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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 alumin um-w ater hybrid nanofluid flow inside a lid-dri v en cavity. 
The heated elliptic-shaped obstacle is emended inside the lid-dri v en squar e ca vity. The h ybrid nanofluid contained water and two 
categories of nanoparticles with sphere, column, and lamina shapes. The solution of the projected model governing equations is 
e valuated b y the Galerkin Method. Long short-term memor y is used to ensur e the accuracy of the solution and comparison of r esults. 
The c har acteristics 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 comparati v e anal ysis. 

Ke yw ords: nanoparticle shape, hybrid nanofluid, finite element method, long short-term memory 
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. Introduction 

umer ous vital a pplications can be ac hie v ed by using nanopar-
icle shapes and sizes . T he significance of nanoparticle shapes
s evident in various domains of detecting trace metals in
iomolecular assays and nanotec hnology a pplications (Knauer
 Koehler, 2016 ). It is accepted in the field of fluid dynamics the

hape of nanoparticles plays a crucial role in the transportation
ynamics within confined c hannels, especiall y in narrow tubes

Caldor er a-Moor e et al., 2010 ). Spher e-sha ped nanoparticles ar e
xtensiv el y studied in biomedical fields involving biosensing
nd bioima ging, ther anostics, and dia gnostics, but the effect of
anoparticles shape has received little consideration (Zhao et
l., 2017 ). Spherical-sha ped nanoparticles hav e been noted to be
he main factor accumulating in different organs responsible
or clear ance, suc h as the spleen, kidney, and liver (Truong et
l, 2017 ). The unique c har acteristics of non-spherical shaped
anoparticles recommend that intelligent control over nanopar-
icle geometry can move the paradigm in nanomedicine from
pherical nanoparticles to those with further complex geome-
ries . T he intersection of nanoparticles with cells in the blood
 essels and bloodstr eam, subsequent cellular binding, intercel-
ular tr ansport, uptake, tr ansport acr oss the endothelial wall
nto the tumor, and clearance rate of unbounded nanoparticles
re dependent on the geometry of nanoparticles. For example, a
on-spherical nanoparticle design can show increased targeted
rug delivery efficiency and circulation time in living subjects.
t  
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istributed under the terms of the Cr eati v e Commons Attribution License ( https://
istribution, and r e pr oduction in any medium, pr ovided the original work is pr ope
hey can also explor e, migr ate, and bind to tumor v asculatur e
or e efficientl y (Zhu et al., 2019 ). 
No w ada ys , the latest method applied for heat transfer in flu-

ds is identified as a hybrid nanofluid (Rashid et al., 2023a ).
ybrid nanofluids have piqued the interest of scientists, en-
ineers, and scholars due to their compr ehensiv e a pplications
n various fields, including microfluidics, medical lubrication,
r ansportation, and manufacturing. Their ada ptability extends to
r eas suc h as solar heating, generator cooling, acoustics, and mar-
time structures, making them indispensable in technical and in-
ustrial domains (Jamil & Ali, 2020 ). This remarkable versatil-

ty arises from their unique composition, where two dissimilar
ano-sized particles with different physical and chemical proper-
ies are combined with a base fluid, creating a hybrid nanofluid
ith enhanced thermal and flow c har acteristics (Qur eshi et al.,
023 ). Tanzila and Nadeem (Aziz et al., 2018 ) deliberated the heat
ransfer in w ater–(Ag/CuO) and w ater/CuO hybrid nanofluids over
 rotating surface with the impact of heat gener ation, c hemi-
al reaction, and radiation. Sakkaravarthi et al. ( 2024 ) discussed
he heat transfer in Casson tetra hybrid nanofluid flow using the
e v enber g Marquardt neur al network a ppr oac h. Al-mdallal et al.
 2020 ) examined the impacts of Mar angoni r adiativ e conv ection in
Al 2 O 3 /SiO 2 )–H 2 O, (Al 2 O 3 /TiO 2 )–water, and (TiO 2 /SiO 2 )–water hy-
rid nanofluid on flow and heat transfer past a permeable surface

n the existence of the magnetic field. Najiyah Safwa Khashi’ie
t al. ( 2020 ) examined the thermal Marangoni flow and energy
ransfer of water–(Al 2 O 3 /Cu) hybrid nanofluid over a shrinking
 for Computational Design and Engineering. This is an Open Access article 
cr eati v ecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, 
rl y cited.
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Figur e 1: T he 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 2 O 3 )/H 2 O 

(Bhuiyana et al., 2017 ). 

