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1. Introduction

Natural convection is a type of heat transfer by movement of the fluid due to the temperature variation in the
fluid and the corresponding variation in density [1-2]. Natural convection has been employed in the industry,
solar energy collectors, agriculture, nuclear energy, telecommunication and aviation [3]. With the practical point
of view some of papers, natural convection is a broad physical phenomenon whose behavior is divided into two
primary types according to the direction of the temperature gradient with regard to gravity. It has applications
in both engineering and natural processes. Natural convection is classified into two main classes. The first class
involves a temperature gradient aligned with the direction of gravity, where hot air rises and cooler air sinks
vertically. The second class features a temperature gradient orthogonal to the direction of gravity, leading to
temperature changes along a horizontal surface [4].

In the past several decades there is a lot of studies investigated about natural convection in an inclined
angle. One of these researches, the author studied about the natural convection in an inclined enclosure with
cooling at the bottom wall. Their result shown Rayleigh number always depends on heat flow. The higher the
heat flow, the higher the Rayleigh number and vice versa [5]. Other than that, the researcher investigated the
effect of inclination on flow mode transition using the Boussinesq equation. They found the sensitivity of the
initial conditions on flow pattern formation [6]. In addition, there are also studies that use the Darcy’s law and
the Boussinesq approximation to explore entropy formation in an inclined porous cavity for natural convection.
The study found that when the Rayleigh number decreases, the dominance of heat transfer over fluid friction
also decreases [7]. Lastly, the researcher explored a strong magnetic field in a porous medium-filled inclined
enclosure. When the Darcy number is small, conduction dominance is observed with the average Nusselt
number indicating a transition point with a stronger magnetic field [8].

There are also many researchers who use COMSOL Multiphysics as a software to solve problems in natural
convection. One of the researchers conducted an investigation focused on different factors such as Rayleigh
number, heater location, magnetic dipole strength, and horizontal/vertical positions of the magnetic dipole. The
results found that increasing the strength of the magnetic dipole resulted in a decrease in the average heat
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transfer while adjusting the horizontal position led to an increase in the average heat transfer [9]. Another study
investigated natural convection in an air-filled polygonal enclosure, revealing that increased polygonal sides

reduced the Nusselt number, and larger cylinder diameters caused a reduction in the Nusselt number [10].

This study examined the heat transfer of Cu-water nanofluid in a 2D inclined porous cavity using COMSOL
Multiphysics. The bottom and top walls were perfectly insulated while for the right and left walls, the
temperature was constant. Previous research has investigated the impact of internal heat generation in porous
cavities containing Cu-water nanofluids on unstable laminar convection [11]. This study is an extension of the
research conducted by Rajarathinam [11], and we use Dirichlet boundary conditions to express the results.
Darcy number and inclination angle are analyzed using COMSOL Multiphysics and the effect of heat transfer in
porous cavity filled with nanofluid are shown in streamline and isotherms.

Nomenclature

Cp specific heat

Da Darcy number

Fc Forchheimer coefficient

g gravitational acceleration vector

k thermal conductivity

K permeability

L length of cavity

p fluid pressure

p non-dimension pressure

Pr Prandtl number

q uniform volumetric heat generation

Q non-dimension internal heat generation

Ra Rayleigh number

t time

T temperature

Th temperature hot

Te temperature cold

u,v velocity components in x, y directions

uv non-dimension velocity

X,y cartesian coordinates

XY non-dimension coordinates
Greek symbols

a thermal diffusivity

B thermal expansion coefficient

Y inclination angle

0 non-dimension temperature

€ porosity

[0) solid volume fraction

o specific heat ratio

) dynamic viscosity

v kinematic viscosity

p density

T non-dimension time
Subscripts

c cold

f fluid

h hot

nf nanofluid

p nanoparticle

S solid phase
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2. Methodology

2.1 Mathematical formulation

Porous medium \h
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Fig. 1 Figure description schematic of the physical situation [9]

Fig 1 represented the problem of a two-dimensional porous square cavity of size L filled with a Cu-water
nanofluid that generates heat at a constant volumetric heat rate. The cavity has an angle of with regard to the
horizontal plane at an angle of ¥. The porous medium is homogeneous and isotropic and in thermal between the
fluid and solid phase. Porous medium fills the entire cavity. At the right wall is cold while at the left wall is hot. At
the bottom and top walls were perfectly insulated. The Darcy-Brinkmann-Forchheimer model was used to
analyzed fluid saturated porous medium. Darcy law is an equation that describe about flow in porous medium
while Brinkmann and Forchheimer was modification of Darcy law. It is considered that there is no slip between
the base fluid and the nanoparticles and that they are in thermal equilibrium.

