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Abstract 

This study n umericall y inv estigated the entr opy pr oduction in nanofluids’ dissipati v e unsteady oscillator y flow c har acterized by vari- 
a b le electric conducti vity and ma gnetic heating effects. The imposition of the non-isothermal boundar y 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 str etched boundar y. The energy equation, 
incorporating viscous dissipation effects and momentum equation, is reduced to nonlinear coupled partial differential equations and 

n umericall y solv ed using the Gear-generalized differ ential quadratur e sc heme .Additionall y, to ensur e the pr ecision and r elia bility of 
the outcomes, the numerical code undergoes a thor ough v alidation pr ocess that inv olv es comparing its outputs to the findings of pre- 
vious av aila b le studies. The Corcione model is implemented to describe the nanofluid’s effecti v e viscosity and thermal conducti vity. 
Furthermor e, expr essions for entr opy pr oduction and r elati v e irr ev ersibility parameter (Bejan number), considering variable electric 
conducti vity, ar e deri v ed and computed based on solutions obtained from momentum and energy equations. The impacts of param- 
eters such as magnetic parameter, v aria b le electric conductivity parameter, Eckert n umber, Str ouhal n umber, Prandtl n umber and 

temperatur e differ ence par ameters on flow, heat tr ansfer, entropy gener ation, and Bejan n umber ar e systematicall y 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 v aria b le thermal conducti vity parameter. Conv ersel y, the Nusselt n umber incr eases concerning the Str ouhal 
number and nanoparticle volume fraction. At the same time, it declines in association with the magnetic parameter, dimension- 
less time , Ec kert n umber, and v aria b le electric conducti vity parameter.This compr ehensi v e inv estigation enhances our understand- 
ing of nanofluid dynamics and pr ovides v alua b le insights for optimizing thermal management systems across various engineering 
disciplines. 

Ke yw or ds: heat tr ansfer, time-dependent flow, viscous dissipation, v aria b le electric conducti vity, oscillator y flow, g eneralized g ear 
differ ential quadratur e method (GGDQM) 
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omenclature 

Be : Bejan number [-] 
B 0 : Strength of the magnetic field [ Kg 1/2 m 

−1 sec −1/2 �1/2 ] 
C P : Specific heat capacity [ m 

2 sec −2 Kelvin −1 ] 
˙ E 

′′′ 
gen : Volumetric entropy generation rate 

[ Kg −1 m 

−1 sec −3 Kelvin −1 ] 
Ec : Eck ert n umber [-] 
H 0 : Ma gnetic P ar ameter [-] 
k : Thermal conductivity [ Kg.m.sec −3 Kelvin −1 ] 
Ns : Entr opy gener ation number [-] 
Pr : Prandtl number [-] 
Re : Re ynolds n umber [-] 
S : Strouhal number [-] 
T : Temper atur e [ Kelvin ] 
ecei v ed: April 15, 2024. Revised: October 14, 2024. Accepted: October 14, 2024 
The Author(s) 2024. Published by Oxford Uni v ersity Pr ess on behalf of the Society

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
T ∗ : Dimensionless temper atur e [-] 
t̄ : Dimensional time [ sec ] 
U, V : Dimensional velocity components [ msec −1 ] 
X̄ , Ȳ : Dimensional spatial coordinates [ m ] 
ρ : Density [ kgm 

−3 ] 
σ : Electrical conductivity [ �−1 m 

−1 ] 
μ : Dynamic viscosity [ kgm 

−1 sec −1 ] 
ϕ : Volume fraction of nanoparticles [-] 
τ : Dimensionless time [-] 
� : Variable electrical conductivity parameter [-] 
χ : Temper atur e r atio par ameter [-] 
ubscripts: 

b f : Base fluid 

n f : Nanofluid 
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1. Introduction 

Using fluids as a heat transfer medium covers various applica- 
tions involving cooling systems, heat exc hangers, electr onic ther- 
mal mana gement, c hemical r eactions, 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. Conv entional fluids ar e enhanced with nano-sized particles,
such as oxides , carbides , metals , or carbon nanotubes, which 

have higher thermal conductivity properties to alleviate such a 
dr awbac k. Choi ( 1995 ) was the first to investigate the convection 

in nanoparticle-suspended fluids and perform r esearc h on their 
properties. His w ork w as done at the Ar gonne National Labor a- 
tory. He proposed that including nano-sized particles in a base 
fluid enhances thermal conductivity and impr ov es heat transfer 
r ates. Subsequentl y, nanofluids hav e 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 pr operties, whic h ar e not solel y 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 ). 

Entr opy gener ation quantifies the degr ee of irr e v ersibility in- 
her ent in natur al pr ocesses. When entr opy gener ation 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- 
tr opy gener ation within the system. Consequentl y, in ener gy 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- 
v ectiv e viscous fluid flow within a channel, attributing it to vis- 
cous friction and heat transfer within the fluid. He also sho w ed 

that various factors can contribute to entropy generation in ther- 
mal engineering pr oblems, wher e entr opy gener ation means the 
loss of av ailable ener gy for work. Then, Bejan & Kestin ( 1983 ) cal- 
culated the volumetric rate of entropy production in fluid flow.
Man y sc holars hav e dealt with the causes of entr opy gener ation in 

various flow systems and performed parametric studies to reduce 
entr opy pr oduction. Her e, 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 ; Ro ̧s ca et al., 2024 ; Sakkar- 
av arthi et al., 2024 ; Soomr o et al., 2017 ; Zhang et al., 2024 ) Unsteady 
fluid dynamics manifest ubiquitously within natural phenomena 
and various industrial contexts. Such fluid behaviors stem from 

man y causativ e factors, including impulsiv e 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 c har acterized by its periodic natur e, wher ein fluid 

particles undergo regular back-and-forth motion between two 
efined points within the system. The flow generated via oscilla-
ion of a str etc hing sheet was first examined by Wang ( 2002 ) who
nds numerous engineering and industrial applications like film 

