtered
productd ¢ is not the same as the product of the filtered singlecitieso ¢ . The termt
is thelargescalemomentumflux caused by the action of the small scalethe secalled
subgridscales and can be expressed as:
T 006 00 jo®
This can be further decomposed into isotropic and anisotropic fdmsanisotrgic

residual stress can be formed as:

P

fot St jow @

then the modified filtered pressure with the isotropic residual stress is expressed as:
- - P, -
bon St jos Q

The momentum equatiqB.35) canthenbe reformulated as:

—n

T :
o jog

16 100 pro 1 0
o 1w T Toloe To

The filtered governing equations (3.40) or (3.36) are not closed antb close the

equations, the SGS stress tensoneed to be modelled



3.3Large Eddy Simulation 54

3333 0ACB®EAI A - A'ABQET C

As mentioed above, he subgrigscale model is used to close the equations for the
filtered variables and remove the energy from the resolved s@&lese are threenodels
discussed hermamelySmagorinsky modeDynamic model and Waldapting Local Eddy

viscosity model.

3.3.31 The Smagorinsky Model

The firstmodelwasdeveloped by Smagorinsky in 1963 and named afterbafore it
was explored further by Deardoff in 197@48]. This model is quite simplget has been
proven to perform welllt has formed the basis for more advanced modéiis. model can
beviewed & consists of two steplitst, the linear eddyiscosity model to relate the residual
stress to the filtered stramte tensofY 16jT® 19t @ f¢ andby an analogy to
the mixinglength hypothesis, theecondpart is themodelling forthe eddy viscosity of

residual motions, . Thesewo stepsare represented as followieguations
T ¢y jog @
o BY 63 7Y jog ¢
where"Yis the characteristic filtered rate of strain and can be defined in terms ofrateain
tensor ¢'Y"Y T . /bis the Smagorinsky lengthale which is proportional to the filter

wi dt h, & through t heé.Hdweseg there in wdaknesofasnf i ci ent |,
Smagorinsky modeivheretheidealvalue of the coefficiend could bedifferent indifferent

flow regimes.
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3.3.3.2 Germano-Lilly Dynamic Model

To resolve the limitation ahe Smagorinsky modef§ can be made to be a variable that
responds to the flow. This modification strategy was first proposed by Gegnahio 1991
[149] with further extensios of the model provided by Lillji50] and Meneveaat al.[151],
andis called aghe GermaneLilly model. By adapting the Smagorinsky modesle dynamic

model provides a methodology for determining a suitable local value of the Smagorinsky
coefficient, byintroducinga s e c o ntebtf i i I ®tedsgenerallylarger tharthe

grid filter.

The dynamic procedures based on theesolved turbulent stress tensalso called

Germano identityhat reads|s

fl 'Y T 00 00 jo8 q
where’Y 00 00 isthe residual stress tensmrresponding tthe test filteroperation
andt is the residual stress tensor for the grid fitteat is definedusingequation(3.37).
Thedynamic model finds the coefficient that best complies thidassumptiorthatthe two

subgrid tensorst and”Y, can be modelled by the same constantfor both filtering

levels This is achievedby application of the decompitien introduced in equatiorB37).

Therefore, the Smagorinsky model for their deviatoric parts caeiten as:

T ¢ > Y'Y jog 1]
Y O w Y'Y jog q
By applyingtheabove formulae to the equati@43), the deviatoripart of the resolved

stressfl can beobtainedand defined as
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fll fl =fl 6 | 61 jog @
where cw Y'Y andf Cw

Assumingthatthe constant) , is uniform over the test filter width, it can be taken out
of the explicit filtering operator. This leads to the definition of the Smagorinsky model of

deviatoric part othe resolved stres8, , as:
fl Y t 06 | f jo8 1

In order todetermine a single value of the constant Lilly (1992) suggests that the
meansquare error minimized by the specification of:

oAl v Al

where! | T and' Al v fl |, since! is deviatoric.

Therefore the value of constait can be computed dynamically. This constant
parameter can assume negative vallibgs characteristican be interpreted asbackward
energycascade mechanism. The constant paraneetet bounded since the denominator
can cancel out. Consequenttiiese characteristics may ledan instability in the LES
calculation. Toavoid this problemit is a good practice to averatfee humerator anthe
denominator in equatio3.48) either temporally or spatially to obtain a reasonable value for

the constant parametdi49,150]

3.3.3.3 Wall -Adapting Local Eddy-Viscosity (WALE) model

Bothmodelsdiscussed aboy&magorinsky and Dynamic Smagorinsky moded) based

on the local strain rateyhere thevelocity s@leis determined arbitrarily at caiff. Nicoud
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& Ducros[152] These models relatbe subgrid dissipatiomo the strain rate of the smallest
resolved motionNicoud & Ducrog152] arguethat thisformulation does not accoufur the

contribution of the energy in regions of high vortiaithiich dominaterrotational strain

To rectify this Nicoud& Ducros[152] proposed a subgrid viscosity modelled Wall
Adapting Local Eddyviscosity (WALE) modelthat takesinto account both the strain and

rotational rates:

o vy 7 |
UV —— = o8
Y'Y Y'Y
where0 and"Y are defined as:
0 a7 & = jo® 1
"y g"zr X0} %|"Q‘ jo® 0l

where Y T 6 1 w is the rsolved velocity gradient tensor, aad is amodelconstant

The proposed model is said to be able to detib¢urbulent structures tharerelevant
for the kinetic energy dissipation. The eddgcosity also goes naturally to zero near the wall
as aconsequencandno damping function is required. Nico&dDucros[152] demonstrated
that the WALE model produces zerb in a pure shear flow, hence, can potentially
reproduce transitional flow8VALE modelis numericallymore stable than thBynamic
mode| where theSGS viscosityin the former model always positivevhereasa negative

value can be generatatthe latter In Code_Saturnd) in theWALE modelis set tong v

334- 1 ABAOAI OICAIOAA AOAO

The accuracy of LE® dependent on theumericalmethodsandthe SGSmodel. The
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former is influenced by the grid resolution while the model accuracy depemishe
performance of the SGS model in comparison to DNS. The performance afdiitSbe
testedusingeithera priori or posteriori testln theformer, results from LESare compared
with the correspondinguantitiesfiltered from DNSresultswhile the later comparsactual
LES results with experimental or those from DNS. A good EEB&uld resolve at least 80%
of the turbulent energil 38]. Therefore, independent assessment parasnaterdeveloped

by some researeins in order t@valuatehe quality of LES.

A parameter to quantify LES resultsth respect to DNS results has been introduced by
Geurts & FrohlicH153], in the form of a subgrid activity parameter,

6 O

I—GOOO jo® €]

whered Oandd Oarethe average subgriscale dissipatiomndthe average molecular

dissipation.This parameter mayary in the range oft i p, withi T corresponding

to DNS results and  p correspondind.ES atinfinite Reynolds number.

Celik et al.[154] stated that the parameter irthe aboveequation is not sensitive to the
resolution of the grid as the numerical dissipation is not taken into acchuum, an
alternaive version of subgrid parameter suggested as:

6 06 O .
5 035 080 jod @

whered Qs the average numerical viscgsitnd it is not known.

Celik et al.[154] demonstratethatin high-velocity gradient flowsthe criterionsis not
sensitiveto the resolutionof the grid They propose@notherparameter to measutbe

quality of large eddy simulatiorto considerthe grid resolution and the Kolmogorov
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lengthscale:

0 0

wherg| m8t landé 1@ OLES is considered to be good, whei0® is larger than
0.8, where the simulation can be considered t&@8é or above equivalent to DNS. To
evaluate the unknown value of numerical viscosiiglik et al.[155] have suggested that

may be approximated by using the following empirical equation:

— .
‘ 6 — jod
3
whereQ 38wl ¥, is the grid size,6 sepforsQ s.he
Consequently, it can eb concluded as, ‘ . The parameteri’, has been

recommendedn [155] to bex 1@, signifying 80% contribution of molecular viscosity

towardsthedissipation.

34 . O ACEAAT -#A Q@RI B8B@ ODHIOT A

Every solver in CFDs structured withseveral numerical solution techniquessluding
the discretisation othe mathematical equation3here area few common type of
discretisation techniquessed including, finite difference, finite element method and
spectral method. Finite differenissthe oldest method for numerical solution, and the method
describes the unknows&of the flow by means of point samples of a grieocdinate lines
The second methofinite element usesimple piecewise functions (e.finear or quadratic)

valid on elements to describe the local variations of the unkrf@nrastly, the spectral
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method approximates unknowns by means of the truncated Fourier series or Chebyshev
polynomials. Unlike finite difference and finite element met)dke approximation bthe

spectral method is not local but valid throughout the entire computational domain.

