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Abstract

This study numerically investigated the entropy production in nanofluids’ dissipative unsteady oscillatory flow characterized by vari-
able electric conductivity and magnetic heating effects. The imposition of the non-isothermal boundary condition on the oscillatory
stretching sheet plays a crucial role in establishing the self-similar solution in the presence of viscous heating. An external magnetic
field (uniform in space and time) is imposed perpendicular to the plane of the oscillating stretched boundary. The energy equation,
incorporating viscous dissipation effects and momentum equation, is reduced to nonlinear coupled partial differential equations and
numerically solved using the Gear-generalized differential quadrature scheme.Additionally, to ensure the precision and reliability of
the outcomes, the numerical code undergoes a thorough validation process that involves comparing its outputs to the findings of pre-
vious available studies. The Corcione model is implemented to describe the nanofluid’s effective viscosity and thermal conductivity.
Furthermore, expressions for entropy production and relative irreversibility parameter (Bejan number), considering variable electric
conductivity, are derived and computed based on solutions obtained from momentum and energy equations. The impacts of param-
eters such as magnetic parameter, variable electric conductivity parameter, Eckert number, Strouhal number, Prandtl number and
temperature difference parameters on flow, heat transfer, entropy generation, and Bejan number are systematically illustrated and
examined. We observed that increasing the variable electric conductivity parameters reduces the velocity profiles while improving
the thermal fields. Similar behavior is found when the strength of a magnetic field is increased. The skin friction coefficient ex-
hibits an augmentation in response to the Eckert number, dimensionless time, Strouhal number, nanoparticle volume fraction, mag-
netic parameter, and variable thermal conductivity parameter. Conversely, the Nusselt number increases concerning the Strouhal
number and nanoparticle volume fraction. At the same time, it declines in association with the magnetic parameter, dimension-
less time, Eckert number, and variable electric conductivity parameter.This comprehensive investigation enhances our understand-
ing of nanofluid dynamics and provides valuable insights for optimizing thermal management systems across various engineering
disciplines.

Keywords: heat transfer, time-dependent flow, viscous dissipation, variable electric conductivity, oscillatory flow, generalized gear
differential quadrature method (GGDQM)

Nomenclature T* Dimensionless temperature [-]
Be: Bejan number [-] t: Dimensional time [sec]
By : Strength of the magnetic field [Kg"?m~'sec=/? Q1/?) U,V: Dimensional velocity components [msec™?]
Cp: Specific heat capacity [m?sec=? Kelvin~?] X, Y: Dimensional spatial coordinates [m]
E;’m : Volumetric entropy generation rate P! Density [kgm~3]
[Kg~'m~1sec—*Kelvin~1] o Electrical conductivity [~ m™!]
Ec: Eckert number [-] W Dynamic viscosity [kgm~!sec!]
Ho: Magnetic Parameter [-] @ Volume fraction of nanoparticles [-]
k: Thermal conductivity [Kg.m.sec=3Kelvin~1] T Dimensionless time [-]
Ns: Entropy generation number [-] A Variable electrical conductivity parameter [-]
Pr: Prandtl number [-] X Temperature ratio parameter [-]
Re: Reynolds number [-] Subscripts:
S: Strouhal number [-] bf: Base fluid
T: Temperature [Kelvin] nf: Nanofluid
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1. Introduction

Using fluids as a heat transfer medium covers various applica-
tions involving cooling systems, heat exchangers, electronic ther-
mal management, chemical reactions, geothermal heating, and
cooling. Heat transfer is critical to any of these processes to en-
sure optimal performance. Traditional or ordinary fluids such
as water, engine oil, and ethylene glycol typically exhibit low
thermal conductivity and do not allow for adequate heat trans-
fer. Conventional fluids are enhanced with nano-sized particles,
such as oxides, carbides, metals, or carbon nanotubes, which
have higher thermal conductivity properties to alleviate such a
drawback. Choi (1995) was the first to investigate the convection
in nanoparticle-suspended fluids and perform research on their
properties. His work was done at the Argonne National Labora-
tory. He proposed that including nano-sized particles in a base
fluid enhances thermal conductivity and improves heat transfer
rates. Subsequently, nanofluids have found diverse applications
in electronic cooling components, industrial systems, nuclear sys-
tems cooling, biomedicine, and other fields (Minkowycz et al., 2012;
Subramanian et al.,, 2019; Hatami & Jing, 2020; Bhanvase & Barai,
2021). Nanofluids are recognized for their enhanced thermophys-
ical properties, which are not solely determined by adding micro-
scopic particles to primary liquids. Instead, these properties de-
pend on factors such as the nanoparticle’s shape and size, vol-
ume fraction, and characteristics of the base fluid (Noreen et al,,
2017; Sheikholeslami & Bhatti, 2017; Saleem et al., 2020; Salehi et
al., 2023; Wang et al., 2023).