asting, fiber spinning, thermal barrier coatings, polymer extru- 
ion, dra wing, and annealing. T he in vestigation of the boundary
ay er flo w gener ated fr om the oscillation of a str etc hing sheet has
a ptiv ated r esearc hers’ inter est. Raja gopal et al. ( 2006 ) consider ed

he impact of an oscillatory motion of an electrically conducting
iscoelastic fluid over a permeable stretching surface . T he effects
f velocity and thermal slip on flow over an oscillatory sheet were
tudied by Abbas et al. ( 2009 ). Zheng et al. ( 2013 ) investigated the

ombination of heat and mass transfer in an electrically conduct-
ng fluid flowing over an oscillatory stretching sheet by account-
ng for Soret and Dufour effects. Sheikh & Abbas ( 2015 ) scrutinized
he impact of heat gener ation/absor ption on a c hemicall y r eacting

a gnetohydr odynamic (MHD) flow, considering the effect of ther-
ophoresis. Ali et al. ( 2016 ) conducted a comprehensive investiga-

ion to analyze how the presence of a heat sink/source affects the
 har acteristics of heat transfer and flow of a couple of stress flu-
ds. Mkhatshwa et al. ( 2021 ) conducted a detailed investigation into

n Eyring–Po w ell fluid’s oscillatory mixed convection MHD flow
v er a str etc hing sheet attac hed to a non-Darcian porous medium.
he study incor por ated se v er al complex phenomena, including
 hemical r eactions and v ariations in viscosity, thermal conductiv-
ty, nonlinear thermal radiation, and temper atur e-dependent dif- 
usivity properties. In polymer extrusion, the desired mechanical 
roperties of the stretched sheet depend primarily on the cooling
ate . T he choice of cooling liquid is crucial for ac hie ving the de-

ir ed pr operties in the final pr oduct, emphasizing the importance
f contemplating this aspect in the process . T he optimal choice
or cooling liquid in these processes is nanofluid. Recently, re-

earc hers hav e explor ed nanofluids flow ov er a str etc hing surface,
xploring a variety of base fluids and combinations of nanoparti-
les (Alharbi, 2024 ; Cui et al. , 2022 ; F arooq et al., 2024 ; Ghasemi &
atami, 2021 ; Idrees Afridi et al., 2023 ; Y asir , Khan et al., 2023 ; Y asir ,
alik et al., 2023 ; Yasir & Khan, 2024 ). 
In this study, we aim to investigate the MHD boundary layer

ow of a nanofluid ( C 2 H 6 O 2 − TiO 2 ) with temper atur e-dependent
lectric conductivity (Adeosun & Ukaegbu, 2022 ; Adesanya et al.,
023 ; Makinde & Ony ejekw e, 2011 ; Qasim et al., 2020 ; Qasim, Ali et
l., 2019 ) over an oscillatory stretching sheet. While previous re-
earch has explored various aspects of nanofluid and MHD flow,
here is a lack of detailed analysis on how temperature-dependent
onductivity impacts the ov er all flow dynamics and heat transfer
fficiency. Mor eov er, entr opy gener ation anal ysis of the oscillatory
o w induced b y the str etc hing surface has not yet been explored.

her efor e, this study fills this gap. T hese go v erning equations ar e
rst modeled and then simplified under boundary layer assump- 
ions . T he differ ential quadr atur e method (DQM) (Afridi, Ashr af et
l. , 2022 ; Ashraf et al. , 2020 ; Qasim, Afridi et al. , 2019 ; Thumma et al. ,
020 ; Wakif et al., 2019 ) is emplo y ed to compute the numerical so-
utions for these self-similar equations, a method widely adopted 

 y resear chers to tackle such type of problems. In DQM, partial
ifferential equations (PDEs) are firstly transformed into systems 
f ordinary differential equations (ODEs) thr ough discr etization 

y a ppr o ximating deri vati ves using discrete points, often chosen
ith quadr atur e rules like Gauss–Lobatto points. P artial deriv a-

ives with respect to spatial variables are replaced with algebraic
quations involving function values at specific grid points. Stan- 
ard numerical a ppr oac hes, suc h as Runge–Kutta methods or iter-
tiv e solv ers, can solv e the system of coupled ODEs. In this study,
e used the Gear tec hnique, a m ultistep method incor por ating
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F igure 1: Flo w configuration with coor dinates axes. 

Table 1: Thermophysical properties of the nanofluidic mixture TiO 2 (s ) − C 2 H 6 O 2 ( b f ) . 

Thermophysical properties Expressions 

Density (Wakif et al., 2021 ; Wakif, Boulahia, Mishra et al., 2018 ) (Wakif, 
Boulahia, Ali et al., 2018 ) 

ρn f = ( 1 − ϕ ) ρb f + ϕρs 

Specific Heat Capacity (Wakif et al., 2021 ; Wakif, Boulahia, Mishra, et al., 
2018 ) (Wakif, Boulahia, Ali, et al., 2018 ) 

( C p ) n f = 

( 1 − ϕ ) ( ρC P ) b f + ϕ ( ρC P ) s 
( 1 − ϕ ) ρb f + ϕρs 

Dynamic Viscosity (Corcione, 2011 ) 

⎧ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎩ 

μn f = 

μb f 

1 − 34 . 87 
d 0 . 3 s 

[ 
6 M ( C 2 H 6 O 2 ) 
N Av π ρb f 0 

] 0 . 1 
ϕ 1 . 03 

, ρb f 0 = 1115 kg.m 

−3 , 

M ( C 2 H 6 O 2 ) = 62 × 10 −3 kg.mol −1 , N Av = 6 . 022 × 10 23 mol −1 

⎫ ⎪ ⎪ ⎪ ⎬ ⎪ ⎪ ⎪ ⎭ 

Thermal Conductivity (Corcione, 2011 ) 

⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ 

k n f = 

[ 
1 + 4 . 4 

[ 
2 K B ρb f T 

π μ2 
b f d s 

] 0 . 4 
Pr 0 . 66 

( 

T 
T Fr 

) 10 ( 

k s 
k b f 

) 0 . 03 

ϕ 0 . 66 

] 
k b f , 

T ≈ T ∞ 

= 300 K, K B = 1 . 38066 × 10 −23 J.K −1 , T Fr = 260 . 65 K 

⎫ ⎪ ⎪ ⎬ ⎪ ⎪ ⎭ 

Table 2: Thermophysical properties of { TiO 2 (s ) , C 2 H 6 O 2 ( b f ) } (Gholinia et al., 2018 ; Nayak et al., 2020 ; Zhang et al., 2023 ). 

