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ABSTRACT

This work can be viewed in three separate sections, each of which build off of the
prior. The first part of this study examined fl@v in a 1/16" scalecalandriatest
section based on tgpical CANDU moderatordayout The experiments utilized
forced flow supplied to the vessel and electrical heated rods to mimic the heat flow
from calandria tubes. The size of the vessel, flow rates, and power levels were used
to scale the experiments such that the provided representamnperature fields.

The temperature fielthside the vesselas measured and shown to compare well
with CFD predictionsover a wide range of inlet conditions and power levels
Additionally, this work addressed the scalidigtortionsin the experimentvhich
occurred due to physical limitations when performing experiments at 1/16 scale
(e.g., a smaller number of heater rods with a larger diameter were used in the
experiment because at 1/$6ale direct fabrication &&90fuel channel simulators

is not fasible). The work proposetheH factor addition to thér. Thisadditional
scalingcriteriawas shown to better maintain tflew regimesexpectedCANDU
moderators by taking into account distortions introduced by surface hestiegd

of volumetric heting in addition to theeduction in total number of tubedVhile

this work involved forced convective flows at the inlet of the vessel, in some
regions of the calandria buoyancy induced forces were sufficiently high such that
thesephenomenaltered thalirection and magnitude of the flows as compared to

purely forced convectivéehavior Hence further work, discussed below, was

Vi



initiated to better understand and measure these local phenomena where buoyancy
forces are of similar magnitude as those ofcddr convection. Such local

conditions we have terms mixed convection regime for the purposes of this thesis.

The second panf this work further examined the mixed convection between a
subset of the CANDWaandria tubesnamely how does a lower tuleéfect the

mixed convection heat transfer of the upper tuben inline arrangemenio

isolate and measure the phenomena with sufficient detail, a small number of tubes
was studied and advanced diagnostics sudbaaticle Image VelocimetryP{V)
andLaser Induced Fluorescen¢elF) were employed.This study combined fluid
velocity, temperature and wall temperature measurements with CFD simulations to
develop a mechanistic model and understandirigeoéffect of natural convection
plumes from lower eleations on the natural circulation phenomena on an upper
cylinder. Superposition of the natural convection phenomena combined with
pseudo forced convection effects from
used to model the mixed convection phenomé&ha model was shown to perform

well, with nearly all data being predicted to witif2®% for experiments performed

in this work, and experiments in literature.

A major finding from the preceding discussion is the importance of the lower
elevation plume Mecity on the local phenomena on the upper cylindére third

section further expanded upon the prior two by replacing the lower cylinder with a

vii
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diffuser nozzlevhich could provide a forced convective component with accurately
defined velocitiesSuch masurements allow for accurate definition of the Idgal
number and allowed full accegw instrumentation to observe the velocity fields
The major contribution of this work was a flow regime map that defined the
phenomena around a heated cylinder undered convection conditions
Additionally, the establishment of a database of fluid temperature and velocity
measurements for a wide range Rif was also developednd used to further

validateCFD predictions
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1 INTRODUCTION

ADondét worry, doecaudy, itsus a ralé. Aral iwelcan cbange it
anytime we want. l'ts only a choice. Bet wee

Bill Hicks
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1.1 Background

The Fukushima Daiichi Nuclear Power Plant underwent a magnitude 9.0
earthquake with the resultant Tsunami flooding the stations emergency backup
dieselgeneratorsThis resulted in a Station Blackout (SBO) event which eventually
led to a meltdow of fuel in the core of units 1,2 and 4 and subsequent hydrogen
explosionsThis has led to a large cleanup effort which is still underway over 10

years later as of writing.

Understandably, this evehas led to significant changés the use of Nuclear
Energy, with countries such as Germamyhe midst of acomplete phase out of
nuclear energy as a result. In Canada, this resulted kexaraination ohuclear
response plans and significant research into how Canadian reactdds @spond

to similar significant events experienced at Fukushima Daiichi and other potentially

harmful scenarios, broadly classified as Beyond Design Basis Acc{@BA).

The unique features of CANDU reactors can provide additional response time for
operators in such events provided that there is sufficient cooling of the fuel channel
assembliesmaintaining channel integrity in both Design Basis Accidents (DBA)
and BDBA This work relates tthe improvement of thanderstandin@f mixed
convection penomena around horizontal cylindendich has been studied much

less than forced and natural convectiorDBA and BDBA type events, significant
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amounts of thermally generated flow will be present, as a resptoved mixed

convection predictions caad in assessing fuel channel integrity.

1.2 CANDU Reactors

The CANadian Deuterium Uranium reactor, or CANDU for short, is a Pressurized
Heavy water reactoContrary to Boiling Water Reactors (BWR) and Pressurised
Wat er Reactors (PWR), raAédlywWwater coolankadd use of
moderators witha pressure tubesannular gas insulator, and calandria tube
separating the tworhis is in contrast tBWRs and PWRseactor technologies
where the coolant and moderator is the same body of wEtes.is partidy
visualized inFigure 1 and Figure 2. The large and separate moderatotume
providesunique safety featusan design basis accidents (DBA) and BDBA it

can allow for additional cooling when pressure tube (PT) and calandria tube (CT)
contact is establisheBor exampleapostulated BBA would result ira risingfuel
temperaturge causing expansionor saggingof the PT that houses the fuel.
Depending on thepecifictype of accident that occurs and what happens with the
pressure in the primary heat transport system, the pressure tube will balloon or sag
into contact wih the surroundin@ T which separates the moderator and the coolant
as shown irFigure3. This contact establishes a heat transfer path wheietay

heat from the fuehnd fuelassemblyn the pressure tube can transfer into the-low
pressure lowemperature moderator. &e phenomena can establish a heat sink
pathway to the moderator liquid, and given its large mass it can limit the fuel
channel assembly temperatures #o period of time whichcan give reactor

3



C.W.Hollingshead McMaster University
PhD Thesis Engineering Physics

operators and first respondexdgditionaltime to respond to the situation and halt
the accident progressioilowever,such a heat sink can be sustained as long as the
moderator volume is sufficient or is repldmesl by responders, and that sustained
boiling crisis on the calandria tube surface is prevenitedrder to aid in the
determination of channel integrity, detailed knowledge of the heat transfer, and
flow topologies generated by the mixed convective fimerated by this direct

heating of the calandria tube is required and is the primary aim of this work.

Pressure tube

Calandria

{

Fuel rod

f

Fuel pellet

Figurel. Calandria and pressure tubes of a typical CANDU reduoban [1]
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Figure2. Fuel bundle, pressure tube and calandria tube arrangement for a typical
CANDU from [2]

Moderator —i#

Calandria tube —

Pressure tube —

MNormal

Figure 3. Visualizes the methods by which the calandria and pressure tubes can
come nto contact in beyond design basis accident events, from $jack

1.3 Aim of the Study

The aim of this thesis is to expand and improve the current modelling capability of

the Canadian nuclear industry for the local conditionsyénCANDU moderator
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which areimportant in DBA and BDBA. More specifically,to improve the
understanding of the mixed convective heat transfer expected in these types of

events, and the resultant flow topology.

This is to be largely done l®xpandhg on the current knowledge basessingle
phaseMixed Convection through a set of separate effects studies examining the
interplay of buoyancy and momentum at three different leVaksse investigations

use asingle cylinder, a cylinder pair, andsamiscale1/18" test rig based on the
CANDU moderator flow configuratianThis work is most relevant for the
ballooning case above given the use of electrical heatech provide a uniform

heat flux in the circumferential directiofhis differs from the saging case as there

will be a larger contact area with the calandria tube. This is believed to represent
the worstcase scenario, as the sagging case would generate a local hot spot and

begin to boil, allowing for steaimduced convection to enhancesl transfer.

