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Highlights:

e The Nusselt number location around the egg shaped cylinder curve is affected by the
position and inclination angle of the cylinder.

e The optimal position for the cylinder is when it is close to the upper wall and its pointed
end is to the left.

e  The natural heat convection by an egg shaped cylinder can be enhanced by increasing
the Rayleigh number.

Abstract: A numerical simulation was conducted to study the free convection of
Ag/H,0 nanofluid between a square cavity with cold walls and an egg shaped
cylinder with a hot wall. Utilizing the egg equation, dimensionless governing
equations were solved using the Galerkin Finite Element Method (GFEM). In this
work, several parameters were studied, i.e. Rayleigh number (10° < Ra < 109),
volume fraction (0 < ¢ < 0.05), position (-0.2 < ¥ <0.2), and orientation angle (-
90° < y < 90°). The numerical results are presented as streamline contours,
isotherm contours, and local and average Nusselt numbers. Moreover, the results
were used to analyze the fluids’ structure, temperature distribution, and heat
transfer rate. The numerical results confirmed that the stream intensity value
increased with an increase of the Rayleigh number as well as the movement of the
cylinder towards the bottom wall for all values of the orientation angle. Variation
of the vertical position of the cylinder inside the cavity had a noticeable effect on
Nu,, which increased by 50% at y = -90°, and by 58% at y = -45°. However, at
Y =-0.2, Nu; increased by 58% at y = -45° and decreased by 7% at y = -90°. The
highest heat transfer rate was obtained at high Rayleigh number (Ra = 10°),
volume fraction (p = 0.05), negative position (¥ = -0.2), and the highest positive
orientation angle (y = 90°).
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1 Introduction

Natural convection is a common heat transfer mechanism in many everyday
physical applications. The natural convection process inside an enclosure has
received attention from many researchers due to its wide range of applications,
for example in heat exchangers, cooling systems of electronics parts, collectors
of solar energy systems, oil storage tanks, and the boundary layer of the stratified
atmosphere [1,2]. In order to increase efficiency, researchers have developed
different methods to enhance the natural convection processes by choosing the
envelope shape and by changing the physical and thermal properties of the
working fluid [3-9]. For example, researchers have added nano-magnetic
particles at different volume fractions to change the thermodynamic behavior of
the fluid [10-12]. Haddad, et al. [13] presented a very good review of using
nanofluids as working fluid for heat transfer by natural convection. They
concluded that the use of a nanofluid is suitable for natural convection and other
heat transfer processes due to the enhancement of the thermal properties of the
nanofluid. In addition, changing the shape of the enclosure is another way of
enhancing the natural convection process that has been studied by researchers
[13]. Some of them preferred using a triangular enclosure [14,15] of different
dimensions or a rectangular shape with different side dimensions [16-19]. For
example, Aminossadati & Ghasemi [16] studied the natural convection heat
transfer processes inside an enclosure using a nanofluid as working fluid in the
presence of a heat source. They concluded that cooling performance increased
with increasing volume fraction of the nanoparticles, especially at low Rayleigh
numbers. Other researchers have presented non-uniform shapes such as a semi-
annulus trapezoidal configuration [20], complex C-shapes [21-26], annulus and
semi-annulus shapes [22,23], and an F-shape [27].