Entropy generation quantifies the degree of irreversibility in-
herent in natural processes. When entropy generation occurs, it
signifies a decrease in the quality of energy, known as exergy. The
primary objective in designing thermal devices is the efficient uti-
lization of energy. This goal is accomplished by minimizing en-
tropy generation within the system. Consequently, in energy op-
timization challenges and the design of various heat removal en-
gineering systems, minimizing entropy generation or the dissipa-
tion of available becomes essential. This involves addressing fac-
tors such as heat transfer, fluid friction, and electric conduction,
all influenced by the selected design variables under optimization
analysis. Bejan (1979) was the first to investigate entropy genera-
tion in fluid dynamics. He investigated entropy generation in con-
vective viscous fluid flow within a channel, attributing it to vis-
cous friction and heat transfer within the fluid. He also showed
that various factors can contribute to entropy generation in ther-
mal engineering problems, where entropy generation means the
loss of available energy for work. Then, Bejan & Kestin (1983) cal-
culated the volumetric rate of entropy production in fluid flow.
Many scholars have dealt with the causes of entropy generation in
various flow systems and performed parametric studies to reduce
entropy production. Here, we highlight a few recent studies for the
benefit of our readers (Afridi et al., 2024; Afridi, Chen et al., 2022;
Alsabery et al., 2022; Cui et al., 2023; Hussain et al., 2024; Jena &
Mishra, 2023; Khan et al., 2018, 2020; Noreen & Qurat Ul Ain, 2019;
Qasim et al., 2017; Rafique et al., 2024; Rogca et al., 2024; Sakkar-
avarthiet al.,, 2024; Soomro et al., 2017; Zhang et al., 2024) Unsteady
fluid dynamics manifest ubiquitously within natural phenomena
and various industrial contexts. Such fluid behaviors stem from
many causative factors, including impulsive motions or abrupt
accelerations of boundaries, the imposition of unsteady forces at
boundaries, the inherent fluctuating nature of the flow, and peri-
odic motions of boundaries, among others. Oscillatory flow is an
unsteady flow characterized by its periodic nature, wherein fluid
particles undergo regular back-and-forth motion between two

defined points within the system. The flow generated via oscilla-
tion of a stretching sheet was first examined by Wang (2002) who
finds numerous engineering and industrial applications like film
casting, fiber spinning, thermal barrier coatings, polymer extru-
sion, drawing, and annealing. The investigation of the boundary
layer flow generated from the oscillation of a stretching sheet has
captivated researchers’ interest. Rajagopal et al. (2006) considered
the impact of an oscillatory motion of an electrically conducting
viscoelastic fluid over a permeable stretching surface. The effects
of velocity and thermal slip on flow over an oscillatory sheet were
studied by Abbas et al. (2009). Zheng et al. (2013) investigated the
combination of heat and mass transfer in an electrically conduct-
ing fluid flowing over an oscillatory stretching sheet by account-
ing for Soret and Dufour effects. Sheikh & Abbas (2015) scrutinized
theimpact of heat generation/absorption on a chemically reacting
magnetohydrodynamic (MHD) flow, considering the effect of ther-
mophoresis. Ali et al. (2016) conducted a comprehensive investiga-
tion to analyze how the presence of a heat sink/source affects the
characteristics of heat transfer and flow of a couple of stress flu-
ids. Mkhatshwa et al. (2021) conducted a detailed investigation into
an Eyring-Powell fluid’s oscillatory mixed convection MHD flow
over a stretching sheet attached to a non-Darcian porous medium.
The study incorporated several complex phenomena, including
chemical reactions and variations in viscosity, thermal conductiv-
ity, nonlinear thermal radiation, and temperature-dependent dif-
fusivity properties. In polymer extrusion, the desired mechanical
properties of the stretched sheet depend primarily on the cooling
rate. The choice of cooling liquid is crucial for achieving the de-
sired properties in the final product, emphasizing the importance
of contemplating this aspect in the process. The optimal choice
for cooling liquid in these processes is nanofluid. Recently, re-
searchers have explored nanofluids flow over a stretching surface,
exploring a variety of base fluids and combinations of nanoparti-
cles (Alharbi, 2024; Cui et al., 2022; Farooq et al., 2024; Ghasemi &
Hatami, 2021; Idrees Afridi et al., 2023; Yasir, Khan et al., 2023; Yasir,
Malik et al., 2023; Yasir & Khan, 2024).

