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Summary

Heat transfer by natural convection inside enclageates with radiation interaction
is of practical interest in many engineering a@ilans, such as design of buildings for
thermal comfort, nuclear reactors, solar collectanad the cooling of electronic
equipment. In the natural convection studies ingidelosed spaces, mostly two simple
enclosed spaces are considered; first the squatesene and secondly the rectangular
cavity both with heated and cooled walls.

In this study the effects of natural convectionhwand without the interaction of
surface radiation in square and rectangular enmssbas been studied, numerically,
theoretically and experimentally. The analyses weeied out over a wide range of
enclosure aspect ratios ranging from 0.0625 taridyuding square enclosures in sizes
from 40cm to 240cm, with cold wall temperaturesgiag from 283 to 373 K, and hot
to cold temperature ratios ranging from 1.02 tal2.Bhe work was carried out using
four fluids (Argon, Air, Helium and Hydrogen; whosproperties vary with
temperature).

The numerical model used is explained in detail aatidated using previous
experimental and numerical results and also thénoaigt experiments. FLUENT
software was used to carry out the numerical studyhe numerical study, turbulence
was modelled using the RNGekmodel with a non-uniform grid and using the Disere
Transfer Radiation Model (DTRM) for radiation. 2mda3D numerical calculations
were performed for square and rectangular enclegiamd for the range of parameters
mentioned above) to produce the constants of theedkcorrelation equation and to
compare them with experimental results.

A dimensional analysis was established to prodecelation equations controlling
the flow inside square and rectangular enclosucesptire natural convection and
natural convection with radiation. This study stdrom the partial differential equation
which explaining the flow inside the cavities. Tberrelation equations for the new
dimensionless group, which is the ratio betweemmhtconvection to radiation heat
transfer, were provided for both square and recti@ngenclosures. Also the correlation
equations for the average Nusselt number with aititbwt radiation were provided for
square and rectangular enclosures. The constanésfuanction of temperature ratio, of

all the derived correlation equations are givennglavith these equations. These



constants are correlated and a polynomial equafmmeach constant as a function of
absolute temperature ratio is given. All these &qna are valid for a different
temperature ratio, different enclosure size, ddiféraspect ratio and different fluid
properties.

This provides a generalised equation for heat feansn square and rectangular
enclosures both with and without radiation. Theaa be used to calculate Nusselt
numbers for pure natural convection and naturaveciion with radiation interaction
and also to calculate the ratio between convedioradiation heat transfer for both
square and rectangular enclosures.

To validate the numerical results, an experimesiially was performed for square and
rectangular enclosures. This was for three aspitisr2.0, 1.0 and 0.5. Tests were
carried out for hot wall temperatures ranging fré6fC to 75°C and for a Rayleigh
number ranging fron®.6 x 107 < Ra < 8 x 10°. This allows the calculation of total
heat transfer from the hot and cold walls using gigrmocouples in each side.
Experimental measurements of the velocity and ferime intensity profiles were
performed using the laser Doppler velocimtrey tomeé aspect ratios 2.0, 1.0 and 0.5
and hot wall temperature ranging from 50°C to 75°C.

The results of this study are expected to conteltatthe literature in this field and
enhance the understanding of the natural conveatith radiation interaction in
rectangular enclosures. Also this will be a uséfohnique, as, by using the results it is
possible to generalise the heat transfer in sqaackerectangular cavities filled with
ideal gases.
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CHAPTER 1
INTRODUCTION

1.1 Introduction

Heat transfer is a mechanism, which is respongdslenergy transfer from one object
to another when the two objectives have a temperalifference. This heat transfer has
three modes, conduction, convection and radiati@onduction heat transfer occurs
when a stationary medium (a solid or a fluid) hasmaperature gradient between its two
surfaces. Convection heat transfer occurs betwesnface and a moving fluid both at

different temperature [1].

Convection heat transfer can be divided into twmesyaccording to the nature of flow.
The first is called forced convection when the flewdriven by external agent (pressure
difference), such as a fan or pump. The second tdasalled free or natural convection,
which will be explained in detail in this study. tNeal convection flow is generated by
density difference in different sections of a fluithis density difference, along with the
effect of the gravity, causes a buoyancy force Wwigiguses the heavier molecules in the
fluid to move downward and those lighter in theidluo move upward, producing
buoyancy driven flow. The density differences iriunal convection flows may result
from a temperature difference or from the diffemsan the concentration of chemical
species or from the presence of multiple phasekdrfluid. In the present study, only

natural convection flows caused by a temperatuferdnce are considered.

The natural convection which results from the dgrdifference caused by temperature
difference can be sub-divided into main categori€se first category when the
temperature gradient is parallel to the directibrgmavity (heated from top or below)
and the second category is when the temperaturdiegtais perpendicular to the
direction of the gravity (heated from side) [1]. tNal convection has an important
effect in the atmospheric flows and heat transfec@sses in nature as well as many
technical applications. The use of natural coneects preferable in many engineering

and industrial applications, because of its sinigli@and low cost. The main two



important geometries considered in natural conwacstudies are, the first geometry,
single isothermal vertical plate and the secondhgry, is the enclosed cavity with
heated and cooled walls. The former geometry ofirahtconvection flows is much
easier for analysis than the enclosed cavities.tkh®rsecond geometry there are two
different types of buoyant flow, two vertical difemtially heated and cooled walls and
the two horizontally differentially heated and cesblwalls. In a vertical enclosure,
which is heated from one vertical wall and cooleatrf another vertical wall, the fluid
adjacent to the hot wall rises up and the fluidaeept to the cold wall falls down,
producing a re-circulating flow motion within theaosure, as shown in figure 1. This
flow motion enhances the heat transfer througheti@osure when compared to pure

conduction through the fluid.

Figure 1.1 Schematic diagram of the heat transf@de rectangular enclosure.



In a horizontal enclosure, the hot wall can beegitht the top or the bottom. When the
hot wall is at the top of the horizontal enclosuhe hot fluid will be always on the top
of the cold fluid, this cause no flow motion insitfe enclosure, which means no heat
transfer by convection. In this case the heat feangill be only by pure conduction. On
the other hand when the hot wall inside the hotialoenclosure is at the bottom, the hot
fluid will be at the bottom of the cold fluid, thsauses the hot fluid to rise up and the
cold fluid to fall down. The heat transfer at theglmning of this case is only by pure
conduction, this continues until the buoyancy fasgercomes the viscous force, where

the natural convection occurs.

The heat transfer inside enclosures depends syramgthe flow regimes. These flow
regimes depend on the value of the Rayleigh numbiee. first flow regime is the
conduction regime where heat is transferred by pareluction. This regime occurs at
low Rayleigh numbers and obviously has a Nussettber equal to unity. The second
flow regime is the laminar regime, this occurstas Rayleigh number increases, which
causes large temperature gradients near the veidiaiting the growth of the boundary
layers on the two vertical surfaces. Further ingeeaf the Rayleigh number led to
unsteady motion indicating the transition to tudmilregime.

The numerical analysis of natural convection ingdelosures requires the solution of
the Navier-Stokes equations including the energyaggn. The results obtained by
many researchers for the natural convection ingidelosed cavities are either by
numerical methods or by experimental methods. Thes®eerical methods have a
certain advantage over experimental ones; in #alility of different geometries and

boundary conditions.

The natural convection of the internal flow in arclesed space can be dominated by
buoyancy forces. The strength of the buoyancy floan be measured using the
Rayleigh number, which is the ratio of buoyancycés to the viscous forces acting on a
fluid. The value of the Rayleigh number can indicathether the flow can be

considered as laminar or turbulent [2]. The Rayleagmber is the product of Grashof
and Prandtl numbers. It plays the same role inrahtonvection that the Reynolds

number plays in forced fluid flow. The combinatieffects between free and forced

convection must be considered when the ratio betv@ashof and Reynolds numbers
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(Gr./Re.?) ~ 1. When(Gr,/Re,*) < 1, the free convection effects may be neglected.
Conversely, whefiGr, /Re,*) > 1, the forced convection effects may be neglectgd [3
The convective heat transfer coefficient (which tools the rate at which heat is
transported across enclosures) is the most impayteantity that needs to be accurately
predicted inside the enclosures, this coefficiegpahds on the accurate evaluation of
the Nusselt number values. The Nusselt number septe the enhancement of heat
transfer by convection relative to conduction. Tim&ans the larger the Nusselt number

the more effective convection heat transfer.

Most of these past studies were for pure naturavection, while in reality heat
transfer inside enclosed spaces is through a catbim of natural convection and
radiation. Radiation is the energy emitted by aybodthe form of electromagnetic
waves. The energy transferred by radiation does raquire the presence of an
intervening medium, which would allow for conducti@nd convection. The most
studies in radiation heat transfer use thermalatauh, which is the form of radiation
emitted by bodies because of their temperatures B¢ thermal surface radiation
occurs between two or more surfaces at differentperatures, and it becomes
extremely important if the temperature differensehigh, due to the fourth order
dependence of the radiation, which implies thatiateah will dominate at high
temperature differences.

However, heat transfer by natural convection ingdelosed spaces with radiation
interaction is of practical interest in many engirieg applications, such as the design
of buildings for thermal comfort, nuclear reactaselar collectors, and the cooling of
electronic equipment.

The evaluation of the Nusselt number for laminaura convection in enclosures has
been extensively investigated by many researcheath bnumerically and
experimentally. These studies concentrated on #ainerange of some important
parameters which affect the flow inside the endleswand thus produced a correlation
equations to calculate Nusselt number, which cdlettdy these parameters ranges. In
reality there are many parameters that affect that fransfer inside the enclosures
which need to be investigated simultaneously torgasonably accurate results. These
parameters are the enclosure sizes, aspect ratitistemperature values and variable

properties. Studying the effect of these paraméteascount with the effect of radiation



IS expecting to give good results. That means theeglity for effecting of these
parameters on the problem (heat transfer insidlsmes) needs to be investigated.
Hence, the effect of real conditions on the nateravection with surface radiation
inside enclosures will be investigated in this woilkhis study will focus on the
generality of the problem (for a wide range of paeters), by producing a new
dimensionless group which defines the relation betwheat transfer by convection and
radiation inside square and rectangular enclosutredso aims to provide correlation
equations to calculate the total and convectionsBiissumbers inside the enclosures
for natural convection with radiation interactiomda pure natural convection
respectively. Finally the study will validate thamerical results and the results using
the derived correlation equations by comparing thenthe produced experimental
results for different aspect ratios and hot wathperatures.

Using the results of this study is expected to giseful information and enhance the
understanding of the flow inside enclosures, asydigig these results it is possible to

generalise the heat transfer inside square anangalar cavities filled with ideal gases.

1.2 Research objectives and aims of this study

The main objective of this study is to find a gexteelation between natural convection
and radiation heat transfer inside enclosures. s Budy will be focusing on the
dimensional analysis of the governing equationsplyducing a new dimensionless
group that defines the relation between the nattoaVection and radiation heat transfer
inside cavities. The analysis uses the RNG k epsiodel as a turbulent model to find
out the results inside cavities. To generalizerdseilt the analysis were carried out over
a wide range of enclosure sizes from 40cm squad@em square, aspect ratios for
rectangular enclosures ranging from 16 to 0.062% eold wall temperatures from 283
to 373 K, and temperature ratios ranging from X®2.61. The work was carried out
using four fluids (Argon, Air, Helium and Hydrogemith properties varying with
temperature).
The aims of the present study to achieve thesetxgs are:
I.  Choosing the suitable turbulent model for this ¢dkat can predict the heat
transfer inside enclosures and produce accuratdseby validating the model
with existing numerical and experimental data aldé in the literature.



II. Identify the boundary conditions that can simuldte flow process inside the
enclosures to get the most accurate results.
lll.  Derive a new dimensionless group by non-dimensisaiin of the governing
equations.
IV.  Study the pure natural convection and natural cctnwe with radiation
interaction inside square and rectangular enclosure
V. Find out the effect of all realistic conditions ¢buas aspect ratio, variable
properties, and absolute temperature ratio andosme size) on the natural
convection flow with and without radiation insidgjusre and rectangular
enclosure.
VI.  Produce correlation equations to provide the cdimecand total Nusselt
numbers in square and rectangular enclosuresdowrkiole range of parameters.
VIl.  Experimentally validate the produced correlatiomatgpns and the numerical
results by comparing them within a certain rangpashmeters.

In order to achieve these aims, the analysis irelwsing the chosen turbulent
model with different grid sizes and the suitabladitons to capture all the turbulent
effects. Also using the experimental results tadeae the numerical results by
comparing the thermal results for different aspatibs and different hot wall
temperatures and it also involves comparing theorgl and turbulence intensity
profiles which collected using the laser Doppldogantery.

Hence, the results of this study are expected mtribnite to the literature in this
field and enhance the understanding of natural ecton with radiation interaction in

rectangular enclosures.

1.3 Outline of this thesis

In this thesis, the results of a numerical and ribtéoal study of natural convection heat
transfer flows with and without radiation insideffeientially heated square and
rectangular enclosures are discussed and desaribéetail. The analysis was carried
out over a wide range of enclosure sizes from 48qomre to 240cm square, aspect
ratios for rectangular enclosures ranging fromd. 6.0625, with cold wall temperatures

ranging from 283 to 373 K, and temperature ratezgying from 1.02 to 2.61. The work



was carried out using four fluids (Argon, Air, Hel and Hydrogen; with properties
varying with temperature). Also in this thesis tlesults of our experimental study for
heat transfer inside square and rectangular errelesare explained in detail. The
experimental analysis was carried out over a rasfgleot wall temperatures ranging
from 50°C to 70°C with 5°C increment and three aspatios 2.0, 1.0 and 0.5. The
thesis is organized in several chapters as follows:

Chapter 1 provides an introduction about natural convectiad radiation heat transfer
and the importance of the study carried out in thissis and it also includes the
objectives and aims of this study.

Chapter 2 discusses the literature review of the naturalveotion heat transfer with
and without radiation interaction in square andaregular enclosures. It also discusses
the literature review of the used turbulence motte#, dimensional analysis and the
experimental work for such type of flow in enclossir

Chapter 3 explains the theoretical background of the natacalvection heat transfer
with and without radiation interaction inside erstiees and also it discusses the
dimensional analysis.

Chapter 4provides and explaining the dimensional analysigisig from the governing
equations for the case of natural convection heatsfer with and without radiation
interaction inside enclosures.

Chapter Sdiscusses and explain the used numerical modeitamgverning equations
and boundary conditions. It also discusses the nioaleesults for both square and
rectangular enclosures for the two cases of stwolg patural convection and natural
convection with radiation interaction. Also it disses the 3D numerical results which
will be used to be compared with the experimerdalits.

Chapter 6 explains the experimental results, which includepl@xing the test
apparatus, method and results.

Chapter 7discusses the dimensional analysis with the numleresults which used to
produce the correlation equations for the natumvection heat transfer with and
without radiation interaction in square and rectdagenclosures.

Chapter 8 discusses and compares the final results betweemxperimental results
and both the numerical results and the resultgyubie derived correlation equations.
Chapter 9 summarizes the important findings and the finadatesions from this study

and the proposed future work.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Heat transfer by natural convection inside enclageates with radiation interaction
is of practical interest in many engineering a@ilmns, such as design of buildings for
thermal comfort, nuclear reactors, solar collectanad the cooling of electronic
equipment [4]. In square and rectangular enclosuriésnatural convection as shown in
figure2.1, the internal flow is dominated by buogwrforces. The most important
dimensionless group in natural convection insides¢henclosures is the Rayleigh
number (which is the ratio of buoyancy forces tscous forces acting on a fluid,) and is
analogous to the Reynolds number, but for buoyalocyinated flows. The value of the
Rayleigh number can indicate whether the flow ca&ndonsidered as laminar or
turbulent [5]. Inside square and rectangular encks transition from laminar to
turbulent flow occurs when the Rayleigh numberreager than one million[2, 6].

2.2 Pure natural convection in square and rectangular

enclosures

In the pure natural convection studies inside eselospaces, mostly two simple
enclosed spaces are considered; first the squatesene and secondly the rectangular
cavity both with heated and cooled walls. The esgéin this problem over the last four
decades has led to many numerical and experimstudies. Elsherbiny et al. [7],
reported experimentally the laminar natural coneactcross vertical and inclined air
layers for different enclosure aspect ratios. Tlikeyived correlation equations to
calculate Nusselt numbers. Davis [8], provided chemark numerical solution for the
natural convection of air in a square cavity usingiesh refinement far03 < Ra <
10°. He [9], also provided a comparison to confirm #ueuracy of the bench mark
solution in [8] by compared this to 37 other pieadswork. Barletta et al. [10],

numerically studied the laminar natural convectiona 2-D enclosure. A good
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agreement between the solutions was found by casgrarto the bench-mark
[8]results. Ramesh and Venkateshan[11], investijad@perimentally the natural
convection in a square enclosure using a diffesémtterferometer and again provided a
correlation equation to calculate the average coimwe Nusselt number. Lankhorst et
al.[12], experimentally studied the buoyancy indlilews in a differentially heated air
filled square enclosure at high Rayleigh numbeheyTfound that the core stratification
has a significant influence on the regimes andctisacteristics of the flow. Schmidt et
al. [13], compared the experimental and predicesailts for laminar natural convection

in a water filled enclosure.
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Figure 2.1Schematic diagram of the considered sooéo

Many papers have been published that discuss thelémt natural convection in the
absence of radiation in enclosures. Henekes §t4]l. studied numerically the laminar
and turbulent natural convection flow in a two dime®nal square cavity using three

different turbulence models. They have shown that k€« model gives too high a
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prediction, whereas the low Reynolds number modeés reasonably close to the
experiment. Markatos and Pericleous[6], have regordbn laminar and turbulent
buoyancy driven flows and heat transfer in an esedo cavity. Henkes and
Hoogendoorn[15], published a numerical referenctutism for turbulent natural
convection in a differentially heated enclosureRat= 5 x 101°, by a comparison of
the computational results of 10 different groupke3e groups studied the turbulent
natural convection in a square, differentially leglaénclosure with adiabatic horizontal
walls and the detailed results of these ten graupsiescribed in [16].

Some researchers have discussed the effect oftagpiecon the natural convection
inside enclosures. Patterson and Imberger[17] extiutthie transient natural convection in
a cavity of aspect ratios less than one. They pewd scaling analysis of the heat
transfer inside a rectangular enclosure. Bejanl.ef18] experimentally studied the
turbulent natural convection in shallow enclosufidir experimental study focused on
the flow and temperature patterns in the core regidejan[19] explained the pure
natural convection heat transfer flow regimes Ih sguare and shallow enclosures. He
claims that the relationship between Nusselt numabhdrRayleigh number in enclosures
with different aspect ratios is more complicated aannot be expressed by just a power
law.

There has been some research conducted on natasadation, which also included
the effect of variable fluid properties. Zhong ét [20], studied the laminar natural
convection in a square enclosure. They have obdeha; with the effect of variable
properties, when the temperature increases, théi@addf this parameter slows down
the vertical velocities in the hot wall region andreases these velocities in the core but
at the same time, the total heat transfer ratees $o increase. Also, they pointed out
the necessity of solving realistic physical cases by including the thermal radiation
effects with the variable properties). Fusegi anguid [21], reported the effects of
complex and realistic conditions such as variabbperties and three-dimensionality on
laminar and transitional natural convection in aclesure. They have thrown light on
the discrepancies between the numerical predietnmhthe experimental measurements;
to the unexplored aspects of realistic flows. Nithgvi at al. [22], investigated the
effect of aspect ratio on the natural convectiorainectangular cavity with partially
active side walls. They found that, the heat transdte increases with an increase in the

aspect ratio.

10



2.3 Correlation equations for pure natural convection o flat
plates

2.3.1 Vertical flat plate

Kato et al.[23], studied the turbulent heat trangfg free convection from a vertical
plate. They provided a correlation equation to wake the local Nusselt number as a
function of Prandtl and Grashof numbers.

Nu,, = 0.149[(Pr)*175 — 0.55](Gr,) "™ (1)

Vliet and Liu[24], experimentally studied the tuhbot natural convection boundary
layers on a flat plate in a water tank. They deticerrelation equations that fit their

experimental data for both the laminar and turbutegimes.
1
Nu, = 0.61(Gr, Pr) /s for Ra, <3x1012 (2)

Nu, = 0.568(Gr,Pr)"* for 2x1013 < Ra, <1x1016 3)

A correlation equation for the Nusselt number wasvigled by Churchill and Chu

[25]Holman [26]claimed to be applicable for a wideges of Rayleigh numbers

- 0.387Ra, /6
Nu, =<0.825+ for Ra,<1x1012 (4)

[ [z

For laminar flow, another equation provided by thf2B] to obtain slightly better
accuracy then the previous equation[27]

0.67Ra; 4

9 1%
/ 9
[1 + (04927, ) 16]

Nu, = 0.68 + for  Ra, <10° (5)
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Siebers et al [28], studied the effect of varighled properties and boundary conditions
on natural convection heat transfer in air oveargé electrically heated vertical plate.
They derived correlation equations for the locaksiit number for both laminar and

turbulent natural convection regimes.

For laminar regime

y Ty —0.04
Nuy = CGry 4 <T_> (6)

o]

Where the value of the constadtin equation 6 is 0.404 for a uniform heat fluxtpla

surface and 0.356 for a uniform temperature platiase.

Furthermore they declared that for the turbulegime

—-0.14

T,
Nu, = 0.0986Gr, /3 (T—W) @)

2.3.2 Parallel flat plates

For the case of vertical channels many researdtadsed the natural convection heat
transfer between two parallel plates. Elenbass[@Of bench mark paper provided a
correlation equation to calculate the Nusselt numfme symmetrically heated
isothermal plates as;

3/4

Ni = —R (L) 1 35 (8)
uL = - aL - - exp -
G

Where

_ gﬁ(Ts - Too)L3

R
A a)

)

Bar-Cohen and Rohsenow[30] obtained Nusselt nurobeelation equations for both
isothermal and isoflux conditions. The correlatieguations for the symmetric

isothermal plates and adiabatic isothermal plaspectively are of the form:
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N_uLzlr 576 287 1/]| (10)
(e (7)) (e (%))
|r 144 2.87 ]|_1/2

Nu, =| _ ' 1/2I (11)
(e (7)) (e (1))

2.3.3 Inclined parallel plates

Azevedo and Sparrow [31] experimentally studied mia¢ural heat transfer between
inclined symmetric isothermal plates and isothernmasulated plates in water for
0 < 6 < 45°. They provided a correlation equation for the Nltssumber for all the

experiments to within 10% using this correlatioi][2
. L]/ L
Nu; = 0.645 [RaL <E)] for Ra; (E) > 200 (12)

2.4 Correlation equations for pure natural convection n

rectangular enclosures

The heat transfer by natural convection insideas®ed spaces with radiation interaction
is of practical interest in many engineering agglmns, such as design of building for
thermal comfort, nuclear reactors, solar collegtaad the cooling of electronic
equipment. The heat transfer inside an enclosetespaa complicated case because the
fluid conditions inside the enclosure do not stégtignary. In a vertical enclosure,
which is heated from one vertical wall and coolezhf another vertical wall; at very
low Rayleigh numbers, heat transfer mainly occiyrednduction across the enclosure.
Then as the Rayleigh number increases, the fluigcadt to the hot wall rises up and
the fluid adjacent to the cold wall falls down, guging a rotation in the fluid motion
within the enclosure as shown in figure 2.2-a fothbisothermal lines left of the figure

and streamlines right of the figure. Due to its neaam, this flow motion enhances the
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heat transfer through the enclosure. In a horizenalosure, the hot wall could be at
the top or at the bottom. When the hot wall ishattop of the horizontal enclosure, the
hot fluid will be always on the top of the colditluthis causes no flow motion inside
the enclosure that means no heat transfer by ctomeéor this case the heat transfer
will be only by pure conduction this can be seenloth isothermal lines and stream
lines in figure 2.2-b. On the other hand when tleg¢ Wall inside the horizontal

enclosure is at the bottom, the hot fluid will lie¢ree bottom of the cold fluid, this cause
the hot fluid tend to rise up and the cold fluidfall down as it can be seen in figure
2.2-c. The heat transfer at the beginning of thisecis only by pure conduction, this is
continues until the buoyancy force overcomes trecods force, where the natural

convection occurs.

2.4.1 Horizontal enclosures

The natural heat transfer inside horizontal enclesinas been studied and correlation
equations to calculate Nusselt number inside teastsures have been provided. For a
horizontal enclosure filled with air, Jakob[32],opided two correlation equations for

different Rayleigh numbers in the form

Nu, = 0.195Ra, /4 for  10* < Ra, <4 x 105 (13)

Nu, = 0.068Ra, /3 for  4x10° < Ra, <107 (14)

Globe and Dropkin[33] from their experimental résulising water, silicon oil and
mercury in a horizontal enclosure heated from bgboevided a correlation equation to

calculate Nusselt number as

Nu, = 0.069Ra, /3pro074 for  3x10°<Ra, <7 x10° (15)

This equation applies only for a horizontal encleslieated from below and for values
of L/H sufficiently small [27]. Hollands et al [34provides a correlation equation to
calculate Nusselt number based on the experimesgallts of air in a horizontal

enclosure, of the form
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+

1708]+

Nu, =1+ 1.44 [1 —
e Ra;,

(16)

RaL1/3 1
18

The notation + indicate that if the quantity in thracket is negative, it should be set to
zero. This equation is applied for air in horizéontenclosure and forRa; <
108 and H/L > 12.

2.4.2 Inclined enclosures

For the case of an inclined rectangular enclosDee,Graaf and Van Der Held [35]

derived some relationships for the Nusselt numbeptire laminar natural convection
with different angles of inclination. Table 2.1 s¥wthese relationships for Nusselt
number as a function of Grashof number and foredsffit angle of inclination of

rectangular enclosure and also given the rangppication of each relationship.

Hollands et al [34], provides a correlation equatio calculate Nusselt number based

on the experimental results of air in the from

1708 1% 1708(sin1.86)%°
NuL=1+1.44[1— ] -

Ra;cosfO Ra;cosO

+

1, +
(RajcosB) B 1] a7

18

This equation is applied faka, < 108 , 0 < 6 <6, andH/L = 12 and again the
notation + indicate that if the quantity in the dkat is negative, it should be set to zero,
6.,is the critical angle which depends on the aspi as shown in table 2.2. Also this

equation is the same as equation (16, above)@herd’.

Catton [36] provided a correlation equation to akdte Nusselt number for small aspect

ratios:
o8/ H
.. |Nu; (6 =90 Ocr ] -
NuL = NuL(Q =0 ) [m (Sl"l’lecr) /49cr for I <12 ] (18)
L\ = 0< 6<6,,
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Table 2.1 Relationships of Nusselt number for medi rectangular enclosure [35]

Angle of inclination | Nusselt number equation Range of application
Nu, =1 Gr, <2 x 103
) Nu; = 0.0507Gr,** 2 %103 < Gr, < 3 x 10*
20
Nu; ~ 3.6 4x10* < Gr, <2x10°
Nu; = 0.0402Gr,*>7 2 x10° < Gry,
Nu, =1 Gr, <3 x 103
30° Nu; = 0.0588Gr, %%’ 3x10% < Gr, <5x10*
Nu; = 0.0390Gr,**7 2 x10° < Gry,
Nu, =1 Gr, < 4 x 103
45° Nu; = 0.0503Gr, %%’ 4 %x10% < Gr, <5 x 10*
Nu; = 0.0372Gr,**7 2 x10° < Gry,
Nu, =1 Gr, <5x103
60 Nu, = 0.0431G6r,%%’ 5x10% < Gr, <5x10*
Nu; = 0.0354Gr,*>7 2 x10° < Gry,
Nu, =1 Gr, < 6 x 103
70° Nu; = 0.0384Gr, **’ 10* < Gr, < 8 x 10*
Nu; = 0.0342Gr,*37 2 X 10° < Gry,
Table 2.2 Critical angle for inclined rectangulackle®sures[34]
(H/L) 1 3 6 12 >12
Ocr 25° 53° 60° 67° 70°

Ayyaswamy and Catton [37] and Arnold et al. [38pyded two correlation equations
beyond the critical tilt angle of [36]to calculaiusselt numbers for all aspect ratios

according to the values of the tilt angle.
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Nu, = Nu, (6 = 90°)(sinf,,) 7+  for 6., < 8 <90° (19)
Nu;, =1+ [Nu,(6 =90°) — 1]sin8 for 90° < 6 <180° (20)

Sharma et al. [4], provided a correlation equatmrtalculate Nusselt number for the
interaction of turbulent natural convection andfate thermal radiation in inclined

square enclosures.

) 108 < Ra; < 10*2
Nu, = [0.017Ngc ™% + 0.021sin(8?) + 0.142]Ra, il 155< 6 <90” | 2D
4 < Npc < 85

This equation is applied only for inclined squaneclesure and with the above

conditions.

2.4.3 Vertical enclosures

For the vertical enclosure heated from one sidecmaded from the other side, Eckert
and Carlson [39], studied the natural convectiomdrtical enclosure with large aspect

ratio (AR=30). They provided a correlation equatiortalculate Nusselt number

Nu; = 0.119G6r,°3 (22)
This equation is applies for a rectangular cavitgd with air and with an aspect ratio
of 30 and small values of Grashof number.

De Graaf and Van Der Held [35] derived the follogiimelationships from their

experiments for Nusselt number in vertical enclesdor pure laminar natural

convection
Nu, =1 for Gr, <7 %103

Nu;, = 0.038G1,%%’ for 1x10*< Gr, <8x 10* (23)
Nu; = 0.03261,°%7 for 2% 10° < Gry

MacGregor and Emery [40], studied experimentally ¢ffect of Prandtl number with
the aspect ratio inside rectangular enclosure. Tgreyided a correlation equation to

calculate the Nusselt number for a wide range ah@t number and aspect ratios
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1x 107 < Ra, < 1 X 10°
1< Pr<20

1<H<4O
L

Nu, = 0.046Ray /3 for (24)

Seki et al. [41], provided experimentally a cortiela equation for Nusselt number in
rectangular enclosure with the effect of aspedd ratd Prandtl number for the laminar

regime
o 1x 107 < Ray < 4 x 10°
Nuy, = 0.36Ray,®?5 proost <_> for 3 < Pr < 40000 25)
L H
5< I <475

They [41], also suggested a correlation equationdNusselt number in the turbulent

regime

4x10° < Ray < 4 x 1012
1< Pr <200

Nuy = 0.084Ra,*3Pro%1  for o (26)
5<—<475
L
Ray > 2 x 1012
Nuy, = 0.039Ray, /3 for | P fr<t 27)
5< I < 47

All these correlation equations are for naturalvemtion in rectangular enclosure with
aspect ratio greater than 5.

