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Abstract

The significance of nanoparticle shapes is evident in various domains of detecting trace metals in biomolecular assays and nan-
otechnology applications. The present study focused on copper and aluminum-water hybrid nanofluid flow inside a lid-driven cavity.
The heated elliptic-shaped obstacle is emended inside the lid-driven square cavity. The hybrid nanofluid contained water and two
categories of nanoparticles with sphere, column, and lamina shapes. The solution of the projected model governing equations is
evaluated by the Galerkin Method. Long short-term memory is used to ensure the accuracy of the solution and comparison of results.
The characteristics of hybrid nanofluid are presented as streamlines, isothermal contour plots, kinetic energy, and heat transfer. The
graphical description shows that lamina-shaped nano-sized particles dominate the distribution of temperature and heat transfer.
The long short-term memory approach demonstrated high accuracy in our comparative analysis.
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1. Introduction

Numerous vital applications can be achieved by using nanopar-
ticle shapes and sizes. The significance of nanoparticle shapes
is evident in various domains of detecting trace metals in
biomolecular assays and nanotechnology applications (Knauer
& Koehler, 2016). It is accepted in the field of fluid dynamics the
shape of nanoparticles plays a crucial role in the transportation
dynamics within confined channels, especially in narrow tubes
(Caldorera-Moore et al., 2010). Sphere-shaped nanoparticles are
extensively studied in biomedical fields involving biosensing
and bioimaging, theranostics, and diagnostics, but the effect of
nanoparticles shape has received little consideration (Zhao et
al., 2017). Spherical-shaped nanoparticles have been noted to be
the main factor accumulating in different organs responsible
for clearance, such as the spleen, kidney, and liver (Truong et
al, 2017). The unique characteristics of non-spherical shaped
nanoparticles recommend that intelligent control over nanopar-
ticle geometry can move the paradigm in nanomedicine from
spherical nanoparticles to those with further complex geome-
tries. The intersection of nanoparticles with cells in the blood
vessels and bloodstream, subsequent cellular binding, intercel-
lular transport, uptake, transport across the endothelial wall
into the tumor, and clearance rate of unbounded nanoparticles
are dependent on the geometry of nanoparticles. For example, a
non-spherical nanoparticle design can show increased targeted
drug delivery efficiency and circulation time in living subjects.

They can also explore, migrate, and bind to tumor vasculature
more efficiently (Zhu et al., 2019).

Nowadays, the latest method applied for heat transfer in flu-
ids is identified as a hybrid nanofluid (Rashid et al, 2023a).
Hybrid nanofluids have piqued the interest of scientists, en-
gineers, and scholars due to their comprehensive applications
in various flelds, including microfluidics, medical lubrication,
transportation, and manufacturing. Their adaptability extends to
areas such as solar heating, generator cooling, acoustics, and mar-
itime structures, making them indispensable in technical and in-
dustrial domains (Jamil & Ali, 2020). This remarkable versatil-
ity arises from their unique composition, where two dissimilar
nano-sized particles with different physical and chemical proper-
ties are combined with a base fluid, creating a hybrid nanofluid
with enhanced thermal and flow characteristics (Qureshi et al.,
2023). Tanzila and Nadeem (Aziz et al., 2018) deliberated the heat
transfer in water-(Ag/CuO) and water/CuO hybrid nanofluids over
a rotating surface with the impact of heat generation, chemi-
cal reaction, and radiation. Sakkaravarthi et al. (2024) discussed
the heat transfer in Casson tetra hybrid nanofluid flow using the
Levenberg Marquardt neural network approach. Al-mdallal et al.
(2020) examined the impacts of Marangoni radiative convection in
(Al,03/S10,)-H,0, (Al,03/TiOy)-water, and (TiO,/SiO,)-water hy-
brid nanofluid on flow and heat transfer past a permeable surface
in the existence of the magnetic field. Najiyah Safwa Khashi'ie
et al. (2020) examined the thermal Marangoni flow and energy
transfer of water—(Al,05/Cu) hybrid nanofluid over a shrinking
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Figure 1: The geometry of the problem (A) and (B) mesh distribution.

