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ABSTRACT

Inside a differentially heated cavity, a numerical study of conjugate natural convection
is carried out. In this work, two separate situations are investigated: an enclosure with
a wavy partition filled with heat generating fluid and an enclosure with a solid partition
splitting the cavity into two different fluid zones, namely air and water. Two-
dimensional continuity, momentum, and energy equations regulate thermal and flow
properties inside the cavity. Numerical analysis for the wavy partitioned enclosure is
performed over varying external Ra (10% < Rase < 108), various position of the wavy
partition wall (Xp = 0.25L, 0. 50L and 0.75L), different frequencies of the wavy partition
wall (f = 6, 9 and 12), and three varying thermal conductivity ratios. Similarly,
numerical analysis over a varying range of Rayleigh number (10% < Raa < 10°), various
thickness of solid partition wall (0.05L < ¢<0.2L), various location (0.25L <c¢<0.75L),
and various thermal conductivity of the wall. The influences of the above governing
parameters on the streamline and the isotherm plots are examined. Furthermore, the
effect of partition wall thickness, location, and thermal conductivity on the Nu of hot
and cold walls is estimated in the current study. The results suggest that increasing the
thermal conductivity of the wall material enhances thermal exchange performance,
whereas changing the position of the wavy partition wall has less of an impact. Heat
transmission, however, reduces when the frequency of waviness increases. In the
second scenario, the results show that increasing the wall material's thermal
conductivity enhances heat transmission performance. Heat transmission is reduced
when the thickness and distance of the partition wall from the cold end are increased.
Similarly, a comparative analysis of the thermal exchange performance between the
solid and wavy partitioned enclosure with and without the heat generating fluid is also
analyzed in this study. Thermal exchange characteristics improved by nearly 8% and
15% for wavy partitioned enclosure at high Rayleigh number corresponding to

enclosure filled without and with heat generating fluid respectively.
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Aspect Ratio, H/ L

Length

Height

Specific heat of air at constant pressure
Specific heat of water at constant pressure
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Thermal conductivity

Thermal conductivity of air

Thermal conductivity of water
Thermal conductivity ratio, kr = ks/ ka
Thermal conductivity of wall

Nusselt number along hot wall
Nusselt number along cold wall
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Prandtl number of water

Rayleigh number of air
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Average temperature

Fluid temperature of air domain

Fluid temperature of water domain
Dimensional temperature
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Temperature of cold wall

x-axis velocity

y-axis velocity

x-Cartesian coordinate

y-Cartesian coordinate
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Fluid pressure
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Non-dimensional y-axis velocity
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Non-dimensional vertical axis
Non-dimensional fluid pressure
Thermal diffusivity of air
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Non-dimensional fluid temperature
Kinematic viscosity of air
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Density of water

Thickness of the solid partition
Position of the solid partition
Thickness of the wavy partition

Position of the wavy partition
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CHAPTER ONE: INTRODUCTION

1.1 Background

Conduction is dominant for the thermal exchange in solids whereas convection usually
dominates in fluids. Conjugate thermal exchange is observed in many situations that
includes wall cavities, solar collector, cryogenic chambers etc. For instance, heat sinks
are made efficient by combining thermal exchange by conduction in the heat sink with

the convection in the surrounding fluids.

The conjugate thermal exchange method has become an important tool for designing
and studying various engineering and natural phenomena. The wide ranges of its

application encompass food processing, thermal insulation, heat exchangers etc.

Free convection inside an enclosure is frequently encountered in practice. The fluid in
touch with the heated surface rises and the fluid in contact with the cold surface falls in
a vertical cavity, causing a rotating motion of fluid inside the cavity and improving heat
transmission. Similarly, the heat transmission parameters of a horizontal enclosure are
determined by the location of the heated surface. When a hot surface is layered on top
of a cold surface, the fluid next to the hot surface warms up but cannot ascend upwards,
resulting in no fluid motion. In this situation, heat is transferred solely by conduction.
When a hot surface is put at the bottom of a container, heated fluid with a low density
rises and is replaced by cold heavy fluid. As a result, a current of fluid motion is created,
resulting in increased heat transmission. The cavity walls are differentially heated and
the partition wall divides the cavity into two separate domains. The partition wall has a
definite thermal conductivity and thermal exchange across the partition wall occurs
through conduction. Thermal exchange in the separate domains occurs mainly due to
convection combined with conduction thermal exchange in the partition results in
conjugate natural convection. Introduction of partition inside a cavity has found many
applications in recent days owing to the reduced thermal exchange. Solar collectors,
energy saving and thermal insulation of dwellings, double pane windows, and other

applications demonstrate the relevance natural convection.

The research of rapid and increased cooling of tiny devices such as laptops and smart

phones that incorporate nano- and micro-electronic processors is gaining traction as the
14



popularity of these devices grows. Furthermore, in recent years, academics have been
more motivated to discover new ways for improving thermal exchange equipment that
are less expensive to manufacture and run, as well as conserve resources and energy.
Automobile and spaceship cooling systems, as well as heat exchangers in air
conditioning and refrigeration systems, must be as small and light as feasible.
Furthermore, they are commonly used to provide efficient heat transmission and energy

conservation by reducing heat losses.

1.2 Problem statement

Rapid technological advancements have increased the need for efficient heat transport.
One of the main goals of these recent studies is to gain an understanding of convection
in enclosures that are used in modern engineering. Natural convection inside an
enclosure that is combined is a topic of great significance. Thermal exchange in a
partitioned cavity has received a lot of attention in recent years as a fundamental
thermal exchange process. The majority of researchers have looked into a solid divider
installed inside the container. However, there have been few researches on the effect of
wavy partitions on thermal and flow characteristics inside an enclosure, which are
explored further in the literature review. The insufficient research done in this aspect
inspired this research topic. Numerical simulations for accessing the effect of wavy

partition wall inside the enclosure are carried out in this study.

Moreover, only few investigations have been performed to analyze the thermal
exchange inside an enclosure divided by solid partition into two fluid zones. The
considerations made by some researchers had limitations and this present study intends

to overcome those.