Physical 
properties Cu Al 2 O 3 H 2 O 

k (W/m K) 401 40 0.613 
ρ (kg/m 

3 ) 9833 3970 997.1 
β×10 −5 K 

−1 1.67 0.85 21 
C p (J/kg K) 385 765 4179 
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and str etc hing sheet. Afr and et al. ( 2016 ) scrutinized the nanopar- 
ticle’s influence on temper atur e and concentration distribution 

in (Fe 3 O 4 and Ag)/ethylene glycol hybrid nanofluid flow. Waini et 
al. ( 2020 ) numerically discussed the solution of (Al 2 O 3 /Cu)–H 2 O 

hybrid nanofluid stagnation point flow and heat transfer past a 
shrinking and str etc hing cylinder. Khan et al. ( 2011 ) studied bio- 
conv ectiv e and c hemicall y r eactiv e combined nanofluid flow on a 
horizontally mo ving needle . Ahmad et al. ( 2023 ) did experimen- 
tal work to analyse the performance of heat transfer in (Al 2 O 3 

and Zn)/water hybrid nanofluid. Akbar et al. ( 2024 ) discussed the 
(Al 2 O 3 and Cu)/water hybrid nanofluid flow and heat transfer over 
a str etc hing sheet by using artificial neur al 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 hydr oma gnetic nat- 
ur al conv ection Couette flo w betw een tw o v ertical par allel 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 
orentz forces. Madhu and Kishan ( 2015 ) analysed the influences
f magnetic field and thermal radiation in viscous incompressible 
nd viscoelastic nanofluid flow past a str etc hing sheet by adopt-
ng the finite element method. Sohail et al. ( 2024 ) applied the finite
lement method to examine the effect of thermal radiation, time
elaxation number, and magnetic field in cross-fluid flow over a
 ertical disc. Ibr ahim and Lamesse ( 2023 ) used the finite element
ethod to inspect the effect of Eyring Po w ell and magnetic pa-

ameters on nanofluid flow over a stretching sheet. Ali et al. ( 2024 )
pplied the finite element method to examine the effect of ma-
erial parameter, Hartmann number on micro-polar fluid flow in- 
uced by Riga plate. 

Sepp Hoc hr eiter and Jur gen Sc hmidhuber (Hoc hr eiter, 1997 ;
hang et al., 2020 ) planned of a r ecurr ent neur al network (RNN)
amed long short-term memory (LSTM). This method is a unique
eep learning network that is extensiv el y a pplied for the predic-
ion of time series data and text analysis , i.e ., google de v eloped
nto tw o lay ers of deep LSTM (Beaufays et al., 2014 ) to build large-
cale and speech recognition models. Deep learning is concerned 

ith internal laws and external correlations linking input and out-
ut parameters that can be recognized by multi-hidden structures 
f deep learning algorithms (Zhang et al., 2018 ). The application of
STM has gained popularity in the field of environmental science
or example in the use of establishing effective and robust fore-
asting wind speed models and monitoring carbon dioxide fluxes 
n forest environments (Qian et al., 2019 ). Deep learning neural
etwork prediction models like LSTM have revealed important ad- 
 ancements in man y fields (Selv a ggio et al., 2022 ). Qian et al. ( 2019 )
sed LSTM for the prediction of toxic gas dispersion. They com-
ared it with several network models , i.e ., support v ector mac hine,
ac kpr opa gation, and Gaussian diffusion model. They noted that
STM provided higher prediction accuracy. 

An analysis of the referenced literature indicates that no at-
empts have been made to examine the compar ativ e study of the
mpact of nanoparticle shape on hybrid nanofluid flow in a lid-
riven ca vity. T his current research represents a significant ad-
ancement in fluid dynamics , pro viding insights that can enhance
he optimization and design of engineering systems for greater ef-
ectiveness and efficiency. In view of the above considerations, the
resent model is suitable for examining the numerical solution of
he lid-driven cavity problem. These innov ativ e tec hniques shed
ew light on applications in nanotechnology and hybrid fluids.
omparing the hybrid nanofluid flow using the Galerkin Method 

nd LSTM is also a prominent aspect of this r esearc h work. The
uality of nanofluid depends on the shape of the nanoparticles.
lso, 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). 