The key contribution of this work is
i) the generation of new higidelity experimental data to improve the
understanding of mixed convection flows around horizontal cylinders,
i) validation of CFD against these new experimental data.
iii) Developnent of new methods for quantifying the flow topology around
the cylinders and for predicting the single phase heat transfer on these

cylinders.
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The thesis is organized as a compilation of 3 journal papleich each examine

the work at different scales. The first examines the integral behaviour inside a
complete 1/1&cale calandria vessel. Based on the observed flow patterns and
plumes in this experiment, a modified facility with fewer tubes @ptctal access

for PIV and LIF measurementgs developed and used for the second paper. Th
second paper investigated the interaction of the lower plume on the heat transfer
around acylinderat higher elevation. While the CFD resultsesgt well with the
experimental measurements, the experiments in that work could not be used to
systematically explore the impact of plume velocity, temperature and diameter
because the plumes were driven solelpbgyancyphenomena. In the third paper,

the effect of each parameter was isolated by introducing a round jet in replacement
of the lower cylindersuch that the incoming velocity and temperature field was
measured. In the final chapter a summary of the contributions to knowledge is

provided as wikas the main conclusions from this work.

Theintendeduseof this workis to supportthe development of tools for predicting
local conditions These local conditions can be criticaltyportantfor determining

fuel channel integrityThe use of this work maypok like using model predictions

of local temperatures to fdento advanced quenching models like that developed

by Dion[4] which determine fuel channel integri#dditionally, the experiments
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and models developed hecan be used to further focus and isolate specific

phenomena for ture simulations and experiments in the mixed convective regime.
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2 LITERATURE REVIEW

fiwWwhen you do things right, peoploe wondét be

Robot God
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A completditerature survey has largely already been complietdte introduction
section of each of the three papers comprising this thesis. As such, this section will
largely focus on the key pieces of literature pertinent to this thesis and examine the

deficiencies and opportunities for improvement.

2.1 Heated FlowAround Cylinders

Flow around cylinders has been extensively studied isothermiltythe wake
structures and subsequent Warman flow structurewvell characterizedhrough
comprehensivevorks such as Zdravkovigb]. Compard#vely, flow behind heated
cylinders and the effect that heat has on local flow structures has been much less

examined in literature.

Typical adiabaticflow around a cylinder contains vdfarman vortices assuming

a high enough inldRe Suchvorticeshavecharacteristic frequencies and alternate
from either side of the cylindelStudies such a$]-[9] have shown that as heat is
added to the cylinder, there is a point whereby the heat addition completely
modifies the shedding process to go from a-Kamman shedding process to an
eddy pair process. Additionally, as power is further increased, the entire
suppression of all types of vortex formation is eventually reacheekse critical
points are typically reportdoased on transitions usingatical Ri, though it must

be emphasized here that at least two types of criticatist, the disruption of pure
vonkarman shedding, and the elimination of vortex shedding in getesdo

must be noted that studies suchSasgh et al[6] and Hu and Koochesfahaj]

10
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have shown that there appears to be a significant difference in the ditical
measured for air versus water experiments, with a higiéeing required for

water experiments in comparisdo air experiments at simild&e ranges.This
difference does not appear to have been examined or even acknowledged in
previous works.Finally it should be noted that there currently lacks a general

approach to attempt to model these critRial

Using water as a working fluid, Michatbeblond and Belorgef9] examined the

wake structure behind a 11.7mm diameter cylinder using Laser Doppler
Velocimetryfor a geometry where the incident velocity was in the same direction
as the buoyancy direction (hereafter described as an aiding georsing these
measuremas, they determined that at approximately a Ri = 0.49, the typical von
Kar man vortex shedding pattern was repl ace:
noted that as power was increased further that this standing eddy pattern was
eventually fully suppressesk well. While this study was one of the first found to
experimentally report on the transition between purekKarman vortices to an

Eddy pair type regime, it offered no measurements of when the eddy pair regime
disappeared. Additionally, its noted thhis first transition was dependent Be

but onlya singlecritical Ri was reported.

The study of Hu and Koochesfah4i] additionally experimentally measured the

temperature and velocity fields behind a 4.76mm diamgtEder in an opposing

11
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flow configuration for avariety of Ri at aReof 135. Hu and Koochesfahaj]

found that when a Ri of 0.72 was reached, theirkamnman vortices were replaced
with what were referred to as smaller waketices which appeared to shed at very
nearly the same tim@hese smaller wake vorticegere also noted to appear more
AKelHeilnmh ol t z.0This was aniralitation that buoyanteffects were
beginning to become prevalent in tlesultant flow structure. While this study was

the first to present detailed velocity measurements coupled with temperature
measurementthey did notreport aRi whereby vortex formation was precluded
entirely and thermal effects becoming dominaoit were any mechanistic criteria

explored

The study of Kakaelet al[8] examined the criticaRi for square channel type
geometries at varying angles to the oncoming flow field in an aiding flow
orientation. Using Schilereinterferometry, they measured the critiBavs angle

for a relatively tight range dRe They found that there exists a strong dependence
on angle with it maximized at 2@egreesnd then held constant past that point. Of
note, when this criticaRi was reached, vortex shedding was entirely suppressed
meaning that the pawise vortex regime was precludeds noted in earlier
mentioned water experimentshis indicates that the regime transitions are not
purelyRi dependent, but that other mechanismméch depend on fluid properties,

may also play some role.

12
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Singh et al[6] measuredhe criticalRi in a square channel type geometry and
cylinder in air, again using Schileren interferometry. They noted no significant
difference between the value measured for cylinders versus the square channels and
like Kakade et a8] found that at the criticdRi, vortex generation was suppressed
entirely. The magnitude of these values for the cylindezsca®re found to be in

the range of 0.1:20.15, in theRerange of 85100, with the criticaRi increasing

with increasindRein this range. As mentioned prior, this is significantly lower than

the values in water studies.

These most relevant studies summarized above seem to suggest that th&critical
has some dependency tmd properties given the differences observed in air and
water Unfortunately, no examination into these differences or potential reasons
why could e found in existing literaturénitial thoughts expanded upon further in
section 3 include the significant differences in the relative thicknesses of the
thermal and momentum boundary layers in air versus water, as seen in the
difference inPr. ThePr dependency may also account for the observed differences
in regime transition between working fluidsAdditionally, these significant
differences in criticaRi suggest that anechanisticegime transition criteriaanbe

adopted

13
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2.2 Tandem Cylinder Heat transfer: Effect and determination of local

conditions

The impact on heat transfer and local conditions dukedhermal effects of the

lower cylinder on the upper dgtder in a tandem pair has been studied in literature
due to its key role in commercial heat exchangers and other applications. These
studies tended to be experimental in nature and focused solely on heat transfer
properties from a single cylinder to demelwide ranged correlations such as
Morgan [10] and Ulinskas and Zukauskd4l]. With newer norntrusive
measurement techniques such as PIV and LIF, recent studies have begun examining
the interadbn between two cylinders and how the lower cylinder effects the

properties of the upper cylinder.

