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Abstract: The need for efficiency in nanotechnology has
spurred extraordinary development. Hybrid nanofluids,
which are base fluids injected with nanoparticles, have a
great potential for thermal enhancement in thermal sys-
tems. Particularly promising for magnetic thermal engi-
neering are magnetic hybrid nanofluids. Understanding
dynamic transport in Graphene Oxide (GO)-Fes04/H;0
and GO/H,0 nanofluids over stretching and shrinking sur-
faces, with severe entropy consequences, is still uncharted
territory. To fully grasp this complexity, our study exam-
ines the numerical investigation of entropy formation in
magnetohydrodynamic (MHD) hybrid nanofluids. The aim
of this study is to establish a mathematical framework for
understanding entropy production in the context of MHD,
unsteady, incompressible flow of hybrid nanofluid flow
over surfaces that experience both stretching and shrinking.
The investigation encompasses the influence of MHD effects
and nonlinear thermal radiation on flow behavior. The gov-
erning modeled form is modified into solvable representa-
tions in Cartesian configuration and then addressed utilizing
the built-in bvp4c approach in MATLAB. For numerous
quantities of the relevant parameters, several key features
of flow and heat transmission are explored, discussed, and
illustrated utilizing tables and graphs. Furthermore, the
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heat transfer properties in a magnetic field have been
improved dramatically. The comprehensive entropy genera-
tion rate was condensed by up to 41% as opposed to refined
water, according to the findings from the analysis.
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Nomenclature

A space-dependent coefficient

a,b constants

B temperature-dependent coefficient
Br Brinkman number

By strength of magnetic field (T)

Ce skin friction coefficient

E, strength of electric field (N/C)

E, electric field parameter

G acceleration due to gravity (m s
M magnetic field parameter

Nu Nusselt number

n shape factor

p fluid pressure (Pa)

Pr Prandtl number

qr radiative heat flux (W m™?)

Re Reynolds number

Rd radiation parameter

S suction/injection
T fluid temperature (K)
Tw surface temperature (K)

T free stream temperature (K)
(TRY velocity component (m s™)
Vw wall mass transfer

Greek symbols

B thermal expansion (K™)
p density (kg m™)
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Q dimensionless temperature ratio
) unsteadiness parameter

C heat capacity (] kg* K™)

é unsteadiness parameter

u dynamic viscosity (kg m™* s™)

o Stefan—Boltzmann constant (W m™2 K™)
A mixed convection parameter

o electric conductivity (Sm™)

v kinematic viscosity (m*s™)

K thermal conductivity (W m™ K™
Subscripts

f base fluid

nf nanofluid

hnf hybrid nanofluid

Sy first solid nanoparticle

Sz second nanoparticle

1 Introduction

Now, scientists are deeply involved in their investigation of
nanotechnology. Numerous heat transfer technologies are
extensively used in industry, which has also sped up the devel-
opment of applications that deal with energy. Transportation,
manufacturing, and other basic functions that are closely
related to heat exchange processes, such as heating food
and materials, have all undergone tremendous technological
advancement. For improving thermal performance in this
environment, nanofluids have become an appealing choice
of Kleinstreuer and Xu [1]. The innovative work of Choi and
Eastman [2] showed the mastery of nanofluids for cooling
purposes in a variety of technological applications. The fact
that nanofluids differ from traditional base fluids in their
ahility to transport heat is noteworthy and suggests that the
field of thermal enhancement may be about to undergo a
revolution. Hybrid nanofluids are defined as mixtures in
which different nanoparticles with different chemical proper-
ties are incorporated into a base fluid to enhance the thermal
efficiency of nanofluids.

Esfe et al. [3] introduced how to enhance the efficiency
of the heat transfer rate of nanofluid by utilizing the MgO-
water in order to reduce the cost. For the optimization of
nanoparticles Response surface method (RSM) is used to
attain the cost function and heat transfer coefficient func-
tion. On the basis of different thermo physical properties,
Sharma et al. [4] investigated the metamodel framework to
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predict the effects of nanoparticles concentration and the
temperature of nanofluid.

Mabhian et al [5] introduced the applications of nano-
fluid in wide ranges including the renewable energy system,
also discussed the positive impact of the energy systems
with the environmental point of view by using nanofluid.