Table 1 Thermo-physical characteristics of Cu nanoparticles with base fluid water

Physical Fluid phase Cu
characteristics (Water)
Cp (J/kgK) 4179 385
K(W/m K) 0.613 401
P(kg/m?3) 997.1 8933

Table 1 shows the thermo-physical characteristics of cu nanoparticles with base fluid water. The value of
specific heat, thermal conductivity and density for fluid phase and cu-water is presented. These values will be
input in COMSOL Multiphysics to perform the analysis.

The governing equations for the system are:
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Where FC = is the Forchheimer coefficient.

3

150s2
The initial and boundary conditions are as follow:

t=0:u=v=0,T=Tc,0< X <L,0Y<L
t>o0:u=v=0,T=Th,X=0,0<Y <L
u=v=0T=Tc,X =L,0<Y <L
u=v=0,£=0,Y=O&L,O§X <L
oY

The dimensionless variables are as the following:

2 —
(x)=8Y gy W et pl oy T
L % L* Pur T,-T.
L
Using the non-dimensional variables, the Eqs (1)-(4) can be rewritten in the form of non-dimension equation as
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The initial and boundary conditions:
7=0:U=V=0,6=00<Y<1
>0:U=V=060=1,X=00<Y<L1

U=vV=06=0X=10<Y<1

U=V-= Og—g—OY 0&1,0<Y<1

And the non-dimensional parameters are defined by,

3
pa==X, pr_ Vi Ra L 9B LT -Te)
L ay Vi
— 8(10Cp)nf +(1_8)(pcp)s Q qL2
(pCp)nf (,DC )nf nf

e

Penerbit
M



79 Enhanced Knowledge in Sciences and Technology Vol. 4 No. 1 (2024) p. 75-83

2.2 Numerical analysis

COMSOL Multiphysics is used to solved the isotherms and streamlines for parameters inclination angle at 0°, 45°,
90°, 135° and 180°. COMSOL Multiphysics is a software tool for finite element analysis to simulate and analyze
physical processes in variety of engineering and scientific fields. The main reference has a verified steady state
solution because all the three residuals U, V and 6 have been met at the same time and are smaller than the value
of 10-5.

Table 2 Utilizing practical models to formulate properties of nanofluids

Properties of nanofluids Utilized model
Density Pu =1=@)p; +@p,
Thermal diffusivity K
Ot =7
(pcp )nf
Thermal conductivity K (kp +2k, ) —2¢(k, — kp)

ke (K, +2K,) +o(k, —k,)

Heat capacitance (Io(_‘,p)nf = (1—(0)(,00’))nf +(0(,0Cp)p
Thermal expansion coefficient (0h) = 1-o)(0B) s o( pcp) o
Dynamic viscosity Mo
Mot = 7 25
f (1-) 25

Table 2 represented utilizing practical models to formulate properties of nanofluids. The formula for
density, thermal diffusivity, thermal conductivity, heat capacitance, thermal expansion coefficient and dynamic
viscosity will be used to find the value for each term. Other previous studies were done in heat transfer and fluid
in worldwide according to various fields of studies [12, 13].

3. Result and discussion

3.1Streamlines

Fig 2 show the inclination angle from 0° to 180°. For the (a), it exhibits clockwise rotational motion, contributing
to the overall complexity of fluid dynamics in the cavity. In addition, each angle of the figure reveals subtle and
localized movement, adding a very slightly different to the fluid flow characteristics. A deliberate rearrangement
of the hot and cold walls is observed with the hot wall placed on the left and the cold wall on the right. The
strategic repositioning distribution and heat transfer dynamics in the cavity. Movement toward the left and right
sides introduces a directional component to the flow, thereby shaping the overall thermal behavior.

Next, for (b), the cavity moves 45°, introducing a shift in its orientation. At the same time, the hot and cold
walls, important components that affect heat transfer, are moved to the top and bottom at an angle of 45°
oppositely. In the rotated cavity, a distinctive double circulation cell pattern emerges, exhibiting two separate
flow cells exhibiting two separate flow cells exhibiting complex interactions. The direction of these cells, either
clockwise or counterclockwise, adds a dynamic layer to the fluid dynamics. This contrasts with the findings in
inclination angle 0° outlining the effect of altered boundary conditions on fluid flow patterns. Cavity and wall
repositioning prompts an interesting consideration of potential implications for heat transfer efficiency and fluid
mixing. This observation opens up space for further exploration, inviting questions about how certain
parameters can be manipulated to obtain diverse flow patterns in the system.