1.3 Objectives

The main objective of this thesis is to perform analysis of the thermal and flow

characteristic in a wavy and solid partitioned enclosure.
The specific objectives of the present research are as follows:

e To analyze the impact of variation of thickness, position and material of the
solid partition on thermal exchange inside a partitioned square enclosure filled

with different fluids in each cavity

15



e To analyze the impact of variation of position, frequency and material of the
wavy partition on thermal exchange characteristic inside a partitioned cavity

filled with heat generating fluid

e To compare the thermal and flow performance between the differentially heated

enclosure with wavy and solid partition

e To analyze the application on a double and triple pane window and make a

comparative analysis

1.4 Assumptions and limitations

e The internal Rayleigh number of the heat generating fluid inside the enclosure
is assumed to be constant and a low value of the internal Rayleigh number is
assumed for the study

e Only a computational examination is analyzed to access the thermal and flow

performance in an enclosure

16



CHAPTER TWO: LITERATURE REVIEW

The characteristics of conjugate natural convection inside partitioned enclosed cavities
are being studied over the past 30 years. Anderson & Bejan (1981) investigated heat
exchange in an enclosure both theoretically and empirically at first. In order to measure
thermal performance, they employed water to produce a higher Ra in a scaled-down
container with various partitions. Since then, numerous researchers have been
interested in studying the thermal performance of partitioned cavities. For changing Ra,
Kahveci (2007a), Kahveci (2007b),Kahveci & Oztuna (2008), Salama et al. (2014),
Khatamifar et al. (2017), Acharya & Tsang (1985) , Tong & Gerner (1986), Ho & Yih
(1987), and Kangni et al. (1991) employed air and explored the impacts of inserting
partition(s) within an enclosure. The thermal performance of an enclosure with a central
partition was explored by Acharya & Tsang (1985). The highest Nu along the hot (cold)
surface was found in the center position of the partition, according to the results. Tong
& Gerner (1986) and Ho & Yih (1987) used a finite difference approach to investigate
thermal properties in a rectangular enclosure and found that an enclosure with a
partition had a worse thermal performance. Kangni et al. (1991) explored heat exchange
in multiple partitioned enclosures, building on prior research. They investigated the
impacts of several partitions in a cavity using a finite difference formulation and a
volume control approach, and found that as the number of partitions increased, the
thermal performance decreased. Similarly, Kahveci (2007a) and Kahveci (2007b)
statistically examined heat performance in partitioned enclosures, finding that the
average Nusselt number drops. Finally, Khatamifar et al. (2017) investigated the effects
of the partition's aspect ratio, Ra, location, thickness, and thermal conductivity on
thermal performance in a square cavity and discovered that the heated Nu rises as Ra

increases.

Many researchers are interested in the influence of employing water as a working fluid

on conjugate natural thermal performance. Anderson & Bejan (1981), Nishimura et al.

(1988), Xu et al. (2009), Saha et al. (2015), and Williamson et al. (2012) all looked at

cavities filled with fluid other than air. Using a wavy conducting partition in a square

hollow filled with water and altering the amplitude of the wall with a constant

frequency, Saha et al. (2015) conducted research. Similarly, Xu et al. (2009)
17



quantitatively examined and categorized natural convection flow development into
three stages: early, transitional, and constant. For their research, Nishimura et al. (1988)
and Williamson et al. (2012) employed fluids other than air and water with Pra> 1.
Nishimura et al. (1988) investigated the impact of many partitions in a water-filled
rectangular hollow with differently heated side walls both experimentally and
statistically, and established a relationship between Nu and Rase, aspect ratio, and
partition number. According to their research, utilizing a 2-5 partition can limit heat
exchange by 70 to 90%.

Nishimura et al. (1988)explored the influence of various partitions on conjugate natural
convection thermal exchange rate within a differentially heated cavity. Anderson &
Bejan (1981), Kangni et al. (1991); Nishimura et al. (1988). concluded that the net
thermal exchange rate changed inversely with (1+n), where n is the number of vertical
partitions, according to their findings. Finally, they conducted experiments to confirm
their conclusions. Acharya & Tsang (1985); Ho & Yih (1987); Kahveci & Oztuna
(2008); Kangni et al. (1991); Tong & Gerner (1986) and Williamson et al. (2012)
investigated the influence of aspect ratio on conjugate natural convection within
partitioned cavities. Their findings revealed that a lower aspect ratio led to higher
viscous resistance and lower flow velocities. They also discovered that as the aspect
ratio is increased, the Nusselt number decreases. Kahveci (2007a), (2007b); Kahveci &
Oztuna (2008); Kangni et al. (1991); Oztop et al. (2009) and Varol et al. (2010)
investigated the effect of thermal conductivity of the partition on thermal exchange
characteristics and discovered that as the thermal resistance of the partition decreases,

the average Nusselt number increases to a peak, and as the thermal resistance decreases.

Apart from studies on conjugate natural convection, Cuckovic-Dzodzo et al. (1999) and
Kahveci & Oztuna (2008) studied the effect of Pr on conjugate natural convection
inside a partitioned differentially heated cavity, and found that Prandtl number has little
effect on fluid flow and thermal exchange. Cuckovic-Dzodzo et al. (1999); Ghosh et al.
(1992) and Turkoglu & Yicel (1996), on the other hand, investigated the influence of
aspect ratio on conjugate natural convection within a partitioned cavity filled with a
working fluid other than air or water. Ghosh et al. (1992) found that the position of the
partition affects flow by generating lower driving force in separated convection systems
and reducing heat exchange compared to a cavity without partition for low aspect ratios.

18



Cuckovic-Dzodzo et al. (1999) created a relationship that represents the inverse

relationship between average Nusselt number and cavity aspect ratio.

Acharya (1985) investigated natural convection in an inclined enclosure with internal
energy sources using the finite difference method. Rayleigh numbers up to 10°, as well
as inclination angles of 30° to 60°, were examined. When the internal Rayleigh number
was more than the external Rayleigh number, the flow climbed within the enclosure
and went down for both the hot and cold walls, however when the external Rayleigh
number was considerable, the flow flowed upward for the hot wall and downward for
the cold wall. Similarly, the average heat flow ratio rose as the external Rayleigh

number grew and the inner Rayleigh number fell.

Fusegi et al. (1991). quantified natural convection in a differentially heated square
cavity with uniform internal heat generation. The Rayleigh number on the inside was
modified from 10° to 10'°, however the Rayleigh number on the outside stayed at 5x10’.
As the strength of internal generation increased, the flow at the top component of the
hot wall was directed downwards, and thermal energy escaped from the system to the
surrounding from the hot wall's over-the-top area. To convey heat into the system, just

the lowest part of the heated wall was utilized.

