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Abstract

Due to the recent advancement in computer capability, numerical modelling tetgfsy an
important role in making predictions and improving the understanding of physics in the studies of
convective heat transfer to supercritical fluilfany computational studies have been carriediaut
recent years to assess the ability of dé@fdrturbulence models in reproducing the experimental data.
The performance ahese turbulence models varisignificantly in predicting the heat transfer at
supercritical pressuregspeciallyfor the phenomena dfeat tansferdeterioration (HTD) The
results of these studies showed thatabeuracyof different turbulencenodelswasalso dependent

on the flow conditions. It istill necessary ttesttheseturbulence modelagainst newly available

experimental dathefore the final conclusion can beadm.

In this work @mputational simulations on convective heat transfer of carbon di¢&idg and
water (H20) at supercritical pressurdlewing upwardin vertical circula pipes have been carried
out usingthe commercial code STARCM+. Detailed ompaisons are made between five
turbulence models, includingKN low-Reynolds model by Abe et al. (AKN), Standard lew
Reynoldsk-Umodelby Lien et al. (SLR)k-¥ model by Wilcox (WI),SST k¥  mo ki &lenter
(SST),and the Reynolds Stress Transport (RST) modelnsgavo independent experiments, i.e.,
water datdby Watts(1980)and the recently published carbon dioxasaby Zahlan(2013) The
performance of KJmodels witha two-layer approah, and that ok-Umodels with waHfunctions

arealso investigated.

For theCO:; study, where wall temperatures in most cases are above the psetichl temperature

(Tpo), RST model is found both qualitatively and quantitatively better than other turbulence models

in predicting the wall temperatures when HTD osclthe RST model while superior, predicted

HTD at higher heat fluxes as compared to experimdtits wall temperature trends predicted by

SST and WI models are very similartt@at predicted bRST, except thahey start tqpredictHTD

at evenhigher heat fluxes than RSand the peak temperatarare overestimatedsignificantly.

Because RST andk models (SST and WI) predict the HTD at higher heat flassompared to
experiments, often in literature thegeaoverlooked. Rather CFD users should conduct sensitivity
analyses on heat flux, and quite often as a result qualitatively excellent agreement can be observed

in some of these models.

The lowReynolds turbulence models, i.e., SLR and AKN, tended to-mreelict the wall
temperature after the onset of first temperature peak, because the turbulence production predicted
by these modelfailed to reggenerateThe wall temperatussfor these models did not show recovery

after deterioratiomntil the bulk tempetare is close to &, while experimentally recovery happened



well upstream of this locatiothe k-Umodels with twelayer approach, anthe k-Umodels with

wall-functions both failed tpredictthe HTD in all cases.

For the H,O study where the wall temperatures in most cases are below the psetici)
temperaturethe SLR modelperformedthe best among all turbulence models in reproducing the
experimental dataAKN modelwasalso able to qualitativelgredict the observed HT,however,

not as well as SLRSST and RST modelsn the other handinderpredicedthe buoyancy effect
even at the lowest mass fluxasd hence did nadequately predict deterioratioim a few high
heatflux cases with wall temperatures abowg @ll the turbulence models show consistent response
to thatdiscussedn the CQ study, i.e. RSTmodel is quantitatively better than other turbulence
models Nevertheless, theall temperature pealpredicted byRST modelis very different from
that obsergd experimentallyi.e. the measured peaks are much milder and more flattened than the
predicted onesAll the turbulencemodelsincluding RST overestimate the wall temperatures
significantly when 5<Tp<Tw.

The sensitivity studies of mesh parameters,-deéined fluid properties, turbulent Prandtl number,
gravitational orientationandvariousboundary conditionge.g. heat flux, mass flux, pressure, and
inlet temperature) have also been carried out, aimiegsare the reliability of the obtained result

andto gain a deepensight into thephysics of heat transfer deterioration in supercritical fluids

Detailedmechanisticstudies of HTD have been carried out for bihtaCO, and HO simulations
using different turbulence models (RST, SST, and SLRjaious flow conditionsThe radial
distribution of fluid propertieand turbulenceat various axial locationgrovides direct evidence of
the mechanisms involved near the locations of deteriorafio@ buoyancyeffect is found to be
responsible for thebserved HTD in both experimenr(ise., when gravity forces are removed no
deterioration is observedyhe buoyancyforce exerted on the neavall low-density layemodifies
the velocityprofile (thus shear stresdistribution) in a way thagreatly reduce the nearwall
turbulence production, rekimg in the impairment of heatansfer In the CQ study where the wall
temperature exceeds thg.h a very short distance from the inlet, fieirance effeaiis found to
play a moramportant role in initily impairing the turbulence productiotdowever this effect is
not observed in cases where wall temperature is bejgwich is attributed to the weaker density

variation below .
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1. Introduction

Nuclear energy has increasingly been considered as pdwgr generation technology tavoid
climate change, becausehis very lowdirect green gas emissioriddeanwhile, the three serious
nuclear power plant accidents, i€hernobyl disaster, Three Mile Island accident, and the most
recent Fukushima accideiiaveraised the awareness for the safety of nuclear reaEwmrshepast

few decads, large effors havebeen made to improvihe safety and economy of nuclear react
systemsMost of existing reactors around the world are considasg@neration lsystemsA few

of the generationll designsare in operatione.g. ABWR while otherse.g. APWRandEC6 are
under construction astill waiting to be built Generatiorlll+ designs, e.gAP100Q ESBWR and
ACR100qQ offer significant improvements in the safety and economics ov@réwipousgeneratios.
Some of therare under constructionwhile someare going through the licensing processror

various stage of develomnt.

In 2001, a group of nations, including Canada, initiated the Generation IV International Forum (GIF)
to collaboratively develop the next generation (Generation IV) nuclear energy systieicis are
generallynot expected to be available for commerdanstruction before 203[]. Six nuclear
reactor technologies are selected for further research and develppyiterfour primary goals
including the improvements i) sustainability,ii) economicsjii) safety and reliability, and)
proliferation resistance and physical protectidanadehasdecided to pursue two of six Generation

IV reactor types, namely the SupercrititilaterCooled Reactor (SCWR) and the VeHigh-
Temperature Reactor (VHTRIhemain focus is theResearch and DevelopmeR&D) of SCWR

as itis a natural evolution dhe currenCANDU reactor systems.

1.1 Background

SupercriticalWaterCooledReactor (SCWR) is one of the Generation IV reactor types, and the only
GenlV type usinglight water as coolantmaking it the most similar to existing power reactor
concepts SCWR operates above the thermodynamic critical point of watePG322.1MPa),
which enabdssignificant simplifications of the system, aadhermal efficiency of 44 or more,

compared t@bout34% efficiencyfor the currenL WRs.

The SCWR concept combines the design and operation experiences gained from theveatisting
cooledreactors PWR, CANDU & BWR) andsupercritical fossil fuel plant. Canada is developing
a pressureubetype SCWR conceptvhich is designed to generate 1200MW electric power with a

core outlet temperature of 6%5 at the pressure of 25MP®ith such a high reactor outlet
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temperature, a thermal efficiency of 48% can be achi@jedhe Canadian SCWR has evolved
from the horizontal design with feeders andpmwer refuelling tathe vertical simplified design
with no inlet feederand with batch refuelling-igure1 shows greliminary @ncept of theeurrent

verticalcore pesuretube type SCWR.
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Figurel Current eésign of theCanadiarpressuregubetype SCWR[3]

The unique features of SCWR offered many advantages over the current water cooled reactors, e.g.
simpler system, lower capital cost, higher efficiency and better fuel utilization. However, these
advantages also come withveeal technical challenges associated with the development of SCWR,
which are generally in two areas, i.e. thermgdiraulics and safety, material and chemistry. The

main focus of this thesis is on the therrhgtiraulics and safety of SCWR.

One of the R&Dpriorities for SCWR thermatydraulics and safety is tlstudy of heat transfer and
pressure losses in fuel channatssupercritical pressureisicludingthe collection of experimental

data and the development pifediction methosl[4]. The establishment of the maximum power
output and safety margin of SCWR requires the information on heat transfer and pressure drop in
fuel channelsUnderstanding heat transfer characteristics from fuel to coolant is vital important to
the predétion of cladding and fuel temperatusghich have been selected asteria for the safety

of fuel.

1.2 Heat Transfer at Supercritical Pressures

The coolant remamisinglephase throughout the SCWR system, as it operates above the critical
pressurgFigure2). As a resultthesystencanbe considerably simplified, resulting in a design with
the elimination ofrecirculationsystem steam separator and steam drgemparedwith a typical

BWR systen, and the elimination gbressirizer andsteamgeneratorsvhencomparedvith PWR
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Although undersupercritical condions the boilingcrisis does nobccur, the thermaphysical

properties of watewill still undergo drastic variationis thevicinity of pseudecritical temperature

(Tpe). Figure3 shows the thermal physicatopertiesversus temperature at pressure of 25 MPa.

can be seen that the density, thermal conductivity, and dynamic viscosity all decrease dramatically
when approachingseudecritical point (T,c= 384.9C at 25 MPa)For thethermal conductivity,

there also exists a local maximum near the pseuitioal point(the peak may not correspond to

Tpo). The specific heareaches its maximum whidk as high as 76.4 kJ/kg at T,c. Due to this

sharp increase imeat capacitythe Prandtl numberhas a large pealt the pseudaritical

temperature.
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The strong variations of thermphysical properties lead teat transfer phenomenéich are very
different from standard single phase fldwgeneral, there are three heat transfer modes in fluids at
supercritical pressures, i.e. Normal HeaarIsfer,Heat TransferEnhancemen{HTE), andHeat
TransferDeterioration (HTD)The DittusBoelter equation:

06 TM¢aYFDi”
is a widely used empirical correlation for forced turbulent flowifoular pipes, whiclgives a good
approximation forflows far from the superitical region The Normal Heat Transfer mode at
supercritical pressures characterized witheat transfer coefficienH(TC) close to thatalculated
using the DittusBoelter equatiorHowever, it has been found that at supercriticespures thelTC
can deviate fronthis equatiorsignificantly, especially near thg,.. At relatively low heat fluxwith
bulk temperature near thgJTtheHTC may become higher than that predicted by equation (1.1),
which is often referred to akleat Transfer EhancementAs the heat flux increaseBlTC may
deviate below th®ittus-Boelter equationwhichis termed Heat Transfer Deterioration (HTB}
previously stated, there ii® concern abouheboiling crisis in SCWR. Neverthelesthe HTDwiill
alsolead to thdarge increase the wall temperature, though in a much smoother eeemypared to
that caused bthe boiling crisis There are a variety of hypotheses on relating to the mechanisms
which give rise to HTD and these are dissecelsewhere in this thesistdrlicting theonset oHTD

andits subsequentecoveryis critical to the reactor design and safety analysis.

1.3 Computational Fluid Dynamics (CFD)in SCWR

Onedimensional1-D) thermathydraulic codes, e.qRELAP andCATHENA, arewidely used in

the nuclear industry to perform simulatgfor the reactor design and safety analydiswever, the

main drawback of these[d codesis that they are naturally incapable of simulating the complex
threedimensional (2D) turbulentflow, e.g.the flow in the inlet plenugror within the subkchannels

of a fuel assemblyTheyalsorely heavily on the empirical correlatigmaost ofwhich arebased on
experiments performefar away from the supercritical regiodlthough, alarge numberof
empirical correlations have been developed to predict the heat trandérsupercritical conditions,

in general, those correlation are still not capable of predicting the heat transfer with such strong
property variations, especially when the heansfer is deteriorate@ther empirical relationships

for shear stressesd pressure dragre also lacking.

Due to the recent advancement in computer capgblomputational Fluid Dynamics (CFD) has
been increasingly used ime nuclear reactor desigmad safety analysis tstudy the thermal
hydraulic behavioum the reactor coolant systeivhile experiments provide direct and the most

relevant informationCFD has the ability to providgreater detaibn the fluid propertiethanthe
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experimentabpproactdue to thameasurement limitatioria experimentsThus CFD is a valuable
tool to study the effects of large property variatwithin thermatfluid flows such as those existing

near the pseudoritical point.

While large effort has been made itaprove the performance of CFD in typhase flows, the
reliability of CFD-based prediction is still much greater for single phase flows rather than multiphase
flows [7]. An attractive feature of CFD faimulating supercriticafluid flow is thatthe coolant
remains singlgphasein the SCWR primary circuitregardless of the temperature rise or pressure

drop, and the continuity of fluid properties simplifies the simulations relative to 1plétse flows

However,one of thanain difficultieswith CFD in thestudy of supercritical fluidbes in turbulence
modelling.Many CFD studies have been carried out in recent years to assess the ability of different
turbulence models in reproducing experimental @sta Chapter 2 for thls). The performance of

these turbulence models varied significantly, especiatiger conditions which give rise to
deteriorated heat transfefhe results of these studies showed that the quality of prediction of
different turbulence models was alsepgndent on the flow conditionhis makedt even more

difficult to find the optimal turbulence model fdre simulation of supercriticdluid flow. It is still
necessary to compare these turbulence models against new experimental data before the final

conclusios can be drawn.

1.4 Objectives of this Study

The primary objectve of this present studig to further validate the CFD methdul the study of
convective heat transfer to supercritical fljidy developing a singiphase methodology based on

the commercialCFD codeSTAR-CCM+ (v8.06.005).Severalof the most promising turbulence
models available in STARRCM+, including fourtwo-equation turbulence models and the second
order Reynolds Stress Transport Model (R&® selected for comparisorherecently published
experimental data on supercritical carbon dioxide flow by Zahlan Bt]dlavebeen selected as a
benchmark for this study, as well as the supercritical water data from University of Manchester by
Watts[8].

Within this objective, our aim is not just to compare turbulence models but rtatheetter
understand the heat traasphenomenander supercritical conditions particular with a focus on
deterioration mechanisms thatcur as a result of buoyancy forces within the fluid, but are still far
away from conditions where buoyancy forces would traditionally give oisgtural convection

phenomenarlhe mechanisswof HTD arecritical to understandinghe safety of SCWR.
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In order to better capture the neaall turbulence production in a flow with high Reynolds number
and strong property variatieyit is believed thaa low y+ wall treatmeris essentialThis hypothesis

is testedby studying various wall treatmentm both low y+ type and high y+ type meshes

Throughout the simutins in this thesissensitivity studies to theurbulent Prandtl number (pr
and variousboundary conditiongheat flux, mass flux, pressure, and inlet temperatare

performed as sme phenomena predicted by the code are foungdsensitive to these parameters
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2. Literature Review

This chapter reviews both numerical and experimental studies of heat transfer to supercritical fluid

In the first sectiona description of the tlme modes oheat transfer at supercritical pressuiges
presentedwith an emphasis on theview of mechanisms of heat transfer deterioration (HTD)

proposed by different researchers

Then, some ofthe importanexperiment®n heat transfer of supercritical waterd carbon dioxide
are reviewed and discussdthase experiments aessential for the validation of CFD predictions
and the establishment of appropriate modélgo of the reviewed experimentre selected as

benchnarks for thisstudy.

In section 2.3 CFD studiesof heat transfer to supercritical fluidis vertical circular tubesre
reviewed(those in annuli and bundle geometries are not includé@experience and conclusions
in these studieare valuable tdhis present studyt is found later thahot all previous works are

consistent with the results contained within this thesis.

2.1 Different Modes ofHeat Transfer in Supercritical Regime

Asdiscussee@arlier, there arenainlythree modes of heat transfer supercriticafluids, i.e. normal
heat transfer, heat transfer enhancement (HTE), heat transfer deterioration {Hi€B¢ heat
transfer modes have been descriliedhe literaturesby Jackson and Hal9] [10], and can be

explained with the help dfigure4.

In the mode of normal heat transfére fluid temperature is not in the vicinity ofcThence, the
property variatios are relatively smalland the HTC is close to that calculated usintiuS-Boelter
Equation(Figure4a). When the bulk temperature increaskose to the pseudgritical temperature,
the large increase in specific heaid decrease in the viscosibayresult in an improvemeri the
heat transfer effectiveness, i.e. enhanced heat transfeFi(gege 4b). However, thisis typically
only observedn low-heatflux experimental conditiondVNith increasingheat flux,the neawall
fluid gains sufficientenergy input to raiss temperature beyond,d As a result,lie highspecific
heat region moveaway fromthe wall and become more localizexhd lowdensity fluids start to
occupy the neawall region, whichmayleadto the impairmentfoenhanced heat transfer ($egure
4c). As theexperimentaheat flux increases further, HTC becomes lower than that computed using
Dittus-Boelter Equation, whicmarks the occurrence of HTBfforts to explain the HTD date back

to early 1960s. And, ihasbeen widely recognizetthat therearetwo mainphenomenavhich give
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rise to HTD,i.e. buoyancy anflow acceleration Both mechanisms alter the shear stress distribution

within pipe flow.

