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G W N e

Abstract: The behavior of convective heat transfer in an enclosure filled with Cu-water nanofluid
with a baffle has been numerically studied using the finite element method. The enclosure’s top and
bottom walls were adiabatic, while the other two were maintained at various temperatures. The
left hot wall had an effective thickness and a baffle was added to the bottom wall. The influence of
different parameters like the nanoparticle’s concentration (¢), Rayleigh number (Ra), the thermal
conductivity ratio of the thick wall (Kr), baffle angle (), and the hot wall thickness (D) on the
isotherm and fluid flow patterns were examined. The result showed that the average Nusselt number
was enhanced, owing to the strength of the buoyancy force becoming more effective. Furthermore, as
the baffle inclination angle increased, the maximum stream function at the core corresponded to the
angle when it reached @ = 60, then it gradually decreased to the minimum value as the baffle angle
reached close to @ = 120°.

Keywords: baffle; convection; enclosure; inclination angle; nanofluid

1. Introduction

Combining the requirements for increasing the efficiency of any engineering system
depends fundamentally on improving the efficiency of heat transfer to and from those sys-
tems. As a result, this growing demand has attracted the interest of many researchers in a
wide range of research fields to use nanofluids with improved properties as a working fluid
on account of its simpleness, low service, quiet noise, small size, and reliability. Convection
heat transfer inside the enclosure is an interesting subject to be studied extensively. The
case of an enclosure filled with fluid acts as a fundamental problem for large research areas
and plays a vital role in substantial engineering processes and solar systems. This phe-
nomenon is considered to be of key importance in several engineering applications like heat
exchangers [1-4], electronics cooling systems [5-9], solar collectors [10-13], and nuclear
reactors [14-16]. An advanced and effective way to enhance the heat transport of traditional
fluids whose thermal specifications are low is to suspend various nanoparticles of differ-
ent types, sizes, and shapes using modern techniques and methods for obtaining stable
nanofluid with better properties than the base fluid, including metallic, non-metallic, and
polymeric particles, in base fluids which have low properties to form colloidal fluid [17,18].
However, suspending solid particles of micrometer or even millimeter size is the root cause
of improvement in the fluid flow inside channels, like enhancing the pressure drop, causing
the rapid settlement of particles. A conventional fluid’s thermal conductivity can improve
its properties by suspending different nanoparticles with variable concentrations [19].
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How natural convection occurs in enclosures using air where the vertical walls are
differentially heated and the horizontal borders are insulated has been extensively investi-
gated [19-21]. Researchers have carried out abundant studies of square, rectangular, and
inclined enclosures filled with nanofluid with various wall conditions, and some of these
studies are presented by [22-27]. A large number of researchers have attracted incredible
attention in recent years for the heat transfer modification within enclosures with the
introduction of fin and baffles that join in a different orientation to the wall of the cavity.
Additionally, a cavity filled with various fluids and that has a different thermal boundary
condition was presented by [28-32].