In this study, we aim to investigate the MHD boundary layer
flow of a nanofluid (C,HeO, — Ti0,) with temperature-dependent
electric conductivity (Adeosun & Ukaegbu, 2022; Adesanya et al.,
2023; Makinde & Onyejekwe, 2011; Qasim et al., 2020; Qasim, Ali et
al.,, 2019) over an oscillatory stretching sheet. While previous re-
search has explored various aspects of nanofluid and MHD flow,
there is a lack of detailed analysis on how temperature-dependent
conductivity impacts the overall flow dynamics and heat transfer
efficiency. Moreover, entropy generation analysis of the oscillatory
flow induced by the stretching surface has not yet been explored.
Therefore, this study fills this gap. These governing equations are
first modeled and then simplified under boundary layer assump-
tions. The differential quadrature method (DQM) (Afridi, Ashraf et
al., 2022; Ashrafet al., 2020; Qasim, Afridi et al., 2019; Thumma et al.,
2020; Wakif et al., 2019) is employed to compute the numerical so-
lutions for these self-similar equations, a method widely adopted
by researchers to tackle such type of problems. In DQM, partial
differential equations (PDEs) are firstly transformed into systems
of ordinary differential equations (ODEs) through discretization
by approximating derivatives using discrete points, often chosen
with quadrature rules like Gauss-Lobatto points. Partial deriva-
tives with respect to spatial variables are replaced with algebraic
equations involving function values at specific grid points. Stan-
dard numerical approaches, such as Runge-Kutta methods or iter-
ative solvers, can solve the system of coupled ODEs. In this study,
we used the Gear technique, a multistep method incorporating
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Figure 1: Flow configuration with coordinates axes.

Table 1: Thermophysical properties of the nanofluidic mixture TiO,(s) — CoHgO2 (b ).

Thermophysical properties Expressions

Density (Wakif et al., 2021; Wakif, Boulahia, Mishra et al., 2018) (Wakif, pnf = (1- w)pbf + ¢ps
Boulahia, Ali et al., 2018)
(1= @)(pCo)yps + o (0Cr)g

Specific Heat Capacity (Wakif et al., 2021; Wakif, Boulahia, Mishra, et al., (Cp)nf =
: : : (1= 9)ovs +ops
2018) (Wakif, Boulahia, Ali, et al., 2018)
Mp _
finf = f ST Pbj, = 1115kgm™2,
o ) 34.87 [ 6M(CoHs02) | 4o
Dynamic Viscosity (Corcione, 2011 11— — = :
Y v ( ) P [ N oo, | *
M(CyHs07) = 62 x 107%kg.mol =1, Ny = 6.022 x 10*mol~*
Koo T 1% . 10 . 0.03
_ BPbf o6 L Rs 0.66
Thermal Conductivity (Corcione, 2011) Rng = [1 +4'4[n ﬂgf ds:| Pr (Tp,) (kbf) ¢ }kbf’

T ~ Ts = 300K, Kz = 1.38066 x 1072} J K1, Ty, = 260.65K

Table 2: Thermophysical properties of {TiO(s), CoHsO, (b f)} (Gholinia et al., 2018; Nayak et al., 2020; Zhang et al., 2023).

Physical meanings Mixture constituents
Thermophysical properties Symbols/Units TiOz(s) C,Hs0,(bf)
Equivalent diameter d(nm) 40 0.56077 995
Density p(kgm=3) 4250 1114.4
Specific heat capacity Cp(Jkg~'K1) 686.2 2415
Thermal conductivity k(Wm=1K™1) 8.9538 0.252
Electrical conductivity o(QIm™1) 6.27 x 10™° 1.07 x 107*

Dynamic viscosity u(x107°Pas) — 1570
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Figure 2: Flowchart: Gear generalized differential quadrature method.

information from several prior steps to calculate the answer at
the current time step.

2. Mathematical formulation

Consider the unsteady flow of nanofluid (TiO,(s) — CoHsOx(bf))
over an oscillating stretching surface. The flow is influenced by
a constant magnetic field of strength By as shown in Fig. 1. The
electric conductivity is assumed to be temperature-dependent
(Makinde & Onyejekwe, 2011). The viscous dissipation function
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is incorporated in the energy equation to include the effects of
frictional heating between the adjacent layers of the nanofluid.
The system of Cartesian coordinates is chosen. The X — axis and
Y — axis are measured along and normal to the oscillating surface
having velocity U,, = U(X) sin(wt), where U(X) = UpX. The temper-
ature at Y =0 is denoted by T, and assumed to be of the form
Ty = To + ToX?, where T,, indicates the ambient temperature. In
these conditions, the leading governing equations are listed below