T Flow Direction
Temperature| a) Normal heat transfer

& No property variation
o (No property )

High specific heat b) Enhanced heat transfer
(Large G, low Q")

/Localized high specific hea|
c¢) Impairment of enhanced

heat transfer
(Large G, increasing Q")

‘ —> Increasing Density Layer d) Deteriorating heat transfer

(Low G)
Accelerating ;
| T s 1y Lo ?ﬁolrcéo)vermg heat transfer

Figure4 Description of Three Modes éfeat Transfef11]

2.1.1 Buoyancylnduced Deterioration of Heat Transfer

Explanations involvingthe buoyancy effecin the upward water flowvere first proposed by
Shitsman[12] and also by Hal[13] in 1968. According to Shitsman the transverse turbulent
velocity fluctuation might be damped by the correlation and direction of forces, resulting in the
laminarization of boundary layer. Hall and JackEbf] presented a different explanatiahich has
beenwidely acceptedThey believed that the action of buoyancy modifies the distribution of shear
stressn a mannethat reducesurbulence productigrresulting in the impairment of he@insfer

as described below.

When the supercritical fluid is flowingpward inaheated tube, there exists a lo\@nsitylayernear
the wall. This low-density layer grows thicker as the fluiddsntinuouslyheated while the core
fluid remains highdensiy (seeFigure4 d). The resultantiensity difference wilgenerate a buoyant
forceonthe lowdensity layer resulting in a modified velocity profdad shear stress distribution
Normally, heshear stress due to thelocity gradients directly related tourbulence production in
a wall shear flowWhen the lowdensity layeand associated buoyancy force is sufficienteduce
the shear stress the nearwall region wherdurbulence production isormallythe greatest, it acts
to greatly reduce this production. As a redllig effectiveness of heat transfer isaglgimpaired
and the buoyaneinducedHTD occurs Jackson[15] states thatas the lowdensity layer grows
further, the sign of shear stress will’entuallybe changed in the central region, which meties

wall layer will startexering anupward force on the core fluid, aatl some stagdownstreanthe
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production of turbulence will be restorethus this explanation accounts not only for the observed
HTD, but also forthe subsequent rapid recovery in the heat tran3fiee. buoyancyinduced HTD
only occurs in upward flowwhere mass velocity i®lativelylow. In downward flow, thduoyancy
forceis opposite to the flow déction,which will result in the greater shear stress and turbulence

productionleadng to theimprovement of heat transfer.

2.1.2 Accelerationinduced Deterioration of Heat Transfer

Under moderat¢o-high masdlux conditions andvith higher heat fluxgshe nearwall buoyancy
effectis not sufficientfor turbulencesuppressionwhile the flow acceleration caused by thermal
expansion becomes significarthis significant flowacceleration requires an additional applied
pressure differenceNear the wall, this pressure gradient is greater thanvthah is needed to
accelerate the flow, because the fluid velotitthe neawall regionis smallerthan thain the core
region As a result, the shear streksps more quickly with distance from the tube wall than it would
in the absence of flow acceleration. Thu® turbulence production is reducede to the lower

shear stress in the neaall region, and consequently the decationinducedHTD occuis[16].

As opposed tdouoyancyinduced HTD,acceleratioinducedHTD occursin both upward and
downward flovs. This effect has been found 8hiralkar and Griffihd s e x p ¢lF]i[l8jamit s
has beentheoretically discussed by Hajll9]. However, the acceleratioeffect will not be
investigatedn thisstudy, astheselectedexperimental conditions are in the irag@ where buoyancy

is the dominant effecif theobserved HTD.

2.2 Experimental Studies

Many experiments have been carried out to study the heat trémsigpercriticalfluids, most of
which are in supercritical wat@H»O) and supercritical carbaffioxide (CO,). In 2001,Cheng[20]
presenrgdaliterature reviewonthe studies of heat transfer at supercritical presstogsringreview
papers, experimental study, numerical analysis and empirical correl@tieng revieved twelve
supercritical heat transfer experiments in both water and carbon dedidemedsincelate 1950s
Pioro and Duffeycarried out an exhaustive literature search for experiniersispercritical water
[21], and alsdfor experiments in C®[22]. According to Pioroand Duffey the majority of the
experimental data obtained are in vertical tubes, smm@& horizontal tubes, and only a few in

other flow geometes A brief reviewof some othe important experimentse presentedelow.
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2.2.1 Experimental Heat Transfer in Supercritical Water

As early as 19635hitsmar23] investigated the heat transfer to supercritwater flowing inside

tubes. The phenomenon of HTD was first observed at low mass fluxes (438)kghen the bulk
temperature is increased towards the pseuiical temperaturelt was noted that different from
two-phase boiling crisighe temperaturspike associated withTD is less pronounced amelcovers

after deteriorationHe also found that at low heat flux the localized enhancement in heat transfer
can occur, and will progress from enhanced condition to deteriorated condition as the heat flux

increasegseeFigure5). Based orhis data, severalarrelations were developed for the prediction

of heat transfer coeffient
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Bishop et al(1964)[24] conducted experiments in supercritical water flowing upward irsitet

diametertubes within the following parameter ranges:

P=22.8 27.6MPa,T, =282 527°C, G=651 3662kg/nis and q=0.313.46MW/n?.

10
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Swenson et al. (196f}5] also carried out a set of tests to supercritical water using tubes with larger
diameter 9.42 mm). Swenson found that HTC shows a sharp peak when the film temperature is
within the pseudaritical temperature range, and this peak decreases with increasing pressure and
heat flux (se€Figure 6). A new correlationwas developedby modifying the convetional non
dimensional model to account for the physical property variation across the boundary layer. Out of
2951 data points, 95 percent lie within 15 percent of the correlation.

Ackermanet al.(1970)[26] investigated heat transfer to water at supercritical pressures flowing in
smooth vertical pipes within a wide range of pressure, mass fluxes, heat fluxes and didimeyers.
observedhe pseuddoiling phenomenon which is due to the large density differbrtween the
nearwall region and core regiohis pseuddilm boiling may lead to HTD, buis not the only
reason for HTD. Ackerman also noted thdtem the pseudoritical temperature was between the
bulk temperature and wall temperature, i.e<Th<Tw, S 0 ¢ auhprediadabldiheat transfer
performance can occufhe process of pseudidm boiling is similar to film boiling which occur

at subcritical pressureShe pseuddilm-boiling concept is used to understand the HIFD
Ac k er ma n Hosvevey esrJacksonfl5] stated, it is difficult to explain the rapid recovery in

heat transfer downstreanfithe local HTD on the basis of nucleate and film boitogcepts

Ornatskiy et al. (197(R7] investigated the appearance of deteriorated heat transfer in five parallel
tubes with stable and pulsating flow. They found that the deteriorated heat transfer in the assembly
at supercritical pressures depended on the heat flux to mass flux ratio (d/@®waconditions. For

stable flow, the HTD occurred when g/G = 0BB5kJ/kg. For pulsating flow, HTD occurredaat

rat i o ;0.9k/kgdn 1974,/OhatsRiy e a[BBBcarried out experiments with

rising andfalling water flow at supercritical pressures in a tube with a diameter of Bti.was

| ower

observed in botipward and downwarfiows. Later, Ornatskiy et al[29] investigated normal and
deteriorated heat transfer in a verticahdus. The deteriorated heat transfer zone was observed
visually as a rethot spot appearing in the upper section of the test tube.
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Yamagata et al(1972 [30] investigated forced convective heat transfer to supercritical water
flowing in both vertical and horizontalu bes. Yamagat ané of thd mdstgopwdri c h
datasets used for vehting numerical modelaere obtained at relatively high mass flux (1400
kg/m?s). The enhancement in heat transfer was observed when the bulk temperature is increased
through the pseudoritical temperature (seEigure 7). It was found thathis increase in HTC

decreasewith the increase in heat flux and pressure, and at some point this enhance noesiseill

Alekseev et al. (1976)31] conducted experiments incircular vertical tube cooled with super
critical water They found that at q/G<0.8kJ/kgprmal heat transfer occurred. Beyond this value,
HTD can occur, and with the increase in heat flux, the temperpaak resultinffom HTD moves
towards the tube inlet (séégure8).

800 600
O g=0.58 MW/m? f‘\\ A g=0.47 MW/mA2
550 & g=0.47 MW 550 ’,’ \ & a=0.43 MW
G g=040 MWim? ! ,t‘@\ O =041 MWim?
500 v q=0.35 MW/m 500 /£ \\| v 0=035MWm
O q=0.27 MW/m? PO AR
© " © A \ SAaL
< 450 Water, p=24.5 MPa, G=380 kg/m?s, t,=100°C & 450 . g
g g o 2 o —B
§ 400 L3817 m, Zaol  Are R o
8 = g '-g,,’ 7 1,=383.1°C
£ 350 £ aso| B
@ (1}
[ —
T 300 T 300
2 =
250 250 Water, p=24.5 MPa, G=380 kg/m?s, t,,=300°C
200 200
150 150
0 100 200 300 400 500
(b)
(a) Heated Length, mm Heated Length, mm

Figure8 Alekseev datéd upward flow at various heat fluxes

°c INSIDE WALL TEMP
= 2
380 || FOR G =375 383 (kg/mis) |
349 404 349
. L ——375
re | —383
L LT 404
/\ //////4123
340 == — 426
L |_——447
413 L | —a7|
320 // / e e e | )
426 | — e —
300 a7 //// 7/7 ~ 1
/ | A |+
544 | A T | t—
280 1 e
W 7| _s69 | [ I =
L | L | I B e |
260 [—# 766 TF—————T 1+
L— = —
L //
| 863 —1| e
2402 _L—" | o= o -
L~ butk TeEme| 6 |= |aas | | 1 4—TT1
- | | L—7e6— 1 | | +—T7]
T o) I B et o e S~ e se3—=
- = =T
Zoor;l__,—:"——“—d”—’\ 6 7, 8,9 ,10, 1, 12,13 14,15 16, 17,18 , 19,20 [SideD
0 Ol 02 03 04 05 -0 5 >
DISTANCE FROM TEST SECTION INLET
UPFLOW | WATER | Tj, =200°C  |SCAN REFS. 220775 1143 —220775 1408
d;=25-4mm | 250BAR| O = 340 kW/m?

Figure9 Watts datd upward flow at various mass fluxes

Watts (1980)[32] investigated heat transfer to supercritical water in a smooth circular tube with
upward and downward flows. The experimental procedme detailed experimental resuttan
also be foundn the report by Jackson (2008). There were 11 sets of experimental data, while a

typical set of observations was taken with the same inlet temperature and heat fiwerlautange
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of mass flux. HTD was observed at low mass fluxes, and eventually was replaced by normal heat

transfer at high mass fluxes (feigure9) .

Wa t weyedtakendhsat reference for the validation

of turbulence modes in this present study. Detailed experimental investigation can be found in

Chapter 4.

Pi sdbmenny

[83] cardeld out gxperinteria) studies on heat transfer to supercritical water

flowing upward and downward in vertical tubes. These heat transfer data were ohtgiressure
of 23.5 MPa, mass flux withithe range from 250 to 2200 kafs, inlet temperature ém 100 to

413C and heat flux up to 3.2 MWANPi s @ menny

found that

forh e

downward flowcan be higher about 50% compared to that of the upfi@rd It was also found

that the regime of deteriorated heat tran&bertheir flow conditionsstarted earlier in the upward

flow compared to that in the downward fldgeeFigure10).
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Licht et al. (2008]34] investigated bat transfer to water at supercritical pressures in a circular and
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square annular flow geometr@perating conditions inctled mass velocities of 38042%g/n?s,

heat fluxes up to 1MW/m?, and bik inlet temperatures up to 400. They found that high mass

flux data exhibit an enhancement in heat transfer centered near the-ps&odidtemperature, and
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an increase in heat flux reduces this effect. HTD was observed-pssubiecritical temperatures,
and vas found to be dependent on geometry Bgarell). The main purpose of their study is to

validate the selected heat transfer correlations and buoyancy criteria.

2.22 Experimental Heat Transfer in Supercritical Carbon Dioxide

Carbon dioxide is a valuable alternative to watteexperimental studies at supercritical pressures
as it has a relative low critical point (33C1, 7.39 MPa) which can greatly reduce twst of such
experinments. Those experimental datn easily be transformed into water equivalent values using
fluid-to-fluid scaling lawg35]. Also, manynondimensional correlations for HTC are the sdore

supercritical wagr and supercritical caon dioxide

Hall and Jackso(l.969)[14] conducted a set of experiments on heat transfer to supercritical carbon
dioxide flowing upward and downward in a vertical circular pipe within the following petexrm
range: P=7.58MPa,isE14-24°C, q=4057kW/n?, Re, =113x10°. Deteriorationwas observed only
in the upward flow. It was concluded thiaeé buoyancy forces cause the reduction of shear stress in
the wall layer and consequently impaired the turbulerftiglifn (detailed explaation has been

discussed isection2.1.1).

Fewster and Jacksqh976, 2004]36] [37] investigatecheat transfer for turbulent flow of carbon
dioxide inside vertical tubest supercritical pressureSonsistentvith the discussion in Chapter 1,
they found that three modes of heat transfsugercritical pressures exise. normal heat transfer,
improved heat transfer and HTD (sEigure 12). They found that when HTD ocaed, the wall

temperaturebad a sharp first peak that moved upstream as the inlet temperature increased.
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Figure12 Fewster CQdatai Improved heat transfer (Left) and HTD (Right)

Kim et al.(2007)[38] [39] carried outexperiments with carbon dioxides at supercritical pressure

flowing upward in vertical tubes with circulatriangular, and squarerasssections. Their
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experimentatlata were obtained ptessure b8MPa under various conditionsiy¥15-32°C, q=3-
180kw/n?, andG=2091230 kg/ms. Wall temperature distributiorfer the norcircular tubes along

the heating regin wee found to show similar trend tbat of the circular tube at the same heat flux

and mass velocity. However, an earlier peak of wall temperature was also observed in the case of
the noncircular tubes, due to the different heating areasKepae13). A heat transfer correlation

is proposed based the experimental data, whighs +20% accuracyfor 90% of the data in
predcting the averaged Nusselt number.
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Figure 13 Kim CO, data- Comparison of wall temperature distributions; (a) circular tube, (b)

triangular tube, and (c) square tube at the mass velocity of 528kg/m

Bae and Kim (2011J40] conducted a series of experiments on heat transfer tatCsDipercritical

pressures flowing upward and downward in vertical tubes and an annular channel under different

flow conditions.After comparing the heat transfara tube with that imnannularchannel with the

same thermal equivaletiydraulic diameter a good agreement between the tube and annular

channel is seen. They also found that the deterioration of heat transfer occurred both in upward and

downward flow, but less severe in the downwdaivfthan in the upward. Several existing heat

transfer correlations, i.eBi shopds, Jackson and Hal | dvere Watts anc

evaluated against their experimental data, and new correlations were suggested.

Zahlan (2013]7] performed thermahydraulic tests in a directly heated vertical tube using, @O

high subcritical, nearcritical and supercritical pressures. These tests conducted over wide ranges
of flow condition. At supercritical region, the experimerftalv conditions covers the following
range: P=7.48.67MPa, T:=7.0613.£C, G=4052030kg/nis, q=20436kW/n?. The pressure
effect, mass flux effect, and heat flux effect on the heat transfer at supercritical conditions were all
di scussed. HalhCOaatdvere alao gaedected ms benchmarks for this present study.

