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ABSTRACT

This study investigated the effects of mixed convection heat transfer and entropy
generation within a closed two-dimensional square cavity filled with a water-based hybrid
nanofluid composed of ammonia and copper nanoparticles, by using Galerkin finite
element method. The cavity contains two vertically oscillating cylinders as internal heat
sources and cooled outer walls. The effects of Rayleigh numbers (103-10°), oscillation
amplitudes (0, 0.05, 0.1, 0.15), and frequencies (0.5,2, 2.5, 5, 10, 20, 40) on flow behaviour,
entropy, Bejan number, and local Nusselt number were investigated. The remaining
parameters, such as the volume fraction of the nanoparticles (2.5% Cu, 2.5% Al, Os ),
the shape, position of the cylinders and the Prandtl number (6.2) were kept constant,
assuming laminar flow. The results showed that the Rayleigh number was the influential
factor in enhancing heat transfer and frequency, while the oscillation amplitude effect was
relatively limited, providing a deeper understanding of enhancing heat exchange
mechanisms in closed-loop thermal systems with moving internal sources, making them
relevant for advanced engineering applications and air conditioning and refrigeration
systems. The generation of maximum entropy increased by 23.3% at A=0 and 39.9% at
f=40, indicating an increase in the system's non-reflectivity within the enhanced heat
transfer range.
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A Dimensionless Amplitude of oscillation Cp  Specific heat at constant pressure
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F Dimensionless frequency (f= oL?/ o f) P Dimensionless Pressure
Nu Nusselt number T Temperature
Ra Rayleigh number (Ra = gp (Tu* - Tc*) L® TP  Period of oscillation (TP = 1/f)
/m a)
Pr Prandtl number (Pr = m/a) G Gravity acceleration
Di Diameter of the cylinder K Thermal conductivity
Radius of the cylinder L Length of the cavity
X, Y Cartesian coordinates T Dimensional time
X,Y  Dimensionless cartesian coordinates W Velocity of the moving grid
Wo The length of the cylindrical heater U Velocity component along x-axis
s Dimensional entropy \% Velocity component along y-axis
S Dimensionless entropy S Cavity sidewall length
Fri friction nf Nanofluid
® Dimensional frequency hnf  Hybrid nanofluids
) Volume fraction hnp  Hybrid nanoparticles
0 Dimensionless temperature bf Base fluid
Dimensionless time (s = taf/L2) c Cold
a Thermal diffusivity h Hot
B Thermal expansion coefficient 1 Dynamic viscosity
avg Average Y Kinematic viscosity
th Thermal * Dimensional parameters
gen Generation r Irreversibility factor

INTRODUCTION

Many researchers in the field of thermal engineering have conducted scientific research on
convection heat transfer processes, including forced convection, natural convection, and
mixed convection, within a cavity filled with a fluid such as water or air. Given the
importance of convection heat transfer in numerous industrial applications, solar energy
systems such as solar cells and solar water heaters, air conditioning and refrigeration
systems, battery cooling systems, electronics cooling, and other fields, scientists and
researchers are constantly striving to improve convection processes. This has involved
introducing porous media and nanoparticles into the fluids used to enhance heat transfer.

A hybrid fluid was placed in a horizontal annular cavity between two oval cylinders.
The inner surface of the annular cavity was heated to uniform temperatures, while the outer
surface was cooled, resulting in a natural temperature difference. The results showed that
the flow rate, natural convection heat transfer, and the entropy resulting from heat and
friction increased with increasing Rayleigh number and volume fraction of the hybrid
nanoparticles (Tahar Tayebi and Hakan F. Oztop 2020).The effect of cavity shape on the
flow rate of a nanofluid composed of aluminum oxide and water was investigated. The
results indicated that the cavity shape significantly influences the flow structure, heat
transfer, Nusselt rate, and coefficient of friction by varying the applied parameters (Ch.
Abdellahoum and A. Mataoui 2022). A numerical study of natural convection heat transfer
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was conducted using a Cu-Al>O3 hybrid nanofluid placed inside a biconcave square cavity.
The study showed that the total surface area for heat transfer increases with increasing
empirical factors of particle shape; therefore, different nanoparticle shapes influence each
other (M.A. Hanafiah et al. 2024).