To understand how the shape of the enclosure affects the natural convection heat
transfer processes, some important studies are reviewed and presented in this
paper. For example, Ahmed, ef al. [26] studied the natural convection through a
rectangular channel using nonlocal mathematical models and Robin boundary
conditions. A nanofluid was used as the working fluid to enhance the heat transfer
processes. They concluded that the convection processes could be enhanced with
the presence of a nanofluid and could be increased by increasing the nanoparticle
volume fraction. Convection heat transfer inside a C-shaped enclosure due to a
heat source was studied by Mohebbi [28]. The Boltzmann method was used to
solve the mathematical model. A nanofluid was used as working fluid and similar
results about enhancing the convection heat transfer process were found. The
Nusselt number for different values of Reynolds number, streamlines, and
isotherms were presented by Ma, et al. [29,30].
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Mahmoudi, et al. [31] studied the heat transfer by natural convection inside a
triangular enclosure. They assumed that the temperature of the vertical and
inclined walls were low when a heat source was applied to the bottom wall of the
enclosure. They showed that the entropy generation and Nusselt number
decreased with the increasing nanoparticle volume fraction of specific Reynolds
numbers. In Abu-Nada, et al. [23] natural convection between two concentric
annuli was studied using different types of nanofluids. They showed that the heat
transfer processes could be enhanced by increasing the volume fraction and using
a magnetic particle of higher thermal conductivity at higher values of the
Reynolds number. The reverse effect was shown at lower values of the Reynolds
number. The convection heat transfer process between elliptical and cylindrical
cylinders was studied by Seikholeslami, e al. [32]. A nanofluid was considered
as working fluid inside an enclosure. They found that the Nusselt number
increased with increasing volume fraction and Rayleigh number. Tayebi &
Chamkha [33] investigated the natural convection in an enclosure created by two
confocal-elliptical cylinders using hybrid fluids: Cu-Al203/water and
Al203/water. They generally concluded that a better heat transfer process was
achieved with the first hybrid nanofluid than with the second nanofluid. Matin &
Pop [34] studied heat transfer and fluid flow between two concentric annuli. The
study was carried out by numerical simulation in conjunction with the
formulation of a stream function and vortices in a polar coordinate representation.
The results showed that an increasing volume fraction of the nanoparticles led to
an increase in the Nusselt number inside the enclosure.

Hatami & Safari [35] studied the heat transfer process for a heated cylinder inside
an enclosure with a wavy wall. They intended to find the optimum location of the
cylinder inside the enclosure. They explained that applying heat to central
locations of the cylinder was the best method for improving the heat transfer
performance. Natural convection inside an enclosure created by a horizontal
cylinder inside a square cavity was presented by Sheikholeslami, ez al. [36]. The
enclosure was filled with a nanofluid and a magnetic field was considered to be
present. The inner cylinder was assumed to have a higher temperature than the
outer cylinder. They showed that a higher Nusselt number can be obtained by
increasing the volume fraction of the nanoparticles. Yuan, ef al. [37] studied the
effect of enclosure geometry on the natural convection process. Three shapes
were studied: cylindrical, square, elliptical, and triangular. They explain that a
considerable change in the heat transfer can be achieved by changing the
enclosure geometry. Ali, et al. [38-39] investigated the effect of a sinusoidal wall
on natural convection in two articles. The first one studied the natural convection
inside a square enclosure with two sinusoidal vertical walls. The second one
involved natural convection inside a square enclosure with one wall that is a
sinusoidal and circular hot inner cylinder. Hamzah, et al. [40-41] studied a free
convection trapezoid and square, respectively, filled with Cu/H,O nanofluid with
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different boundary conditions. The results showed that added nanoparticles
enhanced the heat transfer rate.

There are limited research studies about a hot object within a cold-wall square
enclosure. This principle of cold walls around hot inner bodes can be utilized to
extend the thermal life of electrical and electronic equipment. Other applications
can be found in nuclear reactors, automobiles, computers, air conditioning,
aeronautics, maritime transportation, solar and geothermal energy, terrestrial
apparatus, and the food, agricultural and pharmaceutical industries.

After studying the literature on these topics, we note that free convection heat
transfer produced through the space between a hot surface located in a cavity has
received great interest, as it is basic to a wide range of engineering and industrial
applications. Common shapes inside a square enclosure have been considered,
for example circles, squares, triangles, and rectangles. The objective of the
present work was to find the maximum and minimum heat transfer rate with an
unfamiliar shape (egg shaped cylinder) in different positions and with different
orientations inside a square enclosure. This shape can be used to control the heat
transfer inside the square enclosure by changing its location and orientation. The
reason behind the use of Ag nanoparticles was that they have great interest due
to their extensive use in chemical and biomedical applications, bags for food
storage, refrigerator surfaces, personalized care products, etc. Silver
nanoparticles have special physical characteristics in size and shape, as they are
small and have a high specific area (ratio between surface area and mass) and
high thermal conductivity. Therefore they have high re-action and anti-bacterial
action.