See Chaptet.1for detailed experimental investigation.
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2.3 CFD Studies

Due to the limitation of measurements in experimental studies, detailed information on fluid
propertiesn the neatwall regionhas rarely been obtained. These experiments require high pressure,
high temperature, and high powttusare expensive and difficult to perforiumerical modelling

which is a powerful tool to make predictions, has the ability to pravisighton themicroscopic
behaviour in flows of supercritical fluid&any CFD simulatiors have beegarried outin recent
yearsto study the heat transfer to supercritical flui8ome of theimportant CFD studies are
described as followsyhile the parameterand conclusionsf these studies are summarizedable

1 at the end of this section

Koshizuka et al. (1999%1] performeda 2D numerical analysis on the HTD in a vertical pipe with
supercritical water flowing upwarthased on a parabolic solver for steatiyte equationghe kU
turbulence model by Jonésiunderwas selected, and péical properties are treated as variables
Theresults agrewvell with the experimental data of Yamagata ef20]. A map of deterioration is
presented after calculatiswith various combinations of flow rate and heat fkigshizuka found

that there are two different mechanism of HTD. The property variation was employed to explain
HTD at high mass flux, while the buoyancy effect was used to explain HTD at low masBhiéux.
observedoscillation of wall temperaturat very heat fluxis also explained usinghe unstable

characteristics ohie thick thermal boundary layer

He et al.[42] compared a number of twequation lowReynolds turbulencenodels in his studies

of mixed convective heat transfer to carbon dioxide at supercritical preagaiast the C@data

by Weinberg[43]. The wall temperatures in moef the simulatecdcaseswere below T, Their
resultsshowed that most of the turbulence models were to some extent able to reproduce the
buoyancyinduced HTD in these experimentgwever, he performance of tise models varied
significantly. Some lowRe number models (by Abe et al., and by Launder)ed & rpredicedthe

HTD and the downstream wall temperatures, while some (by Chien, and by Lam et al.pdredict
the downstream wall temperaturggite closeto the measured values but underestichétte peak
temperaturesThey also found that the namiformity of properties did ndtave a strong effect on
the results in their particular caaad their observed deterioratioras explained using buoyancy
effect For the recovery of heat transfer, theglibved that further increases limoyancy causes
turbulence to be regenerated in the core region where the velocity profile is ineerstent with

the theories of Jackson discussed in the previous sections

He et al.[44] also performed computational simulations on convecligat transfer to CGat a
pressure just above the critical vglaad compared it téewster and Jacksdrs e x p €36li ment s

The wall temperatures in their cagere above J.. A more complicated V2Rurbulence moddby
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Behniaet al.wasincorporated, along with theKN model. It was found that both models were able
to capture the general trends of wall temperature change, however with a significgireoietion

of the buoyancy effedi.e., the predicted peak wall tgraratures are much highetrtan observed
experimentally) Both model predicted recovery after the onset of HTD, albeit not within the right
range the predictions showed recovefyrther downstreanthan the experimentThe effect of

buoyancy wagxplainal by relating it to the largpropertyvariation (LPV) region

Sharabi et a[45] carried out CFD studies of heat transfer to supercritical water flowing upward and

downward in a circular pipe in an-hmuse CFD code. The fermance of eight lovwReynolds

number turbulence modes, includingdk -¥ k addf &r mul ati ons, were assesse
experi ment al d38]t Irathein gase® thes vialtenmperatures were above the pseudo

critical temperatureAll the kU  -Reymoldsnumber modelsvere found able to qualitatively

predict the HTD, but with significant ovestimation othe peakwvall temperature After the onset

of HTD, all the lowRek-Umodels predicted a mild recovery of the wall temperature, bstoo

weak to be considered asfdl recoveryand wall temperaturesvere thus ovepredicted in the

downstream regiarBoth k¥ a nll nko d edlto prediciHITD at relatively low heatldixes

however with increasein heat fluxes kv mo d eetito ppediatHTD, but in a much milder way

thanobserved experimentally

Later, based o[4b], &dordimuimdassessment efstiuedulensemodelsfor heat
transfer in supercritical water was carried out by Ambrogifj in the commercial CFD code
STAR-CCM+. The twolayer all y+ wall treatment, along with standard {Reynolds kOmodel
by Lien, AKN model and V2F modelere selected for comparisofhe lowRe, the AKN and the
V2F models provide very similar resultSimilar to previous studieshey were all able to
qualitatively predict the HTD, but again overestimated the wall temperataréailed tocorrectly
predictthe recoveryThe twolayer all y+ treatmenbn the other handjd not predict the occurrence

of HTD in all the cases.

Sharabi et a[47] also assessdle performance dfifferent turbulence models in comparison with

Y amagadOadiaf30]6in d Ki ndéta[38]Gnircular tubesThe simulatedconditions in
Yamagat ads skowedeattranstementmncement bulk temperature close tq.cTl In
casawith relatively low heat flugs all the turbulence modefwedicedthe wall temperature fairly

well, including six lowRe kU mo d-® by &VjlcoxsSSTk-U mo d e | kand st8nolardzki a |l e
O wi t h waWith incfeasimg heat fapthe buoyancy stéedto outbalance the enhancement

in heat transfer, and tliiscrepanciebetween the predictions by those turbulence models and the
experimental datalso increasd significantly. In those higkheatflux casesall the low-Re kU

models predieid a greater buoyancy effetitan the experimentshe k-Umodelshowed the best
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results the standardk) wi t h wal | edauwathertpboo perfoemarit@obcases from
Ki mdés entspvhereHTReoccurred and f£<Tu, all the lowRe kUmodelswere able to
qualitatively predict thedTD, however,with significant overestimation gfeaktenperatureThe
gentle recovery predicted by thesedrls was again too weak to be considerkd aecovery.The
ky model by Wil csshawedsomelTD & relativedy Highér heat flugs againin

a much milder way thathe experimens.

Palko et al[48] performed a numerical investigation of HTD using the-Re k¥ turbulence
model (SST)and thestandarck-U  m owdtle Both wall functions and damping functioriBwo
independent experimentslatv and high coolant flow ratesspectivelyareused for this studyrhe
experimentby Ornatskiy[28] is performed atery high flow ratewhile theexperiment byshitsman
[23] is in the region ofhigh-buoyancy influenceSST model was found to predict theall
temperaturgboth onset and recovery of the HTD)very good agreement with the experimental
data from both experimenfBhe standardkJmodel with wall function for coarse grid, atithtwith
nonlinear damping function for fine griabthfail to calculate the heat transfer in the deteriorated
region.After comparing the results by SST modellwénd without the buoyancy terms in the NS
equation, it was concluded that the Hbbservedat low flow rate is caused by buoyancy force,

while the HTD at high flow rate is caused dnpther mechanisr{likely acceleration)

Liu et al[49] studied the HTD numerically in both circular tubes andnnular channel using eight

low-Re-number modelsvhich include six lowReynolds kU mo @ ¥2F snpdel, andhe SST

model The same flow conditions ass e d i nstudya.e. kexpdiments by Shitsm@3] and

that by Ornatskiy28], aresimulatedusing FLUENTIn circular tubesF or Shi t smanbés experim
which is at low mass fluxesnost of theurbulence moels predict a temperature peak in the inlet

region while SST model is quantitatively better than othemdis able to predict a second peak

further downstreamF or Or nat ski yo6s e x pegthe megonty of mddels,aiegh mass f |
able to predict thédTD to some extent; SST model again presents the best perfornianes.

found that the increase fnbe diametewill leadto the aggravation of HTPwhich is mat obvious

at low mass fluxThey also found thahe HTD observed at high mass flux in ciler tube and

annular channel are similar to each otivben the hydrauliequivalent diameter®:) and thermal

equivalent diameter®r) are the same

In the CFD studies mentioned abotree lowReynolds k) model s were found to pred
gualitatively,and theywere often recommendetb predict the heat transfer of supercritical fluids

andwerewidely usedfor the mechaism study of HTD. Howevetheydemonstratedather poor

performance in predicting thievel of deterioration and thsubsequent recovery. SST andr k

models seem to predict the HTD at higher heat flux, and in a very few cases SST model predicted
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the HTDin an excellent agreement with the experimemte performance of turbulence models
varies and seems to also depend on flow conditions. No clear conclusion can be drawn on which

turbulence model is superior to othéfence, further investigations arellstiecessary.
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Tablel A list of CFD studies with supercritical fluid flowing in vertical circular tubes

Reference Experiments Flow conditions Flow Geometry Turbulence Models Compared Conclusions
_ HTD at low flow rate is caused b
D=10mm buoyancy;
. Yamagata P=24.52MPa; HL=2m (In-house) HTD at high flow rate is due to decrea|
Koshizuka 1995 various combinationy upward ° L . .
HO k-U mod el -Ldugderd o n e s | in viscosity and Pr;
of Gand q (y+<0.1 - i
Thermoeacoustic oscilldons was also|
at largest Re) di
iscussed.
(SWI Rhodiise 6)
_ All Low-Reynolds numbetturbulence| WI and MK both predict too weak th
_ . D=19mm X . ;
Weinberg P=7.58MPa; UHL=64D mcgdels. influence of buoyancy;
co, ' Tp=32.2C; HL=129D kU by Launder , Sh Therestwere able to reproduc&bito
He 2004 (Universit of Tin=8, 10C; u vT/ard kU by Chien (CH), | someextent; thebuoyancy occurs soo
Manchest)(,ar) g=921615100W/n7; (p+<o 5 k-U by Lam, Br emho| and is stronger using LS and AKN; &
m=0.0290.082kg/s aiialxédial'92>62) kU AKN model , overpredict the T, for the developed
' k-U by Myoung, Ka s regionatsome point.
k-¥ model by Wilcox (WI)
(In-House)
_ k-U model by Spezi .
P=23.5MPa: 8;?_—22:1“5“ k-¥ model by Wilcox (W) ]t:qu thellforced convection: all mode
T,=379.35C; - SixlowRekU model s: anty wes .
. " pe” ) HL=57.3, 95.5D When HTD occur: all KU mo d e-l
Sharabi 2007 Pi somenn) Ty=391, 300°C, Upward, downward by JonesLaunder (JL) predict T,; increasing the g/G, th
H,O =390, 433, 457, 509 (y+<1 ' by LaunderSharma (LS) discre anc’ increase: '
750, 1172 Wit Y . by LamBremhorst (LB) pancy b
_ axialxadial: - k¥ model r efairty avelluat
G=509, 2193kg/i7s 162x70) by Chien (CH) high a/G
by YangShih (YS) 9n ¢/
by Abe et al. (AKN)
_ AKN was better for the condition
D=5mm . .
P=7.58MPa; UHL=75D A considered,
Fewster and . . _ (SWI Rhodiise 6) Both were able to capture the gene
Tin=13.2, 20.5C; HL=150D . ;
He 2008 Jackson n low-Reynolds number AKN model, trends of T, but still very different from
=68, 318W/rf; upward, downward ' . i
CO, Re=187950. 44046 (y+<0.5 V2F model that in experiments; buoyancy wdg
axialwadial:120x106) explained py_relatlng it to the largg
propertyvariation (LPV) region.
D=6.28mm
P=23.5MPa; UHL=64D (STAR-CCM+) low-Re, AKN, and V2F provide very
Ambrosini Pisémenn T,=379.35C; HL=95.5D Two-Layer All y+ Wall Treatment (all| similar results, all oveestimate 7,
2009 H.0 Tin=300°C; Upward, downward y+); without recovering;
z q=390W/n%; (y+<1 Standard LowRe k0 Mo d eRe); (| all y+ (probably twelayer wall
G=509kg/nis axialxadial: AKN model; V2F model treatment) cannot catch laminarization
500>68)
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(Low-Re: y+<0.5;

( THE MA T ofuisre 0)

H,O: WE: v+530: kU model by Spezi
P=24.5MPa; axiéliadial" k-¥ model by Wilcox (WI) H,0: SAA model shows the best resul
Tin varied; 120%70) ' Standard KJ mod el wi t h| all low-Re models predict a great
Yamagata 1972 g=233,698W/M H,0: (WF) . buoyancy than iexp.;
H.0; G=1260kg/ms D2—7.5mm SixlowrRekU model s: CO; Alllow-Re kU model s
Sharabi 2009 H[—i 5m by Joned_aunder (JL) qualitatively predict HTD, but with
Kim COy: U ;va.rd by LaundefSharma (LS) significant overestimation of the wall
2005 CQ P=8MPa; ng' by LamBremhorst (LB) temperatureyVl and SST modsistart to
Tin=15C; D—7.8 7.9.9.8mm by Chien (CH) respond to HTD at higher heat flu
=23, 30W/; H[-i 2m T by YangShih (YS) though in a much milder way than exp,
G=314kg/nis U ;va'r d by Abe et al. (AKN)
P (Fluent) SST kr
Shitsman: _ SST predicts the HTC in a very god
P=23.3MPa; Q;t(s),riags 1.6 (SASn'I?ﬁgdi)l(t}li\%nter' agreement with the experimental resul
Shitsman 0=319.87W/nj; D=8mm ' y ' The standardk) model f o
H,O G=430kg/nis Upward Standard K model farictiorh grid and_flne grid f§|l to calculate .the he|
Palko 2008 (coarse grid): transfer in theleteriorated region;
Ornatskij Ornatskij: Ormatskii gria); The HTD in Shitsman experiment
H,O P=25.5MPa; _ - o .| caused by buoyancy force, while tk
_ : D=3 mm Standard KJ model Wi f . A
g=1810W/n3; Upward function {fine grid) HTD in Ornatskijé6
G=1500kg/ms P 9 mechanism.
Shitsman: Shitsman:
Shitsman Pf23'3MPa; _ D=8mm (compared to 4, § SST perérm better than other models
g=319.87WIr; mm) o X
H,O _ predicting the HTD in all the thre
G=430kg/nis Upward (Fluent) . )
(Low mass flux) Eight low-Reynoldsnumber turbulence experiments;
g . Y HTD phenomenon becomes mo
Ornatskij Ornatskij: Ornatskij: quels. notable with the increase of the tu
. P=25.5MPa; D=3mm (compared to 5, | Abid (AB), LamiBremhors (LB),| .. -
Liu 2013 H,O —1810W/nt- Laundet Sh LS) Yarichih (Y diameter at both high and low ma
(High mass flux) | 471810W/m, mm) aundef Sharma (LS), Yarigshih (YS), | g oo
G=1500kg/mMs Upward Abei Kondohi Nagano (AKN), Charig !

Glushchenko
H,O

Glushchenko:

Glushchenko:

Hsieli Chen (CHC), kU v2i f (V2F) and
Shear Stress Transport (SST) model.

With the same P and O, the HTD
observed at high mass flux in @ilar
tube and annular channel are similar

(High mass flux) P=23.5MPa,; Annular channel each other
q=2410W/n3; Dy/Di=10mm/8mm :
G=2200kg/mMs Upward
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3. Numerical Modelling

As mentioned earlier, the main difficulof modelling supercritical flow lies in the modelling of
turbulencein particular in the presence of large property gradieftere are three available
numerical methods that are well developed for modelling turbulence, i.e. Reynadsged
NavierStokes (RANS), Large Eddy Simulation (LES), and Direct Numerical SimaldDNS).
Both LES and DNS are highly costly in terms of computing resources, and ademtivelyused

for industrial flow computations, therefrare out of consideration in this thesis. The RANS
approach, which isnainstay of engineering flow calation, focuses on the mean flow and the
effects of turbulence on mean flow properties. In this study, severaduation turbulence models,

and the Reynolds Stress Transport (RST) model for RANS equations are used assgdiscu

3.1 GoverningEquation for MeanFlow

The supercritical fluidindergoes strong variation in fluid properties including density in the vicinity
of Tye. On the other hand, the hydraulic pressure drop in this study is negligible compared to the
system pressure (25MPa fos® 8.5MRa for CQ). Hence, lhe governing equaticrior mean flow

can be expressed as follows:

Continuity:
s
T olw
Momentum:
Tre v, Tt
_b m 0o T_ T_ Q
Energy:
TBY 1 wr LY T
T 5 m 007Y m o m ot
where the viscous stress tengoris defined as:
L1616 ¢ 106
" "ot orfe
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3.2 Turbulence Modelling

3.2.1 Reynolds\veraged NavieiStokes Equations

The above NavieBtokes(NS) equations describe the mean flow without turbulence. In order to
take into consideration the effect of turbulent fluctuations on properties of the mean flow, an
approach called timaveraging or Reynold&veraging is adoptedihe velocity variabl® in the

NS equations are replaced by the sum of a mean and fluctuating component,
6 6 ¢
where the Favre averaging is used, since the flow of supercritical fluids is a variapésty

turbulent flow with large density variation. The Favre averagrdgfined as follows:

A Y e e e
o ,—l_IOE-)% ft 6 ot Qt

i\

Thisyields the following ReynoldéwveragedNavierStokes quations:

Continuity:
T,
rofa P T
Momentum:
vt taf 1 wE o w
Teio °° o ife PO E
Energy:
BY T T

L Y L
: - "pPovy N K%—‘ "Pory
T o Tw b Tw w b
The momentum equation contains the teritp 6 , which is called Reynolds stress tensor,
including three normal stressese. "B h "p h "D , and three shear stresseise.
"BPOh "B0 h ”P 0.Similarly, in the energy equation, the termip 0 "Y, whicharecalled
turbulent fluxes are three additional unknowns yielded after the #aweraging operatiorit is

notablethat the viscous energy dissipation term in the energy equation is neglected, as it is much

smaller tharthe turbulent term in higlReynoldsnumber flow.
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3.2.2 Boussinesq Hypothesis and Mixing Length Model

In order to compute the turbulent flows using thevab®ANS equations, we need to develop
turbulence models to predict the six Reynolds stresses and the three turbulent heaaritlixes
close the RANS equatiorThe most common RANSurbulence models arelassifiedin the

following table seeTable2.