Fusegi et al. (1992)investigated the effect of modifying the aspect ratio and Prandtl
number in a differentially heated enclosure. The aspect ratio was changed between 0.3
and 5, with 5.85 being selected as the Prandtl number. When the aspect ratio was raised,
a larger area of the heated wall was filled with downward flow, according to the
findings. At greater aspect ratios, the heat flow along the outside hot wall was directed
from the fluid to the environment throughout the majority of the height of the wall.
Hdhiri et al. (2019) performed a numerical analysis of convection in a square cavity
filled with porous media and internal heat generation for varied Grashoff numbers in
the range of 10%-10° and Prandtl numbers in the range of 0.015-0.054. The data
demonstrated that increasing the Prandtl number had a considerable effect on average

Nusselt number values, as well as relationships.
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CHAPTER THREE: METHODOLOGY

In this chapter, the methodology that is applied for the work from the start of the project
till the completion is described. The theoretical background of fluid flow inside a
partitioned cavity and the computational details are also elaborated. A brief discussion
of numerical methods available for solving a problem numerically is as well presented

in this chapter. The methodology used during the thesis as shown are categorized into

four stages as follows:

Literature Review

Extracting useful parameters

Model Development

v

Computational Study

Revise Model Do results converge anc Iterate the
No comply with previous No solution
Development literature? procedure

Result Interpretation

Application Study

Figure 3.1 Flowchart depicting the research methodology adopted in this study.
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3.1 First stage

3.1.1 Literature review

The review of previous literature encompasses the greater portion of the research
methodology. Throughout the endeavor, books, journals, papers, and articles are fully
examined and reviewed. Moreover, during the literature review research gaps and

limitations has been identified and evaluated during this work.
3.2 Second stage

3.2.1 Model verification of previous work

The dimensions of the model to be constructed was obtained from a prior research
publication in which a comparable geometry experiment was conducted. The developed
model is used for numerical simulation by defining the suitable physics used and
obtaining all the necessary boundary and initial conditions with the help of the same
experimental research paper. The isotherm contour and streamline plots corresponding
to the present study and H. Oztop & Bilgen, (2006) are compared to validate the present
study.

3.3 Third stage

3.3.1 Computational study

Computation software is required to perform the calculations necessary for the
simulation of fluid and surface interaction. Computational fluid dynamics is based upon
Navier-Stokes equations which describes various interrelationship between properties
of moving fluid. It has presently found its application in most of the processes requiring

analysing of thermal properties and air flow modelling.

3.3.2 Application study

Among several applications, the study of double and triple paned glass windows is
chosen for the application study field in which the comparative thermal and flow
characteristics for the multiple paned windows is studied. Also, the numerical analysis
is done to see the impact of changing Ra on the thermal and flow behavior inside the
partitioned cavity.

21



3.4 Fourth stage

3.4.1 Documentation and presentation of the findings

The findings of the research work are presented in the form of conference article and
formal thesis report according to the guidelines of Department of Mechanical and
Aerospace Engineering, Pulchowk Campus, Institute of Engineering.

The methodology used for the study also includes defining the physical and

mathematical model for the present study which are discussed in details as follow.

3.5 Physical problem

Two different cases of partition are discussed in this chapter. Governing equations,
physical model and the boundary conditions for each case are presented in the following

sections.

3.5.1 Wavy partition with single working fluid (air)

As shown in Figure 3.2, a two-dimensional enclosure of length L and height H is
chosen, partitioned by a heat transmitting wavy solid wall of thickness 0.05L and
thermal conductivity ks, with differential heating and a uniform heat generating source
in each domain. The enclosure's horizontal walls are adiabatic, while boundary vertical
walls are kept constant at Ty and Tc, respectively. Air is the working fluid in each of
the two fluid domains separated by the wavy barrier. Three alternative materials,
namely plywood, glass fiber, and common brick, are evaluated in order to analyze the
performance inside the partitioned cavity. Table 3.1 shows the corresponding thermal
conductivity (ks) of the partition materials as well as the thermal conductivity ratio (k)

between solid partition and air.

3.5.2 Solid partition with two fluid zones

Figure 3.3 depicts an enclosure with side length L separated centrally by a heat
transmitting vertical solid wall with thermal conductivity ks. The horizontal walls of the
enclosure are adiabatic, whereas the boundary vertical walls are maintained at Tc and
Th, respectively. The partition is kept at x = ¢ within the enclosure, splitting the
enclosure into two convection domains filled with various types of working fluids and

a conduction domain within the cavity's partition wall. In the left and right flow

22



domains, the working fluids are air and water, respectively. Common brick, plywood

and glass fiber are chosen as the material of the partition in this present study.

¥
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Figure 3.2 Diagram of enclosure with wavy partition along with boundary conditions.
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Figure 3.3 Diagram of enclosure with solid partition along with boundary conditions.
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3.6 Governing equations

Formulations of governing equations for different cases in this thesis are discussed as

follows:

3.6.1 Wavy partition with single working fluid

The thermophysical properties of air and water are considered to be constant. However,
the change in density with the temperature of the working fluid in the body force is
represented by Oberbeck-Boussinesq approximation. Using these considerations, the

governing dimensional equations are given as follows:

LA Equation 3-1
x oy quation 3-
Ua_a+va_ﬁ —_a_p_|_ @4_@ : 2
Pa x oy x M, PYORPY. Equation 3-
_OV OV op 0N 0%
U—tV— |=——+ | —+— |+ T-T ion 3-
pa[ ox ayj 6y /ua{axz ayzj pagﬁ( c) Equatlon33
c. [a 47 |-k ﬂ+ﬂ +Q i
Pa p.a X 8y a 8X2 ayz Equatlon 3-4
= = 2
x=Xy-Yg-Ty_ "t p_ pL2 o=1"T Equation 3-5
L L a, a, pa; T, -T,

Considering the Oberbeck-Boussinesq approximation for buoyancy and assuming
constant fluid properties, the dimensionless governing equations (3-1) - (3-4) in
pressure-velocity formulation can then be written as follows:
o ov
AN

wx a0 Equation 3-6

U—+V —=——+ >+t =
oX oY oX | oX° oY

~oU -oU oP (oMU &
Equation 3-7
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U£+\7ﬂ——£+ 62\7+82\7 +Rax g
oX oY oY |ox? oY?) pr Equation 3-8

a

2 2
g0 _1100 00, Ry Equation 3-9
oxX oY Pr,\oX? aY?) Ra,Pr,
Where,
T,-T,)C 5 _
Ra,, = gﬁ( . °) Ra; =ﬂ, Pr, =Ya Equation 3-10
Valty AAS a,
ki) +_az® -0 Equation 3-11
oX? oY?

