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ABSTRACT

Abstract

Due to the wide applications of the laminar natural convection
inside cavities like cooling systems, solar collecting systems and else.
Laminar convective heat transfer inside cavities with 3D partially heated
walls was studied numerically and experimentally. The study was
performed through the use of different domain configurations, boundary

conditions and insertion of solid bodies inside domains.

Numerically, the software package (COMSOL Multiphysics) that
adopts the finite difference method (FDM) was used to simulate four
different 3D cavity geometries which are parallelogrammical,
hexagonal, octagonal and elliptical according to the shape of the cross-
section between the hot and cold walls. The cavities are filled with
nanofluid  (alumina-water / Al,03-H,O) and pure water. The
nanoparticle solid volume fraction range was (0.01 < ¢ < 0.05) and

Rayleigh number range (103 < Ra < 10°).

The parallelogrammical cavity was studied for three different
skew angles to determine the best one (y=30° 45° 60°. Also,
optimization of the best arrangements for the heated and cooled walls
(left-right, right-left and bottom-up) was studied. It was concluded that
the angle (60°) with the left wall hot and the right wall cold gives the
best results. The results of the study were presented through the
isotherm surfaces, the streamlines, the horizontal and vertical velocities,
the local and the average Nusselt number (Nu). There is a modification
of the parallelogram cavity where which cylindrical inserted bodies with
different size, distribution and dimensions inside the cavity. It was
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observed that, the size of these objects, their number, their distribution,
and their overall surface areas have an effect on the thermal behavior

inside this cavity.

The experimental work was fabricating a parallelogrammical
cavity of constant lateral length walls (15 cm) except the front
horizontal length was (16 cm) filled with nanofluid (alumina-deionized
water) with three different solid volume fraction (¢=0.01, 0.03, and
0.05) and (Ra=10° and 10°. It is worth noting that the alumina
nanoparticles were of gamma type and had (d,, < 45 nm). The heat
transfer was studied by temperature distribution along the three axes
from the hot wall to the cold wall and the average (Nu) on the hot wall.
It appeared that there is a good agreement between the numerical and
the experimental results with about (0.03%) deviation. Also, the results
of the study were compared with previous published studies, and good

agreement was noted between the results.

Both the numerical and the experimental results of the
parallelogrammical cavity proved that the increase in (¢) and (Ra)
increases the average (Nu) or enhances the convective heat transfer.
Whereas, increasing the solid volume fraction to (9=0.05) over water
(p=0) leads to an increase in the average (Nu) by about (13) times for
the same conditions. While the improvement in the average (Nu) of
hexagonal, octagonal and elliptical cavities was about (17.6%, 18% and
17.2%),  respectively, relative to the improvement in the
parallelogrammical cavity at (Ra=10°. The best improvement was
recorded from the central location and higher overall surface area cases.
In general, the insertion of three elements improves convection by about
twice (200%) as much as the one-body improvement for all (Ra)
adopted in this study.



CHAPTER 1 INTRODUCTION

Chapter One: Introduction

1.1. General Concept of the Natural Convection Heat Transfer

The convection heat transfer represents one of the major modes of
the three basic types of heat transfer associated with fluid flow. The
convection is considered forced when it is accelerated by external tools

like fans or pumps [1].

It is termed natural when occurs spontaneously and mixed when it
initiated by the two manners [2]. The natural or free convection can be
classified into external and internal flows. In the external flow, the solid
object is surrounded by the flowing fluid like the flows over the flat

plate.

For the internal flow, the fluid is surrounded by the solid objects
like the flow inside cavities and pipes. In energy related applications, the
natural convection plays a dominant role because of its simplicity, low
cost and reliability. Since the fluid movement is generated by density

variation which accomplished naturally without an additional effort [3].

The density variation in the natural convection flows may have
initiated by  different physical phenomena; either temperatures
difference, difference in the concentrations of fluid or the presence of

multiple flow phases [4].

The Natural convection inside a closed cavity is a representation
of the internal flow which is a common practical application in cooling

and energy transportation. It is important to mention that, the proper
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design of the cavities is a key parameter in order to achieve best
performance [5]. There are two main classes of natural convection flows
that are driven by temperature differences: the first in which the basic
temperature gradient is parallel to the direction of gravity (heating from
below) and the other in which this gradient is orthogonal to the direction
of gravity (heating from the side) which is known as a differentially

heated cavities [6].

1.2.  Nanotechnology and Nanofluid Concept

Nanofluid is a two-phase (liquid-solid) mixture flow that formed
by suspension of solid particles have high thermal, rheological and
wettability properties in a fluid named as the base fluid. These particles
must have at least one dimension below (100 nm). The base fluids are

water, alcohol, oil and etc. [7].

Nanofluids are now have a great interest for improving heat
transfer performance that are related to energy saving. Among the
several thermophysical properties of a fluid, the thermal conductivity
and dynamic viscosity have more significant role on heat transfer
behavior [8].

Adding nano particles increasing the thermal conductivity and
dynamic viscosity. The higher thermal conductivity has a favorable
effect on convective heat transfer of fluids, while the increase in

dynamic viscosity has a worse effect on it.

So, these parameters are controlled by specifying ranges of the
particles solid volume fraction in base fluids that do not activating the
worse effect of high viscosity. The enhanced thermal conductivity of
nanofluids offers several benefits that makes the nanofluids promising

for many applications such as [9]:
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1. Higher cooling rates

2. A decreased power needs for pumping.

3. Smaller and lighter cooling systems, reduced inventory of heat
transfer fluids.

4. Reduced friction coefficients, and improved wear resistance.

1.3. Applications of the Natural Convection inside Cavities

One of the most significant applicable challenges in the industrial
area is cooling. Also, it is very important to design the cooling systems
in most efficient manners and minimum power requirement. Effective
cooling of electronic components has become increasingly important as

power dissipation to be up to date with the fast growth of technology.

The applications of such cooling technique are the passive cooling
of computers, smart mobile devices, microelectronic devices operating
at high speeds and brighter optical devices, laser technology and

electronic circuit boards, etc. [10].

Besides cooling of the electronic components, there are numerous
other practical applications of natural convection in cavities including,
air conditioning systems, thermal insulation in buildings, high-power

engines and pumps, heat exchangers and electrical transformers.

Also, it found in renewable energy processes like convective
processes in lakes and reservoirs, solar energy applications like
collectors, nuclear reactors, storage of nuclear waste, petrochemicals.

Also, in the aerospace systems as like as food and dairy industries [11].

In the current study, the cavities are classified into two types
called classical or cubical and complex or non-cubical cavities. Four

different geometries are studied numerically in three dimensions (3D)
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named as; parallelogrammical, hexagonal, octagonal and elliptical
cavities. In addition to the mentioned applications, the practical
application of the current work, parallelogrammical cavity is the large
high-power pumps like the water push pumps of Al-Diwaniya Water

Office that works inside buildings (indoor pumps).

These pumps are working at the indoor conditions which are
rounded as (20°C — 25°C) and (28°C — 35°C) at summer and winter
seasons, respectively. The longtime operation that reaches about (22
hour/day) makes some of the pump’s parts fail repeatedly. This is due to
the raise in temperature which reached about (40°C — 55°C).

In general, the considered cavities; hexagonal, octagonal and
elliptical can be designated and manufactured to obey the demands of
any of the mentioned applications. Where these cavities are featuring
with special shapes that suitable to place in different locations without
need for manufacturing adjustment especially for the applications of

narrow regions.

The working fluid 1is water and nanofluid consists of alumina
nanoparticles of (dp,<45nm) particle size that suspended in de-ionized
water (Al,Os-water) base fluid which is selected due to its low cost and

acceptable thermal enhancement.

The considered ranges of the nanoparticle solid volume fraction
and the Rayleigh number for the numerical study are (0.01 < ¢ < 0.05)
and (10° < Ra < 10°%) respectively. For the experimental study; the solid
volume fractions are (¢=0.01, 0.03 and 0.05) while the temperature
differences between the differentially heated walls are (AT= 16°C and
26°C) by considering two different values for the cold wall temperature

(T=28°C and 30°C).
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1.4. Objective of the Present Study

The present study focused on the effect of the following on the
natural convection heat transfer enhancement both numerically and

experimentally:

1. The cavity geometry where four different shapes of cavities are
studied named according to the lateral cross section between the hot and

cold walls.

2. the cavities are parallelogrammical, hexagonal, octagonal and
elliptical which are studied for the first time with the selected

dimensions and arrangements of walls.

3. The surface area of cavity by considering different skew angles for

the parallelogrammical cavity.
4. The location, number and distribution of inserted bodies.

5. The parallelogrammical cavity considered the main geometry which

In turn visualized experimentally.
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Chapter Two: Literature Review

2.1. Introduction

The widespread applications of the natural convection or
buoyancy driven heat transfer and fluid flow inside cavities led to the
clear attention received over the recent years [1-5]. This field was
investigated numerically and experimentally. Where the increasing
importance of the computer techniques for modelling and simulation
allows a quantitative and qualitative evaluation of the different complex
phenomenon. Many works in the current field were viewed for different
geometries of the cavities; square or non-square [3-7]. The
accomplished cases were studied under wvarious conditions which

enhanced the heat transfer.

Different techniques were presented, which able to enhance the
heat transferred through the cavities by natural convection. These
techniques were either changing the shape or inclination of the cavity
[12-14]. On the other hand, adding fins inside the closed cavities was
one of these techniques. The fins used by researchers were varied in
location and shape. These fins or baffles were either rigid or sometimes
porous [15-18].

Enhancing the working fluid properties by using various (Ra) was
considered as a technique also. The laminar natural convection (Ra)
range of (10° < Ra < 10° was depended on by many researches.
Recently, using the fluid additives by means of two-phase fluids (liquid

— solid particles) was a common technique in this field. Adding particles



CHAPTER 2 LITERATURE REVIEW

with nano scale to the base fluids improving the fluid thermal properties
which enhance the heat transfer performance inside cavities [19, 20].
Researchers approved that, the thermal properties were enhanced by
adding the nanoparticles of metals or other materials like ceramics by a
specific volume fraction. This range was not to exceed (0.01 < ¢ < 0.06)
to get the better enhancement [21-23] and avoid the problems of

agglomeration of the solid particles at the same time.

Sometimes using the external magnetic field enhancement scheme
is one of these techniques [24], which is of higher importance due to its
wide application in metal casting and other industrial applications [25,
26]. From other side, number of researchers depend on the advantages
of the porous media expected advantages in designing their cavities [27-
29].

The following sections introduced a detailed literature review on
the specific research region of the three-dimensional numerical and
experimental natural convection heat transfer inside cavities for
different geometries; classical (cubical) or complex (non-cubical),
boundary conditions and filled with different working fluids, classical

(single phase) or nanofluids (two phase).

2.2.  Numerical and Experimental Studies inside Classical Cavities

The natural convection heat transfer inside the classical square or
rectangle cavities had been studied in four groups that reviewed for the period
(2010-2020) where (2020) is the year of starting the current study. For different
working fluids; classical or nanofluids numerically and experimentally as
presented in Table (2.1).
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2.2.1. Numerical Studies in Classical Cavities filled with Classical Fluids

Zemani et al. [30], 2014, analyzed numerically the natural
convection in a cubical and differentially heated air-filled cavity with
(10°<Ra<10°). The geometry was a cube with wavy hot surface. Three
undulations and three partitions introduced at the crests with constant
hot temperature. The opposite wall was straight and has a constant cold
temperature. The other walls were thermally insulated. The investigation
has been performed for different partitions lengths. The results obtained
show that the mean (Nu) decreases compared with the heat transfer in
the undulated cubical cavity without partitions. This decrease was up
(40%) in heat transfer at the same (Ra).

Li et al. [31], 2016, investigated numerically the natural
convection of air in a cubical cavity heated partially for (10*<Ra<10°).
Two opposite vertical walls were kept at different temperatures. While,
the remained four walls were considered either adiabatic for the first
case or had linear temperature variations for the second case. Whereas in
the third case, the front and back walls have linearly variable
temperature. The bottom and top walls were adiabatic for all cases. The
results of the third type exhibited more enhancement in the average (Nu)

than the other two types at the same (Ra).

Al-Rashed et al. [32], 2017, investigated the natural convection
in a cubical cavity filled by air numerically at (10°<Ra<10°).. Both the
left and right sidewalls were subjected to four different arrangements of
partial cooling and heating sections. The remaining walls were assumed
thermally insulated. It was found that the average (Nu) reached its peak
value when both left and right sidewalls of the cavity were subjected to

the partial heating and cooling at their middle position.
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Wang et al. [33], 2017, performed the study of the natural
convection of air in a differentially heated cubical cavity at
(10°%<Ra<10'). The left wall was cold and the right was hot while
adiabatic lateral walls. It was found that the boundary layers of
temperature and velocity were developed adjacent to the isothermal
walls, and become thinner as (Ra) increases. Where the effect on the
overall heat transfer decreases with increasing (Ra). Also, an
exponential scaling law between (Nu) and (Ra) was found for the study

range of (Ra).

Spizzichino et al. [34], 2019, investigated numerically the natural
convection flow of air in a cold cubical cavity at (10°<Ra<10%). The
cavity included a tandem of cold and hot vertically aligned cylinders
inside it. It was found that the distance between the cylinders played an
important role in determining the characteristics of the instability
mechanisms governing the oscillatory flow. Also, in all the
configurations studied in the framework the average and instantaneous
(Nu) on the hot cylinder values are higher than the corresponding (Nu)

on the cold cylinder.

Alnagi et al. [35], 2020, investigated numerically the natural
convection in an air-filled cubical cavity with active lateral walls at
(10°%<Ra<10°). The lateral front and right sidewalls were maintained at
an isothermal cold temperature. While the back and left were subjected
to an isothermal hot temperature. The upper and lower walls were kept
adiabatic. It was shown that, the increase in (Ra) leads to increase of the

average (Nu).

Alshomrani et al. [36], 2020, studied numerically the natural
convection of the air inside a 3D inclined cavity at (10°<Ra<10°). The

left and right walls were cooled partially whereas the other walls were

9
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kept adiabatic. In the left and right walls, three different locations of the
cooler were examined. While, the heater moved in three locations in the
middle of the cavity. It was recognized that the inclination of the cavity
and the locations of the coolers highly influenced the flow and thermal
fields inside the cavity. Also, that the computed results were found to be

very useful to design the cooling of electronic equipment.

Onyango et al. [37], 2013, focused on the numerical study of the
natural convection in a square cavity. The two opposite vertical walls
and the top wall were considered cold with constant temperature. A
fixed heat source was attached at the middle bottom surface. The other
two vertical walls and the non-heated part of the bottom surface were
considered insulated. It was found that, the position of the heat source
was one of the most important parameters that affecting flow and
temperature fields and the heat transfer was very weak at the sides of the
cavity. The flow and thermal fields were strongly affected by the cold

surfaces.

Ahmadi M. [38], 2014, carried out a numerical study of the
steady laminar natural convection in a cubical cavity numerically at
(10°%<Ra<10°). The left vertical wall had two elements, the larger upper
was kept cold. While the smaller lower kept hot. Whereas the remaining
walls were insulated. The results indicated that, by increasing the
distance between heat sources, the average (Nu) significantly decreased.
Also, the average temperature and maximum component of velocity in
all directions were increased. Moreover, by increasing the length of the
cold source ratio, the rate of heat transfer of the hot source was

increased.