Apart from the aforementioned methods, there is another method whidtiely used
in general purpos€FD codes, that igefinite volume method. This methadasoriginally
developed as a special finite difference formulatiamd it can accommodateyatype of
grid, hencas suitable for complex geometrieBhenumerical algorithm for the finite volume

method consists of the following steps:

1 Formal integration of the governing equations of the fluid flow over all finite control

volumes of the solutiodomain.

1 The discretisationnvolves the substitutionf finite-difference approximations for
the terms in the integrated equation representing flow protéss.converts the

integral equations into a system of algebraic equations.
1 Solutionof algebraic egationsis achieved by an iterative method.
More comprehensivdiscussiorof the method used can be viewel16,157]

For this PhD study,an opersource solveCode_Saturnés utilized. Code_Saturnés a
generalpurpose computationafluid dynamicssoftware thathas been developed by
Electricitt de Fance (EDF) since 1997Code Saturneuses a cclocatedFinite
Volumeapproach thatcan accept either hybrid, structured or unstructuredeshes.
Code_Saturnés capableof handling incompressible or expandable flows, with or without
heat transfer and turbulee. Turbulence modelsffered in the code rangeom Reynolds

averaged models (e,gnixing length model, v2fReynolds stress modglandthose for
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Large Eddy Simulation (LESA number of édicaed modules for specific physical models
are made availablen the code (e.g.radiative heat transfecombustion magnetehydro
dynamicscompressible flowsand two-phase flows For more flexibility, additional
subroutines can be added to the main solver by the user. The numerical apgezhain

Code_Saturnavill be discussedbriefly heren.

341 EOAOCAQCEOADL] 3ABGDOT A
As astarting point in the computational proceduredhaf finite volume method,he
general equation of the conversation law of the transport in an unsteady flow iagjiven

T 7 % T " %0 ! T %o o
To To  fo e N jow

wheres is the diffusion coefficient ang is the source ternThe variabl€éccan be set equal
to pfd and any scalar variablEquation(3.55) is integratecbver a volumethen theGaus$

divergence taoremis applied to the convection and diffusion terms yielging

! T %o, . L
—b”%ﬂn T e QY 3 ——eQY n m

1 Tw jod @

where represents volume anttis the bounding surface ard is the canponent of the
normal vector to the surface elem&htYrhetemporal term can be explainad the rate of
change of the fluid propert§oin the control volume. The convectiamd diffusion terra
bothrespectively signify the net rate of decreasédly convection and rate of increase of
%oby the diffusion across the control volume surfaces. While the source term is the net rate
of increase of propert¥odue to sources inside the control volunhbe temporal term and

the source term are integrated iothee cell volume, whiléhe convection and diffusion term
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areintegraedoverthesurface boundaries of the gallhichis simply representeds the sum

over all faces.

In the following subsections, further discussion on the discretisafi@very termin
equation 8.56) will be presentedfollowed by a description of the cell gradient computation
and of the treatment of boundary conditioAsmore comprehensivaliscussion orthe
approaches applied iBode_Saturnanay be found in Archambeaat al. [157] and the
Code_Saturnéheory guideThe configuration of the internal face between two adjacent cell
elementsn andm is shown inFigure3.3. The point) in Figure3.3isthe intersectiopoint

betweenOat the corresponding fac¥ , while "Ois the point located ahé facecentre

between two adjacent cell@andearethe pointsof the projecton of ‘Gand v orthogonally

on the line normal to the face acssingO

Figure 3.3: Sketch of internal face geomety [15§).

34.1.1 Temporal and Source Terms

The approximation of the value at poiO %o in the control volumen can be obtained

through,

%QM) %M jod 1
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Using the above definition, the temporal term in equad®6) can be expressed as,

! " g T_ "o :

Similarly, the source teriiY in equation(3.56) which may represeiiteat generation in

the fluid ora pressure gradient whegeriodic boundary conditions are applied can be

computed as
nam nm jo® Q

341.2 Convection Schemes

The convection term iaquation(3.56) is discretised as

" %6 3 B "% 0 3 3 %o 6 iom g

where_ m represents the faces to the neighbour cells of the volgmé&s. is the value
of %oat the internal face centr&) between the cells) andm , ¢ is the vectomormal to

the face pointing to m fromm, and& is the mass flux between these two adjacent cells.

An interpolation neeslto be introduced in order to evaluate the unknown valg& cdt

the face centres as the valueSwdére only calculated at the cell centresCode_Sturne
there are several convection schemes avaifablsuchan approximatiornamely,upwind
differencing scheme (UDS), secendler linear upwind (SOLU), and seceodler central

differencing scheme (CDS) approximation.
Upwind Differencing Scheme

Forthe 15-order upwind difference scheme, tr@due%. at the face centrésequivalent

to the value o%oat cell centre of the nearest upstream, cell
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. %0 Q& T ,
%o %o Q& T 10 @
UDS is numerically diffusive and it is the only approximation that satisfies the

boundedness criteria unconditionally as it will neverdy@scillatory solutions.
Second Order Linear Upwind Scheme

The SOLU scheme approximates the valuéeof at the face using the value of the
upwind cell centrelt makes use ofhe cell centre gradient between neighbouring cells
reach a higher order in spacectmtrastthe F-order schemassumsthe equalitypetween
the valueof the cell cente and the face centre

% ‘O00"% Q® T

. .
%o % U'ON% Q@ T jo® ¢

wherelF andJF aredistances between cell centres | and J to the face centre respectively.
Central Differencing Scheme

The CDS isalinear interpolation between the two nearest nodes ande represented

as follows.
%o | %o p | %o g N %o N% ) O {0 q

where the linear interpolation factor is defined as — and thevalueof 0.5 is used for

numerical stability reason.the mesh grid is orthogontd each other, equatio(B.63) can
be simplified by cancellingthe final term in the right hand sid@e it is equal to zerd.his
scheme is second order accur&g.default, the LESapproach inCode_Saturnemploys

the central differencing scheme
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3.4.1.3 The Diffusion Operator

The diffusion term inequation(3.56) is discretised irfCode_Saturnas follows
T %o | -
3—¢ (B 3 "% & 7Y

re . jom

%o %o ny jo’@ q

P T

where 1% & is the normal gradient computed™@The \alues of% and%. can be
computed by using the gradient at the cell cefe, %o ‘@I N%o . Therefore, the

diffusion term with the correction terms for nesrthogonal facescludedis computed as:

T % %o %o b0 00 .
3@8 (02] N 3 D N %o OE ﬁ Y jo-&)@
with " %o - N%o N %o
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For an unstructured finiteolumesolver, it is a fundamental requirement to compute the
cdl-centre gradient. Considering nrorthogonal meshes, options available

Code_Saturneare based on two approaches:

1. Theiterative reconstruction techniquenly uses immediate neighbouring cells that

share a common face to a céll

2. In addition to the mmediate neighbours, the second approacteaft squares
methodmay also use the extended neighbours that share a common vertex with the

cell ‘OThis approach is generally faster since it does not involve the solution of an
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implicit set of equations.

Dueto the diffusive effects dheleast squares method, the present LES simulations are
conducted using the iterative reconstruction method. More detail on the latter approach
described below. Further information on the implementation for both methods in

Code_Saturnenay be found in Archambeant al.[157].

Using the Gauss theorem, the amhtre gradient is evaluatedingthe celtfacevalues

and approximated by applying the apdint rule of integration, such that:

%o % %30 % %E QY o Xl

ot Y jop g

The volume integral can @proximatedccordinglyas:

%A1 M N %o jod q

and the value o%o , which requires the gradient %6 and itsapproximation from Taylor
series reads
% % n D0V
fox

| %o p | %o g %o %o Og)

while %o is linear interpolated, thgradient at point (see Figure 2)is evaluated using a
mere average of %o %0 , whichhas been proven to be sufficient and more robust

than linear interpolationtherefore, the right hand side of equatf8:/69) can be formulated

as:
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J00¢ Y

To solve the system, the iterative process of cell gradients computatie@quation

(3.71) can be read as:

%o g N %o J00 :E_ Y

jog €
1 %o p | %0 g N% 2000 & Y

whereQdenotes the iterationBor the initial guess, the calculatiggperformed without the

gradient reconstruction terms:

-
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Sinceturbulencevaries withspace and timgime advancing schemeseimplemented
to solve the timalependent problemsither implicitly or explicily. Consequentlythe

variable%.over timeYo o 0 can beeadas:
%00 %o QR0 jO'EX q
where Qis an unknown that may be estimated using several procedures, suchasléirst

Euler schemes or the seceotler CrankNicolson methods he approximation method said

to be explicit if "Qevaluated at times for which the solution is known, whereas if the value at
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thenew time level is required, the approximation is called an implicit method.