Natural convection in a Cu-water-filled cavity that has a baffle attachment among its
one wall and walls that have been heated differently which also contain nanofluid was
numerically investigated by Mahmoudi et al. [33]. On the left wall, a heat source partition
with a continuous heat flow was mounted horizontally. The Rayleigh number, the impacts
of geometry, the location of the heat source, and the volume percent of the nanofluid were
taken into consideration and showed that an increase in the average Nusselt number paral-
leled an increase in the volume fraction, but declined with an increasing Lb. Meanwhile, a
rise in the Ra leads to a decrease in the heat source temperature. Habibzadeh et al. [34,35]
studied convection in a 2D enclosure with an aspect ratio equal to one which was filled
with nanofluid consisting of water and Al,O3 particles. The hot bottom wall of the enclo-
sure had an adiabatic barrier. The impact of the different parameters was reported and
they revealed that while the ¢ was not responsive to changes in the Ra, it did cause an
improvement in the average Nusselt number. Moreover, they found that an increase in
barrier height decreased the heat distribution rate. Sayehvand et al. [35] examined the
natural convection within a square enclosure containing a fluid consisting of Al,Os—water
numerically. Two vertical adiabatic barriers were joined to the horizontal walls of the
enclosure in a symmetrical position. They claimed that raising the Ra improved the Nusselt
number, but it declined with an increasing Lb. In addition, they presented that as the Lb
increased, the vortices core of the recirculation cells marched towards the hot vertical walls.
Naoufal and Zaydan et al. [36] examined the convective heat transfer in a square enclosure
that consisted of Cu-water nanofluid numerically. A hot barrier was tied in a vertical
position on the bottom wall. The influence of the barrier height (L;) and position (D)
were observed; their result showed that for all ¢, by raising the Ra, the average Nusselt
number increased. Additionally, they concluded that the core of the enclosure, where
the barrier was located, had the highest average Nusselt number. Selimefendigil and Oz-
top [37] illustrated convection in a tilted square enclosure through utilizing the two distinct
nanofluids of CuO-water and Al,Os—water numerically. A baffle with large conductivity
material equally divided the cross-section region of the cavity. They demonstrated that
whereas the average Nusselt number fell with an increase in the Dy, it increased with an
increase in the Gr and ¢.

Recently, natural convection in an enclosure under various boundary conditions
and with different thicknesses of the boundary walls has received significant interest
and satisfaction in many studies due to its important innumerous mechanical equipment.
Costa et al. [38] studied the effects of convective heat transfer within a rectangular barrier
enclosure with a thin wall numerically. Changes were made to the barrier’s length, po-
sition, and thermal conductivity. Mobedi [24] numerically analyzed a tilting enclosure
filled with air that would naturally convect through thin walls and uniform the distribu-
tion heat. They concluded that an increase in the Ra and Kr increases the heat transfer
between the wall and inner fluid (solid-fluid) interface. Moreover, it was revealed that the
heat gradient across the enclosure had a lesser effect on the horizontal wall. Basak and
Anandalakshmi et al. [39] studied the result of conjugate heat distribution in an airtight en-
closure with two partially heated vertical walls of a limited thickness (t1, t2) and insulated
the other walls. According to their findings, for Case 2, the temperature gradient of the
inner fluid within the cavity diminished for both wall thicknesses as the Rayleigh number
rose. Additionally, it was observed that a rise in the Kr caused the development of flow



Energies 2022, 15, 6615

30f18

circulation cells, which raised the fluid’s heat intensity. Chamkha and Ismael [40] observed
convection in a triangular enclosure stuffed with porous medium utilizing nanofluids; the
enclosure had rigid walls and a temperature gradient was provided. They showed that
heat transfer considerably improved for lower Rayleigh numbers due to the increasing
concentration of the nanoparticles. Al-Farhany and Abdulkadhim [41,42] developed a
numerical problem on the convection heat transfer within a porous-filled enclosure; the
vertical walls were heated to a limited extent and the other walls were kept thermally
adiabatic. They illustrated that the thermal conductivity ratio and Rayleigh number of
the walls increased, and the heat transportation was also boosted. Ishrat and Alim [43]
numerically demonstrated the aspects of convection and fluid flow in a vertical orientation
cavity; the left vertical wall was a source of heat conducting, and the enclosure was filled
with Cu-water nanofluid. While a movable partition was fixed to the adiabatic bottom wall,
the left vertical wall of the enclosure was exposed to a uniform and continuous heat flux.
The location of the divider was determined to play a role in enhancing the convection heat
transfer rate. Younes Menni et al. [44,45] investigated the effects of baffled obstacles on a
turbulent nanofluid flow through a channel. In contrast, the impact of a adiabatic baffle
in cub on 3D convection along the entropy generation has been examined by Kaouther
Ghachem et al. [46]. An investigation of heat distribution in an H-shaped enclosure along
Al,Os—water nanofluid was performed by Keramat Dehghan et al. [47]. In their analyses,
both vertical walls were at a cool temperature, the top rib was coupled to a hot temperature,
and the others were kept adiabatic. The influences of various parameters, including the
Ra, ¢, AR, baffle location, and various baffle boundary conditions on convection were
analyzed. They claimed that the baffle’s position significantly impacts the heat transmission
characteristic. With respect to the baffle position inside the enclosure, the heat transfer
decreases for the baffle location on the top rib, but as the baffle is placed on the bottom rib,
the heat distribution is boosted. Rabiei et al. [47] conducted a numerical analysis of the
Cu-water nanofluid flow and heat transfer behavior within an L-shaped baffled enclosure.
The location of the baffle is determined by how far it is from the left hot wall (AB). This
study took into account four alternative baffle configurations depending on the length of
the baffle (S) and the separation from the left hot wall. It was concluded that the long
baffle with (L = 0.3 m) always tended to increase the overall Nusselt number; in addition,
the baffles with the position of (S = 0.4 m) were more efficient at improving the Nusselt
number than when their value in the case position was about (S = 0.6 m).