Table 1: The numerical values of shape factors (Rashid & Ibrahim,
2020).

Shapes Sphere Column Lamina
Phi 1 0.4710 0.1857
q 3 6.3698 16.1576

Table 2: Thermophysical properties of (Cu and Al,03)/H,0O
(Bhuiyana et al., 2017).

Physical

properties Cu Al,03 H,0
k (W/m K) 401 40 0.613
o (kg/m?) 9833 3970 997.1
Bx107> K1 1.67 0.85 21
Cp (/kgK) 385 765 4179

and stretching sheet. Afrand et al. (2016) scrutinized the nanopar-
ticle’s influence on temperature and concentration distribution
in (Fe;04 and Ag)/ethylene glycol hybrid nanofluid flow. Waini et
al. (2020) numerically discussed the solution of (Al,03/Cu)-H,0
hybrid nanofluid stagnation point flow and heat transfer past a
shrinking and stretching cylinder. Khan et al. (2011) studied bio-
convective and chemically reactive combined nanofluid flow on a
horizontally moving needle. Ahmad et al. (2023) did experimen-
tal work to analyse the performance of heat transfer in (Al,Os
and Zn)/water hybrid nanofluid. Akbar et al. (2024) discussed the
(Al,O3 and Cu)/water hybrid nanofluid flow and heat transfer over
a stretching sheet by using artificial neural networks.

For many years, finite element method-based solutions of fluid
dynamics have been expended in quality and quantity. The finite
element method and finite volume method are both highly effec-
tive methods for solving problems related to computational fluid
dynamics (Nithiarasu & Zienkiewicz, 2006). Fayz-Al-Asad et al.
(2024) utilized the finite element method to examine the thermal
enhancement in (Cu-water) nanofluid flow in an undulating wavy
cavity. Srinivasa et al. (2016) applied the finite element method to
examine the numerical solution of unsteady hydromagnetic nat-
ural convection Couette flow between two vertical parallel plates.
Hughes et al. (1979) studied the incompressible viscous fluid flow
by using the finite element method. Babazadeh et al. (2020) ap-
plied the finite element method (FEM) to investigate the hybrid
nanofluid study within a permeable medium in the existence of

Lorentz forces. Madhu and Kishan (2015) analysed the influences
of magnetic field and thermal radiation in viscous incompressible
and viscoelastic nanofluid flow past a stretching sheet by adopt-
ing the finite element method. Sohail et al. (2024) applied the finite
element method to examine the effect of thermal radiation, time
relaxation number, and magnetic field in cross-fluid flow over a
vertical disc. Ibrahim and Lamesse (2023) used the finite element
method to inspect the effect of Eyring Powell and magnetic pa-
rameters on nanofluid flow over a stretching sheet. Ali et al. (2024)
applied the finite element method to examine the effect of ma-
terial parameter, Hartmann number on micro-polar fluid flow in-
duced by Riga plate.

Sepp Hochreiter and Jurgen Schmidhuber (Hochreiter, 1997;
Chang et al., 2020) planned of a recurrent neural network (RNN)
named long short-term memory (LSTM). This method is a unique
deep learning network that is extensively applied for the predic-
tion of time series data and text analysis, i.e., google developed
into two layers of deep LSTM (Beaufays et al., 2014) to build large-
scale and speech recognition models. Deep learning is concerned
with internal laws and external correlations linking input and out-
put parameters that can be recognized by multi-hidden structures
of deep learning algorithms (Zhang et al., 2018). The application of
LSTM has gained popularity in the field of environmental science
for example in the use of establishing effective and robust fore-
casting wind speed models and monitoring carbon dioxide fluxes
in forest environments (Qian et al., 2019). Deep learning neural
network prediction models like LSTM have revealed important ad-
vancements in many fields (Selvaggio et al., 2022). Qian et al. (2019)
used LSTM for the prediction of toxic gas dispersion. They com-
pared it with several network models, i.e., support vector machine,
backpropagation, and Gaussian diffusion model. They noted that
LSTM provided higher prediction accuracy.