3.6.2 Enclosure with two fluid zones

The governing dimensional equations for the enclosure divided into two fluid zones are
given as follows:

For air domain:

aa+a\7 0 Equation 3-12
T = uation 3-
ox oy a
_ou _ou)_ op o’ 0°U :
pa(u p +V ayj_ E Hla(axz + ayzj Equation 3-13
v = 2= 2=
Pha (u;ﬂ \7@} __@+ﬂa[z_\2/+a_\£J+pagﬂ(T _TC)
X oy %y X" oy Equation 3-14
oT oT o T 87T
C |oZ4+vE |=k .
Pa p,a(u o +V ayj a[axz + 6y2j Equation 3-15
For solid domain:
T T _
K, (WJFWJ =0 Equation 3-16
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For water domain:

ou ov
—+—=0
oX oYy
_ou _ou op ol o
PulU—+tV— =——+u,l—+—
ox oy OX ox° oy
= — 2= 2
p i DB a_2+a_\£ +p,98(T-T,)
ox oy oy ox~ oy
B Claatta B B d
X oy ox2 oy
- o 2
x=Xy=Yg-Tytp_ Pt g Tk ,_
L L a, a, PA, Th _Tc pacp,a

Equation 3-17

Equation 3-18

Equation 3-19

Equation 3-20

Equation 3-21

Using the above scales, the dimensional governing equations (3-12) — (3-20) can be

transformed to a set of non-dimensional equations as follows:

For air domain:

ou oV

—+—=0
oX oY

oX? oY?

~oU -ouU oP o’U oU
+V —=——+Pr, +
OX oY oX

N __P (62\7 oV

+ =——+Pr, +
o 0 oY

X2 a2 ]+ Ra, Pr,®

- 00 - 00 0’0 0’0
) +V —= S+t —
oX oY oX* oY
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Equation 3-23
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For solid domain:

0’0 0°O
k =0 i -
r(axz + avzj Equation 3-26
For water domain:
v
oxX oY Equation 3-27

Equation 3-28

o o Equation 3-29

- 00 00 0’0 0’0 .
(U —+V —j =ﬂ( +—] Equation 3-30

— 3 C _ 3 c
Ra — gﬂ(Th TC)L ,PI’ — P,a’ua’RaW: gﬁ(Th TC)L ,PrW: p,w:uw

a N Equation 3-31
V,Q, K Vv, a, k f

a W

Table 3.1 List of various thermophysical properties of materials and fluid.

Proporties Air Water Glass Fiber Plywood Common
Brick

p (kg/m? 1.1275 991.80

1 (Pa.s) 1.9148x10°  6.3544x10™

k (W/m.K) 0.027076 0.63247 0.036 0.12 0.72

cp (J/kg.K) 1006.9 4067.3

o (m?/s) 2.3848x10°  1.5679x107
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3.7 Boundary conditions

Table 3.2 Boundary conditions corresponding to the present study

_ Top and Partition walls
Dependent Left Right
_ bottom
variables wall  wall walls Left side Right side
] u=Vv u=Vv Uu=V=
Velocity Uu=v=0 Uu=v=0
=0 =0 0

T @-1 ®_0 66 kiaﬁ _87@) kiaﬁ _67@)

emperature = = 5y =0 ka 0X|s ~ X |q K OX|g X g

3.8 Performance parameters
The mean dimensionless parameters governing the performance of this problem are Nu

and ©,, which are presented as follows:

3.8.1 Average Nusselt number

1
00
Nu, :'([(a—xjx_l dy Equation 3-32
o - (@) 4 _
Ue —I X y Equation 3-33
0 X=0

3.8.2 Average bulk temperature

It is the ratio of sum of temperatures of the fluid inside the cavity at various locations
to area of the cavity. It reflects the mean temperature at different locations inside the
cavity and denotes the behavior of temperature gradient inside the enclosure. It is

represented as follows:

1
0, = —j 0O, dA,. Equation 3-34
A A
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CHAPTER FOUR: RESULTS AND DISCUSSION

4.1 Thermal performance in an enclosure with two fluid zones

Different values of thickness (0.05L <& <0.2L), location (0.25L < ¢ <0.75L) and three
different materials (glass fiber, plywood and common brick) of the partition are selected
to carry out the investigation. Besides, varying Raa is also selected ranging from Raa =
10% — 10° (Raw = 4.032x10° — 4.032x10°). Hence, the effects of thickness, position and
material of the partition on the thermal and flow performance inside the differentially
heated enclosure is analyzed. Three different values of kr = ks/lka = 1.39, 4.63 and 27.8
corresponding to glass fiber, plywood and common brick respectively are considered

for the non-dimensional numerical simulations.