Kolsi et al. [33], 2016, investigated numerically the natural

convection and the generated entropy with the internal heat generation

10
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inside a cubical cavity. A partial cooler was located on the insulated
bottom wall and the cavity was heated differentially. The horizontal
walls were adiabatic. It was found that, the role of location and height of
partition became less important with increasing the internal (Ra). The
entropy generation was strongly dependent on the ratio of internal to
external (Ra). Based on the values of geometrical parameter, (Nu) is

increased with increasing of external (Ra).

Gibanov and Sheremet [39], 2017, numerically solved the
transient natural convection inside a cubical cavity filled with a
Newtonian fluid at (10°<Ra<10°). It was equipped by a hot partition as a
heat source having a triangular cross section. The vertical opposite walls
were cooled while the rest walls were adiabatic. It was found that, the
extreme left position of the heater illustrated more essential cooling of
the cavity. The increase in the distance between the heat source and the

left vertical wall leads to non-monotonic changes of the average (Nu).

For the same cavity configuration and heating system Gibanov
and Sheremet [40], 2018, investigated numerically five various shapes
of the heater cross section (rectangular, three trapezoidal and one
triangular). It was found that, trapezoidal shapes were more effective
than other considered shapes. For high values of (Ra) the differences for
the average (Nu) between the triangular shape and other configurations

are increased.

Then, Gibanov and Sheremet [41], 2019, designated a discrete
heater of a trapezoidal shape located at the bottom wall of a cubical
cavity. The heater was maintained at constant temperature. It was
detected that, an increase in the length of the local heat source did not
have a strong effect compared with the increase in the height or the

overall size on the average (Nu).

11
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2.2.2. Numerical Studies in Classical Cavities filled with Nanofluids

Ravnik et al. [42] 2010, investigated numerically the free
convection inside three-dimensional cavity filled with three different
types of water based nanofluids (Cu-water, Al,Os-water and TiO,-water)
at (10%<Ra<10%) and (9<20%). In their analysis, two cases were studied,
the first case was a differentially heated cavity. While, the second one
with a hot strip located in two locations in the cavity. the other walls for
both cases, were kept thermally insulated. It was found that, the increase
in (@) enhanced the heat transfer rate and reach its peak value for (Cu-

water) nanofluid.

Arefmanesh and Tavakoli [43], 2012, solved numerically the
steady natural convection fluid flow and heat transfer in a cubical cavity
filled with three different nanofluids (Al,Os-water, Cu-water, TiO,-
water) with (10°%<Ra<10°) and (9=0.05, 0.1). The left and right vertical
sidewalls of the cavity were maintained at constant hot and cold
temperatures. The remaining walls were insulated. The results showed
that, the average (Nu) increased with increasing (¢) for all selected

nanofluids.

Kolsi et al. [44], 2014, investigated numerically the natural
convection heat transfer, fluid flow and entropy generation inside a
cubical cavity filled with (Al,Os-water) nanofluid at (10°<Ra<10°f) and
(0<9p<20%). Both, left and right sidewalls were maintained at isothermal
hot and cold temperatures. The other walls were considered adiabatic.
The results showed that, the local (Nu) increased when (¢) increased.

While, the average (Nu) increased when both (¢) and (Ra) increase.

Ternik P. [45], 2015, solved numerically the steady natural
convection in a cubical cavity filled with (Au-water) nanofluid at

(0<p<5%). The vertical wall was heated, while the adjacent was cooled.
12
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It was founded that, adding nanoparticles delays the onset of convection.
It was found that the average (Nu) smaller than those obtained in the

case of pure water with the same (Ra) unlike the other researchers.

Purusothaman et al. [46], 2016, investigated the numerical
analysis of the natural convection cooling equipment with a (3x3) array
of isothermal heaters which was mounted on one vertical wall of the
cavity. The cavity was filled with various nanofluids (Cu-water and
Al,Oz-water) at (10°<Ra<10’) and (0<¢<0.01). It was observed that,
(Cu-water) nanofluid had the greatest effect on the equipment
performance compared with (Al,Os-water) nanofluid. As like as, the

averaged (Nu) increased with the increase in both (Ra) and (¢).

Salari et al. [47], 2016, studied numerically the transient natural
convection for cubical cavity with layered fluid system. The cavity was
differentially heated and filled with two immiscible gas/liquid fluids
(airfMWCNTs-water). Two heaters with constant heat flux were placed
at the sides. The top and bottom walls were kept at constant cold
temperature. The results showed that, the nanofluid interface aspect ratio
had significant influences on the fluid flow, heat transfer performance.
Also, it was shown that, the mean (Nu) was reduced by increasing the

nanofluid interface aspect ratio and enhanced by increasing of (Ra).

For the same cavity and fluid conditions but with fillets on its
bottom wall Salari et al. [48], 2017, investigated the transient natural
convection. The results showed that, the curved corner an effective

method to control the fluid flow and the energy consumption.

Kolsi et al. [49], 2016, presented a numerical simulation of
natural convection inside a cubical cavity filled with (Al,Os-water)
nanofluid at (10%<Ra<10°). The vertical walls were differentially heated.

The cavity containing twin adiabatic blocks. The other walls were
13
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adiabatic. The results showed that, the average (Nu) raised with the
increase in (Ra) and (¢) while it was declined with the increase in the

block size.

While Kolsi et al. [50], 2016, studied the laminar natural
convection inside a cubical cavity with a solid conductive of inserts on
the corners of triangular cross section. According to the number and
location of these inserts, three cases were studied. The vertical left and
right sidewalls of the cavity were assumed hot and cold respectively.
The other sides were kept insulated. It was observed that, the heat
transfer increased linearly according to the thermal conductivity ratio for

the same geometrical parameters and (Ra).

Rahimi et al. [51], 2017, investigated numerically the natural
convection of (CuO-water) nanofluid enclosed in a cubical cavity at
(10°%<Ra<10®) and (0<@<0.04). The left and right sidewalls of it were
assumed hot and cold respectively. While the other walls were assumed
insulated. It was found that, the average (Nu) enhanced with increasing
(Ra) and (o).

Wang et al. [52], 2018, investigated numerically the natural
convection of (Al,Os-water) nanofluid in a partially heated -cubical
cavity at (10°<Ra<10®) and (0<@<0.04). The right sidewall was
maintained at a constant low temperature, while a square heat source
was located on the left sidewall. The remaining boundaries were
thermally insulated. The results indicated that, the average (Nu)
decreased with the increase of (¢). Also, it was found that the average
(Nu) and the heat transfer enhancement were decreased with the

increase of the heat source aspect ratio.

Benabderrahmane and Messadi [53], 2018, studied numerically

the turbulent natural convection inside a rectangular cavity filled with
14
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(Al,Os-water)  nanofluid. The horizontal walls were considered
isothermal where the bottom wall was hotter than the top one. The other
walls were adiabatic. The results showed that, the average (Nu)
increased with the increase of (Ra) and (¢). Also, in a comparison with
pure water, nanofluid presented higher average (Nu) along the heating

wall.

Sannad et al. [54], 2019, studied numerically the natural
convection in a cavity containing (Cu-water) nanofluid. The cavity was
included an isothermal heating block in the middle of the bottom as the
first case and at the top in a second case. Both the right and the left
vertical walls were kept at cold temperature and the other walls were
insulated. The results illustrated that; the average (Nu) increased with
(¢) for different values of (Ra). Also, the (Cu-water) nanofluid gave the
best thermal transfer in the two considered configurations. Also, it was
noticed that, the second case was the optimum choice for better heat

transfer.

From other side, Sannad et al. [55], 2020, studied the transient
laminar natural convection of (Al,Os;, Cu, TiO,;) water based nanofluids
inside a cubical partially heated cavity. It is heated by a partition
maintained at a hot constant and uniform temperature. The right and left
vertical walls were kept at cold temperature, while the others were kept
adiabatic. The highlighted results were that the heat transfer in the
presence of (Cu) nanoparticles was greater than that of (Al.O3) and
(TiOy). Also, as the length of the heat source increased the average (Nu)

increased.

Then, for the same geometry of cavity but heated by two heating
square portions on the left wall which maintained at hot temperature
Sannad et al. [56], 2020, accomplished their study. The right wall and

15
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the rest portion of the left vertical walls were kept at cold temperature,
while the other walls were kept adiabatic. It was noticed that, the
increase of the heating section size and (Ra) increased the heat removed
by the same nanofluid. Also, increasing (¢) caused an increase in the

heat exchange process.

Esfe et al. [35], 2020, investigated numerically the free
convection flow of (CuO-water) nanofluid in a cubical cavity. A porous
fins were embedded in different numbers on its right cold sidewall.
Whereas, the left sidewall kept cold. The other walls were kept
insulated. It was found that, the adding of nanoparticles possessed the
greatest effect on the average (Nu). Also, it was observed that, the
velocity of the nanofluids decreased when passing through the porous
fins and noticed that, the pattern of temperature was very sensitive to the

presence and number of porous fins at lowest (Ra=103).

Selimefendigil and Oztop [57], 2020, studied numerically the
natural convection inside a cavity with one inclined side wall included a
T-shaped heat source. The cold surface temperature of the cavity was
controlled by using a thermoelectric cooler. While the hot surface of it
was assumed inclined. It was found that, the average (Nu) was increased
with increasing (¢). The variation in the average (Nu) versus (¢) was
linear and the amount of enhancement was (128%) when compared to

the pure water.

Moutaouakil et al. [58], 2020, studied numerically the natural
convection inside a partially heated cubical cavity which was heated by
using three identical and parallel elements on its left vertical wall. These
elements had different inclinations. The cavity filled with different
water based nanofluids (Cu-water, Al,Oz-water, Ag-water, TiO,-water).

The results indicated that, the inclination angle had insignificant effect

16



CHAPTER 2 LITERATURE REVIEW

on the average (Nu). The total (Nu) increased with (¢) and the aspect
ratio of the heated elements. The numerical results also revealed that the
(Cu-water) and (Ag-water) nanofluids offered a better heat exchange

inside the cavity.

2.2.3. Experimental Studies in Classical Cavities filled with Classical Fluids

There are very little experimental studies in the current field, Li
and Tong [59], 2016, studied the natural convection of air inside an
inclined and vertical rectangular cavity with low width to height ratios
experimentally and numerically. It was concluded that, increasing this
ratio and cavity inclination accelerates the convective heat transfer. This
ratio was insignificant when it became higher than (4). Also, the average
(Nu) was correlated to the modified (Ra) and the adjusted aspect ratio

with very little relative errors.

Nardini et al. [60], 2016, investigated the natural convection in a
square cavity with partially active thermal sidewalls both numerically
and experimentally. Four cold sources were placed on the vertical walls
while the additional hot source placed on the base wall. Three different
positions of the hot source varied along the base wall from the middle to
the edge were investigated. The results showed that, different positions
of the hot source enhanced the heat transfer. The best position of the hot

source was on the middle.

Bharti et al. [61], 2018, studied experimentally the natural
convective flow in a differentially heated cubical cavity filled with de-
lonized water. An efficient use of (Z-type) schlieren technique for
simultaneous measurement of ray-averaged velocity and temperature
fields were considered. The velocity field was also determined by using

laser-based (PIV) to compare with schlieren based technique. The

17
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results showed that, the proposed technique was very robust and high

accuracy in temperature measurements.

Karatas and Derbentli [62], 2018, studied experimentally the
natural convection in six rectangular cavities with different (AR). All
cavities had a united height and depth but different lengths. The cavities
were closed, filled with air, and had one active vertical wall. The
opposing vertical wall was inactive. The other four walls are adiabatic.
The presented results showed that the mean (Nu) increased from (23.63

to 73.35) with decreasing aspect ratio from (6 to 1).

Whereas, Karatas and Derbentli [63], 2019, investigated the
natural convection in differentially heated rectangular cavities. One of
the vertical walls of the cavity was cooled, while the opposing vertical
wall was heated. The cold and hot vertical walls were constant and time
periodic temperatures, respectively. The other four walls were adiabatic.
It was found that, the average (Nu) increases from (2.64 to 16.44) with
decreasing aspect ratio from (6 to 1). The average (Nu) for the
sinusoidally varying temperature was half of that for the constant

temperature.

2.2.4. Experimental Studies in Classical Cavities filled with Nanofluids

Heris et al. [64], 2014, conducted an experimental study to
investigate the effect of inclination angle on the natural convection
inside a cubical cavity filled with various nanofluids as shown in Fig.
(2.1). One of the surfaces was kept at a cold temperature and opposite
side at a hot one. While the other four surfaces were insulated. The
mixtures of three different types of nanoparticles (Al,Os;, TiO2, CuO)
within turbine oil were used as a heat transfer fluid. The results revealed

that, the turbine oil had the highest (Nu) in any inclination angle of the
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cavity compared to the nanofluids. Also, it was found that at the
inclination angle of (90°) and the weight fraction of (0.2%) the (TiO,)

gives the maximum (Nu).

Figure (2.1): The experimental rig of Heris et al. [64].

Solomon et al. [65], 2017, studied experimentally the influence
of (AR) of a rectangular cavity on the natural convection flow inside it.
Three values of (AR) were adopted in their analysis. The cavity was
filled with two different fluids; de-ionized water and Al,Os-water
nanofluid. It was found that, the (AR) had a significant effect on (Nu).
Also, it was concluded that, the optimum concentration of nanofluid for

maximum heat transfer increases with increasing (AR).

Rahimi et al. [66], 2017, studied both experimentally and
numerically the natural convection in a cuboid cavity filled with
(DWCNTs-water) nanofluid. The cavity height, length and depth were

equal. The left and right sidewalls had a constant uniform hot and cold
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temperatures respectively. The other walls were insulated. It was found

that, the average (Nu) enhanced with increasing (Ra) and (o).

While Rahimi et al. [67], 2018, analyzed the natural convection
heat transfer numerically and experimentally in the same cavity but
filled with (MWCNT-MgO-water) hybrid nanofluid. It concluded from
results that, the range of temperature of nanofluid is reduced with
increasing of (). Increasing of temperature difference causes an
enhancement of the average (Nu). The optimum value of (¢) for highest

value of average (Nu) found to be (1%).

Torki and Etesami [68], 2020, investigated experimentally the
natural convection heat transfer of (SiO,-water) nanofluid inside
inclined rectangular cavity with different inclination angles. It was made
of two vertical copper plates as hot and cold walls, and the other sides
were made of acrylic. The results showed that, the convection heat
transfer is not enhanced by increasing (¢). The maximum (Nu) for all

() occurs when the cavity was in a horizontal status.

Giwa et al. [69], 2020, investigated experimentally the natural
convection of the hybrid nanofluid (Al,Os-MWCNT/water) nanofluid in
a square cavity. It was noticed that the (60:40) percent weight of (Al,Os:
MWCNT) nanoparticles have the highest average (Nu) at each
considered temperature. The maximum enhancement of (16.2%) was
achieved at (T=50°C), in comparison to the base fluid. The average (Nu)

Is enhanced with increasing (Ra).

2.3.  Numerical and Experimental Studies inside Complex Cavities

Lately, the researchers guided towards the modifications of the
cavity shape from the simple classical to the more detailed complex

configurations. This technique is to study the effect of these shapes on
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the heat transfer enhancements. These studies are introduced in the
following sections and limited to numerical works only as presented in
Table (2.2).