An analysis of the referenced literature indicates that no at-
tempts have been made to examine the comparative study of the
impact of nanoparticle shape on hybrid nanofluid flow in a lid-
driven cavity. This current research represents a significant ad-
vancement in fluid dynamics, providing insights that can enhance
the optimization and design of engineering systems for greater ef-
fectiveness and efficiency. In view of the above considerations, the
present model is suitable for examining the numerical solution of
the lid-driven cavity problem. These innovative techniques shed
new light on applications in nanotechnology and hybrid fluids.
Comparing the hybrid nanofluid flow using the Galerkin Method
and LSTM is also a prominent aspect of this research work. The
quality of nanofluid depends on the shape of the nanoparticles.
Also, the originality of this work is to examine the performance
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Figure 2: Impact of Phi on Streamlines for various nanoparticle shapes (Sphere, Column, Lamina).
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Figure 3: Impact of Phi on isotherms for various nanoparticle shapes (sphere, column, lamina).
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Figure 4: Influence of Phi: (A) on the velocity profile and (B) temperature distribution against different nanoparticle shapes (sphere, column, lamina).

Table 3: Impact of phi on K.E.

Shape Phi Kinetic energy
Sphere 0.05 0.0017 194
0.1 0.0016371
Column 0.05 0.0016738
0.1 0.0015592
Lamina 0.05 0.0015781
0.1 0.0014 463

Table 4: Impact of phi on Nu.

Shape Phi Nusselt number
Sphere 0.05 0.53529

0.1 0.67051
Column 0.05 0.67 966

0.1 0.95906
Lamina 0.05 1.0515

0.1 1.6973

of nanoparticle shapes in heat transfer of hybrid nanofluid with
different techniques. High accuracy is demonstrated in compar-
isons of these methodologies. Tabular and graphical descriptions
are considered to discuss the effects of physical parameters.

2. Physical Model

The physical configuration and domain discretization for the
present study are shown in Figures 1A and B. It is assumed that a
two-dimensional, steady hybrid nanofluid (copper and alumina-
water) flow occurs inside a lid-driven square cavity with height
H and length L, respectively. An elliptic-shaped heated obstacle is
embedded within the cavity to regulate the flow and thermal dis-
tribution inside the domain. The left and right walls of the cavity
are maintained at a cold temperature T, while the bottom wall
and elliptic obstacle are heated to a temperature T,. Additionally,
the upper wall of the cavity is moving, adiabatic, and subject to
a no-slip condition. The values of nanoparticle shape factors and
thermophysical properties of (Cu and Al,03)/H,0 are explained in
Table 1 and Table 2. The equations of the model are considered as
(Rashid et al. 2023b).

aU
X

v

=~ =0. (1)

U U 9P vmr 1 [0°U 32U
vy o Sy 2 (22 T ) 2)
X Y 89X vp Re \3X? = aY?
v Vv 9P v 1 [02V 9%V rB )
g O 0P vy 102V 0tV )h”fPle(?, (3)
89X Y dY vy Re\dXx2 = ay? (0B) ¢
90 0 @ 1 920 9%0
U— = hnf - ey +72 s (4)
X Y af PrRe \ X Y

To convert it into a nondimensional form following parameters
are used

x=Xy=Yyu-%Yy_Y p__7F z’Ri:%'Re:%’
L L Ug Ug meUO Re vy
T, — T, _
Gr:Lf(h2 C)L3,Pr=u—f,9=TT TTC
Vf of h— lc
R, Ry
o = Lo f = X 5
™ (oCp)ys T T (eCp); ®)

The dimensionless form of boundary values condition is
U=0,V=0,0=1,at bottom wall and obstacle

U=0,V=0,0=1,at left and right walls (6)
U=0,V=1,% =0,at the top wall.

