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Abstract

Transition of natural convectidfow on a heatedlat plateand insidea heated
channelis studied numerically Three different RANS based turbulekt(
models namely standard, RNG and Realizable with an enhanced wall function
are employed in the simulationsdditionally, a Large Eddy Simulatio(LES)
technique is also applied particularlyinvestigate the flow fielénd transition

in a heated plate facing upward.

Numerouspublished papers presented tigpical characteristidoehaviourof
natural convectiorflow inside a channel however,none of these provide
information about the transitiobehaviour of flow inside a channel,and
importantly how the transition is affected by the merging of two growing
boundary layersvhich occurinside a channel. Therefore, taking the above
importantthings into consideratiorthe aim of the study is to carry outdiepth
investigations ofthe transition of thdree convectiorflow inside a channel
with an effect of its width angular orientation and several important thermal

and boundary conditions.

Moreover,the transitiorphenomenaf the free convection flow developing in
a heated channel facing both downward and upward are thoroughly
investigatedin the thesis Numerically predicted results are compared with
available experimental data in the published literaturesd properties are
assumed to beonstant except for the densitshich changs with temperature
and gives rise to the buoyancy forcaad istreatal by using the Boussinesq
approach Air with a Prandtl number of 0.i&8 used as a test fluid in all the

simulations.



In theRANS basednodels, the results show thaetRealizable modetith an
enhanced wall function predgctnumerical resultswell comparedto the
experiment tharthose obtained bthe othernwo models(standard and RNG)
therefore tis model wasselected to perform all the oth&ANS based

numerical simulations in this work.

The resultgparticularly indicate thathe inclinaton of the channel has major
effects on the transition stage. As the inclination angle is increased, the
transition stage moves further downstream of the channel. Howtheer,
predicedlocal heat fluxreached its minimum further upstream of the chgnnel
doesnot agree withthat of the velocity and turbulent kinetic energy in a small
channebwidth.

Natural convection from an isothermal plate is conducted by wsihgrge
Eddy Simulation method. e results show that with an increase in the angle
the pealof the thermal and velocity boundary layers move from the near outlet
of the plate fothevertical case to the middle of the plate widen-70°. So the

thermal and boundary layers become fatter which causes an early transition.
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Chapter 1

Introduction

Heat transfer takes plasghentemperature differences exist witharsystem or
betweena system and its surroundings. Tlhermodynamics, heat is defined as
energyof a system andavith a growingconcernon environment and energy
crisis; the investigation of heat transfer h&dgen an important part of
engineering researabver the past several yeafthe applications cover a wide
range ofarea from theaspects oénvironmental, atmospherand geophysical
problems to manufacturing systems, space research andirpeetion /
rejection. The three modes of heat transdee conduction, radiation and
convection all of theseusuallyoccur in mostpracticalsystems, where every
mode of heat transfer cdre investigated separately and the results of heat
transferis thencombined to givea total heat transfer rateithin systens.
However,in some cases heat transfer coefficient fgaystem may involve a
combination of two or three of modes of heat transfer which interact with each

other.

Of the conduction and radiation, het@ansferprocessesthe former occurs
whentemperature difference exist in the matedbh systemandalsodue to
the motion of particles whichay comprise material as well asnicroscopic
particles Diffusion of energyoccurs due to the difference in the local
temperature and fluignotion. The energy transfer in the radiatioowever

occursin the formof electromagnetic waves where the energy is emitted from
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a material due to the temperatudifference which is larger for large

temperature, and transferred to other swthroughthe superseding space

Convection occursvhen there is relative motion beveen a surface and a
fluid over the surface and there isemperaturealifference between the surface
and flow. The mechanism of flow omheated surfaces divided irto three
distinct groups: free convection, forced convection and mixed convection. The
movement of mass in free convection depends on the density gratiiehtis
driven by the buoyancy force of the flowhile the flow in forced convection
is driven by other external forces such as flow s@eetpressure gradientnO
the other hand, mixedcconvection is driven by both free and forced
convections.Over recent years, one attention has been given to natural
convection as ibccursnaturally in environmendl systems Moreover, most
practical and economical methods for developing heatingcaaling systems

use natural convection induced by buoyafarces.

Many experimental and numerical investigations have been carried out to study
the behaviour of the development of convection on various geometries, for
instance, cylinder, sphere, flat fdaand channel under different boundary and
flow conditions. In fact, the natural convection on vertical platesdweived
more attention because the phenomenonatéiralconvection is employed in
many engineering applications, for example, cooling laeatingof industrial

and electroniequipmentsuch as transistors, mainframe computers, plate heat
exchangers, solar energy collectors, and cooling of nuclear reactor fuel
elements. Moreover, by using natural ventilation a building can reduce
conventionalheating cost by 30% to 70% as reported by Liping and Angui
[2004]. So, this is substantially reducing the energy consumption in a modern

building. The major application of free convection links with solar energy
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systemse.g. sedVilson andPaul[2011], since natural ventilation systesmse
natural convection to supply a building with fresh air. A comprehensive
literature review of free convection along plates and channels will be presented

in the nextChapter

Most of previousstudies were carried oubifeitherlaminar or turbulent flow

with transitionneglected, and very little is known about the transition stage in
vertical and inclined chanrglwhere the heated platd a channelis kept

under isothermal condition. In particuldor free convection occurring in a
relativelylarge scale, little reliable informatia@bout the transition stage inside

the channetan be obtained from experiment and laboratory based experiments
in some cases with varying of angular orientation may be a dtfacd costly
process. So, in this thesis carry out various numerical simulations to
investigate the transition problems mentioned above, and results are validated,
where possible, with various experimental data found in the published

literature.




Chapter2 2.1. Natural convection from a flat plate

Chapter 2

Review ofprevious works

Numerousresearchers have thoroughly investigated the free convemtithat
platesor channels in laminaf turbulent flow in the past decadéghe most
important studies related to the present work are reported in this chapter.

2.1. Natural convection from aflat plate

2.1.1. Vertical flat plate

Early some data of the flow oa vertical heated surface is provided by
Griffiths and Davis [1922]They measured the local heat transfer, temperature
and velocity profiles, and poor agreement was obtained between the
experimental data and the setieoretical results of Eckert and Jackson [1950]
which led to suggestions that, the data were inaccurateckert and Jackson
[1950], an integral boundary layer thegrywith postulated velocity and
temperature fields to develop the solutianturbulent flow, wasemployed to
investigatdocal heat transfer and thicknesslodé boundary layerThe range of
Grasof numberchosenwas from 18° to 10", andthe analysis was fathe
Prandtl number close to The results of thee calculations wre close tothe

experimental dataf Jakob [1949].

Simon [1952] performed numerical simulations to study the laminar atatur
convection flow on an isothermal vertical plate for different Prandtl numbers,
e.qg.0.01, 0.72, 0.733, 1, 2, 10 and 1000. He investigated extensively the effects




Chapter2 2.1. Natural convection from a flat plate

of the Prandtl number on the rate of heat transfer and reported the results of the
velocity, temperature and boundary layer thickness of flow, whiclarbeca
reference datéor many recent studies of laminar convection on parallel heated

plates.

Empirical correlatios based on experimental resutiavewidely beenused to
predict the thermal properties of flaver anisothermal flat surfaceChurchill

and Ozoe [1973] and Churchill and Chu [1975] conducted experiments for
different Prandtl numbers affior Grashof numbercoveringlaminar, transition

and turbulentegionsof flow. An inclusive review of these results is reported
in many publicationse.g. sed.ouis [1993], Bejan [1995], Kakac and Yener
[1995], Oosthuizen and Naylor [1999], Lindon [2000], William et al. [3005
loan and Derek [2001], Oleg and Pav@0(5], and Mickle and Marient
[2009]. Most of these publicationsovered methods based osimilarity
solution as well asintegral equatios which are used fothe simulation of
convective heat transfer for conditions under which the boundary layer

equatiors apply

Major experimental works by Cheesewright [1967], Warner and Arpaci [1968]
and Miyamoto and Okayama [1982] recexdlthe main properties of air flow

on a large vertical plateangingfrom 2.75 m to 5.0 mCheesewright [1967]
recorced both the locatemperature and the velocity of air flokeepingthe
Grashof numberwithin the rangefrom 1¢* to 1.53 10™. In addition the
structure of the flow in laminar, transition and turbulent fieas presented
which showedgood agreement witthe experimental results of Eckert and
Jackson [1950]. Warner and Arpaci [1968] used smoke to determine the
thickness of the boundary layer flow and the location where the floamsec
turbulent. Satisfactory agreement was obtained with the experimentas refsult
Saunders [1936]but for the local heat transfer remarkable agreement was
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obtained compared with the numerical correlation of Bayley [19%&f

characteristics o boundary layer om uniformly heaed long vertical plate of
5m were examined by Miyamto and Okayama [1982]Comparison with
various experimental datshowed a good agreemenparticularly in the

calculation of local heat transfer.

Characteristic behaviouof flow in the inner boundary layer has been
investigatedecentlyby Tsuji and Nagano [2008a, 2008b] and Koleshko et al.
[2005], where Tsuji and Nagano usedhotwire techniqueto recordthe
turbulentquantities near the wall to presdht wall shear stress in the flow.
Ther resuls indicated that the temperature fluation reached its maximum
approximately in the inner layer while the maximum of the velocity
fluctuation recorded in the outer layéased on the experimental dataveral
correlation equationeave beerdevelopedo characteris¢he flow behaviour,
especially inthe turbulent region. Koleshko et al. [200&lso paidattention to
the study of the flow structurewithin the transition puffer) and logarithmic
regiors, with aquantitative estimain reportedfor the structure of temperature

in the turbulat boundary layer.

In someother published papersexperimentablatawere inadequate tprovide
in-depth understanding orthe fundamental characteristics afatural
convectionflow. Several numericgbapers appeardd dateto study especially
the turbulent boundary layeconvection For that, ®w wall functionsfor
turbulent natural convection deed by Yuan et al. [19938become very useful

to turbulent flow simulations

Large eddy simulation of free convectilow on a vertical heated plate was
recently performedby Yan and Nilsson [2005]sing bothisothermal and non

isothermal wall law. Attention was given tdooth the velocity and thermal
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fields and they found thahe intensity ofvelocity fluctuatiors at the trangion
point reaches its peak valuMean wall shear stresshich was presented as
function of the Grashof numbershowsgood agreement witthe experimental
dataof Cheesewright and Mirzai [1988].

Direct numerical simulation of natural convection wpasformedby Abedin et
al. [2009] and Abedin et al. [2010p secondorder CrankNicolson scheme
was employed in the investigation to estimate the buoyancy terms and the
viscosity. A secondorder AdamsBashforth time discretation schemewas
used to caldate thermal properties of air and wafer which the Prandtl
numberwas taken a.71and 6.0 respectively. The resuisow thathe mean
velocity of air flow has good agreement with the experimeftTsuji and
Nagano [1988b], while in water flothough the measurements data of Tsuji
and Kajitani [2006] did nomatch well forthe numerically predictedrelocity
and temperature near the wall, the comparsothe critical Grashof number
wasrelatively good.