From a heat transfer perspective, experiments sufiP&kl] have been done for
water and air. Generally, for smaller P/D such as 1.5, heat traesfigction is

noted due to the heating effect of the lower cylindbich tends to decrease the
local temperature difference between the upper tube surface andTtheice do
appear to be differences between air and water based experiments, with
experimerg like Sparrow and Niethammgr2] showing much more significant
heat transfer degradation for small er
and Jensefi3]. Converselyfor the largetubespacing, enhancements are found,
upwards of 340% for P/D = 5 in water from the experiments of Grafsronnigen

and Jense[i3].
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Examination of the locdluid conditionsaround théhorizontal cylinders has also
been studied more recently with techniques such as PIV and LIF. Grafsronnigen et
al [15], measured the velocity and temperature field around a 54mm diameter
cylinder forRa= 8x10’. Subsequently, Ma and H&6] attempted to validate their
Large Eddy Simulation (LES) model with the experimental data of Grafsrannige
et al[15]. This was largely successful as Ma and[H quoted a tendency of the
LES model to over predict velocity measurements by 15%, thermal predictions
were not presented. This approachMg and He16] is particularly useful given

the previous failures of modelling the local conditions around a cylinder by other
studies such as Grafsronnigen and Je[is@nThe change in approach that appears
to have made Ma and H&6] much more successful is the use of pressure outlet
boundariedor the entiredomainboundary much more accurately capturing an

i nf medium.e 9

Stafford and Egafil9] developed a heat transfer mottepredict the heat transfer
of the upper cylinder in a cylinder paiersus the power of the lower cylinder for
any distance or P/D ratio. This model made use of cowektio calculate the
forced convectivéu and the natural convectivéu. These twdNuwere combined
via a superposition witand exponent ofi=3. The heang effect was handled by
evaluating the wall temperature at the Idbad temperature predictedo obtain

the local conditions, Stafford and Egd®] made use of the laminar point source
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model developed by Gebhart ef20] for velocity, and a temperature model they
developed themselves via similarity anaty$Vhile this model appears to be the

first to attempt to predict the local conditions of such a geometry and use them in
the heat transfecalculation, the underlying relations used for the velocity and
temperature predictiontiad significant limitations and do not account for
phenomenon such as the turbulent transition observed in free thermal plumes at
certain distances away from the smiAdditionally, theRarange used to develop

this model is limiting for the application of this model to water based

experiments/applications.

These studies seem to indicate that experimental techniquesippartingLES
simulationscan be used tevelop more physical/general critefidis would allow
for the expansion and improvement of models such as Stafford and1Rgéor a

wider Rarange andor differentworking fluids specifically for water

2.3 Flow PatternsModerator of CANDU Reactors

Several experimental studif22-25] have been performed over the years with the
intent of developing better experimental data to understand the flow pattern and
hence temperature/velocity distribution in the moderator of a CANDU and to
develop/enhance prediction methods such as CFD. Theaéequediction of local
temperatures and velocities during normal operating conditions and postulated
severe accidents is of great importancsafetycalculationsto prevent the failure

of the calandria tubes and to halt the progression of the pestudatident and
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maintain fuel/fission product containment in the primary heat transport sysfem.

Khartibil et al[25] designed and performed experiments on a ¥ scale test facility
based on the CANDW design. One key scaling issue discovered was the
conservation of the inl®keand temperature gradient across the vessel. Due to the
decrease in diameter, if tHiee were to be maintained, the temperature gradient
would increase to the third power, which can very quickly become unfeasible. To
avoid this issue, Khartibil et §25] made use of thér (equation (1) belowjo
estimate of the buoyancy force in the vessel to the convective force. No#s this
may be t hought Rioas it makes ase &f @le totalatémperature
difference across theessel, the average inlet velocity into the vessel, and the
diameter of the vessel in its formulatioklsing this Ar as their primary
consideration for scaling inlet conditions, Khartibil ef28] suggested that so long
asthe inletRewas large enough to ensure turbulent flow in the inlet of the vessel
as found in the fulkcale design, flow patterns and ndimensionalized
temperature profiles should be maintained. This approach has been generally
accepted by subsequentdies, however it would appear to underestimate the
buoyant force via its use of a temperature gradient across the moderator, and not a
local temperature near the heated elements/redgimaler volumetric heating
conditions such differences are likely ngdiie, but for cases with direct heating

of a small number of tubes the local heat flux would generate strongly local

temperature gradients around each heateiditionally, this scaling criteria does
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not appear to suggest how to handle the differenckeating arrangement found
between scaleéhcilities (surface heating/electrical) versus the -Bdhlefacility
(volumetric/nuclear).

Q3"YO (1)

Kim et al[23] experimentally examined the development of a downward secondary
jet at the top of a ¥4 scale CAND&geometry in isothermal conditions via PIV.
While their geometry did include two significant distortions from reality by using
air as the working fluid an@ simplified nozzle design, they noted that their
gualitative jet profile was very similar to prior experiments and experience with
water, with the downward magnitude being approximately 50% of the average
velocity at the top of the vessélsing CFD analyis with thek-w SST turbulent
model to numerically examine their tgsthey observed that their CFD model
appeared to under predict dissipation and diffusion, leading to higher velocities
predicted than observedhese observations combined with the wofkmore
recent studies such as Ma and [H6] seem to suggest that RANS based CFD
models of these types of geometries have a cancellation of errors to some degree,
with an over prediction of buoyancy and under predictionlef and secondary jet
spreadingGiven that Kim et aJ23] performed their experiments isothermathe
addition of some heated cas&em this geometry[23] would have greatly

contributed to the understanding of hthesetwo apparent modelling erroadfect
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temperature and velocity predictiond$. subsequent heated experiments were
performed using the facility of Kim et §3] , they are not availiablm literature

as of writing.

Strack[3] examined the temperature fields of a 1/58ale test facility based on
the Bruce A moderator configuration experimentally and numerically. It was found
that tre CFD model using realizableel tended to over predict temperatures. For
qualitative comparisons to the fidtale design, the 1/f&acility was found to
contain stronger buoyancy forces for simiar This was largely attributed to the
scaling distaions introduced into the 1/f&acility such as reduced number of
heaters, and surface heating versus volumetric hedthmgy.work of Strack3]
seems to suggest that the change in heating arrangement between soaketyis
reflected in theconventional scaling criteria of th&r. This effect appears to be
enhanced in the work of Straf¥ as compared to Khartibil et g15] and Rhee et

al [21], which showed that although the total power was scaled correctly, the
concentration ofhis power into a smahumber of heater rods in the centre of the

vessel, increasing the buoyancy stremnrgthtive to a larger tube array
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3 Sensitivity of local Flow Structures toRi: Transitions in flow

around a cylinder vsRi

About this Paper:

Contribution to Knowledge

The end goal of this study was to collect temperature and velocity data for upward
flow around a cylinder for a wide vatyeof Rito assess the flow structure changes
and to develop a wide range of data for subsequent CFD validation. Once this
section was completed, the data was arranged in a flow pattervienagsual
observationslike the type regularly seen inghase tow studiesto quantify the
transitions between phase distributiodsing this flowegimemap and subsequent
simulations, transition criteria were developed baseg@loysical considerations.
These transitions included the disappearance of the vortessfitaatureroutinely
associated with momentum dominated flow around a cylinder, and the development

of thermal plumes.

Additionally, the significant differences between air and water for vortex
suppressiomdentified in literaturavas briefly examined/ia CFD simulations, the
effect of fluid property changesvas isolatedto examine the physical

phenomenological differences for different fluidsaiding flow around a cylinder
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By modifying the specific heat capacity of water, the was increased and
decreased tshow that for a thinner thermal boundary layer, a highes required.

This means that mofeuoyancy is required to fully suppress all vortices with all
other conditions remaining constdot higherPr fluids. This work resolved the
apparent differences observed in literature which showed different transition

regimes occurring for different operating liquids.