Where
By L 1
s (1=Phi1)*® (1 -—Phi2)**’
";i = (1— Phi2) (1 — Phi1) ps + ps:Phil + peyPhi2,
f
(pCP)pns = (1 = Phi2) (1 = Phil) (pCp) + (pCp)s; Phil + (pCp), Phi2,
kymf _ [ksz =+ (q - 1)k}’1f] - (q - 1) - Phi2 - (kﬂf — ksg)
knf - [ksz + (q — 1) kﬂf] + Phi2 - (knf — ksz) ’
kn;  [kei+(q—1)ks] = (@ —1)-Phil- (ky — ks1)

s

kf [k51+(q—1)kf]+Phi1~(kf—k51)
(0B), = (1— Phi2) (1 Phi1) (o8) ; + (o), Phil + (0B),PHi2, (7)

The KE = 3 [, [|U]|?d< [kinetic energy (KE)] and Nu = (—2%)x_o
(Nusselt number) are taken as

ke= [wiras. )
Q

(10)
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Figure 5: Impact of Ri on streamlines for different nanoparticle shapes (sphere, column, lamina).
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Figure 6: Impact of Ri on isotherms for different nanoparticle shapes (sphere, column, lamina).
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Figure 7: Influence of Ri: (A) on the velocity profile and (B) temperature distribution against different nanoparticle shapes (sphere, column, lamina).

Table 5: Impact of Ri on K.E.

Shapes Ri Kinetic energy

Sphere 10 0.0064 341
15 0.0068877

Column 10 0.0078812
15 0.0089603

Lamina 10 0.0092762
15 0.011444

Table 6: Impact of Ri on Nu.

Shapes Ri Nusselt number
Sphere 10 1.1181

15 1.0782
Column 10 1.8686

15 1.7547
Lamina 10 4.5295

15 4.2617

3. Methodology

To remove the pressure term from Equations 2 and 3, replace the
pressure terms from Equations 2 and 3 with a pseudo-constitutive

relation P=y (27 + 27). The weak form of Equations 2—4 is

aYy
oU oU a (oU 9V
/(U 37}( +V —)wldA—i-/yan (* + 7) w,dQ
A

oY oxX oy
A
Vinf 1/ 32U  9?U
— - dQ =0, 11
T Re ( axz T vz )W an
A
W av o (U v
2 v ) wede 2%+ ) wyde
f(U ax T av)wzd +/”ay (ax + aY)wzd
A A
Vi 1/ PV VY o PPy /
(L S wade PrRi [ 6de =0,
T Re ) (ax? av? ) VSt gy T
(12)
30 30 apey 1 20 %0
UL 4 v Ywsda- 2~ [ (2204 2% yda =o.
/( axX T oy )w3 o; PrRe <3X2 t vz )W
Q Q

(13)

Within the triangular element, the velocity (U, V) and tempera-
ture (9) of the current model can be approximated by applying the
shape function of the discretized domain {¢;};_,". Consider each
six-node biquadratic triangular element over the whole domain
fellows as

N N N
Un ) ug (XY), VA ug (XY),0~ ) 06 (X.Y). (14)

j=1 j=1 j=1

4, Results Assessment and Discussion

The present section presents the analysis of the performance of
parameters involved in the fluid flow field. Figure 2 is portrayed
to illustrate the Phi effects on Streamlines distribution of hy-
brid nanofluid. It is observed from Figure 2 that increasing the
numerical value of Phi the size of Streamlines vortices gets en-
hanced. Also, it is observed that the Streamlines distribution is
more dominant for lamina-shaped than spherical and column-
shaped nanoparticles. Figure 3 illustrates the influence of cap Phi
on isothermal contours. It is observed from Figure 3 that Isother-
mal contours below and upper parts of the elliptic obstacle are
more pronounced. Since thermal conductivity is directly associ-
ated with nanoparticles concentration, as the values of Phi in-
crease the thermal distribution gets stronger in the regime, re-
sulting in an enhanced temperature profile. Also, among other
particles shapes the Isothermal distribution is more pronounced
for lamina-shape nanoparticles. Figures 4A and B are presented
to report the velocity and temperature of the (Cu and Al,03)/H,0
hybrid nanofluid against Phi. The results depict that the velocity
of (Cu and Al,03)/H,0 hybrid nanofluid is decreasing (Figure 4A)
while the temperature is increasing as a function of Phi (Figure 4B).
Physically, as the volume fraction Phi of (Cu and Al,03)/H,0 hy-
brid nanofluid increases, the fluid’s viscosity rises due to the pres-
ence of nanoparticles. This higher viscosity hinders the flow, lead-
ing to a decrease in velocity. Moreover, Phi is directly related to
the thermal conductivity of (Cu and Al,03)/H,0 hybrid nanofluid,
leading to an increased heat transfer rate between solid parti-
cles. Consequently, this enhances the temperature of the (Cu and
Al,03)/H,0 hybrid nanofluid. In the results for the sphere-shaped
nanoparticles, the hybrid nanofluid exhibits the highest velocity
compared to column- and lamina-shaped nanoparticles. In con-
trast, lamina-shaped nanoparticles result in the highest tempera-
ture. KE and heat transfer rate of hybrid nanofluid with the varia-
tion of phi are expressed in Tables 3 and 4. Here, it can be observed
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Figure 8: Impact of Re on Streamlines for different nanoparticle shapes (sphere, column, lamina).
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Figure 9: Impact of Re on isotherms for different nanoparticle shapes (sphere, column, lamina).
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Figure 10: Influence of Re: (A) on the velocity profile and (B) temperature distribution against different nanoparticle shapes (sphere, column, lamina).