In Code_Saturnethe LES formuhtion is coded with a combination of the explicit
AdamsBashforth and the implicit CrarKicolsonscheme$159], leading to a secoradrder
scheme in timeThe aly constant time stejs consideed in the presenork, as it is well
suited to LES and the time averaging approach that is nefedetthe statistics The
applicationof the relevant time scheme for eachtloé terms in the transport equation

following their discetisation in space issttussed in the following subsectioAdl terms are

centred in time and are therefore expressed at&ime.

3.4.3.1 Temporal Term

The temporal term in equati@¢8.58) is calculated using a fully implicit Euler scheme as:

%0 %0

75 jox q

T e )

This formulation becomes second order when the right hand side of equation is expressed at

3.4.3.2 Convection Term

For convection term in equatiof8.60), mass flux,& is treated explicitly ands

evaluated athetime stepe - using an Adam®ashforth scheme:

- (6) .
& % P4 jo% @
C C

Meanwhile the ariable %o at the face centres evaluated using a Crasi¥icolson

scheme and expresssithilarly at timeg -
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The convection term catherefore be rewritten as:
" %3 B P % 24 Pg :
C C jo d
3.4.3.3 Diffusion Term

The implicit CrankNicolson scheme is applieahly to the variablé%o . The diffusivity

howeveris evaluated explicitly tavoid a likelyunstable solutiorarising from negative
values. Equatiof3.64) then can be expressed as

T %o, P. 1o o - ‘
3m8 B E3 %0 %0 Y 10-8( Q

3434 SourceTerm
The source terms in equati¢®59) are evaluated with the explicit AdarBaishforth
scheme:

a jomy

T

N1Q
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Previous sections have discussed the space and time discretisation techniques employed
in Code_Saturndor a generic conservation equation. However, the discretisation for full

NavierStokes equations may present someispéeatures.

From the general transport equati@bb), the momentum conservation equations can
be derived by replacing the varialBleby 6, 0 and0 respectivelyFurther filter operations

to the system of equations a@ji@enas:
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The equationset above providetwo set of problems. First, the convective terms of the
momentum equation contain the nonlinear quantities. Second, the set of equations are
coupled because every velocity component appears in each momentum and continuity
equaton. The most complex issue in resolving the NaxBéokes equations is the role of
pressure whose gradient appears in the momentum equatiohtadkstits ownindependent

equation.

Both problemsarelinked to nonlinearity and pressuvelocity couplingcan be resolved
by adopting an iterative solution stratedyy.Code_Saturneafractional step scheme based
on the SIMPLEC (Semmplicit Method for Pressurkinked Equations- Consistent)
algorithm of Van Doormaa& Raithby [160] is used, whichconsists of a prediction
correction method. The soiah procedure is described briefly beloMore detail on the

approach can be found in Archambegal.[157].

In the fractional step method, there are two-sieps performedThe frst constitutes
velocity prediction and the secorglthe pressure correction or the velocity projection step,

whichresolves the mass equation.

Velocity prediction stepThe momentum equation is solved with the pressure gradient

treaed explicitly. The predicted velocities are obtained in this step.

Pressure correction stefhe pressure is calculated by solving the Poisson equation, then a

divergence free corrected velocity fietdn beobtained. The pressure is updated by adding



3.4Numerical Methods in Code_Saturne 71

the pressure incremetit (9, which is equal téhe pressure difference between the time n+1
and n Pressure incremeistobtained at the end of this step. Rhie & Cljip6i ] interpolation
is usel. After the velocity has been updaje¢le scalarsareupdatedaccording to their time
scheme. Thistepavoids the oscillatory solutionslue to the decoupling dhe odd nodal

values from even nodal values

3.44.1 Convergenceand Stability Analysis

lteration -Convergence

To ensurelte convergence diie calculated solutiotthe system of equationsirspected
by means of a Euclidearorm. The convergence error is to deternimedterative procedure
to berestartedf it testedpositive and this is repeated until the criteria is achievidds
process helps to ensure the solution obtained to converge with minimalrether.present
study,the convergence criterios set to a residuahlue of 10 %and converged solutions are

monitored by monitoring several points in different locations.
Numerical Stability Analysis

Discretization errors may arise from the spatial and temporal discretization during the
unsteady calculation. Therefore the stabitibalysis for the explicit treatment for both the
convection terms and the diffusion terms, have to satisfy the stability condition known as
CourantFriedriechLewy criterion[162], which as follows:

0 30

6 '00 —
3W

jof Gl
wherezw is the minimum grid width and . Generally the CFL criteria is suggested

that below unity. In the present study, the CFL was ensured to below than ~0.6.
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In general, convective fluxes amescribed at the inflow boundary, whilero at
impermeable walls and symmetry plandereover,a convective flux is gually assumed to
be independent of the coordieatormal to an outflow boundarfor which an upwind
approximation can be used. Diffus fluxes are sometimes specified at a wall, sgecified
heat flux (including the special case of an adiabatic surface with zero heat flux) or boundary

values of variables are prescribed.

There arewo types of boundary conditionsamely Dirichlet andNeumann. Dirichlet
boundary conditionlefinesthe value of the variable at the centre of the boundary fackstwhi
the Neumann boundary conditios based orassigninghe normal gradient of the variable

at the face.

The value ofkeat the boundary faceentre(seeFigure3.4) is defined by means of two

coefficientsd ando as:

% O 0 %o jop
For a Dirichlet boundary condition, the valuedof is prescribed and = 0, therefore
%o %o .Fora Neumann boundary condition, doefficientd p and the value of the
variable%o.at the boundary is given by:
% "%  JOO %o joi) q

where 1 %o N% X .
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Figure 3.4: Sketch of boundary face geometry15§.

3.45.1 Inlet

The Dirichlet boundary condition is prescribed at the beginning of time step n for all

transport variable$6 , such as velocity and scalars, and a homemges Neumann

condition nn € T is imposed on the pressure.

3.45.2 Outlet

For outlet, a homogenus Neumann boundary condition is specified for the velocity and

scalars, whilst a Dichlet condition is employed for the pressure.

The application of the homogeneous Neumann boundary condition lé&ads to the

calculation of the convection term as:

"0 X % I %o jo®) @
where the mass flux ” 6 & is the pevious value obtained from the pressure
correction step.

The boundary vale for the diffusion terra are set to zero and a firsirder

approximation in space of the homogeneous Neumann condition is usedsto $&t for

the source terms (see equat{8185)).
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3.45.3 Walls and Symmetries

At walls and symmetry faces, a zero mass flux normal to the boundary is defined and
scalars may be prescribed wigither Dirichlet or Neumann conditions. The tangential
velocity is treated vih a homogeeous Dirichlet boundary condition at walls and a
homoge®rous Neumann condition at symmetry planes. A homogeneous Neumann condition

is imposed for the pressure.

The boundary value of the mass flux is set to zero for the convection term. For the
di ffusion term, the value prescribed for the
boundary condition is specified. For the source terms, the prescribed value is used as the
boundary valwue 1 f a Dirichl et oremdornaliton appli

the boundary, the boundary value is set to zero to ensure zero mass flux.
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SCWR is one of the six gdN reactor that is under developmenhhe key aspects of the
reactor design are theafety,simplicity of the plant systems as well as its high thermal
efficiency. In the SCWReactor, the thernphysical properties of the coolant water vary
dramatically during heating, especially in the vigmof pseudocritical temperature. This
behaviour could lead to heat transfer deterioration or enhancement in the flow. It is a
challenge to predict the detailed flow and temperature distributions for the design

development.