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 0.0 017 194 
0.1 0.0 016 371 

Column 0.05 0.0 016 738 
0.1 0.0 015 592 

Lamina 0.05 0.0 015 781 
0.1 0.0 014 463 

Table 4: Impact of phi on Nu. 

Shape Phi Nusselt number 

Sphere 0.05 0.53 529 
0.1 0.67 051 

Column 0.05 0.67 966 
0.1 0.95 906 

Lamina 0.05 1.0515 
0.1 1.6973 
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of nanoparticle shapes in heat transfer of hybrid nanofluid with 

differ ent tec hniques. High accur acy is demonstr ated in compar- 
isons of these methodologies. Tabular and gr a phical descriptions 
ar e consider ed to discuss the effects of physical par ameters. 

2. Physical Model 
The physical configuration and domain discretization for the 
present study are shown in Figures 1 A and B. It is assumed that a 
two-dimensional, steady hybrid nanofluid (copper and alumina- 
w ater) flo w occurs inside a lid-driv en squar e cavity with height 
H and length L , r espectiv el y. An elliptic-sha ped 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 temper atur e T c , while the bottom wall 
and elliptic obstacle are heated to a temper atur e T h . Additionall y,
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 2 O 3 )/H 2 O are explained in 

Table 1 and Table 2 . The equations of the model are considered as 
(Rashid et al. 2023b ). 

∂U 

∂X 

+ 

∂V 

∂Y 

= 0 , (1) 
U 

∂U 

∂X 

+ V 

∂U 

∂Y 

= − ∂P 
∂X 

+ 

νhn f 

ν f 

1 
Re 

(
∂ 2 U 

∂ X 

2 
+ 

∂ 2 U 

∂ Y 

2 

)
, (2) 

U 

∂V 

∂X 

+ V 

∂V 

∂Y 

= − ∂P 
∂Y 

+ 

νhn f 

ν f 

1 
Re 

(
∂ 2 V 

∂ X 

2 
+ 

∂ 2 V 

∂ Y 

2 

)
+ 

( ρβ ) hn f 

( ρβ ) f 
PrRi θ, (3) 

U 

∂θ

∂X 

+ V 

∂θ

∂Y 

= 

αhn f 

α f 

1 
PrRe 

(
∂ 2 θ

∂ X 

2 + 

∂ 2 θ

∂ Y 

2 

)
, (4) 

To convert it into a nondimensional form following parameters 
re used 

X = 

x 
L 

, Y = 

y 
L 

, U = 

u 
U 0 

, V = 

v 
U 0 

, P = 

P 

ρm f U 0 
2 , Ri = 

Gr 
R e 2 

, Re = 

U 0 L 
ν f 

, 

Gr = 

g β f ( T h − T c ) 

ν f 
2 

L 3 , Pr = 

ν f 

α f 
, θ = 

T − T c 
T h − T c 

, 

αhn f = 

k k n f 
( ρCp ) n f 

, α f = 

k f 
( ρCp ) f 

, (5) 

The dimensionless form of boundary values condition is 

U = 0 , V = 0 , θ = 1 , at bottom wall and obstacle 
U = 0 , V = 0 , θ = 1 , at left and right walls 
U = 0 , V = 1 , ∂θ

∂n = 0 , at the top wall . 
(6) 

here 
μh n f 

μ f 
= 

1 

(1 − Phi 1) 2 ·5 
· 1 

(1 − Phi 2) 2 ·5 
, 

ρh n f 

ρ f 
= ( 1 − Phi 2 ) ( 1 − Phi 1 ) ρ f + ρs 1 Phi 1 + ρs 2 Phi 2 , 

( ρCp ) hn f = ( 1 − Phi 2 ) ( 1 − Phi 1 ) ( ρCp ) f + ( ρCp ) s 1 Phi 1 + ( ρCp ) s 2 Phi 2 , 

k h n f 
k n f 

= 

[
k s 2 + ( q − 1 ) k n f 

] − ( q − 1 ) · Phi 2 · (
k n f − k s 2 

)
[
k S 2 + ( q − 1 ) k n f 

] + Phi 2 · (
k n f − k s 2 

) , 

k n f 
k f 

= 

[
k s 1 + ( q − 1 ) k f 

] − ( q − 1 ) · Phi 1 · (
k f − k s 1 

)
[
k S 1 + ( q − 1 ) k f 

] + Phi 1 · (
k f − k s 1 

) , 

( ρβ ) n f = ( 1 − Phi 2 ) ( 1 − Phi 1 ) ( ρβ ) f + ( ρβ ) s 1 Phi 1 + ( ρβ ) s 2 Phi 2 , (7) 