(Qasim et al., 2020; Sheikh & Abbas, 2015; Wakif et al., 2019)

ou v
X aY @
2 T)B?
W U U _ g U 0w DB ©
ot X Y Pnf Y2 Pnf

aT aT aT 3°T -
(PCp)y s (E +U—= +Vﬁ) = knfﬁ + 05 (T) B3U

(Y ®

Following are the initial and boundary conditions:

asY - o0 Vi>0. (6)
T— Ty

Equation (1) shows the continuity equation for an incompress-
ible fluid in differential form. It demonstrates that no net fluid
flows into or out of the control volume, suggesting that mass
is preserved. Equation (2) is based on applying Newton's second
law of motion to a fluid element. Local acceleration is the first
term on the left-hand side, and it displays the temporal rate of
change in the velocity component U. The convective acceleration
is represented by the second and third terms on the left side of
Equation (2). The first term on the right-hand side of Equation
(2) shows viscous force, while the last term is body force due to
the applied magnetic field. Equation (3) is called the energy equa-
tion and is derived using the energy conservation law. The first
term (called a transient term) on the left-hand side of the en-
ergy equation shows the temperature change rate with time; it
is the unsteady or transient part of the energy equation. The sec-
ond and third term (convective term) represent the convection of
energy due to the fluid’s bulk motion in the x and y directions. It
shows how temperature is transported from one point to another
as the fluid flows with U and V components of velocity. The first
term on the right-hand side of Equation (3) indicates how heat
is conducted within the fluid. It is the form of thermal diffusion
rate due to temperature gradients in y direction. The second last
term shows the Joule heating, and the last term shows the viscous
dissipation.

Here, (unf, pnf (Cp)nf, k,s) are defined in Table 1, whereas o, ¢(T)
shows the temperature-dependent electric conductivity of the
nanofluid as defined below.

3 (S —1)e
( vf (T) ) :| ) (7)

wm 2= (m = 1)e

Further, oy¢(T) = (ovf), [1+ A(£=5)], with (oyf)_ is the ther-

mal conductivity of base fluid beyond the thermal boundary layer.

onf (T) = 0wy (T) |:1+
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Table 3: Physical parameters with symbols, expressions, default values, and selected values.

Parameters Symbols and expressions Default values Range of values
Nanoparticles’ volume fraction ) 0.02 {0.00, 0.02, 0.04, 0.06}
Strouhal number S(= UE) 0.5 {0.5, 1.0, 1.5, 2.0}
02
Eckert number Ec(= —2) 0.04 {0.04, 0.08,0.12, 0.16}
CusTo
vps (0Cp)
Prandtl number Pr(= %) 150.4 583333333 Unchanged
bf
. T
Temperature difference parameter x(= * ) 1 {1.0,1.2,1.4,1.6}
Tw — T
Variable electric conductivity parameter A 3 {0,1,2,3}
M : (Ubf)ooBg
agnetic parameter Ho(= 3 {3,4,5,6}
PufUo

Table 4: Comparison with existing literature.

{r=%,S:l,Pr:G,HO=0,¢=0,Ec=1,A=0,N=100,Yw=5,Ar=10‘5,e=10‘1°}

Present results

(Afridi, Ashraf et al., 2022)

Cf, Nu, ny Nu,
0.82 046 987 2.18301195 0.82 046 987 2.18301195
Table 5: Convergence C fr-
(r= %, S=0.5,9=0.02,Hy =3, A =3,Ec=0.04, e = 10719