Similar to many other nucleaeactor designs, the coolant in the fuel assemblies in the
SCWR flows through the rod bundlewvhich can be divided insubchannels. As discussed
in 82, instabilities exist in the rod bundigue to the presence warrow gaps in between the
fuel pins thatonnect the subchannels. The study of these instabilities is an important input

to the design of the SCWR. Previous studies of flow through the narrow gaps were
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predominantly done in isothermal conditsaand onlyafew studies focusdon the forced or
mixed convection study, particularly in the supercritical condition. Kif@vledge on the
effect of the variable properties would ®eseful contributiono the knowledge of the flow
and heat transfer at supercritical pressure in a rod buesipecidly for the SCWR core

design.

The effect of the forced convection on the flow behaviour and heat transfer has been
investigatedusing the CFD methgdwhich is reportedn this chapter The large eddy
simulation (LES) withWALE SubgridScale (SGS) model issed lerein for an accurate
result Simulations were carried out usi@gpde_Saturnean opersource CFD solver. The

obtained results are presented and discussed in this chapter.

41 # AOA $AOCAOEDPOEIT I

The geometry is a trapezoid annulus where the flow passage liargonihe study by
Wu & Trupp[120] and Duan & H412,13] This configuration can be considered similar to
a simplified rod bundle consisting of triangular arrays. An enclosed rod is locatieel in
middle of the trapezoid channel, forming a narrow gap and a wide gap with the outer wall.
As can be seen iRigure4.1, the® gaps namely, wide gap (BG) amarrow gap (NG) are
located at the top and bottom wall respectively. The main channels of the trapezoid annulus
are located at either side of the inner rod and connected by the top and bottom gaps. The
diameter 6the inner rod is 0.0508 m and the ratio of the narrow gap to the inner rod diameter
is 0.079. The height of the trapezoid channel is 0.066 m, and the widths of the top and bottom

wall are 0.0508 m and 0.127 m respectively.
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Figure 4.1: A crosssectionof the channel. (Inset) An equidistant plane between the
bottom wall and the rod wall at the narrow gap

The hydraulic diametéd of the channelis 0.0314 m. The total length of the domain is
& 400 . The schematic diagram of the whole domain is illustrateBignre 4.2. It is
divided into twoparts, namely the inflow generator and the test sedininternal mapping
method is used tensure dully develope incoming flow to the test section. The flow field
was first initialisedusing Synthetic Eddy Metho&EM) [163] at the targeted bulk velocity,
and then the internal circulation in the inflow generatection wasurned on after several
time steps. The velocity field at 50 in the inflow generator is copied at every time step
and fed back to thimlet as a new boundary condition for the next time step. A typical fully
developed flows achievedn the simulation after sufficient time stefiswhich considered
to be at 3 through time of the length for the inflow generakbe inflow generator is an
isothermal domain with a total length@f 100 . In the test sectigra constant heat fluis
applied on the inner rod wall with a length¢of 300 , and this gives a total domain length

ofa 400 .

' Outlet
—> ! -
Inlet !

i N o
N N

Inflow generator Heated section
(10Dy) (30Dy)

Figure 4.2: The length domain for LES.
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To study the effects of theariations ofthermalproperties on the behaviour of the large
flow structures, the heat fluxas variedand tiree different heating casere considered.
The heat fluxes considered are 10kV&/BOKW/n? and 75kW/m. In the present study, a
constant heat flux is imposed on tteel wall in the heated section. The inlet bulk velocity
for all cases is 0.0388 m/s. The inlet mass flow rate and Reynolds number are 0.088 kg/s and
10540 respectively. This Reynolds number is double that of Duan fL2&3], and one
fifth of that of Wu & Trupp [120]. An inlet temperature of 360°C which is below the
pseudocritical temperature at the specified pressure of 25 MPa is chosen. The thermal

properties were obtained from NIST database.

An overview of the mesh at theosssectionis illustrated inFigure4.3. A fully structured
nonuniform mesh containing 33 million elements was adopted. The generated mesh used
comprises of fine and coarser gridspedtively near the wall and in the centre of the main
channel. The mesh nodes adjacent to the wall are in the range afo p X7 ©
w T® andwd ¢ ofor spanwise, wall normal and streamwise respectively. At wall
location ofcdo ¢ Trthee are about 13 cells with ~9 cells are locatedbin p mThese
values were evaluated from the isothermaldainain.Based on the above information, the
LES carried out can be viewed as welsolved simulationd 64]. The simulation was solved
by usingWALE subgridscale modeémbedded iCode_SaturneThe velocity and pressure
coupling is obtained using SIMPLEC algorithm. A second order central difference scheme
in space and secoradderin time is adopted.

For all three cases, the time step speciied 0.001svhere its dimensionless value is

o 30YTO 18t 1 p Theoverall maximunCourantFriedrichLewy (CFL) numbeis

able to keeppelow 07 forthe stability ineach caselhe residuals are maintained below than
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10° for Navier Stokes equations for arounthBoughtime of the whad domain before the
start statistics calculation. The convergence for the statistics is monitored and calculation of

the averags are taken at about 4 throttghe of the whole domain.

Figure 4.3: Mesh a the channelcrosssection
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In Figure4.1, thetwo points NG and BG are locatatithemidpoint in between the outer
wall with the narrow gap and wide gap at the waitisymmetric line of the channel
respectively. The histories of instantaneous velocities were recorded for several axial
locations at the aforementioned points (NG & BG). Values obtained were used foalspectr
and correlation analyses. An equidistant pl@nset ofigure4.1), which is located between
the rod wall andhe bottom wall is used to present the instantaneous flow and temperature
field at the narrow gap across the domain. Some praitesssthe channel are plotted at
several locatios shown inFigure4.4. The line profiles are named respectively as NL, BL,
ML, and MC for the profiles in the narrow gap, wide gap, towards the main channel and
across the narrow gap to the main channel. Results from these lines are usedstotte

turbulerce statistics.
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BL

ML

NL— MC

Figure 4.4: Pre-defined linesat the channelcrosssection
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It is important to evaluate the quality of the resoliainedn the presenstudy. Tothe
aut hor 6 s, there swd expegmeental data or Direct Numerical Simulation (DNS)
data, which can be used to directly validate the current LES study. Therefayaatitye of
the mesh used in the LESthe current studig evaluated tisag the parametdérandd ‘O "®0
that have been suggested by Geurts and FroHIE3] and Celiket al.[154] respectively.
Definitions for both parameters canfoeind in §3. The highest heat flux case of 75kW/m
is chosen to discuss the quality of the results obtained. Thanks to the symmetrical channel
configuration, only half crossections of the full trapezoid annulosannel are presented
here. Theseesultsare presented at four distances down the channel as illustrateglie

4.5 andFigure4.6.

The value of can be seen as an estimation of the fraction of the turbulent kinetic energy
modelled by LES and hence, the smaller the better. A@& states that to obtain a good
LES simulation, the turbulence kinetic energy has to be resolved over 80% i.e&. For

the current simulations, the valued @fre reasonably small in all wall regions. They are only
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rather high in some central regiods shown inFigure4.5, theoverall values of increases

slightly down the channel. The valuesiddre very low in the near wall regiot®ingaround

x 0.15. The region where 0.45 spreads throughout the crgsstion down the channel,
especially at the main channel area. However, in the region near the heatéeé radii¢s
of i can be seen to decrease down the channel, which can be clearly seen across the top half

of the rod pin.

Contrary to thé parameter behaviour, valuesiofO, @0 increase as the mesh is refined,
hence the smaller the better. OvefalO "0 parameter in the whole channel is maintained
at a range of 0.99.98. According to Celilet al.[154], LES is considered to be good when
0 '0"®0>0.8. The quality of the results in this study as discussed earlier, the value of
0 'O"®0 are found to be around 1 near the wall and >0.97 across the channel. This shows

the results obtained are generally in good quality.
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It is useful to firsinvestigate therosssectionaimean results of the flow and temperature
for the general behaviour of the flow, before focusing on the flow instability at the gaps due
to thermal expansion. This information could provide an insight into better undensfameli
performance of the large flow structures later 8s. the density of the water in the
supercritical pressure condition varies greatly aroiivid the meanresults are Favre

averagd

Figure4.7 shows the flow bulk temperaturer(, wall temperaturey'), streamwise bulk
velocity (V) and heat transfer coefficieiTC) down the channelY is defined as,

L7 0N
L 0Qo

jred
and HTC is calculated based on the crgsstional averaged wall temperature and bulk

temperature as follows:

O'YE

~ Y jtgq
wheren is the heat flux applied

As expectedthe bulk fluid temperature and wall temperature increases monotonically
down the channel in all cases. The tempeeaincreases more rapidly in the case with a
higher heat flux. From these results, it can be noted that for the first heating case of 3,0kW/m
the condition of the average wall temperature and the bulk temperature of the flow are in the

Y Y Y manner. A gentle change of properties can be expected from this condition.
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Meanwhile for the other two higher heating cases, the average wall temperature exceeds the

pseudocritical temperature so that the conditioiYof Y  “Y achieved. Hence, in these
cases the fluid temperature goes higher tihaiyY at some locatiog) which results in a

rapid decrease in density and strong variations in other thermal properties.