Al-Farhany et al. [48,49] analyzed the effect of fins positioned on a hot wall filled
with nanofluid in a tilted porous enclosure with a magnetic field. They found that while
increasing the Hartmann number reduced the average Nusselt number, doing so also
increased the Rayleigh number, Darcy number, and fin length [3,50,51]. Discussed recent
work on convection inside enclosures containing interior bodies, including MHD effects
and double diffusion.

In connection with the literature, there has been little study into the data that investi-
gates the convection of nanofluids in cavities which have different geometry and boundary
conditions with/without baffle. Still, there is no focus on data related to the conjugate heat
transfer of nanofluids with a solid thin variable inclined baffle joint at the adiabatic bottom
wall of the enclosure. This issue exists in various engineering implementations like heat
exchangers, solar systems collectors, and electronic equipment.

The influence of the conjugate heat transfer of the nanofluid Cu-water in an enclosure
with a unity aspect ratio was examined numerically in the current work. High thermal
conductivity can be achieved for a single baffle mounted to the horizontal adiabatic wall
of the enclosure with a variable inclination (). The enclosure had a thick hot left wall, a
constant cold right wall, and insulated walls on all sides.

2. Mathematical Modelling

Figure 1 illustrates the 2D schematic diagram of the enclosure. It consists of two vertical
walls with differently heated boundaries. The right wall is set at a cold temperature Tc,
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the left wall is maintained at a hot temperature T}, and the other walls are insulated. In
addition, all the enclosure walls are of negligible thicknesses except for the left vertical wall
which has a thickness of D = 0.1. The area between the enclosure walls is filled with a
Cu-water incompressible nanofluid. Table 1 displays the thermo-physical characteristics
of a pure fluid and nanoparticles. The baffle has a length of 0.3 and a width of 0.02 fixed
at the bottom wall with different orientation angles (®). Due to the buoyancy force, the
temperature variations drive the fluid flow inside the enclosure.

Y
A Adiabatic wall

D N N A N N A N A A ARRDRDNADNNNANNN

Nanofluid

Th Wb TC
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Figure 1. Physical Geometry of the Model.

Table 1. Thermophysical properties of fluid and Nanoparticles at T = 25 °C [22].

Properties Pure Water Cu

Cp (J/kg. K) 4179 385

p (kg/m3) 997.1 8933

u (Pa-s) 1.003 x 1073 —

k (W/m. K) 0.613 401
B (1/K) 21 x 107> 1.67 x 107

2.1. Governing Equations

This work presents the 2D governing equations of convective heat transfer in a square
enclosure utilizing Cu-water nanofluid with a single baffle attached to an insulated wall,
with incompressible and laminar flow. The equations used in the current study’s dimen-
sional version are given by [22]:

Continuity Equation:

Ju Jv

Momentum Equation:
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x—Momentum Equation:

ou ou ap u  *u
Onf ”g‘f‘?}@ =Ty Tl 3a T a2 2)

y—Momentum Equation:

v Jv\  dp v v
Pnf(”ax +Uay> = —a]/‘f'ﬂnf(axz‘f'ayg) +g<p:B>nf(T_TC) 3)