Table 7: Impact of Re on KE.

Shape Re Kinetic energy
Sphere 200 0.0020741
250 0.0016789
Column 200 0.0019154
250 0.0016021
Lamina 200 0.0017 544
250 0.0015210

Table 8: Impact of Re on Nu.

Shape Re Nusselt number
Sphere 200 1.1181
250 1.0553
Column 200 1.8686
250 1.7383
Lamina 200 4.5294
250 4.1103
Table 9: Grid independence test.
Grid EL DOFs KE Error
L1 2394 2451 0.0025928 -
L2 3684 3761 0.0027383 0.0001 455
L3 5554 5651 0.0027 836 0.0000453
14 9214 9351 0.0028524 0.0000688
L5 12238 12403 0.0028748 0.0000224
Le 17566 17767 0.0028936 0.0000188
L7 43282 43675 0.0029307 0.0000371
18 113002 113755 0.0029428 0.0000121
L9 146292 147 045 0.0029435 0.0000007

that KE and heat transfer rate possess higher values for sphere
and lamina-shaped nano-sized particles, respectively.

Figure 5illustrates the streamlines for different values of Ri and
various nanoparticle shapes. It is observed that as Riincreases, the
streamlined distribution strengthens within the enclosure. Addi-
tionally, the distribution of Streamlines is more pronounced in the

presence of lamina-shaped nanoparticles. For both column and
lamina-shaped nanoparticles, the strength of the streamline cells
increases as Ri rises. Figure 6 demonstrates the effects of Ri on
the Isothermal contours of the hybrid nanofluid. It is reported in
Figure 6 that below the elliptic obstacle, the Isothermal contours
indicate a reduction in heat intensity as Ri increases. Moreover,
compared to other nanoparticle shapes, lamina-shaped nanopar-
ticles resultin a higher thermal profile within the Isothermal con-
tours. The impact of Ri on the velocity and temperature of the hy-
brid nanofluid for various nanoparticle shapes is illustrated in Fig-
ures 7A and B. Itis observed that as Riincreases, the velocity of the
hybrid nanofluid decreases (Figure 7A), while its temperature rises
(Figure 7B). Physically, a higher Ri indicates a greater dominance
of buoyancy forces over inertial forces. This enhanced buoyancy-
driven convection strengthens heat transfer, resulting in an over-
all increase in the temperature of the (Cu and Al,O3)/H,0 hy-
brid nanofluid within the cavity. Tables 5 and 6 show the KE and
heat transfer rate with the impact of Ri. It is reported that KE
has a direct relation, whereas the heat transfer rate has an in-
verse relation with Ri. It is observed that the KE and heat transfer
rate are maximum in the presence of lamina-shaped nano-sized
particles.