N At =103 Ar=10"* AT =10

Y. =2.5 Y, =5 Y. =2.5 Y. =5 Yo =25 Yo =5
5 0.87 465598 0.48498483 0.87 542 900 0.48 541044 0.87 556 836 0.48 548 704
10 1.83955591 1.64880191 1.84109 975 1.65022818 1.84 138730 1.65049 094
15 235891384 1.88334582 2.36177 107 1.88508197 236223082 1.88539260
20 2.52472377 2.29299 180 2.52708537 2.29587033 252749714 2.29632928
25 2.50743614 2.53676024 2.50997 978 2.53924 585 2.51041282 2.53967 128
30 2.51134104 2.51085097 2.51384469 2.51325799 2.51427283 2.51367524
35 2.51070121 2.50685072 2.51321129 2.50940123 2.51364020 2.50983 506
40 2.51077 147 2.51200835 2.51328059 2.51451616 2.51370939 2.51494478
45 2.51076430 2.51070737 2.51327355 2.51321369 2.51370236 2.51364216
50 2.51076502 2.51071805 2.51327425 2.51322838 2.51370306 2.51365732
60 2.51 076 494 2.51076137 2.51327 417 2.51327060 2.51 370 298 2.51369 942
70 2.51076 494 2.51076 400 2.51327417 2.51327323 2.51370298 2.51370204
80 2.51076494 2.51076388 251327417 2.51327311 251370298 2.51370192
90 2.51076494 2.51 076 389 2.51327417 2.51 327 312 2.51370298 2.51 370 193
100 2.51076494 2.51076 389 251327417 251327312 2.51370298 251370193
110 2.51076 494 2.51076389 2.51327417 2.51327312 2.51370298 2.51370193
120 2.51076494 2.51076 389 251327417 251327312 2.51370298 251370193
130 2.51076494 2.51076 389 2.51327417 2.51327312 2.51370298 2.51370193
140 2.51076494 2.51076 389 251327417 251327312 2.51370298 251370193
150 2.51076 494 2.51076389 2.51327417 2.51327312 2.51370298 2.51370193

The electric conductivity of base fluid inside the boundary layer is
considered constant in most articles in the literature, which is in-
correct. Given the prevalence of this mistake in scholarly works, it
is essential to address it here. The subscripts bf, s, n f, respectively,
represent base fluid, solid nanoparticles, and nanofluid. The val-
ues of the thermophysical quantities of ethylene glycol and tita-
nium dioxide are tabulated in Table 2.
Similarity variables are defined as given below.

[Uo - _ T - Tw
Y= [—Y =X (Y, = T"'= — .
s .Y Uowps U* (Y, 1), T =w, T T (8)

The components of velocity U and V are defined in terms of

stream function as follows:

v=
Y

and v=-2Y ©)
ox

Using Equation (9), (U, V) can be written as

%) oU* (Y, 1)

U=0( Y

Employing similarity variables, the dimensional governing

and V =-— Uovbf u* (Y, ‘L') . (10)

equations and boundary conditions take the following form:
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Table 6: Convergence Nu,.

tr="2,5=0.5,0=0.02,Hy = 3, A = 3, Ec = 0.04, ¢ = 10719}

6
N Ar=1073 Ar=10"* At =10"°
Yo =2.5 Yoo =5 Yo =2.5 Yoo =5 Yo = 2.5 Yoo =5
5 5.17 862382 2.68597 203 5.17896217 2.68637 449 5.17 905 294 2.68 645082
10 11.84520416 10.36 880996 11.83427797 10.36510455 11.83301904 10.36 472491
15 10.74 031660 11.43238933 10.73 544 150 11.42246132 10.73 489904 11.42 133407
20 10.72786 819 10.73001 906 10.72 201505 10.72 555233 10.72 133452 10.72 506 953
25 10.71696 670 10.71994 195 10.71110335 10.71421525 10.71042301 10.71354 955
30 10.71 818392 10.72 750903 10.71232441 10.72 158 368 10.71164439 10.72 089493
35 10.71 809022 10.71660622 10.71223 040 10.71074 271 10.71155036 10.71006 239
40 10.71 810019 10.71792987 10.71224 035 10.71207 570 10.71156 031 10.71139633
45 10.71809931 10.71819 281 10.71223949 10.71233155 10.71155945 10.71165133
50 10.71 809 936 10.71808 316 10.71 223 954 10.71222350 10.71 155 950 10.71154 348
60 10.71 809936 10.71810024 10.71223954 10.71 224041 10.71 155950 10.71156 037
70 10.71 809936 10.71 810 026 10.71223954 10.71 224 044 10.71 155950 10.71 156 040
80 10.71 809936 10.71810026 10.71223954 10.71 224 043 10.71155950 10.71 156 040
90 10.71 809936 10.71 810026 10.71223954 10.71224 043 10.71 155950 10.71 156 040
100 10.71 809936 10.71810026 10.71223954 10.71224 043 10.71155950 10.71 156 040
110 10.71 809936 10.71 810026 10.71223954 10.71 224043 10.71 155950 10.71 156 040
120 10.71 809936 10.71 810026 10.71223954 10.71224 043 10.71 155950 10.71156 040
130 10.71 809936 10.71810026 10.71223954 10.71 224043 10.71 155950 10.71 156 040
140 10.71 809936 10.71810026 10.71223954 10.71 224043 10.71 155950 10.71156 040
150 10.71 809936 10.71810026 10.71223954 10.71224 043 10.71 155950 10.71 156 040
Table 7: Numerical results.
GGDQM'’s results when {N = 150, Y., =5, ¢ = 1079}
T S @ Hp A Ec Csr Slope Nu, Slope
1”—0 0.5 0.02 3 3 0.04 1.53933179 3.03944 859 11.48 449608 —3.79330625
3
0 4.13359306 9.29690420
2
= 493017672 7.77 658559
% 5.23107 598 6.80257 592
% 0.5 0.02 3 3 0.04 1.53933179 0.06 813232 11.48449608 5.32866230
1.0 1.54460951 14.63790639
1.5 1.58 555240 17.23 885647
2.0 1.63923 803 19.49 861656
% 0.5 0.00 3 3 0.04 2.30354516 15.18 222720 10.17 607 708 19.10175850
0.02 2.51370193 10.71 156 040
0.04 2.79572542 11.04394191
0.06 3.22168581 11.33873381
% 0.5 0.02 3 3 0.04 2.51370193 1.08 720750 10.71 156 040 —2.35361705
4 3.52367 980 8.73012975
5 461943184 6.35462148
6 5.77 247 626 3.65800631
% 0.5 0.02 3 0 0.04 1.78206 294 0.24 388383 12.19610833 —0.49485237
1 2.02726934 11.70339901
2 2.27119076 11.20851 906
3 2.51370193 10.71156 040
% 0.5 0.02 3 3 0.04 2.51370193 140416372 10.71156 040 —69.05412677
0.08 2.56834042 8.08704477
0.12 2.62 450366 5.32721258