Catton [36], provided two correlation equationgaétculate the Nusselt number as

Ra; Pr |
———>103
0.29 | (0.2 + Pr) |
RaL) for 11073 < Pr<10° (28)

Nu, = 0.18(
1<y
L

T
0.2+ Pr

103 < Ra; < 101°

Pr 028\ "Va 5
_ = Pr <10
Nu; = 0.22 (0.2 n PrRaL> <L> for " (29)
2< I <10
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Cowan et al. [42], experimentally studied the tlebti natural convection in vertical
cavities filled with water. They provided a cortéa equation from the resulting data

to calculate Nusselt number

2 X 10° < Ra, <2 x 10

1
Nu, = 0.043Ra;, /3 for H 30
L L f L5 < <608 (30)

This correlation is quite similar to that of Mac@oe’s correlation[43].
Ziai[44], carried out an experimental study of widmt natural convection in a
rectangular air cavity of aspect ratio 6. He predd correlation equation to calculate

Nusselt number

Nu, = 0.045Ra, /3 for  Gr, > 10° (31)

His correlation agrees well with both correlatiafg!O] and [43].
Markatos and Pericleous[6], provided three conmtatequations for laminar and
turbulent natural convection in an enclosed ca{gstyuare enclosure) according to the

value of Rayleigh number. These correlation equatere in the form:

Nu, = 0.143Ra, ***° for 103 < Ra;, < 10° (32)
Nu; = 0.082Ra,***° for 10° < Ra, < 10'2 (33)
Nu;, = 1.325Ra,°**° for 10'%2 < Ra, < 10%° (34)

For large aspect ratios Macgregor and Emery [48}ided two correlation equations to

calculate the Nusselt number

10* < Ra, < 107

H\7%3 4
Nu, = 0.42Ra, /+pro012 (f) for [t <Prszx10 (35)
10 < — < 40
L
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10® < Ra; < 10°
1<Pr<20

1<H<4O
L

Nu, = 0.046Ra, /3 for (36)

Ramesh and Venkateshan[11], experimentally stutheatural convection in a square
enclosure, filled with air, using differential imterometer and they provided a
correlation equation to calculate the Nusselt nurtiet match the experimental results.

The correlation equation as a function of Grashuwhber is
Nu; = 0.56Gr%1% for 5 x10*<Gr<2x10° (37)

Trias et al. in part-I [45] and in part-Il [46] slied the numerical methods and heat
transfer inside a differentially heated cavity spact ratio 4 with Rayleigh numbers up
to 10" using the direct numerical simulation. They preddwo correlation equations

to calculate Nusselt number for the studied rarfideayleigh number.

Nu, = 0.182Ra, %275 for 6.4x10% < Ra< 101! (38)
Ny = ( _ b 1 b 1
u, = €, (1= exp(aRa,)) Ra, s + Coexp(aRa,")Ra, s (39)

For6.4 x 108 < Ra < 10! where,C; = 4.6847 x 1072,
C, =3.2101 x 1071, a = —1.5104 x 10~* andb = 3.1874 x 107!

All these correlation equations have limitationsd amsed for a certain range of
parameters which must be carefully noted before/ thwe applied. First and most
important, is the geometry which is a major fackmtr example external flow over a flat
plate is not the same as flow inside an encloslines, each correlation equation is
valid for a specific geometry. Second importamtitations on the range of parameters
used, such as the Rayleigh, Prandtl and Grashofbersnfor which a correlation

equation is valid, are determined by the availgbdf data.
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2.5 Interaction between radiation and natural convectia in

square and rectangular enclosures

The importance of surface radiation with naturalnvetion in square and
rectangular enclosures has also been studied amdtigated by many researchers.
Balaji and Venkateshan[47], numerically investigatéhe interaction of surface
radiation with laminar free convection in a squaravity. They elucidated the
importance of surface radiation even at low emigss’ and provide some reasons for
the discrepancies noted between the experimenthltlaoretical correlations. They
[48]derived correlation equations to calculate amtwn and radiation Nusselt numbers
in square enclosures. Sen and Sarkar[49], haveidewed the effects of variable
properties on the interaction of laminar naturahvaxtion and surface radiation in a
differentially heated square cavity. They discodetteat, the presence of both radiation
at low emissivity £ = 0.1) and variable properties, affect intensivéhe thermal
stratification of the core and the symmetry of thiel-plane vertical velocity as well as
temperature profiles. Akiyama and Chong [50], asedl the interaction of laminar
natural convection with surface thermal radiatiorai square enclosure filled with air.
They found that the presence of surface radiatignificantly altered the temperature
distribution and the flow patterns and affected Wiatues of average convective and
radiation Nusselt numbers.

Velusamy et al. [51], studied the turbulent natw@hvection with the effect of surface
radiation in square and rectangular enclosuresy poated out that, the radiation heat
transfer is significant even at low temperatured bow emissivities. Colomer et al.
[52], looked at the three-dimensional numericalgation of the interaction between
the laminar natural convection and the radiatioa differentially heated cavity for both
transparent and participating media. Their workeeds that in a transparent fluid, the
radiation significantly increases the total heakfhcross the enclosure. Ridouane and
Hasnaui[53], investigated the effect of surfacdathh on multiple natural convection
solutions in a square cavity partially heated frbelow. They found that, the surface
radiation alters significantly the existence rangethe resultant solutions. Sharma et al.
[54], studied the turbulent natural convection wghrface radiation in air filled
rectangular enclosures heated from below and cooted other walls. Their results
emphasise the need for coupling radiation and caziioreto get an accurate prediction
of heat transfer in enclosures. Also Sharma et[4l. investigated and analysed
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turbulent natural convection with thermal surfacadiation in inclined square
enclosures. They reported that, for the case ofean§ inclination ¢ = 90°, the
circulation rate in the enclosure increases sigaifily and the turbulent viscosity is
three times that of the non-radiating case.

This work focuses on the effect of aspect ratio egadistic conditions (which include
the effect of different enclosure size, changing ¢bld and hot wall temperatures, and
using different fluids, for all properties vary witemperature) on the turbulent natural
convection with and without surface radiation reépaa correlation equation for the
natural convection for both types of (square aradareggular enclosures). The analysis
uses a new dimensionless group which demonstrdtes re¢lation between the

convection and radiation heat transfer inside #ogangular and square enclosures.

2.6 Correlation equations for natural convection with

radiation interaction in square enclosure

Balaji and Venkateshan[48], numerically studied thieraction of surface radiation
with free convection in a square enclosure. Theyided two correlation equations to

calculate convection and radiation Nusselt numbers.

Nuc = 0.149Gr°2%4( 1+ £4) 02 7( 1 + £.)*182( 1 + £5)7013°

0.115( Ny >0.272 103 < Gr < 10° ]
0.73 < Tr < 0.95 (40)
(1ter)  Wec+1 4 < Npe < 22
—-0.039
— —0.0093 0.808 . 0.342 0.199
Nug = 0.657Gr ey % (1+¢&p) (1+e)
1.149 103 < Gr < 10°
(1—TrH Nect0°110.73 < Tr < 0.95 (41)
4 < Npe < 22

WhereNu, is the convection Nusselt numbahy is the radiation Nusselt numbey;
Is the emissivity of the hot wall, is the emissivity of the cold walkg is the

oTHL
k(TH-TL)

emissivity of the bottom walk; is the emissivity of the top wall, aié,- =
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Akiyama and Chong [50], investigated the numer@ahlysis of natural convection
with surface radiation in a square enclosure, thyided a correlation equation to
calculate Nusselt number to within an average dieviaof 7.32% and a maximum

deviation of 14.82% compared to their numericaliitss Their correlation equation is
Nu; = 0.529Ra, 0306503497 for  10* < Ra;, < 10° (42)

Velusamy et al. [51], provided two correlation etjuas to calculate Nusselt number
for the case of interaction between surface ramhagind turbulent natural convection in
square enclosures. The two correlation equatiosigetively are for the total Nusselt
number for coupled natural convection with surfaadiation and the total Nusselt

number for decoupled natural convection with radrat
Nu; = 0.17Ra,; %% for  10° < Ra < 10'2 (43)

Nuy = 0.142Ra;***'* for ~ 10° < Ra < 10%? (44)

2.7 The use of turbulence models for modelling natural

convection

The geometry that was solved is shown schematicalliyjgure2.1. This is a two
dimensional flow of an ideal gas in an enclosursidé H and width L. The two vertical
hot and cold walls are heated isothermally anddtier two (horizontal) walls are
adiabatic. To simplify the problem and focus on lieat transfer between the hot and
cold walls the adiabatic wall surfaces are takerneais emissivities which is similar to a
highly shiny, insulated surface. It is appreciatieat changing this will alter the rest of
this analysis, and this could form the basis otifeitwork. The turbulent flow in the
enclosure is analysed using the commercial cod&JENT 6.3) and by using the RNG
k-e model with the Boussinesq approximation for thesity.

The RNG ke model was derived using a rigorous statistical hoet (called
renormalization group theory). It involved the immpement in the accuracy of theck-
model in rapidly strained flows by adding anothent to the: equation, and enhancing

the accuracy of the swirling flows by including teiect of swirl on turbulence. It also
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accounts for low-Reynolds numbers effects by priogdan analytical differential
formula for effective viscosity, which depends anappropriate treatment of the near
wall region [55] These features make the RNG kaodel more accurate and reliable
for a wider class of fully enclosed airflows thdre tstandard k-model. Zhang et al.
[56] have compared four turbulence models for tindbdulent natural convection in
enclosures they have found that the RNGrkedel agreed better with the experimental
results of [57, 58] than the other models. Gan[i# also studied the turbulent buoyant
flow in a tall air cavity using the standard kand the RNG k-models. He pointed out,
by using the RNG k- model, an improvement in the predicted results aaseved
compared to the standardcknodel. Zhang et al. [60] have compared eight tigroze
models for predicting airflow and turbulence in leised environments they have found
that between the RANS models, the RN@&rkodel produced the best results. Coussirat
et al. [61]studied and analysed the influence arfiopmance of five numerical models
on the simulation of free and forced convectiondouble-glazed ventilated facades,
they found that the RNG &-model performed better for predicting heat tran#fi@an
the other turbulence models, compared with experiateresults. Omri et al. [62],
studied the turbulent natural convection in nortipaned cavities using three different
CFD models. They found that all the models givastattory predictions compared
with the experimental benchmark values [63]. Fasthreasons the RNGekmodel

was chosen in this work.

2.8 Dimensional analysis of natural convection in enckures

Patterson and Imberger[17] studied the transieniralaconvection in a cavity of
aspect ratio less than one. They provide a dimaless analysis of the heat transfer
inside a rectangular enclosure. Bejan[19] explaitiex pure natural convection heat
transfer flow regimes in tall, square and shallowlesures. He provides an extendable
dimensionless analysis of the heat transfer insmtH#osures based on the dimensional
analysis of [17]. He claims that the relationshgivieen Nusselt number and Rayleigh
number in enclosures with different aspect ratosnore complicated and cannot be
expressed by just a power law. Johnstone and Tbdhgtudied the scale up methods
of general heat transfer. They provide a dimensianalysis of different heat transfer

cases.
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This study focuses on the dimensional analysigvior cases of natural convection,
pure natural convection and natural convection witteraction of surface thermal
radiation. Both problems have been analysed anctlation equations for both cases

will be provided.

2.9 Experimental studies of natural convection in enclsures

Many researchers experimentally studied the velopibfiles inside the cavities.
They tried to find out the position of the peakoaity and flow reversals and how that
effected the thickness of the boundary layer. Ia ghudy the velocity boundary layer
was considered to be the region of velocity vawegh extends from the wall to the
first zero or near to zero velocity value and deesinclude the region of reversed flow.
Also the core of the enclosure is defined relatveghe velocity or thermal boundary
layers and by noticing that the temperature flubbug are more dependent on velocity
fluctuations not vice versa. Therefore the defamtiof the core based on the velocity
boundary layer is more preferable. King [57], definthe core as that region which
exists beyond the velocity boundary layer which semd the first position of zero
velocity.

Kutaleladze et al [65] studied the turbulent ndtacavection on a vertical flat plate.
They observed that the lateral position of the pmakn velocity increases as the height
increases. They also showed that increasing thieyoaidth will increase the boundary
layer thickness and significantly decrease theoarglosalue. Schmidt and Wang [66]
experimentally studied the turbulent natural cotieecin an enclosure filled with
water. They observed the flow reversals just oetsifl the boundary layer for about
60% upstream of each wall. They noticed that thekpef the velocity values start to
decrease and moved away from the wall (increasiagdpoundary layer thickness) after
the enclosure mid-height. Giel and Schmidt [67] exkpentally studied the turbulent
natural convection in an enclosure filled with wat&@hey observed the velocity
reversals to occur at upstream of 70% of the heateldcooled walls. They claimed that
the boundary layer thickness was being constargpat the corner regions. King [57]
studied the turbulent natural convection in airigavHe observed that the boundary
layer thickness and the peak of the mean veloc#tsevat its minimum at the bottom of
the heated wall than is starts to increase up @ontld-height then it start to decrease

again. Lankhorst et al [12] experimentally studibé buoyancy induced flow in a

26



square enclosure filled with air. They used laseper velocimetry to obtain the
velocity and turbulence intensity profiles inside tenclosure. They found that as the
flow proceed downstream the peak velocity shifteayafvom the wall causing a growth
of the boundary layer. Also they noticed that tlheebulent intensities are nearly
symmetric in the hot and cold boundary layers ailar heights of the boundary layer
growth. Ayinde et al [68] experimentally investigdtthe turbulent convection flow in a
channel using the particle image velocimetry. Tfaynd that the peak of the velocity
value increases as the aspect ratio or the Rayteigiber increase.

This study focuses on the thermal analysis of hematsfer inside square and
rectangular enclosures using three aspect ratitsd i this study the velocity and
turbulence intensity profiles using the Laser DeppVelocimetry (LDV) will be

discussed and compared with the numerical results.

2.10 Conclusion

From the published literature it is clear that gveblems of both natural convection
with radiation effects and with the effect of retiti conditions (which include the effect
of enclosure sizes, different wall temperaturespees ratios and variable fluid
properties) needs be studied in detail. Also, tbekvof Jonstone and Thring [64] shows
that while many physical problems can be approacheslgh dimensional analysis,
this problem has not been looked at from this as@ex can profitably be studied in

detail.

Therefore this study will focus on examining howe tdimensional analysis of this
problem and the effect of the realistic conditicas lead to some general outcomes and
empirically reduce the problem to some simple reteships. To this end, the study will
aim to provide correlation equations for Nusseltmber for the two cases of pure
natural convection and natural convection with atidn interaction; both with the
effect of realistic conditions. Also this study Wirovide the variables needed to use a
new dimensionless equation which describes thdioeldetween natural convection

and radiation heat transfer inside enclosures.
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CHAPTER 3

THEORETICAL BACKGROUND

3.1 Convection heat transfer

The heat transfer by convection between a wallaserfand a fluid can be calculated

using Newton'’s law of cooling [2]:

Qconv = hA(Ty — Tw) €Y

WhereQ,.,,,, iS the heat transfer rate by convection betweenréace of area A at a
temperaturdl,, and a fluid of temperaturg,. The quantityh is called the convection
heat transfer coefficient. For some convection treaisfer systems the convection heat
transfer coefficient can be calculated analyticddiyt for more complex systems the
convection heat transfer coefficient must be deiteechexperimentally [2].

3.1.1 Convection boundary layers

Conceptually, there are two boundary layers, vgfdooundary layer and temperature
boundary layer. To define these two boundary laitessbest to consider the flow over
a flat plate as shown in figure 3.1. A flow regidevelops starting at the leading edge of
the considered plate, where the effects of theousdorce are dominant. This effecting
viscous force is a function of shear stress betwiked layers. This shear stress is

proportional to the normal velocity gradient[2, 3].
_ du 5
TR (2)

Where = Shear stress

u = Dynamic viscosity

du _ . .
o Velocity gradient
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The region of the flow in which the effects of thiscosity are observed to start develop
from the leading edge of the plate; this regioncadled the boundary layer. This

boundary layer ends at a distance on the y codaliwaere the velocity becomes 99
percent of the free stream value.

At the beginning the boundary layer developmeransinar and as the flow developed
from the leading edge a transition process stamts with increasing distance, the

laminar layers are no longer stable and the floeobees turbulent. The transition from

laminar to turbulent flow on a flat plate occursemhReynolds number [2]

U X
Rexzpu > 5% 10 3)

Whereu,, = Free stream velocity
x = Distance from leading edge

p = Fluid density

The thermal boundary layer develops when the @atéace temperature and the fluid

free stream temperature are different. Also it mkdi as the region where the

temperature gradients are present in the flow. Tdrnigperature gradient caused by heat
exchange between the plate surface and the flind.thermal boundary layer ends at a
distance y wheréT, — T) = 0.99(T; — T,,).
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Here, the Prandtl number is the ratio between tineknesses of velocity to thermal
boundary layer.

Consider the flow over a flat plate as shown iruffeg 3.2. The temperature of the
surface isly, the temperature of the fluid far from the surfecg,, and the thickness of
the thermal boundary layer &. At the plate surface the heat transfer occurg byl

conduction because there is no fluid motion. Theslocal heat flux is

T, Free stream

—_—>
Thermal
boundary

SN layer

Figure 3.2 Thermal boundary layer development oisatmermal flat plate.

aT
q= —k— (4)

y surface

Combining this equation with Newton’s law (equataore above) result:

_ _k(aT/a:V)surface

T —T.) )

This means that to find the heat transfer coeffictbe temperature gradient at the plate
surface need to be found.

In this study the velocity boundary layer was cdased to be the region of velocity

values which extends from the wall to the firstazer near to zero velocity value and

does not include the region of reversed flow. Thengerature boundary layer is

considered to be the region of temperature valugsharextends from the wall to the

position where the fluid temperature reaches thahe fluid at the cavity centre and

(Tw-T) is a maximum.

30



3.1.2 Equations of motion for natural convection

From the physical mechanism of natural convectionai gravitational field, the
buoyancy force exerted by the fluid on a body Wwél equal to the weight of the fluid
displaced by the body[3].

Fbuoyancy = pfluidngody (6)

Whereps,iqis the average fluid density, g is the gravitatiazceleration andfy,, g, is
the volume of the body portion immersed in thedluihe net force acting on this body
will be[3]:

Fpee =W — Fbuoyancy = pbodyngody - pfluidngody = (pbody - pfluid)gvbody ™)

The force shown in equation 7 is proportional te tlensity difference of the fluid and

the body immersed in this fluid. In heat trandtrdies, however, the most important
variable is the temperature; hence the bouncy $one®d to be expressed in terms of
temperature difference instead of density diffeeerithe property, which represents the
relation between temperature difference and demsitgrence at constant pressure, is

called the volume expansion coefficifpt-1), which is defined as [3, 69]:

8=, =), ®

The approximate value of this volumetric coeffitciaa produced by replacing the

differential quantity by a difference quantity as i

B~ AT ™ T, =T ©
Or
P —p = pB(T — Tx) (10)

31



Wherep,andT,are the bulk density and temperature of the flaspectively, which
are measured far away from the surface so, thegeeqres not be affected by local
conditions.

The equation of motion of the natural convectioomflin the boundary layer for a
vertical hot plate can be derived[3]. By assuminagt,tthe flow shown in figure 3.3 is
steady and two dimensional and that the fluid isvtdaian (with constant properties
except for density) then, the Boussinesq approxandbr density can be applied. The
basic approach in this approximation is to treatdbnsity as constant in the continuity
equation and the inertia term of the momentum eéguoiabut allow it to change with
temperature in the gravity term[70].The temperatueé velocity profiles on the vertical
plate will be as shown in figure 3.3. The fluid a&lty out of the boundary layer is zero
as well as at the plate surface, which differs frimmced convection, because here the
fluid’s outer the boundary layer is motionless[3he velocity magnitude increases
from zero at the plate surface to a maximum védbea starts to decrease again to a zero
value at a distance far from the plate. The fl@ihperature is a maximum value at the
plate surface which in turn is equal to the plat@perature this then starts to decrease
until it is the same as the surrounding fluid terapgre at a certain distance from the

plate surface.

Now, consider a differential volume of height lengtidy, and a unit depth in the
direction, where the forces acting on this volurfeenent are shown in figure 3.4. By

applying Newton'’s second law of motion in the veatx direction:

E, = dm.a, (11)

Wheredmis the mass of the fluid elemémnt = p(dx.dy.1). The acceleration in the
direction will be

du dudx OJudy  du ou

ax=a=aa+aa—ua+va (12)

And the associated force is:

E = (ua—u + va—u)p(dx. dy.1) (13)
0x dy
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Figure 3.3 Natural convection over a vertical platd temperature and velocity
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Figure 3.4 Forces acting on a differential volum@atural convection over a vertical

plate
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The forces acting on the fluid element in the waltidirection are the pressure forces,
the shear stresses and the force of gravity. Théonees acting on the element from

figure 3.4 will be:

E, = (Zy dy) (dx.1) — <6p dx) (dy.1) — pg(dx.dy.1)

0*u dp
< W S pg) (dx.dy.1) (14)

From equations 13 and 14 the conservation equaifomomentum in the vertical

direction
(ua—u+va—) (dx.dy.1) = ( 62_u_6_p_pg> (dx.dy.1) (15)
0 ay2 ox
Dividing by (dx.dy. 1) gives
ou Ou 0*u dp
p<ua—+ ay) (“a_w_ﬂ_p‘-q) (16)

Equation 16 can be applied to the fluid far frora Houndary layer by setting= 0 to
get

0P 17
ox Pl (17)

By knowing thatv « u in the boundary layer ar% ~ Z—; ~ 0 also assuming that there

are no body forces in the direction, so the force balance in thairection gives,

op _
6y_

Therefore, the pressure in the boundary layer énxttirection will be equal to that in

the surrounding fluid; from equation 17

op 0Opo

ox - J0x ~ TP=g (18)
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Subtracting equation 18 from equation 16 gives
( 6u+ 6u>_ 62u+( ) 19
Plugytvg,) =tazt (P —P)g (19)

Substituting equation 10 into equation 19 and angdoth sides by gives

LI 20

This gives equation 20which is the momentum equoatat controls the fluid motion in

the boundary layer due to the effect of buoyancy.

3.1.3 Dimensional numbers

The governing equations in natural convection amenally non-dimensionlised and
the variables are combined together to producemadimensional numbers to reduce

the total number of variables.

3.1.3.1 Nusselt number

Consider the heat transfer from a fluid layer adesiareaA, a thicknessL and a
temperature difference between two sidedADf= T; — T,. If the fluid is moving, from

equation 1 the heat transfer by convection wilabe
Qconv = hA(T; — T) (21)

If the fluid is motionless the heat will be transésl by a pure conduction according to

this equation:

kA(T, — T
Qcona = % (22)

The two equations can be non-dimensionlised bytathe ratio of the two equations:
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Qconv _ [hA(T1 - Tz)] _ h_L
Qcond B [M] B k
L

= Nu (23)

The dimensionless group producedis called the Nlusseber[71], which represents
the number of times that the heat transfer is ecddhiby convection relative to that of
conduction. That means that the larger the Nusseltber the, more effective the

convection heat transfer.

3.1.3.2 Grashof number

The governing equations of natural convection h&anhsfer can be non-
dimensionalised using some suitable constant diesitiThese constant quantities
are[3]:

x y u
x*:—’y*:—,u*:—,v =
L¢ Le v

_ T-Too

v Repv
%4 Ts—Teo

, Wherel/ =

Substituting these into equation 19 gives

ou” ou” 1 o%u* Ty — To)L?\ T*
ow o v () o0

Y ax v oy* - Re; dy*? 92 Re;
Where the dimensionless parameter shown betweehr#to&ets is called the Grashof
numberGr;[71]

_ gﬂ(Ts - Too)L3

Gy, 97

(25)

Where the Grashof number is the ratio between tlwg/dncy force and viscous force
and the magnitude of which allows the flow to basidered as laminar or turbulent.
The product of the Grashof number and Prandtl nusnlie called the Rayleigh
number[72]:

gﬁ(Ts - Too)L3
.Pr

92 (26)

Ra; = Gr Pr =
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Where Prandtl number is

cp o
pr=2P_"(27)
k a

The Rayleigh number in natural convection is analsgto the Reynolds number in
forced convection and is a measure by which the ftan be calculated as laminar or
turbulent. Inside enclosures, the transition framihar to turbulent flow occurs when

the Rayleigh number is greater than one milliorg[2,

3.2 Radiation heat transfer

Radiation is the energy emitted by a body in thenfof electromagnetic waves. The
energy transferred by radiation does not requieeptiesence of an intervening medium
such as conduction and convection. The most irtefefudies in radiation heat transfer
is the thermal radiation, which is the form of &tthn emitted by bodies because of
their temperatures [3]. All bodies emit and abseldxtromagnetic waves all the time,
by decreasing or increasing their temperatures thrdstrength of this emission is
depending on the temperature of this body [73]. Temal surface radiation occurs
between two or more surfaces at different tempezatuand it becomes extremely
important if the temperature difference is higheda the fourth order dependence of
the radiation, which implies that radiation will mate at high temperature
differences.

3.2.1 Radiation fundamentals

A surface at an absolute temperatilifemits a maximum rate of radiation according to

the Stefan-Boltzmann law as[3]

Qrad—max = O-AsTg (28)

Where 0 = 5.67 X 1078 W/m?.K*, is the Stefan-Boltzmann constadt,m? is the

surface area and; K is the absolute surface temperature. The surfdgehwemitted
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radiation by a maximum rate as in equation 28 Ikedaa black body. All the other
surfaces at the same temperature of the black boslgmitted radiation less than the

black body according to this equation

Qrad = SO-AsTg (29)

Wherece is the emissivity of the surface and its valueishe range o0 < e < 1. The
emissivity value for the black body és= 1 and its value is less than one for the other
surfaces, which depend on how closethat body emsit#o the black body.

There is another surface radiation property, treogiiivity o its value is in the range
of 0 <x< 1. The black body absorptivity value ¢s= 1 that means it absorb all the
incident radiation on it. From Kirchhoff's law themissivity and the absorptivity of a
surface are equal at a given temperature and waytble Any surface as shown in
figure 3.5 absorbs radiation according to the feifg equation

Qabsorbed =« Qincident (30)

WhereQ ps0rpeq IS the portion of the heat absorbed by the surfah);, igens 1S the
incident heat radiation on this surface. There ipoaion of the incident radiation

reflected back by the opaque surfaces as showguref3.5.

Calculating the net radiation heat transfer betweensurfaces is complicated, because
it depends on many parameters such as the prapeftithe surfaces, their location
relative to each other and the interaction of tlwdfbetween the two surfaces with
radiation [2]. For example when a surface of enaigsic and surface aredg at an
absolute temperaturd; is completely enclosed by a large surface at absol
temperaturdy,,,,- separated by a gas that does not intervene wdiatian as shown in

figure 3.6, in this case the net radiation heatdfer between the two surfaces will be as

Qrad = SO-AS(Tg - T gurr (31)
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Qincident

Qref = (1-x) Qincident

Qabs =% Qincident

i

Figure 3.5 Incident, absorbed and reflected haaster on a surface of an absorptivity

a.

Surrounding
surface alfgy.r

Qemitted

Surface of
8) 'AS! TS

Qincident

Figure 3.6 Heat transfer between two surfaces ongltetely surrounding the other.

3.2.2 The view factor

Radiation heat transfer between two surfaces deypendhe radiation properties of the
two surfaces one of these properties is the ofientaf the two surfaces relative to
each other as shown in figure 3.7. To show theceftd the orientation of the two
surfaces relative to each other on the radiatiat transfer between the two surfaces a
parameter called the view factor is defined. laipurely geometric quantity and it is
independent of the temperature and the surfaceepiep. The view factor is defined as

the fraction of the radiation leaving surfac® a surfaceg that strikes surface j directly
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and is denoted by;_,; or justF;;. WhereF;, represents the fraction of radiation

leaving surface one that strikes surface two direct

Surface two

Surface one
Surface three \ /

< Radiation heat source

Figure 3.7 Radiation heat transfer depends on w@tien between surfaces.

This view factor can be calculated using the folluywequation

dA,dA, (32)

B _ Qasa, 1 cos 6, cos 6,
Fio=Fy 4, = =4, )
2 1

Qa, mr?

Wherer is the distance betweeld; and dA, andf; andé, are the angles between the

normals of the two surfaces and the line connédtsand dA, respectively.

There are some rules controlling the relation betwaew factors:

» The reciprocity ruled;F;_; = A;F;_; (33)
* The summation rulg), F;_; = 1 (34)
e The superposition rule Fy_;3) = F12 + F1.3 (35)

e The symmetry rule (if surfacgs@ndk are symmetric about the surfad@en)
Fi—>j = Fi—>k (36)

The radiation heat transfer between two surfacesifig an enclosure can be calculated
using this equation
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o(Ti1—-T3) _ oTi—-T3)

)., = = 37

Q12 R, + Ry, + R, 1—¢&; n 1 1—¢, (37)
Ar1&r A1F12 Az&

Where the ternR; = ﬁ is the surface resistance to radiation &pd= AL is the

i€i ilij

space resistance to radiation.
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CHAPTER 4

DIMENSIONAL ANALYSIS OF
HEAT TRANSFER IN CAVITIES

4.1 Introduction

The dimensions of any physical quantities can baipudated algebraically and the
results can be used to provide useful informatamrtlie physical processes considered.
This study is the so-called dimensional analysid].[fOthers define dimensional
analysis as a process for eliminating extraneot@nmation from a relation between
different physical quantities [75]. Palmer [76]fides it as a technique that can be used
to represent and elucidate relationships betwegsiqdl quantities. There are two basic
approaches to establish the dimensionless relati@mischaracterize the behaviour of a
system [77]. The first approach is to study theegaehequations that control the
behaviour of the system. The second approach guidy the specific equations that

control the behaviour of the system.

For any equation to meaningfully express propertésa physical system, this
equation must have numerical equality and dimem$ibomogeneity between its two
sides [78]. Dimensional analysis is concerned amityh the nature of the properties
involved in the situation and not on their numdrigalues, particularly where the
numerical value of the dimensional quantity is pefelant on the system of units used
for its measurement [79]. This study focuses ordiheensional analysis of two cases of
natural convection, pure natural convection andinahtconvection with interaction of
surface thermal radiation. Both problems are aealysd correlation equations for both
cases provided. The analyses use two methods dotlie dimensional correlation
equations that control the heat transfer insiddosnces, as shown in figure 4.1. The
first method is through the use of dimensional mdthto get the final correlation

equations, while the second method starts fromgtheerning equations. It should be
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noted that the same groups can be found using diotbnsional analysis techniques,
though the second method is far more rigorous.