One of the main and novel contributions of this thesis was the experimental
investigation of the transition phenomena through the natwralxed convection

to forced convection regimgand the deglopment of mechanistic based transition
modelscapable of working for different fluids

Authors Contribution:

The author (C.W. Hollingshead) was the primary contributor to this study. The
CFD/LES model, experimental apparatus and test plan were all developed
primarily by Hollingshead with feedback from the-aothors.The experiments
were constructed and performeg Hollingshead. Similarly, the analysis and
modeldevelopment work in this study was also primarily done by Hollingshead
with guidance from the eauthors. Finally, Hollingshead was responsible for
writing the draft paper, with the eauthors contributig significantly in the editing

and review processhis paper was submitted to the Journal of Nuclear Engineering

and Design 0202208-11and is currently undergoing peer review as of writing.
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Flow Regime Transitions for Aiding Flow around a heated

Cylinder: A Numerical and Experimental Investigation
C.W. Hollingshead* ", A. Rashkovan® and D.R. Novog*

* Department of Engineering Physics, McMaster University, Hamilton, Ontario, Canada
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Experiments and numerical simulations were performed to examine the interplay between
buoyancy and momentum effects for mixed convection flow around a 13.4mm diameter cylinder
in water. PIV and LIF were made to obtain experimental velocity and temperatures over a Ri range
from 0 to 9. LES models were validated against the measured experimental conditions and then
used to numerically study the parametric behaviour over a wider range of conditions. The CFD
model was found to perform well, with a small tendency to over predict temperature and velocity
measurements for higher buoyancy conditions. Using the experimental LIF results, three flow
regimes around the cylinder were identified, grouped, and made into a flow regime map. From
this, two sets of transition criteria were developed and proposed to predict the collapse of the
recirculation zone and the total suppression of vortex formation. This was done via observations
from the experimental data and additional CFD simulations to examine the separate effects of fluid
properties and incident turbulence levels, both of which were shown to influence vortex
suppression significantly. The criteria proposed was found to accurately capture the visually
observed flow regimes experimentally in water.

Keywords: CFD, LES, PIV, LIF, Mixed convection, Ri,
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1 Nomenclature

PIV
LIF
CFD
LES
Gr
Ri
Re
Pr
St
Cpl:

k
B
Cp
u
m
v
Voo
D
L
8
Tw
Tl”
Ti

q
Q

McMaster University
Engineering Physics

Particle Image Velocimetry
Laser Induced Fluorescence
Computational Fluid Dynamics
Large Eddy Simulation

Grashof Number

Richardson Number

Reynolds Number

Prandtl Number

Strouhal Number

Base Pressure Coefficient
Thermal Conductivity [W/mK]
Volumetric thermal expansion coefficient [1/K]
Specific Heat Capacity [J/kgK]
Dynamic Viscosity[Pas]

Mass Flow Rate [kg/s]
Kinematic viscosity [m?/s]
Average Inlet Velocity [m/s]
Diameter of vessel [m]

Length of vessel/heater rods [m]
Acceleration due to gravity [m/s?]
Cylinder Wall Temperature [K]
Nozzle Inlet temperature [K]
Inlet Turbulent Intensity

Heat flux [W/m>K]

Heater Power [W]
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2 Introduction

Cylinders are the foundational building block of industrial heat exchangers and have a presence in
Nuclear Reactor components, such as the horizontal calandria tubes in the moderator of a CANDU
reactor. Whilst flow around an adiabatic cylinder has been extensively studied, comparatively less
has been done on heated cylinders, more specifically on how the convective and buoyant forces
interact, and how the local conditions (temperature, velocity) in mixed convection affect the
observed phenomena such as heat transfer. Additionally, with design shifts in Generation 1V
reactors to passive safety features, understanding the transition between forced, mixed and natural
convection phenomena has become more important. The relative strength of buoyancy and
momentum can be characterized by the Richardson number (Ri) as shown in equation (3) below
and is a function of both Re and Gr. Generally, forced convection dominates for Ri < 0.1, and
natural convection above Ri > 10 [1]. The region in-between being referred to as Mixed
Convection where both effects are present and contribute to heat transfer.

gpATD? )
Grp = — o
Ry PVeD )
u
i = G _ 9BATD 3
Re? v

An important phenomenon identified in the literature related to mixed convective flows around
cylinders is the disappearance of von-Karman Vortices at some critical Ri. Above the critical Ri
the flow field transitions to a “thermally dominated” regime, which is more stable and begins to
behave similarly to that of a free thermal plume. Below this critical transition von-Karman Vortices
are observed. This transition has been studied experimentally by studies such as [2-8] with relevant
experimental studies summarized in Table 1 with notable differences being observed between
experiments with water and air.

Table 1. Shows the critical Ri from studies in literature

Cylinder Working Flow Ri’ crit
Study Diameter Fluid Oriéiitation Re range | Ri Range quoted
[mm]

Hu and
Koochesfahani 4.76 Water Opposing 135 0-1.04 0.72
[2]
Michaux-
Leblond and 11.7 Water Aiding 130-327 0-4 0.49
Belorgey [6]
ih‘[‘;:‘ehd“ o 30 Air Cross L%%(())' 0-0.2 N/A

: ; 7 0.122-
Singh et al. [7] 6.2 Air Aiding 85-92 0-0.18 0.157

! The Rieiquoted in these experiments are not consistent and can refer to different phenomena

3
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The study of Michaux-Leblond and Belorgey [6] experimentally examined the wake behind a
11.7mm diameter cylinder in water. Using Laser Doppler Velocimetry, it was determined that at a
Ri of 0.49 a transition occurred and the vortex sheet typically observed for flow around a cylinder
was suppressed. When this suppression was first reached, it was found that two simultaneous and
approximately symmetric eddies were observed. As heating power was increased further, a
secondary flow developed and filled in the momentum deficit region of the wake and suppressed
the formation of the two eddies entirely. Hu and Koochesfahani [2] studied the wake of a heated
cylinder in opposed flow. Velocity and temperature fields as a function of Ri were measured
employing molecular tagging velocimetry and thermometry in water, respectively. Using a copper
tube with a 4.76mm diameter in a working fluid of water it was found that below Ri = 0.31, no
change to the von-Karman vortices was observed. For the values of Ri between 0.31 and 0.72, it
was noted that von-Karman vortices appear to be delayed and began further downstream from the
cylinder as compared with the adiabatic case. At Ri >0.72, the von-Karman vortices were replaced
by smaller wake vortices, generated symmetrically on both sides of the cylinder, and were noted
to contain more of a Kelvin-Helmholtz type nature.

Singh et al [7] examined the suppression of vortices for circular and square cylinders in air via
Schlieren interferometry. It was reported that above a certain Ri, vortices were entirely precluded
from forming with no mention of a symmetric wake vortices shedding process that were obtained
for water (see [2] and [6]). This critical Ri was noted to be similar for the circular and square cases
and was dependent on Re, with higher Re yielding higher critical Ri. The wake behind a square
cylinder using Schileren interferometry at variety of Re and orientations was also examined by
Kakade et al [8]. The general increase in critical Ri with increasing Re reported by Singh et al [7]
was confirmed. Additionally, when the square cylinder side walls were aligned with the flow path,
the critical Ri was minimized. The critical Ri was maximized when the angle was increased to 20
degrees and held constant to an angle of 45 degrees (the maximum angle employed). This was
suggested to be a result of an increase in the adverse pressure gradient caused by the edges of the
square channel. Khashehchi et al. [5] experimentally examined the wake behind a cylinder in a
wind tunnel for a Ri in the range of 0 to 0.22 for a cross-flow orientation. No change was observed
to the classical von-Karman shedding flow topology for Ri up to 0.05. Above Ri of 0.05, an
asymmetry driven by buoyancy began to exist with the upper vortex distorted upwards compared
to the adiabatic case. From both experimental studies in air, there was a lack of the transition vortex
symmetric shedding phenomena that was observed in water.

Numerical studies of the phenomena in mixed convection over a circular cylinder have also been
conducted including [9-13]. Singh et al [9] and Chang and Sa [10] numerically investigated the
forced to free convection transition in air at a Re of 100, and both found a critical Ri of 0.15. As
opposed to the experimental observations in air of Singh et al [9], the transition in the numerical
work involved the generation of symmetric eddy pairs. The study of Wan and Patnaik [11]
numerically examined the suppression of vortex induced vibrations in cylinders solely by thermal
effects using their own code. Using simulations with a cylinder connected to a spring in a channel
in a cross-flow, it was noted that as the power to the cylinder was increased in the range of Ri
between 0.1 and 0.2, very little changed in the flow structures around the cylinder, except for a
gradual narrowing of the vortex street. For Ri greater then 0.3, no vortices were detected.
Increasing further the Ri, they found a critical Ri of 0.8, above which all vibrations were fully
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suppressed. Additionally, this critical Ri was found to be dependent on the free stream velocity.