Physical meanings Mixture constituents 

Thermophysical properties Symbols/Units TiO 2 (s ) C 2 H 6 O 2 ( b f ) 

Equivalent diameter d( nm ) 40 0.56 077 995 
Density ρ( kgm 

−3 ) 4250 1114.4 
Specific heat capacity C P ( Jkg −1 K −1 ) 686.2 2415 
Thermal conductivity k ( Wm 

−1 K −1 ) 8.9538 0.252 
Electrical conductivity σ ( �−1 m 

−1 ) 6 . 27 × 10 −5 1 . 07 × 10 −4 

Dynamic viscosity μ( ×10 −5 Pas ) — 1570 
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F igure 2: Flo wc hart: Gear gener alized differ ential quadr atur e method. 
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information fr om se v er al prior steps to calculate the answer at 
the current time step. 

2. Ma thema tical form ula tion 

Consider the unsteady flow of nanofluid ( TiO 2 ( s ) − C 2 H 6 O 2 ( b f ) ) 
over an oscillating stretching surface . T he flow is influenced by 
a constant magnetic field of strength B 0 as shown in Fig. 1 . The 
electric conductivity is assumed to be temper atur e-dependent 
(Makinde & Ony ejekw e , 2011 ). T he viscous dissipation function 
s incor por ated in the ener gy equation to include the effects of
rictional heating between the adjacent layers of the nanofluid.
he system of Cartesian coordinates is chosen. The X̄ − axis and 

¯
 − axis ar e measur ed along and normal to the oscillating surface
aving velocity U w = 

˜ U ( ̄X ) sin (
 ̄t ) , where ˜ U ( ̄X ) = U 0 ̄X . The temper-
ture at Ȳ = 0 is denoted by T w and assumed to be of the form
 w = T ∞ 

+ T 0 ̄X 

2 , where T ∞ 

indicates the ambient temperature. In
hese conditions, the leading governing equations are listed below 

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

∂U 

∂ X̄ 

+ 

∂V 

∂ ̄Y 

= 0 , (1) 

∂U 

∂ ̄t 
+ U 

∂U 

∂ X̄ 

+ V 

∂U 

∂ ̄Y 

= 

μn f 

ρn f 

∂ 2 U 

∂ ̄Y 

2 
− σn f ( T ) B 2 o 

ρn f 
U, (2) 

(
ρC p 

)
n f 

(
∂T 
∂ ̄t 

+ U 

∂T 

∂ X̄ 

+ V 

∂T 

∂ ̄Y 

)
= k n f 

∂ 2 T 

∂ ̄Y 

2 
+ σn f ( T ) B 

2 
o U 

2 

+ μn f 

(
∂U 

∂ ̄Y 

)2 

. (3) 

Following are the initial and boundary conditions: 

U = 0 
V = 0 
T w = T ∞ 

⎫ ⎪ ⎬ ⎪ ⎭ 

at t = 0 , (4) 

U( X , t ) = U w = ̃

 U ( X ) sin (
 t ) 
V = 0 

T ( X , t ) = T w = T ∞ 

+ T o X 

2 

⎫ ⎪ ⎬ ⎪ ⎭ 

at Y = 0 ∀ t > 0 , (5) 

U → 0 
V → 0 
T → T ∞ 

⎫ ⎪ ⎬ ⎪ ⎭ 

as Y → ∞ ∀ t > 0 . (6) 

Equation ( 1 ) shows the continuity equation for an incompress-
ble fluid in differential form. It demonstrates that no net fluid
ows into or out of the control volume, suggesting that mass

s pr eserv ed. Equation ( 2 ) is based on a ppl ying Ne wton’s second
aw of motion to a fluid element. Local acceleration is the first
erm on the left-hand side, and it displays the temporal rate of
hange in the velocity component U . The conv ectiv e acceler ation
s r epr esented b y the second and thir d terms on the left side of
quation ( 2 ). The first term on the right-hand side of Equation
 2 ) shows viscous force, while the last term is body force due to
he applied magnetic field. Equation ( 3 ) is called the energy equa-
ion and is derived using the energy conservation la w. T he first
erm (called a transient term) on the left-hand side of the en-
rgy equation shows the temperature change rate with time; it
s the unsteady or transient part of the energy equation. The sec-
nd and third term (conv ectiv e term) r epr esent the convection of
nergy due to the fluid’s bulk motion in the x and y directions. It
ho ws ho w temper atur e is tr ansported fr om one point to another
s the fluid flows with U and V components of velocity. The first
erm on the right-hand side of Equation ( 3 ) indicates how heat
s conducted within the fluid. It is the form of thermal diffusion
ate due to temperature gradients in y direction. The second last
erm shows the Joule heating, and the last term shows the viscous
issipation. 

Her e, ( μn f , ρn f , ( C p ) n f , k n f ) ar e defined in Table 1 , whereas σn f (T )
hows the temper atur e-de pendent electric conducti vity of the
anofluid as defined below. 