2.3.1. Numerical Studies in Complex Cavities filled with Classical Fluids

For Air, Hussein et al. [70], 2016, performed the numerical
computation of unsteady laminar natural convection and entropy
generation in an inclined trapezoidal cavity filled with air. The vertical
right and left sidewalls were maintained at constant cold temperatures.
The lower wall was subjected to a constant hot temperature while the
upper one was considered insulated. The results showed that, the
average (Nu) increases with increasing (Ra). For other fluids, Terekhov
and Ekaid [71], 2011, investigated numerically the laminar free
convection in a parallelepiped cavity filled with incompressible gas. The
two vertical side walls were kept at different temperatures hot and cold
temperature respectively. The top, bottom and other walls were
insulated. It was found that, the whole heat transfer through the cavities
or through longer cavities (AR > 1) was conservative to the action of the
secondary flows. For (AR < 1), the average (Nu) depends on the cavity

thickness while for longer cavities it does not depend on it.

2.3.2. Numerical Studies in Complex Cavities filled with Nanofluids

Moura and Junior [72], 2012, analyzed numerically the transient
natural convection of a 3D parallelopiped cavity had an equal sidewall
dimension. Initially all the walls were kept at a specified temperature.
Then, all the walls were heated to a temperature greater than the initial.
A discussion of the topology, flow patterns and loss of symmetry within

the cavity and the effects of natural convection are presented. It was
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found that, the flow of fluid in the cavity has an oscillatory behavior in
the first instants of simulation. Al-Rashed et al. [73], 2019, simulated
numerically the natural convection in a parallelogrammical opened top
side cavity. The cavity had a square heater on its bottom wall and the
remaining part of it considered adiabatic. The heater was selected in
different sizes. The cavity had an inclined front and back walls.
Temperature of remaining walls was lower than that of heater. For all
cases, heat transfer increased with increasing both (¢) and inclination
angle. For lower inclination angle, it became almost constant for lower
values of (Ra). It was concluded that, the (Nu) was depending on the

heater side length.

2.4. Scope of the Present Study

The previous sections were introduced the recent studies of natural
convection heat transfer inside cavities numerically and experimentally
as shown in the flow chart that presented in Fig. (2.2). It was concluded
that, there is a gap in the experimental studies for all cavities; classical
or complex. Another conclusion is that, there is lakes in both numerical
and experimental studies in the complex cavities’ convection field. The
current study is focused on the complex non-cubical configurations of
cavities that filled with (Al,Os-water) nanofluid numerically and
experimentally. Numerically; the considered cavities are of four
different novel shapes or configurations that studied for the first time
named as; parallelogrammical, hexagonal, octagonal and elliptical. The
main cavity is the parallelogrammical which discovered for different
skew angles (y). As like as, many modifications are examined on it.
These modifications are inserting bodies of different counts and shapes

inside the cavity and/or drilling holes of different shapes and
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orientations also. Experimentally, the parallelogrammical cavity that has

skew angle of (60°) is designated and manufactured.
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Natural convection inside cavities
{
|
| |
Classical cavities Complex cavities

| — { —-oA

| |
Numerical Experimental Numerical
| | |
| | | | | |
Classical fluids Nanofluids Classical fluids Nanofluids Classical fluids Nanofluids

Figure (2.1): The literature review flow chart.
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Table (2.1): Classical cavities
Author Year The model used  The study parameters  Cavity shape Fluid type Conclusions
Zemani et al. [30] 2014 FVM 10°<Ra<10° Air These partitions caused decrease
of up 40% in the heat transfer.
Lietal. [31] 2016 LBM 10*<Ra<10° Air The proposed double MRT is
valid for 3D simulation.
Al-Rashed et al. 2017 FVM 103<Ra<10° Air The total entropy generation rate
[32] increases with Ra. The middle-
middle arrangement produces
| )
. higher average Nu.
Wang et al. [33] 2017 FVM 108<Ra< 10 b Air An exponential scaling law
: between Nu and Ra was
L suggested.
Spizzichino et al. 2019 FVM 10*<Ra<10° Air Distance between cylinders had

[34]

important role in determining the
characteristics of the instability.
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Alnagqi et al. [35]

Alshomrani et al.
[36]

Onyango et al. [37]

Ahmadi M. [38]

Kolsi et al. [20]

2020

2020

2013

2014

2016

CVM

FEM

FDM

FVM

FDM

103<Ra<10°

103<Ra<10°

0°C<AT<1°C

103<Ra<10°
L=1, H=1, W=0.875,
Li1=L» =0.30, L3=L4
=0.2

10° <Rap<10°

103 <Ra,;< 10°
(h=0.25, 0.5, 0.75)
(c=0.25, 0.5, 0.75)

3D square Air

Newtonian
incompressible
of:

Re=200
Pr=0.71

Increase Ra leads to increase the
average Nu and decrease Be.

The inclination of the cavity and
the locations of the coolers
influence the stream and energy
transport.

Heat transferred very weak at the
sides. Flow and temperature
fields were affected by the

cold surfaces.

Increasing distance between heat
sources, decreased average (Nu).
Increasing length of cold source,
causing heat transferred from hot
source to increase.

The role of location and height of
partition became less important
with increasing the inner (Ra).
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Gibanov and 2017 FDM 10*<Ra<10° Newtonian ~ The extreme left position of the
Sheremet [39] 0.05<1/L<0.35 fluid heater illustrated more cooling.
Gibanov and 2018 FDM 10*<Ra<10° f Newtonian  Trapezoidal shape of heater was
Sheremet [40] n/A<a<m/2 / fluid gave the more enhancement in
il A (Nu).
Gibanov and 2019 FDM 10*<Ra<10° Newtonian  The variation of height, length
Sheremet [41] fluid and size of the local heater
influenced the temperature and
fluid flow.
Ravnik et al. [42] 2010 FDM 103<Ra<10° Cu-water The best enhancement in heat
® <20% Al,Oz-water ~ transfer is that from Cu-water
TiO,-water and it increased with increasing
Q.
Arefmanesh and 2012 MLPG 103<Ra<10° 27 AlOs-water  Average (Nu) increases with
Tavakoli [43] © =0.05,0.1 il | AT Cu-water increasing (¢) for all selected
e TiO,water  nanofluids.
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Kolsi et al. [44]

Ternik [45]

Purusothaman A.
[46]

Salari M. et al [47]

Salari M. et al [48]

2014

2015

2016

2016

2017

FDM
(FORTRAN)

FVM

FVM

FDM

FDM

103<Ra< 108
0% < ¢ <20%

101 < Rawater < 106
0% < ¢ < 5%

10°<Ra< 10’
0<¢<0.01
I<AR<7S5

103<Ra<10°
_ (0.002, 0.004,)
0.01
AR = (0.125,0.25,

0.375,0.5)

10°<Ra<10°

@ = (0.002,0.01)
r =0,0.15,0.20,
0.25

/ Jﬁ Al,0s-water

Au-water

Cu-water
Al>Os-water

Air
MWCNTs-
water

Air
MWCNTs-
water

Average (Nu) increasing with
both (¢) and (Ra).

Average (Nu) of nanofluid
smaller than those of pure water
at the same (Ra).

Cu—water nanofluid has the
greatest effect on the equipment
performance.

Nanofluid interface (AR) had
clear influences on the fluid flow,
heat transfer and entropy
generation.

The curved corner being an
effective method to control fluid
flow and energy consumption.
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Kolsi et al. [49]

Kolsi et al. [50]

Rahimi et al. [51]

Wang et al. [52]

Benabderra-hmane
and Messadi [53]

Sannad et al. [54]

2016

2016

2017

2018

2018

2019

FVM

FVM

LBM

LBM

FVM (FLUENT)

FVM

10°<Ra<10°
0<9<0.15
L =

——_—  AlOs-water

h
~

b

) )

N[ =
x|

N

10*<Ra<10°
0<¢9<0.15
0.01<kratio<100

108<Ra< 108
0<p<0.04

10*<Ra < 10°
0<¢<0.04

10k < AT <50k
0.5<AR<1

Al>Os-water

107<Ra<3 x 108
0=1%, 4%, 10%

Al>Os-water

EiE]
it
B

108<Ra<10°
0<¢<=<0.03

Cu-water

Average (Nu) raised with the
increase in (Ra) and (¢) and
declined with the increase in
block size.

The heat transfer increased
linearly according to (k) ratio for
the same geometry and (Ra).

Average (Nu) enhanced with
increasing (Ra) and (o).

Average (Nu) decreased with (¢)
increase and decreased with (AR)
of heat source.

Using nanofluids increased (Nu)
with increasing (Ra).

(Nu) increases with (o) for
different (Ra).
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Sannad et al. [55]

Sannad et al. [56]

Esfe et al. [22]

Selimefendigil and
Oztop [57]

Moutaouakil et al.
[58]

Li and Tong [59]

2020

2020

2020

2020

2020

2016

FVM

FVM

FVM

FEM

FVM

Experiment
and FVM (Fluent)

103<Ra<10°
0<¢<0.1

108<Ra <108
0<¢<0.1

103<Ra<10°
0<¢<=<0.03

0<¢<0.04

10°<Ra < 10°
0<¢<0.1
0<Rd<0.5
y = 0°, 459, 90°

w/h=1,2,4,8

Cu-water

Al>Os-water

CuO-water

CNT-water

Cu-water
Al>Os-water
Ag-water
TiO2-water

Air

The increase of the heating
section size and (Ra) led to an
increase of heat transfer.

Increasing the heating section
size and Ra increases the heat
removed by the same nanofluid.

Average (Nu) enhanced by
increasing ().

The size and inclination of the T-
shaped obstacle have low effects
on the variation of (Nu).

Average (Nu) increased with (o),
radiation parameter and (AR) of
the heating elements.

Increasing (AR) and inclination
angle enhanced the natural
convection.
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Nardini G. et al. 2016 Experiment 10*<Ra<10° Air Middle position of the hot source
[60] D=0.4,0.5,0.56 was the best to remove the heat
generated in the cavity.
Bharti et al. [61] 2018 Experiment (PI1V Ra (7.05x10°, Deionized The technique was very robust
analysis) 4.27x108, water and high accuracy in temperature
1.84x107) measurement, within 1%.
Karatas and 2018 Experiment 1.6x10°<Ra< Air Average (Nu) increases from
Delbentli [62] 4.67x107 23.63 to 73.35 with decreasing
1<AR<6 (AR) from 6 to 1.
Karatas and 2019 Experiment 4.51x10°<Ra< Air (Nu) decreases when the heated
Delbentli [63] 1.13x108 wall temperature changed from
1<AR<6 constant to sinusoidally varying.
Heris et al. [64] 2014 Experiment ¢ =0.2%, 0.5%, 0.8% Al2Os, TiO2, At (90°) the maximum (Nu) was
0= 0°, 45°, 90° CuO with for TiOz at (¢=0.2%) while it
Turbine oil  was for CuO at (¢=0.8%)
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Solomon et al. [65]

Rahimi et al. [66]

Rahimi et al. [67]

Torki and Etesami
[68]

Giwa et al. [69]

2017

2017

2018

2020

2020

Experiment

Experiment and
FVM

Experiment and

LBM

Experiment

Experiment

0< ¢ <0.006
AR (1,2, 4)

AT=20°, 30°, 40°, 50°

o= (0.01, 0.02, 0.05,
0.1, 0.2, 0.5)%

MWCNT-MgO : (75—
25)%
¢ = 0.25%, 0.5%, 1%,
1.5%, 2%
20°C <AT<40°C

2.3°< AT <30.9°

1.65x108<Ra <
3.8x108
AlOs: MWCNT
(80:20, 60:40,
20:80)

S De-DI water

Al,O3-water

DWCNTs-
water

MWCNT-
MgO/
water

SiO2-water

Al,Oz-
MWCNT-
water (hybrid)

(AR) had a clear effect on (Nu)
where (@) for maximum heat
transfer was increased with
increasing (AR).

Optimum (o) for highest average
(Nu) was (0.05 vol%).

Optimum (o)
for highest average (Nu) was (1
vol%).

(Nu) increasing with (Ra)
increasing and inclination effect
was higher at low (o).

The using of hybrid nanofluid
improved natural convection
performance.
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Table (2.2): Complex cavities
Author Year The model used The study parameters  Cavity shape Fluid type Conclusions
Hussein et al. [70] 2016 CVFDM 103<Ra<10° Air The average (Nu) increased with
(FORTRAN) 0°< @ < 180° increasing (Ra).
Terekhov and 2011 SIMPLE 103<Ra<10° Incompressible  Average (Nu) depends on cavity
Ekaid [71] algorithm 0.l<AR<5 gas thickness for (AR<1) only.
Moura and Junior 2012 FVM Ra= 4.74x10’, /| T - The initiation of the thermal
[72] OpenFOAM 9.48x10° stratification of the cavity
e |# bubbles formed mushroom-
i shaped in the bottom wall.
J'i'.
\l.f,
Al-Rashed et al. 2019 FVM 103<Ra<10° Al,Os-water ~ The inclination angle of the back
[73] 0<¢<0.05 and front walls and ¢ effect the
50< @ <75 flow structure and enhance the
heat transfer.
Present 2023 FDM 108<Ra< 106 Water
(numerical) 0.01< ¢ <0.05 Al,O3-water
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Present 2023 Experiment 10°<Ra<10°
¢ =0.01, 0.03, 0.05

AlOs-water
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Chapter Three: Mathematical Modelling and Numerical

Computation

3.1. Introduction

The Computational Fluid Dynamics (CFD) techniques which is a
computer-based tool are used to solve and study complex fluid flow and
heat transfer problems. The CFD can solve several system
configurations at the same time at a reduced cost and high flexibility as
an economical point of view compared with experiments. Due to the
very involvement of a large number of variables, complex geometrical
bodies, boundary conditions, and arbitrary boundary shapes can be
considered [74-75].

The (CFD) is employed to solve the laminar natural convection
and other related physical processes inside cavities. It works by solving
the equations of fluid flow over a region of interest (the computational
domain) inside the different geometry and 3D cavities with a specified

conditions at the boundaries of that region.

This chapter includes the configuration of the studied cavities and
its physical domains, the working fluid properties and its correlations.
The governing equations together with the initial and boundary
conditions, the computational tool and the validation of the code. In

addition, the geometry, the mesh generation and grid independence test.
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3.2. The Mathematical Model

Different cases of the cavity geometries are studied. These cases
are classified according to the lateral cross section between the left and
right walls. These novel cavities are studied for the first time with the
selected dimensions and arrangements of walls. The main geometry is
the parallelogrammical which is also classified according to: the
changes of the walls dimension, the parallelogrammical walls skews,
number and locations of the inserted bodies. The other selected
geometries are with cross sections of: hexagonal, octagonal and

elliptical.

To ensure best comparisons that give the optimum design of
cavity, all the cavities have the same volume to contain the same amount
of the working fluid. Also, the areas of the heating and cooling sections

and their arrangements are the same, as presented in Appendix B.

The colors in figures for all the cases below are mean: the red and
blue indicate hot and cold sections respectively, which are represented
on the (Y-Z) plane. While the gray color indicates insulated region. The

fronts walls are presented in the (X-Z) plane.