Previous studies on adiabatic flow around a circular cylinder, such as the one by Feng and Wang
[14] experimentally demonstrated in water that the pure von-Karman shedding processes can be
interrupted and replaced by a symmetric shedding mode when momentum is introduced into the
wake region via jets. The experiments of Fu and Rockwell [15] introduced a slit parallel to the
flow direction into the cylinder and varied this slit size using water as the working fluid. They
found that for increasing slit size, the von-Karman shedding process was shifted away from the
cylinder. Additionally, when the slit reached a critical size (for a fixed Re), the rear-wake region
of the cylinder appeared to be divided into two separate symmetric regions. Gao et al. [16] also
examined the effects of a parallel slit size in a cylinder experimentally in air. Similarly to Fu and
Rockwell [15], Gao et al. [16] reported that above a certain size, symmetric vortices begin to
compete with the regular von-Karman shedding mode, suppressing the central recirculation zone
and appearing to split it into two recirculation zones. These effects were also observed and studied
in the experiments of Shi and Feng [17]. Examining the parallel slit geometry numerically, Baek
and Karniadakis [18] showed similar results to the experimental studies discussed above.
Additionally, it was found that the symmetric vortices shedding process began at a smaller slit size
for an inlet Re of 1000 as compared to Re of 500. This change in slit size required to introduce the
symmetric shedding mode suggests a dependency on the base pressure coefficient of the cylinder.
Studies such as Williamson and Roshko [19] have also shown the decrease of rear-base pressure
coefficient with Re in the range examined by Baek and Karniadakis [18], which may partially
explain the reduced slit size required in this Re range. This division of the re-circulation zone also
appears to be occurring in heated experiments with momentum induced via buoyancy effects
replacing the bypassed flow from the adiabatic slit experiments as evidenced by observations from
Hu and Koochesfahani [2] and Michaux-Leblond and Belorgey [6]. This phenomenon is further
examined in this study.

The goal of the present study is to present new experimental and numerical analysis to better
understand the underlying phenomena behind the transitions observed in mixed convection flows
around a heated cylinder. Additionally, modelling efforts which can predict the flow topology
around the cylinder are developed and tested against the experimental database and numerical
simulations. These models appear to both match the data well and explain the apparent differences
in flow topology between air and water that were observed in previous studies.

3 Experimental setup and conditions
The aim of the current experimental study was to examine how the oncoming flow velocity and
power supplied to a cylinder impact the flow fields around a horizontal cylinder in the mixed
convective Ri regime. To achieve the experimental goals, two separate experimental campaigns
were performed.

e Particle Image Velocimetry for velocity measurements

e Laser Induced Fluorescence for fluid temperature measurements

The geometry consisted of a horizontal cylindrical test vessel which was 489.3mm in diameter by
504.7mm in length as used in Hollingshead et al [20] - seen in Figure 1 (left). The heater used was
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the same as Heater A as described in Hollingshead et al [20]. This heater had a diameter of 13.4mm
and was un-instrumented with the electrical connections on one side to allow for ideal optical
access. The heat flux shape was a cosine shape with a heated length of 500mm. Note that all
measurements presented are for the central region in the peak heat flux of the heater.

Velocity: Magnitude (m/s)
0.0000 0.010000 020000 0.030000
[
=, PR
Figure 1. The test section with the nozzle at the bottom of the vessel just below the heater with
the PIV/LIF camera in view (left) and instantaneous velocity magnitude contour on a symmetry
plane of the diffuser nozzle simulations at 100g/s (right)

0.040000 0.050000

3.1 Nozzle/Inlet Condition

To adequately control the inlet velocity a 3-D printed nozzle was designed and built. The design
was based by CFD calculations employing the k-@ SST turbulence model — with the cut-view in
Figure 1 (right). The k- SST turbulence model was used due to its ability to capture salient flow
features for early prototypes built and examined via PIV. The velocity profile of the nozzle was
measured for a variety of flow rates and can be seen below on Figure 2 with tabulated time and
space averaged values shown in Table 2. It should be noted that the flow field outside the nozzle
as measured employing the PIV camera system was found to be asymmetrically positioned under
the heater with a shift of 6mm. This asymmetry was not correctable due to positioning errors in
the assembly of the end plates of the vessel, in addition to potential manufacturing errors in the
positioning of the inlet and outlet ports to the vessel. This asymmetry was accounted for in
subsequent CFD simulations.
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Figure 2. PIV velocity (vertical, left and horizontal, right) profiles measured 20mm below the
cylinder for isothermal conditions (note x=0mm corresponds to the centre of the heater rod).

Table 2. Nozzle time-averaged parameters versus mass flow

Inlet Flow Rate (g/s) | Measured Average | Turbulent Intensity | Reynolds Number
Velocity (mm/s)
50+ 1 124 +3 0.2 187+40
75+ 1 183+3 0.34 275+40
100+ 1 27.5+3 0.27 414440
125+ 1 355+3 0.3 534+40
150+ 1 442+3 0.31 665+40

3.2 Particle Image Velocimetry
The PIV experiments was performed using a Photron SAS5 highspeed camera and a ND-YLF
pulsed laser. The camera and laser were synchronized via a synchronizer which was set to a capture
frequency of 125Hz and a laser pulse delay of 7800us for a typical pixel displacement of 1-5
pixels. Due to camera buffer limitations, five sets of 400 image pairs were captured for a total time
averaging time of 20s. This was used to obtain the time averaged velocity fields. Additionally, the
camera was placed on a 10-degree tilt from the imaging plane, as this was found to significantly
help with the quality of heated measurements in Hollingshead et al. [20]. Adiabatic tests were done
with and without this 10-degree tilt, which showed no impact on the velocity field in the regions

reported.

The uncertainty in the PIV measurements was assessed to be 3mm/s via repeatability
measurements. This was to account for errors in camera positioning, laser sheet alignment, and
process system variability. Additional uncertainty due to pixel displacement (~0.1 pixel) was not
included as it was found to be much smaller than the 3mm/s. The laser sheet thickness was
approximately 3mm, indicating that all velocity measurements are averaged over this volume.
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3.3 Laser Induced Fluorescence

In order to clearly observe the thermal plumes and measure the local plume temperatures
Rhodamine B dye was added to the water at a concentration of approximately 1.2x10”7 mol/L. The
LIF measurement procedure, including a 10-degree camera tilt, closely follows the one outlined in
Hollingshead et al [20]. Since LIF measurements do not require laser-camera coincident timing,
the camera and laser were not synchronized for these measurements to avoid the camera buffer
errors mentioned above for the PIV measurements. The laser was operating at a frequency of
1000Hz with the camera at a capture frequency of 125Hz and shutter frequency of 1000Hz. These
setting was found to minimize intensity fluctuations in the images.

The error in the LIF temperature measurements was evaluated to be 1.1°C. This was assessed via
a contribution of the measured standard deviation in the intensity of a flat temperature field of
approximately 1% converted to a temperature and the error in the type T thermocouple used for
calibration. Repeatability measurements were also performed but were found to agree well within
this 1.1°C error and as such did not contribute to the total error. This improvement in repeatability
performance compared to the PIV measurements was directly attributed to the improvement in
laser sheet visibility. This was a direct result of the fluorescence of the Rhodamine B.