These fluids are employed in several engineering and
industrial applications, including heat exchangers, solar
cells, solar collectors [6], heating conduits, cooling systems,
and coolants for machinery and production processes [7].
Additionally, they work in the biomedical sector, auto pro-
duction, maritime operations, nuclear system cooling, and
refrigeration system cooling. Shojaie Chahregh and Dinar-
vand [8] worked on the applications of the nanofluid in the
drug delivery through artery by using TiO, and Ag over a
porous channel. Saleh et al [9] introduced the differential
transformation method to describe the convective boundary
on heat transfer analysis using carbon nanotubes incorpo-
rated with magnetic field with suction/injection phenom-
enon. Ahmad et al. [10] worked on magnetohydrodynamic
(MHD) flow of nanofluid flow by using metallic nanoparti-
cles taking blood as a base fluid. The new thermal and
magnetic properties of two different types of hybrid nano-
fluid graphene oxide (GO)-Fes04/engine oil (EO) and mono
nanofluid GO/EO were studied by Ahmad et al. [11] (Table 1).
The effects of both induced and applied magnetic fields
were considered in this study. In order to analyze the flow
behavior of a hybrid nanofluid through a permeable Darcy
porous medium, Abu Bakar et al. [12] investigated the slip
effects with radiation over a shrinking sheet. Zainal et al
[13] performed a monetary analysis that investigated hybrid
Al,05-Cu/H,0 nanofluid flow towards a permeable
stretching/shrinking sheet, and its MHD behavior, consid-
ering the presence of quadratic velocity effects. In recent
years, researchers have conducted various additional stu-
dies focusing on hybrid nanofluids. Neethu et al [14] used
TiO with Ag in water over a sheet with suction, Mahesh et al.
[15] contemplated same hybrid nanoparticles in water over
porous sheet, Devi and Devi [16] took into account copper
and aluminum oxide in water on the same geometry, and
the same geometry and same hybrid particles were studied
by Venkateswarlu and Satya Narayana [17] along with vis-
cous dissipation.

Temperature distribution changes under the influence
of thermal emissions, specifically in flows which undergo
the chemical reactions. The re-entry of spacecraft, astro-
physical flows, the production of electricity, and solar
power technology are a few examples of varied situations
where this effect is relevant [18]. A lot of investigation into
the effects of radiative and thermal control in nanofluids
has been done over the years. By taking into account the



DE GRUYTER

Entropy generation effects in hybrid nanofluid flow == 3

Table 1: Physical properties of the base fluid (water) and nanoparticles GO and Fe304 [11]

Physical properties p (kg/m?3) Cp (J/kgK) k (W/mK) B x 105(K1)
?' g‘,‘»\ 997.1 4,179 0.613 21
X 9" Fluid (water)
=
o
1,800 "7 5,000 0.284
5,180 670 9.7 0.74 x 108

combined effects of permeable moving surface under the
influence of MHD and heat radiation, Zainal et al. [19]
explored the flow and heat allocation dynamics of a hybrid
nanofluid (Cu-Al,Os/water). Unsteady MHD hybrid nanofluid
flow across a stretched surface was used to study the move-
ment of heat and mass by Sreedevi et al. [20]. This experiment
included thermal radiation, chemical reactions, suction, and
slide effects. In a study, Mabood et al [21] explained the
different physical properties of a hybrid water-based nano-
fluid under the effects of thermal radiation. Many scientists
have recently investigated how thermal radiation affects the
dynamics of heat transfer inside the flow of hybrid nano-
fluids. Shatnawi et al [22] studied the effects of nonlinear
radiation on hybrid nanofluid flow of Casson fluid along
with magnetic effects. In another study, thermal radiation
effects on hybrid nanofluid flow over a Riga sheet were
explored by Shatwani et al [23]. Entropy generation occurs
throughout a range of thermal processes and is linked to
thermodynamic irreversibility. Entropy heat production is
caused by numerous types of irreversibility, including heat
flow along a thermal profile, features of laminar thermal
transmission, and the viscosity reaction. Engineering perspec-
tives include emphasizing irreversibility and seeking compo-
nents that promote entropy generation, as entropy is linked
to a measure of disorder that reduces the performance of
thermal systems. Entropy analysis is presently being used
in a variety of applications, spinning reactors, heat exchan-
gers, nuclear fuel rod cooling, and solar energy collectors are
a few examples of these industries. Total entropy rate on a
convectively heat disk was calculated by Khan et al. [24] while
considering the effects of magnetic field and ohmic dissipa-
tion. Entropy generation of boundary layer hybrid nanofluid
flow under the effects of magnetic field and thermal radiation
was discussed by Seth et al. [25]. Sithole et al. [26] provided an
insight into entropy generation of nanofluid flow over heated
sheet under the influence of viscous dissipation and thermal

radiation. Fatunmbi and Salawu [27] talked about micropolar
nanofluid flow induced by chemical reaction, mass flux, and
multiple slip. They provided an insight into entropy calcula-
tions of this type of flow. Entropy generation of Brownian
motion and thermophoresis effects on non-Newtonian nano-
fluid over stretching sheet was calculated by Bhatti et al [28].
Hayat et al [29] also calculated the entropy generation of non-
linear mixed convection of tangent hyperbolic nanomaterials.