Since the density is negatively correlated to the fluidgperature, the bulk velocity is
also expected to accelerate down the channel, which is clearly shBwia4.7 (c). It also
shows that the acceleration rate is positively related to the heat flux, where theteeisen
increase in velocity down the channel in higher heating cases. In comparison, the acceleration
is relatively linear in the case of 10kWimespecially in the initial region of the heated
section. This is due to the slower density variatidre aveaged Heat Transfer Coefficients
(HTC) however shows an opposite trend, that is, it decreases in valuthaimicrease of
heat flux. A steep drop can be observelligure4.7 (d) at the beginning of the heated section
in the case of heat flux 10kWfmDown the heatinghannelthe value of HTC starts to
decrease gently and this can be observed for the heat flux cases of SQkW/AbkW/mM
too but right from the beginningf heating. The highehe heat flux, has a more rapid
decrease in HTC at the beginning of the heated channel, and having a lower overall HTC

downstream of the channel.

To assist the discussiam this chaptgrthe case with a heat flux 10kW#iis referrel to
as the o0l ow heating Zand7dN/nbanrde trheef ecrarseeds toof

heating casesd6 from hereafter.

abso |
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Figure 4.7: The mean quantities of the flow down the heated channed) bulk
temperature b) rod wall temperature c) bulk velocity d) heat transfer coefficient
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4.2.3.1 Equidistant Plane in the Narrow Gap

Figure 4.8 shows the contours of the instantaneous velocity and temperatuseatieite
equidistant plane between the rod wall and the bottom wall of the trapezoid channel (see inset
of Figure4.1). The general structured the swinging flow are similar for all heating cases.

The streamwise velocity at the centre of the narrow gap increases with the increase of heat
flux, which agrees with the results of the bulk velocity shown earl@&milarly, the
temperature reaches its highest value at the centre of the narrawadjagasess illustrated

in Figure4.9. The value of the temperature at the gagisoincreased down the channel at
higher hat flux. The large flow structures, brimgj the hightemperature fluid in and out of

the narrow gap region, are expected to increase the mixing and help the heat transfer.

4.2.3.2 Rod Wall

It is interesting to study the behaviour of the instantaneous tempeoattine rod wall
facing the gap regions. To demonstrate fhigure4.10shows the instantaneous temperature
on the rod surface facing the narrow gap and the wide gap. A clear difference can be seen in
the distribution of the temperature on the rod wall facing these two gaps. Evidently, in the
narrow gap regionthe swirging flow structures cause an oscillation in the temperature
distribution on the rod surface. Flow structures are good for heat transfer thereby reducing
the mean temperature in the small gap region; however, such oscillations of the rod
temperature may arease the chance of thermal fatigue, a risk that needs to be considered in
the design. Meanwhile, therareno obvious temperature oscillations observed on the rod

wall facing at the wide gap.
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Figure 4.10: Instantaneous pin wall temperature. (Top) pin wall facing narrow gap

(Bottom) pin wall facing wide gap
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4.2.3.4 Instantaneous Streamwise Vorticity

Figure 4.11 showsthe results of the issurfaces for the instantaneoggeamwise
vorticity for all three heating cases. Resytesentedrethe view ofthe narrow gap region
at the 20D, domain lengthto the outletface for each caseThe isesurfaces for the
instantaneoustreamwise vorticity is generatedthe value of £10, i.e. wherthe positive

value of the vorticitys coloured in red whiléhe negative values coloured in hie.

From the figureshown it can be observed thahe intensity for theinstantaneous
streamwise vorticity occurring in each heating aaskfferentbetween themin the lowest
heating cases, it can be seen that pairs of opposite Yaluid® instardneous streamwise
vorticity are apparently seeroccurring throughout the narrow gamntinuously This
behaviour could be contributing to the swinging flow structure that dominates the narrow
gap The same vorticityf the same magnitugdbowever has redued its intensity for the
q=50kW/nt case.The vorticities in this case also are separated and more scattered than in
the lowest heating case which is in a clustered fteanwhile in the highest heating case,

a more significant change can be sedrere heintensity of the instantaneous streamwise
vorticity is reducedevenmore dramaticallyn the narrow gapThe similar alternating of
opposite valuestreamwisevorticitiesin previous lower heating casesnnot beobserved at
the narrow gapA disappeanace of the vorticity structureisom the middle of the narrow
gap can be observed which especially true towards the near the Bodseé phenomena
haveshownthatthe contribution of the behaviour of therticity structuresccurring at the

gapto the svinging flow structure can be seen in earlier results
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As mention earlier, several points at varying axial positions, located in the narrow gap
(NG) andthe wide gap (BG) of the channel are used to nanibe time history of the
spanwise velocity. These results provide the instantanebasacteristicsof the flow

structure at the respective locatiormore detail

4.2.4.1 Narrow Gap

The ime histories of normalised fluctuating spanwise velocity at d&iGeverhaxial
locations dowrthe heated channel are showrFigure4.12 for each of the heating cases.
Similar to the information in contour results earlier, strong gpesodic oscillations of the
spanwise flow at theamrow gap can be seen in all cases. The trends of the oscillations and
the dominant periods seem similar down the heated channel and maintain at around ~5s. In
higher heatingasessome noises are observed in the signals recorded. This is probably due
to the severe property changes at the location, as a result of the increase in the local flow

temperature that could exceed in the narrow gap.

The spanwise velocity at NG 6an be evaluated by quantifying the dominant frequency
of the quasperiodic flow structures using the power spectrum density (PSD). PSD for all
cases and several distances down the heated chaaméle seen as iigure4.13. PSD
values for the 50kW/fand 75kW/m are multiplied by a factor #Gnd 10 respectively to
assist in the presentation of data. In the distribution of the P80&bthe narrow gaphere
are visible peaks for each of the heating cases at each location. The frequencies of these peaks
can be identified as the dominant frequencies of the structures and can be referred to as the

peak frequencies®. For every caseéQ remairs the same throughout the channel with a
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value of ~0.21Hz. The dimensionless frequency Strouhal number can be calculated (this
parameter is calculated using the bulk veloci¥y,at the unheated section) and the values
are obtained to be aroufid e v@® cfor all three cases. This value is close to the value
obtained by Wu & Trupppl20] and Duan & Hg12] of ™0 e u® ¥ although the current
Reynolds number is only 20% that of the former and doubled that in the latter Stidy.

that flow conditions in the present study are different from there of the previous studies. The
current study wasonducted at sere variationf properties, while the previous studies
were performed at isothermal flow and constant property. This result shows that the Strouhal
number is only dependent on the geometric configuration when the budgaoeyis not

considered and theffect of the thermal expansion is rather limited

Stronger dissipations of energy can be seen at the frequencies above 4Hz for all cases.
Moreover, the noise level (i.e., the oscillations) at the-fiighuency end of the spectra also
varies significatly from case to case. For example, the oscillations of PS®hagher
frequency above 10Hz is reduced for the case of 50Rgeeing atifO =25 & 35), and
significantly lower than in other cases. The differences in noise levels are due to tlessamp
used where some samples seem to bear more noises than the others. Different noises between
samples might be linked to the history of the fluid path between each sample. This problem
can be avoided by smoothing out the noise/oscillations with ensemablagag by
increasinghenumber of samples. However, in the preseork, only three samples are used
for each spectrum averagamdeach such spectrum regesra time history of 20 seconds.