2 Physical Model Characterization

A two-dimensional square cavity was utilized with length and height equal to the
unity length (H) and with an egg shaped cylinder with base radius equal to (0.2H),
as depicted in Figure 1. All cavity walls were cold (T.), whereas the egg shaped
cylinder wall was hot (Tr). The egg function in Eq. (1), generalized in Equation
(2), was introduced to study the natural convection inside the cavity filled with a
silver-water nanofluid. Steady, incompressible, laminar natural convection was
considered in the present work. The studied variables were Rayleigh number
10° <Ra < 10°, volume fraction 0 < ¢ < 0.06, vertical location ~ -0.2<¥,<0.2,
and orientation -90° < y < 90°. The thermo-physical properties of the base fluid
(water) and nanoparticles (silver) were assumed to be in a state of thermal
equilibrium and tilted, as presented in Table 1. Also, the heat capacity and thermal
conductivity were assumed to be unchanging, while the density changed
according to the Boussinesq approximation due to the temperature difference.
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Figure 1 Simplified diagram of physical principle of the present study.
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The governing equations of continuity, momentum, and energy for 2-
dimensional, steady-state, laminar natural convection in the absence of
dissipation of viscosity, generation of heat, and heat radiation can be written as
follows [15,18-20]:

3)
“)
)
(6)

where u and v are the x-velocity and y-velocity respectively, T is the temperature
of the fluid, p is the pressure, g is the gravity due to acceleration. Other physical
properties are defined in the nomenclature. ‘7,” converts the governing equation
from dimensional form to non-dimensional form. The following non-dimensional
parameters are indicated:
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After applying the above non-dimensional parameters in Eq. (7), Egs. (3)-(6) can
be changed to non-dimensional form as follows:

g 0
UV =t e (TE+ 5) ©)
UE+vE=-3 ﬁ(g%+g%)+RaPrT* (10)
UV G = e (Gt ) an

The non-dimensional numbers Pr and Ra are given as:

v T, — T)H3
pr = V08 = 98T =T0)
abf abfvbf

The silver/water nanofluid properties are expressed by the following relations
[10,11,14-16]:

Nanofluid density is defined as
Pra = (1= @)pps + @psp (12)

where ppr and pg,, are the density of the base fluid and solid nanoparticles.

The nanofluid volumetric expansion coefficient is expressed as

PBIna = (1 = @) (B + 9 (PB)sp (13)
The nanofluid heat capacity is expressed by
(pcp)na =1- (P)(pcp)bf + (p(pcp)sp (14)

The nanofluid thermal conductivity is defined by using the Maxwell model [42].
This model has been used by extensively researchers, for example as

(15)

Kna __ (ksp+2kbf)—2</)(kbf—ksp)]
kbf (k5P+kbf)+(p(kbf_ksp)

The nanofluid dynamic viscosity is expressed by using the Brinkman model [42]
as follows

u
Hna = G 57 (16)
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The flow structure in the inner region of the cavity is explained by means of
streamlines, where the streamlines are derived from velocity components U and
V. The equations related to the velocity components and streamlines for 2D study
are:
oy k4 9%y 9%y _aU av
U—W,V——Eandmﬁ'm—a—& (17)

The heat transfer rate is described by the local and average Nusselt number, which
are considered from the following two equations [32]:

Nuy === (18)

Nttgre = 5= J3 " Nuy (6)d6 (19)

Thermo-physical properties of the silver/water nanofluid are tabulated in Table
1.

The boundary conditions of the present study were defined as follows:

1. Outer cavity walls: U=V=¥=0,T*=0
2. Inner egg shaped cylinder: U=V=¥=0,T*=1

4 Numerical Formulation and Code Validation

The non-dimensional governing Egs. (8-11) with corresponding boundary
conditions were solved numerically by using the finite element method built on
Galerkin’s weighted residual formulation in COMSOL Multiphysics. The
independency mesh test of the laminar natural convection done in this study is
listed in Table 2, which describes the mesh accuracy of a coarse mesh (M1) to an
extremely fine mesh (M7) in the first column. The second and third columns
contain the domain and boundary element. The fourth column contains the time
elapsed to obtain the convergent solution. The fifth column contains the average
Nusselt number of the egg shaped cylinder. The average Nusselt number was
taken as reference parameter because it was represented as a global parameter in
this study. The error in the Nusselt number is shown in the sixth column. The
percentage error was 0.0001%, which can be seen as insignificant. Triangular
elements were used for the mesh, as described in Figure 2.