3.2.1. The Physical Domain of the Parallelogrammical Cavity

The main cavity configuration is the parallelogrammical front and
back walls cavity which designed with skew angle (y) from the horizon
equals to (60°. The effect of many cases of the cavity different

configurations are examined in the following sections.

These effects are: the heating and cooling sections arrangements,
the skew angle variation, the inner body’s locations and distribution, the

inner holes shape and orientations (annulus cavity).
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3.2.1.1. The Parallelogrammical Cavity with Different (Heating / Cooling)

Sections Arrangements

The schematic diagram of a 3D parallelogrammical cavity with
the walls inclined by a specified angle from the horizon (along the X-
axis) by skew angle of (y = 60°) are studied in two cases for the constant

parameters as shown in Fig. (3.1).

Firstly, the constant side length at (L) and the changed volume as
shown in Fig. (3.1). This case is designed to be the main case in the
study and it is identical to the experimental cavity, which both have

equal faces side lengths also.

Secondly, constant volume of cavity at (L%), while the front and
back walls have varied horizontal side lengths (along the -X axis) as
shown in Fig. (3.2).

For both cases, the heating and cooling sections have the same
side length (L) and the same area (L?). To ensure the best differentially
heating system arrangements, these cases of cavity geometry are

examined in three cases for the heating and cooling sections.

Where, the differential heating means that one face of the cavity
called hot which is kept at constant higher temperature (T,). While, the
opposite called cold and is kept at constant lower temperature (T).

These arrangements as shown in Fig. (3.3) are:
1. Left hot and right cold.
2. Left cold and right hot.

3. Bottom hot and top cold.

36



CHAPTER 3

MATHEMATICAL MODELLING AND NUMERICAL COMPUTATION

!

Front and Back walls

{———————— | ————

Top and Bottom walls

/ L

L

i

L

Left wall

Right wall

Figure (3.1): The 3D and side projection for the parallelogrammical cavity of (y= 60°) at constant side length (L).
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£ //
/ .// //‘
‘// ’ \
% A /
—= 1.1547 L e L 60 = L —
Front and Back walls Left wall
L
r-l— 1.1547 L ——= —g L B
Top and Bottom walls | Right wall

Figure (3.2): The 3D and side projection for the parallelogrammical cavity of (y= 60°) at constant volume (L3).
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Cavity with constant side wall length (L) Cavity with constant volume (L3)

Y\I/x

Y\L,x

V‘\L,x

¢. Bottom hot and upper cold

Figure (3.3): The heating and cooling sections arrangements on the 3D parallelogrammical
cavity of (y= 60°).
3.2.1.2. The Parallelogrammical Cavities with different (y)

To cover the study field from all sides, the effect of the skew
angle variation is distinguished. Two cases of the parallelogrammical

walls skews are examined together with the (y=60°) which are (y = 45°
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and 30°) as shown in Fig. (3.4). For all cases, the cavity is heated
differentially on its vertical left and right sidewalls. The left wall is kept
at constant hot temperature, while the right at constant cold temperature.
The parallelogrammical front and back like the top and bottom walls are
kept insulated. All the cavities have heating and cooling sections side
lengths of (L) and areas of (L?). While, the volumes can be calculated by
multiplying the front wall area by the cavity depth which equals to
(0.866L3, 0.7071L% and 0.5L% as tabulated in Appendix B. The second
case of the cavities are considered with constant volume (L3 and
constant heating and cooling sections side lengths (L) and area (L?) but
different other side lengths. The heights (along the X-axis) and the other
horizontal dimension (along the Z-axis) are changed in accordance with
the skew angle (y). Where the heights are (0.866L, 0.7071L, 0.5L) and
the horizontal dimensions are (1.154L, 1.414L and 2L), respectively.
While, the depth (along Y-axis) is fixed at length of (L) to ensure the

same area of the heating and cooling sections (L2).

3.2.1.3. The Parallelogrammical Cavity at (y = 60°) with an Internal
Objects

The third case is the insertion of insulated solid body inside the
cavity in different counts, locations and distributions. These inner
objects are presented in Fig. (3.5); single circular cylinder with diameter
of (0.24L), double cylinders with diameters of (0.12L) and triple
cylinders with diameters of (0.08L). In each case, the volume of the
inners is equal. Three properties are discovered by the nine cases: the
location of the inner body (lower left corner — center — upper right
corner). Also, the distribution of the inner body volume inside the cavity

(single — double — triple). The distance between the centers of these
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inners is (0.12L, 0.09L and 0.06L) for double cylinders cases as
presented in Appendix B.

Cavity with constant walls side length (L) Cavity with constant volume (L3)

z
V\I/x

z
y\I/_ X

(]

a.y =45 b.y = 30°

Figure (3.4): The 3D configuration of the parallelogrammical cavity of different (y).

3.2.2. The Physical Domain of Another Different Geometrical Cavities

The parallelogrammical cavity shape is compared with another
different geometry cavities which are varied as eight or ten walls cavity.
Three geometries with different front cross section are designed,
hexagonal, octagonal and elliptical. These cavities have the same
volume (L) and the same heating and cooling sections (L?). But they
have a different surface area as it is presented in Appendix B. Similar to
the parallelogrammical cavity the heating and cooling arranged as the
left wall is hot and the right wall is cold.

41



CHAPTER 3 MATHEMATICAL MODELLING AND NUMERICAL COMPUTATION

a. Single inner b. Double inners

c. Triple inners

Figure (3.5): The 3D parallelogrammical cavity of (y= 60°) with different inners distribution.
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3.2.2.1. Hexagonal Cavity

This cavity has eight walls as shown in Fig. (3.7). The front and
back cavity walls have a six non-equal length sides. It has the same
volume, heating and cooling sections arrangement and area as the

previous cavities but with different overall surface area.

3.2.2.2. Octagonal Cavity

Fig. (3.8) introduces the octagonal cavity which has ten walls.
The front and back walls have eight non-equal sides. Also, it has the
same constant study parameters; the volume and the heating and cooling

arrangement and area except the overall surface area which is different.

3.2.2.3. Elliptical Cavity

This cavity has ten walls as it is presented in Fig. (3.9). It has only
two straight walls; the front and back, having an elliptical shape with the
longer diameter parallel to the (Z-axis). The other eight walls are shells
of different dimensions. Two of the left side shells are considered hot

while the opposite right shells are kept cold.

43



CHAPTER 3 MATHEMATICAL MODELLING AND NUMERICAL COMPUTATION

1.5L L L

1 1
Y ’< Left tall

!

1

— () 8 [ —— ’—- L

Right wall

!

Top and Bottom walls

Figure (3.7): The 3D configuration and sides projection of the hexagonal cavity.
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relt— () 8§ [ —

Top and Bottom walls

!

’< L
Left wall

1

’< [. —
Right wall

Figure (3.8): The 3D configuration and sides projection of the octagonal cavity.
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!

’ N N ! Left wall

4—( 0.7973 L o ’—- L -
Top and Bottom walls Right wall

Figure (3.9): The 3D configuration and sides projection of the elliptical cavity.
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3.3. The Governing Equations

In the present study a steady-state laminar flow of water (de-ionized)

based (Al,O3) nanofluid is considered. It is assumed that:

1. A steady, three-dimensional, laminar, Newtonian incompressible

flow.
2. The heat generation and the radiation heat transfer are neglected.

3. The base fluid and the nanoparticles are assumed in a thermal

equilibrium state.

4. The thermophysical properties of the mixture are considered
constant. While the density variation determined based on the

Boussinesq approximation.

The system of the dimensional governing equations is the continuity, the

momentum in the three dimensions and the energy equations [56]:

The continuity equation:

du oJv 0w

& + a_y + E =0 (31)
The momentum equation in the x-axis:

ou ou ou oP 0%u  0%u |, 9%u
pnf(ug-l'vg-l'w%)__&-l_”nf(ﬁ-l_ﬁ-l_ﬁ) (3.2)

The momentum equation in the y-axis:

ov ov ov oP 0%v  9%v _ 9%v
pnf(u$+va_y+wa)__a_y+”nf(a7+a_yz+a7) (3.3)
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The momentum equation in the z-axis:

ow ow ow opP 2%°w  9*w  9*w
Pnf (UE + Va_y + WE) =% + an(axz + oy? + 622) — Pnf8 (3.4)

The energy equation:

oT oT 02T = 92T = 9%T
= aot (35 ) (35)

oT
—_— —_— wW— =
u6X+V6y+ 0z

In order to limit the number of variables involved in the studied
problem, the system of equations is converted to non-dimensional form

by considering the following dimensionless parameters:

XY,z =222 (3.6)
uv,w = &ew (3.7)
» Vo - Off/L .

p = _PtPr9y_ 38
(pnfa]%/L) ( )
__ Tp—T
6 =10 (3.9)
Where
AT =T, — T, (3.10)

Therefore, the governing equations of continuity, momentum, and
energy conservation for laminar flow in Cartesian coordinates can be

written in the following dimensionless form:

U | U | oU _
ax oy 9z

0 (3.11)

48



CHAPTER 3 MATHEMATICAL MODELLING AND NUMERICAL COMPUTATION

oP Unf

UGV W= ot e (G e+ ) (312)
N e
UZ—Z{V+V‘;—VYV+W‘;—V;=—‘;iffZ—g+ﬁB—TjRaxPrx9+”viff(Z;Vz"+fyf =)

(3.14)
UV oW = (G et ) (3.15)

For water, the previous equations abbreviate by considering (¢=0).

3.4. The Initial and Boundary Conditions

The previous governing equations were solved by using the initial
and boundary conditions which are presented in Fig. (3.10). The initial

temperature of the fluid domain is (T;) which given by:

T, = (T, +T.)/2 (3.16)

The boundary conditions are given by:

1. All walls have no slip conditions:

U=V=W=0 (3.17)

2. The left sidewall maintained at hot temperature:

At X=0, 6=1, (3.18)

3. The right sidewall maintained at cold temperature:
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At X=1, 6=0 (3.19)

4. The remained walls are kept thermally insulated:

260 90 _ 00 _
ax ay 9z

0 (3.20)

5. On the walls of the inserted cylinders:

06
or

0 (3.21)

3.5. Dimensionless Numbers of Fluid Flow and Heat Transfer

The Rayleigh number (Ra) is a dimensionless number associated
with the convection flow which is used to characterize the flow regime
in laminar or turbulent flow. It is expressed as the product of the
Grashof (Gr) and Prandtle (Pr) numbers [68]:

_ 9PnfCp, PnpATL?

Ra (3.22)

knfins

The Nusselt number (Nu) represents the ratio of heat transfer by
convection to that by conduction. To study the heat transfer
characteristics due to the natural convection along the vertical hot wall;

the local Nusselt number can be defined as [22]:

Nu(yz) = — "k—"]j’% |Hot wall| (3.23)

The wall averaged (Nu) on the hot or cold sidewalls is presented

as follows [22]:

Nu(yz) = A—lh " Nu(yz)dAy, (3.24)
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Which also can be given by [68]:

Ny = it (3.25)

knf

On the inner surface of the left hot wall, the heat conduction
equals the heat convection as shown in Fig. (3.11), where the heat

transfer coefficient can be calculated as:

han(Twall - Tfilm) = —kyaul (AT) (3.26)

AX
AT:TwaII‘Theater (3-27)

Where (A) is the surface area of the heated wall and (Ax) is the selected

film thickness.

3.6. The Working Fluid

The working fluid that contained in the different geometry
cavities is the water based nanofluids with Aluminum oxide (Al,O3)
nanoparticles. The solid volume fraction and the Rayleigh number
ranges of the current study are (0.01 < ¢ < 0.05) and (10°® < Ra < 10°),

respectively.

The thermophysical properties of the base fluid and nanoparticles
are presented in Table (3.1). While, the physical properties of the
nanofluid which include density, dynamic viscosity, heat capacity,

thermal diffusivity and the thermal expansion are given by [76-77]:
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_\ 09 _026 _
L 9x oy az

Y,\L’x

U=V=W=0

Figure (3.10): The boundary conditions on the 3D parallelogrammical cavity of (y=60°) and constant side length (L).
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Pnf = (1 — @)ps + @ps

_ uf
Unf =

(pCp) = (1 = @)(pCp), + @(pCp)_

knf
(pcp)nf

Opr =

(1-¢)?>

(PBIns = (1 — @) (PB)¢ + @(pB)s

The suggested model of the thermal conductivity for suspensions

proposed firstly by Maxwell as [78]. Also,

spherical nanoparticles by the Maxwell-Garnetts model as [79]:

Knf _ Ks+2Kke—2@(kf—Ks)

ke kg+2ker(ke—ks)

The Rayleigh and Prandtl numbers of nanofluid can be expressed

as [58]:

(PB)ns ks (pe P)nf f pa

Ranf

(pﬁ)f knf (,DCp) Nnf

(3.28)

(3.29)

(3.30)

(3.31)

(3.32)

it can be approximated for

(3.33)

(3.34)

(3.35)

Table (3.1): The physical properties of the working base fluid and nanoparticles [80].

p Cp K B H
Pure Water 997.1 4179 0.613 0.0002100 | 0.000855
Al>03 3880 765 40 0.0000085
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/ Conduction = Convection

~—— First film thickness
Wall thickness

Figure (3.11): The calculation of (hnf) and the average (Nu) on the left hot wall.

3.7. The Numerical Analysis

To obtain an approximate solution numerically, one has to use a
discretization technique that approximates the differential equations by a
system of algebraic equations at only discrete points in the domain,
which can then be solved on a computer code. The first step to
numerically solve a mathematical model of physical phenomena is its

numerical discretization.

This means that each component of the differential equations is
transformed into a numerical analogue which can be represented and
then processed by a computer program, built on some algorithm. The
powerful computational technique finite element method (FEM) is
employed to solve the problem of natural convection inside a closed

domain that are described by a partial differential equation.

The basic idea of the finite element method that the domain is
broken into a set of finite elements that are generally triangular or
quadrilaterals.
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3.7.1. The Numerical Solver

The present work is an attempt to bring the (FEM) technique into
light through a novel formulation of three-dimensional incompressible

and steady thermal flow problems.

The commercial code solver (COMSOL) has been used to solve
the differential equations. The (FEM) is a technique for solving a
numerical solution to a boundary value problem described by
differential equations. In order to solve the problem numerically, the
geometry in which the equations will be solved must be broken down

into a stiffness matrix.

This is a series of points within the boundaries of the geometry.
The equations will be solved on each of these individual points. Once
the points are set in place, they are connected to one another. The
connections sometimes form rectangular mesh elements, other times
they form triangular mesh elements. (COMSOL) almost wuses a

triangular connectivity pattern.

3.7.2. Controlling the Solving Parameters

In (COMSOL) the segregated approach is selected automatically
to solve the (3D) Multiphysics models. That is subdivided solving the
unknowns in many time steps. The main controlling factor is the time

step which is set to give a small number of iterations as possible.

Whilst maintaining a smoothly converging solution. Inside each
time step, number of iterations which is carried out to resolve the
transparent equations for the time step. As long as the time step is small
enough to get convergence. The smaller time step means less iterations

per time step are required. The current time steps are the temperature in
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the heat transfer field, the pressure and the three components of velocity
(U, V, W) in the flow field.

A measure of how the solution converged can be obtained by
plotting the residuals for each equation. The maximum error obtained
are set to be around (10°-10%) as shown in Fig. (3.12). The number of

iterations increased with Rayleigh number.