0.16 2.68220268 242428756
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3. Minimization of entropy generation

Considering the variable electric conductivity, the rate of entropy
generation (Egén) in a dissipative nanofluid flow can be formulated
as

. kor (dT\?> o (T)B3U? AU\ ?
() = (%) + 2 (Y g
9 T2 \ oY T T \ay
Using Equation (8), Equation (18) takes the following form.
Ng = _Een  _ N <£>2 | Hgecer (g)z
- S - % 2 *
(Egen>o (T* 4+ x)? \ 9Y (T*+x)\ 3y
N Pri(aﬁf (19)
1 (T* T X) azy .

Here, Ns and (E;en)o, respectively, indicate dimensionless and
characteristic entropy. A parameter of irreversibility is introduced
to assess the relative magnitude of entropy generation due to heat
transfer compared to the total entropy generation. This parame-
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=1/6)
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< 04f
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Figure 6: Effects of Ho on (a) 2~ (b) T*.
ter termed the Bejan number is precisely defined as
kur (o7
Be— #(%) (20)

ke (o1)? 4 onf(MBU? s (U ?
T \ o7 T T \ov

Equation (20) takes the following form after the utilization of
Equation (8):

aT*\ 2
Ns(%7)

Be = - (21)
N5 Pk 1 (1 (55) 2
4. Results and discussion
The numerical solution of nonlinear PDEs represented

by Equations (11) and (12) is successfully obtained using the
GGDQM. The key steps of GGDQM are depicted in the Figure 2. In
the entire process of simulations, the default and selected values
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of parameters are explicitly shown in Table 3. To validate the
accuracy of the current numerical technique, the outcomes for
Nu, and Cy, were compared with the findings reported by (Afridi,
Ashraf et al., 2022), as presented in Table 4. The spatial domain
Y € [0, o0) is truncated to the Y € [0, Yo =5]. The justification
for the selection of a semi-infinite domain is seen in Tables 5
and 6. We used the time step size At = 10~ and the number of
mesh points N = 90. These numbers were considered satisfactory
for producing accurate and consistent results because increased
Gauss-Lobbato grid points did not result in different numerical
results. The results indicate a significant level of agreement
between the two data sets, thereby supporting the validity of the
present numerical method. Tables 5 and 6 respectively exhibit
the relationship between the convergence of Nu, and Cy to N
(number of grid points) Y. and Ar (time step). Upon careful
examination of the data shown in Tables 5 and 6, it becomes
evident that the order of accuracy experiences an upward trend
as the temporal time step Ar decreases. This trend indicates
that smaller time steps contribute to higher accuracy levels in
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Figure 8: Effects of Ec on (a) 2~ (b) T*.

numerical calculations. The analysis of the numerical results
highlights that ensuring convergence for GGDQM can be achieved
by utilizing a limited number of mesh points. Table 7 illustrates
the behavior of Nu, and Cs, under different variations of emerg-
ing parameters. Moreover, applying the slope linear regression
method aids in estimating the rate of change in shear stresses
and heat transfer at the sheet. The analysis indicates that the
Cy, exhibits a rise with the Eckert number, dimensionless time,
Strouhal number, nanoparticle volume fraction, magnetic and
variable electric conductivity parameters. It is evident from the
positive and negative signs of the slope that Nu, rises with the
Strouhal number and nanoparticle volume fraction but decreases
with the magnetic parameter, dimensionless time, Eckert number,
and variable electric conductivity parameter.