Table2 Types of turbulence modefs1]

Order No. ofextra guations| Name of Turbulence models
Zero Mixing length model
First Order One SpoalartAIImaras model
Two k-Umodel
k-¥ model
Two Algebraic stress model
Second Order Seven Reynolds stress transport model

The first order models which are also called Eddy Viscosity Models (EVM) are basecdamalingy
between laminar and turbulent flow. The analogy can be expressed as follows:

6 16 6 i
19 To g 10, Qi FE¥DIQl { Qi
Tw Tw olw
6 16 )

| o6 ¢ 1O TO G YQhE &R0l | Qi
wr Tw Tw o

R TQ "Y

o R 00 B 6 Qi

oTw

QoY o1ty i

R 2 A G S Yo 660G dQI
op oTw LvITw

which is often referred to as the Boussinesq hypothegis the turbulent Prandtl numbeich is
ratio of turbulent viscosity and turbulent diffusivityf heat). ts default value in StatCM+ is 0.9
which is recommended for neasll flows (0.5 for jets and mixing layers, and 0.7 in axisymmetric
jets). In this study the value of 0.9 is uselde sensitivity of Riis also carried out and the results are

shown later in section 5.1.3.

Since the kinematic turbulent viscosity has dimensions #s, it can be expressed as a product of

turbulent velocity scalé (m/s) and a turbulent length scalém). Dimensional analysis yields:

whereC is a dimensionless constant of proportionality.

The zero equation model, i.e. mixing length model, has no PDE that describes the transport of

Reynolds stresses and turbulent flux&@sce there is strong connection between the mean flow and
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the behaiour of the largest eddies, the mixing length model attenmptink the characteristic
velocity scale of eddies with the mean flow properties. For simpledtmensional turbulent flows
where the only significant Reynolds stress IsH 0 , and the onl significant mean velocity

gradienti§ “¥ ¢dthe turbulent velocity scale is expressed as follows:

.21y
0 w .
T
wherec is a dimensionless constant. Replaaing the equation of by the above relation yields:
‘ U B4
— o0ao6a —,
T w
The two constant€ andc are absorbed into a new length scalavhich is often referred to as
mixing lengthThi s i s the Prandtl éds mixing |l ength model. H
described by

’;‘ ’;‘

b ores na U
Tod o
which is very straightforward and useful for estimatithg Reynolds shear stress and turbulence
production(see section 5.3). Nevertheleise mixing length model may be inappropriatethis
present studyas it relies on the assumption that the Igeaduction and dissipation of turbulence
arein the state of eqlibrium [15] [51], but the convection and diffusion of turbulent kinetic energy
(see the following section for the definitions)ll become significant when turbulence is changing

rapidly which is very likely in this study

3.2.3 Governing equation for turbulent kinetic energy k

The twoequation models including-@and k¥ models, focus on the mechanisms that affect the

turbulent kiretic energy k, which is defined by

£

Falle)

The governing equation for turbulent kinetic enecgn be expressed as follojd ]:

r*aQrré B, P, . ra L o 2 o .
S 5 m no ”Eoibo ‘8 MO DY 1T°Q0°Y i

terms in which,f om | eft to right, are fARate of <change of
ATransport ofAd Tkr amys ppr ¢ s o r eko fibTy aRsypmao It d 0 f s tkr ebsys Ov, i s
stresses 0, uctdRd kdee tooshearpredsiRat e of production of k due
AfRat e of direspdactivayihe dissipatidn ofk & caused by work done by the smallest

25



M.A. Sc. Thesis F. Zhou; McMaster University Engineering Physics

eddies against viscous stresses, which is normally expressed as the prddosttpfand’] Thus,-
which is equal t@’' i i ,is the rate of dissipation of k per unit maghis equation introduces two
new unknown correlations, i.e. Transport of k by pressure and Reynolds SrgsandRate of

dissipation of k{ € i” ) which need to be modeled.

The production and dissipation terms are used to calculate the production rate and dissipation rate
of turbulence in the later HTD studgeesection 5.3 and 5)5It is notable that in a supercritical

flow, based orthe CFD results by He et g#4], the rate of production of k due to gravity, i.e.
gravitational production'), is two orders of magnitude smaller than the shear production (

3.2.4 The kUmodek

In the kUmodel[51], k andUbased on dimensional analysi® used to define the velocity scéle

and lengthscaleq i.e.

Similar dimensional analysis yields

60" ado6 —
whered is the dimensionless constant.

The standardkJmodel uses the following transport equasifor k and(J

TR "6Q Th T oL
T 3 - — V) o 7 -
T 0 w w I )
L T SR W
s e o .ie 2% Y %%

which contain another four adjustable constantspi.é h, R, . The shear productioh , and

gravitational productiofO, are defined using the following equations based onBihassinesq

hypothesis
5 wmooy - o [0TO
Tw Tw Tw
0 06 Y ..QTQT Y .‘Q‘ Ty
oY 19 1 9% s

The value of these five constants in the standetinodel by Launder and Sharrf&2] that are

arrived at by comprehensive data fitting for a wide range of turbulent #iosvlistedas follows:
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6 mhky p8th, p®® p8 B pBoC
These values are used in the SFTERM+ in Standard-Umodel.

k-Umodel with wall functions

The kU model i nformutat®on wag dpgliednwéh wall functionsThe wallfunction
approach avoids the need to integrate the model equaghtrthrough to the walby using the log

law in the neamvall region, which can be written as

Yo op. .
2P
0 Il

where the Von Karman constdints equal to 0.41, and wall roughness parameter E equal to 9.8 for
smooth walls (wall roughness will decrease the value of lig.assumption that rate of turbulence
production equals the rate of dissipatioalso used, which yields

.. 0 0

Q —_,,_F]- -,
0 I w

For heat transfer, the wall function based on the universalwedbtemperature distribution is used:

. Y 'Y 5" 5w R
YK ——— -
n ” ﬁ
where, j is the molecular Prandtl numbend, 5 turbulentPrandtl number, and P is the P

function which is aorrection function dependent on the ratiq”, 5.

The wall function approaciior high y+ wall treatmenin STAR-CCM+), requires that the near wall
cell lies within thdogarithmic region of the boundary layer, which starts at about y+#4@@ever,
the wall function approach is based on assumpttbat are only valid at high Reynolds numbers.
For heat transfer at supercritical condition, the fluid properties vary signify in the neawall
region the viscous sulayer need tde resolved in order to depittis strong variationHence, kU
model with wall function are inherently unsuitable for modeling #amvthis thesis, whichas been
proved after the assessmenft performanceof various turbulence models witthigh y+ wall

treatmenysee section 5.1.5)

Low-Reynolds number kU mo d e |

In order to resolve the viscous sublayer, tHé k mo d e | was modi fReywaldst o use ei't
number approach or twlayer approactfdiscussed laterA low y+ or all y+ wall treatment in a

very fine mesh (y+<1) is necessary for those two approaches to properly resolve the viscous sublayer.
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The most common approach folk mo d e | is to apply damping functi ol
codficients in the model (§ Cys and @) These damping functionSORORQ, respectively

modulate the coefficients as functions of a turbuReynolds number, often also incorporating the

wall distance. Many models incorporating damping functiansetbeen proposed in the literature

which are often referred to as léReynolds k0 t y p e. Twoof thentare chosefor this present

study, i.e. Standard loRek-Umodel and the AKN lowRe mode(moreinformation onthese two

models can be found in section 3)3.3

The equations f or,akwellasthe RANS eqaatioths/nead io beimeyratedyto
the wal |, hence the boundary conditidfRSfor U need 't
mas the bondary condition, while other lovRe number KJ me afeeh usethe modified

dissipation rate
g - TR ¢

which allows a more straightforward boundary conditign Tt at the wall

k-U___mowvdthetwo-layer approach

The twolayer approach, suggested by R@&3], is an alternative to the leReynolds number
approach that allows thek mo d e | t m thé vescoassydeyear. &slits name implieshe

computation is divided into twoyars.

In the neatwall viscous regioni.e.'Y Q A ¢ m,only the kequation is solved, and the length
scale is specified using

a Il ¢p A@DY QD
which is similar in the form to expression of mixing length in the viscoudagudr (as discussed in

section 3.2.2)andd ¢llo T . The rate of dissipation and eddy viscosity in this region can be

written as
S oL (-
‘ F| 'O 7w ’-“er G

Hencet he turbul ence dissipat i ogarespedtdasiunciomdf t he tur bu

wall distancdn the viscous regian

For fully turbulent regioni.e.Y Q = ¢ m,7the normal transport equations for k didre

solved and the eddy viscosity is computed with usual relationship
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‘h 6T

The v a bpacifiedinfthe tieawall layer are blended smoothly with the values computed from
solving the transport equation far from the walhich avoid instabilities associated with the
difference between these two values at the. jmirSTAR-CCM+, this two-layer approach works

with either lowReynolds number type meste. y+<1, or walfunction type meshes.e. y+>30.
However, as mentioned earlier, very fine mesh (y+<1) is necessary for this approach to properly

resolve the viscous sublayer.

3.2.5 The ky models

T Wilcoxk-y model

Since the rate of dissipation of turbulence kinetic enédig/not the only possible lgth scale
determining variable, many other tveguation models are also developed. Therkodel, which
is the most prominent alternative tdknodel, uses the turbulence frequency Uk (dimensions

s1) as the second variable. Hence, the eddy viscosity is given by
SR

in which the length scale is

The standar#-¥ modelby Wilcox [54] uses the following transport equations for k and

r*or1é A, 10 0 1

5 & o Lie o 2T
r'r e R T T "
5 & & .16 @Y %17

The model constants in the original versjb8] are as follows
r mufo mixh’ mrh  (8h, 8t

One of the main advantage lofy model is that itgntegration to the wall does heequire wal
damping functias in lowrReynolds number applicatioriBhe value ok at thewall is set to zero,
while the frequencyr tends to infinity at the wall. We can either specify a very large value at the
wall or apply a hyperbolic variation @ T w at the neawall grid point. It is also
noteworthythat the resultare insensitive tthe details of this treatmef®1]. Z h u 6 s [56}lbas k
proved that k¢ model has better performance in predigtthe boundary layer in the flow of

supercritical fluidghan the kUmodels whichis further confirmed in this thesis.
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However, he main drawback of the standdeds model is its boundary condition af in a free
stream, wher&©° 1@ © 7t The eddwiscosity" " M , is indeterminate or infinite as© T,

so a small noizero value ofy must be specified. Andhé results of the standarexkmodel was
found to be dependent on this Apero value, which is a serious problem in external aerodynamics
and aerospace application, where free stream boundary conditions are frequeniguseteless,

for pipe flows in this present study, the sensitivity of st@ndardk-¥ model to inlet turbulent

condition is less of a problem.

T Menter SSTk-¥ mo d e |

Based on the fact thatlllis far less sensitive to the assumed values in the free stream, [5ater
proposed a hybrid model, i.e. SSTrkmodel, which combinepositive features of standakd(
modeland k¥ model SST model uses a transformation of kRémodel into a kr model in the
nearwall region and the standatdUmodel in the fully turbulent region far from the wall. The
Reynolds stress anddquation of SST are identical isat ofthe standard-& modd, while thex-
equation is obtained by substitutilg =, wkich yields:

T 1P h R 1 1R

R A )

) ., 1o
The model constants af b8 asushbteim3ITARCGM+ ane ésted a&si o n

follows:
romt mylt meih  psh, 8, PP X

The abovetransformed equation igery similar to the onein standardk-¥ model, but adslan
additional norconservéve crossdiffusionterm (rightnos), which makes it give identical results

to thek-Umodel.Blending functions are used to achieve a smooth transition between the standard
k-Umodel in the far field and the transformeerkmodel near the walHowever, for the cross
diffusion term, Menter uses a blending function that includes this term far from the wall but not near
the wall, which make SST modalistinguishedfrom the kU model Therefore, his approach
effectively blends th&-Umodel in thefar field with k¥ model near the walDetails of the blending

functions can be found in the Merties  r [B8h andwiill not be discussed here.

It is worth mentioning that SST model adofite following limiters on the eddy viscosity and

turbulence kinetic energy production,

O" Q
I A@b RYO
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S A o)
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which hels give improved performance in flows with adverse pressure grsdéand prevestthe
build-up of turbulence in stagnation regions, respectively.

SST modelis stable and robust, artths be proven to give superior performance in various
applications. Although, the free stream effedess of an issui this study, thesST model was

found to coverage better than the standasdmodel by Wilcox (see further belgw

3.2.6 Reynolds Stress Transport Model

The Reynolds Stress Transp(RST) modelis a popular second order modmhdmakes direct use
of governing equatios for the second order moments, i.e. Reynolds stresses and turbulent fluxes,
instead of theBoussinesq hypothesi¥hus, RST model overcomes several drawbacks of the first
order models in predicting flows with complex strain fields or significant bodyefrwhere the
individual Reynolds stresses are poorly represebyetthe Boussinesq equatidR S T mosike | 6 s
momentum equations for Reynolds stressasbe written as

T 70060 T Bo6o T T060 -

T o o e o ° v o b -

0 and"O are the rate of production of Reynolds stréss due to shear stress and gravity

respectively, and can be expressed as follows

. .. 16 ., 10
0 00 — 00 —
Tw

Tw
O FTQ6"Y 1"Qo"Y
The scalar transport equation is

1 "6°Y 1H%Yo TH 10°Y . .
1o T o Tt To

whered and’O is given by
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The convection term and production term can be retained in their exact form, while the diffusion
terms O , 0O ), the pressurstrain interaction terms€3( ,i5 ), and the dissipation rate (,- )

need to be modid.

The diffusionterms are modelled with the assumption that the rate of transport of the second order
moments by diffusion is proportional to its gradients, which can be expressed as follows

. Q T00
(@] 00— 00 S
- Tw
Q. 167y T07Y
(@] 0O — 060 - 00
- Tw Tw

The pressurstrain interaction term is one of the most important terms in the transport equation, but
the most dficult one to model accuratelyts effect is to redistribute energy amongst the normal
Reynolds stresses{) so as to make them more isotropic and to reduce the Reynolds shear stresses
(il j). The simplest representation of the pressirain term cate given by

o ;o c'.v o e C7~
0="06060 = 6 0 -
5 Q crED (0]

More information on the pressustrain term can be found in the paper by Launder ¢59]. In
STAR-CCM+, two methods are provided to model the presstnaén term, which will be discussed

in section 3.3.3.
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3.3 Numerical Method in this study

The commercial code STARCM+ is a general Computational Fluid Dynamics (CFD) code based
on finite volume methodFVM). The continuous governing equations are discretised into a form
that can be solved numericall 8B TAR-CCM+ provides two approachés solve thediscretised

governing equations, i.e. the segregated approach, and the coupled approach.

The coupled approactolves theflow equations for mass and momentum simultaneoudiis
method is more robust in solving flows with dominant source terms, as well as in solving
compressible flows. Another advantage is ttked convergence ratis less sensitive to mesh

refinement.

The segregated approach solves the flow equation in a segregated/uncoupled manner, i.e. one for
each component of velocity and one for pressure. The Predmtactor method is used to link the
momentum and continuity equatiavith a SIMPLEtype algrithm. The segregated approach is

suitablefor incompressible flows or compressible flows at low Mach number

In this thesis, the coupled apjach is found to converge fastban the segregated approatsome
casesA properramp ofthe Courant numbeis necessary in order to reduce the number of iterations.
However, the segregated solver sometimes achieves better convergence than the couplid solver.

is suggestetadopt segregated solver when convergence issues arise

3.3.1 Mesh Structure

As the fluid is flowing either upward or downward, 2D axisymmetricmesh is used, which
significantly reduces the computational c&tce the geometry and flow conditions forgéevo
choserexperiments were differerthemeshes werdevelopedeparatelyor each experimentThe
primary mesh parameters for both £8udy and HO study are summarized Trable3.