4.1.1 Impact of variation of thickness of partiton

Streamlines and isothermal contours resulting from the numerical simulations for
constant ¢ = 0.50L and ks = 0.12 W/m.K for different thickness of the partition
corresponding to Raa = 10 and 10° are presented in Figures Al and A2 respectively to
study the thermal and flow performance in the cavity. The thermal exchanges from the
hot wall across the water regime passing though the partition wall to the air regime
towards the cold wall is observed to be mostly confined in the left domain. The variation
of temperature across the hot wall and the partition enclosing water filled chest is
negligible which is evident from the isothermal contours as shown in Figure Al. It is
obvious from the isotherm plots that the left convective region is conduction dominant
owing to smaller Raa. As the Rayleigh number in the right convective region is much
higher than that of the left one, the isotherm lines are distorted in the water filled
convective region. However, most of the thermal exchange occurs into left convective
region due to the higher temperature difference and the otherwise is visible in the right
convective region. At low Rayleigh number, convective area in the left domain
decreases increasing the heat flow due to the dominance of conduction. At higher
Rayleigh number, the isotherm plot in the left domain becomes distorted. Moreover, in
the right domain greater distortion of the isotherm plots are observed. The thickness of
the boundary layer decreases with the rise in the distortion of the isothermal plots which
is seen from Figure Al.
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Figure A2 shows the flow patterns corresponding to various partition wall thickness
and its variation with the increase in Raa. At low Raa, the streamline plots are counter
clockwise in direction and oval shaped in each of the both air and water convective
region. However, the strengths of the flow fields are comparatively stronger in the air-
filled convective region compared to that of the water filled convective region.
Similarly, with rise in partition thickness, flow field strength in each convective region
decreases as convection area declines across which fluid flows. As Rayleigh number
increases to a higher value, the oval shaped streamlines are transformed into elongated
distorted shapes. However, the degree of distortion is observed to be lower in the air
convective region than the water convective region. The streamlines are found to be
almost flat and parallel with horizontal walls in the central region of the water filled
domain with the clustering of streamlines along the side and partition walls. Similarly,
a distinct layer of boundary layer is formed in the water filled convective region. The
strength of the flow fields is greatly enhanced in the left region at high Raa due to the
dominance of convection. In contrast, as partition thickness rises and convection

dominance, the convection currents strength remains almost the same.

The fluid temperatures are plotted in Figure 4.1 to show the change in temperature due
to varying thickness of the partition. As the Rayleigh number increases in the air
convective region, convective currents are increased causing better thermal exchange
across the air-filled region. Hence, with an increase in the Raa, average fluid
temperature in the air convective region decreases. Similarly, in the water convective
region, with an increase in Raw, insignificant change in the convective currents are seen
which results in almost constant thermal exchange rate and almost constant ®ayw in the
water filled convective region. Moreover, with rise in partition thickness, area through
which the thermal exchange occurs decreases resulting in a higher thermal exchange
rate across the fluid regions. Thus, the thermal exchange rate corresponding to a high
thickness partition is greater resulting in lower average fluid temperature compared to

that of the low thickness partition.

The comparison in the Nusselt number dictates that the values of Nu along the hot wall
are significantly lower compared to that along the clod wall. This is due to the difference
in the buoyancy force between the two fluids contained in the two convective regions.
As the buoyancy force in the right cavity near the hot wall is higher due to the higher
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density of water than air, the convective currents are low in the right convective region.
As a consequence, less thermal exchange rate is observed in the right cavity compared
to that of the left cavity. It is obvious from Figure 4.2 that, for low Ra the cavity is
conduction dominant, however with the increase in Raa (Raa > 10%), convection
becomes dominant inside the cavity causing improved thermal exchange in each
domain. In case of partition thickness, at low Raa (Raa < 10%), partition of higher
thickness shows higher thermal exchange rate than lower thickness of the partition. This
is due to the increasing heat conducting area of the partition for increasing thickness,
which induces higher conduction thermal exchange for conduction dominant low Raa.
However, when the cavity is convection dominant, partition of higher thickness results
in small convection regions and larger conducting area, which results in low thermal

exchange as the partition opposes the heat flow through it.
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Figure 4.1 Change in fluid temperature for various thickness and Rayleigh numbers at
¢ =0.50L and ks = 0.12 W/m.K.
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Figure 4.2 Change in Nusselt number for various thickness and Rayleigh numbers at ¢
= 0.50L and ks = 0.12 W/m.K.

4.1.2 Impact of variation of position of partition

Numerical simulation were carried out for constant ks = 0.72 W/m.K and ¢ = 0.1L to
study the effects of variation of position of the partition inside the cavity. Figures A3
and A4 shows isotherm plots and streamlines respectively for Ra. = 10%and 10° which
are studied to evaluate the thermal and flow performance inside the cavity across air
and water regions. It is also observed that the thermal exchange rate is accelerated in
the air region and the thermal exchange rate is accompanied by conduction at low
Rayleigh number as seen from Figure A3. Moreover, with the increase in distance of
the partition from the cold wall, the area of the air convective region increases and the
distribution of the isotherm plots are spread out across the region. In the similar manner,
the convective are in the water region is reduced and thus the isotherm plots are
confined in a smaller area. The dominance of convection is observed and thus the

isotherm plots are further distorted in both convective regions.

It is seen that, at low Raa, the streamlines are as well counterclockwise in direction and
almost oval shaped in each of the convective regions. However, the strength of the flow
fields is comparatively lower than those compared to rest of the cases in the present
study. Moreover, the strength of the flow fields in the air region is lower in comparison
to the water region when the partition wall is closest to left wall. A considerable change
in the flow field strength is seen with the increase in the position of the partition owing

to the greater conducting are in the air region, which allows the smooth flow of fluids.
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Moreover, when Ra is increased, distortion of the flow fields is observed in both the
convective regions. As convection is more dominant at higher Ra, thermal and flow
performance are enhanced with the increasing Raa. The hydrodynamic boundary layers
are evidently formed in the water domain. As seen from Figure A4. The streamlines are
confined to a smaller are in the water convective region with an increase in the position
of the partition. However, greater convective area is available for the thermal exchange

in the air convective region, thereby increasing the flow field strength.

Moreover, in the air convective region, when the position from cold wall increases,
greater thermal exchange area is observed and better thermal performance is observed
and the thermal exchange rate across the air medium is reduced, which eventually rises
the average fluid temperature in the convective region. The closer the partition is placed
to the cold wall, greater thermal exchange is observed resulting in lower ®aya. In
contrast, in the water convective region, the closer the partition is to the hot wall, greater
thermal exchange rate is observed which results in lower average fluid temperature for
the farthest position of the partition from the cold wall. The average fluid temperature
in the water region is found to maximum as the dividing partition is positioned near
cold wall, allowing the heat to accumulate and increasing the average fluid temperature.
This value of ®av,wis found to be the highest compared to other cases considered in this

present study.

At lower Raa, the average Nusselt number corresponding to ¢ = 0.25L is significantly
larger compared to other positions due to the variation of thermal conductivities of
fluids in the chests. As Raa increases, average Nusselt number becomes nearly equal

and the variation is negligible.
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Figure 4.3 Change in fluid temperature for various positions and Rayleigh numbers at
¢=0.1L and ks = 0.72 W/m.K.
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Figure 4.4 Change in Nusselt number for various positions and Rayleigh numbers at ¢
=0.1L and ks = 0.72 W/m.K..