< L >
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Figure 4.1Two-dimensional rectangular enclosuré wgdthermal side walls.

4.2 Producing dimensionless correlation equations

The dimensional analysis correlation equations both square and rectangular
enclosures will be produced in this section uswg tnalysis methods and for two
cases pure natural convection and natural conveetith radiation. The first method

starts using the produced dimensional analysis@fEnergy equation by Johnstone and
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Thring[64]. The second method starts from the gower equations for square and

rectangular enclosures.

4.2.1 First analysis method

Using dimensional analysis of the energy equatiohnstone and Thring[64], found
that, for the process of heat transfer by purerahttonvection they could derive the
following equation

H BgATL3p? ucC
— = ( )@
u K

KLAT

The same equation has been derived by Ipsen[7T]the case of pure natural
convection, which stateéu number in terms ofir andPr numbers.
They [64] also have found that the dimensional gsislfor the case of pure radiation

led to this equation

= 0(7) @

Which is the heat transfer ratio in terms of theadite temperature ratio.
Then for the case under consideration, which ireduoth natural convection and
radiation heat transfer, the two previous equatibrad 2 can be coupled together to

form the following new dimensionless equation

H H ATL3p? uCp T,
( BgATL?p? uCp h>(3)

oel2T* ~ "\KLAT'~ 42 'K 'T,

Which is, heat transfer ratio in terms of Nussalmiber, Grashof number, Prandtl
number and absolute temperature ratio.
As mentioned in their book Johnstone and Thringnébthat [64], the rate of heat

transfer in terms of heat transfer coefficient \yggp®n as

H = hI2AT (4)

44



Substituting equation 4 into equation 3 gives

hLPAT  Qeony R (hL BgATL*p* uCp T, )
oel2T*  Q,qq o0eT3 "\K' u* ' K'T.

Where this equation is the heat transfer ratio betwconvection and radiation (new
dimensional group) as a function of Nusselt, Grasind Prandtl numbers and

temperature ratio.

4.2.2 Second analysis method for square enclosure

The governing equations for the mass, momentumesredgy conservation within
the enclosure (as shown in figure 4.1) can be dextras in equations 6, 7, 8 and 9

below.

Continuity equation
The continuity equation is a differential equattbat describes the conservation of
mass. The general form of the continuity equataraftwo dimensional turbulent flow

is:

d(p)  d(pu) d(pv)
ot T Tax oy

Wherep is the fluid densityt is the timeu is the x velocity ana is the y velocity

(6)

components.

Momentum equations
From Newton’s second law the rate of change of nmume of a fluid particle equals to
the sum of the forces on the particle. The gerferal of the momentum equation in the

x and y coordinates for a turbulent flow is:

x-component of the momentum equation

d(pu) 8(puu)+8(puv)_ ap [(au av)]
at dx oy~ ox Tayl"\ay T ax

Wherep is the static pressure apds the viscosity.
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y-component of the momentum equation

d(pv) d(puv) d(pvv)  dp 0 dv Jdu
at | ax oy _@J’ax[ <8x a)]”ﬁg(T To)(®)

WherepBg(T — T,) is the Boussinesq approximation for buoyargtys the thermal

expansion coefficient anglis the gravitational acceleration.

Energy equation

The energy equation in the case of heat transfertio dimensional coordinate is:

d(pCpT) N d(puCpT) N d(pvCpT) 0 [ OT] 0 GT]
ot ox dy ayl oy

€)

By multiplying equation 7 by(%and equation 8 bf; then the pressure terms can be

eliminated and the momentum equations combinedroolyce a single momentum

equation:

3 +ua+v@ —@ E-l_ ax-l—UE

_ [0 (9 0%\ o (0%u 0% i
~ T lox\ox? " ay? dy \ax2 ay gﬁ 10

Which contains three momentum groups that conhrelftow of air in the enclosure;

0 (81} ov 617) 0 (au ou 8u>
Jx \ ot

these groups are, from left: inertia, viscous iict and buoyancy.

Based on Fourier’s law, the heat transfer balahtigeaboundary can be defined as:

aT oT

—ka— = —ka_ = h(Twaur = Twauz) + fin.ey0 Towans — Tovanz) (11)
Xlwati1 Xlwaiiz

Where f, . is a function of the geometry and separation & walls and their

emissivitiess is the Stephan-Boltzmann constant.
The above equations of motion can be simplifiechwidimensional analysis. Patterson
and Imberge[17], proposed that the energy equatonbe converted to dimensionless

groups at a time just after= 0 when the fluid beside each wall is motionlégs= v =
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0) and the thermal boundary layer thickne$s,is much smaller than the enclosure
height so that:

0°T  0°T

a—yz « FPel

Therefore the energy equation 9 can be simplifted t

oT 0°T
E =a W (12)

Or

AT AT
— X a—z
t Sp

This equation indicates that following= 0 the thermal boundary layer increases

proportionally to:
S~ (at)'/? (13)

Referring to equation 10, Bejan[19] argues thabgumingu « v the initial vertical

velocity scale will be as:

gPATat
YT

(14)

As time passes, a steady state situation occurgrewthe flow is dominated by
buoyancy effects. There will be a time= t; when the boundary layer reaches its
maximum thickness and an energy balance occursebetweat conducted from the
wall and the heat carried away by the buoyancymFtbe energy equation 9, it is

possible to define this time as:

1/2

s

The governing equations can be non-dimensionalis@ty the following scale groups

from [19], with the exception &, where the hot and cold wall temperatures are:used
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x y Th(T B Tc) v
X=—, Y ==, =, U=————andV =—

Or H Tc(Th - Tc) (5T/H)Vf Uy
The resulting non-dimensionless governing equatamasas [19]:
ou N v 16
ax aY (16)
1 [6 (U6V+ 6V) G _lP 10 <U6U+V6U)]
_ —_— _ — 2 2 — —_— —_—
priox\"ax " "ay) T T fovWax T oy

a (0%V 1 19%V 119 [9%U 1 19%U
=ﬁ —+ Gr 2Pr 2 — Gr 2Pr 26_ —— 4+ Gr 2Pr 2

0X? aY? y\0X? aY?
+ Tt 09 17
U68+Vag 626+G ’lP -4 9% 18
—_— _—— 2 2
ax T ay “axz T M Toye (18)
And from the heat transfer at the boundary showegumation 11:
° <5T) (Th) [Nu, + Nu, ] 19
0X wall Bl H Tc e tr ( )
WhereNu, is the convection Nusselt number:
hH
Nuc = T (20)
And Nu, is the Radiation equivalent Nusselt number:
oH(T — T2
Nur — f(L,s) ( h C) (21)

k(Th - Tc)

The two numbers of Nusselt numbers could be condbin® a new dimensionless

groupRC,,, which is the ratio of convection heat transfestioface radiation:

Nuc _ Qconv _ h(Th - Tc)
Nur Qrad f(L,s)O-(T};} - Tc4)

RC, = = Nu,PI (22)
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From equation 19 the total Nusselt number is

Nu; = Nu, + Nu, (23)

Which is the total Nusselt number as a functionarfvection Nusselt number and

radiation equivalent Nusselt number.

4.2.3 Second analysis method for rectangular enclosure

This analysis focuses on the effect of aspect @tithe dimensional analysis for two
cases of natural convection, pure natural convectdod natural convection with
radiation interaction.

From the mathematical model described above thergow equations from 6 to 9

can be non-dimensionalised using the followingescabups:

H/L)T,(T —T,
x=X y=2 _ (H/L)TW( c), v
o1 H Te(Tp — Tc) (5T/H)Uf Uy
The resulting non-dimensional governing equatiorsaa:
au N v 24)
ax oy (
1 [6 (U6V+V6V) G _gp 14 <U6U+V6U)]
—_ —_— —_] — 2 2 — —_ _ =
priox\"ax " ay) " T fay\Vax T oy
o0 [(0°%V 1 _19%V 110 [(0%U 1 _10%U
% W+Gr 2Pr 26Y2 — Gr 2Pr za W+Gr 2Pr ZaYZ
+AR‘1T‘16—8 (25)
"oox
U60+V69 626’+G _lP 1976 26
—_— _—— 2 2
ax T oy oaxz T M oye (26)
And at the boundary:
a0 6r Ty
- =2 27
Xl THT, (Nuc + Nuy) (27)
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WhereNu, is the modified convection Nusselthnumber:

Nu. =—x* AR 28
Ue =+ (28)

And Nu, is again the modified radiation equivalent Nussalnber:

N = f(L,s)O-H (T;ll- - ch})
T k(Th - Tc)

x AR (29)

Where AR is the aspect ratio

AR =— (30)

The ratio of the two Nusselt numbers from equati(#® and (29) can be combined

into a new dimensionless groR(@,,, as before:

Nu, _ Qconv _ h(Th B Tc)

RC, = = =
" Nur Qrad f(L,s)O-(T};} - Tc4)

= Nu,Pl (31)

4.3 Producing the new dimensionless group from the

provided dimensionless equations

4.3.1For square enclosures

Thus dimensionless groups defined from the twoigest4.2.1 and 4.2.2 above can be

combined into the following generalised dimensisalequation:

Nu; = ¢(RC,, Gr,Pr,T,) (32)
And
RC, = ¢(Nuy, Gr,Pr,T,) (33)

WhereRC(, is the heat transfer ratio in terms of total Nltssember, Grashof number,

Prandtl number and absolute absolute temperattioe(tlae new dimensionless group).
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Equation 32 can be compared to Johnstone and T$[6dd dimensionless equation for

a general heat transfer problem involving radigtioonvection and conduction using

the Thring numbel(Th = pc”v):

oeT3
Nu = ¢(Re, Gr,Pr,Th,T,) (34)

For the case of natural convection without radraiiteraction; by setting/u,- to zero

from equation 23 and hence omittirRf’,, from equation 32 it gives:
Nu, = @(Gr, Pr,T,) (35)

Which is the convection Nusselt number as a functd Grashof number, Prandtl
number and temperature ratio.

The same sort of result can be provided using thiagdrem for the case of pure
natural convection heat transfer. This analysishiegs shown in appendix A.

Even though, many correlation equations have beeviged in the literature using
Nusselt number as a function of Grashof and Prandtibers without the temperature
ratio. In our wide range of parameters used it fwagad to be impossible to collapse all
the results curves together without using the teatpee ratio. This will be shown in
chapter 5 when the ratio dta'/3/Nu compared for the different parameters as a
function of the temperature ratio figure 5.12.dtappreciated that providing all other
parameters remain the same, the heat transfewilatee a function of the temperature

difference, not the temperature ratio.

4.3.2For rectangular enclosures

The dimensionless groups of this problem as distlisssection 4.2.3 above can be

related in the following generalised dimensionleggation:

Nu; = ¢(RC,, Gr,Pr, T, AR) (36)
And
RC,, = ¢(Nu;, Gr, Pr,T,, AR) (37)
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WhereRC(,, is the heat transfer ratio in terms of total Nltssember, Grashof number,
Prandtl number, absolute absolute temperature @t the aspect ratio (the new
dimensionless group).

For the case of natural convection without radraiiteraction; by omittingvu, from
Eq. (23) andR(,, from Eq. (37) it gives:

Nu, = 9(Gr, Pr,T,, AR) (38)

Which is the convection Nusselt number as a funcod Grashof number, Prandtl
number, absolute absolute temperature ratio anetasgtio.
From equation 23 the total Nusselt number for thgecof natural convection with

radiation interaction, can be defined as

Nu; = @(Nu,, Nu,.) (39)
Note that, here the Nusselt numbers, for both ccinwe and radiation, are needed. The
correlation equation for the total Nusselt numhgarrfatural convection with radiation
interaction in a rectangular enclosure can be fdapwdomparing equations 38 and 39
and also using the definition of Planck numberiasrgbelow:

_ Qcond
Qrad

From the definition of the equivalent radiation Nek number equation 29 and Planck

Pl

(40)

number equation 40 gives:

Nu, =Pl 41
WhereNu,. is the radiation equivalent Nusselt number Bhds the Planck number.
From equations 38, 39 and 41 the dimensionlespgradnich control the total Nusselt
number in a rectangular enclosure is:

Nu; = @(Gr, Pr,PL, T, AR) (42)

For the case of a square enclosure, from equaBphylputting the aspect ratio equal to
unity equation 42 will be:
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Nu; = @(Gr, Pr,PL,T,) (43)

4.4 Summary and discussion

A review and explanation of the dimensional analgsid the relations to provide the
correlation equations are established in this @rafte analysis method to provide the
dimensional relations which will be used to prodtlee correlation equations for square
and rectangular enclosures is provided in this tmapJsing these relations the
correlation equations for the new dimensionlessigravhich is the ratio between natural
convection to radiation heat transfer, will be pded for both square and rectangular
enclosures in the next chapters. Also using thelséions from the dimensional analysis
the correlation equations for pure natural conweectiwhich is the average Nusselt
number, will be provided for square and rectangalaslosures. For the case of natural
convection with radiation interaction, the corriglat equations for the total Nusselt
number will be provided for both square and reati#arg enclosure using these

dimensional relations along with the numerical lssu the next chapters.
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CHAPTER 5

TURBULENCE MODELLING AND
NUMERICAL RESULTS

5.1 Introduction

The flow regime defined as a Laminar flow whenflbes is smooth and the adjacent
layers of the fluid move past each other in a syatee manner [80]. Douglas [81],
defines laminar flow as a flow in which the fluidrticles move in a systematic way and
retain the same relative positions in sequent@dssections. In laminar flow there is no
macroscopic mixing of adjacent fluid layers, wharéhin string of ink injected into a
laminar flow appears as a single line [82]; as Seefigure 5.1a. For example in the
laminar flow in pipes the fluid moves in parallelyers and the velocity profile is
parabolic for a Newtonian fluid [83, 84]; as shownfigure 5.2a. Laminar flow is
smooth and steady and its theory is well develagretimany solutions are known [85-
87].

In 1883 Osborne Reynolds, a British engineeringgasor, showed that transition
from laminar to turbulent flow can be visualizedperimentally, and he defined these
two types of flow which are known as Laminar andbldent. Which of these occurs
depends on the dimensionless parame¥et/u, which called the Reynolds number. In
circular pipes running full transition occur Ré ~ 2300, while between two parallel
plates wherRe ~ 2000[85].

Turbulent flows occur in many processes in natwgenall as in many industrial
applications. There are many important and interggthysical phenomena connected
with turbulent flows including those of the lardew structures (very large eddies) and
very small flow structures (very small eddies) [88Jhen the flow motion becomes
substantially unsteady even, with constant boundanglitions, and the velocity and all
other flow properties change with time, it is knoas turbulent flow [89]; as can be
seen in figures 5.1b and 5.2b. Turbulent flows w@mregular, diffusive, rotational,

dissipative and occur at high Reynolds numbers .[9Qinong the important
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characteristics of turbulent flows are their al@btto transport and mix fluids more
effectively than laminar flows, and also that thed velocity field varies significantly
and irregularly in both position and time [91].

Turbulence is a property of the flow, not the fluidhere the flow originally is
laminar, then the turbulence regime comes fromitiséabilities that develop as the
Reynolds number increases [92]. Lesieur[93], dsfinebulent flow as a flow which is
disordered in time and space and able to mix t@hspantities. Scientists, engineers
and applied mathematicians have developed andlytiethods (models) to predict the
flow fields of practical devices, these models ¢ solved in computational fluid
dynamics codes [94]. Turbulent flows are known bg movement of the velocity
fields. This movement causes the transport paramddluctuate.

As mentioned before in chapter one, for the flowide cavities, the natural
convection flow in an enclosed space can be domihhy the buoyancy forces. The
strength of the buoyant flow can be measured usiagRayleigh number, which is the
ratio of buoyancy forces and the viscous forcemgain a fluid(R, = gBATL3 /9 x).
The value of the Rayleigh number can indicate wérethe flow can be considered as
laminar or turbulent [2]. The Rayleigh number ig tbroduct of Grashof and Prandtl
numbers. It plays the same role in natural conwadtat the Reynolds number plays in
forced fluid flow. Also as mentioned in chapter twoside square and rectangular
enclosures transition from laminar to turbulentfloccurs when the Rayleigh number

is greater than one million [2, 95].

5.2 Turbulence models

The fluctuation of momentum and energy is compoitetily expensive to be directly
simulated. Therefore, the governing equations @tirbe averaged to produce a set of
modified equations containing additional unknowrriatales that need to be solved
using the turbulence models. This process is knasvthe Reynolds Averaging Navier-
Stokes equations (RANS). In this process the tertidveraging is introduced to obtain
the laws of motion for the mean turbulent quargiig6]. For example the turbulent

velocity as shown in figure 5.1b can be definethasfollowing equation [97, 98]:

u=u+u (D
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Whereu is the x component velocity, is the fluctuating velocity and is the mean

velocity which can be defined as the following etpra

&l

v
—t
v
—t

@) b) (

Figure 5.1 Velocity at point x a)- Laminar flow ah@} Turbulent flow

(b)

Figure 5.2 Velocity profiles a)- Laminar flow any Burbulent flow
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u=— [ wdt 2)

Wheret, is the starting time anAlT is the interval time of change.

Substituting these equations into the instantanecwstinuity and momentum
equations producing additional terms represent dfffect of turbulence. These
additional terms called Reynolds stresspfuju;), these terms must be modelled to
close the problem.

The Boussinesq approach is used to model the Réyrsiiesses related to mean
velocity gradients as

aul- au]
—> (3)

Reynolds Stresses = —p;uju) = <6_x] o,

This approach is used in many turbulent modelsutholy the RNGke model which
used in the present study.

The numerical solution starts from dividing the dominto sub-volumes called cells
and for which algebraic equations are written whagrived from the exact partial
deferential equations. Then these algebraic equatawe solved for the values of the
dependent variables at a discrete number of pasitio the domain (the cell centre
positions). This process of changing the partialekntial equations to algebraic
equations is called discretisation.

One process of replacing the exact unsolvable sEmsaby approximate solvable
equations is called modelling [99]. The main taskuobulent modelling is to develop
computational procedures to predict the extra Rlelfmetresses results from the time
averaging of the transport equations [89]. Theneoisingle turbulence model that can
be used for all different classes of problems &ad $elected will depend on the physics
of the flow. Therefore to solve the turbulent fldiow and heat transfer problems, using
the Fluent CFD software package, it is necessans#oand choose a suitable turbulent

model.
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5.3 The RNG k-¢ turbulent model and the free convection in
cavity

The system that was solved in this research is sheshematically in Figure 5.3.
This is the two dimensional flow of an ideal gasainectangular enclosure of height H
and length L. The two vertical hot and cold walls heated isothermally and the other
two (horizontal) walls are adiabatic. To simplifyet problem and focus on the heat
transfer between the hot and cold walls the adialvadll surfaces are taken to have a
zero emissivity, which is similar to a highly shjngsulated surface. The turbulent flow
in the enclosure is analysed using the commeroidé ¢FLUENT 6.3) and by using the
RNG k< model with the Boussinesq approximation for thesity [55].

The RNG ke model was derived using a rigorous statistical hoet (called
renormalization group theory) [55, 80]. It involvesprovement of the accuracy of the
k-e model for rapidly strained flows by adding anotherm to thee equation, and
enhancing its accuracy in swirling flows by inclogithe effect of swirl on turbulence.
It also accounts for low-Reynolds numbers effecis groviding an analytical
differential formula for effective viscosity, whiotlepends on an appropriate treatment
of the near wall region [55]. These features maleeRNG ke model more accurate and
reliable for a wider class of fully enclosed aivit® than the standardekmodel. Also as
it has been shown in chapter two that many resesd®6, 59-62] compared up to
eight turbulent models for a wider class of a fudhclosed airflows; they found that the
RNG k- turbulent model gives better and more acceptaselts compared to the other
turbulent models.

For these reasons the RNG kaodel was chosen for the work described in this
thesis.

5.3.1 Mathematical model

5.3.1.1 Governing equations

For the case of flow with heat transfer, FLUENTv&SI conservation equations for
mass, momentum and energy equations. Also, thei@adali transport equations for the
case of turbulent flow are involved in the solutiarich is turbulent kinetic energy and

turbulent dissipation equations. In this case, Wiigcthe turbulent heat transfer inside a
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cavity, the equations used by the RNG knodel in the steady two dimensional
Cartesian coordinates [55, 89, 100] are given &s\be

< L >
Adiabatic Wall
/S S S //./ /S _
> : &=0
s ]
i Y a i
b i
— | X '
Th : ’ T i
igh:]_ &=l |
o L i ——————————————
£,=0 I <
T )
Adiabatic Wall

Figure 5.3 Schematic diagram of the rectangulalosnce

Continuity equation
The continuity equation is a differential equatithrat describes the conservation of
mass. The general form of the continuity equation & steady two dimensional

turbulent flow is:
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d(pu) N d(pv)
0x dy

-0 3)

Wherep is the fluid densityu is the x velocity and is y velocity components.

Momentum equations
From Newton’s second law the rate of change of nmaome of a fluid particle equals to
the sum of the forces on the particle. In the casesidered here, the general form of the

momentum equation in the x and y coordinates torlaulent flow is:

x-component of the momentum equation

R R - B

0x dy ax
Wherep is the static pressure apgl is the turbulent viscosity.

y-component of the momentum equation

d(puv) a(pvv) 6p [ (81} N 8u>] N 0 [2 617]
0x oy 6y ax |Her s dy oy Hers dy

+pBg(T —T,) ®)

Wherepfg(T —T,) is the Boussinesq approximation for buoyangyis the thermal

expansion coefficient anglis the gravitational acceleration.

Energy equation

From the first law of thermodynamics the rate cdiole of energy of a fluid particle is
equal to the rate of heat addition to the fluidticle plus the rate of work done on the
particle; from this the energy equation can beweri In the case of turbulent heat

transfer in a two dimensional cavity the energyagiqun is:

d(puCpT) ad(pvCpT) 0 oT1 0 oT
0x * dy _a[ effa]+@[l<eff@]+sh ©

Where Cp is the specific heat] is the temperature and ., is the effective

conductivity and it equal t6K + K;) whereK,is the turbulent thermal conductivity.
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By omitting the species diffusion and viscous giasbn terms, where the species
diffusion is omitted because there is no combusiiorthis case and the viscous
dissipation is neglected as no diffusion occurs iadépends on the value of Brinkman
number
Viscous heating can be neglected if the Brinkmamioer, Br is less than unity.
UZ

II:AT 7

S,in this case represents the radiation source temmsh will be discussed later.

Br =

Turbulent kinetic energy equation
The derived transport equations of the RN@ rkodel for the turbulent kinetic energy

(k) and its dissipation raig) are:

d(pku) d(pkv) 0 ok 0 ok
e + 3y = 9% [(Ock Mers) a] + ay [(“k Megr) @] + G + Gp — pe (8)

Dissipation rate equation
The kinetic energy of turbulent motion is dissightato heat under the influence of

viscosity [97]. The dissipation rafe) of the turbulent kinetic enerd) is:

d(peu) N d(pev) 0 [( ) ] [ ) ]
0x dy  oxl> € Herr) oy ay LV € Hers
€ . €?
+CleE(Gk + CBeGb) - CZEP? (9)

Where the effective viscosity is calculated from

imi PPRY — 172 —2 g5 p=Hess
In the low Reynolds limit  d (@) = 1.72mdv, 0 .
WhereC, = 100

In the high Reynolds limit pC —

WhereCu = 0.0845

The inverse effective Prandtl numbexg and <. are calculated using the following

analytical formula
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o —1.3929 |7 | oc +2.3929 |27 g
o,— 1.3929 oo+ 2.3929

B Heff
Wherec,= 1.0. In the high Reynolds limit % & 1,00=0,~ 1.3929
ef f

2
o, = ke (2w 4 U
Turbulent productioG, = > (axj + 6xl-) :

pe OT
Pry dx;

Generation of turbulence due to buoyagy= L g;

WherePr; = i ,and withocy= 1/Pr
The addition term to the turbulent dissipation tataccount for the effects of rapid

Cupn3(1—:—o)

strained and streamline curvature flé4§s= C,. + Fpwme

n=S%1,=438,f = 0012

Effect of buoyancy on the turbulence dissipatide €3, = tanh |§|

The effective thermal conductiviti, ;s =X Cppiess

The RNG ke model employs values of the following constants:
c, =100, 7, = 4.38, C, =0.0845  C =142, C, =1.68

In the case of calculatingfor K,zf, o= 1/Pr.

5.3.1.2 Treatment of the near wall

In the near wall region, the solution variablesrgeagreatly with large gradients and
the turbulent flows are significantly affected. Ne&alls, the viscous damping reduces
the tangential velocity fluctuations and the kinémalocking reduces the normal
fluctuations. Away from the near wall region, thebulence is significantly increased
due to the severe gradient of the mean velocitye mamerical solutions are highly
affected by the near wall region as the wall isrtteén source of turbulence. Therefore,
to successfully determine and predict this turbufezw, precise representations of the
flow in the near wall region were needed [55].

The turbulent model described above is valid fabuient flows far from walls.
Therefore special considerations are needed to rim&enodel appropriate for flows
near walls. The near wall region can be divided thtee layers as shown in Figure 5.4.

The first one very close to the wall called “vissosub-layer “, the flow here is
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influenced by the viscous effects. The second les/between the viscous sub-layer and
the fully turbulent layer called “buffer layer”, whe both the turbulence effects and
viscous effects are important. The third layehis fully turbulent layer and it comes far
from the wall and after the first and second layershis region, turbulence is dominant

and plays the major role [101].

Viscous sublayeq Buffer layer Fully turbulent region

Iny+

Figure 5.4 The three layers near the wall region

There are two approaches to represent and solvidotkien the near wall region. In
the first approach, the first two layers near tlal ywvhich are the viscous sub-layer and
the buffer layer are not resolved. For this appno#te turbulence model does not need
to be modified to account the near wall region, reheemi-empirical formulas called
“wall functions” are used to bridge or link the stbn variables of the viscosity
affected region between the wall and the fully tlebt region [102, 103]. For the
second approach, the turbulence model needs toolddied to account and resolve the
viscous sub-layer and the buffer layer using aigefitly dense mesh resolution. The
two approaches of near wall solutions are repregesthematically in Figure 5.5. So,
to represent and capture the critical importancéhef buoyancy flow features in the
simulation model used in this study, the two-layaodel (which is the second

approach) was employed for the near-wall treatmetit the RNG ke model. In this
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model the domain is divided into two main regioasviscosity affected region and a

fully turbulent region. Where the two regions aetedmined by the value of a wall

distance called “turbulent Reynolds number”.

(10)

pVky

Where y is the normal distance from the wall atdék centres.

T X
N
P

++++++++++++++

+++++++++++++

R EE

G
S

Two-layer model approach

Wall function approach

Figure 5.5 Near wall treatment

wall grid can be checked by calculatirgvi@lue ofy™ equation (11) or the

The near-

value of turbulent Reynolds number equation (13).itAcan be seen from equations 10

and 11 bothy* andRe,, are geometrical quantities and also both solutiependent.

Each of them has special strategies that need tollbeved to know the accuracy of the

results and to check the grid used.

(11)

puLy
u

y* =

T /p is the shear velocity ang, is the local wall shear stress.

Where,u,

Depending on the value of turbulent Reynolds nunther fully turbulent region

which starts aRe, > 200 is solved using RNG k-model, while in the viscous-affected

near-wall region atRe, <200 is solved using the one equation model of

Wolfstein[104].
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The one equation model keeps the momentum equatiahthe turbulent kinetic
energy equation the same while:

The turbulent viscosity is computed from

pe = pCNkt, (12)

The dissipation rate is computed from

3
k2
€ = f_e (13)
Where the length scales are computed from [105]
Re,
L, =Cy|l—exp|——= (14)
AM
Re,
L. =Cy [1 — exp (— )] (15)
Ae

3

The model constants afg = KCM—Z, A, =70 andA, = 2(,

5.3.1.3 Radiation model

The Discrete Transfer Radiation Model (DTRM), whistused in the present study,
is a relatively simple model which, is used forccédting radiation and can be used
both with and without participating fluid. It appt to a wide range of optical
thicknesses, and its accuracy can be increaseddogaising the number of rays [55].
The model calculates the change in radiation intgndl, along a pathls

dl aocT*
& +al = p- (16)

Whereais the gas absorption coefficient dnithe radiation intensity.

Equation 16 is then integrated along a seriesys eenanating from boundary faces so

that the radiation intensity is:

oT*
I(s) = T(l —e ¥)+ e (17)

Wherel, is the radiant intensity at the start of the inceatal path, which is determined

by the appropriate boundary conditions.
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The ray tracing technique used in the DTRM can ig®wa prediction of radiation heat
transfer between surfaces without explicit viewtdacalculations. The accuracy of the
model depends on the number of rays traced ancbtngutational grid [55].

The ray paths are calculated and stored beforédivecalculations. At each radiation

face the rays are calculated for different valuethe polar angle8 and®. Where 0 is
from O tog and ® from 0 to2m as seen in Figure 5.6. Each ray is then traced to
determine the control volumes it intercepts as wasllits length within each control

volume. This information is stored in a file andnitust be read in before the flow

calculations start.

Figure 5.6 Angle$® and® about a point P.

For the ray tracing method, the incident radiatieat flux on a wall surface is

din = f [;,S.ndQ (18)
sn>0

Where,I;,, is the intensity of the incoming ra&yis the ray direction vector and n is the
normal pointing out of the domain.
The net radiation heat flux from the surface is shen of the reflected portion af,,

and the emissive power of the surface:

Qout = (1 - Ew)qin + EWO-T\/?/ (19)
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Where,T,, is the surface temperature of the point P on thitase andg,, is the wall
emissivity from the boundary condition. Equation i$9used in the prediction of the

wall surface temperatuf@g, and also provides the boundary radiation intehseg:

A

5.3.2 Boundary conditions

5.3.2.1 Model inputs

For the case of turbulent flow, as in this stutig turbulent portion of the viscous
model menu is activated, which in this case isSRh& k< model. The flow involves
the walls; so in this case, the two layer modehigsen as a near wall treatment. In the
model options, the differential formula for theesffive viscosity model is selected to
include the low-Reynolds number effects.
The effect of swirl on turbulence is included i RNG model, enhancing accuracy for
swirling flows. The RNG model provides an optiorattcount for the effects of swirl or
rotation by modifying the turbulent viscosity appriately. Depending on whether the
flow is swirl-dominated or only mildly swirling, see swirl flow options in the RNG
model need to be modified [55].
The boundary condition for the turbulent kinetieegy and turbulent dissipation rate at
the walls are taken by default by FLUENT and theystronly be provided in the cases
that have inlet boundaries. Using the segregate@rsd-luent under-relaxes the energy
equation using the defined under-relaxation paramehich is one as a default value.
In the cases where the energy field impacts thd flaw via temperature dependent
properties or buoyancy the under-relaxation fashauld be in the range of 0.8-1.0
[55], as in this study, where the under-relatiactdafor energy is defined as 0.8.
The buoyancy forces which drive the flow due todeesity variations in a natural
convection can be either included or ignored inttlibulent model by examining the

ratio between the Grashof and Reynolds numbers

G, Apgh
Rez - pvz

(21)
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When this number approaches or exceeds one, ggdtuawyancy contribution can be
expected in the flow. On the other hand when thisiper is quite small, the buoyancy
effects may be neglected in the simulation. Toudelthe buoyancy effects in the RNG
k-e model, the gravity in the FLUEN®perating conditionganel should be turned on
and gravitational acceleration should be enteretiénappropriate Cartesian coordinate
direction. The generation of turbulent kinetic gyyedue to buoyancy is included by
default while the effect of buoyancy on the turlmal@lissipation rate needs to be
included by activating thiull buoyancyoption under th@iscous modemnenu.