2 Novelty

Motivated by the preceding research, the current work
intends to examine the implications of thermal radiation
on hybrid nanoliquid GO-Fe;0,/H,0 flow across a linear
stretching/shrinking surface using Tiwari and Das’s [30]
nanofluid model. This framework examines the repercus-
sions of hybrid nanofluid while taking GO and Fe;0, nano-
materials into consideration. The similarity approach reduces
the transport problem’s primary equations to ordinary differ-
ential equations (ODEs). The nonlinear ODEs were numeri-
cally employed in the MATLAB built-in bvp4c method. To
corroborate the obtained numerical outcome, it was com-
pared to prior research in the literature. There is no prior
record of this precise merger.

1) We take into account a factor that has not been fully
covered in other studies: the simultaneous impact of
both electric and magnetic fields.

2) Our investigation covers the properties of two different
kinds of nanofluids: GO/H,O designated as a mono nano-
fluid, and GO-Fe;04/H,0, designated as a hybrid nanofluid.

3) We explore the effects of suction, chemical reaction,
non-uniform heat flux, and activation energy in both
types of nanofluids, enhancing our knowledge of these
factors’ functions.
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The findings of this research offer excellent promise
for number of useful applications. These improved poten-
tials of hybrid nanofluids will be used to greatly boost heat
exchanger efficiency and energy savings, revolutionizing
the field of thermal engineering. These nanofluids may
provide accurate temperature control and effective heat
transmission in the field of magnetic thermal engineering,
having an impact on industries like electronics cooling and
medical treatments that require regulated localized heating.
Improved cooling systems and better material processing
could assist industries including automotive, aerospace, and
manufacturing, and the lower entropy generation could lead
to more environmentally friendly procedures. The study’s
ramifications also cover energy conversion, advances in
nanotechnology, and even the use of renewable energy
sources, displaying a wide range of real-world uses.

2.1 Physical description of the model

The fluid passes with wall velocity uy(x, t) over the sheet
that shifts over time extemporaneously stretched from
opposite sides. The orientation of the Cartesian coordinates
is set such that flow is restricted in the zone where the x-
axis is parallel to the surface and the y-axis is assumed to
be perpendicular to it, as shown in Figure 1.

The following assumptions are included in this
framework:

Momentum Boundary Layer TThermal Boundary Layer
o

v y-axis

Figure 1: Flow geometry of the problem.
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= The flow is presumed to be unsteady, 2-dimensional, and
incompressible.

= Both electric and magnetic fields are provoked ortho-
gonal to the fluid flow.

= The wall temperature is indicated by T;, and the free stream
temperature by T., that is less than the wall temperature.

2.2 Mathematical modeling

The leading equations are as follows [31]:

U + vy =0,

@

where u and v are velocity components along the x, y axes.

1
U + Ul + VUl = ———B + Unnp(Uhex + Uyy)
hnf

+ Ohnf

(EB - B’w) ()]

Print

" (pﬁ)hnf(T _ Tm)g’

Prunt
where P denotes the pressure of the fluid, p, is the den-
sity of the hybrid fluid, vy is the kinematic viscosity, g is
the gravity, oy is the electric conductivity, temperature of
the fluid and free stream temperature are denoted as T &
T., E is the electric field, and B is temperature-dependent
coefficient.

Thermal Boundary Layer

y-axis
vV oA

,;o\.<0.e .
TTTITTTITTTI T T

Shrinking Sheet A <0
Graphene oxide

X-axis

1 >
u

Iron oxide
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1
Vi UV + WV = ———Py + UV + Vyy), 3
Prng
B 1
7} + UTX + VTy - ahnf(Txx + Tyy) (pC ) Inf (qr)y
q”,
+
(Pt @
2 » 2 + 2 + + . 2
.\ 2" + (1))%) + (U + 1)°) o Hoot ()2
(pcp)hnf (pcp)hnf

where radiative heat flux and heat generation/absorption
are given as ¢, & q’”, heat capacity and dynamic viscosity of
the hybrid nanofluid are denoted by ¢, & ¢, Tespectively.