4.1.3 Impact of variation of material of partition
Figures A5 and A6 displays the temperature profiles and streamlines respectively to
observe the effect of different material of the partition the simulations have been carried

out for ¢ = 0.1L and ¢ = 0.50L and a wide range of Raa (10° < Raa < 10°) varying the

material of the partition. Here, the isotherms and the streamlines are also distorting with
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increase in Raa. For low Raa the isotherms are almost evenly distributed horizontally
throughout the whole cavity. The temperature profiles are accumulated near the
sidewalls and the partition walls indicating the higher thermal exchange along the
vertical wall. Similarly, Figure A6 presents the variation of streamlines with the Raa for
different values of thermal conductivity of the material of the partition. Initially, the
velocity profiles were egg shaped with lower strength. However, with the increase in
Raa, the streamlines began to elongate and acquire greater strengths of fluid flow,
thereby escalating the thermal performance. However, with increasing the thermal

conductivity there seem to be almost no change in the streamlines.

With the increase in Raa the air convection region becomes convection dominant. Due
to low kr, less heat is transferring through it across the water convective region whereas
more thermal exchange is taking place owing to the dominance of buoyancy driven heat

flow in the air domain which in turns lowers the average temperature in the air domain.

It is evident from the figures that the thermal exchange increases with the increase in
the thermal conductivity of the material of the partition. Moreover, the thermal

exchange increases significantly with the increase in Raa.
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Figure 4.5 Change in fluid temperature for various materials and Rayleigh numbers at
¢=0.1Land c = 0.50L.

The thermal exchange in the water domain is entirely due to conduction owing to the

minimum fluid motion in the water filled cavity. On the other hand, thermal exchange
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is mostly a result of convection in the air-filled cavity due to the higher strength of fluid

motion inside the air-filled cavity.
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Figure 4.6 Change in Nusselt number for various materials and Rayleigh numbers at ¢
=0.1L and ¢ = 0.50L.

4.2 Thermal performance in an enclosure with wavy partition

Investigations are performed for different values of position (X, = 0.25L, 0.50L and
0.75L), frequencies (f = 6, 9 and 12) and materials (kr = 1.39, 4.63 and 27.8) of the wavy
partition inside an enclosure. The computations were carried out over varying external
Ra (Raae = 10% ~ 108) and for constant internal Rayleigh number (Raai = 10%). For these
numerical models, the working fluid was taken to be air (Pra = 0.71) while the thickness

of the partition was kept constant at T, = 0.05L.

4.2.1 Impact of variation of position of partition

The impact of location of partition on thermal and flow performance inside the
enclosure is observed by means of performing numerical simulations for Xp = 0.25L,
0.50L and 0.75L at constant f = 9 and kr= 1.39 and for a varying external Ra(10° < Raae
< 109).

Contour plots for Xp=0.25L, 0.50L and 0.75L corresponding to Rase = 10* and 108 are
chosen here to analyze the general characteristics. As mentioned earlier, the heat
conducting wavy partition wall separates the enclosure into two separate convection

regions.
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The effect of the position of the wavy partition of the wavy partition from the left wall
on the flow field is analyzed for Raa. = 10* and 102 and different position of the partition
Xp=0.25L, 0.50L and 0.75L as shown in Figure B2. When the Ra is low (Raae = 10%),
lower convection currents are observed. Moreover, the rotating vortices in each fluid
domain are clockwise in direction. The surface waviness imparts a distorted shape to
the streamline along the partition. Streamline plots of Figure B2 indicates no significant
variation in the flow field as the position of the wavy partition increases from the left
wall. The oval shaped streamlines transform into straight lines that are somewhat
parallel to each other and the streamlines vary in the core area as the external Ra
increases. Similarly, the streamline near the wavy partition attains the shape of the wavy
partition. Moreover, the position of the partition also has an insignificant impact on the
shape of the flow field along the wavy partition walls. It is also observed that, with the
increase in position from the hot wall, the streamline becomes more distorted and

clustered in the vicinity of the wavy partition.

For higher as well as lower Rage, the thermal exchange performance for the various
positions of the wavy partition is comparable to each other while the thermal exchange
performance improves with the increase in values of external Ra. The variation in the
Nusselt number shows increase in the thermal performance with the increase in Rage.
However, with the increase in the location of the partition from the hot wall, no
significant variation in the thermal exchange is observed which can be attributed to the

internal heat generation in each of the domains.
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Figure 4.7 Change in Nusselt number for various positions at f = 9 and kr = 1.39.
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The heat generated causes the thermal exchange to be increasing at a rate comparable
to each location. Similarly, the fluid temperature in each domain is observed to a
decreasing function of Raae. The fluid temperature corresponding to the position closest
to hot wall is observed to the greatest and declines with the increase in location.
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Figure 4.8 Change in fluid temperature for various positions at f =9 and kr = 1.39.

4.2.2 Impact of variation of frequency of partition

Numerical simulations have been carried out for frequencies, f =6, 9 and 12 for varying
external Ra (10% < Raae < 108) to analyze the impact of different waviness frequencies
on the thermal and flow behavior in an enclosure of ar = 2. The position of the partition
(Xp = 0.50), thermal conductivity ratio (kr= 4.63) and internal Ra (Raai = 10%) has been
kept constant for the present study. Isotherm plots, streamline plots, average bulk and

Nusselt number are used to present the result of the numerical simulation.

Figure B3 visualizes the effect of variation of frequency of the waviness of the partition
and external Ra on the thermal field inside an enclosure of ar = 2. In order to understand
the general characteristics, isotherm contours corresponding to f =6, 9 and 12 and Raae
=10%and 108 are chosen for representation. The wavy partition separates the enclosure
into two separate regions. It is also observed that the two separate fluid domains are
each in different thermal states, owing to the variation of the thermal boundary
conditions on the differentially heated side walls, as seen from Figure B3. At low
external Ra (Raae = 10%), the convection current is relatively low causing thick thermal

boundary layer to develop at the wavy partition. It is seen from Figure B3 that,
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insignificant change in the thermal field is observed with an increase in waviness
frequency maintained at low external Ra. The effect is more pronounced at higher Ra,
where the impact of the variation of the frequency of the waviness of the partition on
the thermal boundary layer development is easily distinguishable. As Raae increases,
the isotherm plots distortion begins and the temperature contour lines becomes
moreover parallel to each other. Increase in the frequency of the waviness of the
partition implies a change in the physical geometry of the partition wall, which, in turn
distorts the isotherm contour lines in the neighborhood of the partition wall. This
implies, greater the frequency of the waviness, greater is the distortion of the isotherm
plots near the walls, and thus convection currents are also amplified in these regions.
Similarly, for low Rase, the wavy partition hinders the thermal exchange thermal
exchange owing to the less prominent conduction in this region. The conduction heat
flow is more enhanced with the increase in Rase, Since the temperature difference now
is greater and therefore the temperature contour plots are more distorted in the vicinity

of the wavy partition solid wall.