2.1.2. Inclined flat plate

Rich [1953] seems to be the firstientistwho carriedout investigation on
local heat transfer in laminar floaver an inclined plateRich focused on the
measurement dhetemperature fikl using a MackzZehendr interferometer for
a set oflocal Grashof numers rangingfrom 1¢ to 1¢. The inclination angle
of the plate wawaried fromQ° to 40°,and his results indicated that the heat
transfer coefficient for amclinedplate could be predicted using equations of
vertical plate case if the gravitational termtlve Grashof number is taken as
component parallel to the inclined plate.
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Levy [1955] modified the theoretical equatioios aninclined surfacewhich

was initially set out by Eckert and Jackson [19596} using the gravitational
component parallel to the heated surface. Kierkus [1968pduced a
perturbatiornto the boundary layer equations of flowdbtainthe solutions for

the temperature and velocity fields for laminar natural convection over an
inclined isothermal plate. He us#te Grashof number and plate inclination as
the perturbation parameter, amglusinga similarity solution for an isothermal
vertical surface as the zeretinder approximation, he determined a first order
approximate solutio for angle over 40°. The temperature, velocity, and local

heat transfer results of Kierkus agiegell with those obtained bRich [1953]

Later Tritton [1963a, 1963b] reportedesults of theturbulent natural
convectionflow of air over anisothermalheated plateln Tritton [1963a] the
temperature and velocitgsultswere obtained but thergvas no indication of
the range of Grashof numbeavhereasn Tritton [1963b] a fibre anemometer
was used to record the transition poaist well aghe full turbdence stage on
an isothermal platelnformation of the range of Grashof numpehere the
transition takes placeare recordedn this case. Inthe vertical platecase
Tritton reportedthat the critical Grashof number at which thHlew transition
occurs vas 9.26x16, which is much lower than the gvioudy published
experimental data. Trittomowever,mentionedhhat this waslue to the strong
disturbances in th&aboratory roomand the method of investigation was not

properlydesigned taneasure theritical distance

Vliet [1969] seems to be the first who reported experimeatalltsof thelocal
heat transfer of free convection anconstant heat flux inclined plate using
both air and water as the test fluids. Theperimentwas for the Rayleigh

numberrangingfrom 10 to 10 with aninclination angle of the platearied
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from its vertical position. The resultsvere presented for laminar, transitional,
and turbulent stageBut, the effecs of trailing, side edges and leadiadge of

the plate on the heat transfer and flow regions were not presented. In the
laminar flow regionalong the vertical plathe experimental data was found to
correlate well withtheoretical predictions as well as wiRich [1953]. The
transition of the flowfrom laminar to turbulent region was found to be strongly
affected by the plate inclination anghlmdthe critical Rayleigh number #he
transitionstage obtainesvas 10" for the vertical platand~1CP for a surface
inclined at an angle of 30 degreeslie horizontal.

Using a mass transfer technigqxperiments were carried out by Lloyd and
Sparrow [1970] to establishrelationshipbetween thenclination angle of the
plate and the nature of flow stability, where the angular dependence of the
Raylegh numberon the onset of instabilityvere determinedThe range of
angleswas between-10° and 60° whera positive inclination angle indicade

that the heated plate is facing upward@he results showedhat, for an
inclination angled O 1 waxes are therimarymode of instabilitywhile for

d > 17 the instability is charactesed by longitudinal vortices.

Hassan and Mohamé¢#i970] measured the local heat transfer on an isothermal
plate. The angle of inclination was varied fro®0° to 90°, as the study
particularly focused on the transition of flow on both downward and upward
facing heated surfaces. However, their results did not show any transition stage
for the downward facing heated surface due to the short length of the plate used
in the experiment. However, the transition behaviour for the upward case was
summarised, and correlation equations were suggested for presenting flow

parameters at the transition region.
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Turbulent free convection aavertical/ inclined upward and downwafecing
heated plate was investigated by Vliet and Ross [18ABEra uniform heat

flux condition Data were measured ftreinclination angle ranigg from 0° to

80° (downward facing)as well as fronthe vertical to 30° (upward facing)
The experimentalesultsconfirmed the location of transition to be a function of
the inclination of the plate and the local Nusselt numiees correlated witla
single equation invhich gravity was taken as component along the plat@®n

the other handBlack and Norris [1975] used a differential interferometer to
provide flow visualsation and measure the local heat transfer for natural
convection from an inclined isothermal plate. They indicated that the flow
structure within the turbulent thermal boungdayer can be separated into a
thermal sublayer and a core region that contains random fluctuations. The
thermal suHayer was shown to contain "thermal waves" that tradetke
heated plate and caubesignificant variations inthe local heat transfer
coefficient and an overall increase in the heat transfer rate in the transition flow
region did not affect the results in the turbulent flow region. The results for the
local Nusselt number agreed with those obtained by other researchers.

AL-Arabi and Sak[1988] providel local and average heat transfer datalier
heat transfer ofree convectiorilow of air from anisothermal vertical platas

well as arninclined heated plate facing upwaifthe angularangecovered0® to

80°, andthe experimentsovered both the laminar and turbulent regidreeir

results of local transition datalso agree well with the previous dataf

Hassanand Mohamed [1970for all the angles. Howeveg comparison with
the data of Lloyd and Sparrow [1976howed an uncexinty level of+25%

when0 A d O 45°, while comparisonwith the dataof Lloyd and Sparrow
[1970]ford 45°showed an under prediction.
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2.1.3. Flow visualisation

The first flow visualisationexperiments which dealt with transitiaf free
convection flow over an inclined plateeve conductedby Sparrow and Husar
[1969] and Lloyd and Sparrow [1970}n electrochemical technique in water
was used to visuak the flow field over an isothermal inclined plate. They
establisheda relationiip between the inclination angle of the plate and the
instability of the boundary layer of the flow, and their experimental data
showedthatthe onset of transition was characed by longitudinal vortices.
Instability, transition and turbulence in bamgey induced flowsverereported

by Gebhart [1973] where two different kinds of instabiitych as thermal and
hydrodynamic instabilitiesvere investigated witlparticularly their effecs on
transitionon vertical, horizontal and inclined surfac®&lack and Norris [1975]
also provided flow visualisation and data of local heat transfer coefficient for
natural convection on an inclined isothermal pldteey found that the thermal
sublayerwasshown to contain thermal waves, which travdrge surface of
the heated plate armiibsequentlgaused significant variations in the local heat

transfer.

Experimens to visualise the transientflow field of free convection over an
inclined plate was carried out by Komori et al. [2001] using a liqargstal
sheet a well asflorescent paint in water where the plate inclination was tested
in the range of 20to 75 under a constant surface heat flux conditibhe
visualisation indicated that the separation of the boundary layer moved
upstream withdecreasing the plate angld@hey further reported a new
correlation between the heat transfer rébe visualisation of flow and
temperature fieldsvherethe local Nusselt number in the transition range was

proportional to the onthird power of the locainodified Rayleigh number

11



Chapter2 2.2. Natural convection in channels

Natural convection ovelan upward facing inclined plate ag visualised
experimentally by Kimura et aJ2002] and Kimura et al. [2003n order to
observe the start of the mechanism of transition from laminar to turbulent flow
The flow fields over the dated plate and the wall temperature were visedli

by fluorescent paint and liguidrystal thermometryrespectively The
visualisation indicated that the separation of the boundary layer takes place and
the onset of streaks appsaver theinclined plate wherna modified Rayleigh

number exceexh characteristic value of each inclination angle.

2.2. Natural convection in channels

2.2.1. Vertical channel

In 1942 the first experimental work on buoyancy driven convection flow in
a parallel walled vertical channel was done by Elenbaas [1942} ag asa
test fluid. Results were presented farset ofinclination anglesof the plate
varyi ng f randnpa@oglar tittentich Qvgs given to the predicof
the heat transfer coefficienA good agreement was obtained between the
theoretical and experimental data. One ofdaigfindingswas thatthe solution

on the single plate would have to be approached for large plate spacing.

Bodia and Osterle [1962]gpformedthe first numerical simulatioaf buoyancy
induced flowdevelopingon avertical channelThe governing equations were
expressed in finite differend®rm and the walls were treated iasthermal
The air flowvelocity and heat transfer coefficieniereprovided, andvalidated
with those oftheoretical and experimental daibElenbaas [1942]. Later the
numerical techniqueof Bodia and Osterle [1962}erewidely used by many

researcher$o solvefor the free convection in vertical channel with different

12



Chapter2 2.2. Natural convection in channels

boundaryand operatingonditions e.g. see the workpresented in Miyatake
and Fujii [1972], Aung et al. [1972] and Oosthuzien [1984].

Streamwise deslopment of the turbulent free convection flow between two
vertical plates wasmvestigatedexperimentally by Miyamoto et al. [1983] and
Katoh et al. [1991]. Theéestfluid in this casavasalsoair and differenwidth

of the channelwas examinedin Miyamoto et al. [1983] the channel was
installed atvarious height from floor, e.g. 10, 90, 170 and 465 mnThe
experimentaldata demonstrated thaeat transfer coefficients the vertical
heated plateof over 2 mlong arealmost independenb the teight of the
channelwhen positioned 10 mm abovee floor. In Katoh et al. [1991] a bell
mouth was installed at the bottom of the chanmetithe heat transfer between
the channel with a bell mouth and without it veasnpared The results shoad

that the heatransferwas similarnn the two cases.

Numerical analysis of the turbulent convection of air in a symmetrically heated
vertical parallel plate channel was done by Fedorov and Viskanta [1997]. The
heated plate was tested with different values of heat flA low Reynolds
numberk-A turbulent model was used in this analysis, and a finite difference
numerical snulation technigue was employed to solve the {smensional
momentum and energy equations. The results of the local heat flux and Nusselt
number dstributionswasreported and compared with the experimental data of
Miyamoto et al. [1986]. The results particularly indichteat the transition
point moves further downstream of the channel when the turbulent intensity at
the inlet is increased. Twdimensional numerical simulations of turbulent
natural convection in a heated channel were performed by Said et al. [2005]
and Badr et al. [2006]. The governing equations were solved by the finite
volume discresation method assuming all the thermal praperof the air to

be constant, except the density which was solved by the Boussinesq
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approximation. Specifically, Badr et al. [2006] covered a wide range of thermo
physical aspects of the problems as well as geometrical ratios of the model.
They also compad their results with the experimental data of Miyamoto et al.
[1986] andpresentedchumerical correlations for the average of heat transfer in
terms to channel aspect ratio and/lRegh number.

Another work on the natural convection in a vertical channel rgasntly
reported by BerMansour et al. [2006Different inlet boundary conditions of

the turbulent flow were tested; e.g. uniform inlet pressure, adiabatic inlet, and
uniform inlet velocity. Numerical results of five differelat turbulent models
(standard, low Reynolds numbé&A of Launder and Sharan[1974], low
Reynolds numbek-A of Yang and Shih [1993], Renormalization Group (RNG)
k-A, and Reynolds stress) were presented. Steady atdtevo-dimensional
numerical modelweredeveloped and the results showed that the thermal field,
obtained by théow Reynolds numbek-N model of Yang and Shih [1993] with

a uniform pressure inlet condition, was very close to the experimental results of
Miyamoto et al. [1986].

Experimental and numericatudieswere madeby Yilmaz and Fraser [2007]
and Yilmaz and @christ [2007]. Three different low Reynolds numbet)
turbulerce models were employed in this wovkhich areDavidson[1990],
Lam and Bremhorst [1981] and To and Humgyh[1986] A comparison
between numerical results and experimental dataoltsned.In Yilmaz and
Fraser [2007] the comparison between numerical and experimental vessilts
reported fora plate temperaturef 100°C. The resultparticularlyindicate that
the turbulent model of Lam and Bremhotstderestimates thkeat transfer
when comparing witlthe experimental data while alverestimatesnass flow
However,for the To and Humphreymodel, both the heat transfer and mass

flow were overestimatedandthe Davidson model predied similar result for
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themass flow buthot for theheat transferln Yilmaz and Gilchrist [2007] the
heatedplatewaskeptunder auniform heat fluxcondition, and théemperature
results, estimad byLam and Bremhorsinode| werevery close tahat of the
experimental datdn this case th&o and Humpher modelshowed an overall
under prediction, bugavea good prediction of the peak temperature compared
to the other turbulent modeld'he best prediction faithe velocity distribution

was found by the modets To and Humphery and Davidson.

Understanding heat transfef free convection in vertical channels also
receives a great deal of attentionhieating/ ventilation of buildings. In this
context, mtural convection phenomena inside channel have beesntly
investigatedoy Bacharoudis teal. [2007] experimentally and theoretically. The
application was solar chimneysnd the heated plate was assumied be
isothermal.Numerical simulation of thermofluid phenomenwas carried out
with six k-Uturbulent modelsbut the realizablek-Uhas proed to be the best
suited model for this applicatioim addition,an enhanced wall treatmemtas
employed to solve the laminar sublaykvelopingin turbulent flow,andthe
governing equationgvere solved in a two dimensional domain by using the
finite volume method. Fothe boundary conditiorsetup the inlet and outlet
temperatures of the flowereset toambienttemperature, whertéhe Rayleigh
numberhas beerestimated as 1.0392 x YpResults ofboth the temperature
and velocity profilesvere presentedvith the Nusselt numbecorrelated with
the channel length andidth.