Energy equation:

For the enclosure’s nanofluid the region is given by [22]

ox oy Y\ox2 " 92
For the wall or baffle it is provided by [52]
*T T

To derive the non-dimensional form of the governing equations, the following non-
dimensional parameters are required:

Y :%, X :%, u :’::, 1% :Z?, AT =T, - T. ,0=1 A_TT“,
The Equations (1) to (5) are written in the following dimensionless format [22,52,53]:
M=o %
U%JFV%:_% 1;’;fpr-<§2;21+32£) 8)
ug%+ %:_g%; It’;rpr.(?;;+32;;>+Ra-Pr-ii?;ff€ )

The following models are used to reference the thermophysical characteristics of
nanofluids [22,52,53]. The thermal diffusivity and effective density are determined by:

a = (12)
CA (Pcp)nf
pnf =1 —P)ps+ ¢ ps (13)

The thermal expansion coefficient and heat capacity of the nanofluid is given
by [22,52,53]:
(0Cp)up = (1 =) (0Cp) ;s + ¢ (0Cp), (14)

(0B) g = (1= 9) (0B) s + ¢ (0B)s (15)
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The Brinkman model is used to calculate the nanofluid’s viscosity:

Hf

= ——7F (16)
g
The Maxwell model observes the nanofluid’s thermal conductivity:
k ks +2kr —2¢ (ks —k
Snf _7F f ( f s) (17)

K ko+ 2k + 20 (ke — ko)

2.2. Nusselt Number

The local Nusselt number is defined for estimating the rate of the heat transfer as
follows [54]:
On a hot thick wall, the local Nusselt number is computed as:

ky, f a0
x=0.1
and the calculation of the typical Nusselt number is:
L
knf a6
Nug = —| —= |- | s5-dY 1
Ugp ( kf ) X 19)
0 x=0.1
2.3. Stream Function
The Streamline contours are formed from the velocity components U and V:
oY 0¥
=—,V=—= 2
u Y’ v 0X (20)
The equation for the stream function ¥ can be written as:
Y P*Y¥ U 9V
e = — —— 21
ax2 " ov2 T oy T ax @

2.4. Boundary Conditions

Depending on the non-dimensional equations, the boundary conditions can be stated
as follows in a non-dimensional way:

At hot wall =1,U=V=0 (22)
At cold wall P=0U=V=0 (23)
00
At horizontal walls 5y = oLouU=v=0 (24)
At baffle surfaces % = ra—e (25)
X {paffie oX |, ¢
At solid — fluid interface % = k,% (26)
0X wall 90X nf

2.5. Solution Procedure

In the present simulation, the finite element method (FEM) has been employed using
COMSOL Multiphysics software; in-depth research has been promoted on its application
in the field of computational fluid dynamics (CFD). This research is powerful as a robust
alternative approach for many models that considers variables’ resolution and permits the



Energies 2022, 15, 6615

7 of 18

use of unstructured grids. This method offers differential equations and modal analysis,
a useful numerical methodology. The generation of the mesh is composed of triangular
elements. Figure 2 shows a 2D domain in a Cartesian coordinate that is split into many tiny
elements as triangular meshes. Table 2 shows the effect of mesh size on the average Nusselt
number for the case of an inclined baffle at an inclination angle where ¢ = 120°, Ra = 109,
wall thickness D = 0.3, and Kr = 10. The average Nusselt number of a mesh size = 9570
and has a small variation with the results secured from the other mesh size; therefore,
results were obtained with that mesh size.