For the case of natural convection flow; using Boeissinesq model for density can
accelerate the convergence. This model takes gessia constant value in all solved
equations, except for the buoyancy term in the nmiome equation, as it mentioned in
chapter three. In thmaterialspanel the Boussinesq model is selected as a mébhod
the material densityand the operating temperature in the operatingliton panel was
specified. Also in thanaterials panel, thethermal expansion coefficiernd density
were specified. For the case of heat transfer taezesome options in the model that
need to be activated, such as activate the calonlaf energy equationThe boundary
conditions at the walls need to be defined andlfiritae material propertieseed to be
defined as constant or as a function of temperaturehis study the walls thermal
conditions are set as constant temperatures arel daertain value of emissivity. The
fluid properties are set as a function of tempeeatThe discretization methods are
selected to be second order upwind scheme for ba#rgy and momentum and
PRESTO (pressure staggering option) for pressure.

In the second order accuracy upwind scheme, giemat cell faces are computed
using a multidimensional linear reconstruction aggh [55]. In this approach, using a
Taylor series expansion of the cell centred sahstiabout the cell centroid, high order
accuracy is achieved at the cell faces. The dezatiein of the convection term in
momentum equation turns out to have a problem. Thisecause the level of the
momentum in a cell is sensitive to the momentuniraps as the convection terms are
concerned and if this is not represented in therd&gation, numerical problems arise.
The upwind scheme solves the problem by approxmgdhe values at the cell faces in
the convection terms by simply taking the valuéhatnearest cell centre upstream from
the face. This is works brilliantly to stabiliseetlteration process so that a converged

solution to the discrete equations is easily redcfidde second order upwind gives a
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good accuracy and for the first order upwind neetidve small grid size to have the
same accuracy.

The PRESTO discretization method for pressure égemenended [55], to be used
when a quadrilateral or hexahedral mesh is useda#sw with using the segregated
solver. The scheme uses the discrete continuignioal for a staggered control volume
about the face to compute the staggered pressiie. procedure is similar to the
staggered-grid schemes used with structured gbfisfthe scheme is well suited for
steep pressure gradients involved in rotating floWsprovides improved pressure
interpolation in situations where large body for@gsstrong pressure variations are
present as in swirling flows.

The compressibility effects are neglected becausdlow has low velocity, low Mach
number, (M<0.1) and the pressure variations is wengll. Therefore the flow in this

study is treated as incompressible.

5.3.2.2 Turbulent simulations and grid generation

In turbulent flow, especially in the near wall reqj the solution variables change
greatly and have large gradients. Therefore toesstally determine and predict the
turbulent flow features with high accuracy, preaispresentations of the flow in the
near wall region are needed [55].

Turbulence has a strong interaction with the mdaw features, so, the turbulent
flow results tend to be grid dependant. Thus, &csently fine grid is needed in the
regions where the mean flow features have seveneges.

For the case of using the wall function approaclsdlve the near wall region, the
value of y* should be in the rangg* > 30~60. The wall function approach is still
valid up to y* > 11.225. When the mesh has a value of" < 11.225 FLUENT

applies a laminar stress strain relationship imstdaising the logarithmic law.

The Low-Reynolds-Number method resolves the dethilke boundary layer profile
by using very small mesh length scales in the toermormal to the wall. Note that the
low-Re method does not refer to the device Reynaolgsiber, but to the turbulent

Reynolds number, which is low in the viscous suletaThis method can therefore be
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used even in simulations with very high device Ré¢gs numbers, as long as the
viscous sub-layer has been resolved [55].

The computations are extended through the viscasiécted sub-layer close to the
wall. The low-Re approach requires a very fine meshthe near-wall zone and
correspondingly large number of nodes. Computeag®and runtime requirements are
higher than those of the wall-function approach eae must be taken to ensure good
numerical resolution in the near-wall region to tca@ the rapid variation in variables
[55].

For the case of using the two-layer turbulent madeh this study the dimensionless
distance y* must bey* < 5 to get acceptable results [55]. For the ideal ,castould
have at least 10 mesh cells inside the viscosigy nall region. In the present study all

the simulations were in the range ¢f* < 5.

5.3.2.3 Model convergence

To accelerate the convergence of the model itdsmenended to start with a laminar
model then after it has converged somewhat, turtherturbulent model. Changing the
under relaxation factors for the energy and monmanaguations also may result in
faster convergence of the model. Solving the flayuagions first by turning off the
energy equation until the flow field solution hameerged, then turning on the energy
equation to complete the heat transfer solution wilh accelerate the solution. The
convergence can be judged by monitoring some impbrparameters, solution
residuals and checking the heat balance throudioatdaries.

For the cases of high Rayleigh numbers and to spkedconvergence, it is
recommended to start with lower value of Rayleigmber and then run the simulation
until convergence by using the first order schethen the resultant data of low
Rayleigh number can be used as an initial guessthfer high Rayleigh number.

Convergence can then be achieved by changing teettwnd order scheme.

5.3.2.4 Grid formation

For the models used in this study, different norfeun mesh sizes were used as
shown in Figure 5.7 for aspect ratio equal fougulré 5.8 for a square enclosure and

Figure 5.9 for aspect ratio equal to a quarterséhwave a sufficiently fine grid near the
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walls and a relatively coarse grid at the coreggbacceptable results while keeping the

total grid size down.

Figure 5.7 Non-uniform grid used in the simulatioodel for aspect ratio four
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Figure 5.8 Non-uniform grid used in the simulatiandel for square enclosure
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Figure 5.9 Non-uniform grid used in the simulatioodel for aspect ratio quarter

The grid size for the square enclosure varied 8367 up to 200x200 for the three
different groups (where, the first group is forfeient cold wall temperatures, the
second group for different enclosure sizes and tthiel group for different gas
properties). While the non-uniform grid size foethectangular enclosure, was from
100x19 for the aspect ratio equal to 16 up to 100x4r an aspect ratio of 0.0625. The
height of the enclosure was kept the same forspket ratios.
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5.3.3 Grid independence

The grid independence has been studied for the oésan absoluteabsolute
temperature ratio df, = 2.6 and an enclosure size of 240cm square using Hgdrag
a working fluid. The analysis was done for threen-noiform grid patterns 80x80,
100x100 and 150x150 nodes, taking the total avexagselt number as the parameter

to be compared.

The average values of Nusselt numbers were 28@38,72 and 280.5 and the
maximum values of* were 5, 2.25 and 0.9 for the three grids respelgtivSo, the
maximum error for the average Nusselt number whatbulated ay* = 5 (which is in
the present study range) and grid pattern 80x80.6% and 2% compared to the
average Nusselt numbersydt= 2.25 and 0.9 and grid patterns 100x100 and 150x150
respectively. Hence, the maximum error in the prestudy will be less than 3% due to
the mesh size employed.

The grid independence has been studied also focabe of a rectangular enclosure
and an absoluteabsolute temperature rati@. f 2.6 and an enclosure aspect ratio 16
using Air as a working fluid. The analysis was démethree non-uniform grid patterns
100x19, 150x29 and 200x39 nodes, taking the totatage Nusselt number as the
parameter to be compared. The results varied kg tlegn 1.2%. So the grid sizes
mentioned in grid formation section 5.3.2.4 wereduor both square and rectangular

enclosures. These have valuegbdf< 5.

5.4 Model validation

To validate the computational model described aptwe average Nusselt number
results of the numerical solutions found in thespré study have been compared with
the predicted results of Markatos and Pricleous[98E results are also compared with
the correlation equation obtained from the expenitaleresults by Elsherbiny et al. [7],
these are all displayed in Table 5.1, where it barseen that the present results are
more consistent with the experimental correlatitantthe other numerical results [95].
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Table 5.1Comparison of average Nusselt numberdtural convection in a square

enclosure
Ra Present result: Elsherbiny et al. [7] Markatos and Pericleous[95]
10° 31.42 28.78 38.06
10° 66.16 62 74.96
10% 135.15 133.57 159.89

For further validation of the model used, the peoblof natural convection without
radiation interaction in a square enclosure wasesbifor a high Rayleigh Number
(5x10"). The results were compared with the experimergallts provided by both
Cheesewright et al. [58] and King [57] and alsohwét reference solution from 10
research groups provided by Heneks and Hoogenddgjrap shown in Table 5.2. The
results were compared for the average Nusselt nuartsefor the local Nusselt number
at the mid height of the enclosure. It can be $emn Table 5.2 that the present results
agree better with the average value of the expetaheesults of [57, 58] than the

reference solution [15].

Table 5.2 Average and mid height Nusselt numben&bural convection in a square

enclosure at Ra=5x1bas a comparison with reference and experimensaltee

Quantity Present Reference solution  Experimental results
results [15] [57, 58]
Average Nu 194.9 256 154-210(average=182)
Mid height Nu 205 261 133-241(average=187)

5.5 Numerical results

The numerical calculations and results using theGRiNe model for square and
rectangular enclosures are discussed in detaihism ¢hapter. The calculations are
established for a wide range of different tempeestuenclosure sizes and gases with
and without radiation interaction. The numericaulés are explained and discussed in
two main categories: the first category compriggsase enclosures and the second are

rectangular enclosures.
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Under each of these two main categories the nualergsults are discussed and
explained using two other categories, which aree puatural convection and natural
convection with radiation interaction. Also in thdeapter the 3D numerical results are
explained for the thermal results and velocity amtbulent intensity profiles which will

be discussed and compared with the experimentaltsen the next chapter.

5.5.1 Square enclosure

The interaction effects of turbulent natural corti@t with and without surface
thermal radiation on fluid flow in a square encl@sare studied in detail. The study has
been carried out over the following range of paranmse cold wall temperature,
T, = 283 to 373K, enclosure size: 40cm square to 240cm square ahddifferent
gases including: Argon, Air, Helium and Hydrogen.

In order to make the preceding analysis more usefdlgeneral, a large number of
simulations were performed to extract the numericalationship between the
dimensionless numbers. To this end, the interacedfiects of turbulent natural
convection with and without surface thermal radiation fluid flow in a square
enclosure are studied in detail.

The results are divided to three groups:

1. different cold wall temperatures (ranging from 28373K),
2. different enclosure sizes (ranging from 40cm sqt@a240cm square) and
3. different gas properties (Argon, Air, Helium anddtiggen).

For all of the three groups the ratio between thieamd cold wall temperatures was in

the range of I, = 7;—’1 = 1.02 to 2.61) and the modelling was conducted with all the

fluid properties as a function of temperature.

5.5.1.1 Pure natural convection inside a square enclosure

The turbulent natural convection without radiatioteraction in the square enclosure
has been analysed and investigated numerically.alieeage Nusselt number at each
absoluteabsolute temperature ratio for each casthanthree different groups was

reported.
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The numerical results of the three different grotgrsthe calculated average Nusselt
number inside square enclosure are shown in figur@. From the figure it can be seen
that the average Nusselt number increases as tdinimé absoluteabsolute temperature
ratio T,-up to a certain value @i.(which is around 1.2) then it starts to slightlycsase.
Also from Figure 5.10-a, the values of average Hlissumber are very close for the
different fluids and the deviation between them Wwess than 7%. More over from
Figures 5.10-b and 5.10-c it can be seen that tles®&lt number increases as the size of

the enclosure increase and decreases as the teumpenarease.

5.5.1.2 Natural convection with radiation in square enclosue

Turbulent natural convection with radiation intdrac in square enclosures has been

analysed and investigated numerically. Figure SAdws the numerical results of the

relationship betweenQon/Qrag) and . = 7;—’1) (the ratio between hot and cold wall

temperatures) for the three different groups. it ba seen from the Figure that, as the
T, increases theQon/Qrad) iNCreases at the same time up to a valu&,ofvhich is
around 1.2. Then fof, > 1.2, the Qcon/Qraq) decreases &B. increases. This means
that asT,. increases up t&,. = 1.2, convection increases more than the radiation heat
transfer for all groups, then radiation heat transiecome dominant and Bs> 1.2the

radiation increases more than the convection amdato Q.on/Qrad) decreases.

This trade off in heat transfer modes occurs bexaugeasing the temperature will
increase the viscosity of the fluid which will slodown the velocity in the hot wall
region, this result in a reduction of the convettiteat transfer. At the same time,
increasing the temperature will increase the theroaductivity which results in an
increase of the convection heat transfer. It casdes from Figures (5.11-a) and (5.11-b)
increasing the temperature and the size will irewethe radiation more than the
convection heat transfer, this results in a deerefshe overall trend ofJon/Qrag) as a
function of T,. This is because the radiation heat transfer fisnation of T* and the
convection heat transfer is a function of Furthermore as shown in Figure (5.11-c),
increasing the thermal conductivity from 0.017 fargon to 0.18 for Hydrogen will
increase the convection heat transfer resultsasang the overall of@/Q;) as a function
ofT,..
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Figure 5.10 The average Nusselt number3far10’ < Ra < 9.3 x 10°) and as a
function of absolute temperature ratio for diffdréa) Fluids, (b) enclosure sizes and (c)

Cold wall temperatures
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Figure 5.11 Relation betwe&c/Qr with respect tah/Tc(for 3 X 107 < Ra < 9.3 x

10°) and for different (a) Cold wall temperatures, Bnclosure sizes and (c) Gases.
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The relation between the ratio &&*/Nu) and the absolute temperature ratichas
the same trend as the relation betwe@g(/Qraq) and T;, as shown in Figure (5.12).
This is because both of these two relatior®cf{/Qrq) and Ra*/Nu)], are increasing
as a function o and decreasing as a functionT8f From Figure (5.12) it can be seen
that, as the absolute temperature ratio incredbesratio Ra"¥/Nu increases until it
reaches a value @f. of 1.2 which is the same as before. After that,ascreases, the
ratio of Ra’¥Nu decreases. This is because increasing the teraperaill increase the
dynamic viscosity and thermal conductivity lineadgd decrease the density linearly;
this causes the kinematic viscosity (o increase quadratically (i.e. function ©);
because it is a function of dynamic viscosity aedsity, (v = u/p). This results in a
linear increase of the Nusselt number and a deer@faRayleigh number as a function
of 1% which means that the Rayleigh number decreasasiastion ofT*.

From Figure (5.12-a) it can be seen that increathiegcold wall temperature will
decrease the overall trend R&"}/Nuwith T,. Also from Figures (5.12-b) and (5.12-c),
increasing the enclosure size and the gas propdHigeh as thermal conductivity and
kinematic viscosity), results in an increase of dherall trend oRa’*/Nu with respect
toT,.

Also from figure (5.12) and as mentioned in chaptesection 4.3.1, the relation
between Nusselt number in the natural convectiat transfer is not only function of
Grashof and Prandtle numbers it is also functiotewfperature ratio. However, without

using the temperature ratio it is impossible tdagsde the results shown in figure 5.12.

Each set of curves in figure 5.11 has collapsealangingle curve by using some
exponents of the variables as conversion paramdtkiscan be seen by comparing
Figure (5.11) and Figure (5.13). Where from Figyge&1-a) to (5.13-a), the curves of
the different cold wall temperature group collaps#d a single curve using only the
cold wall temperature as a conversion factor. Tdmessort of results were obtained for
the second and third groups by using differentaldes as conversion parameters, as
shown in Figures (5.11-b) and (5.13-b) and Fig@bsekl-c) and (5.13-c). From the
similarity of the relationship of.on/Qrad) @s a function of,. it was possible to

collapse these three groups into a single curve.

80



—o— (Tc=10°)
_—x— (Te=20°)
~—=— (Tc=40°)
s (Tc = 60°)
—— (Tc = 100°C)

Ra”3/Nu
o = N w H (9] [e)} ~

Th/Tc

(@)

F—#— (40x40)
—o— (60x60)
-4 (80x80)
“—— (120x120)

Ra”3/Nu
N w H (9] (o)} ~

1t

Th/Tc

(b)

10

- —@— (Argon)
—A— (Air)

- —¢—(He)

—¥— (Hydrogen)

Ra”*1/3/Nu

o N e o)) (o]
T

0 0.5 1 1.5 2 2.5 3

Th/Tc

(©)
Figure 5.12 Relation betwe&s*/Nu with respect ta/Tc (for 3 x 107 < Ra < 9.3 x
10°) and for different (a) Cold wall temperatures, Bniclosure sizes and (c) Gases.
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5.5.2 Rectangular enclosure

The interaction effects of turbulent natural corti@t with and without surface
thermal radiation on fluid flow in a rectangularctsure are studied in detalil.

The results include two cases of analysis; firsiiare natural convection and second
for natural convection with radiation.
For the two cases the ratio between the hot ardiwall temperatures was in the range
of (T, = 1.02 to 2.61) and the modelling was conducted with the fluidgarties as a

function of temperature.

For the case of natural convection with radiatisienaction, shown in Figure 5.14-a,
5.14-b and 5.14-c the velocity contours, streamsliand isothermal lines for the aspect
ratios 16, 8, 4, 2, 1.5, 1.0, 0.75 and 0.5; These been scaled horizontally so that they

are all the same width. It can be seen that thex¢hree flow regimes:

1. From an aspect ratio greater than 1.5 up to 16 ffamioably beyond),

2. The second one (transitional) regime is betweerdcsm@atios of 1.5 and
0.75 and

3. The third regime is from an aspect ratio less @ down to 0.0625 (and
again probably beyond).

For the first regime it can be seen from Fig. Salthat the unsteady eddies observed at
the top of the hot wall and at the bottom of th&lamall increase in size as the aspect
ratio increases and the flow on the two verticallsveends to exert more force on the
stratified core. The core shrinks as the aspeat ratreases and the stream lines, as
well as the isothermal lines, vary from the horiabmuntil they disappear. By now, the
two boundary layers of the hot and cold walls meggether and the conduction heat
transfer become dominant.

In the second flow regime the two hot and cold svalhve balance effects on the core
and show stratified transient flow in the corestban be seen clearly from the stratified
stream lines and isothermal lines as in Figure4-6.and 5.14-c. The core in the third
flow regime can be seen in Figure 5.14 to be ucntdtefrom the two hot and cold walls
flow boundary layers and the convection heat temd$fecomes dominant as the

radiation dramatically decreases with the decre&sspect ratio.
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According to the numerical results of the rectaageinclosure with different aspect
ratios in this study, the flow could be dividedantwo regimes, where the second
(transition) regime could be included into otheotkegimes:

1. Regime one starts from square to tall enclosuresaspect ratio ranging
from 1 to 16,

2. Regime two starts from square to shallow enclosianeaspect ratio ranging
from 1 to 0.0625.

5.5.2.1 Pure natural convection inside rectangular enclosue

The convection heat transfer decreases as thetaafiedncreases or decreases from
the unity, Bejan[19] mentioned the same for lammare natural convection. This
means that convection heat transfer decreasesfoitdll and shallow enclosures
compared to the square enclosure.

Figure 5.15 shows the relation between average élussimber of pure natural
convection and absolute absolute temperature Tatior the two regimes. It can be
seen from the figure that; 5 increases the average Nusselt number increaghs at
same time up to a certain valueTof(which is around 1.2 for both regimes) then ittsta
to slightly decrease. Also from the figure, thentteof the Nusselt number increasing as

the aspect ratio decreases.

5.5.2.2 Natural convection with radiation in a rectangular enclosure

The numerical results for a natural convection watiiation in rectangular enclosure
(for a fixed cavity height) shows that, radiatiogah transfer is directly proportional to
the aspect ratio, which means that radiation heatster increases with increasing
aspect ratio.

Figure 5.16 shows the relation betwe€qof/Qrag) and [;.) for the two regimes. It
can be seen from the Figures that;Tasncreases,Q.on/Qrag) iNcreases at the same
time up to a value df, which is around 1.2. Then f@. > 1.2, (Qcon/Qrag) decreases
asT, continues to increase. This means thdf,.ascreases, convection increases more
than radiation heat transfer up t@,aof 1.2 for both regimes. At temperature ratios
greater than 1.2, the radiation heat transfer besomsiominant, i.e. the radiation

increases more rapidly than the convection andrdkie Qcon/Qrag) decreases. Also
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from Figure 5.16-a it can be seen that for the fiegime as the aspect ratio increases,
the ratio Qcon/Qrad), as a function of,. has decreased slightly. On the other hand for
the second regime, from Figure 5.16-b, as the &sp®m decreases, the ratio

(Qconv/Qraq) as a function of;., increase dramatically.
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Figure 5.15 The average Nusselt number for rectanguaclosure as a function of
absolute temperature ratio for a) first regime Bpdecond regime.
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By using certain exponents of the variables as emion parameters, each set of
curves for the two regimes can be collapsed irgmgle curve. Also from the similarity
of the relationships of.on/Qrag) @s a function of;. it is possible to collapse these two
regimes with different cold wall temperatures, esare sizes and with different fluid

properties into a single curve.

5.5.3 The 3D numerical results

In order to ensure that the 2D numerical calcutetidescribed above are plausible,
they should be compared with the experimental tesAk the experimental results are
3D, the models that will be compared to the expental ones must be run as 3D
models. These calculations were performed for sjaad rectangular enclosures with
three different aspect ratios 0.5, 1.0 and 2.0oAle calculations were performed for
different hot wall temperatures ranging from 50%C76°C with almost constant cold
wall temperature at about 9°C. All the boundarydithans for the numerical simulation
were selected to be almost the same as the expgalhigoundary conditions. The

turbulent model used and its conditions were timeesas that explained in detail earlier.

The numerical calculations were performed using &NMSYS 13 workbench
software. The different enclosure shapes were dedigising the design model in the
ANSYS 13 work bench and then a non-uniform mesh evaated for each enclosure
aspect ratio using the ANSYS mesh; after that timnerical calculations performed
using FLUENT 13 in the ANSYS workbench. The velgc#nd turbulent intensity
profiles were extracted in each aspect ratio andetch hot wall temperature for
different enclosure heights wth equal to 0.19, 0.3, 0.5, 0.65 and 0.85 to be coegpa
with the experimental results.

In this section the 3D numerical results of thee¢haspect ratios and for the six hot
wall temperatures were divided into two sectionsst ffor thermal calculations and

second for velocities and turbulent intensitiedif@s.
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5.5.3.1 The 3D thermal results

The thermal calculations were established for Isgiiare and rectangular enclosures
as can be seen in figure 5.17, with three diffeespiect ratios (0.5, 1.0 and 2.0) and for
hot wall temperatures ranging from 50°C to 75°Cleviine cold wall temperature was
kept fixed at about 9°C. The Rayleigh number far three aspect ratios was in the
range ofd x 107 < Ra < 8 x 10°. The thermal results show that the total heatsfean
as a function of absolute temperature ratio in@gdisearly for the three aspect ratios
as the absolute temperature ratio increase thidbeaseen clearly in figure 5.18. Also
from this figure it can be seen that, as the asfaict increases, the overall trend of the

total heat transfer increases as a function of &zatpre ratio.
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Figure 5.17 Schematic diagram for the three dinradienclosure

5.5.3.2 The velocity and turbulent intensities results

The 3D numerical results provide velocity profifes three aspect ratios at different
enclosure heights. These velocity profiles willoaltee compared with the experimental
results in the next chapters. To simplify the resthe resultant velocity and turbulent
intensity profiles are divided into two groups. Thst group is for the velocity and

turbulent intensity profiles for the two hot wadiniperatures 60°C and 75°C which will
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be shown and explained in this section for eacleasm@tio. The other group includes
the velocity and turbulent intensity profiles ofetlother hot wall temperatures 50°C,
55°C, 65°C and 70°C are in appendix A.
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Figure 5.18 Total heat transfer inside the encl$or aspect ratios 2, 1.0 and 0.5

The grid independence study for the velocity pesfiwas performed using three
different grid sizes. The three grids have difféneamber of cells and the first cell at
the near wall region for each of them has certéstadces from the wall according to
the value of the y+. The three grids have threaiesalof y+ (<2.5, <1.4 and <0.8)
respectively. The velocity profile at the mid-hdigvas checked using the three
different grids as it can be seen in figure 5.1@nkthe figure it can be seen that all the
three grids have almost the same velocity profilem the comparison of the three
grids, the medium grid size was selected to be irs#us study and compared with the
experimental results because it has more veloaiytp near the wall than the first grid
and less numerical cost than the third grid.

The velocity profiles for the three aspect ratid®R€2.0, 1.0 and 0.5) at different
enclosure heights for the hot wall temperature803C and 75°C, are shown in figures
5.20 to 5.25. From these figures it can be seenahthe hot wall side, the velocity
value starts increase and reaches its maximum aftartain distance from the wall
when it starts to decrease to its minimum; thislimost continuous for the whole

enclosure core.
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Figure 5.23 Velocity profiles for aspect ratio afd hot wall temperatures 75°C (a)
between the two walls and (b) near the hot wall.
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Figure 5.25 Velocity profiles for aspect ratio @sad hot wall temperatures 75°C (a)

between the two walls and (b) near the hot wall.
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This velocity profile trend is the same for all Esure heights and all aspect ratios.
The same profile can be seen on the cold side wthereelocity starts to increase to its
maximum at a certain distance from the enclosure;dbthen starts to decrease to a
zero value at the wall. From the graphs it candsmghat the velocity values increase as
the temperature increases for the same aspect Adgim from the figures, it can be seen
that, at each aspect ratio the boundary layer tigis& increases as the enclosure height
increases untiy/h becomes greater than 0.65 when the boundary taipdmness start to
decrease. Moreover from the figures it can be $leanthe velocity values increase as
the enclosure height increases untih become greater than 0.5 when the velocity
values start to decrease. Furthermore from thedgythe velocity values increase as the
aspect ratio increase. The maximum velocity foreaspect ratio occurs almost at or
near the mid-height of the enclosure. The boundaygr thickness increases as the
aspect ratio decrease.

The 3D numerical results data for the velocity &mtbulent intensity profiles along
the vertical axis and near the hot side are estadddi at a position of a maximum
velocity and for two hot wall temperatures 70°C aitdC. The velocity profiles near
the hot wall are shown in figure 5.26. From thiagr, it can be seen that the maximum
velocity occurs near or at the mid height of thelesure. Here the velocity starts to
increase from the lower edge of the enclosure untéaches its maximum value near
the enclosure mid height, when it starts to deereamin. Also from this figure, it can
be seen that the velocity values at the lower gfatie enclosure are smaller than that at
the upper part for all aspect ratios. Moreoveait be seen from the figure the velocity
profiles at the hot temperatures 70 and 75°C aite gimilar for the three aspect ratios.
The maximum velocity with an aspect ratio of 2.@rsater than the other two aspect
ratios.

The 3D numerical results for the turbulence intgn&r three aspect ratios and at
different hot wall temperatures are again dividatb ithe same two groups as the
velocity profiles discussed above. The turbulemtenisity profiles for the first group
are shown in appendix A and that for the secondgrare shown in figures 5.27 to
5.29. From the figures it can be seen that theutartt intensity values start to increase
gradually from the wall side until they reach a maxm value after a certain distance
from the wall, when it starts to decrease to iteimum value. Also from the figures, it
can be seen that, at the same aspect ratio, thald¢ace intensity increases as the

temperature increase also increases as the agfieahcreases.
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Figure 5.26 Velocity profiles near the hot wall mpect ratios a) 2.0, b) 1.0 and c¢) 0.5
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Figure 5.27 Turbulent intensity profiles for aspextto 2.0 and for hot wall temperature
a) 60°C and b) 75°C
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Figure 5.28 Turbulent intensity profiles for aspextto 1.0 and for hot wall temperature
a) 60°C and b) 75°C
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Figure 5.29 Turbulent intensity profiles for aspextto 0.5 and for hot wall temperature
a) 60°C b) 75°C
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The turbulent intensity along the vertical axis aear to the hot wall at the position
of maximum velocity is shown in figure 5.30. Frohistgraph it can be seen that the
maximum turbulence intensity occurs near the mighteof the enclosure, where the
turbulence intensity starts to decrease until @&ches its minimum value near the
enclosure edges. Also from this figure it can bensat the turbulence intensity values
for all of the results decrease as the aspect maticeases or decreases from unity.
Moreover from the figure it can be seen that thibulence intensity at the lower part of
the enclosure is much smaller than at the upper phazan be seen from figure 5.30a
that the turbulence intensity of the aspect rati@.0 at the lower part of the enclosure
has a constant and small value for the first 100 compared to the other two aspect

ratios.

5.6 Summary and Conclusions

The turbulent flow and turbulence properties arecassed and explained in this
chapter. The turbulent flow is generated from lamiflow when the flow starts
fluctuating and this instability develops as theyi@ds number increases. In natural
convection heat transfer the flow inside cavitiegslominated by the buoyancy forces
which measured using the Raleigh number and bywtie flow is known as laminar
or turbulent. Turbulence models are used to sohe time averaged governing
equations to obtain the unknown variables. Theethffit turbulence models used for
different classes of problems depend on the physfi¢dke flow for that problem. The
RNG k< model was chosen to be used and analyse the ¢utbfibw inside the
enclosure in this study. This turbulence modelui$igently accurate and reliable for a
wider class of fully enclosed air flows and wasoreaenended by many researchers to be
used in such flows. The governing equations anchtdary conditions of the RNG &-
model were discussed in detail in this chapter. Jiiet independence has been studied.
The model used has been validated by comparisom pvgvious experimental and
numerical results and shown to be adequate fopungoses that follow.

