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ARTICLE INFO ABSTRACT

Keywords: Nanoparticle aggregation plays a critical role in enhancing heat transfer processes across various
Heat transfer industries. Controlling nanoparticle aggregation can significantly improve thermal efficiency in
TiO2 /EGnanofluid

energy systems, such as solar thermal collectors. Furthermore, in electronic cooling applications,
understanding nanoparticle behaviour is vital for optimizing heat dissipation in micro and nano-
Nanoparticles aggregation scale devices. Given the wide-ranging significance of these applications, the current study con-
Entropy generation centrates on the mathematical modelling and numerical computation of local non-similar flow
Local non-similar method (LNSM) through a stretching surface coupled with nanoparticle aggregation. Because of viscous dissipa-
tion, a constant wall temperature causes local non-similarity, which is a key novelty of our
present work. Furthermore, this investigation examines the impact of a uniform magnetic force on
heat transfer and fluid flow. The Maxwell-Bruggeman and Kreiger-Dougherty models are used to
represent accurately the viscosity and thermal conductivity of a nanofluid containing aggregated
nanoparticles. Additionally, the study examines the entropy generation within a local non-similar
nanofluid flow featuring nanoparticle aggregation. The pseudo-similarity variable, stream-wise
transformed coordinates, dimensionless velocity components, and temperature are used to
transform the set of governing equations and associated boundary conditions into dimensionless
form. These non-dimensional equations are developed to a second level of truncation. For nu-
merical solutions, a robust numerical scheme called the generalized differential quadrature
method is implemented. The findings are visually presented and discussed, encompassing both
scenarios with and without aggregation. The study provides a numerical comparison of heat
transfer enhancement in tabular format concerning the growing values of nanoparticle volume
fraction, considering both the presence and absence of aggregation. Notably, the results reveal
that heat transfer enhancement is substantially more pronounced in the presence of aggregation
than in its absence. Moreover, the analysis underscores that nanoparticle aggregation leads in
higher entropy generation. It is observed that when aggregation is not taken into consideration,
the velocity profile is lower when it is. Furthermore, it is found that as the values of the trans-
formed stream-wise coordinate, Hartman number and temperature difference parameter grew,
Bejan’s number profile diminished.
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1. Introduction

Heat transfer through fluids widely used in industrial applications, including but not limited to water, biofluids, engine oil, ethylene
glycol, and lubricants, exhibits low thermal conductivity, leading to inadequate heat transfer capabilities. In comparison, solid metallic
substances such as iron, copper, and silver, along with non-metallic materials like copper oxide, silicon carbide, alumina, and carbon
nanotubes, exhibit significantly greater thermal conductivities. Low-performing fluids are utilized in various fields, including power
generation, manufacturing, transportation, and microelectronics, to facilitate heat transfer. However, their inefficiency reduces
thermal transfer from the surface of the fluid. In addressing this issue, nanofluids have been employed as carrier fluids, consisting of a
combination of nanoparticles depressed within a base fluid that exhibits greater thermal conductivity. Nanoparticles are characterized
by their diminutive dimensions and wide specific surface areas. Because of this, as compared to conventional fluids, nanofluids show
remarkable thermophysical properties, for example, high thermal conductivity and convective heat transfer coefficient. The termi-
nology “nanofluid," coined by Choi [1], refers to a colloidal suspension of nanoparticles that are individually smaller than 100 nm and
are disseminated inside base fluids (water, lubricants and oils, polymeric solutions and biological fluids). These nanoparticles (NPs)
can come in a variety of forms, including oxides such as alumina, copper oxide, and titania; metallic alternatives like silver, copper, and
gold; non-metallic substances; graphite, carbon nanotubes, graphene, and graphene oxide; and carbon-based compounds. A wide
range of prospective opportunities in several sectors, engineering disciplines, and biology are made possible by nanofluids. Individuals
may refer to the extensive research conducted to attain a comprehensive understanding of these applications [2-10].