In another recent studthermal efficiency of flow ira vertical chimneyopen
ended channel) has beexperimentallyinvestigatedby Burek and Habeb
[2007]. From the experirental data some correlatiohgve been obtaineid
calculate the masidow rate of air as well as temperatur&@he major finding
wasthatthe mass flow rate is affected bgththe channel depth and heat input

15



Chapter2 2.2. Natural convection in channels

to the system witlthe thermal efficiencyemaning unaffected byhe depth of
the channelTaofeek et al. [2008]on the other handjsed Particle Image
Velocimetry methodto record turbulent characteristics of free convection in
channel with antsymmetric heatingData was provided for two valuesof
Rayleigh numberlx1@ and 2x16. The results indicated that the distributions
of the velocity and temperature of the flow in this experimental model of
vertical channel are similar todbein a closed cavity. Angdwith increasinghe
Rayleigh number ¥ 50%, the location of peak velocity malelose to the
surface wall, whichhasclose agreement with data recordedlosed cavity
Further experimentalresults of developing natural convection ia heated
channel with enclosure space have been publisheg Hatami and
Bahadorinejad [2008\Velocity and temperature of the flow inside the channel
weremeasuredy a hot wire anemometegndexponential results suggekiat

the Nusselt numbedepend on th&ayleigh numbers well as on thaspect

ratio of the bannel

Low Reynoldsnumberk-¥ turbulent moded has also beemsedto study the
behaviour of developing buoyancy flows in a vertical channel, for example see
the work of Zamora and Kaiser [2009]They considerediwo heaing
conditions uniform heat flux and uniform wall temperatureThe work
particularlycoveredawide range of Rayleigh numb&om 10° to 10" and he
testfluid used in the simulatiowas air. All the thermal properties of the flow
were assumed to be constant except the density, whashselved by the
Boussineq approximatiorfFor the isothermalcase,numerical results ofthe
average of Nusselt numbéid show a level of agreement with thaseKaiser

et al. [2004].
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2.2.2. Inclined channel

As far as the flow of free convection on a tilted plate is conceihedijrst
experiment was carried out by Rich [1953]. Average heat transfer rate along
the heated plate at various angles up to 40° was measured. After about 3
decades, Azevedo and Sparo[1985] performed a comprehensive
experimental study of laminar free convection in an inclined isothermal
channel. They investigated three heating models: heating from above, heating
from below, and symmetric heating, where the channel was closed frém bot
sides. The average of Nusselt number was evaluated in all the experimental
conditions in the range @® 45° from the vertical position, and they reported
the data in a global correlation with an average error of +10%. lthtestudy

of Manca et al. [292] concerneda tilted channel with uniform heat flux, the
experimental data was performed at diffenerdth / spacing (20, 32.25and 40
mm) with various angles of inclination from 0° to 9@Adheat flux between 14

and 250 W/ The Nusselt number of the inclination angle was reported in a
single equationwhich became dunction of the Rayleigh number for all the

cases.

Onur et al. [1997] and Onur and Aktas [1998] provided experimental data of
the effect of the inclination ahg and width on developing heat transfer
between inclined parallel plates with different heating conditions. In particular,
Onur et al. [1997] considered the lower plate isothermally heattd the
insulatedupper plate, while in Onur and Aktas [1998] thpper plate was
heated isothermally whereas the lowene was insulated. The channel
inclination wasvaried fromQ° to 30° and 45° with aange of Rayleigh number
tested between 3x10 and 9x16. The measurement was carried out for
different plate and airtemperatures and the results indicated that both the

inclination and width influence the heat transfer rate.
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Numerical investigation of the free convention an inclined channelwas
carried out by Baskaya et al. [1999]. However, they focusgg on laminar
convection flow. Recently, twdimensional turbulent natural convection flow
inside an inclined parallel Wiad channel has been studied numerically by Said
et al. [2005a, 2005bkeepingboththe upper and lower plates isothetnidney
usedthe k-Hturbulentthe model and the resultsbtainedsatisfactory agreed
with those ofElenbaas [1942], Miyamoto et al. [1983], and Fedorov and
Viskanta [1997]. Their results further indicated that the average Nusselt
number is reduced with an increase in the plate angle. However, the process of
transition that occurs from laminar to turbnte was not considered in the
study. In fact,the most ofpapers cited above either considered laminar or
turbulent flow and neglected the transition of developing free convection in an

inclined channel.

2.3. Objectives of thethesis

From tre literature review above it has been clearlyseen thatseveral
researches havestudied,theoreticdly or experimentdy, the free convection
flow developing over heated platesHowever, as far as the flow of free
convection insidea channel is concerned, most the previousstudies were
carried outeither for laminar or turbulent flow negldéog the process of
transitionthat occurs between the laminar and turbulent flamd therefore,
little information is available in the literaturabout theflow transition of
natural convection. lreover thereis no published work that especially covers
the application ofnatural convectiorin a large channel with high Grashof
number Furthermore,lte majority ofthe citedpapersn this Chaptepresented
the results of velocity, temperature and turbulence paramat¥oss the
boundary layer Horizontal directioh of a channel. Wne of these papers

provides information of thesalongthe boundary layer (e.agn the vertical
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direction), which areimportantto investigatethe transition stage from the

laminarto turbulentflow. Accordingly, themain topic and objectivesf this

study arehighlighted in the bullet points below:

1-

Critical distance and thickness tife boundary layer alongn isothermal
heated plate will be investigated analytically at different positzoisg the
flow with differentflow temperaturs

Analyse three different RANS based turbuleit0 models, namely
standard, RNG and Realizable with twdifferent near wall teatment:
standard wall function andenhanced wall function Validaion with

experimental data available in the literatigrgiven as well

Effect of plate and air temperatures on the transition stagevertical
channel isinvestigated. In addition, particular attention is given to the

effect of channel width on the transition stage

Effects of the width and angle of channel on the transition stage will also be
examined under various thermal conditions by using leeailations of
velocity, turbulent kinetic energy and heat transfer. In additio® main
outlet parameters of the flow will be reported.

LES is employedo investigate the free convection flow and its transition
on an inclined surfaceParticular attembn is paid on he 3D visualisation

of flow and thermafields.
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6- Compare theesults obtained by the varionamericalsimulationmethods
in the present work witlthoseobtained by other investigators in order to

refine and verify the accuracy of numerlggiredicted results.

2.4. Thesisoutline

Chapter 1 presents generabackground on the differetyypesof heat transfer
mode andtheir fundamentalprocesss Particularattention is given tahe

natural convectiofiow and its wide range of engineering applications

Chapter 2 provides a literature review gireviousresearch related to the

present work.

Chapter 3 describes the mathematical formulations whasle used in the
analytical investigationGoverning equations faan incompressibldluid flow
and heat transfawith three different RANS based turbuléatimodels namely
standard, RNG and Realidabare explained.Finally, the Large Eddy
Simulation (LES) technique is presentgtlich is usedor investigatingflow

transitionandturbulence imthreedimensional model.

In Chapter 4 Analytical results of the boundary layer of natural convection air
flow on a vertical heated plate are presented for both isothermal and constant

heat flux plates and compared with different previous experimental studies

In Chapter 5 Steady naturaconvectionthrough a two-dimensionalvertical
channel $ studied by applying the three turbulent modelsndard, RNG and
Realizablg. In addition effects oftwo near walboundary conditionssfandard
wall function and enhancgdre investigatedThe channel width wawvaried

and the numerical results of the flow velocity, turbulent kinetic enargy

20



Chapter2 2.4. Thesis outline

presented along the channelexamine the critical distan@nd transitionof

the developing flow.

In Chapter 6 Free convectiom a vertical channel, where both tiptates are
kept under isothermal conditignare considered and comparison isgiven

with the results obtained in Chapter 5.

In Chapter 7 Effects of the inclination and width of the channel on the free
convection in an inclined parallethannel are invéigated. The upper
isothermally heated plate of the channeleladownwardand the transition
process issummarsed under a set of parametric variation of physical

conditions such as angular orientation, channel width etc.

In Chapter 8 Transition of freeconvection flow of air over a heated surface is
investigated numerically by a Large Eddy Simulation metiRadticularly we
focus on how the transition is affected by the inclination angle of the heated

plate facing upward

In Chapter 9 The findings of the above investigations are summarised and

some suggestiormemade for future research in this area.
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2.5. Publications from the thesis

2.5.1. Journal papers

1. A. S. Alzwayi & M. C. Paul (204) fiTransition of free convection flow

inside an inclined parallel walled channel: effects of inclination angle and

width of the channél, | nt er nat i on a Mass Toansfenva3| of He
ppl194202.

2. A. S. Alzwayi & M. C. Paul (2013)iEffect of width and temperature of a

vertical parallel plate channel on the transition of the developing thermal
boundary layeo |, I nternational Journalpp2®f Heat
30.

3. A.S. Alzwayi & M. C. Paul,fAn analytical investigation of the physical
dimensions of natural convection flow on a vertical heatedplate Sub mi t t ed 1

Heat and Mass Transfer.

4. A.S. Alzwayi, M. C. Paul & SNavarreMartinez fALarge EddySimulation

of Transition of Free Convection Flow over an Inclined Upward Facing

Heated Platé |, I n preparation for I nternati or
Transfer.

2.5.2. Papers in conference proceedings

1. A.S.Alzwayi & M. C. Paul (2013)iLarge Eddy Simulatioonf Transition of
Free Convection Flow over an Inclined Upward Facing Heated Blate
Proceedings of the 3UK Heat Transfer Conference, UKHTC2013, Imperial
College London, B September 2013.
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2. A.S. Alzwayi & M. C. Paul (2012)iEffect of width of a veidal parallel
plate channel on the transition of the developing thermal boundarydayer
Proceedings of Computational Heat Transfer CH1@ Jily, Bath, UK, ISBN:
9781-56700303 1.

3. A.S Alzwayi & M. C. Paul (2010)fAn analytical investigation of the
physical dimensions of natural convection flow on a vertical heatedoplate
Proceedings of the World Congress on Engineering, Jun®ilg02, 2010,
London, UK, ISBN 97888-182107-2, Vol II, pp14041408.

2.5.3. Other conference Talks/Posters

1. A.S.Alzwayi & M. C. Paul (2013fiLarge eddy simulation of transition of
free convection flow over an inclined upward facing heated plate Sc ot t i s h
Fluid Mechanics Meeting, 29 May 2013, Aberdeen, UK.

2. A.S.Alzwayi & M. C. Paul (2010yiEstimation of the dimensions @fsolar
heating systetn, " Sgientific Symposium for Libyan Students in the UK,
Sheffield Hallam University, 12 June 2010

3. A.SAlzwayi & M. C. Paul (2010}iEstimation of the physical dimensions of
a natural convection heating system ™ Sc8ttish Flid Mechanics Meeting,

University of Dundee, 19 May 2010 (poster).
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Analytical and numerical methods

3.1. Analytical methods

In this section, methods use the analytical investigatioaf free convection

flow onavertical heated plateredescribed.

3.1.1. Laminar flow on anisothermal plate

The growth of the boundary layer in natural convection and its transition from
the laminar to turbulent state depend on many thermal and physical parameters
such asTp, Tp, Pr, Gr, RaandL. For a laminar free convection flow on an
isothermal heated plat¢he thickness of the boundary lay@rcalculated by
Holman [2002] as

| . L YR (3.1)
-~ oOoi ! ™Mouvcdi!) =—
4) 0 i

where the Rayleigh number of the flow is definedRas: Gr. Pr,

Y Y (3.2

Ol

andy is the longitudinal coordinate; distance from the leading edge of the
plate,g is the gravitational acceleratiob,is the thermal expansion coefficient

of air, and3 is the kinematic viscosity of the fluidhe experimental results of
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Incropera et al. [2001] and Louis [1993] suggest that the flow on a vertical
isothermal plate becomes turbulentGit 2 10°, and approximately at this

critical height ¢ =L.) of the plate, determined by Equatid¢8. 3), the

thickness = U.) of the boundary layer in laminar flow becomes largest.

AY Yol
(3.3

3.1.2. Turbulent flow on anisothermal plate

Several studies show that the local velocity and temperature within the region
of a turbulent flow are significantly affected by the turbulent shear stress, and
to date much attention is paid only to the theoretical and experimental
investigation of the tiulent flow on a vertical isothermal plate. However,
the majority of the equations used to determine the thickness of the boundary
layer contain the fluctuating components of the turbulent flow, which in many
analytical calculations are ignored. Accaorglito Kays and Crawford [1980],

equation of shear stress is determined from

" (3.4)

whereU is the mean velocity of flow caused by the buoyancy and obtained

from™y 2—.