Table3 Primary Mesh Parameters
Heated Length Radial x

Experiments (Unheated) D Axial RGR? y+
19am 32x 1415 1.0 ytra 30
CO (0.89m) 8mm 79x1415 1.2 y+<0.2
! 106x1415 1.2 y+ < 0.06"
om 78 x1315 1.2 y+<0.2
H20 (0.63m) 25.4mm 87 x1315 1.2 y+<0.2"
' 78 x2630* 1.2 y+<0.2

1: Radial Growth Ratio (RGR) is the ratio of thickness of a cell layés torevious layer in the neavall
refined region;

*. for the ssesmentof performance of high y+ &l treatment, see section 5.1.5

**: for mesh sensitivitystudy of y+ valuesee sectiob.1.1;

#: for mesh sensitivitystudy ofaxial refinementsee sction 5.1.1
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For CQ flow, the heategortionis 1.94mlong preceded by an unheatedction with a length of
0.89m.The reason for this unheated partassnsure that the flow entering the heat section was
hydro-dynamically developed and free of entrareféects. Two fine meshes were developed
specifically for simulations with low y+ (or all y+) wall treatmentjile thecoarse mes{seeFigure

14) was developed for those with high y+ wall treatment.

Fluid:Wall

T[4
RS

Figure14 Coarse Mesh with y#& 30for CO,
——————————————————

Figurel5 Fine Mesh with y+< 0.2 forCO;,

The primary mesh used in the study of 4&the fine one with y« 0.2. The computational domain
was discrared into a mesh of grid with #®des in radial direction and 1415 nodes in axial direction.
The mesh was compressed in the radial directiasaitds the wall, and the y+ value of the wesll
centroid is always less than 0.2 even at the highest Reynolds numbEigeed 5. Another fine
mesh with y+ < @6 was developed for the sensitivity mesh study of the y+ value as shdaflén

3.

Similarly, for H,O flow, the computational domain which consists of a heated region of 2m and an
unheated region of 0.63m was discretized into 78 x1315 (radial xaxial) grids. The y+wéathe

cell centroid wasalsoadjusted to satisfy y+ < 0.2 for all the experimental conditidmg finer
meshes were also developed for the mesh sensitivity,stneyfor radial refinement and the other

for axial
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3.3.2 Fluid Properties

ThelAPWS-IF97 modelsin STAR-CCM+ forthecalculaton of the water propertieare only valid
within certain rages of temperature and pressure. The SCWR opeaxatgupercritical pressure
which is not supporté in the current versioof built-in thermodynamic propertiesHowever,
STAR-CCM+ provides various methods for specifying user defined thermodynamic propegies
constant, field function, temperature polynomial, and the option to input tabular data from a file
The thermodynamic properties of €é&nd HO used irthis study are defined by the author using
data from NIST Standard Reference Database 23 (NIST REFPROP versif§}.9.1)

Density and specific heat were defined usemgperature polynomialsvhile thedynamic viscosity

and thermal conductivity were provided in the form of talitds.important to note thahépressure
dropsin this studyareverysmall (less than 0.02 MRaa test run)compared to the system pressures
Therefore for computationatonvenience the properties were indexed as a function of temperature
at constant pressurk.was also verifiedn the latersensitivity studyof pressureHowever, if the
pressure drop wasgnificant, e.gin a study of critical flow tschargg60], it is necessary to provide

the CFD codes witB-D (temperature and pressure) tables for all the fluid properties.

Since the lhermal properties vary dramatically the vicinity of T, the temperature intervadse
refined in thatregionfor polynomials and tables of propertiegeFigure 16 andFigure 17. The

number of temperature intervals and range of temperature are summarizdudicis.
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Figure16 Screenshot of temperature polynomials fe©densityin STAR-CCM+
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Figure17 Screenshot aemperature polynomials for,B specific heain STAR-CCM+
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Table4 Parameters of user defined thermodynamic properties

Range of Number of
Pressure (MPa) Tempergture{K) Intervals

753 230 to 500 684*
275.151t0 475.15 1102
CO 8.50 230 t0930 499
8.64% 230 to 930 499
8.32# 230 to 930 499
275 to 1200 815
Hz0 25.0 275 to 658.04 925"

*: for the nsitivity studyof number oftemperaturéntervals see section 5.1..2
#: for the #nsitivity studyof pressurgseesection 5.2.3

3.3.3 Selectedlurbulence Modelsn STAR-CCM+

The turbulence modelexamined in this studgre listed inTable 5, which includes several two
mo d e lthe secora mrder Reynolds Stress Transport (RST) matel.kU
models selected are Standartlk mo d dohes ény Laundg61] with three choices of wall

equationk-U k-

treatmentgwall functionhigh y+ two-layerall y+, low-Reall y+), Realizable KJ by S f6R]h

with two choices of wall treatments (wall functibigh y+ two-layer al y+), and AKN lowRe

et

model by Abe et a[63] (AKN). The V2F lowRe model was found to have a convergence problem

in this study thuswill not be discussed herghe k¥

Wilcox, and SSTk-¥y mo d e |

Table5 Selected Turbulence Models in STARCM+

mo dhedemre Standard-k mo d e |

[6Y] (SB@.nt er

Wall-Treatment

Name of Turbulence models

First Order
Two-equation

Wall Function Standard KJ(SWF)
(high y+) Realizable KJ by SHRWEF) et al .
Two-Layer Standard ) wi tldyer approach (STO)
k-U | (ally$)? Realizable KJ wi tldyer approach (RTO)
Low-Re AKN low-Re model py Abe et al. (AKN)
(all y4) Standard lowRe by Lien et al. (SLR)
V2F low-Re (V2F)?
kx| ally+ Standard kk  mo d Wilcox ljwi1, WI2)*
SST model by Menter (SST)

Second Order

Two-Layer(all y+)

Reynolds Stress Transport (RST)

by

1: The all y+ wall treatment is a hybrid treatment that attempts to emulate the high y+ wall treatment for coarse meshes, and

the low y+wall treatment for fine meshes;

2: Resultsarenot presented because of convexggEssue;

#: WIL1: most recent versioWI2: NO Crossdiffusion Limiter, NO Vortex-Stretching Modification

*: Turbulence models chosen for both £add HO study, the rest are for GOnly.

The generatiescriptiors of the above turbulence modélavealready beepresentedh section 3.2.

A few morecomments on sont@e turbulence models are addedowbased on the User Guide of

STAR-CCM+ [64].
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1. Standard KJ m owithewlall function (SWF)

The Standard KJmodelin STAR-CCM+ is a standard version dahe two-equationmodek. The
transporequations are of the form suggested by Jones and La@idewith coefficients suggested

by Launder and Sharnja2]. Thevalues ofthese coefficientsan be foud in section 3.2.4
2. Realizable) model with wall function (RWF)

The Realizable KJ mo d e | i s dev e[b2) poeedecehtly. This modbelhagatnewa |
transportequation for turbulent dissipation rdleDifferent from standard model, the coefficiet

of this model is expressed as a function of mean flow and turbulent propexties than constant

in the standard modelThe concept of a variab(@: is consistent with experimental observations in

the boundary layers. Thus, this modebisstantiallybetter than the standakd) mo d e | for many
applicationsand according the user guide, it is able to give solutions that are at least as accurate as

the standard model.
3. StandardlowRekU model ( SLR)

The Sandard lowRe k-Umodel was developed byLien et al.[65]. This model has identical
coefficients to the Standardk mo d e | |, but pr functiodsevkich fatatbeapplie mp i n g
in the viscous sublayeThe damping function®ROFQwhich are for model constanés 6 F6 ,

respecitively can be written as follows:

Q A @bmgtp &Y ¢ ®
p paYm p v
Q phiQ p MAPZHQ

where'Y Q My —. This model is recommended foatural convection problem.

4. AKNlowRekU0 Model ( AKN)

AKN low-Re k-UModel which is developed by Abe et 3] usesdifferent coefficientghanthe
StandarddJ model , and di ff er e ntandalddomRemodgl. THe dampingi ons t han t
functions and model constants are listed as follows

v YQ o

» W

M phQ p MAOTHQ

6 maly pdfi, p8 MO pd O poT
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wherec5 - ' -8 AY'Q —. Besides,tie Kolmogorov velocity scale, i.é. - T isused

instead of the friction velocity t 7.
This model is recommended for compfiow with low Reynolds numbers
5. k-Umodelswith twolayer approacHSTO & RTO)

Two models of this typare chosen in this study, i.e. Standa#d k wi t-ldyer approach (STO),
and Realizable X} wi t-layer tappmach (RTO)The coefficiens in these two models are
identicalto those intheir original modelshuttheygain added flexibility of an all y+ wall treatment
aftercombinationwith the twoelayer approaciidetails can be found in section 3.2.4)

6. Wilcox k¥ Mo ¢Véil &WI2)

As mentioned earlierhe biggest disadvantage sthndardk-¥ model (its original formis that the
boundary layer computations are sensitive to the valueiofthe free streamThe standard-¥
model by Wilcox included in STARECM+, has been modified in an attempt to address this
shortcoming.

Wil cox revised his original modéal 1998[54], then in 200866], to account for several perceived
deficienciesincluding a revised set of model coefficients, two corrections to account for sensitivity
to the freestream and inlet conditions, a leReynolds number correction, a compressibility
correction, and a correction to improve the fsbearflow spreading ratesThese corrections have

all been included as different optiomsSTAR-CCM+. And the revised setfanodel constants that

are used in STARCCM+ are:

rom g meixik® mié  8h g8t

The most recent versioof Standard k& mo (MVEL) is usedin this thesis with all these above
corrections  wh i ¢ h Cronsdiffusisn Lifniter in the Fre&heao, and fiVortex-Stretching
Modificationd ar e candtthdiRealizabitity Optiod 1 & fiDarbin Scale Limited .

However, it was found WIdid not converge well at higher heat fluxéghe older version(WI2)
wi t h o u t-diffdsi@r Linstes in FreeS h e a r oVoremStretcling Modificatiod i s al s o
comparedwvhichis found to convergenuch better than WI1

7. SSTk-¥ model by Menter (SST)

Details about the SST model have been shown in section 3.2.5. It is also worth noting that STAR
CCM+implemented the loviReynolds number modificatiomghich can be used anyk-¥ model.

It provides properties with which the user can control the damping modification. The model
constants are modified as follows:
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However, this modification is disabled by default, and it is not needed for low y+ wall treatment,
only for transitional flows. Herg; it isnotactivatedn all the low y+ type simulations tfie present
study, but activated in all the high y+ type onEsrthermoreit is found that this modification does

not improve the prediction oHTD, and only small discrepancied the results can be noticed

between models with and without the k&eynolds number modification.
8. Reynolds Stress Transport Model

RST model available in STARCM+ -h asdldd RST (URST), as another mode
scal ar di ssi pedinhaddition to the six Rdynolidssstressotransport equationses

the same equatidor Uas the one used in the standafd k mo d e |

STAR-CCM+ provides two methods to model the pressure strain ternbjngar Pressure Strain
Model by Gibsonet al. [67], and Quadratic Pressure Strain Mod®} Speziale et al68]. The
Quadratic Pressure Strain model is a more modern formulation, however, it can only be used with
high y+ wall treatment, i.e. irgy wall functions without resolving the viscoaffected region.

Hence, it is unsuitable for the simulation of supercritical fluids in this study.

The Linear Pressure Strain model uses a classic approach to model the {stesisuterm, splitting
it up into a slow (returrto-isotropy) term, a rapid term, and a wadflection term. It can be used
with both high y+ wall treatment and twWayer approachThe same twdayer approach by Rodi
[53] is used ashe onen two-layer kU ma.d e |

Thus, RST model with ibear Pressure Stramethod incorporated into a twayer formulation is

used in this thesjgiming tobetter resolve the viscous sublayer.
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4. Experimental Investigation

Two independenéxperimentdy Zahlan et al[7] and Wattg32] are numerically simulated in this

studyto assess the performance of different turbulence models in predicting the HTD. The main
reasorfor choosing these two experentsis thatin both experiments significant HTD was observed

at relatively low mass flux where the buoyanéfeet maybe the dominant HTEnode On the other
hand,there isan importantdifference betweetheset wo e x per i me n tegperimentse. i n
Te<Tp<Tw, Whi | e, Ti<Tu<Mddistusséddaterlhesetwo experiments are summarized

in this chapter.

4.1 Supercritical Carbon Dioxide Flow

The experiments by Zahlan et 4V] werecarried out at Uniersity of Ottawa in a supercritical loop
using CQ. The test section used was a circular pipe made of Inconela®@was mounted
vertically with CQ flowing upward. It had an inner diameter of 8mm, wall thickness of 1mm. The

test section had a heated length of 1.94m, preceded by an unheated section of 0.89m.

The reported tests were performed over wide ranges of flow conditions at high subcritical and
supercritical pressure regions, including the conditions of main interest to SViHRIr report,

not only the measurements heat transfer at supercritical pressures was presented and discussed, but
also the measurements of critical heat flux and filrilitp wall temperatures at high subcritical
pressuresFor supercritical heat transfer, the results are presented in three different aspects, i.e.
pressure effect, mass flux effect, and heat flux effetFigure 18 to Figure20 respectively The

experimental HTOs presented in a normalized form™@Q, whereQis the value alculatedby

~ - 8
themodified DittusBoelter type equation: O mrt¢Y P01 — — (see[l7)).

Two peaks of wall temperature were observed when studying the pressure effect, and it was found
that with increasing pressure, both peak temperatures decreased and both peak locations moved
downstream, seBigure 18. The study of mass flux effect was carried out at ingdét high mass

flux where the HTC shosvsignificant enhancement, ségure 19. For the heat flux effect, the

results showed that at relatively low mass flux and tigéat flux the wall temperature presented

two peaks which movegpstream with increasing heat flux, deigure20. It was also observed that

the upstream peak was spand narrow, while the dowtream one was much less pronounced

The experimental data from the study of heat flux effect is of main interest in this present study, as
the data showed how HTD evolved with increasing heat diokcanthusbe used to studthe

responsef different turbulence models to the onset of HTD. However, a few cases from pressure
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and mass flux study are also selectedexamine the numerical sensitivity to these parameters
relative to the sensitivities observed in experiments

140 — 12
P (MPa)
120 | 73 |
AN
100
—_ —~ 08
&) z
80 =
T =
B 60 = 06 P (MPa)
—7.53
40 04 =843
8.50
20 0.2
220 240 260 280 300 320 220 240 260 280 300 320

H, (kI/kg)

H, (ki’kg)

Figure 18 Pressure effect i€ O, experiments, G = 510 +10, kghs, g = 50 +0 kW/n3, Tin = 11.7

+2.0°C[7]
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Figure19 Mass flux effect inCO, experimentsP
+0.4°C[7]
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Figure20 Heat flux effect in C@experiments, P = 8.48 +0.16 MPa, G = 505 +12 ké#nili, =

12.0 +1.4C[7]

All the simulatedexperimental conditions adésted in Table 6. The Reynolds numbeRe and

buoyancy parametd 6 we r e
and outl et

written as foll ows

Tahree of ®bnbust maf i r st

calcuatedubkohbubndilphktopenlhyetbhe
Jacksbrr aoddHalfl@,candb g N b e
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6& "OFj Y& 0i8
wh e r eGrtahseh o f "Oih u-mb-e.r

Table6 Simulatedflow conditionsi n Zahl and®BrCOx peri ments

MPPa ;I—IC” k(\:‘;\;/zm kg??sm Ren B&n Rexit BGexit
7.5 11. 50 510 46141 8.73E07 106960 1.03E06
120 30 505 44708 5. 3@®E| 6949| 5. 3OE

120 40 505 44708 7.00E 8214 7. 0BE

8. 5 120 50 505 44708 8.80EF| 9812 8.6B07
" 120 75 505 44708 1. 3@B&E| 14522 4. 8BE

120 100 505 44708 1. r0dE| 1823 2. ORE

120 125 505 44708 2.2@& 1970 9. 6@&

Note: At pressure of 7.53MPa,F31.9C; at pressure of 8.5MPa,F37.37C,;
*: Cases wher&lTD was observed in experiments

Mikielewicz et al.[69] suggested a threshold for the buoyancy induced HTD ®de5.6x107.

The calculated buoyancy parameters show that the threshold of HTD in this experiments is around
8x10°7, which is fairly close the Vae suggested by Mikielewicz. It is also noticed thaBhbevaries
significantly from inlet to outletandthe peakof Bo™ profile is oftenlocated somewhere between

the inlet and outlet of the heated sectidence, it is suggested fiod the minimum ad maximum

of Bo', rather tharsimply calculatethe inlet and outlet value.