σn f ( T ) = σb f ( T ) 

⎡ ⎣ 1 + 

3 
(

σs 
σb f ( T ) 

− 1 
)

ϕ 

σs 
σb f ( T ) 

+ 2 −
(

σs 
σb f ( T ) 

− 1 
)

ϕ 

⎤ ⎦ . (7) 

Further, σb f (T ) = ( σb f ) ∞ 

[ 1 + �( T−T ∞ 
T w −T ∞ 

) ] , with ( σb f ) ∞ 

is the ther-
al conductivity of base fluid beyond the thermal boundary layer.
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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 ϕ 0.02 { 0 . 00 , 0 . 02 , 0 . 04 , 0 . 06 } 
Strouhal number S 〈 = 


 

U o 
〉 0.5 { 0 . 5 , 1 . 0 , 1 . 5 , 2 . 0 } 

Eck ert n umber Ec 〈 = 

U 

2 
0 

C b f T 0 
〉 0.04 { 0 . 04 , 0 . 08 , 0 . 12 , 0 . 16 } 

Prandtl number Pr 〈 = 

νb f ( ρC p ) b f 

k b f 
〉 150.4 583 333 333 Unchanged 

Temper atur e differ ence par ameter χ〈 = 

T ∞ 

T w − T ∞ 

〉 1 { 1 . 0 , 1 . 2 , 1 . 4 , 1 . 6 } 

Variable electric conductivity parameter � 3 { 0 , 1 , 2 , 3 } 

Ma gnetic par ameter H 0 〈 = 

√ 

( σb f ) ∞ 

B 2 o 

ρb f U o 
〉 3 { 3 , 4 , 5 , 6 } 

Table 4: Comparison with existing liter atur e. 

{ 
τ = 

π

6 
, S = 1 , Pr = 6 , H 0 = 0 , ϕ = 0 , Ec = 1 , � = 0 , N = 100 , Y ∞ 

= 5 , �τ = 10 −5 , ε = 10 −10 
} 

Present results (Afridi, Ashraf et al., 2022 ) 

C f r Nu r C f r Nu r 
0.82 046 987 2.18 301 195 0.82 046 987 2.18 301 195 

Table 5: Conv er gence C f r . 

{ τ = 

π

6 
, S = 0 . 5 , ϕ = 0 . 02 , H 0 = 3 , � = 3 , Ec = 0 . 04 , ε = 10 −10 } 

N
�τ = 10 −3 �τ = 10 −4 �τ = 10 −5 

Y ∞ 

= 2 . 5 Y ∞ 

= 5 Y ∞ 

= 2 . 5 Y ∞ 

= 5 Y ∞ 

= 2 . 5 Y ∞ 

= 5 

5 0.87 465 598 0.48 498 483 0.87 542 900 0.48 541 044 0.87 556 836 0.48 548 704 
10 1.83 955 591 1.64 880 191 1.84 109 975 1.65 022 818 1.84 138 730 1.65 049 094 
15 2.35 891 384 1.88 334 582 2.36 177 107 1.88 508 197 2.36 223 082 1.88 539 260 
20 2.52 472 377 2.29 299 180 2.52 708 537 2.29 587 033 2.52 749 714 2.29 632 928 
25 2.50 743 614 2.53 676 024 2.50 997 978 2.53 924 585 2.51 041 282 2.53 967 128 
30 2.51 134 104 2.51 085 097 2.51 384 469 2.51 325 799 2.51 427 283 2.51 367 524 
35 2.51 070 121 2.50 685 072 2.51 321 129 2.50 940 123 2.51 364 020 2.50 983 506 
40 2.51 077 147 2.51 200 835 2.51 328 059 2.51 451 616 2.51 370 939 2.51 494 478 
45 2.51 076 430 2.51 070 737 2.51 327 355 2.51 321 369 2.51 370 236 2.51 364 216 
50 2.51 076 502 2.51 071 805 2.51 327 425 2.51 322 838 2.51 370 306 2.51 365 732 
60 2.51 076 494 2.51 076 137 2.51 327 417 2.51 327 060 2.51 370 298 2.51 369 942 
70 2.51 076 494 2.51 076 400 2.51 327 417 2.51 327 323 2.51 370 298 2.51 370 204 
80 2.51 076 494 2.51 076 388 2.51 327 417 2.51 327 311 2.51 370 298 2.51 370 192 
90 2.51 076 494 2.51 076 389 2.51 327 417 2.51 327 312 2.51 370 298 2.51 370 193 
100 2.51 076 494 2.51 076 389 2.51 327 417 2.51 327 312 2.51 370 298 2.51 370 193 
110 2.51 076 494 2.51 076 389 2.51 327 417 2.51 327 312 2.51 370 298 2.51 370 193 
120 2.51 076 494 2.51 076 389 2.51 327 417 2.51 327 312 2.51 370 298 2.51 370 193 
130 2.51 076 494 2.51 076 389 2.51 327 417 2.51 327 312 2.51 370 298 2.51 370 193 
140 2.51 076 494 2.51 076 389 2.51 327 417 2.51 327 312 2.51 370 298 2.51 370 193 
150 2.51 076 494 2.51 076 389 2.51 327 417 2.51 327 312 2.51 370 298 2.51 370 193 

T  
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he electric conductivity of base fluid inside the boundary layer is
onsidered constant in most articles in the literature, which is in-
orr ect. Giv en the pr e v alence of this mistake in sc holarl y works, it
s essential to address it here . T he subscripts b f, s, n f , r espectiv el y,
 epr esent base fluid, solid nanoparticles, and nanofluid. The val-
es of the thermophysical quantities of ethylene glycol and tita-
ium dioxide are tabulated in Table 2 . 

Similarity variables are defined as given below. 