Also in this chapter, the numerical results of tuemt natural convection with and
without the interaction of surface thermal radiatin square and rectangular enclosures
have been analysed with different fluids, enclosizes, aspect ratios and cold and hot
wall temperatures. The main conclusions from thestisn can be summarized as

follows:
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Figure 5.30 Turbulent intensity profiles near tlog¢ Wall for aspect ratios a) 2.0, b) 1.0
and c) 0.5
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The Nusselt number as a function of absolute teatper ratio increases as the
aspect ratio decreases. The average Nusselt numbezases as the absolute
temperature ratio increase up to a certain valu&.dfwhich is around 1.2 for both
regimes) then it start to slightly decrease.

The new dimensional group as a function of absodleteperature ratio decreases
slightly as the aspect ratio increases in the fegime and it increases dramatically as
the aspect ratio decreases in the second regime.

The ratio between the convection and radiation hHeatsfer is increased by
increasing the absolute temperature ratio up tbsalate temperature ratio of 1.2; then
this ratio starts to decrease. It was shown thatdtio between Rayleigh number and
Nusselt number follows a similar trend.

3D numerical calculations were conducted for squamd rectangular enclosures
with three different aspect ratios 0.5, 1.0 andah@ for a hot wall temperatures ranging
from 50°C to 75°. The results show that the totahthtransfer increases as the
temperature of the hot wall increase.

More clear conclusions will be extracted when thaseerical results are compared

with the derived correlation equations and the @rpental results in the next chapters.
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CHAPTER 6

Experimental Rig and Results

6.1 Introduction

In this chapter the description of the cavity, thermocouples and data logger and
the laser Doppler velocimetry will be discusseddetail. During the course of the
experiments many modifications were made to thatyde reduce the heat losses
through the walls, to the hot and cold side loapsntiprove the control of the wall
temperatures and in the laser Doppler velocimairyniprove the collected data by
changing the controls and the seeder type andrsgédie.

In this chapter the description of experimental tgsand the results are divided into
four sections. The first section deals with theityagtesign and the description of how
three aspect ratios 2, 1 and 0.5 were created. Aiso section will include the

description of the design of the hot and cold loapd their temperature control.

The second section describes the thermal resulishwivere collected using
thermocouples mounted at the hot and cold sidessd@ hesults include the heat transfer
calculations from the hot and cold sides and that hesses through the walls for
different temperatures and different aspect ratios.

The final section describes the specificationdheflaser Doppler velocimetry (LDV)
and its use in a series of experiments. Also thisien includes data collected using the
LDV. These results are for the velocity and turbtlentensities profiles. The last
section will be a summary and the conclusions isf¢hapter.

6.2 Test cavity

The cavity or the enclosure consists of six wallbpt side, a cold side and four side
walls. The cavity has three configurations; thebeed configurations form three
different aspect ratios, and in each of them tHg dmange in the enclosure design will
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be the length of the top and bottom walls (the drad cold sides will be kept fixed in
size). The enclosure is designed using a polyseyteard of a 120mm thickness and
two layers of cavity wall double insulation, onerfr inside and another layer from
outside. The temperatures of the hot and cold sidiés were controlled using PID

controllers.

6.2.1 Specifications and cavity design

The cavity is designed using polystyrene board¢himkness 120mm as shown in
figure 6.1. These boards were cut to different site form the cavity shapes for

different aspect ratios.

Figure 6.1 Polystyrene board of thickness 120mm.

As an example, the design of the cavity of aspatad 0.5 will be explained in detail
here. The polystyrene boards come in a standasd ci2400x1200x120mm and to
form the cavity of inside dimensions 600x1200x600rtim board was cut to the
following sizes; four walls being 600x1220x120mm darfour pieces being
120x120x1220mm to form the four side walls. Theebatthe enclosure is connected

and fixed to its size dimension using the steem&awith the hot and cold sides
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connectedto them and to the lab fixed steel baegh@ other walls are mounted and
connected initially to each other using the dupetalhis can be seen from figures 6.2

and 6.3 which show the cavity of aspect ratio Oth whe two hot and cold side walls.

Figure 6.2 The polystyrene four side walls for aspatio 0.5

The four side walls have aluminium foil stick orth from the inside to get a
minimum emissivity on the inside surfaces of thelesure. To fix tightly and remove
the gaps between them the four side walls anddaharid cold walls, they were
connected to each other using duct tape, and wimgegl and connected to each other
using a band clamp which can be seen in figuretbig was to reduce the losses
through the gaps between the walls to minimum.de losses are the heat transfer to
the enclosure structure and then through the caatis or gaps to the surrounding air.

The losses through the gaps between the walls geite high (in some cases
reaching more than 50% of the total heat transféhe hot side). Later two additional
layers of cavity wall double insulation were addedhe enclosure walls to reduce these
losses.The first layer was connected from insidéhefenclosure where it fitted to the
four sides of the enclosure from inside and waseoted and sealed to the four edges
of the hot and cold side walls, as seen in theraaltie diagram figure 6.5. The second

layer of the cavity wall double insulation wasddtand connected from outside of the
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enclosure where it was fitted and connected taithsides of the enclosure and covered

the whole enclosure; this also can be seen agdigure 6.5.

Figure 6.3 The cavity with aspect ratio 0.5 afteseanbling all the walls

Using these two layers of cavity wall double insiola reduced the heat losses
dramatically. For example, the heat losses for dage of an aspect ratio 2.0 were
around 50% of the total heat transfer of the hde;safter using the two additional
layers of cavity wall double insulation, the hemddes through the walls were reduced to
less than 12.5% with a minimum of 5.3%.

To this end these are promising results which giargood thermal results with less
heat losses compared to other researchers wh@dup get these low losses through
the walls. King [57], report results from 7 expeeints which show heat losses through
the walls of between 22.8% and 48.0% with an ave@d34.4%. In the present study
the heat losses for 18 experiments were betwee¥ &3l 39.9% with an average of
17.3%.
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(b)
Figure 6.4 Using the band clamp to connect thetgavalls together a)- AR=1. b)-
AR=2.0
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6.2.2 Hot side loop

The hot side of the cavity is a flat plate singlang@l radiator with standard
dimensions, being 600mm high by 600mm wide arranged supported by a steel
frame as shown in figure 6.6. The radiator wasllated to a thickness of 120mm on
the back side using polystyrene boards and the bgdween the radiator and the
polystyrene board was filled using expanding foasuiation.

A simplified hot water central heating system wasastructed and connected to the
radiator. A diagram of the hot side circuit setapgshown in figure 6.7. The heat input
device was a 3kW immersion heater. To keep the ¢eatyre steady (to within £0.1°C)
in accordance with the European standard EN 44@][ a PID temperature controller
was fitted to the heater to match the energy inpuhe heater (and hence the water)
with the heat being taken from the tank and remoretie hot radiator. This occurs by
switching the heater on and off depending on tihgperature inlet to the system. The
PID controller provides proportional, integral addrivative control, and has been

adjusted to automatically compensate for tempegathanges in the system.
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Figure 6.6 The steel frame used to fix and supiperradiator.

The temperature at the inlet of the hot radiatde svas measured using a T-type
thermocouple which was connected to the PID cdetrahnd this temperature is
compared to the setting point of the PID controded from this difference the PID
controller compensates and matches the energy itputhe heater to get both
temperatures the same to within £0.1°C. The floi@ v@as measured using a glass tube
rotameter which was connected to the outlet ofdldgator. The water was circulated by
a standard central heating pump. The water floe/wats controlled through the use of a
bypass and valves as shown in the schematic diafygane 6.7. Using the bypass and
the valves, the flow rate was adjusted and corttidibr each inlet hot temperature. The
water in the hot side enters the radiator fromttipeside and exits from the bottom side
according to the British standard BS-3528-1977 [107

The water temperature at each measuring poinbgfstre and after the radiator was
measured using three T-type thermocouples attaichdte surface of the pipes, which
were insulated with 25mm thick foam as can be seeiigure 6.8. The pipes were
assumed to be at the same temperature as the het Whe six thermocouples were
attached to a PC through a USB based data acquististem, so it was possible to
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monitor and record the temperatures at a suitabigbng rate, which was selected to
be every five seconds.

I Cistern |
]
ﬂnk with
immersion

heater

Y

Pump

<

A 4

Flow rate control

/' N

Flowmeter

Radiator insulation Valve

Single panel radiator

Figure 6.7 Schematic diagram of radiator hot waiee.

In this study the PICO USB TC-8 data logger andBg data acquisition software
were used to measure and save the collected deszlatsampling rate [108, 109]. Each
experiment starts by opening a new file for eadét inot temperature, this file is used to
monitor and collect the data for the hot side. @lierage temperature of the three inlet
thermocouples and the three outlet thermocoupleéleofadiator were recorded &gn
andThout respectively.
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Tests were carried out for each aspect ratio amdefxh six inlet hot water
temperatures to the radiator, these hot tempematare from 50C° to 75C° in
increments of 5C°, to measure and compare the et transfer from the hot side to
that from the cold wall side inside the enclosuree total heat transfer from the hot
wall side of the cavity (radiator) can be calculatising the following equation:

Qtot(h) = mhcph(Thin — Thout) €Y

WhereQ'tot(h) is the total heat transfer rate from the hot sitéhe enclosure.
Cpy, is the specific heat of the hot water side andaitulated using the following
polynomial equation which based on the mean teny@ &, .., of the two hot side

temperatures and the water properties from [1].

Cpp = —5.04 X 1078T 5 pneny + 1.65 X 107 T oy — 2.04 X 1073 T3 enny

+ 0'128T7%zean(h) — 3-84Tmean(h) +4221.3 (2)
Thin + Thou
Tmean(h) = Tt 3)

WhereTy,  is the water inlet hot wall temperature dhg , is the water outlet hot wall
temperature.

m;,is the hot water mass flow rate which is calculatsithg the following equation

mj, = Qjpn (4)

Where Q;, is the volumetric flow rate of the hot water andlcalated using the

following polynomial equation:
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Figure 6.8 The insulated thermocouples at the idet exit.

Q;, = 1.628 x 107*Q2 + 2.738 x 1072Q, + 0.1448 (5)

Where Q, is the scale reading of the rotameter volumetloovfrate in cm, this
rotameter is a glass tube graded from zero to 3@aah these values are corresponding
to a volumetric flow rates from zero to 1.2 L/mespectively as it can be seen in figure
6.9, where the polynomial equation (5) was provibdaged on the data from this figure.
This figure is produced using the calibration o tlotameter by recording the time
using stop watch and weighing the water using #&aligcale for the whole rotameter

measuring range.

pn is the water density for the hot wall side anaatculated using the polynomial
equation shown below, where it also based on Hahmean temperature of the inlet
and outlet hot wall temperatures equation (3) dedwater properties as a function of
temperature from [1].
pr = —1.89 X 107 Ty oqnny + 5.39 X 1075T, panny — 8:43 X 10737 oy

+ 0.075Tneanny + 999.68 (6)
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The calculation oQtot(h) was done for a range of surface temperaturesngrighm

50C° to 75C° with an increment of 5C° and for thaspect ratios 2.0, 1.0 and 0.5.

| >
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Figure 6.9 The rotameter chart 10 metric.

6.2.3 Cold side loop

The cold side of the cavity is also a flat plategk panel radiator with standard
dimensions of 600mm high by 600mm wide, supportdgia steel frame as shown in
figure 6.6. The radiator was also insulated fromlback to a thickness of 120mm using
polystyrene boards and the gap between the radamdrthe polystyrene board was
filled using expanding foam insulation. The inletdaoutlet of the radiator was
connected to a recirculating chiller, (NESLAB CFRHEE CFT-75) as shown in figure
6.10, to maintain the water inlet of the cold walinperature fixed at about 8°C. The
cooling unit has an air-cooled refrigeration systéin is drawn in the front side of the
unit and discharged through rear and side as seégure 6.11. For proper operation,
the unit needs to pull substantial amount of aroulgh a condenser. The plumbing
connections are located on the rear of the unitlabelled as SUPPLY which will be
connected to the radiator inlet and RETURN which & connected to the radiator

outlet.
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Figure 6.11 Draw and discharge the air in the coplinit.
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Before starting the unit the reservoir need toilbedf with a clean cooling fluid, the
tap water is the recommended fluid for operatidine tank has a vent which relieves
pressure when it is built up and reaches 3-5pse TKT recirculating chiller is
designed to provide a continuous supply of cooflagl at a constant temperature and
volume [110]. The unit consists of an air-cooledrigeration system, a sealable
reservoir, recirculating pump, and a temperaturgrotier. The cooling capacity of the
unit is 2500W with a temperature range of +5°C 30%€. The temperature set-point is
adjusted by pressing and holding the DISPLAY swictl then turning the ADJUST
knob until the desired temperature set-point iscamed on the digital display [110].

The water temperature before and after the radvaésrmeasured using three T-type
thermocouples attached to the surface of the pipbigh were insulated with 25mm
thick foam. The pipes were assumed to be at the $amperature as the water. The six
thermocouples were attached to a PC through a UfSBdbdata acquisition system to
monitor and record the temperatures at the seleztagbling rate, which was every five
seconds.

Tests were carried out for only one inlet cold tenagure to the radiator which was
around 8C°. The radiator connected to the lab flxask using a steel frame by a way in
which it can be simply moved towards or away fréva wall to get a range of different
aspect ratios. The total heat transfer from thel aghll side of the cavity can be
calculated using the equations 1 to 4 and equdidoy just replacing the hot side
temperatures with the cold side temperatures.

The volumetric flow rate of the cold water sidecmculated using the following

polynomial equation.

Q. = 4.975 x 107%Q% + 3.297 x 1072Q, + 0.0916 (7)

6.2.4 Calculation of measurement uncertainty

All the thermocouples for the hot and cold sidesenealibrated using an electronic
reference thermometer which has a resolution of°@O0 This reference thermometer
has been calibrated by the manufacturer usingréference points which produces an
uncertainty of measurement equal to *0.05°C, thkbresion certificate of this
reference thermometer is included in appendix Btk twelve thermocouples used for

this work were calibrated using this reference rif@neter at three reference points:
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0°C, ambient temperature which was around 23°C 40f¢C, using a heater with a
magnetic stirring device to keep the temperaturstmt. The calibration procedure and
the results are included in appendix B. All thediegs of the thermocouples had an
error of £0.2°C.

The rotameter calibration test was performed bgnging the time using stop watch
and weighing the water using a digital scale fa Whole rotameter measuring range.
The detailed test and the results for both themetars for the hot and the cold sides are
shown in appendix B. The resulting data is usegréaluce the polynomial equation as
discussed above.

The uncertainty of this flow meter will be equal tiee minimum scale reading
divided by two, which will be equal to about +0.0in.

The calculation of the uncertainty for the calcethheat transfer from the hot and cold

sides will be according to equation (1) as below:

5Q 8V &(AT)
Q vV AT ®

Where§ (AT) = 6T, + 6Tyt

From the calculated uncertainty of the thermocauplhich is £0.2°C, then

6(AT) = +0.2 + +0.2 = +0.4
Therefore

) SV 8§(AT) +0.02 +0.4
—Q=f+ ( )__ +

Q v AT 1.0 2

= 10.22

However, the calculated results involves the pragiag of the uncertainty in the
region, which is approximately +22% f«irwt(h) and +22% forQ'tot(C). The principle
source of this error is due to the uncertaintyhim thermocouples and flow rate readings

as shown above.

6.3 Thermal calculations and results

The thermal calculations were performed for a ranfiehot wall temperatures

ranging from 50C° to 75C° and for three enclosuzessof aspect ratios 2.0, 1.0 and
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0.5. The thermal calculations start with the cdlleg of the thermocouples readings for
both the hot and cold sides and save them thengdke average values of each three
thermocouples. The thermal calculations alsoustelthe calculation of the total heat
transfer from the hot side as explained in sectdh2 and from the cold side as
discussed in section 6.2.3. Moreover the thermiautations include the calculation of
the heat losses through the enclosure side walishvit the difference between the hot
and cold heat transfer.

The thermal results are divided to two sub secti@re is for the different hot wall
temperatures and the other one is for the diffeaspect ratios. Both of these will be
discussed below.

6.3.1 Different aspect ratios

The enclosure was designed to have three aspeaxg.riirstly an aspect ratio of 2.0
which has inside dimensions 600 x 300 x 600mm. The steps followed to construct
and insulate this enclosure are the same as thqdaireed in section 6.2.1. The
enclosure is shown in figure 6.12a. The secondosaoct had an aspect ratio of 1.0
(square) which is had inside dimensions600 x 600 x 600mm. After attaching the
second layer of the cavity wall double insulatibe &nclosure is shown in figure 6.12b.
The last has an aspect ratio of 0.5, and has indioeensions of600 x 1200 X
600mm. Its final shape is shown in figure 6.12c.

The preparation and steps of design procedurebtandgerational process of each of

these cavities followed the same procedure and stephat explained in section 6.2.

6.3.2 Different hot wall temperatures

In the case of each of the three aspect ratioscdlmilations were performed for
different hot wall temperatures ranging from 50@ 75C°. For each hot wall
temperature, the experiment starts by checkingahdings of the six thermocouples of
the hot side and the six thermocouples of the sudé by monitoring their reading
through the computer using the data acquisitiotesysThen the flow rates of the water
to the hot and the cold sides were checked and@djwsing the bypass and valves by
monitoring the reading of the glass tube rotameter.
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(b)

Figure 6.12 Enclosure final shape for aspect raties a) 2.0, b) 1.0 and c) 0.5
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To start collecting the data, the PID controllettings were adjusted to control the
inlet hot side temperature to the setting pointhedf required temperature. A T-type
thermocouple is connected between the inlet hoe semperature and the PID
controller. As discussed in section 6.2.2 above temperature is compared to the
setting point of the PID controller and from theffeience the PID controller
compensates and matches the energy input of therhiaget both temperatures to
within £0.1°C of each other.

Collecting the thermocouples readings starts jéist @hecking the thermocouples,
the flow rate readings and the adjustment of thegperature controllers for both hot and
cold sides. To this end it was possible to moratwi record the temperatures every five
seconds, and save them to files. Collecting theex@ntal data took from 24 hours to
48 hours depending on the stability of the datalect#d during the day. The
repeatability of the data collected using the trerouples are checked as it can be seen
in figure 6.13 which show the stability of the thercouple collected data for more than
two days for both the hot and cold sides. The flate was monitored during the
experimental time and the reading data of the dlass rotameter is collected manually
by taking the measuring scale level of the floatteAgetting enough collected data
from the experiment for each hot wall temperatine ¢éxperiment was deemed to be
completed.

Then the average temperature of the three inletmibeouples and the three outlet
thermocouples were calculated for both hot and sodés. From these four average
temperatures the calculations of the mean tempestat the hot and cold sides are
calculated using equation (3) as explained in epstb6.2.2 and 6.2.3. From these two
mean temperatures the water properties are cadculsting equations (2) and (6).

The volumetric flow rates for hot and cold sides aalculated using the collected
readings of the glass tube rotameter at each sdi®yausing equation (5).

Calculations of the thermal results for each holl veanperature (which ranged from
50C° to 75C°) were performed using equation (19dizulate the total heat transfer for

hot and cold walls. Then the heat losses were leémliusing the following equation:

Qloss = Qtot(h) - Qtot(c) €))

Which is the heat transferred through the wallghar gaps in the walls then to the
surrounding and it equal to the difference betwdenheat transferred to the medium
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from the hot side and the heat removed by the sidiel
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Figure 6.13 The thermocouples collected data ofiatveo days for a) hot wall side

and b) cold wall side

For each temperature the error of the heat losses galculated

Qtot(ny = @
Error(%) = tot(h) L)

100 (10)
Qtot(n)
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The final results for each aspect ratio and at éatiwall temperatures are shown in
figure 6.14. The figure shows the relation betwtdenheat transfer from the hot or the
cold walls as a function of absolute temperatutie tzetween hot and cold walls. From
this figure it can be seen that the total heatsfimincreases as the absolute temperature

ratio increases.
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Figure 6.14 Thermal results of total heat tranffan three aspect ratios a) hot side and
b) cold side.
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Also from the figure it can be seen that the tdteht transfer from the hot side
increases as the aspect ratio decreases. Convéredigtal heat transfer from the cold
side increases as the aspect ratio increase whaeelmsrthat the heat losses increase as
the aspect ratio decreases. Also the figure shbassthe heat transfer for the aspect
ratios 2.0 and 1.0 is very close to each otheb&ih hot and cold sides. The difference
between heat transfer for aspect ratio 0.5 andtiiner two aspect ratios increases as the

absolute temperature ratio increases.

6.4 Laser Doppler Velocimetry specifications and pringples

6.4.1 Introduction

Laser Doppler Velocimetry (LDV) is a widely accegtéool for fluid dynamic
investigations in gases and liquids. It is a teghaithat has important characteristics
which make it an ideal tool for dynamic flow meamument and turbulence
characterization [111].

With the development of the helium-neon laser, @aswshown that fluid flow
measurement could be made from the Doppler effmecta He-Ne beam scattered by
very small polystyrene spheres entrained in thel fll12]. This phenomenon was used
in developing the first laser Doppler flow-meterings heterodyne signal processing
[113].

Its non-intrusive principle and directional sensfyi makes it very suitable for
applications where physical sensors are difficalinopossible to use. It is requires a
tracer particles in the flow that can reflect ttesdr beams, e. g. liquids contain

sufficient natural seeding on the other hand gasest be seeded in most cases.

6.4.2 Advantages
The LDV has the following features [111, 114]:
1. Non intrusive.

2. No calibration required.

3. Velocity range negative to supersonic.
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4. One, two or three velocity components.
5. Flow reversals can be measured
6. High spatial and temporal resolution

7. Instantaneous and time averaged

6.4.3 Components and Principles

The basic configuration of an LDV as seen in fegarl5 consists of [111, 114]:
1. A continuous wave laser
2. Transmitting optics, including a beam splitter anfdcusing lens

3. Receiving optics, comprising a focusing lens, darference filter and a

photodetector

4. A signal processor and a data analysis system.

Advanced systems may include traverse systems @itie one used in this study)
and angular encoders.

A Bragg cell is often used as the beam splitteis & glass crystal with a vibrating
piezo crystal attached, see figure 6.16.

The output of the Bragg cell is two beams of edpi@nsity with frequencies fO and f
shift. These are focused into optical fibres bmggihem to a probe.
In the probe, the parallel exit beams from theef$bare focused by a lens to intersect in

the measuring volume.
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Figure 6.16 The Bragg cell used as a beam splitéi[
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6.4.4 The measuring volume

When two laser beams intersect, they interfereymiog) the measuring volume. The
light intensity is modulated due to interferencéwsen the laser beams. This produces
parallel planes of high light intensity, which aadled fringes [111]. The fringe distance
df is defined by the wavelength of the laser lighd éme angle between the beams as

can be seen in figure 6.17:
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Figure 6.17 The probe and the measuring volume[111]

dp = — (1)

Each particle pass scatters light proportionaht lbcal light intensity [111]. Flow
velocity information comes from light scattered $Beding particles carried in the fluid
as they move through the measuring volume. Theesedt light contains a Doppler
shift, the Doppler frequencyD, which is proportional to the velocity component

perpendicular to the bisector of the two laser leam

The scattered light is collected by a receivesland focused onto a photo-detector.
An interference high-pass and low-pass filters gasmly the required wavelength from
the photo-detector [114]. This removes both lowgfiency pedestal component and

high frequency noise from the Doppler component.
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6.4.5 Signal processing

The photo-detector converts the fluctuating lightensity to an electrical signal
proportional to the light flux. The signal outputorin the photo-detector can be
decomposed to low frequency (pedestal) output chbgethe particle passing through
the focused Gaussian-intensity laser beam, Dopipégfuency, fD, has a regular
sinusoidal pattern and a high frequency noise [114]

The Doppler frequencies are filtered and amplifiedhe signal processor, which
determinesfD for each particle, often by frequency analysise Ttinge spacing,f
provides information about the distance travellgdhe particle. The Doppler frequency
fD provides information about the time:=1/fD. The velocity equals distance
divided by time: Velocity = df = fD.

6.4.6 Determination the sign of the flow direction

The frequency shift obtained by the Bragg cell aldttethe diffracted beam, which
then results in a measured frequency of a movimticgaand allows measurement of
negative velocities down t& > 57.6m/s and maximum positive velocities up to
supersonic [111, 115]. Particles which are not mgwiill generate a signal of the shift
frequency f-shift which corresponding to zero vékcThe velocities/,,;and V., will
generate signal frequencigsandf,., respectively as shown in figure 6.18.

LDV systems without frequency shift cannot distirsu between positive and
negative flow direction or measure 0 velocity.

LDV systems with frequency shift can distinguishe tHhow direction and also

measure zero velocities.

6.4.7 Two and three component measurements

To measure two velocity components, two extra beeansbe added to the optics in
a plane perpendicular to the first beams.

All three velocity components can be measured hy $eparate probes measuring
two and one components, respectively with all teans intersecting in a common

volume as shown in figure 6.19 [111]. Different wbangths are used to separate the
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measured components. Three photo-detectors withoppate interference filters are
used to detect scattered light of the three wagghen

Modern LDV systems employ a compact transmittet acomprising the Bragg cell
and colour beam splitters to generate up to 6 beamshifted and frequency shifted
beams of three different colours. These beams assep to the probes via optical

fibres.

Figure 6.18 Doppler frequency to velocity for aguency shifted LDV system [111]

6.4.8 Seeding particles

Liquids usually contain sufficient natural seedimgnereas gases must be seeded in
almost all cases. In the ideal cases, the partstiesild be small enough to follow the
flow and also large enough to scatter sufficieghti The seeding particle material can
be solid powder or liquid droplets depending on p&ctice case. In most of the gas
flow cases seeding particles are needed hencetoamzar is used to produce these
seeding particles. In the present study the Sixaf@mizer is used to produce the
seeding particle which is olive oil. The Six-Jebratzer principle and operation is

discussed in the next section.
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Figure 6.19 LDV optics for measuring three velocdtynponents [111]

6.4.8.1 The Six-Jet atomizer principle

The Six-Jet atomizer as seen in figure 6.20 hasyrfeatures that make it a widely
used instrument for providing seeding particlese Htomizer has a built-in pressure
regulator and a pressure gage to control the pireeskuhas a self-dilution system that
controls the output concentration and six partgdeerator atomizer jets, have an
orifice diameter of 0.015 inch, where one to sbnaitzer jets can be selected.

The atomizer can produce liquid particles from iligy in this study the olive oil
used to produce the seeding particles. It can@isduce solid particles from solutions

or suspensions such as spheres from uniform pogystyatex [116].

6.4.8.2 Operating the Six-Jet atomizer

The atomizer reservoir is half filled with the liguo be atomized which in this case
is the fruity olive oil. The liquid level in the servoir should be less than half to be sure
that the atomizer jets are not submerged [116]. r€gelator valve and the dilution air
valve should be closed before connecting the cosspre air. The atomizer outlet is
connected to the top of the enclosure using aldlexube. The regulator pressure was
set to 25 pounds per square inch, as this lewelasmmended to work well [116], and
connected to a continuous source of compressedsaig an air compressor. In this
study one atomizer jet is used which gives 6.6r/merosol flow-rate [116] and the
seeding time depended on the size of the encloatir@yout 10 to 15 seconds for an
aspect ratio of 2.0, to 20 to 25 seconds for aras@tio of 1.0 and 35 to 40 seconds
for an aspect ratio of 0.5. It was noticed thatfti@y extra virgin olive oil used lasted

better in the enclosure than an extra virgin otille
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Figure 6.20 The Six-Jet atomizer.

6.5 LDV experiments and results

The velocity profiles and turbulent intensities weacquired for the different
enclosure sizes with aspect ratios of 2.0, 1.0 @rid and for different hot wall
temperatures ranging from 50°C to 75°C.

In each experiment, preparation to use the LDVesgsis needed such as the LDV
controls settings and traverse system positionssdtand the LDV operation steps will

be explained in the next sections.

6.5.1 LDV experiments preparation

For each aspect ratio after collecting the themesililts (as explained in section 6.3)
the side wall was removed and exchanged for a Bersyrface as can be seen in figure
6.21.
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The same steps are followed as in section 6.3at0 ebllecting the thermal results.
Collecting the data using the LDV system starteratie reading of the thermocouples
become stable. Before collecting the velocity andoudlent intensities inside the
enclosure, the FLOWSIZER software package mush$@lied and a new main project
folder created to monitor and save the data cetecEach project folder contains
various experiment folders and each of them costeany runs. For example in this
study a main project folder is opened that cont#fimse experimental folders for each
aspect ratio. Each experimental folder containgrerasix experimental folders for each
hot wall temperature which ranging from 50°C to @5€ach hot wall temperature
experiment folder contains six runs calculated iffer@nt enclosure heights for/h
equal to 0.19, 0.3, 0.5, 0.65 and 0.85 and onatrumrequal to 4mm, which is very close
to the hot wall.

The LDV controls require the adjusting of the Retup settings which for example
includes the maximum particle measurement attenwéselength, focal length and
some other parameters. These settings need td bersectly in order to take accurate
velocity data. The other most important input sgtiare the LDV controls which is on
the main software window. The settings of theseupaters are often slightly iterative
among the various parameters to get good velocggsurements [114]. The graphing
capabilities of the FLOWSIZER data acquisition amthlysis software has a wide
flexibility to create histogram plots, scatter glosmoothed line plots, etc. [114]. A
velocity histogram, instantaneous velocity plot,dathe velocity and turbulence
statistics are created, monitored and saved deach run.

The traverse menu options are selected to stairgé#te parameters and moving the
laser probe to the start point where data neeeé &idot collected. There are two modes
to operate the traverse system, manually by setti@gnoving positions each time or
automatically based on the matrix of positions flledames selected. The matrix of
positions can be created manually or automatichdlyhis study the automatically

selected matrix positions are used in each run.
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Figure 6.21 Exchanging the side wall by a Perspefase.
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6.5.2 Collecting the data using the LDV

Before starting to collect the data, the laser probeds to be moved and adjusted to
the starting point. The matrix of the collectingtalgositions inside the enclosure is
created automatically and has all the position tsdimat the traverse system will follow
during the experiment to capture the data. By jpngsthe “scan capture” button, the
LDV system is started and data collection commendé® laser probe is moved
automatically to the next point after the maximuantigle measurement attempts of the
first point is reached.

For example collecting the data for the aspecbratD and hot wall temperature
50°C starts by moving the laser probe using theetse system to the positionydh
equal 0.19 and at the closest point to the hot.wAliter pressing the “scan capture”
button the LDV system starts collecting the datagfach position point, which in this
experiment was at every 1.0 mm near the hot ardlwalls for about 200 mm from the
wall edge and at every 10 mm for the whole enclsore distance. Collecting the data
continues at each point until the maximum particleasurement attempts reached,
which in this experiment was 10,000. Then the trsevesystem moves to the next point.
This is the case for each measuring point untisfimg all the measuring points across
the enclosure width. The collected data for eachsmeng point is saved to the named
file and then after finishing the experiment theeshdata can be exported to an excel
sheet for analysis. The same steps were repeate@afth aspect ratio and each
experimental run. The only difference between asp®Ds is the measuring positions
inside the matrix at the core are increased aetictosure width increase where it was
at each 100mm for the aspect ratio 1.0 and 200ninéoaspect ratio 0.5.