Yamagata also suggested a criterion for the occurance of HTD based on the ratio of heat flux to
mass flux, i.eq/G*%>0.2 The calculated results in this study showed large discrepancy compared
to the value suggested by Yamagata, thus are not shenenThis isattributed to thalifferencein

fluid properties between water and £®ecausehis criterion is based on expeemtal data on

supercritical water, rather than @0

4.2 Supercritical Water Flow

Wa 't t s driments[§] [82] were conducted at University of Manchester in the late 1970s on the
forced and mixed convection heat transfer to water. The main test section in the loop was a vertical
stainless steel pipe, which has a diameter of 25.4mm and a heated length of 2m.aAediehgth

of 0.78m was also located upstream the test section. The operating pressure of the fluid was 25
0.1MPa(Tp=384.9C). 20 thermocouples were placed on opposite sides of the pipe to obtain two
complete axial wall temperature profiles, whichrmide with the thickest and thinnest lines of the

pipe respectivelyOne side of the pipe was abou2Bmm thicker than the opposiile. Therefore

the thicker side has ttatightly higher heat fluxvhich leads to the slightly higher wall temperature

However,the obtained wall temperature profiles for two sides vadmost the samendthe pipe

wastreatedhs fiuni formly heatedd by using the average
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I n Wattsds experiments, there were 11 gamets of
inlet temperature and heat flux, but over a range of mass flux. HTD was observed at relatively low
mass flux.Figure21 shows the plot of one set of these expentakdata. We can clearly see that

all the wall temperature curves lie below thelTi ne. Though, for Wattsos
interest is in cases where the peak temperature is less dhainete are still a few cases where the

wall temperatureexceeds the ot (Figure 22). Those cases are also investigated, as turbulence
models exhibit very different performance in those cases. All the simulated experifteantal
conditions are summarized Trable7, all are upward flow.
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Figure21 Watts BO data- Axial wall temperature distribution ¢<Tw<Tyc)
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Table7Si mul ated flow conditio@©s in Wattsos
Tin Ow G . ] Purpos
°C k W/2n k g/fsm Reén B 0in Rexi B Oe%i ¢ a/GH* Study
150 | 175 | 278 | 37414 | 4.60E06 | 49348 | 4.37E06 | 0.20 | Tumpuience

326 43874 2.67E06 55854 2.55E06 0.17 models
273 36741 6.99E06 53579 6.54E06 0.30
295 39702 5.36E06 56589 5.03E06 0.27
325 | 43740 | 3.85E06 | 60685 | 3.63506 | 0.24 | T Tee
150 | 250 " Mass FI
341 45893 | 3.26E06 62864 | 3.08E06 0.23 ass Fiux
Effect Study
367 49392 2.54E06 66404 2.40E06 0.21
382 51411 2.21E06 68440 2.10E06 0.20
150 | 340 364 48989 3.55E06 71872 3.32E06 0.29 To<Tu<Tpc
232 41995 8.09E06 53247 7.88E06 0.25
261 | 47245 | 5.41E06 | 58517 | 5.27E06 | 0.22 | Tu<T.<T,
200 175 280 50684 4.25E06 61967 4.15E06 0.20 Mass Flux
299 54123 | 3.39E06 65420 | 3.32E06 0.18 Effect Study
326 59011 2.52E06 70322 2.47E06 0.17
269 48693 6.96E06 64721 6.77E06 0.30
200 250 Tb<Tw<Tpc
340 61545 | 3.12E06 77620 | 3.04E06 0.23
349 63174 3.88E06 84959 3.78E06 0.30
375 | 67881 | 3.04E06 | 89681 | 2.95E06 | 0.8 | T,<T.<T,
200 | 340 383 69329 2.82E06 91131 2.75E06 0.27 Mass Flux
404 73130 2.35E06 94953 2.29E06 0.25 Effect Study
426 77112 1.96E06 98952 1.91E06 0.24
250 | 340 392 88964 2.54E06 111035| 2.56E06 0.26
411 93276 2.16E06 115286| 2.18E06 0.25 T¥ crgslses e
urpbulence
250 | 400 394 89417 2.94E06 115681| 2.98E06 0.30 models
410 93049 2.56E06 | 119226| 2.59E06 0.30
361 104118| 4.41E06 143967 | 4.89E06 0.38 Ty<To<T.
pcS lw
413 119116| 2.78E06 157114 | 3.02E06 0.32 Turbulence
310 | 440 models &
434 125173| 2.35E06 | 162616| 2.53E06 0.30 Mass Flux
505 145650 1.4E06 181709| 1.48E06 0.25 Study

Re Bo', andg/G'?are calculated by author;

It can be seethe B0, threshold for theccurrenceof HTD varied from X10© to 4x10¢ between

*. Cases where significant HTD occurs.

experi ment

different setof experimerd, dependent ofi, andgw, and the values are very different from that of

theCQexperi ments

as cal cul at ®@G>02aseems te predictthr@ma gat ad s

occurrence of HTD fairly well in some sets of the Watts water data.
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5. Results and Discussion

In this chapternumerical simulations are carried out over a wide range of experimental conditions
for CO, and HO. In order to gain a deeper insight into the heat transfer behaviour at supercritical
pressuregespeciallyHTD and its threshold a set of simulations aperformed with increasinigeat

flux for CO,, and another sets of simulations with increasing mass fluxJor H

The performance of turbulence moslel predicting the HTD isinvestigatedunderdifferent flow
conditions The mechanism of HTD idiscussed for both CGand HO usingseveralturbulence
models(RST, SST, and SLRiy various flow conditions.

Before starting the main resultee results ofensitivitystudiesare presented and discussed in the
section 5.1, including the sensitivitgtudiesof mesh, fluid property, turtbent Prandtl number, and
gravitational orientationAll these sensitivity studies uses a low y+ type meih y+<1, as it is
believed in order to predict the heat transfesgbercritical fluid the viscous sublayer need to be

properly resolved

The sensitivity of boundary conditions, i.e. heat flux, mass flux, pressure, and inlet temperature, are
discussedseparatelyn section5.22 and 5.2.&fter the main results, as they are closely relaied
the main resultsThe performance of high y+ wall treatment is also studied, and the results are shown

in section 5.1.5.

5.1 Verification and Validation

5.1.1 Mesh Sensitivity

As discussed in sdoh 3.31, the mesh parameteirsthis studyareselectecbased on the previous
experience and literature reviettowever, in order to be assured that the obtained results in this
study are mesindependenti.e. the mesh is sufficiently fine, a mesh stvisy studyis carried out

for both axial direction and radial directiohhe mesh parameters for €é&nd HO studies can be
found inTable3.

For meshin the CO, study, the y+ sensitivityis checled by comparinghe primary meshy+<0.2)
with an even finer mesh (¥0.06).Three different turbulence models, i.e. AKN, SLR and R4,
selectedor this study. The simulated flow conditios atTin=11.7PC, G=510kg/rfs, q=50kW/n?,
P=7.53MPawhere significant HTDs observedThe results are shown kigure23. It can be seen
thatthe y+<0.2 curves (solid lines) and y+<0.@6wes (dash lines) only shasmall discrepancies

for all three modelsTherefore themesh with y+«0.2 isbelieved to beufficiently finein this study
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190 1 ‘
€02, P=7.53MPa, G=510kg/ms, Tin=11.7°C, .
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Figure23 Sensitivity sudy of y+valuefor CO;,

For mesh in theH>O study a similar y+ sensitivity study iarried out by comparing the primary
mesh (y+<0.2) with the medghat hasy+<0.02. The mesh sensitivity for axial directida also
checked bydoubling the number of axial nodes, i.e. compatimg primary mesh (1315 nodes
axially) with afiner mesh that has 2630 nodesxial directionThree experimental conditiomsth
different massluxes but same other boundary conditieme selectedbr the y+ sensitivity study,
while two of them are chosen for the mesh sensitivity study in axial dire@ialy the SLR model
is used, andhie results are shown igure 24 andFigure25respectivelylt can be seen fromigure
24 that all the y+<0.02 curvefall onto the y+<0.20nes, except for the cada which the code
predicts a second temperature pé@k325kg/nis). In fact, the second peak here is veepsitive
to other parametsrtoo (discussedater), thuswe will focus on the first temperature peak in this
mesh selectiogection Forthe axial direction the temperature curvgsedictedby the finer mesh
(2630 nodesperfectly fall onto that by the mesh with 1315 noftesll the flow conditiongFigure
25). Putting aside the sensitive second temperature, peakn be concluded that the mesh
sufficienty fine for this HO study.
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Figure 24 Sensitivity sudy of y+valuefor H,O by SLR
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Figure25 Sensitivitystudyof number of nodes in axial direction foe®lby SLR

5.1.2 Sensitivity ofthe Number ofTemperaturelntervals for Fluid Properties

As discusseearlier, all the fluid propertiesere indexed as a function teimperaturenly. Density
and specific heat were defined using polynomidtemperaturemeanwhile dynamic viscosity and
thermal conductivity were provided the form of tablesln order to accurately represent the sharp
changes in fluid properties in the vicinity dfc, the temperature intervals of these properdies
refined in that regionThe parameters are summarized @ble4.

However, it is still necessary ttheck theproperties discretization dependenas increasing the
number oftemperaturéntervalscan capture more detsibf the variation offluid properties which
may result in more accurate resulbst will also appreciablyincrease the time per iteratioA.
sensitivity study igherefore carried oub decide the rightumber oftemperaturéntervalsfor the
properties of CQ comparingthe 684interval propertiesand the 1102interval propertiesThe
results are shown iRigure26.

190 4
| €02, P=7.53MPa, G=510kg/ms, Tin=11.7°C, q=50kW/m?* I
170 4 T T
150 4
130 - | — d
— 110 4 1 *
0 '
,_E' * Exp
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AKN(1102 intervals)
70 4
—— RS5T(684 intervals)
50 A ====R5T(1102 intervals)
30
10 T T T T 1
220 240 260 280 300 320

Hb (k/kg)

Figure26 Sensitivity ofthe number ottemperature intervals of fluid properties for £O
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The same flow conditiofor CO; is selectedasthat usedn mesh sensitivitgtudy, i.e.Tin=11.7C,
G=510kg/ms, g=50kW/m?, P=7.53MPaTwo turbulence models (AKN and RST) are chosen for
this study It canbe seen that the temperature curves of the-Irit@2val properties (dash linefl
perfectly on that of the 684ntervalsproperties(solid lines). Thus, it can be concluded that the
computational results are not sensitive to fluid properties, andséféstouse the lesfine fluid

propertieghat has 684emperaturéntervals

For the fluid properties in the B study, a similar sensitivity study is carried out by compatieg
815interval properties and the 92&erval propertiesThe 925interval properties covers a smaller
range of temperature, i.e. 275K to 658.0¢Kmpared t@75K to 1200K fothe 815interval ones)
Two turbulence models (SLR and RST) asedfor this study at one of the lowest mass flux where
HTD is observedThe results are shown Figure27. Again, two differensets of fluid properties
show almost identical wall temperature distributions. Hence, we can be assuredhe¢hat

thermodynamic properties of supercritical wates sufficiently fine.
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=
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Figure27 Sensitivity of the number of temperature intervals of fluidoerties for HO

5.1.3 Turbulent Prandtl Number Sensitivity

As mentioneckarlierin chapter 3, the turbulence Prandtl num{Bss), is normally taken as constant,

and the default value in STARCM+ is 0.9 which is used in this present study. Howevetheén
studiesof supercritical fluids a constant Pof 0.85wassometimesisedby other researchef45].

Some studies showed that the calculation results are not significantly affected by the chaice of Pr
[70], while some researchers believed thgihg a constant turbemt Prandtl numbewill cause the

inability of turbulence models in reproducing turbulent heat fmkch can partly leads to the failure
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of predicting the heat transfer in strebgoyancyinfluenced casel§'1],. Therefore, iis of interest

to examine the sensitivity &fr, and the suitability othe assumption of constant.Pr

A sensitivity study of turbulent Prandtl number is carried out by comparing the resdifterent
constant Rri.e. 0.85, 0.9, 0.93,.0, and 1.2for both CQ and HO, invariousflow conditions with
several turbulence models. The results are showigimre 28, Figure 29, Figure 30 andFigure31.

It can be seen that the temperature curves of differeshBwvery small disogpancies in most
casesHowever, the discrepancies increase in cases just prior to the onset oftld@ib.be seen
from Figure 28 that RST model predicts very different wtdimperaturesvith different turbulent
Prandtl numbers. Butin casesayfromth e v i ci ni t y softhe miHiMuU heabfluxess ho | d
that will cause HTD, see section 5.2.2 for detdlig results are much lessnsitive to Ri(e.g.q=50,
75kwin? in Figure 29). It is actually consistent with the later sensitivity studies of boundary
conditions in sectioB.2.3 Figure 30 andFigure31 showthe sensitivity of Rrin H>O sudy using
both SLR and RST modelSimilar behaviour is also observed. The results are sensitivednlyr
for conditionsin the vicinity of HTD thresholde.g. the first peak at mass flux of 341kénand

the second peak at mass flux of 325k/m Figure 30.

It is also notable that the increase inWiH increase thenagnitudeof deterioration resulting in a
higherpeaktemperatureHence beter resultscan be achievelly tuning the P especially in the
vicinity of HTD threshold. Nevertheless, the author believesiit@ppropriateo tune the Prfreely
to reproduce the experimental data, as there are many other factarayhaad tahe discrepancies
betweenmeasured and code predicted wall temperatdnesrefore the turbulent Prandtl number
Pr. is set to 0.9 in both COand HO studies Further investigation on Pin the regime of
supercritical pressure ieeded
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5.1.4 Influence of Gravityon DeterioratedHeat Transfer

The buoyancy effeds the primary focus othis study, as the mass fiesin these two experiments
arerelatively low and the calculated buoyancy paramedtssindicate thathe buoyancy force is
important. However, in order to proveaththe HTD is caused bie buoyancyforce the same
equatiors are solvedusingidentical gird with exact saméoundary conditiondut without the

buoyancy term@n NS equations

In STAR-CCM+ [64], the buoyancy terms are addedthyning on the @vity model. Once the
Gravity model is activethe body force due to gravity can be imgd in the momentum equations.
For variabledensity fow, the buoyancy effects due to gravity and density variation are modelled
directly and are always presedtFor problems usinghe Constant Bnsity modelthe buoyancy
effect are only included whendloptional Boussinesq odlel is selected in addition to ti&avity
model.In our cass, the fluid density undergoédarge variationsthusthe Polynomial Density model
plus the Gravity model aresed By turning the Gravity model off or usin@ gravitatioml

acceleration (g) of 0 misthe buoyancy tersareremoved from the NS equatians

Figure32, Figure 33 andFigure 34 showed the comparison between upward flow @81m/s),
downward flow (g= 9.81m#, and negravity flow (g= 0m/$) in three typicalcaseswhere HTD
was observedsing AKN and SSTodels for both C@and HO. It can been seen that in tifee
cases wall temperatig@n downward flow and ngravity flow were substantialljower than that
of upward flow The temperature increasednotonouslyith distance andith nopredictedoeaks
which is consistent with the findings in experimentd tha localized peak in temperature diot
occur in the downward flows with the same heat flux and massThigimplies thathe buoyancy
terms in the I$ equationss responsible for thebservedHTD in experiments.
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Figure32 Different options for gravityat low heat flux by AKN model for CO
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Figure 34 Different options for gravity bAKN model for HO

The downward flow predictslawer wall temperature than fgravity flow, whichis also attributed

to thebuoyancyforce when the fluid is flowing downward the shear stress in the outer edge will be
bigger than that in the absence of buayarnthus the production of turbulence will be higher, which
leads to the enhancement in heat transfer compareddmanity flow. This is consistent with other
authoréresults as described in Chapter 2.

5.1.5 Performance of High y+ Wall Treatment

Although, turbulence models with high y+ wall treatment have a poor reputation in predicting the
heat transfer at supercritical pressures, all the turbulence mo&I&R- CCM+ that can be applied

to a coarse mesh usiegherhigh y+ or all y+ wall treatmerdre assesset both low and high heat
fluxes The results are shown Kigure35 andFigure36.

The parameterof this coarse mesh can be foundraible3. The y+ valueof thewall-cell centroid
is kept always greater than 0l the selecte turbulence models are summarized @ble5. Except
forthetwok-0 model s wi t [BWWantl RWHfall torlbuterice moslels use the all y+
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wall treatment instead of the high y+ wall treatment. The all y+ wall treatment is salway
recommended as it is a hybrid approach that can give very similar results to the low y+ treatment
for y+<1, and to the high y+ treatment for y+>30.