Aiv1—Ai

7 < Maximum Error (3.36)
i+1

Where (1) is any calculated parameter.

3.7.3. The Mesh Generation and The Grid Independence Test

The (FEM) is based on the idea that a continuous function may be
approximated by solving it at discrete points. Since the solutions for
finite element analysis are based for these individuals meshes elements,

the space between the nodes directly affects the accuracy of the solution.

The closer the nodes are, the smaller the mesh area of the
elements. Also, the smaller the distance across which the governing
equations must be approximated. So, the more refined meshes, the better
the solution. However, the more mesh elements present, the more
equations must be solved and the greater the computing time required to

arrive the better solution.

A triangular mesh on all the -cavities is generated. The grid
independence study was presented for the number of elements in the
entire cavity domain for the cavity of (y = 60° and of (L) walls side
length as presented in Appendix B.
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Considering the accuracy and time consumed, a mesh of (198036)
elements including (14756) boundary elements and (564) edge elements
has been selected as shown in Fig. (3.13) for all computations of this
cavity. This mesh specifications were selected duo to the error and the
time consumption where the final mesh in the table was consumed about

twice the selected mesh while the error in accuracy was only (0.02%).

Whereas, the selected mesh has an error of about (0.58%) from
the previous mesh and consuming about (1.3) of its time of running. For
other cavities the selected meshes are presented in Fig. (3.14) to Fig.
(3.17). The elements at the edges were paid a special attention due to its
important rule in guiding the results. As it is shown in Appendix B these
elements are increased with the complexity of the cavity. The flow chart

of the solution process is presented in Fig. (3.18).
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Figure (3.12): The convergence plot for the parallelogrammical cavity of (y=60°) and constant walls side length (L) at (¢=0.05) and different (Ra).
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Figure (3.15): The selected mesh of the parallelogrammical cavity of (y = 60°) with different
inners.
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Representing the physical model, working fluid
thermophysical properties, Mesh generation
Inserting dimensionless parameters such as Ra, Da, Ha, ¢
Set initial values of
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End

Figure (3.18): The flow chart of the simulation.
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Chapter Four: The Experimental Work

4.1. Introduction

This chapter introduce the experimental work facilities and
procedure which consumed time about fourteen months from the rig
building to reading results in the labs of the Mechanical Engineering
Department / University of Babylon. Detailed description of the rig
setup parts is explained in the following sections. The working fluid
preparation and the experimental procedure are presented. This rig is
built to study the laminar natural convection inside a 3D novel
parallelogrammical cavity filled with (Al,O3s-deionized water) nanofluid
of three different concentrations (¢=0.01, 0.03 and 0.05) and the
Rayleigh number range of (10° <Ra < 10°).

4.2. The Experimental Rig

The experimental rig consists of four parts as shown in the
schematic diagram and the experimental set-up in Fig. (4.1) and Fig.
(4.2) respectively. The main part is the parallelogrammical cross section
cavity. The cavity is differentially heated along the vertical left and right
sidewalls. The other parts of the rig are the heating and the cooling

systems. The last part is the measuring and control system.
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4.2.1. The Cavity

The cavity has a parallelogrammical front and back walls and
square other walls, the building steps of the cavity is presented in Fig.
(4.3). All walls have (15cm) side lengths except the horizontal lengths
of the front and back parallelogrammical sidewalls or the cavity width
are (16cm). The walls are made of Perspex glass of (0.5cm) thick except
the left and right walls. Which are made of Aluminum sheet of (1cm)
thick. The left wall loaded by the heating system to keep a constant hot
temperature. The right wall carrying the cooling system to produce
constant cold temperature. he transparent cavity has a circular hole at
the upper wall (close to the cold wall) to fill the cavity by the working
fluid. A drainage hole at the lower (base) wall (close to the hot wall) for
emptying it through a rubber hose. Fourteen (14) mini holes are drilled
on the upper wall to enter the temperature sensors. The cavity is fixed
by iron stand on a fiber plate to prevent movement during the

experiments.

4.2.2. The Heating System

This system is formed by two components; the electrical heater
and the control system which are shown in Fig. (4.4). The heater
consists of eight-point heaters with specifications introduced in
Appendix C distributed on the left Aluminum plate. The electrical heater
is powered by (DC) current. The heaters are designed as that each two
heaters are works together with the specified thickness of the plate to
ensure regular and homogeneous distribution of temperature. The
stability of the temperature is satisfied by stitching three thermocouples
with depth (3mm) along the inner central height of the hot wall. These
thermocouples are distributed as that near the base called (H1), at the

center called (H2) and near the tip called (H3).
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The control system represents by keyboard and monitor which has
many functions. One of these functions are setting the left wall to the
desired temperature. Which is designed to be in the range of (30°C-
80°C) and controlling it to stay constant along the run of each
experiment. These functions are entered by the keyboard and display on

the monitor.

4.2.3. The Cooling System

The cooling system shown in Fig. (4.5) on the right-side wall is
accomplished by inserting cross counterflow heat exchanger to ensure a
better heat exchange. The heat exchanger is formed by Aluminum plate
of (1cm) thick digging of grooves to allow the flow of cooling water.
The cooling water is provided from the cooling equipment through

counter rubber pipes of (1cm) diameter.

The cooling equipment is a chiller unit of (9L) capacity with
specifications presented in Appendix C. It filled by the green water
(radiator cooling water). This water has good physical properties. Also,
it is with no salts which protecting the inner body and increasing the
boiling temperature to about (120°C). Although, to satisfy the stability
three thermocouples are stitched at depth of (3mm) along the inner
central height of the cold wall. These thermocouples are distributed like
that of hot wall and called (C1) at the base, (C2) at the center and (C3)
at the tip.

4.2.4. The Measuring System

This  system  consists of three components which are;
thermocouples, control system and computer as shown in Fig. (4.6).
Thermocouples of type-K are used which are the most common type of

thermocouples. It is accurate, reliable and has a wide temperature range.
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The current type capacity range is (0°C-100°C) with accuracy of (+/-
1.1°C). The specifications of thermocouples are presented in Appendix

C.

Twenty-seven (27) thermocouples are divided into three groups as
shown in the Fig. (4.7). Fourteen (14) thermocouples are distributed
along the width (X-axis) of cavity from the center of the left hot wall to
the center of the right cold wall at (1cm) apart. These are called (X1 to
X14). Eight (8) thermocouples are distributed along the central depth
(Y-axis) of the back half of the cavity called (Y1 to Y8) from the cavity
center to the back wall, (1cm) apart also. Five (5) thermocouples are
distributed along the central vertical height (Z-axis) from the bottom to
the top parallel to the inclined side walls called as (Z1 to Z6). Six
reading for the height can be recorded because of the combined

thermocouple at the center of cavity where (Z4=Y1).

The control system consists from Arduino board, monitor and
software setup on the computer. Two cables are connected from the
Arduino to the computer, one of them for the X-axis thermocouples and
the other to the Y and Z axes thermocouples. If the reading of X-axis
appears in the computer, the reading of Y-axis and Z-axis appears on the
control monitor and vice versa. The reading is repeated each (20sec) in
the computer while it repeats each (5sec) at the monitor. The readings

are recorded after the repeated values being stable with no variation.

The thermocouples are calibrated at laboratory of The Ministry of
Planning / Central Organization for Standardization and Quality Control

(C.0.S.Q.C). The calibration certificate is presented in Appendix C.
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1 Cavity

2 Heat Exchanger
3 Chiller

4 Heating points
5 Heater

6 Control System
7 Thermocuples

8 Arduino

9 PC

Figure (4.1): Schematic diagram of the experimental setup.
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1 Point heaters 2 Cavity 3 Thermocouples 4 Heat exchanger 5 Control system 6 Computer 7 Nanofluid
8 Chiller 9 Green water 10 Deionized water

Figure (4.2): The experimental set-up apparatus.
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1 Walls design
2 Cavity final shape

Figure (4.3): The cavity building.
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1 Heaters location

2 H1 H2 H3 sensors
3 Power supply

4 Key board & Monitors |

Figure (4.4): The heating system.
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1 Heat exchanger groove 2 C1 C2 C3 sensors 3 Cavity 4 Chiller

Figure (4.5): The cooling system.
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1 Thermocouples distribution
2 Control system 3 Computer

Figure (4.6): The measuring and control systems.
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Figure (4.7): The cavity dimensions and thermocouples distribution.
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4.3. The Working Fluid

The Al,O3 nanoparticles varied in the range of (13nm - 302nm) to
prepare nanofluids, and the observed enhancement in the thermal
conductivity is (2% - 36%).

The most important criterion of nanofluid is agglomerate-free
stable suspension for long durations without causing any chemical
changes in the base fluid. This can be achieved by minimizing the
density between solids and liquids or by increasing the viscosity of the
liquid using nanometer-sized particles. This prevents particles from

agglomeration effects [9-10].

4.3.1. The Nanoparticles Properties Tests

The current working fluid is the Alumina particles suspended in
Deionized water as a base fluid (Al,03-H,O) with three different
concentrations (¢ = 0.01, 0.03 and 0.05).

The Al,O3 nanoparticles used are of Gama type with (99.9%)
purity and having a particle size of (d,<45nm). The nanoparticles size is
analyzed utilizing the X-ray apparatus (SHIMADZU X-RAY
DIFFRACTOMETER, XRD-6000) that shown in Fig. (4.8). The report
of X-ray is presented in Appendix D.

The Scanning Electron Microscope (SEM) apparatus of type
(VEGA 3 SBU / No. 118-0014) from TESCAN that shown in Fig. (4.9)
which is of maximum 500 times magnification as illustrated in
Appendix C is used to provide the micro scale image (10°® m) of

particles as presented in Appendix D.
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Figure (4.8): The X-ray apparatus.

Figure (4.9): The microscope apparatus.

4.3.2. The Nanofluid Preparation

In this work, the two-step method for preparing the nanofluid is
used which explained as that, the nano particles are first produced and
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then dispersed in the base fluid. The commercial product nanoparticles

are used and follow the following points in preparation of the nanofluid:

1. Calculating the nano particles weight for each considered

concentration namely (¢ = 0.01, 0.03 and 0.05) as given by:

o, _ (mp/pp)
P9 = Gyl s 7) @

The calculated amounts of nanoparticles are for (1L) of deionized
water which will multiplied by the cavity capacity (3L) to get the total
amount of nano particles for each concentration. The calculated amounts

are presented in Appendix D.

2. The calculated amounts of nanoparticles are weighted using the
analytical balance from (Sartorius) which is presented in Fig. (4.10) and

its specifications described in Appendix C.

3. Dispersing the weighted nano particles for each concentration into
(3L) of the deionized water base fluid.

4. Distributing the nanoparticles uniformly by wusing the ultrasonic
waves through the continuous flow ultrasonic homogenizer for half hour
at the room temperature (35°C-38°C). This apparatus shown in Fig.
(4.11) from (MTI) corporation with the specifications presented in

Appendix C.

5. To homogenate the nanofluid, the mechanical stirrer from (Heidolph /
RZR line) is used to do this task, for one hour. The stirrer head is carried
by (H) frame stand. The mixing shaft has two cross blades impeller at
the end and its length is controlled by chuck with a key. The apparatus is
presented in Fig. (4.12) and its specifications included in Appendix C.
The cycle of preparing the nanofluid is shown in Fig. (4.13).
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1 Balance model 2 The used balance 3 Weighting nanoparticles

Figure (4.10): The sensitive balance.

4.3.3. The Sedimentation and Agglomeration Tests

The period of the nanoparticles spread and distribution inside the
liquid is a very important property of nanofluid experiments. Three
samples of the three nanofluid concentrations are left still for three days.

It is re-photographed every day to observe the difference in its

homogeneity. Or, the possibility of mass gatherings/deposition at the
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bottom. The nanofluid keeping its physical properties for about (30)
hour. After this period, the nanofluid needs to re-homogenize where the

nanoparticles begin to participate as shown in Fig. (4.14).

4.3.4. The Nanofluid Thermophysical Properties

The thermophysical properties of the nanofluid are playing a
strong effect on the flow and thermal fields. These properties are
including mainly the effective density, the effective dynamic viscosity

and the effective thermal conductivity.

The first two parameters are calculated from the equations (3.28)
and (3.29) that introduced by Oztop et al. [75]. While the thermal
conductivity calculated by the equation (3.32). The calculated values are

presented in Appendix D.

4.4. The Experimental Procedure

The following experimental procedure is repeated for three
concentrations of working fluid, (Al,O3-H,0O) nanofluid (¢=0.01, 0.03
and 0.05). To ensure convection and avoiding turbulent flow, the
temperature differences between the hot and cold walls are chosen as
(AT=16°C, 26°C) which corresponding to (Ra=10° and 10°) respectively.

Each of these two values is studied for the named concentrations.
All the studied cases are discovered for two different values of the cold
wall temperature that is selected near the average room temperature of
Irag weather (T~=28°C and 30°C). The overall cases become (12) as
presented in Appendix D. The error analysis of the experimental

measured data by the temperature sensors are presented in Appendix C
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through the repeatability analysis of (10) experiments. The experimental

procedure can be outlined as follows:

1. The cavity is cleaned Dby distilled water to remove impurities. The

washing is repeated after each run.

2. The cavity is filled completely by the working fluid and ensuring that

its initial temperature is equal to the cold wall temperature.

3. The cold wall is set to a constant temperature (T, = 28°C) by running
the chiller through the designed heat exchanger. The studies repeated for
(Tc = 30°C). This temperature can be satisfied by observing the control
system monitor and to be sure that all the thermocouples (C1, C2, C3)

having the same readings and stable.

4. The hot wall temperature is set to its desired value by entering the
temperature from the keyboard of the control system. The hot
temperatures are selected according to the temperature differences
which are (Ty=44°C and 54°C) for (T=28°C). While they are (Tp=46°C
and 56°C) for (T=30°C). For all cases; the hot temperature is satisfied
by observing the control system monitor and to be sure that all the

thermocouples (H1, H2, H3) having the same readings and stable.

5. The Arduino cables are connecting to the personal computer and
waiting few seconds. Then start of recording the thermocouples

readings.

6. Emptying the cavity from the working fluid through its bottom hole
that designed for this purpose.

7. Fill the cavity by distilled water completely then emptying it. The
experiment procedure steps are presented in Fig. (4.15).
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1 Ultrasonic model 2 The used ultrasonic 3 The ultrasonic control

Figure (4.11): The ultrasonic device.

@=0.01 ¢=0.03

0,

1 Stirrer model
2 The used stirrer

Figure (4.12): The mechanical overhead stirrer.
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1 Weighting nanoparticles
2 Dispersing in liquid

3 Sonication
4 Homogenization
5 Nanofluid with different concentrations

Figure (4.13): The cycle of the nanofluid preparation processes.
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After three days

Figure (4.14): The participations test
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1 Filling by nanofluid

2 Input hot temperature

3 Input cold temperature

4 Recording thermocouples readings
5 Washing

6 Emptying

Figure (4.15): The experiment procedure.
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Chapter Five: Results and Discussion

5. 1. Introduction

This chapter consists of three major parts; the validation of the
numerical code, the presentation and discussion of both the numerical
and the experimental cases. The simulated results of the model with
related to the steady laminar natural convection inside four different 3D
geometry cavities are introduced. The main cavity configuration is the

parallelogrammical cavity which also visualized experimentally.