Figures 3-15 provide detailed visual representations illustrating
the relationships between various flow parameters and their cor-
responding impacts on critical variables such as velocity (3 (Y, 7)),
thermal characteristics T(Y, t), entropy distribution Ns(Y, t), and
Bejan numbers Be(Y, 7). Figures 3(a) and (b), respectively, illustrate
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Figure 9: Time series profile: Effects of S on (a) Ns (b) Be.

how the Strouhal number affects the time series of the velocity
profile and temperature distribution. Figure 3(a) demonstrates a
phase shifting and an increase in the amplitude of the fluid mo-
tion by increasing the Strouhal number. Figure 3(b) reflects a de-
cline in temperature profile when the Strouhal number increases.
Figure 4(a) describes the impact of the Strouhal number on the ve-
locity profile. The plot reveals a notable trend where an increment
in the Strouhal number decelerates the fluid’s motion. This phe-
nomenon indicates an inverse relationship between the Strouhal
number and velocity profile. Furthermore, Fig. 4(b) findings sug-
gest that as the Strouhal number S increases, the heat transfer
from the oscillating surface diminishes correspondingly. This de-
crease in heat transfer subsequently leads to a lower thermal
boundary layer. Figure 5(a) and (b), respectively, depict the influ-
ence of varying volume fractions on the velocity and temperature
distributions within the boundary layer. A positive correlation be-
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Figure 10: Effects of S on (a) Ns (b) Be.

tween the velocity profile and ¢ in the boundary layer is found,
indicating that as ¢ increases, the velocity profile increases ac-
cordingly. Increasing nanoparticle volume fraction improves en-
ergy transportation within the fluid, subsequently accelerating
the fluid motion. Figure 5(b) demonstrates that the temperature
profile expands proportionally with the increase in the value of
. Higher volume fractions result in elevated thermal conductiv-
ity, consequently leading to an augmentation in boundary layer
thickness and a subsequent escalation in the temperature profile.

Figures 6(a) and (b), respectively, explain the impact of mag-
netic parameters on velocity and temperature profiles. Increas-
ing the strength of the magnetic field leads to more vital Lorentz
forces, which act to oppose the flow motion. Consequently, the
velocity decreases due to increased resistance from the mag-
netic field, as shown in Fig. 6(a). Figure 6(b) portrays the corre-
lation between the temperature increase and the magnetic field
enhancement. This phenomenon occurs due to the increasing
Lorentz force, which decelerates the fluid flow, converting kinetic
energy into thermal energy. This conversion thereby contributes
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Figure 11: Effects of ¢ on (a) Ns (b) Be.

to the overall elevation in the temperature distribution. Figure 7(a)
shows that the velocity profiles decline as the variable electric
conductivity parameter increases. Viewed from a physical stand-
point, higher variable electric conductivity parameter values re-
sult in a more vital magnetic force within the flow, opposing the
fluid’s motion and dampening the flow’s velocity. The damping ef-
fectintensifies as conductivity increases, causing the flow velocity
to decrease. It is evident from Fig. 7(b) that as the variable electri-
cal conductivity parameter A increases, the temperature profile
exhibits an enhancement.

As the Eckert number increases, Fig. 8 (a) illustrates that the
fluid velocity decreases. It has been noted from Fig. 8(b) that an
elevation in Ec values is linked to an increase in the temperature
profile. Viewed from a physical standpoint, a surge in Ec values
heightens the frictional forces between the fluid layers. This, thus,
brings forth the shift of kinetic energy into thermal energy; as a
result, there is a noticeable rise in the temperature profile. Con-
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120

100}

0.8 1.0

=E)

Be (Y,t

Figure 12: Effects of Hy on (a) Ns (b) Be.

sequently, it can be inferred that variations in Ec values play a
crucial role in influencing the thermal dynamics of the system.
Figures 9(a) and (b), respectively, reflect how the Strouhal number
affects the time series of the entropy generation distribution and
the Bejan number. Figure 9(a) demonstrates a phase shift occur-
ring and an increase in the amplitude of the entropy generation
by increasing the Strouhal number. Figure 9(b) reflects a decrease
in the amplitude of the Bejan number with rising values of the
Strouhal number. It is noted from the analysis of Figs. 10(a) and
(b) that as the Strouhal number values increase, there is a corre-
sponding rise in entropy and Bejan number in the region at and
close to the oscillating boundary, followed by a decline as the dis-
tance from the boundary extends beyond a certain point. The en-
tropy generation exhibits a decreasing behavior for growing val-
ues of ¢, as portrayed in Fig. 11(a). Conversely, the Bejan number
shows a reduction with the escalation of parameter ¢, except at
and close to the stretched oscillating boundary. Entropy augmen-
tation occurs at the surface and its surrounding area as a conse-
quence of the reinforcement of the magnetic field, as portrayed
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Figure 13: Effects of A on (a) Ns (b) Be.

in Fig. 12 (a). An inverse trend is observed in the behavior of the
Bejan number with increasing magnetic parameter, as shown in
Fig. 12(b).