Y = 

√ 

U 0 

νb f 
Y , ψ = X 

√ 

U o νb f U 

∗ ( Y, τ ) , τ = 
 t , T ∗ = 

T − T ∞ 

T w − T ∞ 

. (8) 
The components of velocity U and V are defined in terms of
tream function as follows: 

U = 

∂ψ 

∂ ̄Y 

and V = − ∂ψ 

∂ X̄ 

. (9)

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

U = 

˜ U 

(
X̄ 

) ∂U 

∗ ( Y, τ ) 
∂Y 

and V = −
√ 

U o νb f U 

∗ ( Y, τ ) . (10)

Employing similarity variables, the dimensional governing
quations and boundary conditions take the following form: 
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Table 6: Conv er gence Nu r . 

{ τ = 

π

6 
, S = 0 . 5 , ϕ = 0 . 02 , H 0 = 3 , � = 3 , Ec = 0 . 04 , ε = 10 −10 } 

N
�τ = 10 −3 �τ = 10 −4 �τ = 10 −5 

Y ∞ 

= 2 . 5 Y ∞ 

= 5 Y ∞ 

= 2 . 5 Y ∞ 

= 5 Y ∞ 

= 2 . 5 Y ∞ 

= 5 

5 5 .17 862 382 2 .68 597 203 5 .17 896 217 2 .68 637 449 5 .17 905 294 2 .68 645 082 
10 11 .84 520 416 10 .36 880 996 11 .83 427 797 10 .36 510 455 11 .83 301 904 10 .36 472 491 
15 10 .74 031 660 11 .43 238 933 10 .73 544 150 11 .42 246 132 10 .73 489 904 11 .42 133 407 
20 10 .72 786 819 10 .73 001 906 10 .72 201 505 10 .72 555 233 10 .72 133 452 10 .72 506 953 
25 10 .71 696 670 10 .71 994 195 10 .71 110 335 10 .71 421 525 10 .71 042 301 10 .71 354 955 
30 10 .71 818 392 10 .72 750 903 10 .71 232 441 10 .72 158 368 10 .71 164 439 10 .72 089 493 
35 10 .71 809 022 10 .71 660 622 10 .71 223 040 10 .71 074 271 10 .71 155 036 10 .71 006 239 
40 10 .71 810 019 10 .71 792 987 10 .71 224 035 10 .71 207 570 10 .71 156 031 10 .71 139 633 
45 10 .71 809 931 10 .71 819 281 10 .71 223 949 10 .71 233 155 10 .71 155 945 10 .71 165 133 
50 10 .71 809 936 10 .71 808 316 10 .71 223 954 10 .71 222 350 10 .71 155 950 10 .71 154 348 
60 10 .71 809 936 10 .71 810 024 10 .71 223 954 10 .71 224 041 10 .71 155 950 10 .71 156 037 
70 10 .71 809 936 10 .71 810 026 10 .71 223 954 10 .71 224 044 10 .71 155 950 10 .71 156 040 
80 10 .71 809 936 10 .71 810 026 10 .71 223 954 10 .71 224 043 10 .71 155 950 10 .71 156 040 
90 10 .71 809 936 10 .71 810 026 10 .71 223 954 10 .71 224 043 10 .71 155 950 10 .71 156 040 
100 10 .71 809 936 10 .71 810 026 10 .71 223 954 10 .71 224 043 10 .71 155 950 10 .71 156 040 
110 10 .71 809 936 10 .71 810 026 10 .71 223 954 10 .71 224 043 10 .71 155 950 10 .71 156 040 
120 10 .71 809 936 10 .71 810 026 10 .71 223 954 10 .71 224 043 10 .71 155 950 10 .71 156 040 
130 10 .71 809 936 10 .71 810 026 10 .71 223 954 10 .71 224 043 10 .71 155 950 10 .71 156 040 
140 10 .71 809 936 10 .71 810 026 10 .71 223 954 10 .71 224 043 10 .71 155 950 10 .71 156 040 
150 10 .71 809 936 10 .71 810 026 10 .71 223 954 10 .71 224 043 10 .71 155 950 10 .71 156 040 

Table 7: Numerical results. 

GGDQM’s results when { N = 150 , Y ∞ 

= 5 , ε = 10 −10 } 
τ S ϕ H 0 � Ec C fr Slope Nu r Slope 

π

10 
0.5 0.02 3 3 0.04 1.53 933 179 3.03 944 859 11.48 449 608 − 3 .79330625 

3 π
10 

4.13 359 306 9.29 690 420 

2 π
5 

4.93 017 672 7.77 658 559 

π

2 
5.23 107 598 6.80 257 592 

π

10 
0.5 0.02 3 3 0.04 1.53 933 179 0.06 813 232 11.48 449 608 5 .32 866 230 

1.0 1.54 460 951 14.63 790 639 
1.5 1.58 555 240 17.23 885 647 
2.0 1.63 923 803 19.49 861 656 

π

6 
0.5 0.00 3 3 0.04 2.30 354 516 15.18 222 720 10.17 607 708 19 .10 175 850 

0.02 2.51 370 193 10.71 156 040 
0.04 2.79 572 542 11.04 394 191 
0.06 3.22 168 581 11.33 873 381 

π

6 
0.5 0.02 3 3 0.04 2.51 370 193 1.08 720 750 10.71 156 040 − 2 .35361705 

4 3.52 367 980 8.73 012 975 
5 4.61 943 184 6.35 462 148 
6 5.77 247 626 3.65 800 631 

π

6 
0.5 0.02 3 0 0.04 1.78 206 294 0.24 388 383 12.19 610 833 − 0 .49485237 

1 2.02 726 934 11.70 339 901 
2 2.27 119 076 11.20 851 906 
3 2.51 370 193 10.71 156 040 

π

6 
0.5 0.02 3 3 0.04 2.51 370 193 1.40 416 372 10.71 156 040 − 69 .05412677 

0.08 2.56 834 042 8.08 704 477 
0.12 2.62 450 366 5.32 721 258 
0.16 2.68 220 268 2.42 428 756 
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(a)

(b)    

Figure 3: Time series profile: Effects of S on (a ) ∂U ∗
∂Y (b) T ∗. 