2.3 Governing boundary constraints

The subjected boundary conditions are [31,32] as follows:

U = Uy(X, 1),V = Vy(x, ), T = Ty(x, 1), |aty=0 l

5
U=0, T Tolasy-o O

where Uy = - atx signify the linear shrinking sheet velo-
city and w, symbolizes the mass transfer at the wall.
Variable heat generation/absorption is represented by

4

q” in equation (4).
o _ Kot | A(Ty = T)uw(X, Of” + Bkinsltw(X, (T = To,) ©)
Unhnf X '

According to the Rosseland technique, the condition
(A,B) > 0 in this case denotes heat generation within the
flow, while (4, B) < 0 denotes heat absorption from the flow.

q, = 3k* (T4)y, @)

where k™ is the mean absorption coefficient and o™ designates

the Stefan-Boltzmann coefficient. Using Taylor’s expansion of
T* about T, we obtain while neglecting terms with higher order.

T? = AT3T - 3T2, ®)

Adding equation (7) with equation (4) yields the
following:

6T3

(pcp)hnf(n +uly + vT, ) = Kint(Tx + Tyy) + Tyy )

1

+ nng () + ¢
Engaging the boundary layer estimation as

u> v,
uy > Uy, Vi, Vx, Vy,
T, > T,

B,=0.

(10)
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After the execution of equation (10) in equations (2)—(4),
we obtained the following expressions:

U + vy, =0, (11)
U + Ully + Vil = Upne(Uyy) + Ohnt (EB B)
12)
(pﬁ)hnf (T T, )g’
Pt
3 *
T + uTy + vTy = anne(Tyy) + ! [16Tw*o y
(pcp)hnf 3k (13)
+ M + U (u )2
(PCp)nnt hnfy 7
2.4 Similarity formulation [31,32]
Y= f @, ¢= Y,
at)vf 14)

bXTo - T
W= o o ot - .
va(l - at)?

The stream function of the flow problem is desig-
nated as

U=y, v=-p. (15)

2.5 Modified flow model

After the implementation of similarity formulation, equa-
tions (11)-(13) get the following form:

wr©) Al - - [0 + o)

(16)
+ AsM(E; - f/({)) + AaX"6,
As + %Rd](?”(( )+ AePr[G’(( () = F(0O)
¢ )
- 5[59(() + 29(()]
+ Eof”? + ABr(f(0))* + ab(¢) = 0
where A4; is delineated as follows:
B a- ¢2)—2.5
STy 18
Ps, Ps,
A =01- ¢1)(1 - ¢2) + ¢1(1 - ¢2)_ + ¢2_’ 19)
Pr Pr
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_ [Usl + 207 - 2¢1(Of - 051)] x [0'52 + 204 — 2¢2(an - 0'32)] 20)
27 oy, + 20; + (0f - O)y] % [0, + 200 + (Out — O,)$,]
(pB)s, (PB)s,
- _ _ _ 21
A4 l(l ¢1)(1 ¢2) + ¢1(1 ¢2) (pﬁ)f l + ¢2 (Pﬁ)f ’ ( )
A - [ks, + (n = Dke — (ke = ks)(n = D] % [ks, + (n = Dyt — (0 = D(knt — ks,) 0] @2
° ks, + ke(n = 1) + (kg = ko)) % [Ke, + (0 = Dhkans + (kg = ks )] ’
2, B (pcp)s, (pcp)s, Rez C; = Ay f(0), Nu_ —[A + é1101]9'(0). 27)
A6 - (1 ¢2)[(1 ¢1) + ¢1 (pcp)f] + ¢2 (,Dcp)f ] (23) ! 1f Re% ’ 3

2.6 Revised boundary conditions

The following are the related boundary conditions:

f =8, 2=f(0), 6(0) = 1|at(=0a]

24
) = 0, 8(0) = Olas = @

where A is the stretching/shrinking parameter.
The governing model mentioned above represents the
emerging physical parameter as follows:

o:B2 Ty — Too)x3
YR L LS N
bp; vf b
bx?
e= ,
vr(1-at)
Gr ul v
A= re BT o ViT)’ Pr:Zf’
) P (25)
Ugly
Br=——— %
ke(Tyy — To)
v 40°T3 E
S=—— Rd= —2 E=—2 q-= %
JUsh kek UywBy a(pcp)f
Uy
Fc= —2%
Co(Ty - Too)