Fig 2 (c) shows a different configuration where the cavity undergoes a 45° rotation, accompanied by a
strategic relocation of the hot and cold walls to the upper right and lower left, also at an angle of 45°. The
intricate interactions between the two circulation cells introduce a dynamic aspect to fluid flow, suggesting
complex and organized movement. Drawing parallels with previous inclination angle 45°, it becomes clear that
subtle changes in cavity orientation and wall position can significantly affect the observed flow patterns. The
observed double circulation cell pattern prompts further investigation of its implications for heat transfer
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efficiency and fluid dynamics in the system, providing valuable insights for a broader understanding of the
described phenomenon.

gammalll=0 = gammal2)=45 (=]
m L T T 7I T T ] m A T T r : r
0.9t i i -1.7038-8 1 L ZIPELL ) aeee 2
1.533E-19 0.8
0.8F b 0.8 &
0.7F B 0.7k
0.6F E 061
0.5k E 05k
0.af i R 0.k
0.3f E 0.3k
0.2 7 0.2fF
0.1f B 0.1
ok afgelg —— BS20E9 - yasgf g _ ol % -9.470E8
. . ! . A . ) . . . . ! \ . ,
0.2 0 0.2 0.4 0.6 0.8 1 12 m 0.2 0 0.2 0.4 0.6 0.8 1 12 m
(@) (b)
gammal3)=90 o (]
m - T T T T T T ] m
9.62089 | E
0.ef b R
0.8l b g
0.7k g |
1.915E-8
0.6 — |
05k 2.000E-11 g 1
0.4k A g
0.2k E g
0.2 B 4
0.1 B 4
oF . . ‘ . ‘ ; L B
0.2 0 0.2 0.4 0.6 0.8 1 12 m 12w
() (d)
gammal3)=120 o
m T T T T T
0.9
0.8F
0.7
06k
0.5F
0.4f
0.3F
0.2
0.1f
ol e
0.2 0 0.2 0.4 0.6 0.8 1 12 m

(e)

Fig. 2 Streamlines for inclination angle (a) y=0°, (b) y=45°, (c) y=90°, (d) y=135", (e) y=180°

Besides for Fig 2 (d), the streamlines are clearly visible at a gamma angle of 135°, revealing different fluid
flow patterns in the cavity. In the middle center of the diagram, the cavity is filled with cells circulating in a
clockwise direction, indicating dynamic and orderly fluid movement. These central circulation cells contribute to
the complexity of the entire strip. In addition, at each corner of the figure, there is a visible but smaller
movement, introducing local variations to the fluid flow characteristics. Notably, the hot and cold walls have
been strategically rearranged, with the hot walls moved to the right and the cold wall to the left.

Lastly, for Fig 2 (e) reveals a distinctive configuration in which the cavity undergoes a 45° rotation,
facilitated by a clockwise circulating cell. The rotational transformation is accompanied by a strategic relocation
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of the hot wall to the lower right and the cold wall to the upper left. Clockwise circulating cells within the cavity
suggest dynamic fluid movement, adding an interesting dimension to the overall flow pattern.

From all the streamlines above, we can conclude that double circulation cell configurations cause heat
transfer to be more efficient. It is because double circulation cells create a more complex and organized flow
pattern within the cavity. The mixing of the liquid in the cavity increases due to the two circulating cells moving
in opposite directions.

3.2 Isotherms
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Fig. 3 Isotherms for inclination angle (f) y=0°, (g) y=45", (h) y=90", (i) y=135", (j) y=180"
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To conclude Fig 3, the isotherms is fixed which is 10-3 and different inclination angle range from 0° to 180° are
shown. The temperature distribution shows cold temperatures on the right and hot temperatures on the left.
The observed shift in isotherm levels points to a systematic shift in temperature from hot to cold throughout the
system under study. The findings provide insights into the impact of inclination angle variations on temperature
distribution and heat transfer within fluid dynamics of the system. Due to the pressure at all inclination angles
being the same, there is only a slight change in all isotherms. The values on the isotherm are all different but the
hot and cold positions are the same.

The shape of the isotherm remains unchanged despite using different values of the angle of inclination is
because the isotherms describe the relationship between the concentration of the solid and the liquid, which is
used to absorption process. In this context, the isotherm does not depend on the angle of the inclination, but
rather on the relationship between the solid and fluid concentrations at constant temperature. Therefore,
although the value of the tilt angle may be different, the isotherm still describes the same relationship between
the solid and fluid concentrations at constant temperature. This shows that the isotherm is dependent on the
relationship between solid and fluid concentrations at constant temperature, rather than on the angle of
inclination.

4. Conclusion

This study presents the results of isotherms and streamlines of natural convection heat transfer. It has been
done to examine the impact of several non-dimensional characteristics, including heat generation, inclination
angle and Darcy number. Five different value of gamma which are 0°, 45°, 90°, 135° and 180° used in this study.
Each of these values produces a different effect in the form of streamlines and isotherms. The following
interesting findings are provided by the study’s effective completion.

The streamlines change according to the magnitude of the inclination angle and the variety of wall positions
that are rich in fluid dynamics in the cavity. Double circulation cell configurations can cause heat transfer to be
more efficient. For isotherms, the temperature field and fluid flow are not significantly affected by adding
nanoparticles in the base fluid. The same shape of the isotherm is because the isotherms describe the
relationship between the concentration of the solid and the liquid which is used to absorption process.
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