(a)

(b)

Figure 4: Effects of S on (a ) ∂U ∗
∂Y (b) T ∗. 
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N 1 

N 2 

∂ 3 U 

∗

∂Y 

3 
+ U 

∗ ∂ 2 U 

∗

∂Y 

2 
−

(
∂U 

∗

∂Y 

)2 

− H 

2 
0 

N 3 

N 2 

∂U 

∗

∂Y 

= S 
∂ 2 U 

∗

∂ Y∂ τ
, (11) 

N 5 

Pr 
∂ 2 T ∗

∂Y 

2 
+ N 4 

(
U 

∗ ∂T ∗

∂Y 

− 2 T ∗
∂U 

∗

∂Y 

)

+ E c 

( 

N 1 

(
∂ 2 U 

∗

∂Y 

2 

)2 

+ N 3 H 

2 
0 

(
∂U 

∗

∂Y 

)2 
) 

= N 4 S 
∂T ∗

∂τ
, (12) 

∂U 

∗

∂Y 

( Y, τ = 0 ) = 0 

T ∗ ( Y, τ = 0 ) = 0 

⎫ ⎬ ⎭ 

, (13) 

∂U 

∗

∂Y 

( 0 , τ ) = sin ( τ ) 

U 

∗ ( 0 , τ ) = 0 
T ∗ ( 0 , τ ) = 1 

⎫ ⎪ ⎪ ⎬ ⎪ ⎪ ⎭ 

∀ τ > 0 , (14) 

∂U 

∗

∂Y 

( Y → ∞ , τ ) → 0 

T ∗ ( Y → ∞ , τ ) → 0 

⎫ ⎬ ⎭ 

∀ τ > 0 . (15) 
Here, 

N 1 = 
μn f 

μb f 
, N 2 

ρn f 

ρb f 

N 3 = 
σn f ( T ) (
σn f 

)
∞ 

= ( 1 + �T ∗ ) 

⎡ ⎢ ⎢ ⎢ ⎢ ⎣ 1 + 
( 

3 
( 1 + �T ∗ ) 

σs (
σb f 

)
∞ 

− 1 

) 
ϕ 

1 
( 1 + �T ∗ ) 

σs (
σb f 

)
∞ 

+ 2 −
( 

1 
( 1 + �T ∗ ) 

σs (
σb f 

)
∞ 

− 1 

) 
ϕ 

⎤ ⎥ ⎥ ⎥ ⎥ ⎦ 
N 4 = 

(
ρC p 

)
n f (

ρC p 
)

n f 

, N 5 = 
k n f 

k b f 

⎫ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎬ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎭ 
(16)

The expressions for local skin friction coefficient C fx and Nus-
elt number Nu x 

C f r = −Re 1 / 2 x C fx = −N 1 
∂ 2 U 

∗

∂Y 

2 
( 0 , τ ) , 

N u r = Re −1 / 2 
x N u = −N 5 

∂T ∗
( 0 , τ ) . (17)
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(a)

(b)

Figure 5: Effects of ϕ on (a ) ∂U ∗
∂Y (b) T ∗. 

(a)

(b)

Figure 6: Effects of H 0 on (a ) ∂U ∗
∂Y (b) T ∗. 
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3. Minimization of entropy generation 

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

as (
˙ E ′′′ gen 

)
= 

k n f 

T 2 

(
∂T 

∂ ̄Y 

)2 

+ 

σn f ( T ) B 2 0 U 

2 

T 
+ 

μn f 

T 

(
∂U 

∂ ̄Y 

)2 

. (18) 

Using Equation ( 8 ), Equation ( 18 ) takes the following form. 

Ns = 

˙ E 
′′′ 
gen (

˙ E ′′′ gen 

)
o 

= 

N 5 

( T ∗ + χ ) 2 

(
∂T ∗

∂Y 

)2 

+ N 3 
H 

2 
0 Ec Pr 

( T ∗ + χ ) 

(
∂U 

∗

∂Y 

)2 

+ N 1 Pr 
Ec 

( T ∗ + χ ) 

(
∂ 2 U 

∗

∂ 2 y 

)2 

. (19) 

Her e, Ns and ( ̇  E 
′′′ 
gen ) o , r espectiv el y, indicate dimensionless and 

c har acteristic entr opy. A par ameter of irr e v ersibility is intr oduced 

to assess the r elativ e ma gnitude of entr opy gener ation due to heat 
tr ansfer compar ed to the total entr opy gener ation. This par ame- 
er termed the Bejan number is pr ecisel y defined as 

Be = 

k n f 

T 2 

(
∂T 
∂ ̄Y 

)2 

k n f 

T 2 

(
∂T 
∂ ̄Y 

)2 
+ 

σn f ( T ) B 2 0 U 
2 

T + 

μn f 

T 

(
∂U 
∂ ̄Y 

)2 . (20) 

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

Be = 

N 5 
(

∂T ∗
∂Y 

)2 

N 5 
(

∂T ∗
∂Y 

)2 + Pr E c ( T ∗ + χ ) 
(

N 1 

(
∂ 2 U ∗
∂ 2 U 

)2 
+ N 3 H 

2 
0 

(
∂U ∗
∂Y 

)2 
) . (21) 

. Results and discussion 

he numerical solution of nonlinear PDEs r epr esented 

y Equations (11 ) and ( 12 ) is successfully obtained using the
GDQM. The k e y ste ps of GGDQM are de picted in the Figure 2 . In

he entir e pr ocess of sim ulations, the default and selected v alues
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(a)

(b)

Figure 7: Effects of � on (a ) ∂U ∗
∂Y (b) T ∗. 
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Figure 8: Effects of Ec on (a ) ∂U ∗
∂Y (b) T ∗. 
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f parameters are explicitly shown in Table 3 . To validate the
ccuracy of the current numerical technique, the outcomes for
u r and C f r wer e compar ed with the findings reported by (Afridi,
shraf et al., 2022 ), as presented in Table 4 . The spatial domain
 ∈ [ 0 , ∞ ) is truncated to the Y ∈ [ 0 , Y ∞ 