Coefficient of skin friction C, Nusselt number Nu, tan-
gential stress at the sheet 7,, and heat flux q,, are major
considerable quantities that are referred to as:

160°T3

EETE T, (26)

s Tw = Hpne(Uy)y=0.
y=0

Qy = _[[kknf +

3 Physical parameters

In dimensionless form, the fascinating engineering para-
meters are articulated as

4 Entropy production

Entropy generation is a variety of industrial and technolo-
gical activities that use all the energy available. As it turns
out, it is essential to know how quickly a system produces
entropy. Under the action of electric and magnetic phe-
nomena, the volumetric entropy generation is given as
follows:

Kt

Oj
§""gon = (T + B )2 + P up - Y (28)

TOO

The above equation accounts for conduction, Joule effects,
and viscosity. In non-dimensional, the entropy consequence is
specified as,

S 17 gen

N =
G S/IIO

Br
= As Ref’? + AlE R‘&]‘w2
(29)

Br
+ AgHal-(f' = Ea),

5 Numerical scheme

The bvp4c function of the MATLAB, a commercial soft-
ware, is instigated to crack the highly nonlinear system
of equations. At this moment, the system of equations
with a higher order is converted into a system with a lower
order. Furthermore, computations in bvp4c necessitate an
initial guess. The outcomes can be obtained by raising the
number of steps until the requisite precision is attained,
starting with an estimate at an initial mesh point. The
appropriate beginning of estimation and boundary layer
thickness must depend on the parametric values. Flow
chart of the numerical code is obtained in Figure 2.
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f=af =n5=f",23=f"0=2,2=0,0"

, (30)
= ZS’
A 6 A
75 = -~z - (@) + —[Zz + le] - ZM(E - 2)
A1 Al 2 Al
A (31
- Xj/?l;},
—AGPr[zlz5 - ZyZy — 6[%25 + 224” - ABr(z)? - z4a - Eczs?
zi = , (32)
[As + ng]
7(0) =S, 2(0) = A, z4(0) =1, atn =0
z(®) = 1, zy(®) = 0. n = (33)

Tolerance considered in this problem is 107°.
The authors have opted for the aforementioned numer-
ical approach due to several notable advantages as follows:
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1) This method adeptly handles highly nonlinear equations.

2) It allows for user-adjustable error tolerance, providing
flexibility in the solving process.

3) Complex systems of equations that are challenging to
solve analytically can be effectively addressed.

4) Remarkably, this method offers swift solutions, signifi-
cantly reducing computational time compared to other
established techniques.

6 Discussion and results

By taking into consideration nonlinear heat source/sink, viscous
dissipation, and nonlinear convection, the entropy effects of an
unstable, hybrid nanofluid flow passing through a stretching/
shrinking sheet are examined. The model’s non-linear boundary

Define mesh and initial vectors
enumerated underneath
Introduce the function “solinit” using
“bvpinit” as stated underneath;
solinit=bvpinit(x, Vi, parameters

|

Define the function “ode;

”, “befun” and “solinit” in

the following way:
dvak = odefun(< . ¥):
dax=[y.:0nF(S. 1. 7. f7):3.G(<.7.6.67)]
res = bcf1o1(¥,.¥...)
_ [J‘. (l)—S;,\s(Z)—/‘-:,\'.(‘i)—l;]_
Ve (2)- L3, (4) i

]

Utilizing following command to integrate the
problem:
sol=bvp4c(@odefun, @bcfun,solinit);

sol.x=xsol; (Mesh by bvp4c)
sol.y=ysol; (Approximate solution by bvp4c)
plot(xsol,ysol(26, :))(This will plot f* against )

|

End

Figure 2: A flow chart of the solution process.
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\\ _GO'Fe304, /\=1.0
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0.5} \\\ _GO_Fe3O4, A=_1.0 E
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) -
0.5 ’,,,’::, S
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-1 . - . . X
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¢

Figure 3: Evaluation of velocity distribution vs ¢ = ¢, = ¢,.
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sl —GO-Fe 0, A=1.0

\ ---GO, A=1.0
0.6 f _ |

\\\\ —GO-Fe3O4, A=-1.0

W
o I\ 4 ---GO, A=-1.0
S
0.21 S M=0.1,0.4,0.8,1.2
~ 0 e

-0.2 7 2P
) II " ”»’
0.4 ,',',,'

Y, »
-0.6 ,,,'

I,/
-0.8 .
v
y . . . . .
0 1 2 3 4 5 6

¢

Figure 4: Evaluation of velocity distribution vs M.