£ A
AR
¢§ﬁ},’§:§%ﬁa
ATy
I AN

LAY
VAN
A
4?9%» =7
SRR I

R

v&
ey
FAYAYAYAY

4R
i

¥
A
25
FA¥AVAYal

1#&1)
ok
RSN
e
R N A A

e ﬂ.ﬁ'ﬁﬂ%’#" VL“‘: KRB

'6'

A:%é
500
%"A%=A$

ININ
gm%fv
N
RS

T AATATA

NN
ey
wgw{;

‘ ’

7

NN

ININININININ
AVAVAV
/N

(HAAK

Q

NINININININING
7

VAVAN
AVAN
AVAVAY
NINT

AV
RV
£
AVAN A
‘vﬁ%‘ oA %,qv.vn

£,

\/
.
NS
‘AéV‘A’A

.
s
¢¢A
£

a¥ywyp Ad »“J",-‘ L
R AR AR A
e S ey ﬂ?m‘

2
i

9
2

N/

QK
S

AN RK

7

Figure 2. The triangle mesh distribution of the enclosure.

Table 2. Shows the variation in the average Nusselt number (Nu) at left solid wall of square enclosure
and the variation in number of mesh elements with Ra = 10°, D = 0.3, and Kr = 10.

Mesh Mesh Elements Average Nusselt Number
Meshl 1640 3.947593
Mesh2 2392 3.944723
Mesh3 3810 3.943674
Mesh4 9570 3.938316
Mesh5 24,982 3.938331
Mesh6 37,242 3.938329

2.6. Model Validation

In order to achieve valid results, the present findings were compared to the numerical
solution of the fluid flow and heat transfer inside a square enclosure that was heated differ-
entially. They contained a nanofluid model for the Ra = 10* with nanofluid concentration
at ¢ = 0.2 against the numerical computation of Basak and Chamkha [24]. It was verified
that the current code and earlier research published in the literature are in good agreement,
as shown in Figure 3. Additionally, Table 3 displays the variations in the simulated average
Nusselt number along a heated wall from the present code which was compared with
the results that exist in the literature, which Basak and Chamkha found very accurate
for different high Rayleigh numbers (Ra = 103,10% and 10°) and for different nanofluid
concentrations (0, 0.1, and 0.2).

Another comparison has been made with Ben-Nakhi and Chamkha [55] in terms of
using a baffle attached to the horizontal adiabatic wall, as shown in Figure 4. It shows a
good agreement with this model’s results.
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(a) (b)

Figure 3. Comparison of the (a) present results of isothermal patterns with (b) Basak and
Chamkha [24] (8) and stream function (¥) for Cu-water nanofluids with Ra = 10° and ¢ = 0.1.

Table 3. Comparison of average Nusselt number obtained in the present simulation and those of
Basak and Chamkha [24], for Cu—water nanofluid.

Rayleigh Number (Ra) (¢) Present Study Basak and Chamkha [24]

0 1.11761 1.11

108 0.1 1.38627 1.38

0.2 1.76782 1.768
0 2.27573 2.276
104 0.1 2.47280 2477
0.2 2.6233 2.624

0 4.74135 4.74

105 0.1 5.24220 5.243

0.2 5.64994 5.65
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(a) (b)

Figure 4. Comparison of the (a) Isothermal lines with previous results (f) and stream function (¥) at
Pr=0.707, Ra = 10%, S = 0.5,and L f = 0.35 with (b) Ben-Nakhi and Chamkha [55].

3. Results and Discussion

FEM is employed to examine the heat transfer and fluid behavior of a baffle-mounted
enclosure with a thick vertical wall. The results are presented in various domains of
the parameters, which include the Rayleigh number (10*> < Ra < 10°), nanoparticle’s
concentration (¢ = 0, 0.02, 0.04, and 0.06), thermal conductivity ratio (0.1 < Kr < 10) of
the thick wall, baffle angles (30 < & < 150), and the Pr = 6.8, and confirms their impacts
on the streamlines and isotherms patterns.