Figure 8 depicts the streamlined patterns illustrating the
impact of Re for distinct nanoparticle shapes. The results in
Figure 8 show that as Reincreases, the streamline vortices become
more dominant on the right side of the cavity. For sphere, column,
and lamina-shaped nanoparticles, the strength of the streamlined
cells increases with higher Re, and the size of the streamlined cells
also expands for all nanoparticle shapes. The influence of Re on
the Isothermal contours is shown in Figure 9. As Re increases, the
heat intensity decreases in the regions above and below the el-
liptic obstacle. Furthermore, the isothermal contours are more
dominant in the presence of lamina-shaped nanoparticles com-
pared to other shapes. The variations in velocity and temperature
of the hybrid nanofluid under the influence of Re are presented
in Figures 10A and B. Figure 10A shows that as Re enhances, the
velocity of the hybrid nanofluid rises due to the higher ratio of in-
ertial to viscous forces. Similarly, Figure 10B illustrates that the
temperature of the hybrid nanofluid increases with Re, primar-
ily due to the thickening of the thermal boundary layer. Tables 7
and 8 represent the numerical values of the behaviour of KE and
rate of heat transfer against Re for various nanoparticle shapes.
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It is noticed from Tables 7 and 8 that the KE and rate of heat
transfer are inverse functions of Re. Also, the KE is maximum for
sphere-shaped nanoparticles, while the temperature is maximum
for lamina-shaped nanoparticles.

5. Grid Convergence

To ensure the efficiency of the numerical scheme, multiple grides
are displayed in Table 9. Resultantly, the total number of degrees
of freedom (DOFs) varies from 2451 to 147045. The difference be-
tween KE in the Case of L8 and L9 gride is almost negligible.

6. Long Short-Term Memory

LSTM neural network is a form of RNN developed to capture time-
dependent relationships. LSTM networks possess a specialized
cell structure equipped with input, forget, and output gates. To
validate the results of the current study, LSTM is used for com-
parison with the Galerkin Method results. Figure 11 indicates the
procedure of LSTM. Figure 12 presents the temperature distri-
bution, comparing numerical results with LSTM predictions and
error analysis. The comparison demonstrates excellent accuracy
across all nanoparticle shapes, including sphere, column, and
lamina. The values of mean absolute error (MAE), mean square
error (MSE), root mean square error (RMSE), and coefficient of de-
termination (R?) for each shape of nanoparticles are displayed
in Table 10. The table values MAE = 0.04114, MSE = 0.00305,

RMSE = 0.0552, and R? = 0.9676 for sphere-shaped nanoparti-
cles; MAE = 0.03089, MSE = 0.00184, RMSE = 0.0429, and R? =
0.96168 for column-shaped nanoparticles; and MAE = 0.02973,
MSE = 0.00185, RMSE = 0.0430, and R* = 0.962970 for lamina-
shaped particles, representing the performance of LSTM. The
smallest value structure is equipped with MAE, MSE, and RMSE,
and the greater value of R? indicates better performance of the
LSTM.

7. Concluding Remarks

A comparative observation of (Cu-Al,03)/H,0O hybrid nanofluid
flow inside the lid-driven cavity is presented. The impacts of
nanoparticle shapes are also taken into account. The Galerkin
Method is applied to solve the mathematical model. To ensure the
accuracy of our solution and compare our results, we validated
our data using LSTM. The main findings of the current analysis
are summarized as

¢ The lamina (nonspherical) shape nanoparticles (Cu and
Al,03) in (Cu and Al,03)/H,0 hybrid nanofluid enact an excel-
lent role in the distribution of temperature and heat transfer.

® The sphere (spherical) nanoparticles (Cu and Al,Os) in (Cu
and Al,03)/H, 0 hybrid nanofluid present a minor role in tem-
perature distribution and heat transfer.

¢ The column (nonspherical) shape nano-sized particles (Cu
and Al,0s3) in (Cu and Al;03)/H,0 hybrid nanofluid enact an
intermediate temperature distribution and heat transfer.
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Figure 12: Temperature distribution comparison: the numerical results, LSTM predictions, and error analysis.

Table 10: Values of MAE, MSE, RMSE, and R?.

Shapes of

nanoparti-

cles MAE MSE RMSE R?
Sphere 0.04114 0.00305 0.0552 0.9676
Column 0.03089 0.00184 0.0429 0.9616
Lamina 0.02973 0.00185 0.0430 0.9629
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