= 5 ] . The justification
or the selection of a semi-infinite domain is seen in Tables 5
nd 6 . We used the time step size �τ = 10 −5 and the number of
esh points N = 90 . These numbers wer e consider ed satisfactory

or pr oducing accur ate and consistent r esults because incr eased
auss–Lobbato grid points did not result in different numerical

esults . T he results indicate a significant level of agreement
etween the two data sets, thereby supporting the validity of the
resent numerical method. Tables 5 and 6 respectively exhibit
he relationship between the conv er gence of Nu r and C f r to N
number of grid points) Y ∞ 

and �τ (time step). Upon careful
xamination of the data shown in Tables 5 and 6 , it becomes
vident that the order of accuracy experiences an upw ar d trend
s the temporal time step �τ decreases . T his trend indicates
hat smaller time steps contribute to higher accuracy levels in
umerical calculations . T he anal ysis of the numerical r esults
ighlights that ensuring conv er gence for GGDQM can be ac hie v ed
y utilizing a limited number of mesh points. Table 7 illustrates
he behavior of Nu r and C f r under different variations of emerg-
ng par ameters. Mor eov er, a ppl ying the slope linear r egr ession

ethod aids in estimating the rate of change in shear stresses
nd heat transfer at the sheet. The analysis indicates that the
 f r exhibits a rise with the Eckert number, dimensionless time,
trouhal number, nanoparticle volume fraction, magnetic and
ariable electric conductivity parameters. It is evident from the
ositive and negative signs of the slope that Nu r rises with the
trouhal number and nanoparticle volume fraction but decreases
ith the magnetic parameter, dimensionless time, Eck ert n umber,
nd variable electric conductivity parameter. 

Figur es 3 –15 pr ovide detailed visual r epr esentations illustr ating
he relationships between various flow parameters and their cor-
esponding impacts on critical variables such as velocity ( ∂U 

∂Y ( Y, τ ) ) ,
hermal c har acteristics T ( Y, τ ) , entr opy distribution Ns ( Y, τ ) , and
ejan numbers Be ( Y, τ ) . Figures 3 (a) and (b), respectively, illustrate
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(a)

(b)

Figure 9: Time series profile: Effects of S on (a ) Ns (b) Be . 

 

(a)

(b)

Figure 10: Effects of S on (a ) Ns (b) Be . 
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how the Strouhal number affects the time series of the velocity 

pr ofile and temper atur e distribution. Figur e 3 (a) demonstr ates 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 temper atur e pr ofile when the Strouhal number increases.
Figure 4 (a) describes the impact of the Strouhal number on the ve- 
locity profile . T he plot r e v eals a notable tr end wher e an incr ement 
in the Strouhal number decelerates the fluid’s motion. This phe- 
nomenon indicates an inv erse r elationship 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 corr espondingl y. This de- 
crease in heat transfer subsequently leads to a lo w er thermal 
boundary layer. Figure 5 (a) and (b), respecti vely, de pict the influ- 
ence of varying volume fractions on the velocity and temperature 
distributions within the boundary layer. A positive correlation be- 
ween the velocity profile and ϕ in the boundary layer is found,
ndicating that as ϕ increases, the velocity profile increases ac- 
ordingl y. Incr easing nanoparticle volume fr action impr ov es en-
r gy tr ansportation within the fluid, subsequentl y acceler ating
he fluid motion. Figure 5 (b) demonstrates that the temperature 
r ofile expands pr oportionall y with the incr ease in the v alue of
. Higher volume fractions result in elevated thermal conductiv- 

ty, consequently leading to an augmentation in boundary layer 
hickness and a subsequent escalation in the temper atur e pr ofile.

Figures 6 (a) and (b), respectively, explain the impact of mag-
etic parameters on velocity and temperature profiles. Increas- 

ng the strength of the magnetic field leads to more vital Lorentz
orces, which act to oppose the flow motion. Consequently, the
 elocity decr eases due to incr eased r esistance fr om the ma g-
etic field, as shown in Fig. 6 (a). Figure 6 (b) portrays the corre-

ation between the temper atur e incr ease and the magnetic field
nhancement. This phenomenon occurs due to the increasing 
or entz force, whic h deceler ates the fluid flow, conv erting kinetic
nergy into thermal energy. This conversion thereby contributes 
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(a)

(b)

Figure 11: Effects of ϕ on (a ) Ns (b) Be . 
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Figure 12: Effects of H 0 on (a ) Ns (b) Be . 
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o the ov er all ele v ation in the temper atur e distribution. Figur e 7 (a)
hows that the velocity profiles decline as the variable electric
onductivity par ameter incr eases. Vie wed fr om a physical stand-
oint, higher variable electric conductivity parameter values re-
ult in a more vital magnetic force within the flow, opposing the
uid’s motion and dampening the flow’s velocity. The damping ef-
ect intensifies as conductivity increases, causing the flow velocity
o decrease. It is evident from Fig. 7 (b) that as the variable electri-
al conductivity parameter � increases, the temperature profile
xhibits an enhancement. 