Numerous physical processes have an impact on the existence of nanoparticles (NPs) in a working fluid. Das et al. [11] investigated
the impact of three different kinds of nanoparticles (aluminium oxide, titanium dioxide and copper oxide) on a flow of an electrically
conducting nanofluid through a curved stretching sheet. Sarkar et al. [12] investigated the flow of Sisko nanofluid over an elastic
stretched cylinder, incorporating the influences of velocity slip, thermal radiation and chemical reactions. Singh et al. [13] analysed
the hydromagnetic flow of the nanofluid Ti6Al14V-H50 over a Darcy-Brinkman porous media embedded in a channel. Hussain et al.
[14] conducted various physical quantities of interest in the flow of a kerosene oil-based hybrid nanofluid. Hussain et al. [15] reported
several solutions for the buoyancy impacts in the flow of non-Newtonian Cross nanofluids (water + TiO2) through a
Darcy-Forchheimer porous media over a vertical surface, considering the experimental properties of the nanofluid and incorporating
entropy production along with an irregular heat sink/source. Parvin et al. [16] examined the 2D flow of a Maxwell nanofluid over an
inclined shrinking sheet with an exponential shrinking velocity. Heat transfer, along with mass transfer analyses, are performed,
considering the Soret and Dufour effects, along with exponential surface temperature and concentration. Mohanty et al. [17] analysed
the thermosolutal Marangoni convection in the magnetohydrodynamics stagnation point flow of a hybrid nanofluid (GO-MoS2/water)
with the influence of an inclined magnetic field. The stagnation point flow of ternary nanofluid across a porous material was examined
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Fig. 1. Geometrical representation.
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by Samantaray et al. [18] by incorporating the impacts of radiation and chemical reactions. Their study focuses on how thermal
radiation influences heat transfer and how chemical reactions influence the fluid flow and concentration distribution within porous
media. Mohanty et al. [19] made an irreversibility analysis of the three-dimensional flow of a non-Newtonian hybrid nanofluid be-
tween two rotating disks. Their investigation incorporated Joule dissipation along with nonlinear thermal radiation within the energy
equation.

The aggregation of NPs is a fundamental component of the suspension. The primary reason for NP aggregation is the strong co-
valent and metallic connections between nanoparticles (NPs) [20,21]. The NPs are joined by these covalent and metallic connections to
form clusters known as NP aggregates. As a result, NPs are discovered in clustered forms rather than as solitary entities in a base fluid
(BF) (see Fig. 1). Using aggregation models to TiO;/EG nanofluid, Chen et al. [20] found excellent agreement with experimental
outcomes. It is found that the traditional model inaccurately predicts the thermophysical properties of nanofluid. As a result, the model

~le] om
was changed to include the aggregation of nanoparticles. A modified “Krieger-Dougherty model” (’:{'}f_ ( - %:) ) that con-

siders nanoparticle aggregation provides a more realistic estimate of the viscosity of nanofluids (ethylene glycol + titania). It has been
conclusively determined that the Maxwell model, as delineated in Table 1, is inappropriate for the estimation of thermal conductivity
in titania nanofluids utilizing ethylene glycol as a working fluid. As a result, the Maxwell model was modified
(knf = kf{7(&12;;3;2“(%:;’))}> to include the aggregation of nanoparticles. The structure and aggregation (S&A) of nanoparticles
(NPs) were the primary focus of Motlagh and Kalteh’s [22] investigation into heat transport in a specific type of nanochannel. Swain
and Mahanthesh [23] investigated the influence of NP AGN and Joule heating on the flow characteristics of nanomaterials. Sabu et al.
[24] reported the dynamics of nanoparticles in an AGN stream flowing through a convective nanofluid on an inclined flat surface.
Mahanthesh [25] conducted a study on heat transport in nanoliquid flow, with a specific focus on the phenomenon of NP (Nano-
particle) aggregation. Additionally, a study conducted by Mackolil and Mahanthesh [26] aimed to scrutinise the influence of the
Lorentz force on nanofluid by investigating the aggregation behaviour of NPs.

Boundary layer flow and transport phenomena over a different surfaces have numerous practical applications, including but not
limited to polymer processing technology, polymer sheet extrusion, cooling of filaments, continuous casting, and aerodynamics
extrusion [27-36] Researchers have endeavoured to elucidate the correlation between the dependent and independent variables
within the governing equations pertaining to boundary layer flow in order to investigate the boundary layer phenomena driven by
stretching sheets. The process of this transformation involves the reduction of multiple independent variables into a single independent
variable, leading to the development of self-similar equations. The derivation of self-similar boundary layer equations, while
considering the impact of viscous dissipation, can present considerable challenges. The occurrence of frictional heating is inevitable
because of the substantial velocity gradients within the boundary layer regions. To obtain self-similar solutions under the influence of
frictional dissipation, researchers often impose certain limitations on the thermal boundary condition by selecting a distinctive var-
iable boundary temperature to identify suitable similarity variables. The application of transformations to the energy equation may
result in the emergence of a constraint. The self-similar behaviour of the equations governing the flow induced by a linearly stretched
sheet u,(x) = sox is contingent upon the presence of a non-uniform boundary temperature distribution, i.e. the temperature profile of
the stretching boundary should be parabolic T;(x) = T + T,x? [37,38]. The research carried out by Cortell [39] scrutinized the flow
characteristics through a non-linearly stretching sheet with a specific velocity profile us(x) = sox" and wall temperature Ts(x) = Ta +
T;x?, with particular emphasis on the impact of frictional dissipation. The possibility of a self-similar solution was observed in cases
where p = 2n. Afridi et al. [40] conducted a study that placed its primary focus on analysing the entropy production associated with a
flow past over a non-flat porous stretched surface subjected to a specific temperature constraint on the surface Ts(x) = Ta+