To check the code credibility, a comparison was made with the results published
by Basak & Chamkha [42] of the average Nusselt number, as shown in Table 3,
for different Rayleigh numbers and volume fractions as well as for the isotherms
and streamline contours in Figure 2. The comparison showed excellent agreement
for all studied variables, i.e. heat transfer rate, temperature distribution, and fluid
flow pattern.

722



Vacuum Preloading at Palembang - Indralaya Toll Project

may Basak, Ali J. Chamkha [38] Present Work

T [ o® | SIE] i
‘ / / 1101 | ||
|- 1 1] 1
| | I = i 2
| e /
| o i il
s /| 08 / |
| =
| [ |
/ i = 01|
b |
[ 1 4 -
[ | 10/ 0.5 f
| | |
i il | \| /
! I
| [ .
| | ! MR [ ops il a6 7~ _aps

Figure 2 Similarity between isotherms and streamlines between Basak &
Chamkha [38] and the present work.

5 Results and Discussion

There are many different geometrical heating shapes and inclination angles that
can be applied in the application of an enclosure. The working fluid and nanofluid
particle properties are very important in restricting the convection flow. The
intrinsic evolution of the simulation of an innovative shape (a hot egg shaped
cylinder) surrounded by a nanofluid inside a cold-wall square enclosure was
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studied. The egg shaped cylinder affects the flow and influences the heat transfer
rate, a fact that can be used in many applications to control the heat transfer rate.
The free convection mechanism inside a square cavity is explained briefly in the
following part. The nanoparticles of the working fluid that are close to the hot
walls gain heat earlier than particles that are far from the wall. This conduction
results in variations in the temperature of the nanofluid. Thus, the heat expands
the fluid and causes a change in the density of the heated part, which consequently
leads to density differences in the working fluid. This induces flow by buoyancy
forces. The nanofluid rises upward and cools until it reaches the cold wall, where
the heat has almost completely been dissipated from the hot nanofluid. Thus, its
density increases. The denser nanofluid becomes cool and heavy, going down
under the effect of the gravitational force. Closer to the hot egg cylinder, the cold
nanofluid gradually warms up again, so a circulation pattern occurs. This
continues as long as there is a reasonable temperature gradient.

Figure 3 shows the streamlines and isotherms for different positions and
inclination angles of the egg shaped cylinder for Ra = 10*. This figure shows
positions of the egg shaped cylinder on the Y-axis (Y) in the columns and the
orientation/inclination angle 0° of the egg cylinder in the rows. The figure shows
that the change of the inclination angle for ¥ = 0 has less distortion than in other
positions, where the heat transfer rate is improved in comparison with other
angles of the egg shaped cylinder in this position. The thermal distribution from
the hot cylinder to the cold-wall cavity is semi-uniform, whereas in the other
positions (¥ = £0.2), the distribution is non-uniform due to the egg shaped
cylinder being closer to one wall than the other. On the other hand, for the
streamline function, two semi-symmetrical opposite flow direction vortices can
be observed on the left and the right with the hot egg shaped cylinder at ¥ = 0.2
or Y =-0.2. In addition, the thermal lines have a uniform distribution around the
hot egg shaped form for all results except y = £90° at Y = 0, as it is uniform and
symmetric about the Y-axis. Moreover, the thermal lines have been disturbed
adjacent to the pointed end of the egg shaped cylinder, which is very clear at an
angle of y = -45° with Y = 0.2, which resulted from the role of the cylinder’s
pointed end in struggling with the flow and could lead to accumulation of the
temperature gradient. Besides, the maximum effect of natural convection on the
streamline function values can be seen for the same position at ¥ = 0.2 with y
= (0°. A possible explanation is the physical fact that in the heat transfer between
two parallel surfaces, the heat is transmitted by convection when the lower
surface is hot and the upper one is cold due to the influence of the difference in
density (buoyancy force). It is transferred by conduction when the upper surface
is hot and the lower surface is cold. Thus, with regard to the egg shaped cylinder,
whenever it is located close to the cavity’s bottom, the greater the area of the
curve of the cylinder, the greater the flow path and, consequently, the greater the
obstruction of flow in adjacent areas. This leads to forming relatively stagnating
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areas, which could make the heat transfer become dominated by conduction,
which has a better heat transfer rate than convection [43].