This is already quite resources demanding let alone havingsaongles.
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4.2.4.2 Wide Gap

Wu & Trupp[120,121]and Duan & Heg12] have observed the existence of the large
flow structures in the wide gags well as in the narrow gaiherefae it is useful to inspect
the flow structures at this location. The representation of the time history of the normalised
fluctuating spanwise velocity down the heated channel for each case can beFgarein
4.14. The signat for all heating cases show strong turbulent fluctuations with no obvious
regular oscillation. It is probable that the swinging flow structures are weak and the turbulent
noises overwhelm their existence in the time wave form. The PSDs adbtheaut B G ar e
evaluated in a similar as those at the narrow gap, where several locations being monitored
for each heating case. Some dominant peaksbe seen ithe PSD at some axial locations
for each heating cases showrn Figure4.15. The dominant peaks are clearly seen at the
length of YO 15, and are reduced down the channel @arthardly be to identified at
ofO 35. There are two sets of peaks at the beginning of the heating seciid of 15.
The first is in the range of 0.2 Hz to 0.25 Hz, and the second set is at around 0.5 Hz. Note
that the first set of peaks is very similafgof the flow structures in the narrow gap, but the
magnitude of the peaks is lower than those in NG. Thesdts show the existence of large
flow structures in the wide gap similar to those in the narrow gap, but weaker in intensity.
As these flow structures in both gaps are at the same frequency, they are potentially linked

to one another.
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Figure 4.14: Instantaneous spanwise velocity at BG down the heated channel
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4.2.4.3 Relationship between the Flow Sructures at Different
Locations

To study the relationship between the flow structures passing the nalomidengaps,
the crosscorrelation functions ofi detween flows ®8NG and BG can be established. The

equationused is as below,
Y o 3U Gbadd 0a@y 30 O jtepq
The correlationsn Figure 4.16 show that the flows at these two gaps are inversely
correlated at Os lag for all heating cases. For the low heating case, the correlation is very
strong upstream but reduces down the heated channel. Mearfehihe higher heating
cases, the flow structures between the gaps are not as strongly correlated near the heating
inlet; then the negative correlation increases before somewhat reducing again. This may be

due to the changes in local temperature irgtqes where strong changes of properties occur,

consequently leading to changes in the flow structures in these gaps.

It is possible to deduce that a statistically opposite direction of flows passing NG and BG
in the spanwisedirection. In other words, winever the flow passing NG to the right in
spanwise direction, the flow passing BG will move to the left. These inverse correlations of
the flow structures at Os lag between the gaps are similar to the forced convection case in the
studyof Duan & He[12]. It is interesting to mntion that the study carried out by Duan &
He [12] was based on constant properties. However, at high heat fluxes where the wall
temperature could exceed the pseudocritical temperature, the correlation of the flow structure
between the gaps appears to be reduced. Concwittrit he behavi our of the P
BG, it can be said that there aimilar structureexisted inthewide gap.The flow structurs

are correlated with those the narrow gap but are not as strong.
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To observe closer on the behaviour of the heat transfer result by the local structure, the
local wall tempeature and local Nusselt number areestigated The local Nusselt number

(Nuoc) is calculated as:

00 _— jt®q

where’Q is the average heat transfer coefficient which is determined from:

. n :
Q Ve oV it8Q

wherer) is the heat flux applied arit; is thelocal wall temperature.

To seetheeffect of theflow structure to the heat transfer, the local wall temperature and
the local Nusselt numbeare obseved atthree axial locations Z/Dy = 15, 25 & 35)as
presented ifrigure4.17. From the figureirregular resultsnay be seen especially for certain
cases and at a certain location, this is largely to the insuftient data for averagedlue

ateachlocation where longer datae needed fanoresmooth resus

It can be seen that a crosssection,the local wall temperaturaround therod is quite
regularcircumferentiallyfor all casesAn overallincreasen wall temperaturean also be
observedor high heating cases down the chanrdeanwhile, thebehaviour 6 the local
Nusselt numbeshows aather significanthangen all heating cases. The Nusselt number
can be seen at itsghest near the heating iblghich is atz/Dn =15as in theFigure4.17 (a),
before itreduces down the channel. This is true for all heating cases. The Nusselt number is

also observed to be large locally at the region near the main chanmelayérom the gaps

(60<d<120), but this is not quwige7®kwWét.gni fi cant
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4.2 Results and Discussion
also should be noted that tNesslt number is higher at the narrow gap than in the wide gap

for all heating casedhis maybe explainedy the existence of thewinging flow structure

atthe narrow gap regiomasimprovedthe heat transfer #his location
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4.2.6.1 Two-Point Correlations

As shown earlier, the fluctuating velocity@ a convenient parameter in describing the
behaviour of the large flow structures. Even though the domineapiencies of the flow
structures at the gap as discussed above are the same in all cases, with the effect of thermal
expansion (i.e.due to the property variation of the supercritical water), it is observed that
the flow is accelerated in all caseseféfore, the wavelength of the flow structures must be
increased in this case. To investigate this behaviour, the flow structures can be statistically
quantified using twepoint correlations[138]. The streamwisecale of the large flow
structures is analysed usingcras® r r el ati on between ud at the po
heating sectiondgfO  11.25) and several positions down the heated channel in the narrow
gap and the wide gap. As shownRigure4.18 (a), in all cases, the large flow structures
passing through the narrow gap are somewhat similar to each other. In higher heating cases,
some elongation of the structure is seen where the size starts to increa8é an.The

relationship between the heat flux and the wavelength is demongtr&tegositiveHence,

accelerated flow in that region is likely to be a result of thermal expansion

Unlike the behaviour of flow structures in the narrow gap, the regualaes of the flow
structures in the wide gas inFigure4.18 (b) arehardly be seeim most casedNevertheless,
apseudeoscillation behaviour of the peaks could be sed¢tf@®  25)for the low heating
case before it gets elongated further down the channel. The peaks are weak in the high heating
casesbut there are some additional peaks araf@d 14 and 19These additional peaks
are in between the main peaks, which are similar to the peaks of the narrow gap. These two

sets of peaks may be related to the two sets of peaks exhibited in the H§Dre4.15.
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Figure 4.18: The cross correlation ofu’ at different locations down the channel in a)
NG and b) BG.

4.2.6.2 Convection Speed of the Coherent Structure

Figure 4.19 and Figure 4.20 present correlation coefficients of 6 @s suggested by
Guellouz & Tavoularig124], between two points at several axial locations for NG and BG
in the test section. To perform the calculation of the correlation coefficient of the flow in
gaps, instantaneous velocities are recorded at a point downstream from the heated inlet
(@ 250Q as well as additional points further downstreagfQO 0.2, Q4, 0.6).Guellouz
& Tavoularis[124] estimated the average convection sp@édyf the structures using these
spacetime correlations. The convection speéd, is the ratio of the streamwise probe
separationy ¢over the time delay for mamum correlationd . Table 4.1 shows the
calculated convection speed for each case in both gaps. The convection speed changes as the
heat flux is varied. At the narrow gap, the convection speed is invensgdgrtional to the
increase of the heat flux, while the opposite is true at the wide gap. At the wide gap, the

convection speed increases gently as the heat flux is increased.



4.2 Results and Discussion 104

=0D,
—0.2Dh
—0.4D,,

3
3
= 0
-0.5 .
. q = 10kW/m? . q = 50kW/m?
0 1 2 3 4 5 0 1 2 3 4 5
Lag (s) Lag (s)

q = T5kW/m?

0 1 2 3 4 5
Lag (s)
Figure 4.19: The correlation coefficient ofu’ between a point aiz=25D and several
points away down the channel at NG

q = 10kW/m? g =50kW/m?
1 15 2 25

Lag (s)

q = T5kW/m?

0 05 1 15 2 25
Lag (s)
Figure 4.20: The correlation coefficient ofu' between a point atz=25Dn and several
points away down the channel at BG



4.2 Results and Discussion 105

Tabd4le Convection speed for each heating

Heat f Convectildbmb

(kWhm g BG
10 0. 056 0. 033
50 0.048 0.035
75 0.036 0.038

- ~
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The existence of large flow structures in the narrow gap enhances the turbulence mixing
between the main channels (in a rod bundle casentixeng at the gaps between
sulzhannels). As discussed in the earlier chapter, R¢hh3¢and Wu & Trup [121] noted
that the turbulence parameter can be evaluated using the mixing facgor effective
velocity, 6 . More details ortheseparameters can be seen in §2. Refitd8] used the

following equation to evaluate the mixing factaredto the large flow structures

The friction factor;Q to determine the eddy viscosifypf ®function is estimated from

the turbulent isothermal flow in a smooth pipe at similar Reynolds number, which is given
by
0 s jteq
Theresults fodo  down the heated channel are normalised with [d¢tand presented
for both the narrow gaand wide gap ifrigure4.21. At both gaps, the trends@f T°Y are
clearly different for each case. For the low heating case of 10 kMied  T°Y is largely
unchanged along the heatechdon whileit reducedfor the higher heating cases, 1Y

reduces along the heated channel. Hence, the mixing between the subchannels when the
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temperature followsSy “Y  "Y conditionreduces with distance from the start oftivea

In most cases, it is also observed that the variatioss off'Y are not monotonic and
there is a minimum point (drop in value) before the end of the inspected length. The location
of the minimum point moves downstream with the incred$eat flux. These turning points
of the trendareat 67O 20, 25 & 30 for heat flux 10kW/fm 50kW/nt and75 kW/m
respectively. This can be explainedthata longer distance iseededor the development
of mixing in high heating cases. Therefatas probably good practice to consider a longer

domain to further investigate this phenomenon, especially at higher heating.