The Stanton numbetYads defined as a function in the rate of heat convection

and shear stress as
n T
"6NY Y 7Y

(3.5)

"Yo 01
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Chapter3 3.1. Analytical method

The thickness of the boundary layerturbulent flow is then approximately
determined from Equatior(8. 4) - (3.5)

. . A (3.6)
] Tﬁrccgy 00 30

The equations, which are used to determine the thermal propetiegen as
3.7

~

n Y Qn

wheren indicates the thermal property of the floa,and b are unknown
parameters, and is the number of segments. Properties of air and water
reported by Kays and Crawford [198@]ere used as data in Equatio(8. 7).

The thermaphysical properties of air flofe.g.n, Pr, k, G, r) determined as

a function of the reference temperattie Y 1@ QY Y . They are

determined by usingquation (3. 8)

Properties of TgK® FI71DdDw, (3.8)

~ TEUYOM COP YRR WTPpPpPpTY pHP YL AT pT

01 PRUX OB WT OX @AY CCTXWEM'Y cuopPpm” Y
TMOOYTT RBLLTP @AY TN WORAT'Y Wovvocoem'yY

6 PR wMp P YT PTY wBIXYCcX@P@yY Bpomnopmu’yYpm

Q VX QUB WX YQPRCWPOPWY (P YW TY pm

3.1.3. Critical distances on dlux plate

The transition of free convection floan a vertical uniform flux plate has

different characteristics than an isothermal plate. Results in Holman [2002]
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Chapter3 3.2. Numerical methods

show that the transitiofor a uniform heat surface flux occurs late compared to
an isothermal plate. For water, air and oil, the flow becomes fully developed
turbulent when 2 10< Ra'<13 10", where the modified Rayleigh number is
defined asRa=Gr Pr with the modified Grashof numbeGr = GrNu. The

critical height in this case can be determined from

. &g @9

3.2. Numerical methods
3.2.1. Governing equations

The free convection overheated plate is assumed to be governed by the three
dimensional NaviéiStokes equationtgether with the energy equatiohhe

fluid (air) flow is Newtonian and all the physical properties are assumnoeble
constanexceptthe densitywhich will vary andrelate tothe buoyance ternmia

the momentum equations. Under the Boussinesq approaintiie governing

momentumand energy equations take the following forms.

Poo (3.10
- Tt
T
T 70 T 706071 7007 700 T T 1o
To T 1o 1A T ol 0! @
T T 16 (3-19)
ot o faiae &7
"0 T 706" 7007700 TAHT TO
T T 1o T d T ol 07 ®
‘ ‘ (3.12)
L.LO L .LY ager —

27



Chapter3 3.2. Numerical methods

T 70 T 700 7T 70071700 Tnt 1o
T o T o T o T a Tal ot o
T‘TO 1ot (3.13
rot!T o T arla
T 7Y 1 "0°Y T_ST_"Y (3.14)
T O Tw Tw Tw

where x; is the coordinate system ang is the corresponding velocity
componentsp is the pressureg is the gravitational acceleratipp is the
density p is the dynamic viscosity coefficienk is the temperatureande i s t he
diffusion coefficientin the energy equatiodefined ass / ®herePr is the

Prandtl number.

In natural convectiomsually alow velocity exists, so the flow at the entrance
of a channeis assumed to be laminar. As the fldevelops along the channel
the transition will occur followed by thiereakdown of boundgrand thermal
layers to generatéurbulence toward thdélow downstream So, the above
conservation Equation&. 10) - (3. 14) are solved directly for the natural
convection flowdevelopingin laminar region, while in turbulent region both

t he @ aranmepaced btheref f ect i veganducmrespeetisely asc
presented in Nicholas and Markatos [1978] and Bacharoudis et al. [2007]
These arelefined as

t Tt (3.19)
E ot (3.16)
3 #— ”—

whereg; is the turbulent molecular viscositl, is the turbulent Prandtl number
taken as 0.85k is the thermal conductivity of aiC, is the air specific heat

capacity.
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Chapter3 3.2. Numerical methods

The turbulent viscositg; is dso known as the eddy viscosity of the turbulent
flow apparing in Equationg3. 15) - (3. 16), which depends on the mean flow
rate of the deformation frotie Boussinesq theonA time averaging is carried
out to the above governing equatiai®s 10) - (3. 14) to obtaina Reynolds
averaged NavieBtokes (RANS) equations which are solved by uding
models as described later. However, these equations contain unknown
Reynolds stresseshich are expressed #&lse deformatiorof the mean flow
quantises, for example, for t,romentum equations these can be writsn

below (for further details se¥ersteeg and Malalasekera [20D7]

5o . 10 10 317

where,Uis theshear stresses, is the velocityfluctuation in the turbulent flow

As a directnumerical solution of the Navie€3tokes equations exssfor only a
laminar flow, the turbulent flows are modelled by using several turbulence
modelling schemes. In this work, three differ&mt models such as standard
model, RNG modeland Realizablenodelareused which are described below

briefly.

In terms of LESapplication,the turbulent viscositg; will be replaced by
dynamic eddy viscositgsgswhile the diffusion coefficient in the turbulent flow
3 t 1, wil replaced bya . Furtherdetails about th& ES modelling
are reported in § 3.2.6.
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Chapter3 3.2. Numerical methods

3.2.2. Standard k-Amodel

The standarck-A model was initially proposed by Launder and Spalding
[1972], which is based on the two terms, dissipation ¢dteand turbulent
kinetic energyk). The model transport equation fois obtained by employing
physical reasoning while the turbulent kinetéinergy(k) is derived from an
exact equation by assuming that the eftédanolecular viscosity of the flow is
negligible and the flow is fully develepl Since the launch of the standard
model, it has become widely popukand applied tanany industriaflow and

heat transfer simulations.
Transport equations of standard model

The distributioss of kinetic energy(k) and rate of dissipatiorfN) can be

determined from the following governing equations:

Turbulent kinetic energyk- equation

Dol o 1o 1@ o (3.19

Turbulent dissipation energy: equation

, T r . -
_.o_

. - - — — 0 "=
0 Tw Tw ., ) Q

—n

(3.19)

wherel, is the Prandtl number fdr ,  istthe Prandtl number fdy and Cyy,

C,y andCsy are the constant models.
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Chapter3 3.2. Numerical methods

The two terms in the left hand side of Equati¢8s18) - (3. 19) represent
respectively the transport of kinetic energy of fluctuation assiphton of the

rate of kinetic energy by convection, while the first two terms in the right hand
side are their diffusionGi reflects the rate of the turbulent kinetic energy,

which is defined by the gradients of the mean velocity of the flow as

—a
—n
—a
—a

0
W

0
W

0
[

o (3.20)

w

o o

aln

—a
—n
—n
—n

whereGy, is the generation of the turbulent kinetic energy, which is defwyed

o q 1Y (3.20)

andg; is the gravitational vectaactingin the directiory , is ke thermal

expansion coefficient of air, which can be defined as - —

Turbulent viscosity

The turbulent viscosity; of turbulent flow is computed by combiningandk

as described below

. Q (3.22
O JR—

The standardk-4 modelhas four adjustable constantSyy, Gy, Csyand C, and

two Prandtinumbers 0k and (. The standard values reported below are taken
from the experimental data of air flow in full turbulent regiorLaunder and
Spalding [1972] Ciy= 1.44,Cpy= 1.92,C3y= 1.0,C, = 0.09,0= 1.0 andly=

1.3.
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3.2.3. RNG k-Amodel

The renormalization groufRNG) was derived by Yakhot et al.[1992] with an
extensive analysis of the eddy viscosity model. Compared with the stantlard
model, the RNG model carries an additional factor in the turbulent dissipation
energy(N) equation, which leads to improving taecuracy of strain in the flow
field. In addition while the standard model was derived at a high Reynolds
numberflow, the RNGk-A model is appropriate faa low Reynolds number

flow as well.
Transport equations of the RNGk-Amodel

The RNGk-A model has a similar form dhe kinetic energyk and dissipation

energy\ equationsas inthe standard model

Turbulent kinetic energyk- equation

Lopl-n L 12g .. G2

o
—a
e-
—a
€
—a

Turbulent dissipation energy: equation

T_”é T_|‘ T_'('j'_"o &5 6
o) Tw T® ) ko)

L
T

—a

(3.24)

wherey= y8 1.393 are the inverse effective
been determined by the RNG theory. The main deference between the standard
and the RNG modslis thatthe additional ternfRy which isrelated to the mean

strain and turbulence quantities andired as

32



Chapter3 3.2. Numerical methods

6 "—-p - - (3.25
p T- Q

where/pandb are constantakenas 0.012 and 4.38 respectively, did SkA,

whereSis the definition of modulus of the mean strain tensdf ¢°Y Y

The value of5; is thendefined asY - — —

Substituting the expression Bfin Equation (3. 25) to Equation(3. 24)

the turbulent dissipation energy equation becomes

. T, ! N
— "6 — 0

- : O 0 0O
W Tw

o-
I
—
D‘ll 1

(3.26)

where 6° 0 ————— , andthe two model constastCiy and Cyy

have been derivefiitom the solutionof the RNGtheory, which areCyy = 1.42
andC,y = 1.68 In addition the constan€zy= 1.0.

Effective viscosity model

Different equations have been provided in the RNG theorgdtrminingthe

turbulent viscosityThe equation below takes a simplistic form:

~

0 —  ox Q (3.27)
i P ﬁ/II—U p 6

whereb “ ' andC,a& 1 BgQation(3.27) allowsthe RNG model to

provide better results near the wall flow at a low Reynolds number. While at a
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Chapter3 3.2. Numerical methods

high Reynolds number, the turbulent viscositys determined from Equation
(3.22) with C, = 0.0845.

3.2.4. Realizablek-A model

The Realizablek-e model was proposed by Shih et al. [1995], which was
derived based on dynamic equations of mean square fluctuation at a large range
of flow Reynolds number. The model his ability to control the Reynolds
stressesso theRealizablek-emodel may be usef to predict the development

of boundary layer near the wall better than the other modéks.transport

equations are listed below:

Turbulent kinetic energy - equation

‘ ko) 3.28
LR I TN (3.29

—n
o]
| —a
—a

1

1

O
l| 1
Os
O

P (3.29)

where 6 | A@8 &6— AT A ", both the parameterS and d are

defined in Equation(3. 25)
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Modelling the turbulent viscosity

The equation to calculate the eddy viscosity in the Realizable model is similar

to the standard and RNG modalsd definedas' "0 —, where theCis a

constant However in the Realizable model a new formula is used to calculate
Cy as presented in Reynolds [1987] and Shih et al. [1995].

z

& p o B (3.30)

whereA, andAs are the model constagiven & Ay =4.04, A = J(GCo&b )
where ¢ = %cos‘la/ (8V ). The details on the formulation bf can be found

in Shih et al. [1995].

The turbulent viscosity formula as reported becomes a function of many factors
of the characteristics of turbulent field suchkaand A, the mean rate of the
rotation, and the angular velocity of the flow. As a result, the Realizable
model has been ®&nsively validated for high range of Reynolds number
flows. The model constants in the model @fg= 1.44,C, = 1.9,Cz.= 1.0, Sk

= 1.0ands.=1.2

3.2.5. Standard wall function

This model was proposed by Launder and Spalfif@@2], where the effect of
the viscosity of the flow ina laminar sublayer and buffer regiorwas

neglected.
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Modelling mean velocity

The mean velocity can be calculated by the logarithmic low

T (3.31)
w TQI 10w
] ] ] ]
where @ k ———, & k —— , k is the von karman constant =

i
0.4187,E is the empirical constant = 9.79%js the mean velocity of the

flow at pointP, k- is the local turbulent kinetic energy axds the normal

distancebetween the poir® and the surface.

In the laminar stress region, the mean velocity has a linear relationship with the

vertical distance from the surface of walls= x"
Modelling mean temperature

Two different models are employed to calculatetdmaperature near the solid
wall: first model is the linear law which is used in the thermal conduction sub
layerandthe second model is the logarithmic law which is for turbulent region

The mean temperature can be defined as

YOoY s 6l Qf
"Yk _
n
, o ”"QJ
IP5 2z p,, ol Q *, Nz z
D =" 0+—Y W W
. C n
'y Wi e
\ p‘ e, NZ p ’?'QJ Qj w
.., 0 =0 0w 0 " 04+——Y
l,l’ Q C N
crop, 6! Q . . . (3.32
— ow Vi ,0 W W W
U g n
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Chapter3 3.2. Numerical methods

where 0 is a nondimensional function of #aturbulent Prandtl number and

expressed as

(3.33)

Ca

pp ®ig?s |

0 o T

o-

where

Z

@ is the thermal sub layer thickness which is determined from both the

Z ”

logarithmic and linear model¥, is the mean velocity atd W , IS

density of the flow(} is turbulent Prandtl number.