6.5.3 Velocity and turbulent intensities profiles for different aspect

ratios

As was mentioned in chapter two the velocity boundayer is considered to be the
region of velocity values which extends from thdlwa the first zero or near to zero
velocity value and does not include the regionesersed flow. Also the core of the
enclosure is defined based on the velocity bounl#gmrs and as King [57], defines the
core as that region which exists beyond the veldoitundary layer which ends at the
first position of zero velocity.
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In this study and for each experimental run, thecity and turbulent intensities for
each aspect ratio and at eagh for different hot wall temperatures are plottedl an
shown in different figures. To simplify the resultise velocity result graphs are divided
into two groups. One of which will be included ippendix B and the other one will be
explained and shown in this section. The velocitgfifes of the first group, which
includes three hot wall temperatures of 55, 65 #&C at different enclosure heights
are shown in appendix B. The second group (whidhbei explained here) is for the
three aspect ratios and containing the velocityilpsoat different enclosure height for
two hot wall temperatures, these are 60°C and 7bh€.velocity profiles for this group
are shown in figures 6.22 to 6.27. The repeatghnlitthe collected data using the LDA
was checked using the velocity profile as showfigare 6.28. This plot show that the
velocity profiles collected at mid-height of aspeatio 2.0 and two hot temperatures

50°C and 75°C of collecting data for two differelatys are repeatable.

From the figures 6.22 to 6.27 it can be seen thiteahot wall side the velocity starts
at zero and increases to reach to its maximum aftertain distance and then it starts to
decrease to its minimum value. This velocity is @inconstant for the whole enclosure
core. This velocity profile trend is the same fbe tvelocity profiles at all enclosure
heights and all aspect ratios. The same profilebmseen on the cold side where the
velocity starts to increase to its maximum at daserdistance from the enclosure core
and then decreases to zero at the wall. Also frben figures, the boundary layer
thickness near the hot wall side increases as rthlo®ire height increases and vice
versa. It is noticed as mentioned by King [57]tet peak of the mean velocity were at
its minimum at the bottom of the heated wall thestarts to increase up to the mid-
height when it starts to decrease again. Moredtvean be seen from the figures that as
the temperature increases, the velocity valueslamtboundary layer thickness increase
at the same time. Furthermore from these figureantbe seen that as the aspect ratio
increases, the velocity values and the boundaser ldnyckness decrease.

The maximum velocity for each aspect ratio occlmmsoat at or near the mid-height
of the enclosure. Also it can be noticed here,iaralso as mentioned by Kutaleladze et
al [65] and Lankhorst et al [12]that the laterakiion of the peak mean velocity is
increased as the height of the enclosure increaslss. it was noticed again as
mentioned by Kutaleladze et al [65]that increadimg cavity width will also increase

the boundary layer thickness.
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Figure 6.22 Velocity profiles for aspect ratio 21d hot wall temperatures 60°C and
Ra = 8 x 107a) Traverse lines diagram b) between hot and caltsw) near the hot

wall
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Figure 6.23 Velocity profiles for aspect ratio 2ud hot wall temperatures 75°C and

Ra = 9.3 x 107 a) between hot and cold walls b) near the hot wall

The collected data for the velocity and turbulemtensity profiles along the vertical
axis and near to the hot side were collected ais#&ipn of the maximum velocity and at
5mm intervals. The velocity profiles for this cam® shown in figure 6.29. From the
figure, it can be seen that the maximum velocitguos near the mid height of the

enclosure. Here the velocity starts to increasm fiite lower edge of the enclosure until
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reaches its maximum value near the enclosure mighhevhere it upon starts to

decrease again.
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Figure 6.24 Velocity profiles for aspect ratio &ifid hot wall temperatures 60°C and

Ra = 8.8 x 108 a) between hot and cold walls b) near the hot wall
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Figure 6.25 Velocity profiles for aspect ratio &fid hot wall temperatures 75°C and

Ra =1 x 10° a) between hot and cold walls b) near the hot wall

Also from this figure it can be seen that the viloealues at the lower part of the
enclosure are smaller than that at the upper para faspect ratio of 2.0 and its value
looks quite similar for both parts for an aspediord.0. On the other hand the upper
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part of the enclosure for an aspect ratio of 0% Iaeger velocity values than the lower
part. Moreover it can be seen from the figure tiat velocity profiles at the hotter
temperatures of 70° and 75°C are quite similaafbthree aspect ratios.
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Figure 6.26 Velocity profiles for aspect ratio @ad hot wall temperatures 60°C and

Ra = 7.1 x 10° a) between hot and cold walls b) near the hot wall
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Figure 6.27 Velocity profiles for aspect ratio @sad hot wall temperatures 75°C and

Ra = 8.1 x 10° a) between hot and cold walls b) near the hot wall

The data was also collected for the turbulencensitg (which is the ratio between
the RMS velocity and the average velocity) follogiithe same steps as that for the
velocity profiles and was exported at the same tiitlk the collected velocity values to
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the spreadsheet. The turbulence intensity profitesagain divided into two groups like
the velocity profiles. The final profiles for thend group are shown in figures 6.30 to
6.32. From these graphs it can be seen that vesge db the wall for about 3 to 4mm
from the wall edge the turbulence intensity valaes small and constant. As it moves
away from the wall their values start to increas&dgally until a distance of 100mm
from the wall whereupon it starts to increase diasally. Also from the figures it can

be seen that the turbulence intensity increaséiseaaspect ratio increases and decrease

slightly as the temperature increase.
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Figure 6.28 The repeatability of the LDA measurenienaspect ratio 2.0 and hot wall
temperature a) 50°C and b) 75°C.
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The turbulence intensity along the vertical axigl arear to the hot side wall is
collected at a position of a maximum velocity fack 5mm increment distance. The
turbulent profile is shown in figure 6.33. From ghiigure it can be seen that the
maximum turbulence intensity occurs near the twmexs of the enclosure, where the
turbulence intensity starts to decrease from the édges of the enclosure until it
reaches its minimum value near the enclosure mghheAlso from this figure it can be
seen that the turbulence intensity values increaseall as the aspect ratio increases.
Moreover from this graph it can be seen that tileulence intensity at the lower part of
the enclosure tends to decrease more than the pppesis the aspect ratio decreases. It
can also be seen from figure 6.33c that the turm@lentensity at the lower part of the
enclosure has quite similar values to that at tiek meight of the enclosure for aspect
ratio 0.5.

6.6 Summary and Conclusions

In this chapter the design of the experimentalrigsind the process of collecting the
data are explained in detail. The design of therigsn this study includes the design of
the enclosure with both hot and cold sides and diffierent aspect ratios. Also in this
chapter the calibration of the thermocouples and o use them with the data
acquisition system to collect the thermal data vesq@ained. This chapter also includes
the specifications and the use of the laser Dopgdémcimetry to collect the velocity
profiles. The thermal calculations were discussethis chapter for a range of hot wall
temperatures ranging from 50C° to 75C° and for éheaclosure sizes of different
aspect ratios 2.0, 1.0 and 0.5.

The thermal results show that the total heat teangfcreases as the absolute
temperature ratio increases. Also the total haatsfter from the hot side increases as the
aspect ratio decreases and on the other hand tdlehtmat transfer from the cold side
increases as the aspect ratio increases which ntieareat losses also increase as the
aspect ratio decreases.

The collected results using the LDV system show the velocity starts to increase to
its maximum value after a certain distance fromwiadl then it starts to decrease to its
minimum. The boundary layer thickness increaseghas enclosure height or the
temperature increase in all aspect ratios. Thecitglvalues and the boundary layer

thickness will decrease as the aspect ratio inereas
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The velocity near the hot and cold sides startmd¢oease and reaches a maximum
value. Then it starts to decrease to its minimugafrio zero) for the whole enclosure
core. The boundary layer near the hot wall sideemses as the enclosure height
increases. As the temperature increases, the teleaiues and the boundary layer
thickness will increase at the same time. On therdband, as the aspect ratio increases
the velocity values and the boundary layer thicknedl decrease.

The collected data for the velocity along the waitiaxis show that the maximum
velocity always occurs near the mid height of thelesure.

The turbulence intensity value increases graduadsoss the enclosure until the
velocity values decrease to less than 0.05m/stheagnd of the boundary layer then it
starts to increase dramatically. The turbulencensity increases as the aspect ratio
increases and it decreases slightly as the temperatcreases.

The maximum turbulence intensity along the vertiagls and at the maximum
velocity values occurs near the two corners of ¢éhelosure, where the turbulence
intensity start to decrease until it reach its mimm value near the enclosure mid
height. The turbulence intensity values increasdb@ aspect ratio increase.

These experimental results will be compared with tlumerical results in the next
chapters.
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CHAPTER 7

CORRELATION EQUATIONS FOR
HEAT TRANSFER IN CAVITIES

7.1 Producing the correlation equations for pure naturd

convection in square and rectangular enclosures

The correlation equations for both square and ngciar enclosures will be
produced in this chapter using the provided dinmness relations in chapter 4 and the
numerical results provided in chapter 5.The analysiethod will produce the
correlation equations for the two cases pure nhtumavection and natural convection

with radiation in square and rectangular enclosures

7.1.1Providing the correlation equation for square enclsures

As explained in chapter 4 and from equation (1pWwelthe correlation equation for
natural convection without radiation interaction @ square enclosure is formed,
equation 2.

Nu, = ¢(Gr, Pr,T,) (1)

This forms a relationship between the average adiore Nusselt, Grashof and
Prandtl numbers in a square enclosure:

k,Gr*
Nu, = Prh:

(2)

Wherek;, a; andb; are constants and are a function of the abscdnt@erature ratid,
of the hot and cold walls of the enclosure. Thesgstants are found by using all the
numerical results for the three different groupentHitting them to get the average

convection Nusselt number. The fitting and optirtia@a of the numerical results was
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done using the solver in the Microsoft office exseftware package (office 2007),
which uses the generalized reduced gradient (GRt@2Jinear optimization code,
which was developed by Leon et.al [117, 118]. Thki@s of these resultant constants

as a function of absolute temperature ratio whicaduation 2 are shown in figure 7.1a.
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Figure 7.1 - Constants values as a functiony6f:ffor (a) Natural convection without
radiation equation (2), (b) Natural convection witteraction of surface thermal radiation

equation (8).
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7.1.2Providing the correlation equation for rectangular enclosures

According to the numerical results of the heatdfanin the rectangular enclosure
with different aspect ratios examined in this st@athich discussed in detail in chapter
5), the flow could be divided into two regimes, wdhehe second (transition) regime
could be included into the other two regimes:

1. Regime one starts from square to tall enclosuresgpect ratio ranging
from 1 to 16,
2. Regime two starts from square to shallow enclostioesaspect ratio

ranging from 1 to 0.0625.

From equation 3 below (provided in section 4.3.2chapter 4), the following
correlation equation for natural convection withcadiation interaction in a rectangular

enclosure is formed, equation 4.
Nu. = @(Gr, Pr,T,, AR) 3)

This forms a relationship between the average adiore Nusselt, Grashof, Prandtl

numbers and aspect ratio in rectangular enclosures:

_ kiGr™

Nu, = Prb:

* f(AR) (4)

Wherek;,a andb; are constants and are a function of the absabum@érature rati@,
of the hot and cold walls of the rectangular enslesand their values are shown in
figure 7.1a.
And f(AR) is the aspect ratio conversion equation which twas forms for each
regime:

For the first regime (aspect ratio from 1 to 16)

F(AR) = AR* + ka2e4R* + ka4 (5)
For the second regime (aspect ratio from 1 to G&P62

f(AR) = kb1 (ARK?? + kb3e"R*"" + kb5) (6)
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Where kay, kap, kag and ka, and kb, kby, kbs, kby and kbs are constants and are a
function of the absolute temperature rdticof the hot and cold walls of the rectangular
enclosure. These constants are also found by wintpe numerical results for the

rectangular enclosure with different aspect ratlen fitting them to get the average
convection Nusselt number. The fitting and optirticza of the numerical results was

done using the solver in the Microsoft office exseftware package (office 2007), as
explained before. The values of these constants fasction of absolute temperature

ratio which fit equations 5 and 6 are shown in fegid.2.

7.2 Providing the correlation equations for natural
convection with radiation interaction in square and

rectangular enclosures

7.2.1 The correlation equations for square enclosures

As given in section 4.3.1 in chapter 4 and usingaéiqn 7 below, the following
correlation equation for the natural convectionhwtite interaction of thermal surface
radiation has been provided which shows the reiabetween the new dimensionless
group (natural convection to radiation heat transénd the total Nusselt number,
Grashof number and Prandtl number in the squaresme equation8:

RC, = ¢(Nu, Gr,Pr,T,) (7)
Qconv szrbZ

= Nu Pl = —2— 8
Qraa ¢ T Nu2Pre ®)

Wherek,, a, b, andc, are constants and are a function of the absatmt@drature ratio

T, of the hot and cold walls of the enclosure. Thasestants are also found by using all
the numerical results for the square enclosurefandhe case of natural convection
with radiation interaction then fitting these cargs to get the dimensionless group.

The fitting and optimization of the numerical rdsuvas done again using the solver in
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the Microsoft office excel software package (offieg@07), as explained before. The
values of these constants as a function of thelatestemperature ratio which fit

equation 8 are shown in figure 7.1b.
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b) Equation (6).
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Also from equation 9 below (which discussed in ¢eag@) and the numerical results
in the square enclosure (which explained in chapjerthe following dimensionless
correlation equation for the total Nusselt numbemadunction of Grashof, Prandtl and

Planck numbers can be derived equation 10:

Nu; = @(Gr, Pr,PL,T,) 9
Grb
Nut = aw (10)

Wherea, b, c andd are constants and are a function of the absolotpdaeature ratid;,

of the hot and cold walls of the square encloslinese constants are found by using all
the numerical results for the square enclosurdhfercase of natural convection with
radiation interaction then these constants wasdfito get the total average Nusselt
number. The fitting and optimization of the numalicesults was done also using the
solver in the Microsoft office excel software pagkgoffice 2007), as explained before;

the values of these constants are shown in figiie 7
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7.2.2 The correlation equations for rectangular enclosure

Using equation 11below (which given in section Z.8hapter 4) and the numerical
results in chapter 5, the following correlation afijon (equation 12) for the case of
natural convection with the interaction of therrsalface radiation has been provided
which matches the relationship between the new mlsinaless group and the total
Nusselt number, Grashof number, Prandtl numbettladspect ratio in the rectangular

enclosure
RC, = ¢(Nu;, Gr,Pr, T, AR) (11)

_ Qconv _ kZGrb2

RCn = =
Qrad Nut “2prez

* f(AR) (12)

Wherek,, ap, b, andc, are again a function of the absolute temperatatie T,. of the
hot and cold walls of the rectangular enclosure thed values are again as explained
before and are shown if figure 7.1b.

Here f(AR) is the aspect ratio conversion equation and d@ hiss two forms for each
regime:

For the first regime (aspect ratio from 1 to 16)

F(AR) = AR*! + kc2eAR"® 4 k4 (13)

For the second regime (aspect ratio from 1 to G&P62
f(AR) = kd1 (AR% + kd3e*"""* + kd5) (14)

Wherekey, ke, kes andkes andkdy, kdp, kds, kds andkds are constants and are a function
of the absolute temperature ratid of the hot and cold walls of the rectangular
enclosure. These constants are also found by w#intpe numerical results for the

rectangular enclosure with different aspect ratwghe case of natural convection with
radiation interaction then fitting these constatmtgget the new dimensionless group.
The fitting and optimization of the numerical rasulvas again conducted using the
solver in the Microsoft office excel software pagkgoffice 2007), as explained above.
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The values of these constants as a function oflaeseemperature ratio which fit
equations 13 and 14 are given in figure 7.4.
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Also from equation 15 below(as explained in chagfeand the numerical results,
the following dimensionless correlation equation fioe total Nusselt number can be
derived equation 16:

Nu, = @(Gr, Pr,PL,T,, AR) (15)

b

Precpld

Nu; =a

* f(AR) (16)

Wherea, b, c andd are constants and are a function of the absolutpdeature ratid;,

of the hot and cold walls of the square enclostheir values are shown in figure
7.3f(AR)is the aspect ratio conversion equation. For tlse cd rectangular enclosure,
the aspect ratio conversion equation has two espmtior the two regimes; these are

described above in section 7.1.2.

For the first regime (aspect ratio from 1 to 16)

F(AR) = AR9' + g2e4R? 4 g4 (17)
For the second regime (aspect ratio from 1 to G&P62

f(AR) = h1(AR" + h3e"R"* + h5) (18)

Whereg;, togs andh;, tohs are constants and are shown to be a functioneoélisolute
temperature ratid; of the hot and cold walls of the rectangular esgfte. These
constants are also found by using all the numerasllts for the rectangular enclosure
with different aspect ratios for the case of ndtamvection with radiation interaction
then fitting these constants to get the total ayerbusselt number. The fitting and
optimization of the numerical results was done againg the solver in the Microsoft
office excel software package (office 2007), asl@xpd before. The values of these
constants as a function of absolute temperatuie wdtich fit equations 17 and 18 are

shown in figure 7.5.
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Figure 7.5 Constants as a function of absolute ézatpre ratio a) Equation (17) and b)
Equation (18).

7.3 Producing polynomial equations

To simplify using these correlation equations farthb square and rectangular
enclosures with and without radiation the constaftsach equation are correlated and
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a polynomial equation for each of them has beedywmed. The polynomial equations
have been produced using the constants values givegures 7.1 to 7.5.
These polynomial equations are correlated and geavaccording to three absolute
temperature ratio ranges:
* Temperature range017 < T, < 1.238
e temperature rangke238 < T, < 1.852

* and temperature range852 < T, < 2.603.

The constants of each polynomial equation are galeng with the equations in
tables 7.1 to 7.6.
From equation 2 above, the constanta; andb;which are shown in figure 7.1a were
obtained and polynomial equations for each constsita function of absolute
temperature ratio for the square enclosure areigedy These polynomial equations as

a function of temperature range with their consaaiues are given in table 7.1.

Table 7.1 the values of constaptisp,, ps andp, for the polynomial equations &f,a;
andb;, for the case of pure natural convection in sqeaaosure, equation 2.

ky,a;,b; = pi T2 + p,To2 + ps Ty + py for 1.017 < T, < 1.238

P1 P2 P3 P4
k, 0.253 -2.015 4.356 -2.273
a, 1.703 -5.608 6.03 -1.8795
b, 105.5 -354.4 392.575 -143.5

ky,aq,by = p1Tr2 +p. T + ps ky,aq,by = p1Tr2 +p, T + ps

for 1.238 < T, < 1.852 for 1.852 < T, < 2.603

P1 P2 Ps3 P1 P2 p3
k, -0.5316 1.644 -0.7084 k, -0.1436 0.6217 -0.1467
a, 0.05332 -0.1657 0.3452 a; 0.02365 -0.09368 0.3136
b, 1.074 -3.418 2.157 b, 0.4694 -1.29 0.2895

For the case of pure natural convection in rectimgenclosures shown in equation 4,
the polynomial equations of the constakitsy andb,are same as in square enclosure,
equation 2, and their constants values again givéatble 7.1.

And f(AR) in equation 4 is the aspect ratio conversion eguand it has two forms for

each aspect ratio regime as given in equationsi B above.
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Wherekay, kap, kag andka, andkby, kb, kbs, kb, andkbswhich are shown in figure 7.2
for the rectangular enclosure are correlated, gnoohial equation for each constant as
a function of absolute temperature ratio is progidehese polynomial equations as a

function of temperature range with their constamisies are given in table 7.2.

Table 7.2The values of constapisp,, ps andp, for the polynomial equations of
ka1, ka2, ka3, kqa @andky, ki, ki3, Kpa, kps fOr the case of pure natural convection in a

rectangular enclosure, equations 5 and 6.

Kai, Kpi = p1Te° + p, T, + p3T. + p, for 1.017 < T, < 1.238
P1 D2 D3 P4
ka1 3.762 -12.61 13.98 -5.34
kao 5.428 -19.22 22.84114 - 9.023
Kqs -5.781 29.21 -45.941 20.89
Kaa -14.75 52.24 - 62.0813 24.52
kyq 2273 -10700 15859.85 -7121
Kps 0.4816 -0.9766 0.24745 0.1508
kps -2.033 7.288 -8.7376 2.728
ks 0.3051 -0.74 0.4527 -0.0647
kps 5.453 -19.54 23.4175 -8.276
Kaiskpi = p1T% + 2Ty + ps Kaiskpi = p1Te? + p2 T, + ps
for 1.238 < T, < 1.852 for 1.852 < T, < 2.603
P1 %) D3 P1 b2 b3
ka1 0.0103 -0.03241 -0.1957 ko 0.007575 -0.02328 -0.2033
Kao -0.07873 0.2584 -0.1027 Kaz -0.021 0.06244 0.06212
ka3 0.6494 -2.204 -0.4523 ko3 0.04228 0.02775 -2.502
Kas 0.2153 -0.7059 0.2816 kas 0.05813 -0.1748 -0.1628
kp1 -33.05 111.3 339.9 kp1 -26.57 102.2 334.5
ky, 0.04261 -0.1377 -0.0206 ko, 0.009094 -0.03031 -0.1045
kps 0.02088 -0.06585 -0.7272 kps 0.009093 -0.03477 -0.7443
Kpa 0.01874 -0.06069 -0.01308  ky, 0.003697 -0.01201 -0.05163
kys | -0.05657 0.1784 0.9795 kps -0.02457 0.09393 1.026

For the case of natural convection with radiatiateriaction in square enclosures
from equation 8k;, &, b, andc;which are shown in figure 7.1b are constants aedaar
function of the absolute temperature rdftjoof the hot and cold walls of the enclosure.

These constants are correlated and polynomial easaftor each constant as a function
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of absolute temperature ratio are provided. Thedgpmial equations as a function of

temperature range with the values of their constarg given in table 7.3.

For the case of natural convection with radiatisteraction in rectangular enclosure
from equation 1B, &, b, andc,are again the same as the square enclosure eg8ation

and their values are given in table 7.3.

Table 7.3The values of constapisp,, ps andp, for the polynomial equations &, a,,
b, andc; for the case of natural convection with radiafitteraction in square enclosure
eqguation 8.

Ky, a;,by,¢; = pyT.> + poT.% + ps Ty + py fOr 1.06 < T, < 1.238

P1 P2 P3 P4
k, -70.04 229.5676 -246.4 87.18
a, -44.82 158.743 -187 71.58
b, 13.96 -48 54.7 -20.28
Cy 184.1 -623.1 698.1 -259.73

Kz, a5,by,¢; = p1 T2 + po Ty + p3
for 1.852 < T, < 2.603

Kz, a5,by,¢; = p1T,” + p, T + p3
for 1.238 < T, < 1.852

P1 P2 P3 P1 P2 P3
k, -0.1103 0.2022 1.005 k, -0.06594 0.295 0.6811
a, -0.03596 0.5983 -2.357 a, -0.1174 0.7571 -2.371
b, 0.02185 -0.1751 0.545 b, 0.02855 -0.1684 0.5095
Cy 1.887 -5.396 2.647 Cy -0.3966 3.346 -5.708

Here f(AR) in equation 12 is the aspect ratio conversion gguand it also has two
forms for each regime as given in the two equatiighand 14 above.
Wherekci, ke, ke andke, andkdy, kb, kds, kdy andkds, shown in figure 7.4 for the
rectangular enclosure are correlated, polynomialaggns for each constant as a
function of absolute temperature ratio are providHtese polynomial equations as a
function of temperature range with their constasatsies are given in table 7.4.

For the case of natural convection with radiatiateriaction in square enclosure from
equation 10 the constantgs b, candd as shown in figure 7.3, are correlated and
correlation equations for each constant as a fomadf absolute temperature ratio are

provided. The polynomial equations with their cans$ are given in table 7.5.
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Table 7.4 The values of constapisp,, ps andp, for the equations d&.1, ke, Kes, keq and

kaw ka2, ki3, kda, kis for the case of natural convection with radiaimmeraction in

rectangular enclosure, equations 13 and 14.

keikai = paT,° + T2 + p3Tr + py for1.06 < T, < 1.238

p1 P2 P3 P4
ke -1.211 4.52 -5.40294 1.765
ke, 3.819 -15.22 20.26562 -8.852
kes 6491 -20440 20872.1 -7028
key -10.38 41.37 -55.08434 24.06
kg1 3.05 -13.1 18.3559 -8.06
kqo -38.83 136.6 -160.2863 61.7
kg3 3.949 -16.18 22.11 -9.77288
kas 0 0 0 42.249
kgs -134.6 496.3 -610.96 252
ke -1.211 4.52 -5.40294 1.765

ke kai = 01 T2 + 0o Ty + 13 ket kai = 1 T.% + poTy + 03

for 1.238 < T, <1.852 for 1.852 < T, <2.603

P1 P2 P3 P1 P2 P3
k., | -0.05007 0.166 -0.4225 ke 0.002626 | -0.01319 -0.2713§
ke, -0.0945 0.2429 0.00003806 k., -0.002993| -0.04584| 0.22092
kes -0.8903 73.79 -289.3 kes -33.19 191.7 -396.822
key 0.2003 -0.5048 -0.106 kea -0.01861 0.2675 -0.7853
kg1 | -0.07203 0.1676 0.2759 ka1 0.02003 -0.1065 0.4678
kqs 0.05988 -0.009579 -1.145 kgs 0.001066 0.2279 -1.383
kg3 -0.3193 0.9312 -0.369 kg3 -0.08931 0.2733 0.06044
kas 0 0 42.249 kqa 0 0 42.249
kgs 1.688 -4.686 4.128 kys 0.1436 -0.1146 0.9605

For the case of natural convection with radiatioteriaction in rectangular enclosure
from equation 16 the constands b, cand dare again same as in square enclosure
equation 10 and their values are given in table 7.5
The conversion equation for aspect rgt{@R) in equation 16 has two forms for each
regime as given in the two equations 17 and 18 @bov
Whereg; to g4 andh;to hswhich shown in figure 7.5 for the rectangular esal@ are
correlated, a polynomial equations for each const@ a function of absolute
temperature ratio are provided. These polynomiabggns with their constants values

are given in table 7.6.
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Table 7.5The values of constaptsp, andps for the polynomial equations of a, b, ¢ and
d for the case of natural convection with radiati@eraction in square enclosure equation
49.

a,b,c,d = p;T,” + p,T, + ps for .06 < T, < 1.238

P1 b2 P3
a | -3.3949 8.0018 - 2.3285
b | -1.9309 4.3209 - 2.3285
c | -5.4553 10.388 - 5.0057
d | -7.7874 17.59 -10.546

a,b,c,d = P1Tr2 + po T + ps3
for 1.238 < T, < 1.852

a,b,c,d = P1Tr2 + po T + ps3
for 1.852 < T, < 2.603

P1 P2 P3 P1 P2 P3
a | -0.8651 2.4403 -0.597 0.0041 -0.1966 1.4017
b -0.09 0.2034 -0.0267 0.013 -0.0923 0.1849
c 2.3423 -6.548 4.1703 0.0213 0.1695 -0.6821
d | -0.6163 | -1.5264 -1.5527 0.0579 -0.4227 -0.1465

7.4 Comparison between numerical results and the derivk
correlation equations

The comparison between the numerical result anddloellated results using the
derived correlation equations are explained ingbigtion and it used just to show how

these correlation equations accurate and canefihtimerical results.

7.4.1 Pure natural convection inside a square enclosure

The comparison between the numerical results ofatre¥age Nusselt number as a
function of absolute temperature rafloand the calculated results using equation 2 and
the provided polynomial equations, given in tablé @nd discussed above for the
square enclosure, are shown in Figure 7.6. From Rigure it can be seen that the
numerical and the calculated curves using equatiomith the provided polynomial

correlation equations collapse on the top of edbbro
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Table 7.6 The values of constaptsp,andps for the equations afi, 9, gs, gsandhy, hp,

hs, hy, hs for the case of natural convection with radiafieraction in rectangular

enclosure, equations 17 and 18.

gih; = pi T2 + p,T, + p; for1.06 < T, < 1.238

P1 P2 p3

g1 | -3.4219 7.3961 -4.7153
g> | 0.6825 -1.6051 0.9247
gs | -2.1627 4.6805 -2.8764
gs | -1.8549 4.3623 -2.5131
h, | -1.5538 2.8279 0.6332
h, | 2.9773 -7.0566 3.524
hs | 1.8796 -4.3844 1.7011
h, | 1.1286 -2.66 1.3123
hs | -4.6402 11.053 -4.7052

gihi = p:1 " + paTy + s gihi = " + paTy + s

for 1.238 < T, <1.852 for 1.852 < T, <2.603

P1 P2 p3 P1 P2 p3

J1 0.236 -0.7546 -0.1768| g, 0.0132 | -0.0964| -0.661§
g> | 0.1423 -0.3784 0.2283| g, -0.0097 | 0.0573| -0.082%
gs | 0.1809 -0.5659 0.059 93 -0.0026 | -0.0212] -0.3447
gs | -0.3866 1.0281 -0.6204| g, 0.0264 | -0.1556 0.225
h, | 0.3261 -0.9411 24859 | hy 0.0082 0.127 1.5992
h, | 0.2103 -0.5952 -0.2452| h, -0.0217 | 0.1874| -0.898%
hs 0.094 -0.2854 -0.6515| h4 0.031 -0.0758| -0.8241
h, | 0.0839 -0.2364 -0.0935| h, -0.0166 | 0.0995 -0.371
hs | -0.3616 1.0771 1.1112| hg -0.0722 | 0.1106 1.9075

The calculated results of the average Nusselt numbpure natural convection in

square enclosures using the derived correlatiomteryy equation 2, and its constants

which shown in figure 7.1a and table 7.1 are fotmte within an average deviation of

2.9% and a maximum deviation of less than 7.2% @vetpto the numerical predicted

results for the three different groups.
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Figure 7.6 Comparison between numerica{
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7.4.2 Natural convection with radiation in square enclosue

The identification of the parameters describing tfaues that define the new
dimensionless groupXon/Qrag) has arisen by fitting the numerical results piatlin
chapter 5 section 5.5.The dimensionless groupsrabtng this system are shown in
equation 8 and their derivation is explained iraden sections 4.3 and 7.2 above.