value issue is solved using the bvpdc MATLAB technique.
ODEs are used in this strategy to resolve the boundary value
problem. The definition and explanation of the dimensionless
parameterization effect on flow, temperature, Nusselt, and
Sherwood numbers are the main objectives of this article.
The ranges and specific values of the prominent parameter
are 0.01 < ¢ =¢, = ¢, <0.04, 01<M<12, 01<Rd <12
04<a<16, 3.0<m=<83, 50<Re<20.0, and -1.0 <
A <10,-0.2 <5 < 0.2. We performed the process with a
wide range of values for variables to evaluate the proposed
algorithm’s correctness. The gradual development of these
variables is significantly influenced by the values of these para-
meters. The outcomes are visualized as streamlining, isotherm,
and Nusselt number graphs. In real-world applications of the
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1
—GO-Fe, 0, A=1.0
sl ---GO, A=1.0 |
S —GO-Fe,0 , A=-1.0
| —GO, \=-1.0
0.6

¢=¢,=¢,=0.01,0.02,0.03,0.04

—GO-Fe, 0, A=1.0 ||

---GO, A=1.0

—GO-Fe304, A=-1.0]

---GO, A=1.0

Rd=0.1,0.4,0.8,1.2

Figure 6: Evaluation of temperature distribution vs Rd.

research, using a range of values rather than specific values for
the parameters might produce better results.

6.1 Impact of prominent parameters on the
velocity profile

Figure 3 explains the aftereffects of the concentration of
nanoparticles against the velocity concentration for
GO-Fe30,4/H,0 and GO/H,0. It can be seen that the distinct
solid lines reveal the response of hybrid nanofluid and the
dotted lines give the illustration of nanofluid flow with the
separate stretching (A =1.0) and shrinking (1 = -1.0)
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_GO-Fe304, A=1.0
---GO, A=1.0
—GO-Fe304, A=-1.0
---GO, A\=-1.0

a=0.4,0.8,1.2,1.6

Figure 7: Evaluation of temperature distribution against heat source-sink
parameter.

1 . . .
——GO-Fe ;0 , A=1.0
---Go, A=1.0

0.8 ——GO-Fe 0, A=1.0]
- - -GO, \=-1.0

0.6 ¢

|m=3.0,4.8,5.7,8.3

04¢

0.2}

Figure 8: Evaluation of temperature distribution against shape factor m.

surfaces. As a result, for both instances, the velocity profile
increases as the concentration of nanoparticles enhances.
This phenomenon results from the fact that the thickness
of the thermal boundary layer extends as the parameters
relating to nanoparticle volume fraction increase. As a
result, the rate of heat transmission within the fluid zone
increases, which is correlated with the drop in the volume
percentage of nanoparticles. To explore the consequences
of the magnetic parameter against the velocity concentra-
tion for both shrinking and stretching case is plotted in
Figure 4. The up-surging valuation of the magnetic para-
meter causes a decrease in the velocity concentration. The
addition of a porous matrix reduces velocity even further, and
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Table 2: Shape of nanoparticles along with shape factor

Nanoparticle’s type Shape Shape factor
Sphere 3
Cylinder 4.8
Platelet 5.7
Disk 83
450 T T T
——GO-Fe,0 , A=1.0
400 34 1
---GO, =10
350 _GO-Fe30 P A=1.0|1
300 ---GO, \=1.0
250 M=0.1,0.4,0.8,1.2
= 100
200 ——————
80 ===
150 -
60F--zz-zzzz:-=-=
IRt / 0 Fmem=----=====
40
MARYS U
0 0.45 0.455 0.46
3 4 5 6
¢

Figure 9: Evaluation of entropy generation vs M.

an increase in magnetic parameter imposes a larger Lorentz
force, an electromagnetic resistive force that causes velocity to
decrease. The magnetic retarding force that results from the
Lorentz force raises the temperature, causing the thermal
boundary layer to get thicker. On the other side, it causes the
thickness of the momentum boundary layer to decrease.

6.2 Impact of prominent parameters on the
thermal profile

Figure 5 deliberates the upshots of temperature distribu-
tion for positive values of concentration of nanoparticles.
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Figure 11: Evaluation of velocity distribution against Re.