Several studies have highlighted the importance of enhancing heat transfer in the
presence of oscillations. This is a crucial factor in combining natural and forced convection
to generate mixed convection, significantly impacting heat transfer efficiency. Some
researchers have used magnetic fields to generate these oscillations. For example, a study
(R. Zhang et al. 2020), (M. Ibrahim 2022) using nanofluids of varying concentrations
within a cavity fixed at a 45° angle to the horizontal and subjected to an inclined magnetic
flux demonstrated that increasing the Rayleigh number and decreasing the Hartmann
number led to a higher average Nusselt rate and increased entropy. Heat exchange was also
enhanced with increasing nanoparticle size. Furthermore, (K. Al Kalbani, M. J. Uddin
2025) conducted a numerical study investigating the effect of a horizontal magnetic field
on natural convection heat transfer in a square vessel with undulating sides containing Cu
nanofluid and a Cu-Al>Oz hybrid nanofluid. Their results indicated that increasing the
undulation coefficient enhances heat flow near the walls, and that the nanofluid promotes
a higher heat transfer rate than the hybrid fluid. (A. S. Abedallh et al. 2024) confirmed in
his numerical study of an air-filled cavity that has a high-temperature upper wall moving
reciprocating while its lower wall cools. The numerical study showed that maintaining a
constant Richardson number and increasing the aspect ratio increases the Nusselt number.
(A. Kh. Kareem et al. 2016) presented a numerical study of mixed convection heat transfer
using a hybrid fluid composed of (Al, O3 , CuO, SiO, , and 2TiO, ) inside a trapezoidal
vessel with a movable lid at varying angles of rotation and tilt and different dimensions.
The heat transfer rate increased with increasing nanoparticle concentration, registering the
highest value when using SiO, -water, followed by Al, O; -water, then TiO, , and finally
CuO-water. It was observed that the Nusselt number increased even more when using
flexible walls compared to rigid walls of a square cavity, especially with higher Rayleigh
values (Z. Gong et al. 2025).

Some also indicated that the presence of cylinders inside the cavity enhances the
process, especially when they rotate or oscillate. The results are superior compared to the
static state. A study of a porous square cavity containing a moving solid cylinder showed
that the flow lines and Nusselt numbers increased with increasing Rayleigh and Darcy
numbers, leading to improved heat transfer (A. Abdulkadhim et al. 2018). Heat transfer
was further enhanced by the rotation of the cylinder within a cavity divided into two halves:
the upper half containing a nanofluid and the lower half a porous layer (H.M. Elshehabey
2014). A mixed heat transfer study of two heated cylinders rotating in the center of a square
vessel filled with copper nanoparticles and water showed that increasing the Richardson
number reduced the Nusselt number by 13.37%, while the Nusselt number increased by
73.25% with increasing cylinder diameter and increasing nanoparticle concentration by
3.37%. The Nusselt number also increased by 75.17% at high rotation speeds (Farhan A.l.
2021). While others have suggested that the vibration of objects within cavities can further
improve the Nusselt rate due to increased mixing, which in turn enhances heat exchange
(B. M. Al-Srayyih et al. 2023), one study described the effect of increasing the hot wall
length of a quarter-circular cavity filled with a copper-aluminum oxide/water hybrid
nanofluid.During the vibration of two elliptical objects at different frequencies and
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amplitudes, the lower wall was heated while the upper wall was cooled. The vertical walls
provided thermal insulation. Increasing the Rayleigh number and the hot wall length led to
a greater density of temperature gradient lines near the hot and cold walls. Heat generation
from the hot source increased with increasing hot wall length. (S.A.M Mehryan et al, 2019)
It has been proven that high frequencies improved heat exchange, and increasing the
Rayleigh number improved the Nusselt rate.

Despite numerous scientific studies and research, the topic of heat transfer and its
optimization under the influence of vibrating solids within a closed cavity filled with a
hybrid nanofluid still requires deeper and more intensive investigation. This is especially
true in closed thermal systems containing internal obstacles, where optimal utilization of
these obstacles is crucial for improving system efficiency. Understanding the heat and
motion tolerance of these systems is essential for designing systems from stress-resistant
materials. Furthermore, this research is beneficial in chemical reactors and other
applications.

CAVITY GEOMETRY

The geometrical description of the cavity in this work is presented in Fig.1. The two
cylinders inside the cavity are subjected to a sinusoidal oscillatory motion and immersed
in the nanofluid. The nanofluid consisting of aluminium oxide (Al.O3) and copper (Cu)
nanoparticles in water inside the square cavity. The nanoparticles are assumed to be in
dynamic and thermal equilibrium without any agglomeration or sedimentation, i.e., they
are suspended and stable.