It can be seen froigure35that the wall temperature predicteddiymodelsshowed no significant
peaks Though, small humpis temperature may be recognizéitey are toaveak to be considered
asHTD. Figure 36 shows the poor performance of these medelrelatively high heat fluxt is
quite clear that none of the selected turbulence madete able tqredict theHTD observed in
experiment®na high y+ type mesfThis is actuallywithin our expectations, dke large variatios
of properties in the neavall layershouldrequire a great number of grid pointdepictthe details.
Hence the following discussionare based on the IeRReynoldsnumber type meshgg+<0.2) with
either low y+ or all y+ wall treatments.
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5.2 Supercritical CO: Flow

5.2.1 Wall Temperature Predicted by Different Turbulence Models

As mentiored ealierin the experimental investigationhe data of heat flux effect from GO
experiments of main interesof this study asit can beusal to learn how and when those turbulence
models respond to HTON experiments, the HTD was observed at heat flux between 40 and
50kW/n?, the corregonding buoyancy paramesare7.09x107 and 8.87x1¢ (seeTable6).

Figure 37 to Figure40 showed the wall temperature distribution predicted by different turbulence
models (the meaning of abbrevations can be fourithbie5). It can be seen that the performance

of these turbulence models varied significantly. All the models can reproduce the wall temperature
very well at low heat flux (g=30kW/fh where there is no HTDseeFigure 37. However,

discrepanciescreaseat higher heat fluxes in the presence of HTD
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Figure37 Axial wall temperature distribution at heat flux of 30kV#/m
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Figure38 Axial wall temperature distribution at heat flux of 50kV#/m
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Figure39 Axial wall temperature distribution at heat flux of 75kW¢/m
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Figure40 Axial wall temperature distribution at heat flux of 100kV¥/m

ThetwokU mo d e | slayerapprbach, ive9RTO and ST to predict HTDin all the cases,

even at the highest heatflux Si mi | ar behavior was also found in Amt

The two lowRe models, i.e. AKN and SLR modgpredictthe onset of HTDgualitatively in all
cases [igure 38 to Figure 40). However,the wall temperatugein thesecasesare significantly
overestimatedAlso, it is importanto notethatboth AKN and SLFhave trouble recovering the wall
temperature after the onset of HTD. This is in fact consistent with $héésérom other researchers
[45] [46] [47]. It seems a common failing of all leReynolds number-kImodelswhenpredicting
the buoyancyinduced HTD Theselow-Reynoldsmodels do predict gentle recoveryof wall
temperaturéollowing thelocal maximunpoint, but it is too weak to be considered dslarecovery.

This issue will be discussed latersection5.3.3with the discussion of HTD mechanism
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AKN and SLR both predich steep decrease wall temperaturdurther downstreamvhere T, is
around T, which was not obseed in theiroriginal studies[45] [46] [47]. Similar behavior was
also found in the C@Ostudy usingsameAKN model by He et al[42]. It is suspected thahe
relatively short heated lengtised in the previous literatuveasinsufficiently long and the pseudo
critical temperature was never approacl#] [46] [47], i.e., in those historical workke bulk fluid

has not been heated to,d In order toconfirm this hypothesjghe authomodifies a simulatiofrom

S h ar ab i[4ppwvithademilflowconditions but with artificially increased heated lengths, the
results of which show consistent response to that discussed abovemiesteep decrease in wall
temperatureoccursfurther downstream wherehe bulktemperaturas closeto Tpe. These redis

are presentednd discusseliterin Appendix 1 while the reason are illustrated in section 5.3.3.

Although, SST, RST, WI1 and WI2 all fail to predict the first occurrence of HT&a heat flux of
50kW/n? (Figure 38), theyall startto predictthe HTDat higher heat fluxed={gure39 andFigure

40). It can be seen that RST model is able to predict the two temperature peaks observed i
experimentdoth qualitatively and gantitatively. SST modelndeestimates the peak temperature

at heat flux of 75kW/rh (Figure 39) while overestimateghe peak temerature atheat flux of
100kW/n? (Figure40). Similarly, bothWI1 and WI2are able t@redictthe HTDat high heat flugs

The mos recent version (WI1) predicts the HTD at lower heat then WI2, lowever,it has toe

high residuals taheat flux of 100kW/rh (the difference between WI1 and WI2 can be found in
section 3.3.3)It is worth mentioning thaniotherstudiesk-¥ mo dredften overlookedas the

heat fluesin thosecasesvere notsufficiently high to triggertheresponseo HTD.

It is qute clear that RST model preserthe best performance predicting the HTDfor these
conditions Figure 41 summarizedvall temperaturepredictedoy RST modein all flow conditions
Except for lowest heat flux where deterioration ocgutee RST model reproduce theall
temperaturajuite well within the vicinity of HTD It is also worth noting that RSihodeltendsto
overpredict thefar downstreanwall temperatures where G@arsitions into the gaseous state,
while SST model seems better in this aspexcseen ifrigure39 andFigure40.

Before starting the next section,isthelpful to review the difference amo8j O, SLR and RST
model STO and SLR modghave the identical equations and coefficients from Staridérd mo d e |
The main difference between them is tB8O uses the twtayer approach to resolve the viscous
sublayer, while SLR model usetlow-Reynolds nmber approach. One may suspect that the two
layer approach is mdinresponsible for the failing in predictingTD, but the fact RST model uses
thesametwo-layer approach and all y+ wall treatment as STO model (see s8@i@nreveals that
something ede important is leading tthe different behaviorbetweenSTO and RST models

Further investigation on this issue is need
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Figure41 Wall temperature distribution by RST model at various heat fluxes

5.2.2 Sensitiity Studyof Heat Flux

After the above discussion, it can be seen that SST and RSTsaoelelble to predict thdTD,

albeit at higher heat fluxes than observed experimentaliiyough, the two lowRek-Umodels, i.e.

AKN and SLR, seem better in predicting first occurrence dfiTD at heat fluxof 50kW/n?, they

both are deficient in predicting recoverBesidesijt is possiblethat thesdow-Re models would
respond tdHTD atheat fluwes below those observed in experimemtwus, it is worthwhile tearry

out a stidy on theheat flux sensitivity for these models, determinethe threshold where these
turbulence modelstartpredict HTD The results of this sensitivity study are showfrigure42 to
Figure46. The heat fluxesafter carefubdjustmentweresetaround the threshold where HTD was
about to occuri.e. through trial and error the lowest heat flux where HTD can be observed was

determined for each model
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Figure42 Heat flux sensitivity by AKN model
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Figure43 Heat flux sensitivity by SLR model

It is surprising to see froMigure42 andFigure43that both AKN and SLR are extremely sensitive
to heat flux in the vicinity of HTD threshal@vhich could be attributed to the stiffness of Aimear
damping functions in the equatiorhe wall temperature rises abruptly with only a snmaltease

in heat flux (AKN by 0.01kW/rhand SLR by 0.1kW/r). This seems contrary to experimental
observations wherein HTD is much more mild and gradual thaowryjnechanisms in multiphase
flows. At heat flux of 40kw/m, AKN and SLR predict a significattTD which was not observed

in experiment. Thereforét is confirmed that they both respond to HTD at heat flux well below

those observed in experiments

SST,RSTand WIlare far less sensitive. Frarigure44, Figure45 andFigure46, we @n see that
the temperature peaks gradually rise with increasing heat flux. Althalldhreemodels showed
some delay in the response to HTD, tlvegre able to qualitatively predict the deterioration at

slightly higher heat fluxes compared to experirsent
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Figure44 Heat flux sensitivity by SST model
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Figure46 Heat flux sensitivity byWVI1 model

Table8 Threshold heat fluxes of HTD by different turbulence models

Turbulence Models AKN SLR SST RST WI1 Exp.

HTD Heat Flux
Threshold (KW/rf) 35.4335.44 32.232.3 7080 | 5560 | 6570 | 4050

Note: keepng other boundry conditions constante. P=8.5MPaG=505kg/nis, Tin=12°C.

Table8 summarized the heat flux thresholds for HTD by different turbulence mbdsési on

the above figure@Note that the way of determining the thresholds here may be highly subjective

It seemghat RST model presents the best performance, as it started responding to HTD around
57kW/n?. The experimental data showed that HTD oocedisomewhere between 40 and
50kw/n¥. It would be helpful if morexperimentatlataaround HTD threshold weravailable.

Itis suggested that the experimentgeasformed in a manner consistent with those used to detect
the first onset of Critical Heat Flux experimerits. the heat flux is gradually incieed until the

first onset of HTDis observed
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5.2.3 Sersitivity Study of Other Boundary Conditions

The measurements tefst sectiop r e ssur e,

temper atur e,

amdnt mas s

have small uncertaintie¥he boundary conditions ithe Figure 20 where the data was digitized
from alsohavesome urertaintiesi.e. P = 8.48 +0.16 MPa, G = 505 +12 kgA® T, = 12.0 +

1.4°C. After realizing how sensitive those turbulence modelst@teeat flux, it is worthwhilgo

investigate the sensitivity of othboundary conditions, as an error in the boundary conditizan

we run asimulationmight result in some unexpected effects.
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Figure48 Mass flux sensitivity by RST model for GO

Figure47andFigure48show the sensitivity studieof pressure, and mass flux, using®R&T model.

Itis noteworthyt h a t

onl

y

n

t he

to the presse and mass fluxA similar studyof the SST model has come to the same conclusion.

It is in factconsistentvith the previous sensitivity studiestofbulent Prandtl numbendheat flux.

It seems that the predictdaat transfer coefficient is very sén& to turbulence antboundary

conditionsin the vicinity of deteriorationAn increase in the pressure or mass flux aoinpletely
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suppressheHTD, while the opposite will increase the predicted effe¢iBD. Beyondthe vicinity
of heat flux threshal, the predicted wall temperatsrare far less sensitive to these tyoundary

conditions.

If we carefully tune the boundary conditions within the rangexperimentaluncertaintiesthe

discrepancies between measured and predicted results may bsoaltes e.g. for SST model at
heat flux of 75kW/r (seeFigure49). Nevertheless, it isnly effective inmatching the experimental
results in region near deterid@t and in the vicinity of HTD thresholdSimilar to the case of

turbulentPrandtinumber, no tuning is employed for the remainder of the discussions.

185
SST model
P=85, 8.32MPa
160 G=505, 493 kg/m?-s
T,=12+1.4°C
135 H 9=50, 75 kW/m?
.
110 . .e * Ex(Tin=12, P=8.5, G=505, q=75)

ot . + Ex(Tin=12, P=8.5, G=505, q=50)

.
85 /\ Tin=12, G=505,P=8.5, =75

o
.
.
b ., ]
. .o
/"“\- tawaeienst Tin=10.6, G=493, P=8.32, g=75
60 v
* . g0 ‘.

—Tin=12, G=505,P=8.5, q=50

" - ===-Tin=13.4, G=493, P=8.32, g=50
35 7

10
210 230 250 270 290 310 330 350
Hb (k/kg)

Figure49 Sensitivity of SST model for CO
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Figure50 Inlet temperature sensitivity by RST model for CO

Figure50shows the sensitivity study of inlet temperature. It can be seen that the increase or decrease
in Tin acts only to shift the temperature profiles right or left without affecting the shape of the
temperature distribution. It is important to note that the wall temperature distributions here are
plotted against the bulk enthalpy, and the shift in the peak wigards to enthalpy exactly
corresponds to the change in inlet enthalpy boundary condition. When plotted against the distance
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from inlet, the peak location and peak temperature would remain unchanged. This reveals that the
onset of HTD in these casesnist dependent on the bulk enthalpy, but rather on the location with

respect to the start of the heated length.

Vikhrev et al.[72] found two types of HTD in their experiments: the first type appeared in the
entrance regiondf h e t u b 60)4nd waddetdthe flow structure within the entrance region
the second appeared at any section of the tube, but only within a certain enthalpytrangbe

wall temperature exceedsgcTAlthough the above definitions of two typeEHTD are not enough

for their clear identification, the response to the inlet temperatnsitivities RST model presents
reveals that the HTD in this study may be due to the flow structure within the entrance region.

Detailed discussion othis issue adthe HTD mechanisrarein the following section.
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5.3 HTD Mechanism Study for COz

As discussed earlier, there are two malienomenaoted in literaturavhich give rise toHTD, i.e.
buoyarty and flow acceleration. As opposed to acceleratidnced phenomenon, the buoyancy
induced HTDusuallyoccursat low mass fluxand onlyin upward flow The gravity study in section
5.1.4indicates that the gravity plays an important role in causingdifie for the experiments of
interest hereHence it is believed that buoyandg responsible for the HTI this study Although

the mechanismof HTD has alreadybeen studiechumerically byother researchersit is still
worthwhileto investigatehis phelwmenorfurther. After the discussioim the previous sectionthe
RSTmodelstands out asneof thebestperforming modelsas itis qualitatively and quantitatively
better than other turbulence models in reproducing the experimental results and wign sma
sensitivities Hence we adopt the RST model to examine the detailed mechanisms within the flow

that give rise to HTD.

It is also notable that most of the existing CFDd&ga on HTD mechanism were based on-Rev

k-Umodelsunder experimental condities where other models like SST exhibétatively poor

performance, e.dde [42] [44] investigated HTDmechanisnusing three) model s &y Launder
Sharma (LS), Chien (CHandAbe et al. (AKN); Rosa[73] carried out a similamechanisnstudy

using standard-kl mo dLéeh; Shaab[45] also briefly looked intéthe HTD phenomenomising

k-Ulow-Re model byrang and ShilfYS). Theirresultsa | | tended to agree with Hal
buoyancytheory [14], which depends on the reduction in the rate of production of turbulence,

following a modification of the distribution of shear stress across the flow due tactiom of

buoyancy(see section 2.1.1 for detail¥yhile such previous studies provide qualitative information

of the mechanisms they also demonstrate rather poor performance in predicting HTD and recovery,

hence we adopt the RST model to observeétailed fluid behaviour near the deterioration location.

Furthermore, these previous tequation model studies and subsequent mechanism discussions
rely on theapproximation that théurbulenceproductionand the velocity gradient are positively
correlaed.As discussed isection3.2.3 the production term in thgoverningequationof turbulent
kinetic energyis the multiplication of turbulent shear stress and velocity gradldw.turbulent
shear stresap 0 , as mentioned earlier in sectior22, can be estimated usirtige mixing length

mode]|

v

B

10
a o

” A

Z MO a

—a

which implies that the reduction in total shear stress will directly redudeirthelent shear stress
andthus theturbulence productiordowever, as Jackson mentied recently15], it is by no means

certain that the mixing length will be unaffected by the presence of low density layer; and the use
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of mixing length model could be inappropriate, as the convection of turbulent lemetigy may

become significant in this present application.

Based on the aboyéurther inspectioron this buoyancy theory is still necessary. Hereusing
ReynoldsStress Transport Modébften referred to aRSTor RSM), the HTD mechanism is studied
comprehensivelyThe results of other turbulence models, i.e. SLR and, 8&Talso compared

different perspective on the mechanisnbobyancyinducedHTD is presented.

The case selected fthis mechanism study ihe oneat heat flux of 100kW/i(Figure40), where

strong buoyanceffects areexpected.