Theoretically, the effects of many parameters on the fluid flow
and heat transfer fields are studied. These parameters are the heating and
cooling system arrangements, the solid volume fraction (0.01 < ¢ <
0.05), the Rayleigh number (10° < Ra < 108 and the inclination angle of
the parallelogrammical side walls from the horizon; the skew angle
(y=30° 45° and 60°). After selecting the better conditions for the heat
transfer enhancement, additional modifications on the
parallelogrammical cavity are studied. These are the inserted bodies and
its distribution. Finally, a comparison of the parallelogrammical cavity
with other shape cavities for the same volume are accomplished. The

other three considered cavities are: hexagonal, octagonal and elliptical.

On the other hand, the best design of the parallelogrammical
cavity is accomplished and manufactured experimentally at (9=0.01,
0.03 and 0.05) and (Ra=10° and 10°). The numerical and experimental
results are based on the flow and thermal fields presented as the stream
lines and the isotherms contours. As like as, the average Nusselt number

(Nu) along the hot wall and the local (Nu) plots. The temperature
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distribution along the central width (X-axis), central height (Z-axis) and

central depth (Y-axis) are presented too.

5. 2. The Code Validation

The present numerical model has been validated against
benchmark solutions obtained in the literature. The validation was done
according to the average Nusselt number on the hot wall and the fluid
velocity components when the fluid moves from the hot to the cold
walls horizontally or vertically. For more accuracy, the pattern of the
streamlines and the isotherms are satisfied also. The first considered
case is that of Sannad et al. [55]. The natural convection of (Al,Os-
water) nanofluid inside a square cubical cavity which had a localized hot
region while the rest of it kept insulated. The right vertical side was set
to the lower temperature. The other walls were kept adiabatic. The
streamlines are presented in Fig. (5.1). While the vertical velocity
component (V) along the horizontal dimension and the average (Nu)

along the hot wall are presented in Figs. (5.2) and (5.3), respectively.

The second case is that of Sannad et al. [54]. The natural
convection of (Al,Os-water) nanofluid inside a square cubical cavity
with cold left and right vertical sidewalls. A rectangular hot block is
inserted inside the cavity to be the heat source. The other walls are
adiabatic. This case presents the including of inner bodies inside the
domain of cavity. The vertical velocity component along the horizontal
dimension and the average (Nu) are presented in the Figs. (5.4) and
(5.5). A second degree of validation was done for (CuO-water)
nanofluid inside a square cavity. The case is that of Rahimi et al. [51]
which is a classic case for validation. The left and right vertical sides are
set to different temperatures, the higher and the lower respectively.

While keeping the front, back, top and bottom surfaces at adiabatic
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conditions. The isotherms, the 2D plane flow structure are shown in the
Figs. (5.6) and (5.7). From the above validations; it is clear that there is
a good agreement between the previous works and the current work.
That’s mean the effectivity of the current commercial numerical tool
(COMSOL) for solving the problem.

. \
\ . ™
_

b. Sannad et al. [55]

Figure (5.1): Comparison of the streamlines contour with Sannad et al. [55] for Al,Os-water
of (Ra=10* and ¢=0.04) for (Z=0.5).
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Figure (5.2): Comparison of the vertical velocity component (V) (—) along the central (x-y)
plane with Sannad et al. [55] (---) for (Al.Os-water) nanofluid at (¢=0.04).
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with Sannad et al. [54] (---) for (Al2Os-water) nanofluid at (¢=0.04) and (d=0.5).
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nanofluid at (d=0.5).

90



CHAPTER 5 RESULTS AND DISCUSSION

a. Present b. Rahimi et al. [65]

Figure (5.6): Comparison of the temperature surfaces with Rahimi et al. [51] for CuO-water
of (Ra=10* and ¢=0.04).

a. Present
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b. Rahimi et al. [51]

Figure (5.7): Comparison of the flow structure along the y-z plane at (x=0.5) with Rahimi et
al. [51] for CuO-water of (¢=0.04).

5. 3. The Numerical Study

The  numerical  study involves two main  parts, the
parallelogrammical cavity and the other shape or geometry cavities. The
parallelogrammical cavity is examined for two main facilities, the
heated and the cooled walls arrangements and the skew angle value.
Then, other modifications are studied like inserting bodies of many
shapes and distributions. These cases are presented in the following

sections.
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5.3.1. Natural Convection inside a Parallelogrammical Cavity

To optimize the better design of cavity according to the geometry,
dimensions and the differential heating walls arrangement. Two cases of
the study by means of the constant parameter are considered as
presented in Chapter Three. The first is cavity with specified skew angle
(y) has walls with constant side lengths (L). The second is also of
specified (y) but has constant volume (L3). Observing that for the two
cases, the axial dimension (depth) is (L). For the first case the horizontal
dimension (width) also (L). But the wvertical dimension (height) varied
with (y) variation. For the second case, it has unfixed horizontal or
vertical dimensions, both are changed according to (y) to satisfy the
constant volume condition. The following subsections are discovering

the effects of different parameters on the fluid flow and thermal fields.

5.3.1.1. The Optimum Differentially Heating System Arrangements Selection

First of all, it must specify the ideal differentially heating
arrangement, by means of the location of the hot wall and the opposite
cold wall. Three cases for the hot wall are examined. These cases are; on
the left vertical wall, on the right vertical wall and on the bottom
horizontal wall. The opposites walls are kept cold. All the heated/cooled
walls of the cavity have fixed side lengths (L) and area (L?). This
property is investigated on the parallelogrammical cavity at (y=60°) and
constant volume (L®) filled with (Al,Oz-water) nanofluid. Fig. (5.9)
presents the flow field by means the 3D stream lines and the thermal
field by means the 3D temperature iso-surfaces for the three
heating/cooling arrangements of the cavity at (¢=0.05) and (Ra=10d).
The streamlines are the lines that tangential to the instantaneous velocity
direction where the velocity is a vector and it has a magnitude and

direction. It is noticed from the streamlines that the flow circulation of
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the first and the third arrangements are in clock wise direction. While
the second case flow is in counter clock wise. This motion of the
working fluid can be explained by the physical phenomenon of the flow
from the hot region to the cold region due to the difference in density
where the temperature inversely proportional to the density. For the case
of right hot wall, the flow is counter clock wise due to the tendency of
the hotter fluid which is lighter to flow up while the colder is heavier, so

the fluid is flowing down.

The fluid flow inside the cavity is controlled by the horizontal
velocity (U) along the (X-axis) and the vertical velocity (W) along the
(Z-axis) which accelerates the flow circulation between the deferentially
heated walls regardingless the axial velocity (V) along the depth of
cavity Y-axis. These velocities are introduced for the three cases in Fig.
(5.10). Both the two average velocities are increased with (Ra) increase
for all the considered cases. For the cases of left or right vertical hot
walls, at (Ra<10%) these velocities are (U>W) but it becoming inverse at
(Ra>10%) while for the case of bottom horizontal hot wall this
phenomenon occurs at (Ra<6x10%). This phenomenon represents the
region where the starting point of the convection dominant which
appears lately for the case of bottom hot wall. Another observation is
that, these velocities for the two vertically heated cases (left or cold) are
close to each other at all the (Ra) range which are higher than that of the
third case for (Ra<10%) but less than it for other (Ra) values. The higher
velocity values of the third case are due to the shorter distance between
the differentially heated walls. By observing the region (103<Ra<10%)
where the velocities of the case of bottom hot wall is higher than those
of other cases, this is due to the conduction dominant where the effect of
gravity have the highest effect on the fluid flow by the density
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difference, while after this region when the convection dominates the

effect of cavity design become the more affecting parameter.

On the other hand, the distribution of the iso-surfaces of thermal
field is in harmony with the flow behavior. The iso-surfaces represent
the constant temperature regions which is presented by the normalized
temperature (0) on surfaces parallel to the hot and cold walls. At the left
wall, the normalized temperature is (1) which takes the red color while
on the cold wall it is (0) that represents by blue color. The other
normalized temperatures are represented by the graduated colors from
higher red to lower cold. To indicate the heat transfer enhancement; the
average (Nu) on the hot wall is calculated as shown in Fig. (5.11). As it
observed from the horizontal (U) and vertical (W) velocities, the
convection initiates earlier at the cases of vertical hot walls, and as it
known that the average (Nu) represents the ratio of convection to
conduction, the higher average (Nu) is recorded for the cases of vertical
hot walls. But it is higher for the case of left hot wall, that is due to the
design of the hot wall with respect to the cavity. The left wall inclination
making a smaller distance between the higher and lower points of the
hot wall from the farthest bottom horizontal wall, where the
gravitational acceleration is strong, while inverse situation is observed
for the right hot wall case. Around the region (Ra=10%), the average
(Nu) is nearly the same for all the considered cases which is the region
where the effect of gravity for the bottom heated cavity become equal to

the effect of walls design for the vertical walls heated cavities.

From the previous discussion, it is concluded that the case of hot
left vertical wall is the more suitable case to improve the heat transfer by

natural convection. This will be depended on in whole study.
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Streamlines Temperature iso-surfaces
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a. Left hot wall

¢. Bottom hot wall

Figure (5.9): The 3D stream lines and temperature iso-surfaces for the three heating/cooling
arrangements of the parallelogrammical cavity of (y=60°) and (L) side length at (Ra=10°) and
(9=0.05).
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Figure (5.10): The 3D stream lines and temperature iso-surfaces for the three heating/cooling
arrangements of the parallelogrammical cavity of (y=60°) and (L) side length at (Ra=10°) and
(¢=0.05).
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Figure (5.11): The average (Nu) on the hot wall versus (Ra) for the three heating/cooling
arrangements of the parallelogrammical cavity of (y=60°) and (L) side length at (¢p=0.05).

5.3.1.2 The Optimum Parallelogrammical Skew Angle Selection

Another important selection must be done which is the better
skew angle (y) choice. The angles that are accomplished on the
differentially heated parallelogrammical cavities are (y=30°, 45° and
60°). The left vertical wall of the cavity is kept hot, while the opposite
right wall is kept cold and the other walls are adiabatic. This property is
examined for the two situations of cavities; that of constant side lengths
(L) and that of constant volume (L3) and both have equal heating and
cooling areas (L?). The flow field represented by the 3D stream lines
and the thermal field represented by the temperature iso-surfaces at
(Ra=10°) and (¢=0.05) are presented in Figs. (5.12) and (5.13).

The 3D streamlines for the situation of constant side length (L),
the cavities with (y=45° and 30°) have two separated large circulations

of flowing fluid that nearly similar around the central plane of the cavity
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between the vertical hot and cold walls. The left lower and upper right
corners regions are considered idler regions which not permit an
effective heat exchange due to the very little vertical height of cavity
comparing to the horizontal distance between the hot and cold vertical
walls. Unsimilar to the cavity with (y=60°), where the two terminal large
circulations are separated by a third thick one at the central plane
between the two others which enforce the flow to distribute inside the
cavity even at the corners. This behavior increasing the turbulence

inside the cavity which in turn increasing the convection.

For the situation of constant volume (L3%), nearly the same
behavior is observed but for the cavity of (y=30°), the two -circulations
are not of the same intensity, the very long distance between the hot and
cold walls with the lower height effecting the flow to increase the idler
regions and decelerating the flow propagation between the differentially
heated walls. In the velocity field, the cavity of (y=60°) has the higher
horizontal (U) and wvertical (W) average velocities for the two
considered situations of cavities, but that of constant side length have
the heist average velocities. This is because that the other skew angles
make the hot walls inclined strongly towards the domain and due to the
decreased height of the cavity which causing subside of the flow. These
walls work as like as obstacles that absorbs the energy in the path of the

flow.

On the other side, the thermal field by means of the temperature
iso-surface profiles is obeys the fluid flow behavior. For the two
situations of cavities with (y=60°), the temperature iso-surfaces
curvature from the hot wall towards the cold is more than that of the
cavities of (y=45°) and (y=30°), respectively. As it mentioned earlier, the
high inclination of the hot side wall on the inner fluid works as energy

dissipation. As like as, the average (Nu) on the hot wall the values of the
99



CHAPTER 5 RESULTS AND DISCUSSION

average (Nu) for the cavities with constant side lengths (L) are higher
than that of cavities with constant volume (L3®) as shown in Fig. (5.14).
Generally, it has the highest values for the cavity of (y=60°). The
enhancements of the average (Nu) are (32.49%) and (43.04%) for
constant side length and constant volume cavities when the skew angle
increased from (30°) to (60°) at (Ra=10°) respectively. But for the same
(y=60°), the two situations give the same range of average (Nu) at all the
considered (Ra). As like as for the case of constant volume (L3), the
convection lates in appearance for the cavities of (30° and 45° which

appears at (Ra> 5x10% and Ra>6x10°) respectively.

The previous observations are led to the conclusion that the cavity
of (y=60°) is the best among the other cavities bothering with constant
side length or with constant volume. So, in the coming sub-sections, the
parallelogrammical cavity of constant volume (L®) is selected to be the
main cavity in order to make the comparisons easier with other
geometry cavities for the same volume. While experimentally, the cavity

of (y=60°) and with constant side length are accomplished.
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Streamlines Temperature iso-surfaces

b.y=45°

C.y =60°
Figure (5.12): The 3D stream lines and temperature iso-surfaces for the parallelogrammical
cavity of constant side length (L) and different (y) at (Ra=10°) and (¢=0.05).
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Streamlines Temperature iso-surfaces

b.y =450

c.y=160°
Figure (5.13): The 3D stream lines and temperature iso-surfaces for the parallelogrammical
cavity of constant volume (L®) and different (y) at (Ra=10°) and (¢=0.05).
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Figure (5.14): The average (Nu) on the hot wall versus (Ra) for the parallelogrammical cavity

with different (y) at (9=0.05).
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5.3.1.3. The Effect of the Rayleigh Number

The effects of (Ra) on the fluid flow streamlines and the
temperature iso-surfaces contours inside the parallelogrammical cavity
with (y=60°) at (¢=0.05) are demonstrates in Fig. (5.15). The circulation
cells or vortices are formed in the clockwise direction for all the (Ra)
range. For more observation, three planes parallel to the front wall of the
cavity at (Y=0.25, Y=0.5 and Y=0.75) are depended on to view the
streamlines as shown in Fig. (5.16). All the planes introduce nearly
similar configuration but the central plane at (Y=0.5) has the denser
lines which indicate lower velocities and more uniform flow. The more
intensity of lines in central plane can be explained as the faraway from
the cavity walls which work as a flow deceleration and their effect
become weak at the center. The shape of the core of these vortices is
changed from circular to elliptical with (Ra) increase. This core
represents the steady or constant temperature region. This region
increases in area with increasing (Ra). It is clear that; the flow strength

is highly influenced by the (Ra) increase.