Similarly, in order to analyze the effect of variation of frequency of the waviness of the
partition and external Ra on the flow pattern in the differentially heated enclosure of ar
= 2, visualization of streamline for f = 6, 9 and 12 and Raae = 10* and 108 is done as
shown in Figure B4. At low external Ra (Rase = 10%), as mentioned earlier, the
convective currents are comparatively low and the streamlines formed in each separated
fluid domains are oval in shape and rotating clockwise in direction. The geometry of
the wavy partition imparts slight distortion of the streamline in interaction with the
surface of each side of the wavy partition wall. The change of frequency has no
appreciable deviation of the streamline at low Ras as seen from streamline plots
corresponding to Rase = 10* at varying frequency of the waviness of the partition wall
as seen from Figure B4. However, at high external Ra (Raae = 10%), distortion of the
streamline starts at the central region of each convective domain. The oval shaped
streamline plots at lower Raae changes to straight and almost parallel streamlines which
are parallel to each other at high Raae. As the frequency of the waviness increases, so
does the distortion of the streamline in interaction with the wavy surface of the partition

wall.
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The variation of Nu with increasing Raae for varying frequency is presented in Figure
4.9. The graph indicates that, the average Nu is distinctly differed for increasing value
of frequencies of waviness of the partition in the square cavity.
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Figure 4.9 Change in Nusselt number for various frequency at Xp = 0.5L and kr = 4.63.
The fluid temperature in the left domain decreases and assumes the similar values for
lower values of Rase. However, at higher Raae, the value increases slightly and is
greatest for the greater frequency. Similarly, in the right domain, the average
temperature corresponding to f = 12 shows contrasting values compared to other values

of frequency.
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Figure 4.10 Change in fluid temperature for various frequencies at Xp = 0.5L and kr =
4.63.
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4.2.3 Impact of variation of material of partition

Similarly, to evaluate the impact of variation of changing material of the wavy partition
and external Ra on the thermal exchange and flow characteristics inside an enclosure
of aspect ratio (ar = 0.5), numerical simulations for kr= 1.39, 4.63 and 27.8 for varying

external Ra (10° < Raae < 108) for constant X, = 0.25 and f = 12, were performed.

As the kr of the material increases, no major changes in the temperature field are
obtained for low values of Raze. However, significant variation in the boundary layer is
obtained as the external Ra increases. Distortion of the isotherm plots is observed and
each fluid domain fills with almost straight and parallel temperature contours. There is
no mentionable influence of the varying kr on the thermal field at higher values of Raae
as well. The distortion of the thermal field near the partition walls can be attributed to

greater convection currents in the vicinity of the partition walls.

Figure B6 visualizes the impact of variation of different material of the wavy partition
and the external Ra on the flow field inside the differentially heated partitioned
enclosure in terms of streamlines plots for Rase = 10* and 108 corresponding to different
thermal conductivity ratios (kr = 1.39, 4.63 and 27.8). At low Ra (Raz = 10%), the
convection currents are low and the streamline patterns are oval shaped. The vortices
developed are rotating in clockwise direction in each of the two separated fluid
domains. The streamlines in the vicinity of the partition wall takes the distorted shape
of the geometry of the wavy partition wall. There is no prominent variation in the
streamline pattern as the values of k, are increased which is seen from Figure B6. As
the value of Raae increases, the streamlines begin to distort and become straight line.
The streamlines thus, formed in the central core region in each fluid domain is almost
parallel with each other, which is visible from Figure B6. The constant geometry of the
partition wall imparts the distorted shape to the streamlines near the partition walls. At
higher values of Raae, with the increase in the value of k, no significant variation on
the flow field is obtained and similar streamline strength for different k; is also clearly
evident from Figure B6.

Also, the fluid temperature between domains of cavity is presented in Figure 4.12 to
show the change in temperature due to partition. The average temperature in both the

domains shows a decreasing behavior at lower values of Rage. In the left domain, the
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average temperature value corresponding to lower thermal conductivity ratio has the

greater value which is opposite in the case of right domain.
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Figure 4.11 Change in Nusselt number for various materials at X, = 0.25L and f = 12.
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Figure 4.12 Change in fluid temperature for various materials at Xp = 0.25L and f = 12.

4.3 Comparative analysis

The thermal flow performance in an enclosure with air as the working fluid has been
analyzed in this study. The cavity with and without any internal heat generation and
divided by a solid and wavy partition were studied. The Nu variation with the Ra for
both the cases are compared to evaluate thermal performance inside an enclosure.
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4.3.1 Solid vs. wavy partitioned cavity without any internal heat generation

16 T T T T T T T T
[ ——v—— Solid Partition ]
14 - —®—— Wavy Partition -

12F

10 .

C v v vl v vl 31 ol
97 10° 10° 10° 10 10° 10°

Ra,

Figure 4.13 Change of Nusselt number with Rayleigh number for a cavity without any

internal heat generation.

Numerical simulations corresponding to k= 27.8 and centrally placed solid and wavy
partition in an enclosure with air as the working fluid and without any internal heat
generation is performed to evaluate variation in thermal exchange performance. No
significant variation between the solid and wavy partitioned cavity is observed at lower
values of Ra as seen from Figure 4.13. The Nusselt number corresponding to lower
values of Ra are comparable for both the solid and wavy partition owing to the laminar
flow of fluid and heat inside the cavity causing negligible change in its value. However,
as the flow progresses to turbulent flow at higher Ra, certain variation is observed in
the values of the Nusselt number. The Nu corresponding to Raze = 10° suggests a
variation of around 8% among the solid and wavy partition depicting that the thermal
performance improves with the use of wavy partition instead of solid partition at higher

values of Ra.