Y,=-0.2 Y,=0 Y,=0.2
_Stremlines Isotherms

Isotherms

Stremlines  Isotherms Stremlines

W inin=-1.688, ¥ max=1.689 Wnin=-1.184, ¥max=1.185  ¥unin=-1.334, Wmax=1.334

Figure 3 Streamlines, isotherms for different positions and inclination angles for
Ra=10%

In general, when compared to outcomes for Ra = 10, Figure 4 shows a similar
behavior of the streamlines and isotherms at Ra = 10°. However, it exhibits higher
values and an exaggerated deformation in the thermal lines and flows as the
convection rate increases and the Rayleigh number increases. In particular, small
vortices in the flow appear noticeably at the wider end of the cylinder for Y= 0.2
with ¥ = -90°. As can be seen in this figure, the results associated with the
streamlines and isotherms for different positions and the heat transfer
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enhancements are very clear, where the geometry shape and its position have a
significant interplay effect on the flow pattern. For Y= 0.2 and for all orientation
angles, the pointed end of the egg shaped cylinder enhanced the heat transfer rate.

Y,=-0.2 Yo=0 Y,=0.2
Stremlmes Isotherms Stremllnes Isotherms Stremlines Isotherms

y=-90°

¥ nin=-35.242, Y nax=35.245 ¥uin=-24.497, ¥Y11ax=24.501 ¥ ;,=-32.177, ¥ max=32.189

Figure 4 Streamlines, isotherms for different positions and inclination angles for
Ra =106,

Thus, a turbulent flow was induced at this part of the cylinder. For this reason it
is necessary to investigate the local Nusselt number around the boundary
locations of the egg shaped cylinder for Ra = 10° for all inclination angles to
depict its influence on the effectiveness of the heat transfer. In addition, the values
of the streamlines and isotherms were very high compared with the results for
Ra = 10*. However, confusion occurs in the isotherm contours throughout the
enclosure and more densely in the vicinity of the hot egg shaped cylinder for all
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locations and inclination angles. In addition, the impact of the cylinder on the
isotherms in downward positions is visible in this region for all rotation angles.
In contrast, the impact on the isotherm was stronger closer to the upper region of
the cavity for ¥ = 0.2 and all inclination angles. The Nu; around the hot egg
shaped cylinder for different positions and inclination angles and Ra = 10°,
@ = 0.05 can be seen in Figure 5.
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Figure 5 Local Nusselt number around hot egg shaped cylinder for different
positions and inclination angles for Ra = 10, ¢ = 0.05.

However, Figure 5 shows that at ¥ = -45° convection was better at 6 = 0° and
360° (pointed end) due to the flow becoming turbulent. This results from the non-
uniform shape of the cylinder, which makes free convection at the right part of
the pointed tip occur earlier than on the left, in addition to the noticeable velocity
difference on both sides of the egg shaped cylinder. In contrast, far from the top
of the egg shaped cylinder (6 = 0°, 360° or 145°), the flow stays laminar and the
obstruction by the cylinder’s boundary has only a marginal effect.

Firstly, in position of Y = 0 at angle y =-90°, the height Nu; was 48 at 6 = 0, but

it reached its minimum value (Nu; = 4) at 8 = 180°. Regarding y = —45°,
Nu; =13 at 6 = 0, but it reached its maximum level (Nu; = 44) at § = 180°.
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Secondly, for Y =0.2 and y=-90°, Nu; is 72 at 8 = 0, but it reached its minimum
value (Nu;, = 8) at 8 = 150° and 210°. With regard to y = —45°, Nu; = 20
at 6 = 0, but it reached its maximum level (Nu; = 63) at & = 180°. Finally, for
Y = -0.2 and y = -90°, Ny, is 45 at 6 = 0, but it reached its minimum value
(Nu;, = 3) at & = 180°. Regarding y = —45°, Nu; = 18 at 6 = 0, however, it
reached its maximum level (Nu; = 64) atf = 180°.

Furthermore, the situations at ¥ = -90° and y = 90° had a counteractive effect
compared with other rotation angles in most of the cases in the simulation,
because the strength of the natural convection at = -90° and y = 90° dropped by
keeping the flow laminar in almost the whole cavity. For = -90° for Y = 0.2, the
Nusselt number was higher due to the increased natural convection caused by the
turbulent flow adhering to the middle of the cylinder’s surface. Figure 6 shows
the relation between the average Nusselt number and the Rayleigh number around
the hot egg shaped cylinder for different values of Y, and y at ¢ = 0.05. From this
figure, the effect of the Rayleigh number on the average Nusselt number for
Ra = 10° can be seen.
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Figure 6 The average Nusselt number and the Rayleigh number around the hot
egg shaped cylinder for different vaues of Y, and y at ¢ = 0.05.