As it mentioned earlier, the flow is consisting of three velocity
components, the horizontal (U) along the (X-axis), the vertical (W)
along the (Z-axis) and the axial (V) along the (Y-axis) as shown in Fig.
(5.17). The axial velocity (V) is varied in limited range along its
direction where for this case, the depth is suitable to maintain the axial
velocity in accepted range to keep uniform distribution between the hot
and cold walls. In other words, the flow circulations between the
differentially heated walls are large enough to overcome the axial
direction circulations which in general very small comparing to the main
flow direction circulations (between the hot and cold walls along the
cavity width (X-axis)). Both (U) and (W) are flowing in two main
circulations in reverse direction to each other inside the cavity domain.
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These circulations are number of circles between the hot and cold walls
along the wvertical direction for (U) and between the top and bottom
along the horizontal direction. Where the positive velocities mean
clockwise direction while the minus sign referred to counterclockwise
flow. The maximum (U) or (W) velocities located at the center of each
circulation. By observing the maximum velocities, the maximum (U)
always located aligned to the centers of the bottom and top walls of
cavity unlike the maximum (W) which located parallel to the center of
the hot and cold walls. At (Ra=10°) it is noticed that, the maximum
velocities (U and W) and their main circulations become close to the
cavity walls due to the increase of convection with increase of (Ra) and
due to no slip boundary conditions unlike the center of cavity where the
steady flow region initiates. While at (Ra=10%) the flow circulation
becomes weak where the two vortices of the same size were occupying
the whole cavity. In general, the horizontal velocity (U) is higher than
the vertical velocity (W) at (Ra < 4x10% and vice versa at higher (Ra)
values because of the increase in convection at this region which exceed
the gravity action and leading to lift the flow adjacent to the hot wall
upward and the flow adjacent to the cold wall downward in high rates.
In other words, when buoyancy forces overcome the resistance induced

by viscous forces, the natural convection occurs.

With respect to the 3D iso-surfaces that presented in Fig. (5.16),
are becoming more curved when (Ra) increased lines where the high
nonlinearity of these surfaces means the increase in the steady region
core (laterally between the differentially heated walls) or convection
dominant. At high (Ra) it clustered strongly near the cavity sidewalls
where a thermal boundary layer can be observed and the high circulation
causes the convection heat transfer is dominant. From the other hand, as

the (Ra) decreases, the reduction in flow circulation leads to make these
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isothermal surfaces parallel and symmetrical where the pure heat

conduction dominates.

The heat transfer enhancement was measured by the average (Nu)
along the heated wall of the cavity as shown in Fig. (5.18). Similar to
the iso-surfaces, the average (Nu) is enhanced with (Ra) augmentation
which in turn mean that the heat transferred by convection inside the
cavity was enhanced. This notation can be seen for various
arrangements of partially active vertical sidewalls. This is due to the
natural convection heat transfer and the buoyancy force enhancement
when the Rayleigh number increases. The average (Nu) increased to

about (10) times when increasing from (Ra=10° to 10°).

Streamlines Temperature iso-surfaces

a. Ra=10°
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b. Ra=10*

c. Ra=10°

d. Ra=10°
Figure (5.15): The parallelogrammical cavity and (L) side lengths with (y=60°) at (¢=0.05).
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Figure (5.16): The 2D stream lines projection on the plane (X-Z) of the parallelogrammical
cavity of (y=60°) at (9=0.05) and different (Ra).
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Figure (5.17): The 3D velocities (U, V and W) for the parallelogrammical cavity of (y=60°) at (¢ = 0.05).
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Figure (5.18): The average (Nu) versus (Ra) for the parallelogrammical cavity of (y=60°) at
(¢=0.05).

5.3.1.4. The Effect of the Solid Volume Fraction and Comparison with Pure
Water

Figs. (5.19) and (5.20) are presented the 3D streamlines and the
temperature iso-surfaces at (Ra=10* and 10°) respectively. The -cavity
filled by nanofluid with different solid volume fractions (0.01 < ¢ <
0.05) or pure water (¢=0). The configuration of the streamlines is nearly
identical for all the cases of the nanofluid. It is differing clearly with
increasing (Ra) as it discussed in the previous section. The core of the
streamlines that shown in Fig. (5.21) takes a circular shape at (Ra=10%)
while it was tending to have an elongated elliptical shape with longer
axis parallel to the horizontal direction at higher (Ra) values. The
elliptical core which represents the steady or stagnant region increases
in width and height with increasing (Ra). The intensity of these lines is

becoming thicker with increasing (Ra) and solid volume fraction of
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nanofluid. For water, the vorticity core was nearly circular even when
(Ra>10°) where no steady region is occurring and conduction still

dominant.

Unlike the (Ra) effect on the horizontal velocity (U), it decreases
with the solid volume fraction (¢) increase as shown in Fig. (5.22) as
like as the wvertical velocity (W) that presented in Fig. (5.23). These
velocities are decreased when increasing the solid volume fraction (o)
due to the increasing weight and density of the flowing fluid while it
reinforces the heat transfer coefficient because of the high thermal
conductivity of the added nanoparticles. But, the advantage of the
nanoparticles exceeding the disadvantage of the higher weigh and
density effect. Generally, for all nanofluid concentrations (U>W) at
(Ra<10%) and vice versa for (Ra>10%). While for water the (U>W)
always because of the weak buoyancy effect of water comparing to the

gravity effect.

With respect to the 3D temperature iso-surfaces that presented in
Fig. (5.24), the temperature is transferred higher at the tip of the cavity
towards the cold wall in clockwise direction for nanofluid while those of
water transferred from the bottom of the left hot wall towards the cold
wall in counter clock wise because of the higher gravity -effect
comparing to the convection effect due to the lower heat transfer
coefficient of the pure water. To observe the enhancement of the heat
transferred through the cavity, the average (Nu) along the left hot wall
for all nanofluid concentrations and water is presented in Fig. (5.23).
The average (Nu) is enhanced with the solid volume fraction (@)
increase. Where, at (Ra=10° the average (Nu) is increased to about (12)
times the average (Nu) of water when increasing to (¢=0.01) while it

increased to (13) times when increases to (¢=0.05).
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For more observations, the local (Nu) along the central height of
the left hot wall is presented in Fig. (5.24) for the concentrations
(9=0.05, 0.03, 0.01 and 0). It is noticed that the maximum local (Nu) or
the peak value occurs at the lower part of the wall close to the base of
cavity except for (Ra=10%) where it occurs at the tip of the wall. Where
the peak values of the local (Nu) appears around (0.1L, 0.2L and 0.4L)
for (Ra=10% 10° and 10° respectively for all the nanofluid considered
concentration cases. For water at (Ra=10% 10* and 10°), as like as the
case of nanofluid at (Ra=10%) it is occurring at the tip of the wall for all
the (Ra) considered. The local (Nu) of the nanofluid reach about more
than (10) times that of the water. The described behavior of the local
(Nu) can be analyzed due to the reasons of thermal field or the heat
transfer behavior for the different considered cases. Where for the water
case and the low (Ra) nanofluid cases, because of the high gravity effect
comparing to the buoyancy effect, the heat transferred in uniform
distribution which parallel to the hot wall. And due to that the region on
the tip of wall are flow more freely than the lower regions where the
effect of the liquid column are considered. For nanofluid cases at
(Ra>10%), the maximum peak value of the local (Nu) is appeared at the
point where the maximum curvature of the isotherm lines occurs. At this
point, the stagnant region has been initiated. A special behavior for
water at (Ra=10°% was appeared, the maximum convex peak value
occurs at the region (0.4L) and another concave appeared at the region
(0.9L), the drop in the local (Nu) at this region occurs because of the
deceleration of velocity against the gravity effect. Where after the region
of maximum local (Nu) and due to the far away from the base, the
convection fails to overcome the gravity, so the local (Nu) drops. Then,
the local (Nu) began to increase due to the close location from the upper
wall which hit the flow stream causing increase in its velocity to

overcome gravity.
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Streamlines Temperature iso-surfaces

a. ¢=0.05

b. ¢=0.04

c. 9=0.03
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d. 9=0.02

e. ¢=0.01

f. ¢=0
Figure (5.19): 3D streamlines and temperature iso-surfaces of the parallelogrammical cavity
at (y=60°) with different (¢) and (Ra=10%).
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Streamlines Temperature iso-surfaces
1

a. ¢=0.05

b. ¢=0.04

c. ¢=0.03
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d. ¢=0.02

e. ¢=0.01

f. ¢=0
Figure (5.20): 3D streamlines and temperature iso-surfaces of the parallelogrammical cavity
at (y=60°) with different (¢) and (Ra =10°).
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Figure (5.21): 2D stream lines projection for the parallelogrammical cavity at (y=60°) on the plane (X-Z) at different (¢) and (Ra).
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Figure (5.24): The average (Nu) on left hot wall versus (Ra) for the parallelogrammical cavity
at (y=60°) with different (Ra) and (o).
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Figure (5.25): The local (Nu) on the central line along the left hot wall for the
parallelogrammical cavity at (y=60°) with different (Ra) and (¢).
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5.3.1.5 The Effect of Location and Distribution of Inserted Solid Bodies

Other modification of the parallelogrammical cavity at (y=60°) is
discussed in the present section. The considered inserted solid bodies are
seven cases of circular inserted cylinders that had different radius but
have the same volume together as explained previously in Chapter
Three. The 3D streamlines and the temperature iso-surfaces of the seven
cases at (¢=0.05) and (Ra=10°) are presented in Fig. (5.26). The 2D
projection of the streamlines on the plane (X-Z) for all the considered
cases at (¢=0.05) and (Ra=10°) are presented in Fig. (5.27).

The streamlines configuration is changing due to the inner shape
count and location. But the less change satisfied in the case of central
location where it keeps the similarity around the center as like as the
case with no inners. The terminal locations producing unsimilar flow in
the two halves of the cavity around the center. It is producing additional
vortices that encourage the convection initiation. Also, it is observed
that the cases of central concentrated volumes are show similar behavior
to the cases with no inners while the two cases of double inner with
(0.09L and 0.12L) apart which have relatively high distance between
location are introduce a special behavior. This behavior was initiating
two separated vortices on the two sides of inners which covering the

cavity parts entirely.

Of course, these flow configurations were affecting the horizontal
(U) and wvertical (W) velocities as shown in Figs. (5.28) and (5.29)
which presented the 2D projection on the plane (X-Z). The location of
the maximum (U) and (W) for the corner single cylinder cases are
located between the inserted cylinder and the adjacent horizontal wall
whereas the core of the two main circulations that parallel to the
inclined vertical walls are less than it. These variations of velocity

making non homogeneous fluid flow inside the cavity. The vertical
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velocity (W) enhancement is necessary to push the flow to grow up and

forming the circulation from the hot to the cold walls.

In general, the inners are delaying the region where the vertical
velocity (W) being higher than the horizontal (U) which occurs at
(5x10* < Ra < 10°. The more enhancement of (W) is noticed for the
central location for the single cylindrical inner cases. For the two inners
cases, the maximum (W) is recorded for the case of two inners of
(0.06L) apart. The increased distance has reverse effect on the flow
where the higher distance permits another mini circulation between the
inners. That absorb the flow energy causing flow deceleration. The
second stage of comparisons are accomplished for the central location
and for single, double and triple inners. The triple inners case introduced
the maximum (U) and (W) while from the single inner case the lower
values are satisfied. The increased count of inners means increasing the
surface area of inners for the same volume producing good technique to

enhance the flow inside cavities.

With respect to the thermal field, by observing the 3D
temperature iso-surfaces for all cases that presented in Fig. (5.26). The
location of inners is affecting the isotherm lines configuration where the
inner cylinders are working as obstruction that changes the flow
direction and the energy transformation. For the two and three inner
cases, it is generating more nonlinearity which works as convection
increasing phenomenon. The single inner is producing the less effect on
the isotherm configuration. The average (Nu) in turn obeys the same
behavior of the isotherms towards location of the inner cylinder where
the central location is giving the higher average (Nu) comparing to the
other two terminal locations which in turn giving nearly the same range
of the average (Nu). With respect to the number of inners, the average

(Nu) is augmented with increasing the inners inside the cavity as shown
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in Fig. (5.30) (c) for all the considered (Ra) range except for (Ra<10%).
Where at this range, the increased surface area means the flow will hit
large obstacles which causing deceleration in energy where it absorbs by
these obstacles, so the flow stream becoming unable to overcome the
gravity effect. At higher (Ra) values, invers effect of these obstacles is
appeared, where it works as velocity accelerator due to that these
velocities already increased with (Ra) increase and overcoming the
gravity effect. So, when the flow stream hit these inner walls,

accelerates and increasing convection.

By comparing the average (Nu) of the different cases of inners
with the case of cavity without inners and filled with water at (Ra=10°),
it was founded that, for the single inner cases with the considered
locations (left, center and right) the average (Nu) was about (12.4, 12.9
and 12.5) times, respectively. For double inner with (0.06L, 0.09L and
0.12L) apart distances between them, it was about (13, 12.9 and 12.8)
times, respectively. While it was about (13.2) times for the triple inners
case. It concluded that the enhancement of convection that represented
by the average (Nu) is decreases with (Ra). But still, that of triple inners
have about (2) times the enhancement of the single case for all

considered (Ra).
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1 1

Figure (5.26): 3D streamlines and iso-surfaces of the parallelogrammical cavity at (y=60°)
with different inserted bodies and (¢p=0.05, Ra=10°).
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Figure (5.27): The streamlines of the parallelogrammical cavity of (y=60°) with different inserted bodies on the plane (Y =0.5) at (¢=0.05) and
(Ra=10°).
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Figure (5.28): 2D projection of the horizontal velocity (U) on the plane (X-Z) for the parallelogrammical cavity at (y=60°) with different inserted
bodies and (9=0.05, Ra=10°).
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Figure (5.29): 2D projection of the vertical velocity (W) on the plane (X-Z) for the parallelogrammical cavity at (y=60°) with different inserted bodies

and (¢=0.05, Ra=10°).
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Figure (5.30): The average (Nu) on the left hot wall versus (Ra) for the parallelogrammical
cavity at (y=60°) with different inserted bodies and (¢=0.05).
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5.3.2. Natural Convection inside Other Complex Cavities and Comparison
with the Parallelogrammical cavity

The natural convection inside the other considered complex
geometry cavities that introduced in Chapter Three is presented and
discussed in the current section. These cavities have the same volume
(L3 with different number of walls. It is named according to the shape
of the front wall that located between the vertical left hot and right cold
walls (i.e., hexagonal, octagonal and elliptical). All these cavities have
equal areas (L?). The effect of three variables on the laminar natural
convection inside them are examined in the current section. These
variables are the number of walls, the overall surface area and the width

to height parameter as presented in Fig. (5.31).
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Figure (5.31): The number of walls and the overall surface area of cavities and the width to
height.

The number of walls is as that, the octagonal cavity with ten
walls, the hexagonal cavity with eight walls while the elliptical cavity
has two straight walls and eight shells. The surface area of these cavities
Is nearly equal which in turn less than the previous parallelogrammical
cavity surface area. With respect to the width/height parameter, the
cavities have nearly the same value also and less than from that of the
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parallelogrammical cavity. Where the parallelogrammical cavity has the
horizontal dimension is the longer dimension and vice versa to the other
cavities that have its vertical dimension is the longer dimension. The
width/height ratio has great indication where it specifies the distance
between the hot and cold walls which effects the flow behavior strongly

when accelerates between them.

The 3D streamlines of the three cavities are presented in Figs.
(5.32) and (5.33) at (¢=0.05) and (Ra=10%) and (Ra=10°) respectively.
Also, the 2D projection of the streamlines on the plane (X-Z) is
presented in Fig. (5.34) on three different distances from the front wall
(Y=0.25, 05 and 0.75) at (Ra=10> and ¢=0.05). As like the
parallelogrammical cavity, the streamlines are growing from the hot left
wall towards the cold wall in clock wise direction. For all cavities, the
streamlines circulations are taking the configuration of horizontal
elongated ellipse in parallel with the front and back walls which

encounter the stagnant region.