An opposite behaviour can be seen in the wide Baipthe higher heating casesy/Up
increaseslown the heated channel, wstiller/Up gently decreases in the low heat flux case.
Generally, the value afs/Uy is much lower compared to that in the narrow gap. This is due
to the weaker unsteady flow structures at the wide gap as observed earlier. The value of
Uew/Up obtainedhere can be compared with that of Duan &[H2], which is 0.135 and the

value is quite close to the one obtained®® 35.
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Figure 4.21: uer/Up down the heated channel at a) NG and b) BG.
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In the study by Bhme[113], uerr also calculated away from the centre of the gap, in this
case NGThe semiempirical correlation to estimatgs at the location away from the centre
of the gap, Equatio(®.6) of [113] is usedo compare the one obtained by LES. Results can
be seen as iMable4.2 for uesatoll =0.18 at the narrow gap. Ther from the correlation
by Rehme does not correlate well with the obtained using LESThe ratio between the
results of the correlation and those of LES is around 0.46, which is far lower than the results
obtained in Duan & Hg12]. This suggests that the effect of the variable properties
considered in the present study have a strong influence on the mixowtyelnd it is

i mpractical to measure mixing by using Rehm

Tabd42euesgompari son with Rehme correl af

Heat f O g8 *TH=0. 18
(kWhml g E q(2.6)
10 0.005/ 0.002
50 0.004/ 0.002
75 0.005/ 0.002

Figure4.22 shows the mixing coefficient¥, calculated at NG. The trend of the results
obtained foris similar to the trend aferdown the heated channélgain, results obtained
here can be compared with the result o€éar convection case in Duan & HE?]. For the
heat fluxes 10kW/hand 75kW/m, values obtained afO 35 are around 15 to 20%
higher compared to the value of 113.50 in Duan & &, while the value obtained for the
heat flux of 50kW/r is almost the same with that of Duan & IHE2]. Moreover, the
differences bateen the two high heating cases, 50k\Wamd 75kW/m for bothues/Up and

wand that of Duan & H§L2] could be due to the differences in the Idemperature at the
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gap region. Tie temperature in this region is exceeding the pseudocritical temperature for
some distances irhé heated domain. However, as mentioned earlier, it is difficult to
determinghetrend of the mixing after the recovery due to the limited heated domain length
in this present study especially for the 75 k\W//fihis mixing has shown a complex

behaviour irthe high heating cases where the temperature is following™y Y order.
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Figure 4.22: Mixing coefficient, Y down the heated channel at NG
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In this section, the statistics of the flow field at several channel locationsadbrcase
will be discussed. The effect of the thermal expansion to the flow distribution in the trapezoid
annulus channel is demonstrated herein. Only half of the channel is shown due to the
symmetric nature of the channel configuratidme statistics gesented here are Favre

averaged due to the severe property variation at supercritical in this sAldyavre-

averaged variables is denoted@andthey arecalculated as follows:

y o % .
0o ij iT q
the fluctuations component cae calculated as
%o %o %o jrapd

4.2.8.1 Statistics FHow Field

Figure 4.23 showsthe general mean velocity distribution for all cadesthe lowest
heating case, the redistribution of the velocity down the channel is verywtikreas in
cases with Igher heatingthe redistribution of theelocity field is apparent. Highielocity
patches can be observed distributed down the heated channel in the wide gap area as well as
near to the heating rod seeiffigure 4.23 (b) & (c) atgfO 25&35. The differences
between the high heating cases and lowest heating case are because in the high heating cases
the conditionofY Y  "Y is maintained hence the densihanges rapidly downstream
Thechanges ithe propetiesin the low heating cassre much smalleiThe velocity is also
particularly high in the narrow gap for both high heating cases (50K\&/FBEkW/m?),

especially abfO 25 andofO 35 locations.
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Figure 4.23: Favre-averaged streamwise velocitiedy at several locations down the
channel.a) g=10kW/? b) q=50kW/m? c) q=75kW/m?
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To observe the mean velocity distributiansre closelyat some regions of the channel,
profiles are shown ifrigure4.24. As introduced in 84.2.1, mean velocity profiles are taken
at the narrow gap (O6NLO6), the wide gap (08B
equidistant line across the narrowpga t o0 mai n c Inaeach aféreméntioned 6 ) .
region, results are presented at four different axial locations. The velocity in the narrow gap
in the low heating case (qg=10kWtan be seeto besimilar toalaminar flow profile and
this is true for egry location. This parabolic profile at the narrow gap is sinbdddahe one
obtained by Duan & HEL3] The higher heating cases show a significant increase in velocity
with an increase ithe distance dow the flow passage. The peaks of the profiles for both

high heating caseweshown to be shifted toward the heating rod down the channel.

In the wide gap, the profiles as illustratedrigure4.24 (b) are represeative of a typical
turbulent profileln the low heating caséhe profile does not change much down the heated
channel compared to the high heating cases. In the high heating cases, similar to the one in
the narrow gap, velocity increases and peaking teaheating rodThe higher heat flux,
thehigher the value of the peak profile is noted. This can beigd®th high heating cases
at the locationd¥OQ 25& 35). The increase in profile peaks can be attributed to the effect
of the thermal expansion. Hence large flow acceleratgused by heating observiedthe

larger gap in this case.

Similar to the one in the wide gap, a typical turbulent peadilobserved at ML in the
Figure 4.24 (c). Again,a higher velocityis detected near the heating rod for high heating
cases, while the velocity profile in the low heating case is maintained down the flow passage.
Meanwhile, for both high heating cases, the velocities are slightly lower than the low heating

case. This shows that the flow acceleration happens mainly near the heating wall. Both results
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in BL and ML are also similao thatobtained in constant temperastudy by Duan & He

[13].

Figure 4.24 (d) shows the distribution of the velocity at an equidistant (inCo )
between the bottom wall of the channel and the heating wall. This profile can be used to
examine the flow behaviour across the gap (i.e., from the centre of the narrow gap to t
main channel). Corresponding to the peak velocity along NL down the heated channel
(6FO 15, 25&35), the flow at the narrow gap is increased as the heat flux is increased.
While similar to the earlier results at ML, in the main channel the velaiglightly
decreased as the heat flux increases. This shows that the difference between the velocities
narrow gap and the main channel reduced at higher heat flux. In the lowest heating case,
where the temperature difference is small and the variatfdhs properties are rather mild,
the trend is somewhat close to that of Duan &[H#&. In the strong heating cases, the

velocity difference across the channel reduces.
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4.2.8.3 General Distributions of Turbulent Parameters

Figure4.25 shows the general distribution tbfe turbulent kinetic energy® z & 6°6°Q
"Q phho in the crosssections at several locations of the flow passaye that 6¢ here
stands foro¢, 6°¢ for v®, and6® for U €. Due to the existence of the swinging flow structure
in the narrow gap, a high valwé @ z & 6°6°Ocan be seen for all caséhe difference
between the low heating caaedthe higher heating cases can be seestumying thehigh

intensity of patcesdown the channeh the narrow gapn thelow heating case the valoé
™ z & 6°6°Gtoes not change much down the channel, whitaémigh heating casethe
turbulence decreases down the heating blaimhe higher the heat fluxes the fasterthe
turbulence quantity reduces, ean be observed iRigure 4.25 (b) & (c). Looking atthe
regionnear the heating rod, the valn® z & 6°6°Gteducs at hicher heat flux. The decrease

of intensity of the flow swinging structure could be the redeothelow T® z & 6°6°0
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The distribution ofthe streamwise componedity ¢0 °Oin the crosssectionat several
locations down the channel is illustratedrigure4.26. In isothermal regiondfO  5), all
three cases show similarities in the distributiondob 0 G’ For the low heating case,
& 0 0 °Ois maintained down the heating channel and no significant changes are observed.
As the heat flux increasebe low patchin the narrow gap becomes more apparent down the
heated channel and transverses closer to the heatedsltan be seen irigure4.26 (b)
& (c). This behaviouin the narrow gagn high heating cass is similar to the distributions
of the T® z & 6°0°Q Furthermore, the intensities 0 0 °Oin the vicinity of the heated
wall are also reduced down the heated channel. As mentioned,¢hidiés largely true for
the high heang cases while not much change is observed in the low heating case. A possible
cause of this behaviour is the high flow temperature near the heatezhusdld a reduction
on shear stress at this regidwear the adiabatic wall’ 0 °0 °O'is maintined down the

channel for all three cases.