3.2.6. Enhanced wall function

To analyse the boundary layer near the wall, the following functiader
[1981] were employed, where the model is extended to present the effect of the

viscosity in the inner region.
Modelling mean velocity

The velocity was presented in two compounds, linear in the laminar flow and

logarithmic intheturbulent flow,

b Qo 9 (3.39

where the factotwcan be written as,

(3.35)

wherea = 0.01 ancb = 5.

The general derivative equation for the velocitys- is
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0 - (3.36)

The distribution of the velocities and temperatures are expressed as

(3.39)

¢

—— — Yp 106 0O ¢

where"Y is a factor, which depends on the local flux, shear stress and pressure
gradients of the flow. The factaf’ can also be defined as a function in the

velocityasv" = v [/ a(U0/}).
Modelling mean temperature

The temperature is calculated from

Y Y "L’ i _ 3.39
vy : gy Gy (3.39

where the blending factor can be presented as
WOl ®
P Wiw (3.40)

]

Both the coefficientsa and b are already defined in EquatidB. 35). The

distributions of the temperature in laminar and turbulent flow are respectively,

Y Di D —0U h
cn (3.41)

Y00 5 —0 — p 0 O h (3.42)
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where 0 is the value ofv" at the crossover between the laminar and turbulent

region.

3.2.7. Numerical techniques ink-A models

Finite volume method is used to discretise the governing equationsawith
second order upwind scheme to solve the discretised equations, where the
unknown quantities at thegrid-cell faces are computed by using a
multidimensional linear reconstruction mpach described in Barth and
Jespersen [1989] to achieve higher order at the cell faces through a Taylor
series expansion of the cell centered solution about the cell cerifore.

detail on the methodology to discretise the governing tranguprationsis

reported inthedocumentation of FLUENT and will not be repeated here.

Additionally, the SIMPLEalgorithm of Patankar [1980] is employed to solve
the pressure based equation derived from the momentum and continuity
equations such that the velocitydapressure fields are coupled to each other
and solved by adopting an iterative solution strategy. In this algorithm, the
discretised momentum equations are initially solved by using an assumed

pressure fieldg*) to yield the velocity solutionsut, v*).

A correction to the pressure  which is the difference between the actual

and assumed pressures, is then applied to achieve a better approximation of the
pressure field usingp = p 0 Similarlyp the velocity components are
corrected to get, v, and then the discretised equations of a scalar quantity e. g.
the energyT), turbulent energykj and its dissipation raté)(are solved using

the most updated results of v, and p. All these equations are solved
sequentially and iteratively using Fluent 6.3; and the final numerical solutions

are achieved when the residuals of the continuity and velocity components
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become less than $0The residual of the energy, turbulent kinetizergy and
its dissipatiorhoweveris reducedurtherto 10® to avoid any sensitivity to the

solutions of the turbulent fluctuating components.

3.2.8. Large eddy simulation

To obtain the LES equations, the governing equat{@40) - (3. 14) are
filtered first using a spatial filter which separates the large scale (resolved
scale) flow field from the small scale (sghid scale). If, for exampléQh

0 is considered to be a generic instantaneous variable at a logatitre
corresponding filtered variable, also known as the resolvable component of
"Qowho and denoted by who , is defined as the convolution &@omho ,

with a filter function G (Leonard [1974]) as

Dok . Qoow oo Qh (3.43)
whereDi s t he e n tx)is tee filteowith wimch in §iHS practice is
generally related to the mesh size, &.go YaYaYa . The filter function

Gis usually defined as the product of three-dimaensional filters
V6w OWed B Qb oo h (3.44)
which must satisfy theormalisation condition,

Ow oo b ps8 (3.45

Defining theFourier transformQ QM of 'Qwhd  as
QoD a Qo MQ o h (3.46)
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the spatial filter®d who A A B (R 43), can now be written in thEourier

space as

Ao 0QOMh (3.47)

where 'O B "QQhY & is now the Fourier transform of the filter

function. It is important to note that this filter function determines the size and
structure of the smallest resolvable eddies. Various distributions for the filter
function are available in the literature; fexample, see Leonard [1974],

Germano et al. [1991] and Ghosal and Moin [1995]. But the most commonly

used filter functions and their Fourier transforms are given below.

Theit op hato filter:
v — E£E ¢ ; y__

Vo oo y w

m i OEAOxEOA (3.49)

and the Fourier transform of the top hat filter is

Qom O0El— ol-s (3.49)

The Gaussian filter,

- 0w W .
0h o @ PP agp2t 2 i
Y Yy (3.50)
and its Fourier transform is
Y o (3.51)

Q0N o AgDb h
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The Fourier cubff filter,
i 08 o (3.52

i (b (b

ROTAIN AN AN

whereQ y—ﬁand the corresponding Fourier transform is
o~ EAE S 0O (3.53
Qoh Yo P ARR 2
Tt I OEAOxEOA
So, in the Fourier cwff filter if "Qis zero forQ QQ "Q , whereQ is a

cut-off wave number defining the limit of wave resolutié@will contain no
contribution from the wave numbers greater tf@nthat is, the wave numbers
greater than a cuiff value are completely removed from the flow field leaving
the smallest wave numbers unaffected. In contrast, both the top hat and
Gaussian filter functions affect all the wave numbers without removing
compktely any particular part of the spectrumithis simulationl have used
theft op hat o0 fEguatiord3. 48)amdseygestad iy Germano et al.
[1991], as it naturally fits into a finite volume formulation (see di Mare and
Jones [2003], Paaind Molla [2012]).

Filtered governing equations

By applying the above filter functiof8. 48) to the NavierStokes and energy
Equationg3. 10)- (3. 14), we obtain the following filtered equations:

Pog (3.54)
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116 1 1o tt ,, (3.59

T o T w T W T & T ! 7 ®

AR IV T NV I (3.56)
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ToTe 1T tt 859
Two!w T ata a
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o Tw rTw Ta To

where the effects of the small scales, appearing in the stdugid stress

terms, are defined as

T "00 "00 (3.59)
and
0 "0Y "0"Y (3.60)

which are unknown and referred to the syid scale stresses and the guial
scale scalar fluxes respectively. Theseknowns must be modelled and

explained in the section below.
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Subgrid-scalemodelling

The Smagorinsky model [1963], used to model theggubscale stresses, is

based on the eddy viscosity assumption of the form,

to 1 ¢ ¥ (3.61)

where the sulgrid dynamic eddy viscositygsgs IS Obtained by assuming that
the turbulent dissipation is in equilibriumth the turbulent energy production

which yields an expression of

‘ ” 6 S’/ S‘ﬁ:] (362)

where Cs is the Smagorinsky model constant ag® ci[i{[ is the

magnitude of the resolved scale strain rate teirsalefined as

v . (3.63)

Thus, the Smagorinsky model takes the form of

I 8y Y, (3.64)

The unknown Smagorinsky constar@; is calculated using théocalized
dynamic model of Piomelli and Liu [1995For the sulgrid scale scalar fluxes
a gradient model, Schmidt and Schumann [1989], is applied:

1Y € 1Y (3.65)

” o~ ”

l:) _\ [+] _\
Tw u tTw

wherelsgsis the sukgrid scale Prandtl/Schmidt number which is here assigned

a value of0.70.
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3.2.9.  Numerical procedures in LES

An overview of the computational procedure employed inLtB8 is presented

in this section. An irfhouse FORTRAN code, LEBOFFIN (BoundaryFitted

Flow Integrator), which was initially developed at the Imperial College London
for simulating turbulent combustion reacting flow, has been modified and
extended in the thesis in order to solve the incompressible governing equations

for free convedon.

The code is fully implicit and second order accurate in both space and time.
The BOFFIN code has previously been applied to simulate turbulent flow in
other engineering contexts, for examples, see LES of a gas turbine combustor
by di Mare and Jones [2003paul et al. [2006], Paul [2008] and Jones and
Paul [2006], turbulent flow past a swept fence by di Mare and Jones [2003],
pulsatile blood flow inan arterial stenosis by Paul and Molla [2012], and

turbulent cross flows of jets by Wille [1997].

Thefiltered governingequations(3. 54) - (3. 58) in the Cartesian coordinates

are transformed into a curvilinear coordinatstem according to Thomse

al. [1974], and the finite volume approach is used to discretise the partial
differential equations to yield a system of guasear algebraic equations. To
discretise the spatial derivatives in equations, the standard dsewoer
accurate central difference scheme is used, except for the convective terms in
the momentum equations for which an energy conserving discretisation scheme
is used (Morinishi [1995]).

Total Variation Diminishing (TVD) scheme, e.g. see Sweby [19B4§ also
been used for the convective terms in the energy equation to avoid any
overshooting / undershooting in the boundary conditions of the scalar field

such as the flow temperature. While for the Poisson like pressure correction
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equation an ICCG (Kemaw [1978]) solver is applied due to its symmetric and
positive definite nature. More details about the numerical algorithm are given

in the cited references above as well as in the reference papers therein.
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Chapter 4

Physical characteristics of natural
convection flow on a vertical
heated plate

4.1. Introduction

Boundary layesin natural convection flow &wvebeen analysedxtensivelyfor

a number of decades. Consequently, many experimental and numerical
investigations have been carried out to study the behaviour of the development
of boundary layer flow on various geometries as pointed out in 8 2.1 of
Chapter 2. Surpisng | vy, to the authorsd best
experimental and numerical works, reported above in the context of free
convection on a heated plate, presented only the results of the physical
properties of the boundary layer as a dimensionattijyan local velocity and
temperature. However, these quantities should be known at different locations
and different thermal conditions for the flow to predict the thickness of the
boundary layer. In this Chapter, the critical distance and the thiclafess
boundary layer are investigated at various positions along the wall for different
flow temperatures. In addition, numerical simulations are performed to
investigate the distributions of velocity and kinetic energy and its production

along the heated @le where The Realizablék-e model was employed in this

a7
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Chapter 4 4.3, Results andliscussions

simulation Finally, both the analytical and numerical results are compared

with experimental data available in literature.

The layout of this chapter is as follows: a description of the model dgome
andboundary conditions is given ing2,while numerical method is presented
in § 4.3 Resultswith discussion anccomparisons of present resuligth
experimental datare givenin § 4.4 and § 4.5, respectively, and finally a
general conclusion dghis chapter is drawn in £.6.

4.2. Geometry andboundary conditions

The computational domain for the numerical simulation was chosemas 4

1 m (vertical and horizontal distances respectively). A schematic drawing of
the flow geometry with the eordinate systems is shown kigure 4.1. The
simulations were focused on the effects of the transition of the flow developing
on the heated plate undearious temperatures of the plate and the ambient air,

asreported in the experimental work of Tsuji and Nagano [2P88

The flow in the leading edgof the plate was assumed to be developed from
the laminar stage, therefore, the turbulent kinetic enekgyand turbulent
dissipation energyy, were set to zero at the inlet boundary. In addition, the
outlet and the righbhand side boundary facing tipéate were left free to the

atmosphere keeping zero gauge pressure.
4.3. Results anddiscussiors

Results of the analytical investigation of both laminar and turbulent flow of air
under the isothermal and heat flux condition of the heated plate are reported in
the first section, followed by the numerical results which particularly focus on
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the distribtions of the velocity, temperature and kinetic energy of the air flow
on the isothermal heated plate including the characteristic and transition
natures of the boundary layer flow. Comparisons between the present results

with some experimental data are ivhere.

4.3.1.Analytical results on isothermal plate

Laminar flow case

Figure 4.2 andFigure 4.3 show the Grashof humber and the thickness of the
boundary layer respectively. Note that Equat{@nl) was used to determine

the thickness of the boundary layer flow in this case. In general, the results in
Figure 4.2 andFigure 4.3 show that an increase in the temperature of the plate
causes an early transition of the flow from the laminar to turbulent stage. For
instance, aflp = 40°C the flow becomes turbulent at a plate distance of about
0.77 m. While for the case af = 90°C it is occurring approximately at a
vertical distance of 0.60 m. By employing Equati@ 2) the influences of

both Tp and T, on the critical distance of the plate along with the thickness of
the boundary layer at the critical distance are presentddgure 4.4 and
Figure 4.5. Note that the thickness of the boundary layer at the critical distance
is calculated by using Equation (3.1) whén & °1L The results show that,
whenTp = 30°C andl, = 27°C, the criticatlistance is located approximately at
1.578 m and the corresponding thickness of the boundary layer at this location
is calculated to be 0.042 m. However, fixing the plate temperatufe at

30°C and reducing the air temperaturelio= 15°C, both the ctical distance

and the thickness of the boundary layer drop to 0.88 m and 0.0235 m
respectively. Furthermore, if we fix the air temperatureTat 24°C and
increasel from 35°C to 60°C, i.e. increasiiig by 70%, the results show that
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both the critical ttance and the thickness drop by approximately 30% and

36% respectively.