3.1. Effect of Rayleigh Number

The effect of the Rayleigh number, which ranges from 103 to 10°, on the streamlines
and isothermal patterns is observed in this section for the present configuration of a pure
fluid and Cu-water nanofluid for the case of the volume fraction ¢ = 0.06 and the thermal
conductivity ratio Kr = 1. Moreover, the mounded baffle effect on the flow and temperature
gradient of fluid within the enclosure has been illustrated in Figure 5. The stream patterns
inside the enclosure for the base fluid and Cu-water are displayed in the left two columns.
Streamlines are generated within an enclosure and begin with the hot wall, travel over the
top adiabatic wall, turn over the cold wall, and then round the baffle, and over again, for
each case of Ra. The baffle joins to the bottom wall to hold the flow moving toward the
hot wall. When Ra = 103, flow movement within an enclosure is small, and the center of
the stream patterns take place above the baffle. This is due to the low bounce generated at
this value of Ra and the stream function value ¥ = 0.5 for water and nanofluid. As the Ra
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Ra

103

104

105

10¢

increases (Ra = 10* and 10°), flow behavior appears to be strong, and the stream function
value reaches ¥ = 17, for the case of the nanofluid, and the center of the stream patterns
shift to the left area between the baffle and the hot wall. This results from receiving a higher
buoyancy effect by the inner fluid. In addition, the profile of the stream patterns changes to
a triangular shape.

Stream function (¥) Isotherms lines(60)
¢=0.06 9=0 ¢=0.06

Figure 5. Effect of Rayleigh number on streamlines and Isotherms for different volume fraction,
Kr=1and & = 90.

The two right columns of Figure 5 show the isotherms patterns within an enclosure
for a base fluid and nanofluid of ¢ = 0.06 concentration and for a lower value of Rayleigh
number (Ra = 10% and 10%). The isotherms patterns were parallel to the vertical walls
of the enclosure for pure water as well as for nanofluid. This shows an indication of
conduction-dominated heat transfer in this case. Increasing the Rayleigh number to 10%, the
isothermal patterns turn about parallel to the enclosure’s top wall, and its shape changes
to smooth curves because the convection seems to have an observable effect. Again,
increasing the value of the Rayleigh number to Ra = 10° and enhancing the strength of the
buoyancy force and convection appear to have a more substantial impact, so at the wall
interface the dimensionless temperature declines from 0.9 for Ra = 103 to 0.6 for Ra = 10°
for nanofluid. Finally, the nanoparticle presented in the base fluid influences the flow
strength inside an enclosure. Additionally, the nanofluid effect enhances as the volume
fraction (¢) boosts, as in thermal conductivity. The combined effect of an increment in
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Nu

4.5

the nanoparticles concentration and the Rayleigh number leads to a decline in the wall
dimensionless temperature, which is evidence of an enhancement in heat transfer.

Figure 6 shows how the average Nusselt number has an impact along the left wall
and the Rayleigh numbers for different volume fractions and baffles. It shows that (Nu)
corresponds with the nanofluid when it is high compared to the base fluid. This is due
to a high buoyant effect generated by good heat transfer to the inner fluid as a result
of an enhancement in the thermal properties, and the stream function becomes stronger.
Additionally, as the volume percentage of nanoparticles increases, the average Nusselt
number and heat transfer rate increase. The maximum Nusselt number equals Nu = 5.5,
corresponding to the nanofluid for the Rayleigh numbers Ra = 10°.

o ¢=0.02 7 7
—o— ¢=0.04

Figure 6. Average Nusselt number graph for various Rayleigh number and solid volume fraction at
Kr =1 and @ = 90.

3.2. Effect of Baffle Inclination Angle

The effect of the baffle angle in ranges 30, 60, 90, 120, and 150 on the streamline and
isothermal patterns is observed in this section for the present configuration of a pure fluid
as well as a Cu—water nanofluid for the case of the volume fraction ® = 0.04, thermal
conductivity ratio Kr = 10, and the Rayleigh number = 10°. A baffle within the enclosure
controls two types of influence: the first being the influence on the flow performance
because it serves as a barrier, and the second being the influence on the thermal field
because of its good conductive properties.