T-E

ES
Y A Hybrid nanoparticles[Cu-AL203/water)

y*=A*sin (2rwt)

T

L

Fig. 1. Geometrical Description of the cavity.

The two oscillating cylinders oscillate along the y-axis, and their specific displacement can
be defined by the equation y = A sin 2nwt, where o is the oscillation frequency and A is
the oscillation amplitude. This process involves redirecting the flow toward or away from
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the hot source and generating multi-circulation fluid patterns. This, in turn, increases the
heat transfer efficiency by reducing the thickness of the thermal boundary layer near the
hot source wall. This increased control of heat transfer can be achieved by the motion of
the oscillating solid cylinders. The thermophysical properties of the nanoparticles used in
the study, as well as those of water, are given in Table 1.

Table 1. Thermophysical properties of the components of Cu—Al203/water (GH.R.
Kefayati 2013), (H.M. Elshehabey 2014).

Physical properties Al;O3 Cu Water
cpr/JkgtK? 765 385 4179
k/WmtK? 40 401 0.613

p /kgm? 3970 8933 997.1
B /Kt 0.85 x10° 1.67 x 10° 21x10°
a /m?st 131.7 x 107 1.11 x 10* 1.47 x 107
u/kgmist - - 8.9x 10*

THE MATHEMATICAL MODELING

The Boussinesq approximation is applied to simulate density fluctuations at the buoyancy
limit. The heat transfer equation takes into account convection and conduction from the
energy equations, ignoring viscous dissipation and radiation effects. With the assumptions
made above, the governing equations can be represented as follows (S.A.M Mehryan et al,
2019):

Continuity Equation:
Viu =0 1)
Momentum Equation:

MW — W)V = — (l )V*'P* + G0t Byneg (T° — T2) )
5t Phnf Phnf

Energy Equation:

8T*
St

+ W = W) VLT = apype V2T (3)
a-on all outer walls of the cavity
T u=u"=v"=0 (4-a)

b-in the oscillating cylinder
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=T (4-b)
u'= 0,v’=dy’/dt = 2 A"t wcos( 2Tw) (4-c)
tap _ X _ Y _

Lz T, L =X L - y

(Lz ) P* — P u* L =u W* L =W

(ps 0‘%) ' af of

Y- pr v_ \Y

of 1/L

v (gB (T-TO LY (T = T%)

= V? =T h "7/ R — =T 5

1L o 4 oy ®)

Non-dimensional equations (S.A.M Mehryan et al, 2019)
Based on the nondimensional parameters presented above, eqns, 1, 2, and 3 can be written

as:

V.u=0 (6)
ou —w) vy = — (P _Pr ) (Wnn 2 (OB)hnt

o " (u=w)-vu (phnf) VPt (Phnf) ( Hf ) Prviu+ [(phnf Bf)] PrRaT Q)
0T/t + (u = W) + VT = (e / @g) V°T ®)

In equation (7), Pr is the Prandtl number and Ra is the Rayleigh number, and equation (8)
annt = Knnf/(p CP) nnf, (PCp)nnt It is the specific heat capacity of the hybrid fluid.

pmf=pi (1 — omp) + (p. 0)aros + (p. 0)cu 9)
(PB)mr= (1 — ©mp)(PP) f + (©.pP)aizos +( 0.pP)cu (10)
(PCp)hnf = (1 — @nnp) (PCp) £ + (¢.pCp)Ai203 HPpCp)cu (11)

Whereas @np= @ai203+ @cu

pnnf Effective density is a property of nanofluids. and ponnt coefficient of thermal expansion

(17)., as well as Thermal diffusivity of the hybrid nanofluid an The following modified
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relationships were also obtained using the classical Maxwell (Maxwell JC.1881) and
Brugman (S.M.S Murshed 2005) models to define the thermal conductivity of the hybrid

nanofluid:

Knng _ [khnp+2kf—2 o hnp(kf —khnp)]

kf  [khnp+2kf+ o hnp(kf —khnp)] (12)
Brugman's model (Maxwell JC, 1881)
— L kv
knng = QI(B0p, = Dknp + (2 = 30, )kf] + (D)va (13)
— _1)2 (Knnp _ 2 O 2 (Khnp
A=[(Bonnp—1) (k_f) +(2-3 0nnp) 2+ 2 (2+ 9 © hnp—90 hnp) ( kr )] (14)
Whereas (k¢)nnp = (k@) ar,0, + (k@) cu (15)