The comparison between the numerical results of i dimensionless group
(Qeon/Qrag) @s a function of absolute temperature rdtioand the calculated results
using equation 8 and the provided polynomial eguati (which discussed above for the
square enclosure), are shown in Figure 7.7. FramRigure it can be seen that the
numerical and the calculated curves using equaiomith the provided polynomial
correlation equations again are seen to collapghetop of each other.

The calculated results of the new dimensionless@@con/Qrad) Using the correlation
equation 8, and its constants which shown in figiwkb and table 7.3 for the three
different groups were within an average deviatio2.8% and a maximum deviation of
7.3%; compared to the numerical results. When gugquation (8) to calculate
(Qcon/Qrag) for other two sets of parameter, (different siaed different properties) give
an average deviation of less than 1.4% and a mawimeviation of less than 2.7%;
compared to the numerical results.

Also in this section (of natural convection withdi@ion interaction in square
enclosure), the calculated results for the totakage Nusselt number, using the derived
correlation equations (equation 10 and the corststmbwn in figure 7.3 and table 7.5),
are found to be within a maximum deviation of lédkan 2.8% compared to the

numerical results.

7.4.3 Pure natural convection inside rectangular enclosie

The comparison between the numerical results ofatrerage Nusselt number for
each aspect ratio and the calculated results tisengmpirical correlation equation 4 for
the two regimes of aspect ratio, using equatioasd 6, are shown in figure 7.8-a and
7.8-b. From the figure the numerical and the cal®d curves collapsed together and
the Nusselt number as a function of absolute teatpes ratio is increases for all aspect
ratios to a certain value @} then it starts to decrease. Also from this figiican be

seen that, the trend of the Nusselt number inangaas the aspect ratio decreases. This
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is because the Nusselt number is directly propaatito the enclosure width and as the
aspect ratio decreases which means that the enelogdth will increase this which in
turn causes the Nusselt number to increase.
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Figure 7.7 Comparison between numerica ) andutatied ( ) results of the new
dimensionless group for different (a) Cold wall eratures, (b) Enclosure sizes and

(c) Gases.
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Figure 7.8 Comparison between numerica ) and eoabicalculated(_ ) average
Nusselt number of pure natural convection for i}t fiegime and b) second regime.

The calculated results of the average Nusselt nufnts@ equations 4, 5 and 6, (and

its constants shown in figures 7.1a and 7.2 angdahl and 7.2), for the first regime
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are found to be within an average deviation of 2a8d a maximum deviation of less
than 7.3% compared to the numerical predicted tesalso for the second regime with
the three different groups the results were witlinaverage deviation of 3.2% and a

maximum deviation of 6.6%; compared to the numériesults.

7.4.4 Natural convection with radiation in a rectangular enclosure

The comparison between numerical results of the dievensionless group for each
aspect ratio and the calculated empirical resulitsguEquation (12) for the two regime of
aspect ratio and using aspect ratio conversion titmqsa(13) and (14) are shown in
Figures 7.9-a and 7.9-b. From these graphs it easelen that the numerical and the
calculated curves using equation 12 with the ddris@relation equations agreed with
each other.

The calculated results of the new dimensionlessi@iQcon/Qrad) USINg Equations
12 to 14, and their constants shown in figures aidd 7.4 and tables 7.3 and 7.4 are
given these results. For the first regime withtthree different groups, compared to the
numerical results these scales results were wahimaverage deviation of 3.1% and a
maximum deviation of 7.2%. Also for the second megiwith the three different
groups, compared to the numerical results, theseltse were within an average
deviation of 2.9% and a maximum deviation of 7.3%.

Additionally, the calculated results of the totali$selt number for the rectangular
enclosure using Equation (16) with the two aspatb rconversion equations (17) and
(18) for the two flow regimes , withtheir constamstsown in figures 7.3 and 7.5 and
tables 7.5 and 7.6, were within a maximum deviatibless than 7.7%, compared to the

numerical results.

7.5 Using the provided polynomial correlation equations

The empirical solution was established using a#l thsults for both square and
rectangular enclosures and for the two cases of patural convection and natural
convection with radiation interaction. This is canmgd with the results found for the
total Nusselt number for square and rectangulalosares. All these results were used
to produce the polynomial equations for the corstasf the derived correlation

equations.
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Figure 7.9 Comparison between numerica ) and eoabicalculated results
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The production of these correlation equations iplared in detail in earlier
sections. Also the produced polynomial equations twe correlation equations
constants are discussed in detail in the aboveossctin this section the use of the
provided polynomial and correlation equations thgeto find out the flow parameters

will be discussed.

There are two methods to determine the flow parareein the square and
rectangular enclosures for the two cases of stpdge natural convection and natural

convection with radiation interaction, which arescidébed below:

1. The direct solution when the hot and cold wall tenapures are given. This is
able to ascertain the heat transfer rate by lookipgthe parameters and
producing a result.

2. The indirect (iterative) solution when only one Imgimperature given along
with the heat transfer rate. This will allow thenigerature of the other wall to

be found.

For the first method, when the hot and cold waltperatures are given, all the other
parameters can be found directly using the figuned the equations given for both
square and rectangular enclosures. To show hownrtibibod is implemented, twelve
examples are given for square and rectangular emas. The first six examples are for
cases of pure natural convection and the otheexsamnples are for natural convection
with radiation interaction.

The first example for pure natural convection ina@ enclosure is solved in detalil
below and the solutions for the other eleven examfdllow the same steps. The final
results for all of the six examples are summaringdbles 7.7 (pure natural convection)

and 7.8 (natural convection with radiation intei@c).

Example 1 For the case of pure natural convection in sqaactosure,

Given: Argon as the working fluid, = 20°C, T, = 60°C, AR = 22 = 1

60cm

CalculatedT, = 1.136, G, = 1.241 x 10° andP, = 0.666
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Then from table 7.1 al, = 1.136, the constantk; = 0.446, a; = 0.23 andb; =
—0.223

From these, and using Equation 2, the Nusselt numiiebe 60.3 with an error of less
than 0.2% compared to the numerical results. Thiisgive a heat transfer rate due to
convection of 40.21W.

The other five examples are for the case of puterakconvection in square and
rectangular enclosures and they follow the samgssés example 1 and the calculated
results of these examples are shown in table hé&.r&sults of the other six examples
which are for the case of natural convection wattliation interaction are shown in table

7.8. These all show errors of less than 5% anduisavers can be extracted with ease.

Table 7.7 Results for examples 1 to 6 for purenahtzonvection using the explicit

method.
Given Calculated Error (%) to
numerical
Gas | T, T}, AR (ﬂ) T, G, P. Nu,
cm
Argon | 20°C | 60°C 1.0 1.136| 1.241 x 10° | 0.666 0.2
Air 20°C | 90°C 8.0 1.238| 2.492 x 10° | 0.72 15
Air 20°C | 370°C 0.125 2.19 | 6.318 x 1011 | 0.7 1.49
H2 | 20°C | 170°C 1.0 1.511| 2.279 x 10° | 0.713 1.6
He | 20°C | 490°(C 1.0 2.603| 1.085 x 10° | 0.725 0.2
Air 60°C | 105°0 1.0 1.136| 5.791 x 108 | 0.714 4.8

For the second method when only one wall tempezatigiven along with the total
heat transfer between the hot and cold walls, fiotha parameters can be found
explicitly as they are all a function of temperatuatio. Therefore an iterative approach

is needed. In this case:

1. An initial absolute temperature ratio is selec®dnerally, the value of 1.238 is

a good choice as this is where the ratio of conwedtbd radiation is a maximum.
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2. The absolute temperature ratio will allow the unknotemperature to be
calculated. Hence the other parameters and theias=h Nusselt number can be
calculated.

3. This Nusselt number can be used with the givenl to¢at transfer rate to
calculate the new temperature value from either:

» If the cold wall temperature is given

T _ Q(given)
M+t ™ Nugy x H/L x k

+ T, (19)

* If the hot wall temperature is given

Q(given)
Te,, =T, — 20
Ci+1 h NU(i) X H/L x k ( )

4. This new temperature value can be used to work that new absolute
temperature ratio and Nusselt number. Processesl 3l &an then be repeated
until the error in the calculated heat transfee ratsmall enough.

Q(given) — Q)

Error = (21)

Q(given)

Table 7.8 Results for examples 7 to 12 for natcwalvection with radiation interaction

using the explicit method.

Given Calculated Error (%) to
numerical

Gas | T. Ty, AR (@) T, G, P, Nu; | Qconv

cm Qrad

Argon | 20°C | 90°C 1.0 1.238| 1.754 x 10° | 0.666| 0.17 0.8
Air 20°C | 40°C 8.0 1.068| 9.988 x 10° | 0.727| 1.34 0.73
Air 20°C | 270°C 0.125 1.852| 7.742 x 10! | 0.704| 1.49 0.01
H2 | 20°C | 60°C 1.0 1.136| 1.189 x 10° | 0.722| 1.44 1.02
He | 20°C | 170°0 1.0 1.511| 1.986 x 10° | 0.731] 0.12 1.17

Air 50°C | 127°C 1.0 1.238| 9.135 x 108 | 0.713] 0.55 4.0
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This method was initially seen to be somewhat unbstavhen the cold wall
temperature given, showing a notable overshootamh eesult, so an under relaxation
factor of 0.7 was applied to the temperature déifice calculated in step 3 above, that
means equation 19 should be replaced by equatidmelk®v. This tends to halve the
number of iterations needed to achieve an accepsaiblition.

Q(given)
Ty, . = T.|— Ty | X 0.7 Th. 22
Dits ((NU(I) X H/L x k e h; + h; ( )

To show how this method can be used, eleven exangke given for square and
rectangular enclosures, one for the case of purgalaonvection and ten for the case
of natural convection with radiation interactiorherlfirst six examples are for the case
when the cold wall temperature given, equationard® 22 and the other five examples
are for the case when the hot wall temperaturengiusing equation 20. The first
example, for the case of natural convection witbiation interaction in a square

enclosure, is solved in detail below:

Example 13 For the case of natural convection with radiatioteraction in square

enclosure,

Given: Air as working fluidT, = 20°C, Q, = 600W, AR = 2% = 1

60cm

Calculated:

First by assumindl}; = 90°C = 363.1K ,T,, = 1.238

Then using equation 10 and also using tableN.5= 172.7 , Error(Q;%) = 42.0%
Iteration 1

From the previous results and using equation 22 nw hot wall temperature can be
found, Ty, = 398.6K , T, = 1.359K, AT},; = 35.49

So from,T,, = 1.359K, and using equation 108,, = 191.3, Error(Q;) = —1.3%

Then the process continued as below until an aab&perror is achieved
Iteration 2

From equation 2B,; = 397.6K , T,; = 1.356K, AT, = —0.98

FromT,; = 1.356, and using equation 108; = 190.8, Error(Q,) = —0.02%
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Iteration 3

From equation 2B,, = 397.7K , T,, = 1.356, AT; = —0.016

FromT,, = 1.356, and using equation 1., = 190.75, Error(Q;) = 0.00027%
Here the difference ifi. occurs after the third digit.

The other ten examples follow the same steps agample 19 and these results are
summarized in tables 7.9, to 7.19. Figure 7.10 shihw graphical solution of example
18 and iteration number and process. It will bengbat in all cases, two iterations are
sufficient to provide a heat transfer rate whogeres less than the derived equations.

Indeed in most cases, a single iteration will pdeva reasonable answer.

90 ¢

Second iteration

80 |

u Assumption starting point
70 |
60 |

50 |

Argon Nu

40 f

First iteration Third iteration

30 |

O :||||||||||||||||||||||||||||||||||||||||||||||||||||||
0 0.25 05 0.75 1 1.25 1.5 1.75 2 2.25 2.5 2.75

Th/Tc

Figure 7.10 Graphical solution for example 18 stmmgathe iteration number.

Table 7.9 Results for example 13: a square enadsumatural convection with
radiation interaction, cold wall temperature supgland using the iterative method.

Given: Air, T, = 20°C, AR = 22 = 1, Qo = 600W
lteration Ty T, ATy, Error (%) of Ty, | Error (%) ofQ;
363.16 1.238 42.0
1 398.657 1.359 35.49 8.9 -1.3
2 397.675 1.356 -0.98 -0.24 -0.02
3 397.658 1.3564 -0.016 -0.004 0.0003
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Table 7.10 Results for example 14: a square en@dsu natural convection with

radiation interaction, cold wall temperature supgland using the iterative method.

Given: Helium, T, = 20°C, AR = 22 = 1, Quo = 1000W
lteration Ty T, ATy, Error (%) of Ty, | Error (%) ofQ;
363.16 1.238 -57.13
1 345.34 1.178 -17.81 8.9 -7.71
2 342.73 1.169 -2.61 -0.76 -0.93
3 342.4 1.168 -0.323 -0.094 -0.11

Table 7.11 Results for example 15: a square en@dsu natural convection with

radiation interaction, cold wall temperature suggland using the iterative method.

Given: Hydrogen,T. = 20°C, AR = 1.0, Qo = 2000W
lteration Th T, ATy, Error (%) of T, | Error (%) of
Qt
363.16 1.238 12.76
1 370.33 1.263 7.17 1.9 0.77
2 370.75 1.264 0.422 0.11 0.053

Table 7.12 Results for example 16: a rectangulelosare with aspect ratio equal to 8

for natural convection with radiation interacti@old wall temperature supplied.

Given: Air, T, = 20°C, AR = =2 = 8, Qo = 600W
lteration Th T, ATy, Error (%) of T, | Error (%) of
Qt
363.16 1.238 36.64
1 391.5 1.335 28.34 7.23 -0.14
2 391.398 1.335 -0.101 0.026 -0.0035
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Table 7.13 Results for example 17: a rectangulelosare with aspect ratio equal to

0.125 for natural convection with radiation intdrae, cold wall temperature supplied

and using the iterative method.

Given: Air, T, = 20°C, AR = % = 0.125, Quor = 600W
Iteration Ty, T, ATy, Error (%) of T, | Error (%) ofQ;
363.16 1.238 75.42
1 513.52 1.751 150.36 29.28 -11.57
2 497.518 1.697 -16.0 -3.2 -0.3
3 497.0 1.695 -0.5 -0.1 -0.003

Table 7.14 Results for example 18: a square en@dsu pure natural convection, cold

wall temperature supplied and using the iteratiethod.

Given: Argon, T. = 20°C, AR = % =1,Q., =300W
Iteration Ty T: AT, Error (%) of Ty, | Error (%) of
Qc
363.16 1.238 69.6
1 475.37 1.621 160.3 0.23 1.05
476.72 1.626 1.93 0.28 0.25
3 477.05 1.627 0.47 0.06 0.06

Table 7.15 Results for example 19: a square enadsu natural convection with

radiation interaction, hot wall temperature suppbiad using the iterative method.

Given: Air, T, = 200°C, AR = 22 = 1, Q, = 600W
lteration T. T: AT, Error (%) of T, | Error (%) ofQ;
382.19 1.238 -24.0
1 399.8 1.183 17.64 4.41 -0.7
2 400.32 1.181 0.52 0.13 -0.02
3 400.337 1.181 0.017 0.004 -0.0006
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Table 7.16 Results for example 20: a square ena@dsu natural convection with

radiation interaction, hot wall temperature suppbiad using the iterative method.

Given: Helium, T, = 120°C, AR = 1.0, Q, = 1000W

Iteration T, T: AT, Error (%) of T, | Error (%) ofQ,
317.57 1.238 -96.0
1 354.6 1.108 37.03 10.44 -0.48
2 354.79 1.108 0.18 0.052 0.011

Table 7.17 Results for example 21: a square en@dsu natural convection with

radiation interaction, hot wall temperature suppbiad using the iterative method.

Given: Hydrogen, T, = 150°C, AR = 1.0, Q, = 2500W

Iteration T, T: AT, Error (%) of T, | Error (%) ofQ,
341.81 1.238 -7.87
1 347.74 1.217 5.93 1.7 -0.32

2 347.98 1.216 0.245 0.07 -0.017

Table 7.18 Results for example 22: a rectangulelosare with aspect ratio equal to 8

for natural convection with radiation interactidrot wall temperature supplied and

using the iterative method.

Given: Air, T, = 300°C, AR = 2% = 8, Q, = 600W
Iteration T, T, AT, Error (%) of T, | Error (%) ofQ;
462.97 1.238 -133.7
1 526.025 1.09 63.05 119 -3.0
2 527.406 1.08 1.38 0.26 -0.2
3 527.52 1.086 0.11 0.02 -0.02
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Table 7.19 Results for example 23: a rectangulelosare with aspect ratio equal to
0.125 for natural convection with radiation intdra, hot wall temperature supplied

and using the iterative method.

Given: Air, T, = 300°C, AR = % = 0.125, Q, = 600W
lteration T. T, AT, Error (%) of T, | Error (%) ofQ;
462.97 1.238 9.2
1 451.672 1.268 -11.29 -2.5 0.97
2 450.473 1.272 -1.19 -0.26 0.11
3 450.334 1.272 -0.13 -0.03 0.012

7.6 Summary and discussion

The analysis method to produce the correlation teapgafor square and rectangular
enclosures is provided in this chapter. Using thesgelation equations the new
dimensionless group, which is the ratio betweemrahtconvection to radiation heat
transfer, is provided for both square and rectargericlosures. Also using the correlation
equations from the dimensional analysis the cdroglaequations for pure natural
convection, which is the average Nusselt numbgsrasided for square and rectangular
enclosures. For the case of natural convection kaithation interaction, the correlation
equations for the total Nusselt number are provittedboth square and rectangular
enclosure. The constants, as a function of temyreraatio, of all the derived correlation
equations are given along with these equationss&twenstants are correlated and a
polynomial equations for each constant as a funotib absolute temperature ratio is
given.

This chapter provides correlation equations for theerage convection Nusselt
number, the total Nusselt number and the new diibeless equation for square and
rectangular enclosures. All these equations arel Val different temperature ratios,
different enclosure sizes, different aspect radiod different fluid properties.

Using these provide equations for a such conditamkfor all the previous cases will
give a results that has an average deviation @fdess than 8% compared to the

numerical results, this will be explained in moetail in the next chapter.

The main conclusions from this section can be sumzedas follows:
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Correlation equations are provided to calculate dlierage Nusselt number as a
function of Grashof and Prandtl numbers for théwlent natural convection in square
enclosure without radiation interaction. The cadted results using the correlation
equations had an average deviation of 2.9% andxémman deviation of less than 7.2%
for the three different groups for the square eswle, compared to the numerical
results.

The calculated results of the total Nusselt numbest square enclosure using the
derived correlation equation were within a maximaeviation of less than 2.8%
compared to the numerical results.

The calculated results of the average Nusselt numbectangular enclosures using
the correlation equations for the first regime (@his for aspect ratio ranging from 1 to
16) had an average deviation of 2.7% and a maximewmation of less than 7.3% and
for the second regime had an average deviation28 3and a maximum deviation of
6.6%.

The correlation equation for the new dimensionlgssup to predict the relation
between convection and radiation in the squareosnoé had a maximum error of 2.7%
when it used for different fluid properties and lesare sizes and a maximum error of
7.3% when the effect of cold wall temperature weduded.

The derived correlation equation for the new dinmmiess group to predict the
relation between convection and radiation heatstmnas a function of absolute
temperature ratio in the rectangular enclosuredradverage deviation of 3.1% and a
maximum deviation of 7.2% for the first regime ardaverage deviation of 2.9% and a
maximum deviation of 7.3% for the second regime.

The calculated results of the total Nusselt nunibehe rectangular enclosure using
the derived correlation equations for the two flowgimes were within a maximum
deviation of less than 7.7%; compared to the nurakresults.

The use of the provided polynomial and correlagguations to find out the flow
parameters was discussed in this chapter. There twer methods to find out the flow
parameters in the square and rectangular enclosurédbe two cases of study, pure
natural convection and natural convection with aidn interaction, first the direct
solution when the hot and cold wall temperatures given and second the indirect
(iterative) solution when only one wall temperatgreen along with the heat transfer

rate.
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More clear conclusions will be extracted when theseilts are compared with the

experimental results in the next chapters.
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CHAPTER 8

RESULTS COMPARISON AND
DISCUSSION

8.1 Introduction

The discussion of the individual results is incldde the end of each of the relevant
chapters. What follows is a comparison of the wusiexperiments models and
analytical results.

In this chapter the numerical results (which arel@red in chapter 5) and
experimental results (which are explained in cha@tevill be compared and discussed.
This will include the comparison between numergzatulations and experimental data
of the temperature and heat transfer results asd #ile velocity and turbulence
intensity profiles. The results using the correiatiequations for the dimensionless
groups, explained in chapter 7, will also be coragawith previous derived correlation

equations and with the experimental results.

8.2 Comparison between numerical and experimental restd

The numerical results include the calculationsha Nusselt number for the pure
natural convection, the total Nusselt number amdréfationship between heat transfer
by convection and radiation (the new dimensionlgsaip) in square and rectangular
enclosures. From these results a correlation exuédr convection Nusselt number and
the new dimensionless group along with the totats¢it number has been provided.
These results have been explained in detail intehap. The results using these
provided equations will be compared with the prasialerived correlation equations,
the present experimental results and with the presvexperimental results [57]. As the
experimental results are 3D, a 3D numerical catmria as explained in chapter 5, were
performed so that they could be compared bettdr thié experimental results. These

3D results include the thermal results (total hemtsfer from hot and cold sides) and
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the velocity and turbulence intensity profiles desthe enclosure. These results will be
compared in this chapter using different aspesbsaenclosure heights and hot wall

temperatures.

8.2.1 Comparison between the present and the previous a@lation

equations

The provided correlation equation (equation (29)chapter 2 section 2.4.3) of
Catton[36] to calculate the convection Nusselt nemb rectangular enclosure has been
compared with the present derived correlation eguoafor the range of Rayleigh
number betweeh6 x 10° < Ra < 1.8 x 10”the maximum deviation was less than
4.5%. Also the same equation of Catton [36] and phesent derived correlation
equation for the convection Nusselt number have lseenpared for a Rayleigh number
ranging from.3 x 107 < Ra < 1.4 x 108 the maximum deviation was less than 7%.
Also the provided correlation equation (equatio) (8 chapter 2 section 2.4.3) of Trias
et al.[46] to calculate the convection Nusselt namfor a rectangular enclosure of
aspect ratio 4 has been compared with the pressived correlation equation for a
Rayleigh number rangk6 x 10° < Ra < 1.8 x 10”the maximum deviation was less
than 20%.

More over for the case of natural convection waliation interaction, the provided
correlation equations (equations (40 and 41) alschapter 2 section 2.6) of Balaji and
Venkateshan[48]for square enclosure have been aechpaith the present derived
correlation equation to calculate the total Nusealinber for a Grashof number range
5x 108 < Gr < 1.2 x 10° the maximum deviation was less than 7% even tlasi@f
number range for comparison was out of Balaji ardRateshan equation range.

The comparison between the present derived cdoela&quation for the case of
natural convection with radiation interaction inuace enclosure with the provided
correlation equation (equation (42) again in chatesection 2.6) of Akiyama and
Chong [50] for a temperature ratio 1.033 and atlé&gly numberRa = 3 x 107 the
maximum deviation was less than 13%.

Also the comparison between the provided corralaéiquations (equations (43 and
44) chapter 2 section 2.6) of Velusamy et al. [f]the case of natural convection

with radiation interaction in rectangular enclosateRayleigh numbeRa = 1.5 x 10°
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with the present derived correlation equation, th@ximum deviation was less than
6.5%.

Finally the comparison between the present deragrklation equation (equation
(21) in chapter 2 section 2.4.2) for the case tdina convection with radiation
interaction in square enclosure has been compatbdive derived correlation equation
of Sharma et al. [4] at temperature ratio 1.14 Ragleigh numbeRa = 7.3 x 108 the
maximum deviation was less than 14% and for RalglaigmberRa = 5.2 x 10° the

maximum deviation was less than 13.5%.

8.2.2 Comparison between the derived correlation equatianand the

experimental results

The 2D numerical results are explained and discussaletail in chapter 5. From
these results correlation equations were providedoéth pure natural convection and
natural convection with radiation in square andaegular enclosures for a wide range
of parameters. From these equations, the averageseNunumber can be calculated for
both pure natural convection and natural convectagth radiation and from these
results the total heat transfer can be extracte@Xplained in chapter 7). In this section
the results using the correlation equations will dmmpared with the present and

previous [57] experimental results.

8.2.2.1 Comparison between the derived correlation equatiomand the previous

experimental results

The experimental results of Kif§7] for a rectangular enclosure of aspect ratio 5
and four temperature ratios are compared with tesgmt numerical results using the
derived correlation equation. The comparison wadop®ed using the total heat
transfer which was calculated using the total Nlussember. The comparison between
these results is shown in figure 8.1 below. Froms tiraph, it can be seen that the
thermal results of the derived correlation equatiare in fairly good agreement with

the previous experimental results.
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The calculated results show that the maximum devidietween these results using
the derived correlation equations and the previsyserimental results was less than
16%.

350
300 ©
250 |
€ 200 ©
= C
© 150 F == Qh(tot)(Previous experimental results)
0 E —&— Qh(tot)(Calculated-present study)
100
50 |
O :I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1.1 1.11 1.12 1.13 1.14 1.15 1.16
Th/Tc

Figure 8.1 Comparison between the derived coroelagguations and previous
experimental results

8.2.2.2 Comparison between the derived correlation equatiomand the present

experimental results

The comparison between the correlation equatiorulteesand the author’'s
experimental results were performed for three effie aspect ratios 0.5, 1.0 and 2.0 and
for a hot temperature ranging between 50°C to 79%& comparison between these
results was established by calculating the totadt Heansfer using the correlation
equations to find the total average Nusselt nuraBeras explained in detail in chapter
6. The compared results are shown in figure 8.@mFAhis figure it can be seen that as
the aspect ratio increases from unity both theutalled and the experimental results
become much closer to each other. Also from theréigt can be seen that for the three
aspect ratios the total heat transfer increasesiiy as the absolute temperature ratio
increase.

The calculated results using the derived corratatiguations were within an average
deviation of less than 15% for the three aspecbgatompared to the experimental

results.
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Figure 8.2 Comparison between calculated heatfeaaad experimental results for

aspect ratio a) 2.0, b) 1.0 and ¢) 0.5
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8.2.3 Comparison between the 3D numerical calculations ahthe
experimental results

The 3D numericatalculations, as explained in chapter 5, wereigdea/so that

they could be compared with the experimental redaltthree aspect ratios and for a
hot temperature ranging from 50°C to 75°C. The Binerical calculations performed
using the same boundary conditions as the expetim&he 3D numerical results
include the thermal results and the velocity amiulence intensity profiles inside the
enclosure. These results will be compared withetterimental results at different
aspect ratios, different enclosure heights aneifit hot wall temperatures.

8.2.3.1 Thermal results

The thermal result comparison between the 3D nwaleand experimental results
includes the comparison of the total heat tranBfan the hot side between both of
these results. Figure 8.3 shows the comparisondegtwhese results for different aspect
ratios and different hot wall temperatures. Frois figure it can be seen that the 3D
numerical results become closer to the experimergallts as the aspect ratio
approaches unity. Also from the figure it can bensthat the heat transfer increases as
the aspect ratio decreases.

Compared to the experimental results, the 3D nuwalkeresults were within an

average deviation of less than 13% for the thrpe@gatios.

8.2.3.2 Velocity and turbulence intensity profiles

The velocity and turbulence intensity profiles fmmerical and experimental results
are compared for different aspect ratios and differhot wall temperatures. The
velocity profiles at the mid-height of the enclasudor the three aspect ratios and for
two hot wall temperatures of 60°C and 75°C are shawfigures 8.4 to 8.9. The
comparisons of the results of the velocity profifes the other hot wall temperatures
(50°C, 55°C, 65°C and 70°C) are shown in appendi¥©Gm the figures 8.4 to 8.9 it
can be seen that, at the hot side, the velocitfilgsofor numerical and experimental
results are in good agreement with each other. agisement becomes better as the

aspect ratio decreases or the temperature of thedibincreases.
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Figure 8.3 Comparison between 3D thermal resulisesiperimental results for
aspect ratio a) 2.0, b) 1.0 and c) 0.5
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Figure 8.4 Comparison of velocity profiles betwesperimental and numerical

results for aspect ratio 2.0 and hot wall tempeead °C a) between the two walls
b) near the hot side c) near the cold side.
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Figure 8.5 Comparison of velocity profiles betwesiperimental and numerical
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Figure 8.7 Comparison of velocity profiles betwesiperimental and numerical
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Also from the graphs it can be seen that the vBlqubfiles at the enclosure core for
the three aspect ratios are in good agreement beti® numerical and experimental
results. Moreover, from these figures, the boundaygr thickness of the experimental
results on the hot side is smaller than the boyntigrer of the numerical results and
this difference decreases as the aspect ratioaxse

These figures show that the velocity profiles amelthoundary layer thickness on the
cold side for the numerical results are differemthat from the experimental results.
The velocity values of the experimental resultstba cold side are less than the
numerical results. Also the boundary layer thiclsneSthe experimental results can be
seen to be less than that of the numerical resiil$®. from the graphs, it can be seen
that, as the aspect ratio decreases the veloafijgw on the cold side start fluctuating.

This fluctuation can be seen in figures 8.6 tov@h@re it started at the aspect ratio of
1.0 and increases as the aspect ratio decreases.

The velocity reversals were noticed at about 65%thaf enclosure height and
upward, this is compared to Schmidt and Wang [66d wbserved the same type of
reversed flow at about 60% from the upstream flédwhe wall and also the reversed
flow was seen at 70% by Giel and Schmidt [67]. Tread of the velocity profiles were
similar to that of King [57] and Ziai[44], wheredhvelocity starts to increase from
minimum at the hot wall until reach its peak valben it decreases to zero at the cavity
core.

The velocity profiles along the vertical axis andan to the hot side of the
experimental results are compared with the numlenesults at a position of the
maximum velocity. The comparison of the velocityfes between numerical and
experimental results for the three aspect ratiasfantwo hot wall temperatures 70°C
and 75°C are shown in figures 8.10 and 811. FrasedHigures it can be seen that the
maximum velocity occurs near the mid-height of ¢énelosure, where the velocity starts
to increase from the lower edge of the enclosuté gaches its maximum value near
the enclosure mid-height where it starts to deeregsin. Also from these figures it can
be seen that the velocity values at the lower gfattie enclosure are smaller than that at
the upper part for experimental and numerical tesulhe experimental velocity
profiles for aspect ratio 2.0 results display thens trends as the numerical results and
their values become closer to each other as thesflapproach the top edge of the
enclosure. This can be seen by comparing figuE3ag8and 8.11a. Moreover from these

plots it can be seen that the velocity values lier éxperimental results increases more
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than the numerical results with the decrease oafipect ratio. Furthermore the velocity
profile, at the top edge of the enclosure, for ékperimental results (compared to the
numerical results) becomes almost flat (and hawdlasi values to that at the mid-
height) as the aspect ratio decreases. This idaltige fact that decreasing the aspect
ratio will increase both the Rayleigh number arel ¢hclosure width, where the former
will increase the velocity values and the later décrease the effects coming from the
core and the other side on the velocity.