5.3.1 RST Modelin Upward Flow

The RST model predicts twontgerature peaks similar to thalbserved in experimentandthe
secondpeakis much milder than the first on€he two peaks are plotted against x/DFagure52.
It can be seen clearly that theaximum of first temperaturgeak is locate@t x/D=18while the
second at x/D68.
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Figure52 Secondpeak of wall temperatungredictedby RST model

The radial distributions of fluid properties are shown in the following figures. About 20 axial
locations are chosen for each peak, 10 upstream of the peak temperature and 10 downstream
(corresponding to lines in different colors: the redties, higher temperature; the more purple, the

lower).
1  FEirst peak

64



M.A. Sc. Thesis F. Zhou; McMaster University Engineering Physics

&

460
420 420
z | g
§ 80 380
E =3
®
g 30 :
s £ 340
Lol O
300 =
- 300 5_"—‘-—-:-_.______
260
0 50 100 150 200 260
v+ 0 50 100 150 200
----- x/D=-30 ——x/D=0.24 x/D=1 ——x/D=2 y+
/D=4 /D=6 /D=8 %/D=10 ——x/D=18 —x/D=20 —x/D=22  x/D=24 —x/D=26
x/D=12 x/D=14 x/D=16 ~——x/D=18 ——x/D=28 ——x/D=30 ——x/D=32 ——x/D=34 —x/D=36
(al) Temperature (onset) (a2) Temperature (recover)
950
800
'E o
: 5, T
£ e -
I=) 2
(=] & 350 500.
350
200 200
50
50 ] 50 100 150 200
0 100 200 300 403 290 600 700 900 0 100 200 300 400 500 600 700 800
Y
===-x/D=-30 x/D=0.24 x/D=1 x/D=2 LS
/D=4 x/D=6 /D=8 —— x/D=10 —x/D=18 —x/D=20 —x/D=22  x/D=24 —x/D=2
x/D=12 x/D=14 x/D=16 x/D=18 ——x/D=28 ——x/D=30 ——x/D=32 ——x/D=34 —x/D=3
(b1) Density (onset) (b2) Density (recover)

0 0 50 100 150 2
0; 10 ZM 300 400, 500 60 FoO 80 0 100 200 300 400 500 600 700 800
v+
= = = = y+
----:;3;430 :;g;“ :;gni — :;Ejo ——x/D=18 —x/D=20 ——x/D=22  x/D=24 —x/D=26
x/D=12 x/D=14 x/D=16 x/D=18 ~——x/D=28 ——x/D=30 ——x/D=32 ——x/D=34 ——x/D=36
(c1) Velocity (onset) (c2) Velocity (recover)
2000 2000
-2000 100 150 200 -2000 s0 100 150 200
-6000 -6000
¥ -10000 ¥ -10000
3 ‘ 3
3 -14000 3 -14000
-18000 ol By -18000
-22000 -22000 Lo
¢
-26000 -26000 600
y+ y+
----x;g:;SO —xfg:g.za x§g=; _:;g=§o ——x/D=18 ——x/D=20 x/D=22 x/D=24 ——x/D=26
S/Deti D=1 oo L ——x/D=28 ——x/D=30 ——x/D=32 ——x/D=34 — x/D=36
(d1) Velocity gradient (onset) (d2) Velocity gradient (recover)

Figure53 Radialdistributiors of fluid properties by RST 15t peak

65



M.A. Sc. Thesis F. Zhou; McMaster University Engineering Physics

]

b

>~

20,

g

£

£,

x®

g

2

2

e

0
—==-x/0=30
——x/D=4
x/D=12

50

x/D=0.24
x/D=6
x/D=14

100
y+

x/D=1
x/D=8
x/D=16

150 200
x/D=2
x/D=10
x/D=18 |

(al) TurbulenceKinetic Energy(onset)

0.0009

0.0007

0.0005

0.0003

0.0001

-0.0001

-0.0003

Reynolds Shear Stress u'v' (J/kg)

-0.0005

y+

===-x/D=-30
x/D=4
x/D=12

——x/D=0.24
———x/D=6
x/D=14

——x/D=1
——x/D=8

x/D=16

——x/D=2
x/D=10
——x/D=18

(b1) Reynolds shear ste8 U (onset)

Tke Production (kg/ms?)

50 100 150 200
v+
===-x/D=-30 ——x/D=0.24 x/D=1 %/D=2
x/D=4 x/D=6 ——x/D=8 %/D=10
x/D=12 x/D=14 ——x/D=16 ——x/D=18
(c1) Tke production (onset)
_. 1500
"v\
£ 1300
<
¥ 1100
£
2 900
% 700
8 500
K]
= 300
8 100
3 100
§ -300
K]
= .500
’----x/D:-SO ——x/D=0.24 x/D=1 x/D=2
—— /D=4 */D=6 /D=8 */D=10
x/D=12 %/D=14 ——x/D=16 ——x/D=18

(d1) Tke net production (onset)

0.0035
0.003
0.0025
0.002
0.0015
0.001

0.0005

Turbulence Kinetic Energy (J/kg)

0

0 50 100

y+
—x/D=18 —x/D=20 x/D=22 x/D=24 x/D=26
~—x/D=28 ~——x/D=30 ——x/D=32 ——x/D=34 ——x/D=36

150 200

(a2) TurbulenceKinetic Energy(recover)

0.0009
¥ 0.0007
>
> 0.0005
3
2
£ 0.0003
"
$ 0.0001
&
g -0.0001
& -0.0003
-0.0005
y+
‘ —x/D=18 ——x/D=20 x/D=22 x/D=24 x/D=26
‘—x/D=28 ~——x/D=30 ——x/D=32 ———x/D=34 ——x/D=36
(b2) Reynolds shear stregs) (recover)
2500
7> 2000
E
E;
= 1500
8
B
3 1000
2
o
£ s00
0
100 150 200
y+
——x/D=18 ——x/D=20 x/D=22 x/D=24 x/D=26
——x/D=28 ——x/D=30 ——x/D=32 ——x/D=34 ——x/D=36
(c2) Tke production (recover)
-~ 1500 ©
£ 1300 [\ 2%
) 2
g 1100 /
900 H
500 650 800
= 700
2 500
&
+ 300
100
<100 150 200
-300
= -500
y#
——x/D=18 ——x/D=20 x/D=22 x/D=24 x/D=26

——x/D=28 ——x/D=30 ——x/D=32 ——x/D=34 ——x/D=36

(d2) Tke net production (recover)

Figure54 Information on the turbulence by R$TLS peak

66



M.A. Sc. Thesis F. Zhou; McMaster University Engineering Physics

1) Before entering the heated sect{gD= -30)

The distributions of fluid propertiesf fully developed isothermal flow at location of x/B30
upstreamin the nonheated region, was plotted r@$erencegdash lines)lt can be seen thaefore
entering the heated sectitire velocity increases gradually from the wall to the central (Rigure
53 cl), andthe turbulence is mainly generatedthe nar-wall region (10<y+<6)(Figure 54 c1).
Most of produced turbulence kinetic ene(die) dissipatedocally. The net production ofke, i.e.
production minus dissipatioffrigure 54 d1), shows that there is a positive amgithin 10<y+<80
and negative areas in both y+<10 and y+>8(jcating the Tke generated irl0<y+<80 & also

transported out to offséthe dissipation in the viscous sublayer and core region
2) Immediatelydownstream othe startof heatedsection(0<x/D<1)

When theflow enters theheated lengthit is heatedby the wall. In this case, e wall
temperature exceedsci n a very short distance from the inlet
density in the wallayer will decrease rapidifFigure53b1). When the flow reaches x/D=1, a very
thin low-density layer is formed against the wall (y+<Bjom Figure53 c1, we can see that the
fluid in this thin layer is immediately acceleratedding to a modified velocity profilés a result,
the shear stress (dV/dwyithin O<y+<5 increases, while that everywhere elge>6) decreases
(Figure53 d1). Sincethe turbulence isnainly generatedavithin 10<y+<8), the decrease in shear
stress in y+>5 greatly impaitke turbulence productiofrigure54 cl). It can be seen frorigure
54 d1, the net production ofke in 10<y+<80 becomesnegative which indicatesthat more
turbulenceis dissipated than generatedthis region which coincidently upstream of the heated
length was responsible for most of the turbulence gener&@mmsequentlyTke starts todecrease
(Figure54 al) in the vicinity immediately downstreaof the start of heated length

The impairment inurbulence production occurs much earlier than exgokethich is very different
from what other researchelnsve documentedvost authors postulate thtte lowdensity layer
need to grow sufficiently thick in orderto reducethe turbulene production, and when the low
density layer is limited to the viscossiblayer the turbulence will not be significantly modified.
Apparently, what is found here is inconsistent wiftis historical view A comparative study ithe
absence of gravity angith identical flow conditions shows that almost the same accelegtisi
near the inlet (results are shown in section 5.3 125 revess that thanitial reduction in turbulence
productionis notsimply caused by buoyancy, tlfientrance effeét ( s e e s asplajinga 5. 3. 2)
more important role in redistributing tiehear stresand impairing the turbulence production
regions very close to the inlét will be shown later that in the absence of gravity turbulence is re
introduced downstream of this initial location, while in the present®a@yancyturbulence leels

are not able to recover.
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3) The onset of HTD (1<x/D<16

As the lowdensity layer growthicker(Figure53b1), more fluid is accelerated@Figure53cl).
The shear stress increases furihethe neamwall region(y+<30), while it decreases furthén the
core regior(y+>30). Meanwhile heregion whereshear stress igrger than in unheated flow moves
from y+<5to y+<30 (Figure 53 d1). As a result turbulence in the buffer layer 10<y+<38
regeneratedat this staggFigure 54 c1), andthe net production oTke in that regionbecomes
positive agair(Figure 54 d1). However, the velocity gdient in the core region (y+>B& further
reduced Figure53fl), as the velocity profile becomes more flattendse Reynolds shear stress
andthusturbulence productiofturbulence shear production equals to the multiplication of turbulent
shear sess and velocity gradierit) y+>30 continuouslydecrease to almost zerdithough, at this
moment,turbulence igartly regeneratedwithin 10<y+<30) andTke is beingtransported from
10<y+<30(wherenet productions positivg to theotherregiors (whete net productions negative,
theproductionis still not sufficient taoffsetthe dissipatiorfPositive area< Negative aregsThus,
Tke keeps decreasingespeciallyin the core regiorfFigure 54 al), the peakTke in the neawall
region is also reduced by a factor of thréke effectiveness of heat transfer iaired due to the

reductionin turbulencgmore preciselyturbulent dffusivity of heat)

It is clearthat the growthof low-density layerhelps restore the turlance production within
10<y+<30(Figure 54 c1), andbecause of this regeneration, Tke does not drop to zero in the near
wall region (a small peak is observed within 10<§80, seeFigure 54 al), which makes it
guantitatively bettethan SLR and SSinh predicting the peak temperatufer SLR and SST the
results are shown in section 5.3.8)hat is observed here slightly deviafesm the explanation
given byother researchers whichthey argue that the buffer layer generatiosuippressednd in

our case it appears to have been regenerated upsifeaenpoint of deterioration.

For nongravity flows the same results are smoinw section 3.2. It shows that in the absence of
the buoyancyforce turbulentnet productionwithin y+>30remains higher than in the gravity case
here and hence the flow is not dominated by dissipatésulting in a higher Tke in the neasll

region Therefore, in the nogravity case the heat transfer is more effective and HTD is avoided.
4) The recovery of HTD (18x/D<36)

At location of x/D=18 theflow in the neatwall region startsnoving faster than that in the core
region (mainly due to te buoyancy forcexerted on the lowdensity layer because in the nen
gravity flow case the velocity of nearall fluid never becomes greater than that fluid in the core
region, see section 5.3,2hereforethe lowdensity layer willexertan upward forceon the core
fluid by shearIt can be seen frorRigure 53 c2, more fluid in the core regiomextto the fast

movinglow-densitylayer is beingacceleratedThe velocity profiles begins to distort into the M
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shape as noticed in other studiksother words, the shear stress in the core region will change its
sign (become positive) and begin to incre&sgure53d2). This leads to regeneration of turbulence
in the core Figure 54 d2), which upstream of the deteriorationimiohad been dominated by
dissipation Although, the magnitude of this production is quite small, it has a strong impact on the
turbulence level, because now more turbulence in the core is being generated than diB&joated (
54 d2), thus allowing theotal turbulence levels in the flo@in both neamwall and core regiongp

be restoredFigure54 a2). Eventually, the restoration of turbulendeké) and turbulent diffusivity

(of heat) helprecover the wall temperaturi.is notable that the (net) turbulence productiothim
buffer layer (LO<y+<30Q quickly rebounds to a level that is two to three times higher during the
recovery, while the local shear stress dogischange much. It seems that there is a delay in the full
recovery of turbulence productiomithin 10<y+<30, as the inci@se in shear stregs this region
occurs much earlieturing the onset of HTPL<x/D<18)

1 Second Peak

The maximum of secongmperaturgeak is located at x/D=68efore starting the discussion on

the mechanism of the second peak, it is helpful to review the density profile upstream. It can be seen
from Figure53 b1, thatthe low-densityfluid during the onset of HTPO<x/D<18§) is limited to the
wall-layer y+<40, while the fluid in the core region remains hignsity. Due to the impaired
turbulent diffusivity(of heat)in the core regioffFigure 54 al), this large density difference can be
maintained. However, wheturbulence is regenerateduring the recovery(18<x/D<44), the
increase irturbulent diffusivity (Figure 54 a2) allows better convection of heftom low-density

fluid to the highdensity fluid, whicHowers the temperature of the ladensity fluid, and raises that

of the highdensity fluid, resulhg in a smaller density differen¢Eigure53 b2). Hence, at the end

of thefirst recovery, the buoyancy forexerted on the lowdensity fluidhas been decreased
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Figure55 Radial distribution of turbulence and shear stress by RETpeak

As the flow moves downstream, the fluidfisther heated. Since the turbulent diffusivity is high

the heat can be effectively used to raise the enthalpy of the fluid in core region. The density of the
core fluid decreases furthéfigure55b1) which increases the velocity in the core, meanwhile, the
buoyancy force becomes even weaker. All these factors make the velocity profile shift away from
the M-profile (Figure55 bl), leading to the decrease in the shear stress (dV/dy) in the core region
(Figure55cl).

As discussed earlietyrbulence production is directly related to the shear stress. The decrease in the
velocity gradientn the coramaterially reduces the Reynolds shear stress and turbulence production
in thatregion Eigure55dil, f1). The net production dfke in the coredrops to a negative value,
which means turbulérdissipation issgaindominant Indeed the turbulent kinetic energy decreases
significantly inthe coreregion, sed-igure55el.1t is also notable that the turbulent kinetic energy

in the neatwall region y+<50doesnot changeappreciablyalthough there is a@ncrease in théocd
turbulence productior{gure55f1). Thus,the reduction in th&kein the core region ieesponsible

for the onset of this second temperature peak. This is betaaisistent with the conclusion of first
peak i.e. while normally production in the buffer layer is most important, ithis change of
turbulence Tke) outside the buffer regiowhich gives rise to the unique behaviourbafoyancy
driven HTD.

The reduction in turbulence in the core regimpairsthe heat transfezffectivenessllowing the
low-density layenear the walto growagain Figure55a2) The dasity difference becomes greater,
resulting in the greater buoyancy force, which further accelerates thevakdayer leadingto
restoration otthe M-shapevelocity profile, sed-igure 55 b2. Therefore the shear stress (dV/dy)
becomes greatdn both 0<y+<80 and y+>250. As a result, the Reynolds shear stress and the
turbulence production (net) increasppreciablyin those tworegiors, seeFigure 55 d2, f2
Accordingly, te turbulence kinetic energy rises in both Agall region 10<y+<80 and core region

y+>200 which leads to the recovery of wall temperatuoarfthe secondieterioration
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5.3.2 Entrance Effect in Negravity Flow

The discussioabovesuggestshat the entrance effect is playingracialrole in triggering the HTD
under some flow condition3o observe the effect dduoyancya comparison is madey carrying
out a similar study in a ngravity flow with identical boundary conditions, i.eP=8.5MPa,
g=100kW/n%, G=505kg/ms, Tin=12°C. The wall temperature distribution of gpavity flow is

shown inFigure56 along with the temperature predictions of downward flow
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Figure56 Axial wall temperature distributions with three options of gravity
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(e) Turbulence kinetic energy f) Nét production ok

Figure57 Radial distribution of fluid properties by RST in-geoavity flow

Figure57 shows he variation of fluid propertieis the entrane region (The density distribution in
the upward flow case ialso put here forcomparison, se€igure57 a). It wasclearthat similar
entranceeffectas discussefibr upwards flow &0 exists hereAfter the flow enters the heated region,

a similarthin low-density layer is formedgainst the wallvithin a very short distand@/D=1). The

fluid in the thin layeris immediatelyacceleratd (Figure57 ¢ and d). As a result, thehear stress
(which is proportional taV/dy) within y+<6 increasesandthat in y+>6decreases. Since most of
the turbulence is generated within 10<y+<8& reduced shear stress leads toirthpairmentin
turbulence production, séégure57f, which is just like what is observed in the upward flow case
Apparently, his modification of shear stregge refer to agzhei e n't r a n ésenot eatiseceby t 0
buoyancylt is suspected thahe thermal expansidn the thin lowdensity layer when it is formed

is playing a more important role here

As the flow proceeds downstreathe density of fluid near the wall decrea$earther. However,
because there is no buoyancy forttee neamwall fluid will not be accelerated as much iasthe
upward flow cas€it will still accelerate due to density exyg@on) Therefore, the velocity profile
away from the walls not flattened andit is only slightly modified Eigure57 c). The shear stress
in y+<50 is increased vile that in the y+>50emains largely unaffectg@igure57 d), which leads
to the regeneration of turbulence within<d®#<60 Figure 57 f) in the region 3x/D<35. The
differencebetween upward flow and rgravity flow is thatthe turbulence isable toregenerate
within 30<y+<60in the negravity casdut not in the upward flow casEhe reason is that in upward
flow the velocity profilein the core region is made extremely fiiae to the extra buoyancy force
close to the wall which limits the turbulence produciioy+>30(Figure54 c1 anddl) preventing

the turbulencéTke) from recoveringor upward flows

TheTkelevel in thezerogravity casedoes not go into thdissipation dominated regime, and hence
turbulence recovers such thad deteioration is possibléFigure57 e). It is also notable thahe

low-density layeiin the zeregravity casedoes no grow andis alwayslimited to theviscous sub
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