Turbulent flow case

The results inFigure 4.6 shows that the thickness of the boundary layer,
determined by using EquatiqB. 6), increases sharply in the turbulent flow
regime compared to that found in the laminar flow regime due to the effect of
the buoyance force on the growth of the boundary layer. Effects of the roles of
the turbulent flow quantities on this will be assesse@dah Section 4.4.3 in

this Chapter with the aid of the detailed numerical results. Howéves,
important to note that the ambient temperature of air shows significant effects
on the thickness and in fact has a large influence in the turbulent flawereg

For instance, afa = 21°C andL= 2.8 m the thickness of the boundary layer
becomes approximately 0.22 while with an increase in the air temperature to
24°C, the thickness drops by 26%.

4.3.2. Analytical results on the heat flux surface

Figure 4.7 summarises the effects of the variation in the heat flux on the
critical height of the vertical plate for the various air temperatu@©f 19°C

and 29°C. The most important point to note in this figure is that the
temperature variation of the flow has a little effect on the transition stage. The
critical distance is mainly affected by the heat flux of the plate, for example, at
Op = 220 W/nf with dropping the air temperature (i.e. from°@9to 9°C) the
critical height declines b$.8% (i.e. from 1.84 m to 1.77mHowever, afTa =

19°C with declining the heat flux by4% (from 553 W/nf to 145W/nf), the
critical height increases by8% (1.6251.93 m). This phenomenon is

understood by the fact that the critical distance on the uniformflogagblate
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depends on both the heat flux and thermal properties of the air, as shown in
Equation(3. 8). The change in the air temperature within the range &tnto
29°C seems to have less impact on the thermal properties of the air, Equation

(3.7) . So, the critical distance is affected more by the heat flux of the plate.

4.3.3. Numerical results

Important selected numerical results for both the laminar and turbulent flow
stages aregpresented Initially, comparisons of the simulated results thé
laminar flow against thexperimental results dfsuji and Nagano [1988a] will

be provided, which will then be followed by the assessment of the turbulent
flow quantities against the relevaexperiment data along with their roles into
the process of flow transitions occurring on the heated vertical plate. In the
laminar flow, the mean velocity and temperature presentedyure 4.8 show

very good agreement with thexperimental results offsuji and Nagano
[1988a]. The Grashof number at this stage is taken as 1.95810as in the
experiment work, but the velocity anbet flow temperature results are non
dimensionalised by usingl v = §) vGr?eand dT = (T-T)/(Te-Ta)

respectively.

Comparison between the numerical results and experimental data of Tsuji and
Nagano [1988a] for the velocity in the turbulent flow is givenRigure 4.9

(a) for Grashof number 8.44 x 0 The result indicates that there are some
agreements between the numerical and experimeggalts especially in the

inner layer region as well as at the location where the flow velocity becomes
maximum, but, inth@ ut | ayer regi me, (XA NEOc i1f0i,cal | vy
the velocity results are owpredicted compared to the experiment, which is

possibly due to the fact that the growth rate of the ambient air temperature
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beside the hot plate in the experimental kvaias slightly greater than that of

the numerical results.

The distribution of the temperature in the turbulent flow can also be seen in
Figure 4.9 (b) where the comparison between the present result and the
experimental data of Yan and Nilsson [2005], which was measur€a at
4.3x10° is shown; and clearly the predicted results are very close to the
measurements. The sensitivity of Realizable model to present some especial
turbulent characterise has been reported in this section, the distribution of the
turbulent kinematic viscositg; and the turbulent kinetic energgywere plotted,

and comparison have been done with some numerical results, which reported
by Henkes and Hoogendoorn [1989], the kinematic viscagifyresented as
function in molecular kinematic viscosity, while the knetic energyk was
reported as function in velocity sca¥e =  ( g-Bo) &) the results were
plotted inFigure 4.10 for Gr = 1.13". The figuresindicate that, the kinetic
energy reached its maximum value close to the outer region, where the
kinematic viscosity reached its maximum. However, their value at the inner

region is very small, where the flow more effected by the viscosity of the flow.

Temperature profiles across the boundary layer are presenféglire 4.11 at

six different elevations to assess the development of thermal bouagary |

along the heated plate. Air temperatufg) (s also varied from 15°C to 28°C

and the effect it has on the flow temperature as well as on the growth of the
thermal boundary layer is examined. The temperature profiles show a
systematic rise ay is increased, irrespective to the variation in the air
temperature. Close to the heated plate the temperature gradient is considerably
large and the development of the thermal boundary layer can easily be traced
from the profiles. For example, near the inlettsm aty = 0.1 m the thickness

of the boundary layer is very small (<0.025m). But, as the vertical distgnce (
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in the flow direction is increased, the thickness of the thermal boundary layer

as well as the temperature in the core region is increased.

Finally, in this section, the transition behaviour of the boundary flow
developing on the isothermal heated plate is further assessed by thorough
investigation of the key results of the turbulent quantities of the flow. In this
regard, the numerical resultf the maximum values of the flow velocity,
turbulent kinetic energy and its production are depicteignre 4.12. Note

that the maximum quantitiesare determined in the flow field, using

frax(Y) = Max f(x,y) wheref is a generic function, and then plotted

xmin¢x¢x max

along the vertical axig.

Generally, it could be revealed from the result&igure 4.12 that the change

in the ambient air temperature has a great impact on the development of the
boundary layer on the plate. Particularly, when the air temperatayés(risen

from 15°C to 28°Cthe change in the velocity clearly indicates that, the
turbulent stage of the flow develops further downstream of the plate and the
locations of the transition points are recorded approximatstya.44 m and

0.62 m respectively.

Additionally, imporant to note that the velocity grows slowly in the laminar
stage, while this growth becomes sharp at the turbulent region. The same
behaviour is noticed for the distributions of the turbulent kinetic energy at the
turbulent stage. The values of the turbtilenetic energy and its production in

the laminar stage remain approximately zero, but the production of the kinetic
energy reaches its peak at the transition stage, followed by a fall to a constant
growth towards the downstream. However, it starts ¢oease slightly again

to the far downstream, where the flow becomes fully turbulent.
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4.3.4. Further comparisons of the present results

with experimental data

In Table 4.1 comparisons among the analytical, numerical and experimental
results of the critical distance and the thickness of the boundary layer along
with the Rayleigh number are given. When compatirggRayleigh number at

the beginning of the turbulent flow for the isothermal cas&-ef 54°C andl,

= 28°C, general agreement between the three results can be seen. In fact, the
numerically obtained Rayleigh number of 4.89%Xhows a very close
agreemat with the experimental result which is 4%1btained by Charles and
Vedats [1968]. But, surprisingly, both the critical distance and the boundary
layer thickness show slightly better agreement with the analytical results. For
example, the experimentasult shows that the turbulent flow starts at 1.01m,
while under the same thermal conditions the analytical and numerical
investigations predict this critical distance to be 0.75 m and 0.61 m
respectively. Changing the operating temperature for the @datelaas for the
ambient air, for example whén = 60°C andr 5= 14°C, a similar behaviour is
observed. That is, the Rayleigh number obtained in the numerical simulation
shows better agreement with the experimentsafji and Nagan$1988a]than

the andyytic result. But, the opposite is found in the thickness, while the

analytical result is closer to the experiment than the numerical result.

In the case of a flux plate, the results of the Rayleigh number which correspond
to the critical distance of 1.5 r2.3 m are not available in Yasetial. [1991],

so it was not possible for us to make a direct camspn with the analytical
result. However, taking a turbuleRayleigh number 02.0x133, the analytical
method predicts the range of the critical distance to be 1.82.ihm, which
might be a little oveprediction but acceptable given the uncertaiimtythe
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choice of theRayleigh number. Furthermore, though it was possible to get the
Rayleigh numbefrom the paper of Chen et al. [2003], it was not quite clearly
mentioned about the value that relates to the critical distance of 2 m. However,
the critical distance of 1.61.85 m from the analysis at 2.0¥iORa*O 't 0

gives again a close agreement to the experiment.
4.4. Conclusion

Development of the shape of the boundary layer of the natural convection flow
on a vertical heated plate has been investjaheoretically as well as
numerically considering the smooth surface of a vertical plate. Various
temperatures of the plate have been employed, and some experimental results
of the plate temperature and heat flux have been used as an input data to some
calculations in order to make a direct comparison of the predicted results with
those of the experiments.

The results showed that the difference between the temperature of air and plate
has a significant effect on the transition of the flow from lamiadutbulence.
Particularly, we have reported that with an increase in the temperature of both
plate and air the critical height as well as the thickness of the boundary layer
drops systematically. Specifically, from the theoretical analysis the range of th
boundary layer thickness of the laminar flow of air is found to be within the
range of 0.017 rh 0.0425 m. Moreover, it is also found that the temperature of
the flow and the plate in the isothermal case has a major effect on the transition
of the flow. But particularly, when the plate temperatdiegwas greater than
60 C, this effect was less pronounced. And under this operating condifteon,
transition approximatly depends solely on the tempreature of the plae.

investigation on the heat flux surface shows the same behaviour as well, i.e. the
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temperature of the flow has a little effect on the transition which is largely

affected by the amount of heat flux used.

Furthermore, from the comparison between thelt#®f our calculations and
experiments it is reported that the theoretical results predict satisfactorily well
the behaviour of the development of the boundary layer of air on the vertical
plate. Additionally, the Realizable turbulent model is provethéoa suitable
numerical method for predicting the distributions of the thermal properties in
both the laminar and turbulent flow regiotesading to the mean characters of
the flow such aghe temperature and velocity of the flow as well as the
turbulent gquantities (kinetic energy and its production). Numerical predictions

also show satisfactory agreement with various experimental results.
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4.4.Conclusion

Table 4.1 Comparison of the transition stage with experimental data

(Gr. Pr) Distance | Thickness
Heated p Reference (Turbulent) Lc (m) te (M)
Charles and 4x10° 1.01 0.0135
Vedats[1968]
T=54¢
Analytical 1x10 0.75 0.0171
T=28¢
Numerical 4.89x15 0.61 0.0206
Isothermal
Tsuji and Nagano 3.1x10 N/A 0.023
[1989]
T=60¢
Analytical 1x10 0.62 0.018
T=14¢
Numerical 1.44x10 0.43 0.015
5 0gD 2 0| Yasou et al [1991] N/A 1.52.3 N/A
(Win) Analytical Ra*=2.0x16° | 1.852.7
Heatflux 7270 g,06 0| Chenetal[2003] 2.0x1°0 R4 & 2| N/A
, 10"
(W/m?)
Analytical Ra*=2.0x10° | 1.67-1.85
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Plate
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y, Vv

Figure 4.1 A schematic of the flow geometry with coordinate systems
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Figure 4.6 Boundary layer thickness along the heated plalgat 90°C.
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Figure 4.7 Critical distance of the plate at different heat flux
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Chapter 5

Transition of free convectionflow
In avertical channel

5.1. Introduction

In this chapter numerical simulations are performed to study the transition of
the development of the thermal boundary layer of air along an isothermal
heated plate in a large channel which is bounded by an adiabatic plate. In
particular, theaim is to investigate the effects of the channel withhof the
transition of the flow under various plate temperatures. Three different RANS
based turbulenk-Umodels namely standard, RNG and Realizabith an
enhanced wall function are employed in the simulatidie channel width
was varied from 0.04 m to 0.45 m and the numerical results of the maximum
values of the flow velocity, turbulent kinetic energy were recorded along the

vertical axis to exame the critical distance of the developing flow

5.2. Model geometry

The channel is formed by the two vertical plates with lehgtind the distance
between the plates is denoted layThe wall on the left side is isothermal,
while the other is adiabatic. The numerical simulations are considered to be
two-dimensional freeconvection and steady sta#®ir is chosen to be the test
fluid. The model geometry along with the Cartesian coordinate system is
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shown inFigure 5.1. For the comparison with the experimental data, the model
geometry is studied under the same physical dimensistise experimental
modelof Yilmaz and Fraser [20QWhereL = 3.0 m andb=0.1 m.