These lines become denser and close to each other near the cavity
walls at higher (Ra). A special behavior of these lines is appeared in the
core of the cavities, where the lines are becoming of very high intensity
and close to the core while the outer circulations are of less intensity at
the cavity center. But the circulation of the streamlines at the planes near
the front and back walls have moderate and uniform distributed intensity
along the entire plane. This phenomenon is occurring due to the high
height to width ratio which improve the adhesion of the fluid particles
on the cohesion effect especially at high (Ra) and in the center plane

where the effect of the walls is poor.

In general, the velocities (U) and (W) are nearly in the same range
for all cavities as shown in Figs. (5.35) and (5.36) at (¢=0.05) and
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(Ra=10% ~Ra=10°) respectively. The other conclusion is that these
velocities are proportional to the longer dimension in their values. For
the three cavities, (U) is lower than (W) by observed values for all the
considered (Ra) range unlike the parallelogrammical cavity, as like as
the locations of the maximum (U) are differed from it also. Where it
appeared at the corners at the upper tip of the hot wall and the lower tip
of the cold wall with the flow direction. The additional walls that are
follow the vertical walls are hitting part of the coming stream from the
hot wall in a very short distance from its initiation point which forming
a high velocity circulation while the low energy remain stream making

the higher circulation.

By observing the temperature iso-surfaces although, the heated
and cooled walls have the same area, it is observed that these lines
surfaces at (Ra=10%) are of high nonlinearity for the hexagonal cavity
than the other which means the convection initiate earlier in the
hexagonal cavity. But at (Ra=10°), these surfaces have nearly the same
configuration at all the three cavities that means the other -cavities

propagate the convection lately but in higher rates.

The reason of this behavior is the balancing between the physical
properties of flowing fluid and the cavity design. At (Ra) values around
(10%), the width to height ratio is enough to exceed the gravity effect and
initiating the convection while it is not enough for the other two cavities.
But at higher (Ra), the advantage of low width to height ratio are
appearing clearly in the octagonal and elliptical cavities and due to the
short distance between the hot and cold walls, making high ratios of

convection creation in short time comparing to the hexagonal cavity.

As like as the parallelogrammical cavity, the average (Nu) is
directly proportional to (Ra) as shown in Fig. (5.37). The higher average
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(Nu) is recorded for the cavities with high number of walls, elliptical,
octagonal and hexagonal respectively. For (Ra<10°), the best
enhancement in the average (Nu) are recorded from the cavities;
(elliptical — octagonal — hexagonal) respectively. Two parameters are
working together to produce this behavior, the number of walls or the
entire surface area and the cavity height where the lateral distance
between the hot and cold walls is already the same. Where the surface
area is increasing factor while the height id decreasing factor according
to the enhancement of the average (Nu). At this region of (Ra) where the
flow velocities are low in values so the cavity of the lower height is

desirable to overcome the gravity effect.

From other side, the higher surface area and higher walls means
additional vortices which increasing convection. The effect of higher
surface area for the elliptical cavity exceeds the effect of lower height
for the octagonal cavity to produce higher average (Nu). While at
(Ra>10°) the best enhancement is becoming in the series; (octagonal —
elliptical — hexagonal) and the enhancement of the elliptical and
hexagonal become very close to each other. At this region, the height of
cavity effect becoming more important by considering that the surface
area of all cavities is nearly very close in values unlike the height
values. So, the octagonal cavity producing the best enhancement of the
average (Nu). Where at (Ra=10° and ¢=0.05) the enhancement of the
average (Nu) over the parallelogrammical cavity for the hexagonal,
octagonal and elliptical cavities are (17.6%, 18% and 17.2%),
respectively.

These conclusions proved that, the hexagonal, octagonal and
elliptical cavities, or generally the cavities with higher vertical
dimension in the considered laminar convection and the selected

differentially heated arrangements are giving the better heat convection
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enhancements comparing to the parallelogrammical cavity which had its

dimensions nearly in the same range (width and height).

It is important to mention that the enhancement of heat transfer
and the average (Nu) augmented by increasing the solid volume fraction
as like as the parallelogrammical cavity for all the considered (Ra) rang.
Where at (Ra=10° by increasing the solid volume fraction (0.05%) from
(0 to 0.05%) the average (Nu) increased by the hexagonal, octagonal
and elliptical cavities is exceed the increase in the parallelogrammical
cavity of the same volume and nanofluid concentration by about (10%)
over the parallelogrammical cavity at (Ra>10%) as shown in Fig. (5.38).
For all cavities at (Ra<10%), the augmentation of the average (Nu) due to
the increase of the solid volume fraction concentration is higher than the

(10%) for the same reason that is explained earlier.

These conclusions proved that, the hexagonal, octagonal and
elliptical cavities, or generally the cavities with higher vertical
dimension in the considered Ilaminar convection and the selected
differentially heated arrangements are giving the better heat convection

enhancements.

The local (Nu) along the central height of the left hot wall is
presented in Fig. (5.39) for all the -cavities at (¢=0.05) and all
considered (Ra) range. Unlike the parallelogrammical cavity, the local
(Nu) for the hexagonal, octagonal and elliptical cavities are dropped
from its maximum value at the base of the hot wall to its minimum
value on the tip of the hot wall. The domain inside the
parallelogrammical cavity has fetcher of the similarity with the hot and

cold walls in height, width, skew angle and all other shape parameters.

While the other cavities are not the same. Where there are regions

below and above the height of the hot and cold walls. These different
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and unique shapes created the shown behavior for the local (Nu). The
reason of the mentioned behavior is that, the parallelogrammical cavity
needs the little part of the hot wall that close to the base wall to
propagate the flow and enforce the gravity effect and overcome it. So,
the maximum peak local (Nu) lates an appearing till distance about

(0.1L-0.4L) from the base according to the working (Ra) case.

In the other cavities, the region wanted to propagate the flow and
overcome the gravity is already exist below the level of the hot wall. So,
the maximum peak of the local (Nu) initiated earlier at the base point of
the hot wall for all the considered (Ra) range. The peak local (Nu) of the
hexagonal, octagonal and elliptical cavities at (Ra=10° and ¢=0.05) are
about (5.5, 5.5 and 6.8) times that of parallelogrammical cavity at the

same conditions, respectively.
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Figure (5.32): 3D streamlines and temperature iso-surfaces for the hexagonal, octagonal and

elliptical cavities with (¢=0.05, Ra=10%).
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Figure (5.33): 3D streamlines and temperature iso-surfaces for the hexagonal, octagonal and

elliptical cavities with (¢=0.05, Ra=10°).
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Figure (5.35): 3D horizontal velocity (U) and vertical velocity (W) surfaces for the hexagonal, octagonal and elliptical cavities with (¢=0.05, Ra=10%).
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Figure (5.36): 3D horizontal velocity (U) and vertical velocity (W) surfaces for the hexagonal, octagonal and elliptical cavities with (¢=0.05, Ra=10°).




CHAPTER 5 RESULTS AND DISCUSSION
10k | — Parallelogrammical, y = 609
—— Hexagonal 3
| — Octagonal
al| — Elliptical
? -
= 6
=
5 -
4_
3_
2 -
_.--'—"'_F'_F-'_f
1 —
11 | | 1 1 1 1111 | 1 1 1 1 111 | 1 1 1 1111
10? 10* 10° 10°
Ra
1 2
3

Figure (5.37): The average (Nu) on the left hot wall versus (Ra) for the parallelogrammical,

hexagonal, octagonal and elliptical cavities at (¢=0.05).
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Figure (5.39): The local (Nu) on the central height of left hot wall versus (Ra) for the
hexagonal, octagonal, elliptical and parallelogrammical cavities at (¢=0.05).

5. 4. The Experimental Results

The parallelogrammical cavity at (y=60°) is designed and
visualized experimentally as described in Chapter Four. Three solid
volume fraction concentrations (¢=0.01, 0.03 and 0.05) are considered.
Two temperature difference between the hot and cold walls are
considered (AT=16°C and 26°C) which are opposite to (10° < Ra < 10°)
as presented in Appendix D. These differences are analyzed for two

different cold wall temperature cases which are (T.=28°C and 30°C).

The results are represented by the dimensionless local
temperature (0) distribution along the three dimensions (X, Y and Z) and
the average (Nu) on the left hot wall. The results are compared with the

related numerical results.
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5.4.1. The Temperature Distribution Along the Axis (X, Y, Z2)

Figs. (5.40) and (5.41) are presented the dimensionless local
temperature (0) distribution along the central width (X-axis) that located
on the plane (Y=0.5) and the center of height (Z) experimentally and
numerically. The plots for both the temperature differences (AT=16°C
and 26°C) exhibit nearly a good matching between the numerical and
experimental data. Observing that (0) drops to the half at a distance of
about (0.1L-0.3L) from the left hot wall. Then stay constant for the
distance from (0.3L-0.7L) where a stagnant region is formed. From

(0.7L-L), the temperature drops linearly again.

The dimensionless local temperature (0) distribution along the
central inclined height (Z-axis) that parallel to the hot and cold inclined
walls on the planes (X=0.5 and Y=0.5) is presented experimentally and
numerically for all the values of (¢) in Figs. (5.42) and (5.43). Accepted
agreement between results was noticed for both the temperature
differences. The (0) increases approximately linear from the base wall to

reach maximum at the upper wall.

Also, (0) distribution along the back central depth is presented in
Figs. (5.44) and (5.45) experimentally and numerically. The values of
(0) are nearly steady and constant along the depth, which is meaning
that the flow is symmetrical and returned in identical circulations along
this depth. The same behaviors are seen for various values of (T;) and
(AT).

The results of (0) for (T=30°C) are generally higher than the case
of (T=28°C) for both cases of (AT). This behavior is due to the very
little difference between the temperature (T.) and the surrounding
ambient temperature, which decreasing the energy needed to overcome

this difference initially. But, the difference between these cases being
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slight by increasing (¢) because of the higher thermal content of the
particles which absorb the energy of the cold wall so decreasing the
difference from the ambient temperature. It is clear at (¢=0.01) but
slight at (¢=0.05). As like as, being slight by increasing (AT). It
appeared clearly at (AT=16°C) compared to the case of (AT=26°C).

Concluding that increasing the cold wall temperature for the same
temperature  difference  resulting of enhancement in  transferred
temperature because of the higher difference in temperature between the
hot and cold wall making the initial effect of (T.) is very little. At the
same time, it decreases the cost of cooling by depending on the ambient

temperature.

5.4.2. The Average Nusselt Number Along the Hot Wall

The average (Nu) on the left hot wall is presented in Fig. (5.46)
both experimentally and numerically for the two considered cases of
(T.). For both results, the average (Nu) is enhanced with the increase in
(Ra) and (¢). This enhancement is better at (T~=30°C) due to the
temperature behavior that mentioned in the previous section. At
(AT=16°C), the enhancement over the (T=28°C) case are (0.78%,
0.82% and 0.75%) at (¢=0.01, 0.03 and 0.05) respectively. While it is
(0.86%, 0.82% and 0.83%) at (AT=26°C).

Generally, the increase in (T.) by (2°C) causing an increase in the
average (Nu) by about (0.8%) for all the considered parameters and
specifications of the current study. Also, increasing (¢) from (0.01 to
0.05) increasing the average (Nu) by about (3.1%-3.6%) for all

considered cases.
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Figure (5.40): The experimental and numerical local dimensionless temperature of local (6)
distribution along the central width (X) for the parallelogrammical cavity at (y=60°) and

(AT=16°C) for various values of (o).
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Figure (5.41): The experimental and numerical local dimensionless temperature of local (0)
distribution along the central width (X) for the parallelogrammical cavity at (y=60°) and

(AT=26°C) for various values of (o).
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Figure (5.42): The experimental and numerical local dimensionless temperature of local (0)
distribution along the central height (Z) for the parallelogrammical cavity at (y=60°) and
(AT=16°C) for various values of (o).
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Figure (5.43): The experimental and numerical local dimensionless temperature of local (0)
distribution along the central height (Z) for the parallelogrammical cavity at (y=60°) and
(AT=26°C) for various values of (o).

156



CHAPTER 5

RESULTS AND DISCUSSION

1.0
0.9
0.8
0.7
0.6

0.4
0.3
0.2
0.1
0.0

AT=16°C ¢=0.01

Numerical

® Tc=280C
® Tc=30°C

1.0
0.9
0.8
0.7
0.6

0.4
0.3
0.2
0.1
0.0

AT=16°C ¢=0.03

Numerical

7.5

8.5

9.5

® Tc=28C
® Tc=30°C

1.0
0.9
0.8
0.7
0.6

0.4
0.3
0.2
0.1
0.0

AT=16°C ¢=0.05

Numerical

7.5

8.5

9.5

10.5 11.5 12.5
y/L

® Tc=28°C
® Tc=30°C

Figure (5.44): The experimental and numerical local dimensionless temperature of local (0)
distribution along the central back depth () for the parallelogrammical cavity at (y=60°) and

(AT=16°C) for various values of (o).
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Figure (5.45): The experimental and numerical local dimensionless temperature of local (0)
distribution along the central back depth () for the parallelogrammical cavity at (y=60°) and

(AT=26°C) for various values of (o).
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Figure (5.46): The experimental and numerical average (Nu) at the left hot wall for the

parallelogrammical cavity at (y=60°).
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Chapter Six: Conclusions and Recommendations

for Future Work

6.1. Conclusions

Based on the obtained results, some important conclusions can be

presented as follows:

1.

The heated left vertical wall case is the more suitable one to
improve the natural convection for the selected geometries.

The (y=60°) of the parallelogrammical cavity is introducing the best
convection enhancement.

For all the considered cavities, the average (Nu) on the hot wall are
enhanced with (Ra) and (¢) augmentation.

For parallelogrammical cavity, the average (Nu) increases by about
(13) times with increasing the solid volume fraction from (¢=0 to
¢=0.05) at (Ra=10°). While, the local (Nu) increases by about (10)
times at all (Ra) range.

The higher average (Nu) is recorded for the cavities with higher
number of walls and heights; hexagonal, octagonal and elliptical
comparing to the parallelogrammical cavity. It was respectively,
about (17.6%, 18% and 17.2%) at (Ra=10°).

The increase in the number of inners by increasing their surface
area for the same volume can be considered a good technique to

enhance the flow field inside cavities.
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7.

8.

9.

The triple inners have twice the enhancement in the average (Nu)
over the single inner.

The experimental local dimensionless temperature (6) along the
cavity axes at (Tc=30°C) is higher than that at (T=28°C) for both
cases of temperature difference (AT=16°C and 26°C). This
difference in temperature decreases with increasing (¢) and (Ra or
AT) between the hot and cold walls.

The experimentally computed average (Nu) is enhanced with the
increase in (Ra) and (). This enhancement is better for (T=30°C)

case.

10.There is good agreement between the numerical and experimental

results.

6.2. Recommendations for Future Work

The following recommendations are useful for future work:

e Investigating experimentally and numerically the natural convection

inside cavities filled with hybrid nanofluid.

e Studying the effect of supplying an external magnetic field (MHD).

e Investigating the effect of porous medium inside the considered

cavities.

e Studying the entropy generation.
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