Sample images from the LIF measurements can be seen in Figure 3 for a variety of inlet flow rates
at a fixed power. The change in flow topology vs flow rate is quite noticeable. Starting at 75g/s
and 512W, the flow topology appears to largely resemble that of a free thermal plume, qualitatively
containing more disturbances than a free thermal plume due to velocity difference between the
plume and the small but still significant convective components. As the flow rate is increased to
100g/s, the plume width increases and the length scale of the disturbances appears to increase,
though the nature of the disturbances appear to be the same as the 75g/s case. Increasing this flow
rate further to 125g/s, the width increased further, and coincident eddies began shedding from the
cylinder. Additionally, there no longer appeared to be a contiguous region of hot fluid from the
top of the heater to the end of the measurement window as seen for the more thermal 75 and 100g/s
cases. When the flow is increased to 150g/s, the width of the rear-wake region is largely
unchanged. However, the shedding mode changes, and instead of simultaneous shedding they
become asymmetric, appearing to be classic asymmetric von-Karman vortices.
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Figure 3. LIF instantaneous intensity fields measured for four mass flow rates at a power of 512W.
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Figure 4. PIV results of the wake behind the cylinder as a function of power (time averaged
contours). Note, Y=0mm corresponds to the top of the cylinder surface.
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4 Experimental Results

4.1 Velocity Measurements

Selected PIV results showing time-average vertical velocity can be seen in Figure 4 and Figure 5.
These figures show the downstream contours of the wake for increasing heat input. A gradual
narrowing and eventual disappearance of recirculation zone downstream of the cylinder?, in Fig.
4, is observed as the heater power is increased. This is indicative of a transition to buoyancy
dominated flow, and the suppression of the von Karman vortex street. This is further illustrated in
Figure 5 which shows that for a variety of flow/power combinations the negative velocity in the
recirculation zone vanishes for higher ratios of the input powers (buoyancy force) to mass flow
rate (momentum). Additionally, as it follows from Figure 5 (b and d), as the power level is
increased, a change in curvature is present in the region 5 <y < 20mm. This change is believed to
be associated with an increasing buoyant force and the development of a thermal plume in the flow
field.
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Figure 5. Vertical velocity profile for y = 10mm away from the cylinder surface (left) and the
centreline x=0mm velocities (right)

4.2 Fluid Temperature Measurements

Time averaged measurements of local fluid temperature difference relative to the inlet are
presented in Figure 6 for a variety of cylinder power levels and inlet flow rates. As the inlet power
is increased for a fixed flow rate, there is a gradual thinning of the wake region and an increase in
the temperature, indicating the development of a thermal plume. This is consistent with the
velocity measurements presented in Figure 5 which also indicate that the region downstream the

2 The recirculation zone is characterized experimentally as the region of fluid where negative average vertical
velocity values are obtained.
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cylinder becomes more buoyant in nature. Transient videos and phenomena discussed in
subsequent sections also indicate that as the power is increased, or the flow decreased at a fixed
power, fewer disturbances are visible in the flow field. This is attributed to the added momentum
due to the buoyancy in the wake region. The effect of this thought to increase the average velocity
in the wake region. This decreases the velocity gradient between the wake region and convecting
fluid thus reducing the primary mode of turbulence generation.

Figure 6. Temperature profiles for a variety of conditions at Y = Smm above the cylinder a) and
¢), and the centreline profiles away from the cylinder b) and d).

4.3 Flow Regime Map

Three regimes were identified to classify the wakes with characteristics observed. These were von
Karman vortices (VKV), eddy pair (EP) and thermal dominated flow as identified on Figure 7.
Given the unique changes in the turbulent behaviour in the wake of a tube in mixed convection
flow observations were collected over a wide range of Gr, Re and Ri. To organize the data and to
narrow the focus for subsequent analyzes, a flow regime map was created based in the
experimental observations. The map was based on visual observations from videos generated by
the LIF transient data and is presented in Figure 8. Additionally, several lines of constant Ri are
plotted to highlight the range of Ri conditions measured.
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4.3.1 von Karman Vortices Regime

The experiments had an inlet Re in the 200 to 700 range as shown by Table 2. This range
corresponds to boundary of the Transition-in-Wake (TrW) and the Transition in Shear Layers
(TrSL) regimes as classified by Zdravkovich [21]. The effects of inlet turbulence intensity on the
TrW regime were examined by Aarnes et al [22] up to 25% via DNS simulations. Aarnes et al [22]
found that the Strouhal number of this regime decreased slightly at an inlet turbulent intensity of
25% versus none. This indicates that for the current study, the shedding frequencies may be slightly
smaller than correlations would predict. Additionally, the lower range of Re in this study has been
examined numerically by Rajani et al [23].

The von-Karman vortices regime, or VKV, is characterized by the traditional von Karman vortex
street associated with the TrSL regime visualized in Figure 7 (top left). At these ranges of
conditions (blue crosses in Figure 8), the flow field around the heated cylinder is very similar to
that of an adiabatic case. This regime of flow around an adiabatic cylinder is largely characterized
by one vortex shedding after another in an asymmetric fashion. As power is increased, the length
and width of the recirculation zone behind the cylinder monotonically decreases as seen in Figure
9 with little change to the vortex shedding process until the recirculation zone collapses and the
Eddy Pair regime discussed in section 4.3.2 is reached. As the power is increased, in the near field
at the top of the cylinder, what will be referred to as a precursor plume begins to form. The
precursor plume is the hot fluid at the top of the cylinder that forms but is unable to rise from the
cylinder surface. This appears to be a result of negative recirculation pressure holding back this
hot fluid. This precursor plume tends to wobble from side to side, shedding with the vortices as
they are generated from whichever side the precursor plume is currently on. Per the experimental
observations of Fu and Rockwell [15], Gao et al [16] and Shi and Feng [17], the transition to the
next regime likely occurs when this precursor plume becomes strong enough to divide the
momentum boundary layer of the cylinder, with a buoyant plume replacing the physical jets in
their adiabatic experiments.
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Figure 9. Width of the thermal wake/plume region at a distance of Smm from the cylinder
surface (left) and the length of the recirculation zone as a function of Ri (right). Note the CFD
simulations are for an inlet Re of 414.
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4.3.2 Eddy Pair Regime

Once the heat input reaches a certain power level, the fluid on top of the cylinder contains enough
buoyancy to partially counteract the recirculating fluid. This appears to alter the vortex shedding
process as the vortices begin to shed nearly simultaneously on both sides of the cylinder, as seen
in Figure 7 (top right). The precursor plume continues to grow and oscillate from side to side as in
the previous VKV regime, except in this case oscillations occur with the simultaneous eddy pair.
However the precursor plume is still confined to the wake of the cylinder, though it appears to be
larger than at lower powers.

Power Spectral Density (PSD) analysis at the 125g/s flow rate taken at the point X=0mm,
Y=70mm is shown in Figure 10. The transition from VKV regime appears to increase the St from
0.20 to approximately 0.25. This increase is attributed to changing dynamic viscosity and density
with increasing power, increasing the local Re. Additionally, the increase could be partially due to
the vortices no longer getting “dragged” towards the rear of the cylinder before shedding. This
may allow for a subtle increase in shedding frequency and the Sz. As the PSD analysis was
performed on the LIF data due to the lack of camera buffer issues, no adiabatic data was possible
and the direct effect of the turbulent intensity on the shedding frequency was also not available.
Though, expanding the general trend backward towards zero power would appear to yield a slight
decrease in St, which would be consistent with the predictions of Aarnes et al [22] for the effect of
inlet turbulent intensity on shedding frequency.
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Figure 10. Strouhal number measured from LIF data at 125g/s as a function of heater power
versus a correlation for St via Zdravkovich [21]

The pairwise eddy shedding appears to continue until the buoyant force becomes strong enough to
entirely force all fluid in the near-cylinder wake region upward, completely overcoming the
recirculation flows that are driving vortex generation. It should be noted that in the experiments of
Singh et al [7] and Kakade et al [8] for air, this regime was not observed. This indicates that
property differences between air and water appears to be significantly affect regime transition.