The comparison of the turbulence intensity profilestween numerical and
experimental results and for the three aspectgatial for the hot wall temperatures
60°C and 75°C are shown in figures 8.12 and 8.I®e comparison between the
numerical and experimental results for the othervkall temperatures (50°C, 55°C,
65°C and 70°C) will again be shown in appendix f@nkthe figures it can be seen that
the experimental turbulence intensities for thee¢hmaspect ratios are in a fairly
agreement with the numerical ones.

The turbulent intensity of the experimental resitisthe aspect ratio 2.0 is seen to
have big difference comparing to the numerical ltsstery close to the wall, then this
difference reduces as is get away from the wakl, ¢hn be seen clearly in both figures
8.12a and 8.13a. On the other hand the turbulésmsity of the experimental results for
both aspect ratios 1.0 and 0.5 is seen to be viege do the numerical turbulent
intensity near the wall and this difference ince=ags it get away from the wall, this can

be seen from both figures 8.12 and 8.13.

8.3 Summary and Conclusions

The numerical and experimental results are comparedhis chapter. This
comparison includes the thermal results and thecitgl and turbulence intensity
profiles. The main conclusions from this chapter ba summarized as follows:

The comparison between the present derived caoelajuations and the previous
correlation equations for natural convection witld avithout radiation interaction were
in a good agreement.

The thermal results of the derived correlation ¢éigua are in a good agreement with
the previous experimental results. The calculatesults show that the maximum
deviation between these two results was less tG&n 1
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The calculated results using the derived corrataéiquations and the experimental
results become closer to each other as the aspiatimcreases. Also the total heat
transfer increases linearly as the absolute temperaatio increases. The calculated
results using the derived correlation equationseweéthin an average deviation of less
than 15% for the three aspect ratios comparedet@tberimental results.

The 3D numerical results become closer to the éxgertal results as the aspect
ratio getting closer to unity. Also the total hegtnsfer increases as the aspect ratio
decreases. The comparison between the experimezsalts and the 3D numerical

results were within an average deviation of leas th3% for the three aspect ratios.

The velocity profiles at the hot wall side for nuisal and experimental results are
in good agreement with each other. This agreemecarbes clearer as the aspect ratio
decreases or the temperature of the hot wall iseeaThe velocity profiles at the
enclosure core for the three aspect ratios showgo@ agreement between the
numerical and experimental results. The boundaygrléhickness of the experimental
results on the hot side is smaller than the bouyntdgrer of the numerical results and
this difference decreases as the aspect ratioasxre

The velocity values and the boundary layer thickn&fsthe experimental results on
the cold side is less than that of the numericalllts. Also as the aspect ratio decreases
the velocity profiles on the cold side start fluating.

The velocity reversals were noticed for about 65%e enclosure height and above.
Comparing the velocity profiles along the vertieadis and near the hot side of the
experimental and numerical results show that theimmam velocity occurring near the
mid-height of the enclosure. The velocity valuestie experimental results increases
more than the numerical results as the aspectdaticeases.

The experimental turbulence intensities for thee¢haspect ratios are in a fairly
agreement with the numerical ones especially feraspect ratio of 2.0 a bit far from

the wall and for aspect ratios 1.0 and 0.5 vergelo the wall.

203



CHAPTER 9

FINAL FINDINGS AND FUTURE
WORK

9.1 Final conclusions

The problem of natural convection with and withdbe interaction of surface
radiation in square and rectangular enclosures bdeen studied, numerically and
theoretically. The analyses were carried out oweide range of parameters.

A dimensional analysis was established to prodoceelation equations controlling the
flow inside square and rectangular enclosures twe matural convection and natural
convection with radiation. All these equations aaéd for a different temperature ratio,
different enclosure size, different aspect ratid different fluid properties.

Experimental study was performed for square anthmngular enclosures. The testing
process involves the use of the laser Doppler waleiry to collect the velocity and

turbulent profiles.

The main conclusions from this study can be sunmadras follows:

The ratio between convection to radiation heatsfiemas a function of absolute

temperature ratio decreases slightly as the agpdict increases from unity and it
increases dramatically as the aspect ratio desdasa unity.
The ratio between the convection and radiation treatfer is increased by increasing
the absolute temperature ratio up to a absolut@eesmture ratio of 1.2; then this ratio
starts to decrease. It was shown that the ratizvdset Rayleigh number and Nusselt
number follows a similar trend.

The 3D numerical calculations show that the totwthtransfer increases as the
temperature of the hot wall increase. The thermsllts show that the total heat transfer

increases as the absolute temperature ratio ireseas
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The collected results using the LDV system show the velocity starts to increase to
its maximum value after a certain distance from wadl then it starts to decrease to
minimum. The boundary layer thickness increaseshas enclosure height or the
temperature increase in all aspect ratios. Thecitglwalues and the boundary layer
thickness decreases as the aspect ratio increasebdundary layer thickness near the
hot wall side increases as the enclosure heigliease. The velocity values and the
boundary layer thickness increases as the temperaitreases. The collected data for
the velocity along the vertical axis show that ti@ximum velocity occurs near the mid
height of the enclosure. The turbulence intenstipss the enclosure increases as the
aspect ratio increase and it decreases slightlyeatemperature increase. The maximum
turbulence intensity along the vertical axis andhat maximum velocity values occurs
near the two corners of the enclosure. The turlm@lentensity values increases as the
aspect ratio increase.

Correlation equations have been provided for tlse @d natural convection with and
without radiation in square and rectangular encksurhese correlation equations are as
follows:

* The Nusselt number for pure natural convectiorgunese enclosure

_ k,Gr*
~ Pprb

* The Nusselt number for pure natural convectioreatangular enclosure

Nu,

_ kyGr™
Nu, = Prbs * f(AR)

* For the first regime (aspect ratio from 1 to 16)

F(AR) = AR*% + ka2e4R“" + ka4

e For the second regime (aspect ratio from 1 to P62

F(AR) = kb1 (AR"”Z + kb3e4R™* ka)

* The new dimensionless group for natural conveatiith radiation in square
enclosure

Qconv _ kz GrPz
Qrad B Nutazprcz
* The total Nusselt number for natural convectiorhwiédiation in square
enclosure
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N Grb

U = a——7

t7 T Pprepld

» The new dimensionless group for natural conveatith radiation in

rectangular enclosure

— Qconv _ k,GrP? « F(AR)
B Qrad B Nutazprcz
* For the first regime (aspect ratio from 1 to 16)

RCn

F(AR) = AR*! 4 c2e4R" 4 k4
* For the second regime (aspect ratio from 1 to ®BP62

f(AR) = kd1 (ARK® + kd3e*""** + kd5)
» The total Nusselt number for natural convectiorhwidiation in rectangular
enclosure

b
preppa * S (AR)
* For the first regime (aspect ratio from 1 to 16)

Nu; =a

F(AR) = AR + g2e4R” 4 g4
e For the second regime (aspect ratio from 1 to P62

f(AR) = h1(AR" + h3e"*"* + h5)

The calculated results using the correlation equatfor pure natural convection had
an average deviation of 2.9% and a maximum dewviaifdess than 7.2% for the square
enclosure, compared to the numerical results.

The calculated results of the total Nusselt numbest square enclosure using the
derived correlation equation were within a maximaeviation of less than 2.8%
compared to the numerical results.

The calculated results of the average convectiossBlu number in rectangular
enclosures using the correlation equations foffitseregime (which is for aspect ratio
ranging from 1 to 16) had an average deviation.@%®2and a maximum deviation of
less than 7.3% and for the second regime had arageveleviation of 3.2% and a
maximum deviation of 6.6%.

The correlation equation for the new dimensionlgssup to predict the relation
between convection and radiation in the squareosnoté had a maximum error of 2.7%
when it used for different fluid properties and lesare sizes and a maximum error of

7.3% when the effect of cold wall temperature weduded.
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The derived correlation equation for the new dinmamess group as a function of
absolute temperature ratio in the rectangular eniceohad an average deviation of 3.1%
and a maximum deviation of 7.2% for the first regiand an average deviation of 2.9%
and a maximum deviation of 7.3% for the secondmegi

The calculated results of the total Nusselt nunibéhe rectangular enclosure using
the derived correlation equations for the two flowsgimes were within a maximum
deviation of less than 7.7%; compared to the nurakresults.

There were two methods to find out the flow parargetin the square and
rectangular enclosures for the two cases of stpdge natural convection and natural
convection with radiation interaction, first the-atit solution when the hot and cold wall
temperatures are given and second the indirecafite) solution when only one wall
temperature given along with the heat transfer. rate

The thermal results of the derived correlation ¢éigua are in a good agreement with
the previous experimental results. The calculatesults show that the maximum
deviation between these two results was less tG&n 1

The calculated results using the derived corretagiguations were within an average
deviation of less than 15% for the three aspecbgatompared to the experimental
results.

The comparison between the thermal experimentalltsesind the 3D numerical
results were within an average deviation of leas th3% for the three aspect ratios.

The velocity profiles at the hot wall side for nuigal and experimental results are
in well agreement with each other. This agreemexbines clearer as the aspect ratio
decrease or the temperature of the hot wall inereas

The velocity profiles for the 3D numerical resudisd at the enclosure core for the
three aspect ratios are in a well agreement betwlemumerical and experimental
results.

The velocity values and the boundary layer thicknafsthe experimental results on
the cold side is less than that of the numericalllts. Also as the aspect ratio decreases
the velocity profiles for the experimental resultsthe cold side start fluctuating.

The velocity reversals were noticed for about 65#4h@ enclosure height and
upward. The velocity profiles along the verticalisand near the hot side of the
experimental and numerical results show that theimmam velocity occurring near the

mid-height of the enclosure.
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The experimental turbulence intensities for thee¢haspect ratios are in a fairly
agreement with the numerical ones especially feraspect ratio of 2.0 a bit far from

the wall and for aspect ratios 1.0 and 0.5 vergelo the wall.

It is hoped that the results of this study will fudlg contribute to the literature in this
field and enhance the understanding of the nataaVvection with radiation interaction
in rectangular enclosures. Also this will be a us&chnique, as, by using the results it
is possible to generalise the heat transfer inreqaad rectangular cavities filled with

ideal gases.

9.2 Future work

The current study has produced some correlatioratemms including the new
dimensionless group based on the dimensional adsalyside cavities. These
correlation equations are used to find the heatstem parameters of the natural
convection with and without radiation inside regjalar enclosures.

In order to extend the use of these derived cdrogl&quations and understand the
flow inside enclosures, there are some other passeeed to be studied. Following is
a list of recommendations to extend this study:

» Study the effect of the other parameters on theseelations, such as the
effect of surface emissivity and roughness.

* Experimentally study more deeply the turbulenceapeters using the LDV
and compare them with the numerical results.

» Study the effect of the enclosure edge and widttherflow inside the cavity.

» Study the effect of natural convection with radiatiinteraction for the
enclosures heated from below. Produce correlatignatons for the
enclosures heated from below.

e Study the effect of natural convection with radatinteraction for inclined

enclosures. Produce correlation equations forrtbknied enclosures.
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Appendix-A

A.l. Using the Pi theorem for the case of natural convéon
heat transfer.

Qc = f(L p,uk,Cp,pg,AT,T,H)
The parameters units will be as below:

Qc L p U k Cp AT | T | H Bg

HT™Y | L | ML™3 | ML7IT7Y | HL7YT~19"1 {HM~t971| 6 |6 | L |LT %071

The number of parametem = 10, and the number of dimensions are five, therefore
J < 5. From this the number of dimensionless groupstdlk =n -] =10-5=75
The number ofti’s which are the dimensionless groups will(@e, Cp, H, T, Bg)
ml = AT%LPpcukeQc
From this equation and the table above then:
For[H]e + 1 = 0 thereforee = —1
For[f]a — e = 0 thereforen = e = —1
For[Llb—3c—d—e=0
For[M]c + d = 0 thereforec = —d
For[T] —d —e—1 = 0 therefored =0 andc =0 andb =e = -1
Therefore

_ Qc
~ kKLAT

ml = Nuc

The second dimensionless group

2 = AT*LPpcutkeCp
From this equation and the table above then:
For[H]e + 1 = 0 thereforee = —1
For[f]la — e — 1 = 0 thereforea = 0
For[Llb—3c—d—e=0
For[Mlc+d—1=0
For[T] —d — e = 0 thereforel = 1 andc = 0 andb =0

Therefore
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The third dimensionless group

w3 = AT%LPpcukeBg
From this equation and the table above then:
For[Hle=0
For[f]la — e — 1 = 0 thereforea = 1
For[Llb—3c—d—e+1=0
For[Mlc+d =0
For[T] —d — e — 2 = 0 therefored = —2 andc = 2 andb = 3
Therefore

BgATL?p?

3=T=Gr

The forth dimensionless group

w4 = AT*LPp°utkeH
From this equation and the table above then:
For[Hle=0
For[8]a — e = 0 thereforea = 0
For[Llb—3c—d—e+1=0
For[Mlc+d=0
For[T] —d — e = 0 therefored = 0 andc = 0 andb = —1

Therefore

4—H—AR
T ==

The fifth dimensionless group

5 = AT*LPpCukeT
From this equation and the table above then:
For[Hle=10
For[fla— e+ 1 = 0 thereforea = —1
For[Llb—3c—d—e=0
For[Mlc+d =0
For[T] —d — e = 0 therefored = 0 andc = 0 andb = 0

Therefore

5 =—=Tr

216



Note: if the T1 and T2 added instead of T to thHaletaof parameters, then the fifth

dimensionless group will be:
T

S==—=T
s T, T
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A.2. Velocity profiles for numerical results at hot wall
temperatures 50°C, 55°C, 65°C and 70°C.
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Figure A-1 Velocity profiles for aspect ratios ap.2b) 1.0 and b) 0.5.
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Figure A-2 Velocity profiles for aspect ratios ap.2b) 1.0 and b) 0.5.
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Figure A-3 Velocity profiles for aspect ratios ap2b) 1.0 and b) 0.5.

(c

220



0.3
—&— Vy(y/h=0.19-Th=70)
@ 0.25 - —&— Vy(y/h=0.3-Th=70)
3 —a—\y(y/h=0.5-Th=70)
> 02 ——Vy(y/h=0.65-Th=70)
[8]
% 0.15 - —%—Vy(y/h=0.85-Th=70)
>
8 01 -
3]
> 0.05
0 . i -
0 0.01 0.02 0.03 0.04 0.05
Distance between the two walls (m)
(a)
0.25
—o— Vy(y/h=0.19-Th=70)
i 02 [ —&— Vy(y/h=0.3-Th=70)
E —a—Vy(y/h=0.5-Th=70)
> 0.15 ——Vy(y/h=0.65-Th=70)
(&) . |
o [ —%— Vy(y/h=0.85-Th=70)
(]
>
= 0.1
.
o
S 0.05
0 1
0 0.01 0.02 0.03 0.04 0.05
Distance between the two walls (m)
(b)
0.25
—o— Vy(y/h=0.19-Th=70)
2 09 - —m— Vy(y/h=0.3-Th=70)
E I —a—Vy(y/h=0.5-Th=70)
> [ =0.65-Th=
2 o015 | —>—Vy(y/h=0.65-Th=70)
o [ ——Vy(y/h=0.85-Th=70)
(V]
> o1
I
Q
5]
2 0.05
0 i il
0 0.01 0.02 0.03 0.04 0.05
Distance between walls (m)

(c
Figure A-4 Velocity profiles for aspect ratios ap.2b) 1.0 and b) 0.5.

221



A.3. Turbulence intensityfor numerical results at hot wdl
temperatures 50°C, 55°C, 65°C and 70°C.
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Figure A-5 Turbulent intensity profiles for aspeatio a) 2.0, b) 1.0 and b) 0.5
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Figure A-6 Turbulent intensity profiles for aspeatio a) 2.0, b) 1.0 and b) 0.5
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Appendix-B

B.1 Calibration certificate of the reference thermomete

CERTIFICATE OF

CALIBRATION

Date Of Issue Certificate Number
22nd August 2012 220812/N3

Certificate Issued By:

Electronic Temperature Instruments Ltd | page 1 of 1 pages

Easting Close, Worthing

West Sussex BN14 BHQ England | APProved Signatory | Signature

Telephone +44 01903 202151 | J. Carswell

Facsimile +44 01903 202445 D.Carter

email: sales@etiltd.co.uk :
Website: www.etiltd. co.uk | G-Hills A,

Customer Name: THE UNIVERSITY OF SHEFFIELD
Address: MECHANICAL ENGINEERING
MD64
MAPPIN STREET
SHEFFIELD
S13JD

Order Number:  XJ0/4500426930 Ref Number: 326/32474
Date Received: 21st August 2012
Date Calibrated: 22nd August 2012
Ambient Temperature: 22°C+2°C Ambient Humidity: < 60 %rh
Temperature Scale: International Temperature Scale of 1990
Inst Description: ETI REFERENCE THERMOMETER
Sensor Type: INTEGRAL 130mm PT100 LIQUID PROBE
Inst Serial Number: D12260698 Sensor Serial Number: N/A
Calibrated Range/Scale: -18°Cto+ 100°C / 0.01 °C RESOLUTION

Procedure: The Instrument was stabilised at ambient temperature, then calibrated by comparison
with two traceable references in stirred liquid baths. Immersion depth ~ 110mm

Results: Test Temperature °C Instrument Reading °C
-18.00 -17.98
0.00 0.00
40.00 39.98
70.00 70.00
100.00 100.00

Uncertainty of Measurement £ 0.04 °C + Instrument Resolution.

End of Report

The reported expanded uncertainty is based on a standard uncertainty iplied by a ge factor k=2, a level of of i ly 95%.

The uncertainty evaluation has been carried out in s with UKAS

Results indicate performance of at time of with no as to i i ility or long term stability.

This certificate is issued in with the y itation req| of the United Kingdom Accreditation Service. It i bility of

to ised national and to units of realised at the i Physical Lal y and other national standards laboratories, including
the National Institute of Standards and Technology (NIST).

This may not be rep other than in full, except with the prior written approval of the issuing laboratory.

Figure B-1 Calibration certificate of the referehermometer.
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B.2. Calibration of thermocouples

All the thermocouples for the hot and cold sidesenealibrated using an electronic
reference thermometer which has a resolution of1°@0 This reference thermometer
has been calibrated by the manufacturer usingréference points comes out with an
uncertainty of measurement equal to £0.05, theoion certificate of this reference
thermometer is included in appendix B. All the tweethermocouples used for this work
were calibrated using this reference thermometthrae reference points: 0°C, ambient
temperature which was around 23°C and 40°C usihgager with a magnetic stirring
device to keep the temperature constant. All tlaglirgs of the thermocouples had an

error of £0.2°C.

All the thermocouples calibration tests for eacld @nd hot side are shown in the tables

below:

Table B.1Cold side for air temperature at about@3

Ref Time | TC-OUT-1 [ TC-OUT-2 [ TC-OUT-3 [ TC-IN-1 [ TC-IN-2 | TC-IN-3
(Temp) | (s) Diff. Diff. Diff. Diff. Diff. Diff.
23.26 450 | 058 0.17 0.31 -0.34 0.24 0.57
23.24 160 | 0.59 0.17 0.31 -0.30 0.23 0.56
23205 | 120 | 0.63 0.19 0.30 -0.28 0.24 0.56
Average +0.6 +0.18 +0.31 -0.31 +0.24 +0.56
Table B.2 Cold side for 40°C temperature
Ref [ Time | TC-OUT-1 [ TC-OUT-2 | TC-OUT-3 | TC-IN-1 | TC-IN-2 | TC-IN-3
(Temp) | (s) Diff. Diff. Diff. Diff. Diff. Diff.
40.125 | 130 0.41 0.26 0.21 0.04 0.13 0.37
40.09 | 230 0.42 0.27 0.22 0.05 0.13 0.37
39.86 | 190 0.42 0.27 0.22 0.05 0.15 0.36
+0.42 +0.27 +0.22 +0.05 +0.14 +0.37
Table B.3 Cold side for 0.0°C temperature
Ref [ Time | TC-OUT-1 [ TC-OUT-2 | TC-OUT-3 | TC-IN-1 | TC-IN-2 | TC-IN-3
(Temp) | (s) Diff. Diff. Diff. Diff. Diff. Diff.
0.28 120 0.47 0.33 0.18 -0.14 0.15 0.43
0.25 | 1000 0.47 0.36 0.23 -0.08 0.14 0.40
0.28 320 0.46 0.35 0.22 -0.08 0.12 0.37
+0.47 +0.36 +0.23 -0.08 +0.14 +0.4
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Table B.4 Average values

Average values for the three temperatures at 0°C,3C and 40°C

TC-OUT-1

TC-OUT-2

TC-OUT-3

TC-IN-1

TC-IN-2

TC-IN-3

+0.5

+0.27

+0.25

-0.11

+0.17

+0.44

Therefore as it can be seen from the tables ahad¢he average value of the

thermocouples readings, all the thermocouples hawncertainty of +0.2°C.

Table B.5 Hot side for air temperature at about@3

Ref [ Time [ TH-OUT-1 | TH-OUT-2 | TH-IN-1 [ TH-IN-2 | TH-IN-3 [ TH-OUT-3
(Temp) | (s) Diff. Diff. Diff. Diff. Diff. Diff.
2326 | 450 0.26 0.58 0.12 -0.55 -0.02 0.20
2324 | 160 0.23 0.46 0.17 -0.49 -0.11 0.16
23205 | 120 0.24 0.27 0.44 -0.56 -0.12 0.16
+0.24 +0.52 +0.14 -0.52 -0.09 +0.18
Table B.6 Hot side for 40°C temperature
Ref [ Time [ TH-OUT-1 | TH-OUT-2 | TH-IN-1 [ TH-IN-2 | TH-IN-3 [ TH-OUT-3
(Temp) | (s) Diff. Diff. Diff. Diff. Diff. Diff.
40.125 | 130 0.44 0.36 0.16 -0.21 0.02 0.16
40.09 | 230 0.44 0.37 0.17 -0.21 0.02 0.16
39.86 | 190 0.44 0.36 0.17 -0.21 0.02 0.15
+0.44 +0.36 +0.17 -0.21 +0.02 +0.16
Table B.7 Hot side for about 0.0°C temperature
Ref [ Time [ TH-OUT-1 | TH-OUT-2 | TH-IN-1 [ TH-IN-2 | TH-IN-3 [ TH-OUT-3
(Temp) | (s) Diff. Diff. Diff. Diff. Diff. Diff.
028 | 120 0.61 0.43 -0.02 -0.33 0.21 0.50
0.25 | 1000 0.59 0.45 0.02 -0.28 0.22 0.44
0.28 | 320 0.57 0.43 0.02 -0.28 0.20 0.41
+0.59 +0.44 +0.02 -0.3 +0.21 +0.45

Table B.8 Average values

Average values for the three temperatures at 0°C,3C and 40°C

TH-OUT-1

TH-OUT-2

TH-IN-1

TH-IN-2

TH-IN-3

TH-OUT-3

+0.42

+0.44

+0.11

-0.34

-0.03

+0.26
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Therefore as it can be seen from the tables ahad¢he average value of the

thermocouples readings, all the thermocouples hawancertainty of +0.2°C.

B.3. Calibration of the rotameter for the hot wall side.

The rotameter is a glass tube graded from zero om3 and these values are
corresponding to a volumetric flow rates from zerd..2 L/min respectively, where the
polynomial equation to calculate the volumetrionfloate was provided based on the
data from the rotameter test as shown in table iRBw. This data in the table
produced using the calibration of the rotameterdnprding the time using stop watch

and weighing the water using a digital scale ferwhole rotameter measuring range.

Table B.9
Test Tube scale Weight (g) Time (s) Volumetric flow
number measure(cm) rate (I/min)
1 1.1 1168.6 407 0.172
2 7.1 1795.7 313 0.344
3 12.2 1980 226 0.526
4 17.45 2261.2 208 0.652
5 22.6 3246.9 230 0.847
6 30 4276.8 230 1.116

From the data provided in table B.9 the polynoreguation to calculate the volume

flow rate for this rotameter has been producedetsin

Q;, = 1.628 x 107*Q% +2.738 x 1072Q, + 0.1448

The uncertainty of this flow meter will be equalth® minimum scale reading divided

by two, which will be equal to about £0.02 I/min.

B.4. Calibration of Rotameter for the cold side.

For the rotameter of the cold side it has beerdegsing the same procedure above for

the hot side and the results are as follows:
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Table B.10

Test Tube scale Weight (g) Time (s) Volumetric flow
number measure(cm) rate (I/min)
1 2.4 1168.6 407 0.172
2 6.9 1795.7 313 0.344
3 11 1980 226 0.526
4 14.65 2261.2 208 0.652
5 17.6 3246.9 230 0.847
6 231 4276.8 230 1.116

From the data provided in table B.10 the polynore@ation to calculate the volume

flow rate for this rotameter has been producedetsin

Q. = 4.975 x 107%Q% + 3.297 x 1072Q,, + 0.0916

The uncertainty of this flow meter will be agairuafito the minimum scale reading

divided by two, which will be equal to about +0.0in.
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B.5. Velocity profiles for experimental results at hadliv
temperatures 50°C, 55°C, 65°C and 70°C.
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Figure B-2 Velocity profiles for aspect ratios a)),20) 1.0 and b) 0.5.
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Figure B-3 Velocity profiles for aspect ratios a),20) 1.0 and b) 0.5.

232



0.25

@ V(y/h=0.19)(Th=65)
02 | B V(y/h=0.3)(Th=65)
g A V(y/h=0.5)(Th=65)
g 0.15 ' X % V(y/h=0.65)(Th=65)
‘S [ ; >|Q % V(y/h=0.85)(Th=65)
]
S 01 f A
> [
©
£ 0.05
@
>
O 1 1 &u 1 1 1 '\I
0.01 0.02 0.03 0.04 X 0.D5
-0.05
Distance (m)
(@)
0.25
@ V(y/h=0.19)(Th=65)
Z 02 m V(y/h=0.3)(Th=65)
£ A V(y/h=0.5)(Th=65)
%‘ 0.15 - % V(y/h=0.65)(Th=65)
[=]
] % V(y/h=0.85)(Th=65)
E 0.1 -
2 005 -
0 : : A
0 0.01 0.02 0.03 0.04 0.05
Distance (m)
(b)
0.3
@ V(y/h=0.19)(Th=65)
= 0.25 - ® V(y/h=0.3)(Th=65)
S~
£ A V(y/h=0.5)(Th=65)
<~ 0.2 -
£ % V(y/h=0.65)(Th=65)
g 0.15 - % V(y/h=0.85)(Th=65)
S 01 -
@
> 0.05 -
O - T T
0 0.01 0.02 0.03 0.04 0.05

Distance (m)

(€)

Figure B-4 Velocity profiles for aspect ratios a)),20) 1.0 and b) 0.5.
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Figure B-5 Velocity profiles for aspect ratios a)),20) 1.0 and b) 0.5.




B.6. Turbulence intensity profiles for experimental résat hot
wall temperatures 50°C, 55°C, 65°C and 70°C.
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Figure B-6 Turbulent intensity profiles for aspeatio a) 2.0, b) 1.0 and c) 0.5.
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Figure B-7 Turbulent intensity profiles for aspeatio a) 2.0, b) 1.0 and c) 0.5.
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Figure B-8 Turbulent intensity profiles for aspeatio a) 2.0, b) 1.0 and c) 0.5.
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Figure B-9 Turbulent intensity profiles for aspeatio a) 2.0, b) 1.0 and c) 0.5.
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Appendix-C

C.1 Comparison of velocity profiles between experimeatal

numerical results for aspect ratio 2.0.
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Figure C-1 Comparison of velocity profiles betwesiperimental and numerical

results for aspect ratio 2.0 and hot wall tempeeafid °C a) between the two walls

b) near the hot side c) near the cold side
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Figure C-2 Comparison of velocity profiles betwesiperimental and numerical

results for aspect ratio 2.0 and hot wall tempeeaib °C a) between the two walls

b) near the hot side c) near the cold side
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Figure C-3 Comparison of velocity profiles betwesiperimental and numerical
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C.2 Comparison of velocity profiles between experimeatal

numerical results for aspect ratio 1.0.
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Figure C-5 Comparison of velocity profiles betwesiperimental and numerical
results for aspect ratio 1.0 and hot wall tempeeafid °C a) between the two walls

b) near the hot side c) near the cold side
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Figure C-6 Comparison of velocity profiles betwesiperimental and numerical
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b) near the hot side c) near the cold side
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Figure C-7 Comparison of velocity profiles betwesiperimental and numerical
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Figure C-8 Comparison of velocity profiles betwesiperimental and numerical
results for aspect ratio 1.0 and hot wall tempeeafi® °C a) between the two walls

b) near the hot side c) near the cold side
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C.3 Comparison of velocity profiles between experimeatal

numerical results for aspect ratio 0.5.
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Figure C-9 Comparison of velocity profiles betwesiperimental and numerical
results for aspect ratio 0.5 and hot wall tempeeafid °C a) between the two walls
b) near the hot side c) near the cold side
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Figure C-10 Comparison of velocity profiles betwesperimental and numerical
results for aspect ratio 0.5 and hot wall tempeeaib °C a) between the two walls
b) near the hot side c) near the cold side
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Figure C-11 Comparison of velocity profiles betwesperimental and numerical
results for aspect ratio 0.5 and hot wall tempeeab °C a) between the two walls

b) near the hot side c) near the cold side
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Figure C-12 Comparison of velocity profiles betwesperimental and numerical
results for aspect ratio 0.5 and hot wall tempeeafid °C a) between the two walls
b) near the hot side c) near the cold side.
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C.4 Comparison of turbulence intensity between expertale

and numerical results near the hot wall side
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Figure C-13 Turbulence intensity near the hot wilé for 50°C and aspect ratio a)
2.0,b)1.0andc) 0.5
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Figure C-14 Turbulence intensity near the hot wale for 55°C and aspect ratio a)
2.0,b)1.0andc) 0.5
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Figure C-15 Turbulence intensity near the hot walé for 65°C and aspect ratio a)
2.0,b)1.0andc) 0.5
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Figure C-16 Turbulence intensity near the hot walé for 70°C and aspect ratio a)
2.0,b)1.0andc)0.5
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