Where there were sudden changes in Nusselt values for ¥ = 0.2 for all values of
the orientation angle (y), Figure 7 reveals the direct relationship between the
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average Nusselt number and the volume fraction (¢) around the hot egg shaped
cylinder for different Rayleigh numbers (¥, = 0, y = 0°). The relationship proves
that Nu increases as Ra increases, which adds to the increase in volume fraction,
leading to further improvement of the heat transfer rate. This explains the
important role of the nanofluid in thermal enhancement. This means that additive
Ag nanoparticles enhance the heat transfer rate compared to using a pure fluid.
Also, this improvement increases with increasing Rayleigh number, since the
silver particles then become more active.
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Figure 7 The average Nusselt number and volume fraction around the hot egg
shaped cylinder for different Rayleigh numbers and Y, =0, y = 0°.

6 Conclusion

In this study, the effect of a special hot egg shaped cylinder inserted in a cold
square shaped cavity containing a silver-water nanofluid on the heat transfer rate
was numerically computed for various positions and rotating angles of the
cylinder. The influence of Rayleigh number and volume fraction were
investigated. The conclusions can be summarized as follows:

1. The position of the hot egg shaped cylinder has a great influence on the heat
transfer rate and the best position is at ¥ =0.2.

2. Increasing the Rayleigh number induces a perfect situation by increasing the
strength of natural convection, which helps to observe the hot egg shaped
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cylinder’s effect on isotherm confusion, the streamline values and
distribution type.

Changing the rotation angles of the hot egg cylinder from zero (y # 0) within
the cold square shaped cavity enhanced the heat transfer rate especially at
y=-45°.

The effect of changes in the cylinder’s location on the Y axis was clear. At Y
above zero, at 6 = 0°, the change rate of Nu;, increased aty=-45°and y=-
90°, by 58% and 50% respectively. At Y below zero, Nu;, increased by 58%
aty=-45°, but it decreased by 7% at y = -90°.

The best conditions for using the egg shaped cylinder in producing a turbulent
flow and enhancing the heat transfer rate are Y = 0.2 and Ra = 10°.

The variation of volume fraction in the case under investigation showed a
flagged effect compared with other parameters, especially the Rayleigh
number.

Nusselt number at the pointed end (small radius) of the egg cylinder is greater

than the Nusselt number in a convex region (large radius) in almost all situations.

Nomenclature

Roman letters

C, Specific heat at constant pressure (KJ/kg.K)

G = Gravitational acceleration (m/s*)

K = Thermal conductivity (W/m.K)

H = Length and height of cavity

R = Dimensionless radius of egg cylinder shape

R = Radius of egg cylinder shape (m)

P = Dimensionless pressure

P = Pressure (Pa)

Pr = Prandtl number (vi/oy)

Ra = Rayleigh number (gBysL?® AT /v atpf)

T = Temperature (K)

T. = Temperature of the cold surface (K)

Th = Temperature of the hot surface (K)

T = Dimensionless temperature

Nury = Local Nusselt number on the hot inner cylinder
Nug,e =  Average Nusselt number around egg cylinder

U = Dimensionless velocity component in x-direction
u = Velocity component in x-direction (m/s)

V = Dimensionless velocity component in y-direction
v = Velocity component in y-direction (m/s)

X = Dimensionless coordinate in horizontal direction
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X = Cartesian coordinates in horizontal direction (m)
Y,Y, Dimensionless coordinate in vertical direction
Cartesian coordinate in vertical direction (m)
Grashof number

Position of egg cylinder

Thermal diffusivity (m*/s)

Angle of egg cylinder

Dimensional stream function (m’/s)
Dimensionless stream function

Volume fraction percentage

Orientation angle

Dynamic viscosity (kg.s/m)

Kinematic viscosity (u/p)(Pa.s)

Volumetric coefficient of thermal expansion (K”)
Density (kg/m’)

Cold

Base fluid (pure)

Solid particles

= Hot

Nanofluid

Qs
N
1 | R T
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