Two left columns of Figure 7 display clockwise stream patterns of the flow within
an enclosure. The presence of a solid baffle within the enclosure baffle serves as a barrier
to the flow circulation of fluid. It separates the flow in the field near the enclosure walls
and reduces its strength, which appears as a remarkable defect in in-stream patterns. The
value of (V) is affected by changing the value of the baffle angle from (30) to (60) and
increasing the value from (¥ = 11 to 11.2); there is no separation in this range of angle and
the flow above the baffle was enhanced. While they decrease as the angle value reaches
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(>60), in this case the baffle blocking becomes intense on the flow circulation which causes
a decrease in flow movement and separates the flow on both sides. The maximum and
minimum stream function values occurred in the case of the nanofluid corresponding to the
angles @ = 60 and @ = 120, equal to (¥ = 11.2) and (¥ = 9.84), respectively. Moreover,
the stream’s maximum function values take place at the middle of the enclosure, and the
center of circulation flow position changes with the baffle angle change.

Stream function (%) Isotherms lines (6)
$=0.04

30

60

90

120

150

Figure 7. Effect of baffle inclination angle (®) on streamlines (two left columns) and isotherms
(two right columns) for different value of solid volume fraction with Ra = 10° and Kr = 10.

From the two columns on the right of Figure 7, it can be observed that as the angle
of the baffle reaches the value of (¢ = 30), the blocking effect of the baffle on the flow
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circulation remains low. Moreover, the fluid flows easily from the hot wall around the other
walls of the enclosure till it reaches the cold side and then returns so that the fluid flow
is moderate due to the buoyancy force and the heat transfer. Therefore, the heat transfer
rate by the inner fluid is enhanced so that the local temperature of the area near the hot
wall drops. As can be remarked from low-temperature lines, it takes up a large space and
gradually deflects at the top of the baffle inside the enclosure. When there is a further
increase in the angle up to (¢ > 30), the baffle at this angle value has a high blocking
effect on the fluid flow inside the enclosure. Therefore, when the flow becomes limited
and separated between the baffle and the hot wall, so does the cold wall from the other
side. The temperature in the region between the baffle and the hot wall increased due
to a decline in heat transfer through the inner fluid region. This indicates that the baffle
contributes to the obstruction of the convection heat transfer. Additionally, it was observed
that the baffle angle affects the core of the recirculation.

Figure 8a,b show the impact of the average Nusselt number along the conductive left
wall due on adjusting the baffle angle for various Rayleigh number ranges. Fundamentally,
the effect of the baffle angle has substantial outcomes on the average Nusselt number. The
maximum average Nusselt number is obtained corresponding to the angle of @ = 30 due
to the blocking effect of the baffle on the flow, so fluids slightly move around the boundary
wall and transfer heat. The Cu-water) nanofluid with (¢ = 0.04) volume fraction shows
an enhancement in the value of (Nu) as compared with water; this is associated with
the improvement of the fluid thermal properties. While the minimum value corresponds
with the angle value of (¢ = 90), which is equal to (¥ = 9.84), the increase in the baffle
angle (@ > 90) means the Nusselt number value rises over a small amount and stops at
(@ = 150). In addition, the average Nusselt number and the heat distribution enhanced for
the nanoparticle volume fraction increased.

Nu

T T T T T T O R B R

Nu

1 I A 1 L1 1id

(a) (b)

Figure 8. Average Nusselt number graph for various baffle inclination angle with Ra and & at
Kr =1, at(a) ¢ =0, and (b) ¢ = 0.06.