Figure4.27 shows the distributions of th 6°6°Ocomponent in the trapezoid annulus.
High value patches can be seen in the narrow gap in every location foatatigheases.
Similar to the trend of turbulent kinetic energy shown earl@g®Omaintains down the
heated channel in low heating case wherctrition”y “Y Y is maintained. While
in the high heating cases, where the “Y  “Y is maintained, the intensity in the gap
reduces down the heated channel. The reduction of the flow structures down the heated

channel is probably the main reason for this behaviour.
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Results compari p@aB8] with Duan & He

Some similaritiesin the distribution of turbulent quantitieman beobservedn the
present studwhen it is compared tihe studyof Duan & He[13]. The lowest heating case
in particularshowsa lot of similaritieson t he dci i rtiblbuwsthiosee f or ced

convection case from the prcewineuglkstaaetygd nHhgh

the vicinity of the ,nawhisovmpibam®i @sofOmevi ous s

q=10k?W/adlee axi al component of the turbulent i
wal |li mmed regiba cahaobewtogmwa pwalsudéiomundche narr ow ga
This agrees wdihOin theepreseet study. tEvem though no heating

applied on the outer wall, similar high value can be ge#re present study and the previous

study. This due to the shear strésghis region may not be affectéy the existence of the

large flow structure. Meanwhile the spanwise component of the turbulent intensity is high

the narrow gap and this again agrees with the resdlta56°0 These results show theie

low heating casbehaves in a way similar tbat of theforced convection gbrevious study

[13]. That is, the variation dhe temperatureand consequentlyhe variatiors in thermal
propertiesare small and have little influence on the flow behaviours.
4.2.8.4  The Turbulent Quantites POT £E1 AO Al T 1 ¢ 0. ,86h O
O-#60
Profiles for the turbulent quantities® z & 6¢6°Qd 0 0 *Gandd 6°6¢Qalong the NL,
BL, ML and MC lines are shown iRigure4.28 - Figure4.31. Along NL (narrow gap, the
value of® z & 6°6°Qin Figure4.28is high even though the velocity profile at this location
implies a laminatike flow. This is seen as apvidence of the swinging flow structure

contributing to the total turbué kinetic energyMore specifically, he peaks of th& 0 °0 °O
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component are located near the wakblsembles a distribution profile of a typieell shear
flow, even though the profile distorted by heating in the downstream statiémgontast,
the profileof & 6°6Opeaks in the centre of the gap and could be to swinging flow structure

in this region.

The difference between the low heating case and the high heating cases can be seen
clearly. In thelow heating case of g=10kW#ythe shape does not change much down the
channel and maintasrsimilar to its isothermal partn the high heating cases of heat flux
50kW/n? and 75kW/m, values of @ z & 6°6°Q'and & 6°6°Qincrease slightly at the
beginning of heatip (GFO  p Y before starting to decrease at higher axial levalFof
25 & 35 The \alues of T z §@ 6°6°Oand & 6°6°Otlecrease as the heat flux increases with
the peak of thé 6°6°Obeingcloser to the heating WaThese changes indicate that the
swinging flow structure is weakened, which is consistent with the results presented earlier.
On the other hand, the value®D 0 *Chehaves slightly different for the high heating cases
with the peaks near theeating wall decreasing much earlier as can be segfCat 15.
However, the peaks near the adiabatic outer wall increase slighff@at 15 & 25, before
decreasing abifO  35. This is again consistent with the observations presentédrear

where turbulence redus@ the narrow gap.
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In the wide gapBL (Figure 4.29) trends for all turbulent quantitiesTd 2
& 6°6°QF 1 ° °O& & 6°6°Q arevery much the sameith the peals beingnear the wall.
For the low heating casthedistributions of alturbulent quantitiesr@® z & 6¢6°Qd 0 ¢0 ¢
& @ 6°6°Q do not changesignificantlydown the heated channel. The trends for profiles of
T z & 6°6°Cand® 0 °0 °Oin the wide gap for the high heating easare somewhat similar
to the trend profile o’ 0 €0 °Gin the rarrow gap, where peaks decremsar the heating wall
and increaseearthe adiabatic outer wall. It is worth noting thlaé peaks between the heat
flux cases of 50kW/fand 75kW/m are somewhat similar with tHatterhaving a slightly
higher peak than the other case. This suggests that the flow is undergoing a laminarisation
process when the heat flux sufficient high Moreover, across the heating channel, the
increase in value® z & 6°6°Candd v 0 “Oexceeds the low heating case from the middle

of the gap to the adiabatic outer wall.

In contrast,d 6°6°Oincreases strongly near the heating wall with higher peakhtor
higher heat fluxcase The incease starts from the beginning of heatingf@  15). This
suggests that there is a strong cites structure generated across the wider gap, which
results in a wall shear layer on the walls. Nevertheless, the strength is still rather weak than

that in the narrow gap by an order 5.

It can be seen fronFigure 4.30 that in the main channel (ML), the distribution of all
turbulence quantities largely shewhetypical characteristics of a wall shear flow. The
effects of the heating on turbulence tend to be similar to that in the wide gap for all cases
except that of th& 6°6°Ocomponent. All turbulent quantities down the heating channel

show a decrease in the peaks as the heat flux incréagee4.30 (b) & (c) show that the

value of @ z & 6°6°Q'is dominantly affected by tH# 0 0 *Ctomponent.
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Figure4.31shows the distribution of turbulent quantities al@i§6 The value ofT® 2
& 6°6°Ogently decreases across the narrow gap to the main ch@heelialue becomes
lower in high heatiux case. The reduction becomes stronger as the flow moves downstream.
This agrees with the results observed earlier along NL. Conversely, the value mcrease
slightly inthe main channel @fO  25& 35. A similar trend can be observed §5%°)
with larger difference in the magnitude at the gap between cases. Meanihiiend for
& 0 % %Ois somewhatlifferent The value increases away from the centre of the narrow gap
before decreasing towards the main channel. Faraals the value at the gap is abole
same. As the heat flux increases, the magnitude 6f th&) °Cheak reduces down the heated
channel, whilea slight increase in valu@ the main channas seen, whiclis similar to the

behaviourof @ z & 6¢6¢Candd 6960

Results compari p@aB]with Duan & He

Similar to the results fahemean velocitiesliscussed aboyé¢he turbulent quantitiesre
also qualitativelycompared wellvith the mixed convection study case of Duan &[H#.
A qualitative comparison of the present study is discussed below with the results by Duan &

He[13] as presented iRigure4.32.

In the narrow gap, the trend for th®Q’ 6%°%are not as parabolic &Y used in the
previous study. The turbulence kinetic energy is well distributed across the gap. In the wide
gap, the profile trends fa®¢' 6%°0s quite similar to the trend of turbulent kinetic energy
by Duan & He[13]. This trend agrees for all cases with peaks reduce near the heating wall
for @& 6% °0at higher heat flux, while the peaks near the wall is also reduced from case 2

to case 3 in seleigure4.32(b). Meanwhile along the line ML towards the main channel, the
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profile trends fom® &’ 6%°C0n the present study are also similar suchigure4.32(c). This

trend agrees foevery casewherepeaksare showrreducel near the heating wall for all
guantities.It is worth to mention that the behaviour of reduction in peaks near the heating
wall at higher heat flux in the prest studyis comparable to the peaks of buoyancy cases
(Case 2 & Case 3) in the previous study. This is interesting as the effect of the thermal
expansion to the turbulence is closely similar to the buoyancy effect in constant density.
Again similar profie trends as in the main channel can be seen across the narrow gap along
the line MC. Ast®& 6% °Creduces at the narrow gap where it also true for the buoyancy

cases (Case 2 & Case 3)bfu a n [ 1.8ks shows the similar effect of the thermal





























































































































































































































































