It is important to note that since the volume fraction of copper is zero, all equations and
relationships used for the Cu-Al.Os/water hybrid nanofluid are valid. In the equations
above for the Cu-Al>Os/water hybrid nanofluid, the thermal conductivity values and the
experimental values are provided by (Rashad A. et al. 2018). The solution is completed
based on the experimental values of the thermal conductivity of the hybrid nanofluid, as
the relationships provided by Maxwell and Brugman cannot accurately estimate the
thermal conductivity values for the Cu-Al.Os/water hybrid nanofluid. To obtain the
viscosity of the Cu-Al>Os/water hybrid nanofluid, the accuracy of the classical models used

is examined as follows:

Classical Models
Einstein's Model (Einstein A1956)

“z_;v” =1+ Ku " ©nnp) (16)
T=0,v=u=0 (17-3)

Oscillating cylinder (Temperature)
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T=1

oscillating cylinder (Motion)

u=20; VZ%ZZAT[f-COS(ZT[fT); A:AT*
khnf, T
Nujgea = — ( X - ) (%)T

1
Nuavg: (WO) fOWO Nulocal ds
(19)

_ (fv Tiocar V)
Tavg = (5 dv)

Where Wy = length of the hot cylinder.
The fluid flow motion expressed as v is described as:

_ow o _ v
u_ay' V= ox

(17-b)

(17-c)

(18)

(20)

(21)

The following equations represent the entropy generated due to heat and frictional

irreversibility (¢, $(sriy), which are the two factors that contribute to the generation of local

entropy Sgen inside the cavity (M. Ghalambaz et al. 2021):

S = Khnf
th = 720 [(aT/0x) + (9T/0y)? ]

3 _ H(hnf)
(fri) — AUNZ _ V., AU V.,
To [2(§) +2(@) +(@+a) ]
S gen — Stn + s(fri)
S _ knnf n HU(hnf)
en — 9T, 0T U oV 09U oV
B 2GR Gl T2 G2 (G507

When T, = =T - o)
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Sgen = (k<:f)eritzh(0)rs)2]) (26)
Sgen = Son + e @)
S = GEDLGP* + G°] (28)
Sy =T (267 + 2% + G + 22 (29)
Sgen = 1227+ @01+ [2(2) + 297+ &+ 2] (30)
P=T ML s __p (31)

O kpy P vp (T -T))
Across all the computing domains, the total S, in the dimensionless form is obtained by
integrating equation (26). The Bejan number demonstrates the degree of irreversibility

brought on by the formation of entropy during heat transportas: Be = S /S .

Mesh Validation
An irregular triangular mesh was generated as shown in Figure 2.

Fig. 2. An irregular triangular network showing sharp gradients in temperature and speed.

To record steep temperature and velocity gradients, a suitable number of elements were
concentrated near the perimeter of the cylinder and near its walls. Initially, a basic grid of
2406 elements were constructed, and the independence of the grid was systematically
studied as the number of grids increased. To ensure the independence of the results from
the number of grid elements, five different grid sizes were considered. Each grid size and
its resulting Nusselt number are shown in Table 2. The difference in the Nusselt number
value for each grid size is also shown. It was observed that as the grid was further optimized
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from 3472 to 7928, the computational effort decreased by approximately 128.3%. Table
(2). Average Nusselt number for each mesh size.

Table 2. Grid independent test average Nusselt number on left cylinder surface at
(01=0.025, ¢2=0.025 =¢=0.0 5,7=2, fr=5 1/sec, A=0.1) two cylinder move to up and

down.
Grid Domain Boundary Time NUave |Error|%
elements elements min

G1 2406 164 60 44231 -

G2 3472 200 67 4.9962 11.4
G3 7928 404 77 5.1212 2.44
G4 23494 792 124 5.1260 0.09
G5 30020 892 154 5.1270 0.019

1- The streamlines and isotherms results were compared with those published for
Rayleigh equals 10*and 108. A good agreement in temperature values was observed.
Furthermore, the average Nusselt number distribution, friction factor, pumping
power, and thermal resistance were identified and compared as well. The validation
with (M.H.M. Hashim et al 2023) was achieved at ¢h nf = 0.01 and ¢ = 5°.