The KE = 

1 
2 

∫ 
�

|| U| | 2 d� [kinetic energy (KE)] and Nu = ( − ∂θ
∂X ) X=0 

Nusselt number) are taken as 

KE = 

1 
2 

∫ 
�

|| U| | 2 d�, (8) 

Nu = 

(
− ∂θ

∂X 

)
X=0 

, (9) 

N u avg = 

k h n f 
k n f 

∫ 1 

0 
NudY (10) 
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Figure 5: Impact of Ri on streamlines for different nanoparticle shapes (sphere, column, lamina). 

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 0.0 064 341 
15 0.0 068 877 

Column 10 0.0 078 812 
15 0.0 089 603 

Lamina 10 0.0 092 762 
15 0.011 444 

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 
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3. Methodology 

To r emov e the pr essur e term fr om Equations 2 and 3 , replace the 
pr essur e terms from Equations 2 and 3 with a pseudo-constitutive 
relation P = γ ( ∂U 

∂X + 

∂V 
∂Y ) . The weak form of Equations 2–4 is 

∫ 
A 

(
U 

∂U 

∂X 

+ V 

∂U 

∂Y 

)
w 1 d A + 

∫ 
A 

γ
∂ 

∂X 

(
∂U 

∂X 

+ 

∂V 

∂Y 

)
w 1 d�

+ 

νhn f 

ν f 

1 
Re 

∫ 
A 

(
∂ 2 U 

∂ X 

2 
+ 

∂ 2 U 

∂ Y 

2 

)
w 1 d� = 0 , (11) 

∫ 
A 

(
U 

∂V 

∂X 

+ V 

∂V 

∂Y 

)
w 2 d� + 

∫ 
A 

γ
∂ 

∂y 

(
∂U 

∂X 

+ 

∂V 

∂Y 

)
w 2 d�

+ 

νhn f 

ν f 

1 
Re 

∫ 
A 

(
∂ 2 V 

∂ X 

2 
+ 

∂ 2 V 

∂ Y 

2 

)
w 2 d� + 

( ρβ ) hn f 

( ρβ ) f 
PrRi 

∫ 
A 

θd� = 0 , 

(12) 

∫ 
�

(
U 

∂θ

∂X 

+ V 

∂θ

∂Y 

)
w 3 d� − αhn f 

α f 

1 
PrRe 

∫ 
�

(
∂ 2 θ

∂ X 

2 
+ 

∂ 2 θ

∂ Y 

2 

)
w 3 d� = 0 . 

(13) 
Within the triangular element, the velocity ( U, V ) and tempera-
ure ( θ ) of the current model can be a ppr oximated by a ppl ying the
hape function of the discretized domain { φ j } j=1 

n . Consider each 

ix-node biquadratic triangular element over the whole domain 

ellows as 

U ≈
N ∑ 

j=1 

u j φ j ( X, Y ) , V ≈
N ∑ 

j=1 

v j φ j ( X, Y ) , θ ≈
N ∑ 

j=1 

θ j φ j ( X, Y ) . (14) 

. Results Assessment and Discussion 

he present section presents the analysis of the performance of
ar ameters involv ed in the fluid flow field. Figure 2 is portrayed
o illustrate the Phi effects on Streamlines distribution of hy-
rid nanofluid. It is observ ed fr om Figur e 2 that incr easing the
umerical value of Phi the size of Streamlines vortices gets en-
anced. Also, it is observed that the Streamlines distribution is
ore dominant for lamina-shaped than spherical and column- 

ha ped nanoparticles. Figur e 3 illustr ates the influence of cap Phi
n isothermal contours. It is observed from Figure 3 that Isother-
al contours below and upper parts of the elliptic obstacle are
or e pr onounced. Since thermal conductivity is dir ectl y associ-

ted with nanoparticles concentration, as the values of Phi in-
rease the thermal distribution gets stronger in the r egime, r e-
ulting in an enhanced temper atur e pr ofile. Also, among other
articles shapes the Isothermal distribution is more pronounced 