4.3.2 Solid vs. wavy partitioned cavity with internal heat generation

Similarly, numerical simulations corresponding to k- = 27.8 and centrally placed solid
and wavy partition in an enclosure with air as the working fluid and filled with heat
generating fluid assessed to evaluate the variation in thermal exchange performance
inside an enclosure. The variation in the Nu at lower Ra shows better thermal

performance corresponding to the solid partition owing to the separation zones formed
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near the wavy walls that eventually reduces thermal flow across the partition as depicted
in Figure 4.14.

12 L S 1) 1 B ) e R
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Figure 4.14 Change of Nusselt number with Rayleigh number for a cavity with internal
heat generation.

However, as the flow progresses to turbulent flow at higher Ra, significant variation is
observed in the values of the Nu. In a cavity filled with heat generating fluid, the Nusselt
number corresponding to Raae = 108 indicates a change of around 15% between the solid
and wavy partition, indicating that the thermal exchange performance improves when
the wavy partition is used instead of the solid partition at higher Ras. The heat
generating fluid inside an enclosure enhances the thermal exchange performance to
some extent as compared to the cavity without any internal heat generation as observed

in this study

4.4 Application study

Researchers of thermal exchange are constantly looking for new ways to improve
thermal exchange performance through various methods of thermal exchange
enhancement. In an attempt to analyze the behavior of thermal exchange in glass pane
windows, an application study of the current model is used to assess the thermal

performance in double and triple pane window.

Similarly, for the triple pane window, an additional glass pane of the same thermal
conductivity ratio is placed midway between the two glass panes at a distance of Xp/2
from each of the glass pane as shown in the figure below. The left and right glass panes
are kept at a constant temperature and radiation effects across the two boundary glass

panes are assumed to be negligible in this study
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Figure 4.15 Diagram showing the physical modelling of double and triple pane window.
It is already established that the introduction of partition inside an enclosure reduces
the thermal exchange and the effects of change of various physical parameter of the
partition is also analyzed in this study. Similarly, as evident from Figure 4.16, the
thermal exchange performance is greatly influenced with the introduction of an
additional glass pane. The change in the Nu with the Ra for the double and triple pane
window also suggests that the extra glass pane further restricts the fluid flow and
thermal exchange. Results show that the thermal exchange performance of the triple
pane window reduced by more than 50% as compared to the double pane window over
varying Ra. The air gap formed in between the glass pane and the extra glass pane in
between further restricts the thermal exchange and thus a significant reduction in

thermal performance can be seen.
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Figure 4.16 Change of Nusselt number with Rayleigh number for double and triple pane
window.
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4.5 Verification of the physics used

A verification of the physics used with the result of H. Oztop & Bilgen, (2006) is
performed assuming conditions as set by H. Oztop & Bilgen (2006) in their
computational model. Similarly, a solid wall at constant Tc of h by w is kept at a position
c from the hot wall. Results of present study and H. Oztop & Bilgen (2006) are depicted
in Figure C1 and Figure C2 in terms of streamline and isothermal plots corresponding
to Raai = 10° and 10° and Raae = 10% — 10°. The model is subjected to computational
study in COMSOL Multiphysics software.
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CHAPTER FIVE: CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

It is found that the greater the kr, the better the heat transmission ability. The
frequency of wavy partition, on the other hand, has an inverse relationship with
thermal exchange performance, with the lower the frequency, the higher the
performance. Similarly, the heat transmission performance is less affected by
variations in position of the wavy partition.

The findings show that increasing thermal exchange can be accomplished by
selecting partition of higher k;. Heat transmission, on the other hand, reduces as
the thickness and position of the barrier from the cold wall increases. For
constant thickness and material, thermal exchange corresponding to the shortest
distance of partition wall from the cold end is found to be highest, meaning that
the shorter the length of an air-filled chest, the higher the thermal and flow
performance.

Moreover, for the comparative analysis for the thermal exchange performance
between the solid and wavy partitioned cavity showed a variation of nearly 8%
and 15% corresponding to the enclosure filled without and with the heat
generating fluid respectively. The wavy partitioned cavity showed better
thermal exchange performance at higher values of Ra.

Furthermore, the triple pane window showed a reduction of around 50% in

thermal exchange performance compared to double paned window.

5.2 Recommendations

In the realm of conjugate natural convection thermal exchange, there are several
potentials. Three dimensional and transient analysis of the present study can
provide better insight to thermal performance of enclosures.

Furthermore, research into the use of nanofluids as the working fluid and their
behaviour in a partitioned cavity is possible. The current work used steady-state
circumstances, however the time-dependent properties of heat transmission in a

partitioned enclosure can be investigated further.
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APPENDIX A: ISOTHERM AND STREAMLINE PLOTS FOR SOLID
PARTITIONED CAVITY
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Figure Al Isothermal contours for ¢ = 0.50L and ks = 0.12 W/m.K, and varying

thickness.
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Figure A2 Streamlines for for ¢ = 0.50L and ks = 0. 12 W/m.K, and for varying

thickness.
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Figure A3 Isothermal contours for & = 0.1L and ks= 0.72 W/m.K, for various positions.
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Figure A4 Streamlines for & = 0.1L and ks = 0.72 W/m.K, for for various positions.
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Figure A6 Streamlines for ¢ = 0.1L and ¢ = 0.50L, for various materials.
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APPENDIX B: ISOTHERM AND STREAMLINE PLOTS FOR WAVY
PARTITIONED CAVITY
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Figure B1 Isothermal contours for f = 9 and kr = 1.39, and for various positions.
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Figure B2 Streamlines for f
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Figure B3 Isothermal contours for Xp = 0.50L and kr = 4.63, for various frequency.

12

59



Raae = 104 Raae = 108

r
L

PATAVAYAY
V\i\i

12

-
i

Figure B4 Streamlines for X, = 0.50L and kr = 4.63, for various frequency.
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Figure B5 Isothermal contours for X, = 0.25L and f = 12, for various materials.
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APPENDIX C: ISOTHERM AND STREAMLINE PLOTS FOR
VERIFICATION OF PHYSICS USED
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Figure C1 Comparison of streamline plots between the present study and Oztop and Bilgen
(2006).
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Figure C2 Comparison of isothermal plots between the present study and Oztop and

Bilgen (2006).
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