@) Recent study M.H.M. Hashim et al. (2023)

B |
0«6984 -~ "\\

-2.561 \
-3.958

{
| —~
[[ 2,027 5353

209
< ‘
¢
\ -3.492
4:424
-; -1:630

\_d.o(zeze/

10%

Streamline

108
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b) Recent study M.H.M. Hashim et al. (2023)
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Fig. 3. (a) Flow lines, (b) Isotherms.

2- The results were compared using the COMSOL 2.6 software with published
results by (D. Dey and S. K. Dash, 2023), which were simulated using Matlab
b2016R software, to study natural convection heat transfer within a square cavity
using ferro-hydraulic nanofluids (magnetic and non-magnetic). The comparison
showed very good agreement at a concentration of ¢=0.1%.

(Nu vs Ra)

65
= 60 . - L
oy s @ @@ @ o
2 e
E
= 50
- Day and Dash |aae
3]
E 45 Present study ® e @
=

40

0 5 10 15 20

Rayleigh number Ray ™ 108

Fig. 4. Nusselt vs. Rayleigh.
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RESULTS AND DISCUSSION

This section explains the simulation results for the current problem. The results are
conducted for the non-dimensional cylinder parameters; Rayleigh number (10%, 10°),
oscillation amplitude (0, 0.05, 0.1, 0.15), and frequency (0.5, 2, 2.5, 5, 10, 20, 40), with the
Prandtl number fixed at Pr = 6.2. They also examine their influence on the flow and heat
transfer properties.

Stream Function

Figure 5 illustrates the fluid flow function within the cavity due to the oscillatory motion
of the horizontal cylinders at different values of Ra, amplitude, and frequency. The results
show that, as a result of the vertical vibration of the heated cylinders within the cavity due
to the oscillatory motion, vortices cover a large portion of the cavity. The vortices around
the cylinder on the right side of the cavity rotate clockwise, while their direction around
the cylinder on the left side of the cavity is counterclockwise. As the number of vortices
increases, the flow becomes more complex, and the lines begin to curve more due to the
turbulent flow. Increased line density indicates an increase in velocity. The shift of the
vortices from the center to the edges indicates an increased effect of vibrations and natural
convection within the cavity. Furthermore, it was observed that as the Rayleigh number
increased from 103 to 10° at a constant oscillatory amplitude (Figure 5a) and a constant
frequency (Figure 5b), the number of vortices generated around the heated cylinders
increased. This behavior indicates turbulent flow within the cavity. Vortices are also
generated in the center of the upper cavity and rotate in the opposite direction to the
adjacent vortices.

It is observed that the flow velocity increases at the center and along the cavity walls
for both variations in cylinder frequencies and amplitudes. Notably, at Rayleigh 103, new,
smaller vortices are generated between the cylinders, evolving in the opposite direction to
the larger vortices. The size of these vortices increases with increasing amplitude but
remains smaller than the larger vortices. With increasing frequency, the smaller vortices
generated become larger than the larger ones. This indicates that the flow becomes more
turbulent, which in turn leads to increased heat transfer. The behavior around the two
cylinders is also asymmetrical in all velocity diagrams. With increasing Rayleigh
frequencies (Ra = 10°), the flow becomes more complex and turbulent due to the presence
of numerous vortices. The shape of the vortex’s changes with increasing amplitude,
particularly at the center of the upper cavity. The behavior also changes progressively and
significantly with increasing frequency, especially at frequencies of 20 and 40.

Entropy Generation

Figures 6a and 6b illustrate the minimum and maximum entropy values and their positions
at different Rayleigh numbers for constant frequency and amplitude, respectively.
Generally, the highest entropy value is observed on the sides of the heated cylinder surface
near the cavity walls. The lowest entropy value is found near the walls at the top and bottom
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of the cavity. The comparison will be based on the highest entropy value for all cases
studied in this work. Furthermore, the entropy value increases with increasing Rayleigh
number from 103to 10° . With increasing oscillation amplitude, the entropy at 103 Rayleigh
increases very slightly. However, the behaviour at Ra = 10° is different. Entropy increases
with smaller values of slight increases in oscillation amplitude and then decreases with
higher values of oscillation amplitude (A = 0.1, A = 0.15). Entropy increases with constant
Ra and increasing frequency, but at a small rate.