As the Eck ert n umber increases, Fig. 8 (a) illustrates that the
uid velocity decreases. It has been noted from Fig. 8 (b) that an
le v ation in Ec values is linked to an increase in the temper atur e
r ofile. Vie wed fr om a physical standpoint, a sur ge in Ec v alues
eightens the frictional for ces betw een the fluid la yers . T his , thus ,
rings forth the shift of kinetic energy into thermal energy; as a
 esult, ther e is a noticeable rise in the temper atur e pr ofile. Con-
equently, it can be inferred that variations in Ec values play a
rucial role in influencing the thermal dynamics of the system.
igures 9 (a) and (b), respectively, reflect how the Strouhal number
ffects the time series of the entropy generation distribution and
he Bejan number. Figure 9 (a) demonstrates a phase shift occur-
ing and an increase in the amplitude of the entropy generation
y increasing the Strouhal number. Figure 9 (b) reflects a decrease

n the amplitude of the Bejan number with rising values of the
trouhal number. It is noted from the analysis of Figs. 10 (a) and
b) that as the Strouhal number values increase, there is a corre-
ponding rise in entropy and Bejan number in the region at and
lose to the oscillating boundary, follo w ed b y a decline as the dis-
ance from the boundary extends beyond a certain point. The en-
r opy gener ation exhibits a decr easing behavior for gr owing v al-
es of ϕ, as portrayed in Fig. 11 (a). Conv ersel y, the Bejan number
hows a reduction with the escalation of parameter ϕ, except at
nd close to the str etc hed oscillating boundary. Entr opy augmen-
ation occurs at the surface and its surrounding area as a conse-
uence of the reinforcement of the magnetic field, as portrayed
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(a)

(b)

Figure 13: Effects of � on (a ) Ns (b) Be . 

 

 

(a)

(b)

Figure 14: Effects of Ec on (a ) Ns (b) Be . 
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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 � on Ns and the Bejan n umber, respecti vely.
With an increase in parameter �, the Ns experiences a rise at and 

near the boundary, but a decrement is observed after a certain 

vertical distance from the boundary. As � escalates, the Bejan 

number also sees a corr esponding incr ease after a certain vertical 
distance . Moreo ver, the decreasing effects were observed near the 
boundary surface. Heat transfer irreversibility prevails over fric- 
tional heating irr e v ersibility at the boundary. Figures 14 (a) and (b) 
depict the changes in entropy generation and Bejan number as the 
Eck ert n umber incr eases. It can be noted that ther e 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 irr e v ersibility and consequentl y causes 
 higher le v el of entr opy gener ation. Additionall y, the gr a ph in
ig. 14 (b) r e v eals a diminishing tr end in the Bejan number as the
agnitude of the Ec number rises. Figure 15 (a) and (b) illustrate

ow the temper atur e differ ence par ameters affect entr opy gen-
ration and Bejan number. A reciprocal relationship is noted be-
ween the Ns profile and the temperature difference parameter: 
s χ increases, the entropy profile decreases. Viewed from a phys-
cal standpoint, a rise in the temper atur e differ ence par ameter
orresponds to a decline in the operating temperature, leading to
 decrease in the heat transfer rate . T herefore , this reduction in
eat tr ansfer r ate r esults in a decr ease in entr opy gener ation. Al-
ernativ el y, to minimize entropy generation, which aligns with the
rimary objective of second law analysis, reducing the χ can be
ursued. Figure 15 (b) exhibits the Bejan number profile for various
alues of χ . Increasing χ signifies a diminished temperature dif- 
erence between the stretching boundary and the ambient fluid.
onsequentl y, thermal irr e v ersibility diminishes, as Fig. 15 (b)
epicts. 



32 | Computational analysis of unsteady oscillatory flow 

(a)

(b)

Figure 15: Effects of χ on (a ) Ns (b) Be . 

5
T  

e  

i  

p  

c  

t  

g  

i  

q  

s

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

F
T  

o  

e  

s  

c  

t  

m

C
T  

i  

i

A
M  

t  

m  

i  

&  

M  

C  

W

A
T  

j  

w  

D
D  

t

D
ow

nloaded from
 https://academ

ic.oup.com
/jcde/article/11/6/20/7831666 by guest on 02 D

ecem
ber 2024
. Concluding remarks 

he ongoing investigation aims to examine heat transfer and
ntr opy gener ation within a nanofluid flow along an oscillat-
ng surface, focusing on viscous dissipation, magnetic field im-
act, and temper atur e-de pendent electric conducti vity. The Cor-
ione model has been adopted to c har acterize the nanofluid’s
hermal conductivity and effective viscosity under study. The
ener alized differ ential quadr atur e method (GGDQM) is a pplied
n this study to conduct numerical simulations . T he subse-
uent results outline the most notable findings of our re-
earch. 

� 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. 
� Decrement in heat transfer with increasing parameter S leads
to a lo w er in the thermal boundary layer. 

� A positiv e corr elation is found between the v elocity pr ofile
and ϕ. 

� Velocity profiles decline as the variable electric conductiv-
ity par ameter incr eases . An in v erse tr end is observ ed for the
temper atur e pr ofile. 

� Skin friction coefficient increases with the Eckert number
( Ec ) , dimensionless time (τ ) , Strouhal number (S ) , nanoparti-
cle volume fraction (ϕ) , magnetic parameter ( H 0 ) , and variable
thermal conductivity parameter (�) . 

� Nusselt’s number rises with the Strouhal number and
nanoparticle volume fr action. Howe v er, it decr eases with the
ma gnetic par ameter, dimensionless time, Eck ert n umber, and
variable electric conductivity parameter. 

� Both temper atur e and entr opy ar e enhanced with incr easing
viscous dissipation parameter ( Ec ) . 

� Bejan number shows a reduction with the escalation of pa-
rameters ϕ and Ec . 

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

� An inv erse r elationship is observ ed between Ns and the tem-
per atur e differ ence par ameter (χ ) . 

� Thermal irr e v ersibl y r educes with incr easing the par ameter
χ . 

utur e w orks 

he mathematical model shows local non-similarity in the case
f constant wall temper atur e, a topic for further r esearc h. How-
 v er, numer ous authors commonl y r egard local non-similarity as
elf-similar, treating it as self-similar, whic h r esults in inaccurate
onclusions . Furthermore , there ma y be much interest in studying
hermal conductivity as a function of temper atur e, whic h calls for

or e r esearc h. 
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