5.3. Boundary conditions

At the inlet, ambient temperature and pressure conditions are applied so that
the air velocity is accelerated from resthe induced velocity. Moreover, in

the case of natural transitiotme flow is expected to develop from the laminar
stae, therefore the turbulent kinetic energy &nd its dissipation(] are set to

zero at the inlet.

A uniform temperature is imposed at the heated plateeothannel while the

other plate is adiabatic. At the outlet, the static gauge pressure is set to zero and
the other flow and turbulent quantities are extrapolated from the interior
domai n. I n the case of any fAbaawhsf | owo
neverthe case inthese simulationsthe temperature and pressure at the outlet

of the channel are set to the ambient conditions.

No slip boundary condition is imposed on the velocity components at the walls,
where
u= 0, yObLrx=0 ana=nh.

The thermal boundary conditions for the heated and the adiabatic plate are
defined as

T=Tp foerL,@:O@mdg—Izo, f oyiOL,®=bO

Moreover, the turbulent kinetic energy vanishes at the wall, so
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k= 0, yQlrx=0an@®=h.

It is important to note here that when a comparison with the experimerdal dat
of Yilmaz and Fraser [2007] is presented, the model is studied under the
experimental conditions where the inlet temperature is assumed to be 23°C.
The isothermal condition for the heated plate is set at the temperature of
100°C, and the turbulent inteitg at the inlet is measured to KE3%.
Moreover, the distributions of the characteristics of the flow have large
gradients near the wall standard wall function arah enhanced wall function
areused in the boundary layer to present the effect of $wosity in the inner

region.

5.4. Grid resolutiontest

Mesh dependence study was initially carried out on the Realizable turbulent
model to find out a suitable combination of the grid sizes which will be
applicable to resolve the flow inside the chaniieh meash dependence study
was performed by changirige total number of grid nodes in both the vertical
(ny) and horizontalrf) directions by using six different grid resolutions e.g. 22

x 220,30 % 370,120% 370,200x 370,300 x 370and 200x 40Q Non-uniform
structured mesh was generated in the channel withearesolution of grid
clustered near the inlet and walls by using the rsesicessive ratios of 1.008

and 1.01 respectively.

Figure 5.2 shows the resultsf the heated air velocity), turbulent kinetic
energy k) and air temperatuna three different vertical locationg,= 0.09 m,
1.5 m and 3.0 m. As can be seen bothabarse (especially in the horizontal
direction) grids, 22x 220 and30 x 370, provide satisfactory results for the
velocity and temperature fields, buthey severely overestimate the
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turbulent kinetic energy production inside the channel. The next foar fi
grids, 120 x 370, 200 x 370, 300 x 370 and 200x 40Q produce most
satisfactory results since the differences found among the results are very small
indeed and almost negligible. Therefore, either of these four grids could be
used, however to avoid amydesirable discrepancies in the numerical results
and at the same time to save the computational timgritiesizeof 200x 370

is chosen to perform all the numerical simulationghis Chapter

5.5. Results anddiscussiors

55.1. Assessment oflifferent turbulent models

Three k-H turbulent models are considered inethumerical simulation,
standard, RNG and Realizable, to predie important results suds flow
velocity, temperature and kinetic energy. A comparisomong the results
obtained by thehree models is detailedNote, as reported in ChaptertBese
models differ fromeach other especially in the way they determihe

turbulent viscositythe turbulent kinetic energy and its dissipations.

Moreover, accuracy of the two wall functionstandard wall functionof
Launder and Spalding [1972hd enhanced wall functioof Kader [1981]is
tested andhe numerical results are compareith the experimentsf Yilmaz
and Frasef2007].

Air temperature

Figure 5.3 presents the distribution of tleér temperature at the outlet of the
channel, predied by the three turbulent models. Frame (a) shows the results
with the standard wall functioandFrame b) with the enhanced wall function.
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All the numerical results ifrigure 5.3 (a) with the standard wall function
show an over prediction compared with the measured data. tOalIRNG
turbulent model in this casevgs slightly better results than the other two
turbulent models. However, employirige enhanced wall function with the
turbulent models predicts resultdiah are very close to the measurement data.
The numerical resultalso have satisfactory agreement with analytical results
reported by Henkes [1990], where without any special treatment close the wall,
his analytical results weout 52% higher thathe experimental dat&Vhile,

with the enhanced wall functiorthe resultsshowed better agreement with the

experimental data.

So, it is clear that the numerical simulations of the air temperaterbetter
predictedwith an enhanced wall functioandthe Realizable turbulent model
gave the best prediction results compared to the RNG and standard estimations.

Air velocity

The velocity profiles are presented kigure 5.4 and Figure 5.5 at three
different vertical location®.09, 1.5 and 2.94 m. The velocity simulatiory at

0.09 m shows symmetric profile as this location is very close to the inlet and
the effect of the adiabatic plate megligible. But this is not true in the
experimental data, as they show some asynmsetrear the adiabatic plate
closeto x = 0.09 m, and none of the simulations accurately preditss
behaviour. Withan increasen the verticaldistanceof the heated plat® y =

1.5 m the velocity profileare affected by the buoyancy force, espegialear

the heated plate, where the buoyancy force is larger and all the models
turbulent &il to predict the peak velocity beside the heated plate. Near the
outlet of channek.g.aty = 2.94 m Figure 5.4 (b) andFigure 5.5 (b), the

velocity profile is accelerated more near the heated plate andpihasite
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happensbeside the adiabatic platausing a flowdecelerabn. The vertical
velocity profile is approximi@ly smooth andemainsflat in the centrelineof

channel.

Over all, comparing among the three different numerical models, the velocity
profile close to the inlety(= 0.09 m)obtainedby the RNG turbulent model
with the enhanced wall function modei Figure 5.5 (a) shows a very good
agreement with the experimental data, especially within the ragpe 80.08

m. However, withanincreasdn the channelength, e.gaty = 1.5 m and near

the outlet ofthe channel, e. g. at= 2.94 m, the Realizable turbulent model

gives numerical results which are close to the experimentaird&igure 5.5

(c).
Turbulent kinetic energy

The turbulent kinetic energg recorded inFigure 5.6 andFigure 5.7. Figure

5. 6 (ab) showsthatthe prediction by the standard wall function with the two
turbulent modelsstandard and RNG, reaches its maximum at the inner layer,
which is very close to the heated walhda has disagreement with the
experimental data. The experimental daty at0.09 m andy = 1.5 m show

that the kinetic energy reaches its maximum approximately beside the adiabatic
plate, while aty = 2.94 m its pealks approximately at the centreline tfe
channel. Employing the enhanced wall function with the RNG turbulent model
gives better numerical resultsyat 0.09 m as cabe sea in Figure 5.7(b),
however withan increasein the vertical distance, at =1.5 and 2.94 m, the
numerical results ofthe Realizable turbulent model show slightly better
agreement compared with the other mlsdAlthough, the numerical prediction

of the kinetic energy is lower than the experimental data, the enhanced wall

function givesthe bestesults, and aty = 2.94 m the turbulent kinetic energy
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reaches its maximum at the centreline of the channel,,wdi®o has some
agreement with the experimental data. And patrticularly, the Realizable model

predicts numerical results clat¢o the experimest

Over all, seeing all the resultskigure 5.3 - Figure 5.7 and by employing the
enhanced wall function with the three different turbulent models (standard,
RNG and Realizablejhe percentages of error to calculate the velocity near the
outlet are faund to be 8.97%, 9.7% and 6.3% respectively. The same
comparison can be made for the outlet temperature, vareh.75%, 1.73%

and 1.55% respectively. Therefore, it is clear thaetiteanced wall function is
capable of predicting the distribution of tloaitlet temperature with all the
models of the turbulent flow. However, comparatively the Realizable turbulent
model performed best; therefore it is selected to perform all the other numerical

simulationsn this Chapter

By employingthe Realizable turbulent model arkde enhanced wall function
additioral resuls have beempresentedfor the temperature, velocity and
turbulent kineticenergyin Figure 5.3 (a), Figure 5.5 andFigure 5.7. These
results were obtained bythreedimensionalsimulation and the results prove
thatthere is no differece foundbetweerthe two and three dimensional results
In fact, in the turbulent kinetic energy results there no improvenseséenn
the simulation asits magnitudestill falls below the experimental data
Furthermore, iiis sufficiently proved that the RANS models in btile two
and threadimensional channegjeometrieprovide the same numericadsults
therefore, the choice ofatwo-dimensional model in the numerical sintidas

in this and next two Chapters is well justified.
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5.5.2. Effect of plate andair temperatures on the

transition stage

The transition stage of the developing flow inside the channel is determined by
the numerical results of the maximum values of the veloaitd turbulent

kinetic energy, where the maximum quantities are determined by using

f(Y)= Max f(xy), wheref is a generic function, and plotted along the

Xmin¢x¢xmax

vertical axisy.

Figure 5.8 shows thepredictionsof the maximum velocity, kinetic energy,

turbulent intensity and heat flux on heated plate respectively where the channel

width is fixed atb = 0.1 m. As can see, witmancreaseén the plate

temperaturefp) from 50eC to 100eC, generally t
the laminar to turbulent stage starts early.

From Framesk) and €), the distribution of the kinetic energy and turbulent
intensity in the laminaregion can be divided to two stag#ee first one where

the kinetic energy equal to zero and the second stage where the distribution of
the kinetic energy starto grow on the two sideof the plate channel as can be
seen in irFigure 5.9 where the contour plot of the kinetic energy and turbulent
intensity are plotted, the results indicate that, after the transition stage, both the
turbulent kinetic eergy and turbulent intensity grow sharply in the turbulent
regionFigure 5.9 (A-B).

The dfect of the air temperature on the transition is presemtéigure 5.10
by fixing the plate temperature @p= 7 0e C. The similar bel
development flow can be seen, however, with increasin@itheemperature

the transition starts later, Figure 5.11, the contour plot of the kinetic energy
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and turbulent intensity are reported whergedchs its maximum at the outlet

section.

Since the peak athe temperature and velocity distribut®from the heated

plate can be considered to be the transisitamtingstage, the location dhe

minimum point of the local heat flux should also cepend to the transition

point In Figure 5.12 the critical distance on the plate, derived from the

maximum velocity and kinetic energy is presentdtbre specifically, the

results show thadt a constant air temperature eTg= 15e C wi t h an in
in the plate temperature by 100 %, e . {
distance of the plate droops by 16.4%hile at constant plate temperatUie

=70eC, with increase air temperature by
distance of the plate increases by 4.1Bifure 5.13. So it is clearhat, the

temperature of the plate has more effect on the transition compaiteel aio

temperature.

55.3. Effect of channelwidth on the transition
stage

Numerical results of the velocity, turbulent kinetic energy and local heat flux
are presented in this ¢@Em to investigate the effects of the width of the
channel on the process of transition occurring inside the channel. The heated
plate of the channel is kept as isothermal at 70°C with the inlet air temperature
of 15°C, but the width of the channel is iear from 0.04 m to 0.45 m to study

the transition effects. To avoid any ambiguity in presenting the numerical
results, the profiles are divided into two groups: the first group presents the
results of the width fronb = 0.04 m tob = 0.1 m; whereas the second one
fromb =0.15 m tob = 0.45 m.
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Figure 5.14 (a) shows that the maximum velocity for the witith- 0.04 m to

0.1 m reachs its maximum at the transition point, then it starts to drop slightly
and after that the growth becomes approximately constant towards the
downstream of the channel. For the turbulent kinetic energigure 5.14 (b),

its value is initially zero at the inlet and within the laminar region of the
channel. But the kinetic energy grows rapidly in the region where the transition
begins, and the growth mains steady within the whole transition region,
followed by a sharp increase in the region of the turbulent flow in most cases.
Specifically, for a small width of the channel, e.gbat 0.04 m and.05 m,

the kinetic energy reaches its peak approxigaaey & 1. 5 m,b=whi |l e f
0.06 m and 0.10 m the location of peaks becomes later 418 m and 2.4 m

respectively.