Figures 13 (a) and (b) depict the impact of variable electric con-
ductivity parameter A on Ns and the Bejan number, respectively.
With an increase in parameter A, the Ns experiences a rise at and
near the boundary, but a decrement is observed after a certain
vertical distance from the boundary. As A escalates, the Bejan
number also sees a corresponding increase after a certain vertical
distance. Moreover, the decreasing effects were observed near the
boundary surface. Heat transfer irreversibility prevails over fric-
tional heating irreversibility at the boundary. Figures 14(a) and (b)
depict the changes in entropy generation and Bejan number as the
Eckert number increases. It can be noted that there is a notice-
able increase in entropy generation as the values of Ec escalate.
This phenomenon occurs because of viscous dissipation, which
is a process that leads to irreversibility and consequently causes
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Figure 14: Effects of Ec on (a) Ns (b) Be.

a higher level of entropy generation. Additionally, the graph in
Fig. 14(b) reveals a diminishing trend in the Bejan number as the
magnitude of the Ec number rises. Figure 15(a) and (b) illustrate
how the temperature difference parameters affect entropy gen-
eration and Bejan number. A reciprocal relationship is noted be-
tween the Ns profile and the temperature difference parameter:
as x increases, the entropy profile decreases. Viewed from a phys-
ical standpoint, a rise in the temperature difference parameter
corresponds to a decline in the operating temperature, leading to
a decrease in the heat transfer rate. Therefore, this reduction in
heat transfer rate results in a decrease in entropy generation. Al-
ternatively, to minimize entropy generation, which aligns with the
primary objective of second law analysis, reducing the x can be
pursued. Figure 15(b) exhibits the Bejan number profile for various
values of x. Increasing x signifies a diminished temperature dif-
ference between the stretching boundary and the ambient fluid.
Consequently, thermal irreversibility diminishes, as Fig. 15(b)
depicts.
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5. Concluding remarks

The ongoing investigation aims to examine heat transfer and
entropy generation within a nanofluid flow along an oscillat-
ing surface, focusing on viscous dissipation, magnetic field im-
pact, and temperature-dependent electric conductivity. The Cor-
cione model has been adopted to characterize the nanofluid’s
thermal conductivity and effective viscosity under study. The
generalized differential quadrature method (GGDQM) is applied
in this study to conduct numerical simulations. The subse-
quent results outline the most notable findings of our re-
search.

® The self-similar solution to the current problem is only pos-
sible in non-isothermal boundary conditions.

® With increase in S there is a decrease in heat transfer, reduc-
ing the thermal boundary layer.

® Decrementin heat transfer with increasing parameter S leads
to a lower in the thermal boundary layer.

® A positive correlation is found between the velocity profile
and ¢.

® Velocity profiles decline as the variable electric conductiv-
ity parameter increases. An inverse trend is observed for the
temperature profile.

e Skin friction coefficient increases with the Eckert number
(Ec), dimensionless time (), Strouhal number (S), nanoparti-
cle volume fraction (¢), magnetic parameter (Hp), and variable
thermal conductivity parameter (A).

® Nusselt’s number rises with the Strouhal number and
nanoparticle volume fraction. However, it decreases with the
magnetic parameter, dimensionless time, Eckert number, and
variable electric conductivity parameter.

® Both temperature and entropy are enhanced with increasing
viscous dissipation parameter (Ec).

® Bejan number shows a reduction with the escalation of pa-
rameters ¢ and Ec.

® With an increase in parameter A, Ns experiences a rise at and
near the oscillating surface.

® An inverse relationship is observed between Ns and the tem-
perature difference parameter (x).

® Thermal irreversibly reduces with increasing the parameter
X-

Future works

The mathematical model shows local non-similarity in the case
of constant wall temperature, a topic for further research. How-
ever, numerous authors commonly regard local non-similarity as
self-similar, treating it as self-similar, which results in inaccurate
conclusions. Furthermore, there may be much interest in studying
thermal conductivity as a function of temperature, which calls for
more research.
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