For both shrinking and stretching cases, it is incurred that
the temperature has an adverse impact on the growing
concentration of nanoparticles. The thermal characteris-
tics of both pure and hybrid nanofluids are significantly
influenced by the volume fractions of GO and Fe;0, nanopar-
ticles. Adding nanoparticles to base fluids has the potential to
improve thermal properties in a variety of industrial settings.
Nevertheless, incorporating hybrid nanocomposites into these
base liquids is frequently necessary to achieve the desired heat
transfer rates. Figure 6 demonstrates the impacts of thermal
radiation against the temperature concentration for both
shrinking/stretching cases. According to the depiction, ele-
vating the thermal radiation parameter improved the thermal
profile. The Rosseland radiative absorptivity diminishes as
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Stre?m lines for hybrid nanofluid when M=0.5, A=1.0 and S=-0.2

Figure 12: Streamlines for hybrid nanofluid, when M = 0.5,
A=108&S=02.

Stret;m lines for hybrid nanofluid when M=0.0, A=-1.0 and S= 0.2
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Figure 13: Streamlines for hybrid nanofluid, when M = 0.0,
A=10&S=0.2.

thermal radiation levels rise, which is the cause of this beha-
vior. The values and rates of radiative heat transfer into the
liquid therefore increase. The thickness of the thermal boundary
layer increases as a result of this increased radiative heat trans-
mission. Figure 7 reveals the features of a against the tem-
perature field for both shrinking and stretching surfaces. It is
quite interesting to note that increasing variation in the heat
source-sink parameter has a positive magnitude for the tem-
perature profile. The upshots of distinct shape factors on the
temperature concentration are plotted in Figure 8 (Table 2).
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Stret;m lines for hybrid nanofluid when M=0.5, A=-1.0 and S= 0.2
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Figure 14: Streamlines for hybrid nanofluid, when M = 0.5,
A=10&S=02.

Stre?m lines for hybrid nanofluid when M=0.0, A=1.0 and S=-0.2

Figure 15: Streamlines for hybrid nanofluid, when M = 0.0,
A=10&S=02.

The increasing values of the shape factor enhanced the tem-
perature distribution of the fluid flow for both cases.

6.3 Impact of prominent parameters on
entropy generation

Figure 9 is depicted to discover the marvels of magnetic
parameters M for entropy generation Ng for distinct value
of A = (-1.0)&(1.0). The boosting evaluation of magnetic
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Figure 16: 3D plot of local Nusselt number of hybrids nanofluid for
shrinking case.

Table 3: Numerical comparison under specific conditions, demon-
strating a favorable alignment with previous studies when E; = Ax =
¢ = ¢, = ¢, =0,1=1. This assessment validates the code’s effective-
ness in evaluating efficiency

M I S [33] Present
0.0 0.5 0.5 1.372527 1.372527
0.5 1.479822 1.479822
1.0 1.756433 1.756432
15 2127268 2127268
2.0 2.540000 2.540000
1.2 0.0 1.831929 1.831927
0.2 1.896669 1.896669

0.7 1.980895 1.980895

1.0 2.042426 2.042426

1.2 0.5 0.0 1.631209 1.631205
0.3 1.732803 1.732803

0.7 2.013439 2.013439

1.5 2.199467 2.199467

Bold values represents that they are fixed for places below them until
another value replace it.

parameters augmented the entropy generation for both
GO-Fe30,/H,0 and GO/H;0. Figure 10 determines the impacts
of concentration of nanoparticles against the entropy genera-
tion Ng of hybrid nanofluid GO-Fe;04/H,0 and nanofluid GO/
H,0. Figure 11 amplifies the results of the Reynolds number
Re for the entropy generation parameter Ng for both
shrinking and stretching surfaces. For GO-Fe;0,/H,0 and
GO/H,0, it is apparent that the higher valuation of Reynolds
number has a positive impact on entropy generation for
hybrid nanofluid and nanofluid. The impact of the Reynolds
number also contributes to the increase in entropy. The
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Local Skin friction for Stretching Case of (GO-F. e30 P )

) 0.04 ) M

Figure 17: 3D plot of local skin friction of hybrid nanofluid for
stretching case.
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Figure 18: Isotherm of local Nusselt number of hybrid nanofluid against
magnetic parameter for stretching case.

entropy function is heavily influenced by the Reynolds
number, because the fluid moves more disturbingly as Re
grows, chaotic motion occurs, and the amount of fluid friction
and heat transmission to entropy formation tends to expand.