In the second group, the resultsFigure 5.14 (c) show that the growth of the
velocity profile atb = 0.15 m to 0.45 m is gradual in the laminar flow region,
but just after the transition point it drops slightly and then increases again
towards the downstream because of the presence of turbuldreeature of

the growth in the kinetic energy is reportedrigure 5.14 (d) forb = 0.15 m

and 0.2 m remains quite similar, e.g. rapid rise at the beginning of the transition
and then steady within the transition region, and finally sharp rise at the
downstream. However, the transition region foundofer0.30 m and 0.45 m is
relatively small compared to the other cases, and the growth of the kinetic
energy becomes similar to that found in the-beated plate case. As the
turbulent intensity is another parameter of turbulence quantities, defined as the
ratio of the root of mean squaoé the velocity fluctuations to the average of
the mean velocity of the flow, the turbulent intensity inside the channel is more
affected by upstream history at the inlet of channel. So itbsanosed to

estimate the development of the fldwgure 5.15.
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Figure 5.16 (A) shows the contour plots tiie turbulent kinetic energy inside

the channel. As can be seen the turbulent kinetic energy reaches its maximum

at the outlet of channel forthe widhO 0. 08 mO BuOG6fmr it rea
i ts maxi mum i yOthAe5rmng€&€ha. 8i snt Oi buti o
intensity are shown ifigure 5.16 (B), which show some interesting features

of the growth of turbulencenithe channel. Particularly, when the width is

reduced, the intensity also grows on the right side of the channel where the

adiabatic plate is located.

Physical dimensionalesultsof the velocity distributiorareplotted inFigure 5.

16 (C). As canbesea the maximum velocity field is located approximately on
the left side of the channel near the heated plairasult of the buoyance
force The growth of the thickness of the boundary layer of the flow for viadth

O 0.15 m i o thedatthattheee asmioerbugk spacavailableto
develop the boundary layeBBut with an increase the width of the channdd

O 0.2 m, tofhtree bdurdary ik tarbuest flow becomes very clear
However,as seen ifrigure 5.16, the distribution of the kinetic energy as well

as the intensjt is complicated, especially in the range of the channel width
smaller than 0.20 m, where the kinetic energy grows on the both sides of the
channel. So, to understand the growth of the kinetic energy in more details
within the channel the results are dimitlinto two regions and presented in
Figure 5.17, where the maximum kinetic energy is first calculated in the range
of0 O xto l@pk intd the growth near the heated plate on the left hand side
of the channel and plotted in frames (a) and (c). Whereas the maximum of the
same is recorded in thenge ofb / 2 O toxpart@@ulatly focus on the

turbulence production near the adisib plate and shown in frames (b) and (d).

As evidenced irFigure 5.17 (a), the kinetic energy on the heated plate grows

early with dropping the with of the channel fronb = 0.04 m tob = 0.10 m.
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Although the right side plate of the channel is kept as adiabatic, the kinetic
energy still grows on it especially for the channel width 0.04 m t00.20 m,
seeFigure 5.17 (b) and (d). But, for a large channel width dg= 0.30 m and

0.45 m, inFigure 5.17 (d), the growth of the kinetic energy on the right side
can be ignored since the maximum distribution of the kinetic energy is found

inside the channel.

The maximum valugof the turbulentrtensity in the channel f@ O ae O b
presented irrigure 5.18 (a) and p), as carbe see the turbulent intensity has

the same structural of development as the turbulent kinetic energigure 5.

17, but effectof the adiabatic plate is very clear on the left side & lrge
channelidth atb = 0.30 m, where the growth of the turbulent intensity is very
large on the adiabatic plamomparedto the growth of the kinetic energy
Thesedifferences can be seemore cledsy in the contour plos of the turbulent

kinetic energy and turbulent intensityFigure 5.16 (A) and (B).

Since the peak of temperature and velocity distribution froenhéated plate

can be considered to be a starting point of the transition stage according to
Katoh et al. [1991], where the location of a minimum point of the local heat
flux should also correspond to the transition point, the three different
parameters ofhe heated air such as the velocity, turbulent kinetic energy and
local heat flux are used to predict the transition point inside the channel with
different values of the width. The values of the critical distance at the transition
point are derived fronthe velocity, kinetic energy and heat flux plate already
presented irFigure 5.14 and Figure 5.19 and now summarised iRigure 5.

20.

Figure 5.20 shows that the transition points predicted by the turbulent kinetic

enggy are very close to those estimated by the velocity distribution in all the
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cases. In addition, for a large channelwidt® 0. 1 m t he | ocal he

predicts the critical distance that agrees well with other two results.

However, for a small channel width ely= 0.04 m to 0.08 nfFigure 5.20
shows that the local heat flux reaches its minimum further upstream of the
channel and does not agree with the predictions of the velocity and the
turbulent kinetic energy. The possible reason for that is that both the thermal
and the thickness of the boundary layer increase sharply in the turbulent flow
compared to the laminar flodue to the effects of the buoyancy force on the
heated plate. Additionally, at a small width of the channel there is not enough
space for the boundary layer to grow fully which would eventually carry the
heat from the heated plate; so as a consequdrspecific heat transfer of the

air reaches its maximutemperature early.

Moreover, Figure 5.20 also shows that the location of the transition point
shifts to a higher distance towards the downstream of the channel when the
channel width is increased froon= 0.04 m to 0.08 m. And, p&tlarly, atb =

0.08 m the critical distance reaches its maximum of 1.53 m in the middle of the
channel, where the Grashof number calculated as a function of this critical
distance of the velocity is 2.8x0(Figure 5.21). However, as seen, the
transition occurs early when the channel width is increasedbrer@.10 m to

0.45 m, and the critical distance at the channel width of 0.45 m becomes
similar to that obtained by the one vertical heated plate since the effect from
the adiabatic plate at a far distance is negligible. Importantly, the Grashof
number Figure 5.21) at the critical distance fofa= 15°C ando = 0.45 m is
estimated to be 2.27x1@nd 1.17x1®for the one plate case, which has a close
agr ee me Adbtained by Bejad [1995] in the free convection flow on an
isothermalvertical plate.
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5.5.4. Effect of width on the thermal boundary
layer

To investigate the effects of the width of the channel on the distributions of the
thermal boundary layer of the heated air developing inside the channel as well
as on its thickness, resutifthe air temperature, velocity and turbulent kinetic
energy are reported in the horizontal directignat different vertical locations;

near the entrance (gt= 0.5 m), outletmiddle of the channel (at= 1.5 m),

and the critical location (3t = Lc). The width of the channel is varied frdnx

0.04 mtob=0.2 m.

The axial dimensionless temperature profiles which are plottétyure 5.22

at different heights show a general trend i.e. the temperature besides the
isothermal plate is maximum which then drops to the adiabatic plate on the
right. The profiles also show a gradual increase in the air temperature from the
inlet towards the downstreaai the channel in all the cases due to the growth
of the thermal boundary layer along the channel. But the boundary layer
growth is affected by the channel width. Particularly, as can be seen in frames
(are), whenb is reduced from 0.2 m to 0.04 m, the outlet temperature at the

adiabatic plate increases.

The variation of the turbulent mean velocity across the channel is plotted in
Figure 5.23for the same channel width. As can be seen the velocity at the inlet
increases gradually when the channel widik reduced. Moreover, in all the
cases the peak of the velocity profile appears beside the heated pléte (on
left side) as expected; but whiems increased, the velocity peaks become sharp
and move towards the heated plated, indicating a rapid acceleration of the air

flow near the heated plate. However, the magnitude of the velocity drops first
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slowly from their peaks and then rapidly towards the adiabatic surface on the
right side, clearly seen ifRigure 5.23 (aid) for b = 0.04 m to 0.10 m. In
contrast the velocity profiles fob = 0.15 m and 0.20 m, and particularly at the
outlet, show a sharp drop to the adiabatic plate and remain almost flat at the
critical distance within a wide range of the channel secfibrs characteristic
behaviour of the Mecity profiles predicted inside the channel has also a good

agreement with the experimental data of Katoh et al. [1991].

Additionally, the peak velocity at the transition point for the width of 0.04 m to
0.10 m is higher than that at the outlet sectiarkigure 5.23 (ai d); this is
possibly due to the enhanced turbulent mixing within the relatively small width
of the channel. Whereas, for= 0.15 m and 0.20 m, iRigure 5.23 (ei f), the

peak velocity at the outlet becomes higher than the transition section; and these
issues are further explored in more detailsFigure 5.24 where the peak
velocity at the transition point and at the outlet section of the channel is
compared. The results show that with an increase in the width of the channel
from 004 m the peak velocity at the outlet section of the channel initially drops
and becomes less than that of the critical distance. However, after about 0.1 m
the peak velocity at the outlet increases slightly and becomes larger than the

transition stage wheim> 0.12 m.

The distributions of the turbulent kinetic energy are presenté&igure 5.25.

The results show that the prediction profile of the turbulent kinetic energy for
the channel widtlb = 0.04 m to 0.08 m is larger at the middle of the chafyel

= 1.5 m) than that of the outlet section especially near the heated plate.
Moreover, the kietic energy folb = 0.04 m and 0.06 m reaches its peak near

the adiabatic plate as shown kagure 5.25 (aib). Whilst in the rest of

channels, whenidthb® 0. 08 m, the turbulent ki
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section reaches its peak approximately at the middle of the channelxie. at
b/2.

5.5.5. Effect of width on the outlet parameters

To presentheeffecs ofthe channel width on some outlet parameters, different
cases are presented with various ranges
whilet he pl at e t e mp e rTad outleteparameterkseightae as 70 e
air velocity, the rate of mass and the qesitage of aded temperature are

reported here.

The result shows that féhei nl et t emper at uraainctked&se C and
in the channelwidth from 0.04 m to 0.10 m, the average outletocity in

Figure 5.26 (a) decreaseby 24% and 30% respectivelWwhile for increasing
channelwidth from 0.10 m to 0.45 m the average outlet velocity drop

~60% remainsapproximately constant. In general, wiéim increasein the

channel width, the difference in the outlet velocity between the three values of

theair temperature becomes small

As the rate of mass floow becomes &unctionof the channelwidth, the results
in Figure 5.26 (b) show that the rate of mass flow increas&s the channel
width. However, he added temperature of the flow rate drops aeape in
Figure 5.26 (c), wherethe effect of the thermal properties of ag more clear
In terms ofpercentagethe added temperature fiawr= 0.04m andb = 0.45 m
with the air temperatureof 1 5e C and 2P 2X0% dnd X%

respectively.
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5.6. Conclusion

Numerical esults of the transition inside a channel have been presented here
giving a particular attention to the effects of the channel width on the
distributions of the velocity, kinetic energy, temperature and plate heat flux.
The results in the turbulent flow Y& been compared satisfactorily with the
experimental data among with the three different turbulent models namely the
standard, RNG and Realizallé]) Importantly, an enhanced wall function has
been applied to the surfaces to account the developing hguaglars, and the
results showed that the Realizable turbulent model gave the least error
compared to the other two models. To present the effects of the thermal
conditions on the transition stagmitially fixed the width atb = 0.10 m but
varied the pte temperature. The results showed an increase in the plate
temperature caused an early transition of the flow since the critical distance
dropped. The critical distance estimated from the distributions of the velocity

andtheturbulent kinetic energglong the vertical channel agree very well.

Additionally, I have found that the width of the channel has a major effect on

the transition. For example, with an increase in the channel width brem

0.04m to 0.08m the transition delays, and particuldnky ¢ritical distance
reaches its maximum &t= 0.08 m with the Grashof number of 2.8 X%.®n

the other hand, the transition occurs early when the channel width is increased
from 0.08m, and the critical distancelat 0.45m becomes similar to that of

the single plate case. Moreover, forO 0. 10 m the values
distance, which are a function in the local heat flux, are very close to the
distribution of the velocity and kinetic energy; but for the small width e.qg.
whenbO 0. 08 mheat fluk reache®its mihimum in a location which is

far away from the critical distance obtained by the velocity and kinetic energy
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Figure 5.1 The vertical parallel plate channel.
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Figure 52 Mesh dependence test showing the results of velocity, turb

kinetic energy and air temperature.
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Figure 55 The velocity distribution ag = 0.09 m (a)y = 1.5 m (b) ang =
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Figure 58 Distribution of the maximum velocity (a), kinetic energy (
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Figure 59 Contours of the turbulent kinetic energy (A) and turbul
intensity (B) forTa= 15°C andb = 0.10 mwith Tp (a) 50°C, b)
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