or lamina-sha pe nanoparticles. Figur es 4 A and B ar e pr esented
o report the velocity and temperature of the (Cu and Al 2 O 3 )/H 2 O
ybrid nanofluid against Phi . The results depict that the velocity
f (Cu and Al 2 O 3 )/H 2 O hybrid nanofluid is decreasing (Figure 4 A)
hile the temper atur e is incr easing as a function of Phi (Figure 4 B).
hysically, as the volume fraction Phi of (Cu and Al 2 O 3 )/H 2 O hy-
rid nanofluid increases, the fluid’s viscosity rises due to the pres-
nce of nanoparticles . T his higher viscosity hinders the flow, lead-
ng to a decrease in velocity. Moreover, Phi is directly related to
he thermal conductivity of (Cu and Al 2 O 3 )/H 2 O hybrid nanofluid,
eading to an increased heat transfer rate between solid parti-
les. Consequently, this enhances the temperature of the (Cu and
l 2 O 3 )/H 2 O hybrid nanofluid. In the results for the spher e-sha ped
anoparticles, the hybrid nanofluid exhibits the highest velocity 
ompared to column- and lamina-shaped nanoparticles. In con- 
r ast, lamina-sha ped nanoparticles r esult in the highest temper a-
ur e. KE and heat tr ansfer r ate of hybrid nanofluid with the varia-
ion 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). 

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 0.0 020 741 

250 0.0 016 789 
Column 200 0.0 019 154 

250 0.0 016 021 
Lamina 200 0.0 017 544 

250 0.0 015 210 

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 0.0 025 928 –
L2 3684 3761 0.0 027 383 0.0 001 455 
L3 5554 5651 0.0 027 836 0.0 000 453 
L4 9214 9351 0.0 028 524 0.0 000 688 
L5 12 238 12 403 0.0 028 748 0.0 000 224 
L6 17 566 17 767 0.0 028 936 0.0 000 188 
L7 43 282 43 675 0.0 029 307 0.0 000 371 
L8 113 002 113 755 0.0 029 428 0.0 000 121 
L9 146 292 147 045 0.0 029 435 0.0 000 007 
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that KE and heat tr ansfer r ate possess higher values for sphere 
and lamina-shaped nano-sized particles, respectively. 

Figur e 5 illustr ates the str eamlines for differ ent v alues of Ri and 

various nanoparticle shapes. It is observed that as Ri increases, the 
str eamlined distribution str engthens within the enclosur e. Addi- 
tionally, the distribution of Streamlines is more pronounced in the 
r esence of lamina-sha ped nanoparticles. For both column and
amina-shaped nanoparticles, the strength of the streamline cells 
ncreases as Ri rises. Figure 6 demonstrates the effects of Ri on
he Isothermal contours of the hybrid nanofluid. It is reported in
igure 6 that below the elliptic obstacle, the Isothermal contours
ndicate a reduction in heat intensity as Ri incr eases. Mor eov er,
ompared to other nanoparticle sha pes, lamina-sha ped nanopar- 
icles result in a higher thermal profile within the Isothermal con-
ours . T he impact of Ri on the velocity and temper atur e of the hy-
rid nanofluid for various nanoparticle shapes is illustrated in Fig-
res 7 A and B. It is observed that as Ri incr eases, the v elocity of the
ybrid nanofluid decreases (Figure 7 A), while its temperature rises

Figur e 7 B). Physicall y, a higher Ri indicates a greater dominance
f buo y anc y for ces over inertial for ces . T his enhanced buo y anc y-
riv en conv ection str engthens heat tr ansfer, r esulting in an ov er-
ll increase in the temperature of the (Cu and Al 2 O 3 )/H 2 O hy-
rid nanofluid within the cavity. Tables 5 and 6 show the KE and
eat transfer rate with the impact of Ri . It is reported that KE
as a direct relation, whereas the heat transfer rate has an in-
 erse r elation with Ri . It is observed that the KE and heat transfer
 ate ar e maxim um in the pr esence of lamina-sha ped nano-sized
articles. 