4.3.3 Thermal Regime
The thermal regime is a broad classification and is first reached when vortices no longer form, or
form very infrequently due to occasional disturbances. The size of the plume in this regime varies
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greatly, from being near the size of the diameter of the cylinder when first reached to
approximately the thickness of a free thermal plume. This is partially visualized in Figure 9,
showing the gradual thinning on the wake region vs Ri which shows that around a Ri of 4, that the
width of the plume/wake region no longer shrinks. Around this R, it is considered to have the flow
topology of a free thermal plume.

5 LES Modelling

To study the transitions further, obtain more data, and assess the phemenological differences
between fluids, LES modelling of the flows was performed using STAR-CCM+. The
computational domain used can be seen below in Figure 11. The domain was 7 cylinder diameters
long and 489.3mm in total diameter. The outlet was a 19mm diameter opening at the top of the
vessel and in the centre of the domain. The walls of the domain were no-slip walls and a 60mm
diameter cut-out was placed 20mm below the cylinder spanning the length of the nozzle to simulate
the inlet nozzle. The circular cut out for the inlet condition was offset by 6mm to account for the
small asymmetry between the jet and cylinder in the experiments. The inlet velocity boundary
condition for the nozzle was matched to the experimentally obtained inlet velocity distributions.
The synthetic turbulence on the inlet for the LES simulations was inputted with the turbulent
intensity of a given experimental condition with a length scale of Smm, the diameter of the inlet
flow straightener. To handle buoyancy effects the Bousinsesq approximation was used. The wall
was modelled via the all y+ wall model.

As was stated previously, the present study spans from the upper transition in wake regime (TrW)
to lower subcritical transition in shear layer (TrSL), following Zdravkovich [21] classification of
the regimes of flow around the circular cylinder. Of numerous studies on LES modelling of the
flow around the circular cylinder in regimes relevant to the present study, including e.g. Rajani et
al. [24] in TrSL and Xiyun and Guocan [25] for the Re characteristic of transition from TrW to
TrSL regime, it can be concluded that the dynamic Smagorinsky model is capable of capturing the
flow phenomena for the conditions employed in the present study. Furthermore, the simulations
of Clifford and Kimber [26] showed exceptional performance of the dynamic Smagorinsky model
for natural convection flows in a square cavity.
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Figure 11. Mesh cross-section for the entire domain and a zoomed in section around the heater

5.1 Sensitivities

To ensure the CFD fidelity sensitivity to mesh, timestep and turbulent intensity on the inlet
conditions were examined for the 100g/s adiabatic condition. It should be noted that these were
performed after ensuring that the computational model was capable of handling >95% of the
turbulent kinetic energy, as confirmed by applying the LESIQ proposed by Celik et al [27] to the
domain. In general, little sensitivity to mesh and timestep was noted, as seen in Figure 12 below.
Owing to this, a mesh base size of Imm and timestep of 0.1s were chosen for the 100g/s or
27.5mm/s inlet velocity case. For other flow rates, the timestep was varied to assure a maximum
CFL value of approximately 3. Over a #5% window of the turbulent intensity from the
experimentally measured values, no significant difference in velocity profiles was obtained.
Additionally, the maximum y+ on the cylinder wall was found to be 1.8, indicating a proper
resolving of the boundary layer. Another sensitivity study was performed for a mesh very similar
to the one employed in this study for free thermal plumes in the work of Hollingshead et al. [20]
which also showed little sensitivity to mesh or timestep.
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Figure 12. Sensitivity to mesh and timestep for inlet velocity of 27.5mm/s

5.2 Validation

To validate the LES modelling a wide range of experimental conditions were chosen covering a
Ri range from 0O to 1.9. These conditions included the following mass flow/power conditions
combinations: 100g/s-O0W, 100g/s 145W, 100g/s 270W,100g/s-512W and 75g/s-256W. These
ranges of conditions were also chosen to have validation cases for each flow regime identified.
The choice of including an adiabatic condition was made to help isolate modelling errors in either
the momentum or buoyant fields.

5.2.1 VKV Regime Validation: 100g/s W and 100g/s 145W

The general performance of the model for the VKV regime can be seen below in Figure 13 a). The
strong performance of the thermal field would appear to largely be due to the very small
temperature gradients in relation to the error in the LIF measurements of 1.1°C. The performance
in the velocity field for the model however is mixed with conflicting indicators. The RMS error
indicates a good performing model, yielding a value of 2.31mm/s compared to the measurement
uncertainty of 3mm/s. However, this measurement uncertainty captures only 80% of the total
predictions. When the added systematic error introduced into the simulations via the inlet condition
uncertainty is accounted for, by increasing these error bounds to Smm/s, 96.4% of the predictions
are covered. Additionally, when examining the velocity profiles for the 100g/s OW case in Figure
14, good agreement is found with nearly all data points lying within measurement error. This level
of agreement appears to be consistent with the study of Rajani et al [24] and Xiuyan and Guocan
[25].
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5.2.2 EP Regime Validation: 100g/s 270W

The performance of the EP regime predictions can be seen in Figure 13 b). The thermal
performance for this regime was exceptional, with all the data lying within measurement
uncertainty. The performance of the velocity predictions was less so, with only 72.2% of
predictions within 3mm/s. This increases to 85% if the bars are expanded to Smm/s. The main
driver for this reduced performance appears to largely be due to a slight difference in slope in the
sharp gradient in the 5<|X|<10mm region, which appears to occur over a smaller distance than the
VKV regime as evidenced by Figure 14. The performance of this model in this regime is
considered to be strong aside from this region, nearly all data along the centreline agreeing with
experiment as shown in Figure 14. This is further evidenced by an RMS error of 3.28mm/s, slightly
error than the measurement error. Additionally, the predicted temperature field agrees very well
with experiment as shown in Figure 15.

5.2.3 Thermal Regime Validation: 100g/s 512W and 75g/s 270W

As the flow topology becomes increasing thermal, performance characteristics identified by Ma
and He [28] and also seen in Hollingshead et al [20] become apparent. Ma and He [28] found that
for LES simulations for natural convection around a circular cylinder there was a tendency to over-
predict velocities by 15% and under predict Nu relative to experiment. In Figure 13 ¢) and d), the
model begins to over predict the local temperatures relative to the experimental results. This level
of over-prediction appears to be worse with increasing buoyancy, the 75g/s case tending to over
predict the centreline temperature by 2°C as compared to the 100g/s 512W case as seen in Figure
15. Conversely, the level of performance in the velocity predictions appears to be consistent with
that of the EP regime, with the velocity predictions largely covered by measurement uncertainty
in Figure 14. For the most buoyant condition examined, 75g/s 270W, in the far field of Figure 14
(left), there appears to be the beginning of an over-prediction of the velocity field. This systematic
over-prediction is consistent with the results shown by Ma and He [28], and is suspected to get
worse with increasing Ri past this point.