3.3. Effect Thermal Conductivity Ratio

Figure 9 shows how changing the thermal conductivity ratio along the conductive
wall has an impact for a range of Kr = 0.1, 1, and 10 upon the streamlines and isothermal
patterns for the present configuration of both the pure fluid and (Cu-water) nanofluid for
the case of the volume fraction ¢ = 0.02 and the Rayleigh number Ra=10* with a baffle at
a vertical position. The right two columns display the isothermal patterns, whereas the
two left columns display the streamline patterns. It is evident that the Kr of the solid wall
impacts the wall temperature and fluid flow behavior. It can be observed that the flow
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strength was considerable and at its maximum for a high Kr of the wall. For the low values
of Kr, i.e., 0.1, the wall thermal resistance is extremely high; the gradient of the isothermal
lines is lower and denser, and it is easier to observe that inside the area of the wall; this
shows that a limited amount of heat is transferred to the inner fluid inside the enclosure.
Additional increases in the conductivity ratio from 0.1 to 10 lead to decreases in the hot
wall’s thermal resistance and the wall transfers extra heat to the inner fluid. It can be easy
to recognize that from the isothermal lines as the gradient in that area of the wall became
significant and the convection movements inside the enclosure. Concerning the flow field,
as the conductivity ratio increases, the degree of stream function increases, that refers to
the flow intensity within the enclosure walls above the baffle increase. This is because
the temperature gradient at the hot wall increases with the increase in the Kr. It was also
observed that the convection strength of fluid becomes more effective for the larger values
of Kr.

Stream function () Isotherms lines (6)

$=0.02 $=0 $=0.02

L’T../

O

Figure 9. Effect of the hot thick wall on streamlines (two left columns) and isothermal patterns
(two right columns) for different value of solid volume fraction at Ra = 10* and @ = 90.

Figure 10 shows the ranges of the average Nusselt number, the thermal conductivity
ratio, the Rayleigh number for various values, the volume fraction ranges ¢ = 0 to 0.06, and
the angle of inclination of the baffle ® = 90°. As shown, the convective flow strength and
heat transmission are improved by increasing the Rayleigh number and thus increasing
the average Nusselt number. It is also observed that the convective strength of the fluid
becomes more effective for the maximum Kr.
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Figure 10. Average Nusselt number at various Ra and Kr of the solid wall at @ = 90 and ¢ = 0.06.

4. Conclusions

The combined study on the impact of a baffle length and the angle of inclination of
the baffle in a square enclosure packed with a Cu-water nanofluid has been investigated
numerically. The variables under consideration were resolved by employing the finite
element method, which is validated against some previously published papers and found
to be in good agreement. The following is a summary of the paper’s key findings:

e  Asignificant effect was observed while raising the value of the Rayleigh number (Ra)
on both the streamlines and isothermal patterns on the average Nusselt number. This
shows the improvement in the rate of heat distribution, where the nanofluid effect is
greater than that of the pure fluid.

e  Thermal performance was significantly influenced by the baffle’s inclination angle,
flow behavior, and on the average Nusselt number. The heat transfer was improved
for the angle closure to 30. The maximum value of the stream function occurred for
the case of nanofluid at @ = 60, which is equal to ¥ = 11.2, whereas they decreased
when @ > 60, while for the minimum stream function ¥ decreased to 9.84. For the
critical angle at @ = 90, the baffle had an excellent barrier effect on the flow and
caused separate cells in the region on both sides.

e  The parameter Kr of the left wall remarkably influences streamlines, isothermal pat-
terns, and the average Nusselt number. The increase in the Kr raises the conductivity
of the solid wall so that the heat transmitted across the thick wall increases and the
temperature gradients pass the solid—fluid interface. Therefore, it can be seen that the
thermal conductivity ratio acts as a control parameter that impacts the temperature
profile within the enclosure. Moreover, the maximum stream function value was
attained for all nanoparticle concentration values.
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Nomenclature

Specific heat (K] /kg.K)

Dimensionless wall thickness

Gravitational acceleration (m/s?)

Thermal conductivity (W/m-K)

Enclosure length (m)

Nusselt number

Dimensionless pressure

Prandtl number

Rayleigh number

Dimensional temperature

Dimensionless velocity component X-direction
Dimensionless velocity component Y-direction
Dimensionless-coordinates
Dimensionless-coordinates

SXSSSPIVZOAR OO

Greek symbols

o thermal diffusivity (m?2/s)

B thermal expansion coefficient (1/T)
H Dynamic viscosity (kg-s/m)

0 Dimensionless temperature

b4 Absolute stream function

Subscripts

c cold
h hot
loc local
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