Figure 8 depicts the streamlined patterns illustrating the 
mpact of Re for distinct nanoparticle shapes . T he results in
igure 8 show that as Re increases, the streamline vortices become
ore dominant on the right side of the ca vity. For sphere , column,

nd lamina-shaped nanoparticles, the strength of the streamlined 

ells increases with higher Re , and the size of the streamlined cells
lso expands for all nanoparticle shapes . T he influence of Re on
he Isothermal contours is shown in Figure 9 . As Re increases, the
eat intensity decreases in the regions above and below the el-

iptic obstacle . Furthermore , the isothermal contours ar e mor e
ominant in the presence of lamina-shaped nanoparticles com- 
ared to other shapes . T he variations in velocity and temperature
f the hybrid nanofluid under the influence of Re are presented
n Figures 10 A and B. Figure 10 A shows that as Re enhances, the
elocity of the hybrid nanofluid rises due to the higher ratio of in-
rtial to viscous forces. Similarl y, Figur e 10 B illustr ates that the
emper atur e of the hybrid nanofluid increases with Re , primar-
ly due to the thickening of the thermal boundary layer. Tables 7
nd 8 r epr esent the numerical values of the behaviour of KE and
ate of heat transfer against Re for various nanoparticle shapes.
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Figure 11: LSTM dia gr am. 
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t is noticed from Tables 7 and 8 that the KE and rate of heat
r ansfer ar e inv erse functions of Re . Also, the KE is maxim um for
pher e-sha ped nanoparticles, while the temper atur e is maximum
or lamina-shaped nanoparticles. 

. Grid Convergence 

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

. Long Short-Term Memory 

STM neural network is a form of RNN de v eloped to ca ptur e time-
ependent relationships. LSTM networks possess a specialized
ell structure equipped with input, forget, and output gates. To
 alidate the r esults of the curr ent study, LSTM is used for com-
arison with the Galerkin Method r esults. Figur e 11 indicates the
r ocedur e of LSTM. Figure 12 presents the temperature distri-
ution, comparing numerical results with LSTM predictions and
rr or anal ysis . T he comparison demonstr ates excellent accur acy
cross all nanoparticle shapes, including sphere, column, and
amina. The values of mean absolute error (MAE), mean square
rr or (MSE), r oot mean squar e err or (RMSE), and coefficient of de-
ermination ( R 

2 ) for eac h sha pe of nanoparticles are displayed
n Table 10 . The table values MAE = 0.04114, MSE = 0.00305,
MSE = 0.0552, and R 

2 = 0.9676 for spher e-sha ped nanoparti-
les; MAE = 0.03089, MSE = 0.00184, RMSE = 0.0429, and R 

2 =
.96168 for column-shaped nanoparticles; and MAE = 0.02973,
SE = 0.00185, RMSE = 0.0430, and R 

2 = 0.962970 for lamina-
ha ped particles, r epr esenting the performance of LSTM. The
mallest value structure is equipped with MAE, MSE, and RMSE,
nd the greater value of R 

2 indicates better performance of the
STM. 

. Concluding Remarks 

 compar ativ e observ ation of (Cu-Al 2 O 3 )/H 2 O hybrid nanofluid
ow inside the lid-driven cavity is presented. The impacts of
anoparticle sha pes ar e also taken into account. The Galerkin
ethod is applied to solve the mathematical model. To ensure the

ccuracy of our solution and compare our results, we validated
ur data using LSTM. The main findings of the current analysis
re summarized as 

� The lamina (nonspherical) shape nanoparticles (Cu and
Al 2 O 3 ) in (Cu and Al 2 O 3 )/H 2 O hybrid nanofluid enact an excel-
lent role in the distribution of temperature and heat transfer.

� The sphere (spherical) nanoparticles (Cu and Al 2 O 3 ) in (Cu
and Al 2 O 3 )/H 2 O hybrid nanofluid present a minor role in tem-
per atur e distribution and heat transfer. 

� The column (nonspherical) shape nano-sized particles (Cu
and Al 2 O 3 ) in (Cu and Al 2 O 3 )/H 2 O hybrid nanofluid enact an
intermediate temper atur e distribution and heat tr ansfer. 
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Figure 12: Temper atur e distribution comparison: the numerical r esults, LSTM pr edictions, and err or anal ysis. 

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

2 . 

Shapes of 
nanoparti- 
cles MAE MSE RMSE R 2 

Sphere 0.04 114 0.00 305 0.0552 0.9676 
Column 0.03 089 0.00 184 0.0429 0.9616 
Lamina 0.02 973 0.00 185 0.0430 0.9629 
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