6.4 Conception through streamlines,
isotherm, and 3D plots

Figure 12 depicts the streamlines for hybrid nanofluid with
magnetic parameters M = 0.5, under suction effect
S =-0.2 for stretching surface A = 1.0. Figure 13 reveals
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Local Skin friction for Stretching Case of (GO-F e30 g )
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Figure 19: Isotherm of local skin friction of hybrid nanofluid against
magnetic parameter for stretching case.
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Figure 20: Isotherm of local skin friction of hybrid nanofluid against
magnetic parameter for shrinking case.

the streamlines for a hybrid nanofluid with no magnetic
impact M = 0.0, under the suction S = —0.2 effect for the
stretching case A =1.0. Figure 14 illustrates the stream
lines for hybrid nanofluid with magnetic effect M = 0.5
under the influence of suction S = 0.2 for shrinking surface
A =-10. Figure 15 displays the streamlines for hybrid
nanofluid when no magnetic parameter is involved M = 0.0
with injection § = -0.2 for stretching surface A = 1.0. Figure
16 discloses the 3D plot of local Nusselt number along with
magnetic parameter and concentration of nanoparticles of
hybrid nanofluid for stretching case A = 1.0 (Table 3). While
the effects of the other factors are barely perceptible, the
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suction parameter has a substantial impact on the Nusselt
number results. Figure 17 reveals the consequences of mag-
netic parameter and concentration of nanoparticles in the 3D
plot of local skin friction of hybrid nanofluid for stretching
surface. Isotherm of the local Nusselt number of hybrid nano-
fluid against the magnetic parameter for the stretching case is
captured in Figure 18. As the concentration of the nanoparti-
cles increase, the local Nusselt number enhances, because
increase in the nanoparticles’ concentration results in the
thermal conductivity improvement. Also, it can be noticed
that the higher number of nanoparticles increase the fluid den-
sity and decreases the fluid velocity, so the local skin friction is
retorted. From the figure, it can be observed that the boosting
magnetic parameter has a negative impact on the local Nusselt
number for the stretching case. Figure 19 explains the outcomes
of the isotherm of local skin friction for hybrid nanofluid
against magnetic parameter for stretching case. Similarly, for
the shrinking case, the local skin friction falls for the positive
magnitude of the magnetic parameter. Figure 20 deliberated
the results of isotherm of local skin friction for hybrid fluid
against magnetic parameter for shrinking case. The graphical
statistics demonstrate that the growing valuation of magnetic
parameters reduces the local skin friction of hybrid nanofluid.
It is clear from this observation that the application of surface
suction significantly affects the Nusselt number and shear
stress, causing them to increase. For both nanofluid situations,
the suction causes a frictional interaction between fluid parti-
cles and the surface, increasing the shear rate. Notably, smaller
values of the suction parameter enable optimal solutions,
improving convergence and system stability. On the other
hand, the effect of an applied magnetic field produces a steady
decrease in the rate of heat transfer while slightly increasing
the rate of shear at the surface of the sheet.

The outcomes of this investigation have numerous
applications, including those in ground stream hydrology, che-
mical engineering, solar panel design, solar absorption and
filtration systems, and solar cell technology. These findings
highlight the value and adaptability of comprehending flow
over a sheet in a variety of practical applications.

7 Final remarks

These improved potential of hybrid nanofluids greatly
boosts heat exchanger efficiency and energy savings, revo-
lutionizing the field of thermal engineering. It enhances
the heat transfer efficiency and enables controlled tem-
perature distribution in magnetic thermal engineering appli-
cations. The forthright intention of the current declaration is
to inspect the leverage of thermal radiation, heat source/sink,
and suction/injection on both hybrid nanofluid Fe;0,/H,0

Entropy generation effects in hybrid nanofluid flow == 13

and nanofluid GO/H,0 with shrinking/stretching surfaces.

The flow panel, thermal distribution, entropy distribution,

and nanoparticle concentration panel all show the physical

behavior of all variables. The foremost verdicts of the ongoing
study are computed below:

* The velocity distribution boosted for concentration of
nanoparticles on the other hand shows a conflicting nature
of magnetic parameters for both shrinking/stretching sheets.

* The cumulative concentration of nanoparticles heigh-

tened the temperature profile against the magnetic para-

meter, and heat source-sink parameter.

The variations in Reynolds number, nanoparticle con-

centration, and magnetic parameter positively impact

the production of entropy.

Streamlines the hybrid nanofluid under the influence of

both suction/injection for shirking/stretching surface with

magnetic and no magnetic effect.

* The results are represented as streamline, isotherm, and
Nusselt number plots.

We are confident that this research will help engineers
and that the conclusions reached will serve as a solid basis
for the design of rotating machinery, medical devices, gas
turbine rotors, and thermal management systems. The
paradigm of advanced heat transfer techniques frequently
uses this kind of study.
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