The underlying cause of this apparent over-prediction of buoyancy may result from a combination
of the models slight deficiency in predicting the heat transfer and/or issues in the SGS model for
highly buoyant conditions. In terms of heat transfer, the under prediction of Nu as shown by Ma
and He [28] may be a contributing factor. This over estimation of wall temperature would yield
stronger temperature gradients in the near wall region, as evidenced by the over-prediction of fluid
temperatures and velocity predictions for Ri = 1.9. Conversely, Clifford and Kimber [26] show
their LES model is quite capable of capturing the Nu and show no significant deviation in their
velocity predictions as compared to experiment. This puzzling difference in model performance
may in part be due to the relative size difference between the characteristic lengths in those studies,
and subsequently higher local heat fluxes/larger gradient magnitudes over smaller distances in the
study from Ma and He [28]. Clifford and Kimber [26] and Ma and He [28] both used the Dynamic
Smagorinsky SGS model, indicating that the difference in performance may be related to geometry
scale. This is visible in the characteristic length, being 750mm for Clifford and Kimber [26], 54mm
for Ma and He [28] and 13.4mm in the present study. Given the excellent performance at large
scales in the work of Clifford and Kimber [26], this seems to suggest that under smaller scale flows
the performance may deteriorate somewhat. This would appear to be an underprediction of local
turbulence and spreading of thermal plumes, yielding higher temperatures and velocities relative
to experiment in works such as Ma and He [28] and Hollingshead et al [20].
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6 Regime Transitions

6.1 von-Karman Vortices to Eddy Pair Regime

The destruction of the pure von Karman vortex sheet is proposed to be a result of the buoyant force
at the top of the cylinder reaching a point where it is sufficiently strong to counteract the low
pressures in the recirculation region. This would be analogous to the slit size in the experiments of
Gao et al [16], Fu and Rockwell [15] and Shi and Feng [17] being large enough to allow sufficient
amount of flow through the slit to counteract the suction pressure, which showed a similar
transition. This results in a separation of the wake of the cylinder into two re-circulation zones and
the transformation of asymmetric von-Karman vortices into symmetric eddy pairs.

To quantify the transition, a force balance is assumed, leading to a critical Ri of half the base
pressure coefficient as shown by equations (4)-(6) below. For the Re range of experiments
conducted, the base pressure coefficient varies from 0.7 to 0.95 as shown by Williamson and
Roshko [19] and Norberg [29]. Following the proposed model (equations. 4-6), this indicates that
pure von Karman vortices should disappear around a Ri of 0.35 to 0.425. The force balance
approach to the destruction of the von Karman vortices is expected to correspond with the collapse
of the recirculation zone in the centre region as it begins to be divided by buoyancy, which can be
seen on Figure 9 (right) to occur in 0.5<Ri<0.6 region, slightly delayed compared to the prediction
of the criteria. This is thought to be attributed to the relatively high turbulent intensity measured
on the inlet condition and is further details addressed in section 6.4 below. It should be repeated
that the Eddy Pair regime has not been observed in experiments using air such as Singh et al [7].

Fsuction = F,B “4)

C,
%” pv2A = pgBAT, DA ©
Cpb (6)

Rip, =—
iy 2

6.2 Eddy Pair to Thermal Regime

The transition from the eddy pair regime to the thermal regime is proposed to be the point whereby
buoyancy and buoyant induced flow is strong enough in the entire upper portion of the cylinder to
counteract the suction pressure in the momentum boundary layer of the cylinder. This is partially
confirmed by the observations of Singh et al [7], who noted an increase in the measured critical Ri
as a function of Re. One can suggest that this would indicate that the critical Ri for this regime is
dependent on the base pressure coefficient Cpp, which via a force balance would yield a Ri. of
Cpp/2, as before. The use of Cpp is justified by experimental studies by Achenbach [30], which
show the pressure coefficient to be almost uniform over the downstream half of the cylinder. The
value of Cp» was obtained from a lookup table generated from the experimental data of Norbeg
[29] and Williamson and Roshko [19] for a wide range of Re.
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As noted prior, the EP regime has not been observed in experimental studies such as Singh et al
[7]. As such the transition for total vortex suppression appears to be different, as partially visible
by the significant difference in the critical Ri for air found by Singh et al [7] (0.122-0.157)
compared to water (0.9->1.18) of the present study. There would appear to be a dependency on
fluid properties which allows for air to require relatively less buoyant force to completely preclude
all eddy formation. The physical rationale for this large difference is thought to be the difference
in the ratio of the thermal boundary layer to the momentum boundary layer thicknesses for air and
water and is examined further below.

For water at 25°C, the thermal boundary layer is approximately half the thickness of the momentum
boundary layer. This means that with the exception of the top portion of the cylinder where the
thermal boundary layer flow begins to move upward, the added buoyancy around the cylinder is
unable to counteract all of the negative pressure gradient in the momentum boundary layer. Thus
while the negative pressure region is divided along the tube center by the plume, regions of
negative pressure persist on either side. This mechanism is similar to the observations of Fu and
Rockwell [15] who explored cylinder wake control in isothermal flow, and beginning of
phenomena identified as the “Eddy Pair” regime here. This regime would then continue until the
induced buoyant velocity is strong enough to counteract the negative pressure gradients in the
remaining recirculation regions via shear, leading to the thermal regime. It can be suggested that
for fluids with thermal boundary layers appreciably thinner than the momentum boundary layers,
three flow regimes exist instead of two for the flow around a cylinder based on buoyant strength:
von-Karman Vorticies, Eddy Pair and Thermal as found in this study for water.

For air, the thermal and momentum boundary layers are roughly the same thickness. The key
difference this implies is that the buoyancy of the thermal boundary layer is now able to act on the
entire momentum boundary layer. This means that when the buoyancy force is strong enough to
match the suction pressure in one region of the boundary layer, it happens in the entire boundary
layer. This causes a direct transition from a VKV regime to a thermal regime, skipping the EP
regime observed in the present study for water. The VKV to Thermal transition is consistent with
the observations of Singh et al. [7].

To examine this phenomena further and over a wide range of Pr, several Pr were chosen varying
from 0.1 to 50 for additional LES simulations. These simulations were performed at power level
and flows that bracket the suppression point of vortices. To isolate one fluid property at a time,
the modification in Pr was achieved by adjusting the specific heat capacity of water to achieve the
desired Pr. All other fluid properties were left constant, to create a fictitious fluid with a different
specific heat capacity and all other properties of water constant at 25°C. Additionally, the geometry
was modified to remove the 6mm asymmetry as noted above and the inlet turbulent intensity was
reduced from 27% to 1%. This was to be inline with typical experiments in literature and to
remove/minimize the turbulent intensity contribution. To remove Re dependencies, all simulations
were performed at an inlet velocity of 27.5mm/s, corresponding to Re of approximately 414. The
resulting Ric obtained from observing the LES flow regimes are presented in Figure 16 with the
proposed transition criteria being equation (7). Note, this is correlated to the Pr of the bulk fluid.
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Figure 16. Critical Ri versus Pr from LES simulations

6.3 Generality of Transition Criteria: Parametric Study

In order to assess the generality of the transition criteria generated by varying ¢, a parametric
study was performed. This was done via simulations of Pr=2 and Pr=15 that modified the dynamic
viscosity and thermal conductivity while maintaining the specific heat capacity of water at 25°C.
The results of these simulations can be seen below in Table 3, which show no significant
difference. Note, when x was modified, the inlet velocity was reduced to ensure the Re was held
constant to avoid changing Cpp.

Table 3. Critical Richardson number vs Pr via varying other fluid properties

Pr. Parameter Modified | Ric Observed via Equation (7)
LES
2 cp=1409 J/kgK 0.48+0.08 0.444
2 u=3x10"*Pa s (Re 0.45+0.06 0.444
held constant)
15 cp=10,472 J/kgK 1.940.2 1.89
15 k=0.249 W/mK 2.0£0.2 1.89

6.4 Effect of Inlet Turbulent Intensity

Given the nozzle designed for these experiments yields high inlet turbulent intensities compared
to studies existing in literature (20-30% compared to 1%), its effect on flow topology was explored.
Figure 17 shows the comparison of two non-dimensional temperature snap shots from LES
simulations at the same mass flow/power combination, with and without the inlet turbulent
intensity for a Ri of approximately 1. The case without the turbulent intensity is much more stable
and resembles the thermal regime. This indicates that the turbulent intensity is extending the VKV
and EP regimes due to the added disturbances, requiring a higher buoyant force to fully suppress
them. To take upstream turbulence intensity into account in the regime transitions, a simple
multiplier was added to the transition criteria as shown below in equations (8)-(9). The addition

24

45



C.W.Hollingshead McMaster University
PhD Thesis Engineering Physics

46




















































































































































































































































































































































