Bejan Number

Figures 7a and 7b illustrate the values of the Bejan number at different Rayleigh numbers
for a fixed frequency and amplitude, respectively. Generally, as the Rayleigh value
increases for a given oscillation amplitude (as shown in Fig. 7a) and a given frequency
constant (as shown in Fig. 7b), the Bejan number decreases significantly. For the same
Rayleigh value (Ra = 103), it is observed that with increasing oscillation amplitude and
frequency (as shown in Fig. 7a and 7b, respectively), the Bejan number decreases slightly.
However, at higher Rayleigh values (Ra = 10° ), the Bejan number increases with
increasing oscillation amplitude. For Rayleigh 10° , the Bejan number increases slightly
up to a frequency of 10 and then decreases down to a frequency of 40.

Local Nusselt Number

Figures 8 and 9, respectively, illustrate the trends in Nusselt numbers along the left wall
for different amplitudes and frequencies. For different amplitudes at Rayleigh 103, the
difference in Nusselt values resulting from changes in oscillation amplitudes is very small.
Furthermore, the Nusselt values are identical for both cylinders. Intersecting points are
observed at Rayleigh 10%, where the behaviour is reversed. The local Nusselt value for high
frequencies or amplitudes is at its lowest, while for low frequencies it is at its highest.
However, the difference in values is very small. The opposite is also true. In solid A. on
the left, the Nusselt value is initially high and then decreases for all oscillation amplitudes
and frequencies until it reaches a point where it is low. Then the local Nusselt value
increases again. In solid B on the right, the cycle starts increasing and then decreases after
reaching the equilibrium point.

In Rayleigh 10°, for different oscillation amplitudes and frequencies, the flow is more
complex. At the starting point on the surface, indicated by the red circle shown in the
figures, the Nusselt number values are higher than those in Rayleigh 10°. However, they
fluctuate again for several points, giving a more random appearance.

Fig. 8 shows the Nusselt number values for the two solids (A and B). Solid A has equal
Nusselt values at the beginning of its cycle, while solid cylinder B has nearly equal values
in the middle, indicating symmetry in flow and heat transfer due to forced convection
dominating the natural flow. In Rayleigh 10°, the flow becomes more complex due to the
dominance of natural convection. The differences between the cylinders become greater,
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and the Nusselt number increases significantly. This indicates that the flow of the nanofluid
becomes stronger, thus increasing the efficiency of heat transfer. In solid A, the differences
in the Nusselt number values were very small compared to those in solid cylinder B.

There were also several points where the Nusselt values for solid A matched. Fig. 9
shows that at different frequencies of Rayleigh 103 the differences in local Nusselt
numbers were small, but larger than they were for different oscillation amplitudes. In
Rayleigh 10°, the flow became more complex, and the differences between the Nusselt
values for different frequencies increased significantly. The highest local Nusselt number
values in this case were recorded for cylinder A (6.8) at (s=0.353) and for cylinder B (6.6)
at (s=0.59) at different oscillation amplitudes in Rayleigh 10°. The highest local Nusselt
number value (7.3) was also recorded in Rayleigh 10° for different frequency values for
cylinder A at (s=0.59) and for cylinder B at (s=0.35).

CONCLUSIONS

1. Rayleigh Number Effect: The strongest factor affecting entropy and heat transfer, as
Ra increases from 10° to 10°.

2. The generated entropy increases significantly, and the local Nusselt number also
increases noticeably, this is due to the dominance of natural convection and the
increased flow intensity resulting from buoyancy forces.

3. Oscillation Amplitude (A) Effect: Its effect is very weak compared to Rayleigh number
and frequency, as observed at high Rayleigh numbers, large oscillation amplitudes
reduce entropy due to the dominance of convection.

4. Frequency (f) Effect: Its effect is greater than that of amplitude but less than that of
Rayleigh number. It has been observed that increasing the frequency leads to a slight
increase in the generated entropy and a significant increase in the local Nusselt number.
This is because increasing the fluid velocity results in better mixing, which improves
heat transfer through mixed convection.

5. The generation of maximum entropy increased by 23.3% at A=0 and 39.9% at =40,
This indicates that the higher frequency leads to an increase in the speed of the hybrid
nanofluid movement and the shear force within the cavity, which enhances thermal
mixing and increases thermal and frictional gradients, thus raising the entropy
generation rates at high Rayleigh values.
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Fig. 5. Velocity and direction chart at Ra= 103, and 10° Di =2, 1 =2, ¢npn= 0.5. a) f =2;
b) A=0.1.
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