T, (x + b)3™/2 and the velocity us(x) = uo(x + b)™. A similarity solution in presence of viscous dissipation has been identified to exist
when n =1 — 4m. Megahed [41] conducted an examination into the flow characteristics of Williamson fluid over a nonlinearly

Table 1

Thermophysical properties in presence and absence of nanoparticle aggregation.
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stretched (us(x) = upx*) and radiative non-isothermal surface (T(x) = T4 +T,x?) by considering the influence of viscous dissipation.
To achieve self-similar equations and eliminate the dependence of the non-Newtonian fluid parameter (Weissenberg number) and
Eckert number on the spatial coordinate x, specific constraints were enforced i.e. (k=1 /3,p= 2n). The existence of self-similar
equations in presence of mixed convection, originating from an exponentially stretched sheet (u(x)= ue*/!) and subjected to
viscous heating, has been empirically confirmed by Partha et al. [42] under the imposition of a particular form of wall temperature
(Ts(x) = Ta + Toe*/t). The constraints on attaining self-similar solutions through the incorporation of viscous heating were delineated
in several recent studies [43-45].

The first law of thermodynamics underpins energy conservation and its application in analysing temperature distributions in fluid
flow. While the first law addresses the quantity of energy, it does not account for the quality of energy. In contrast, the second law of
thermodynamics emphasizes the irreversibility of real-world processes and the degradation of energy quality. Entropy serves as a key
metric for quantifying irreversibility and is vital for assessing entropy generation in flow regions. Entropy production in fluid flow
processes degrades the quality of energy. Understanding the factors that contribute to entropy generation and identifying parameters
that mitigate it is crucial for preserving energy quality. Bejan [46] is recognised as a pioneering researcher who has extensively
investigated the factors contributing to entropy generation within the framework of convective heat transfer phenomena. The gen-
eration of entropy in fluid flow processes has been attributed to the interplay between temperature gradient and fluid friction (i.e.,
velocity gradient). Following Bejan’s ground-breaking work, scientists have performed second-law analyses to reduce entropy pro-
duction during heat transfer and fluid flow. Entropy production in the flow of water and ethylene glycol-based nanofluid containing
copper and titanium oxide over a stretching cylinder is scrutinized by Mondal et al. [47]. Mahato et al. [48] discussed how the inclined
magnetic field and homogeneous and heterogeneous chemical reactions influence entropy production in the unsteady stagnation point
flow of nanofluid through a porous media. Afridi and Qasim [49] conducted a comparative study and analysed entropy generation in a
flow of Cu-water and Ag-water nanofluids past over a stretching sheet of variable thickness. Chamkha et al. [50] examined entropy
production in natural convective magnetohydrodynamic flow of CuO-H20 nanofluid in a C-shaped cavity. Butt and Ali [51] inspected
the impacts of radiation and frictional heating on the flow generated by moving surface. Rashidi and Freidoonimehr [52] investigated
the impacts of magnetic fields on entropy production and thermal characteristics, providing insights into the complex relationship
between fluid flow, porous media, and MHD effects. Makinde [53] conducted an extensive examination focusing on the phenomenon
of entropy generation within a magnetohydrodynamic (MHD) boundary layer flow across a planar interface. An entropy production
analysis was conducted by Rashidi et al. [54] for stagnation point flow over a porous medium induced by a porous stretching surface.
Das et al. [55] explored the flow past over an elastic surface and entropy production in magnetohydrodynamic and thermal boundary
layer flow with Newtonian heating. Hakeem et al. [56] examined radiative MHD slip flow, focusing on how nanofluid properties and
non-uniform heat sources influence entropy generation and energy dissipation. Sahoo et al. [57] reported a study on entropy pro-
duction and mixed convective MHD flow of a dissipative nanofluid under hall effects. Chlaihawi et al. [58] compared entropy pro-
duction between Newtonian and non-Newtonian hybrid nanofluids in enclosures.

Viscous dissipation, the conversion of mechanical energy into thermal energy due to frictional heating, continually alters the
energy in fluid systems. The resulting heat generation can impact fluid dynamics by affecting viscosity. The temperature distribution
resulting from internal energy production is crucial in industrial contexts to prevent material degradation. Mathematically, this
process involves the product of velocity gradient and viscous momentum flux tensor. Dissipation is most pronounced in regions with
significant velocity gradients, including boundary layers, shear layers, turbulent wakes, and lubricant flow in rapidly moving com-
ponents. Reducing dissipation is crucial for lowering power consumption in aircraft wakes and propulsive jets [59-61].

In the present investigation, the inclusion of viscous dissipation reveals non-similar behaviour in the flow over a stretching thin
surface at a uniform temperature. However, it’s essential to note that some previous studies have incorrectly treated these non-similar
equations as self-similar, resulting in significant inaccuracies. A comprehensive review of the literature on flow over an elastic
stretching surface reveals that, to date, no study has explored the flow of a nanofluid with aggregation over a stretching sheet in the
presence of both viscous and Joule dissipation. Our current research addresses this gap by investigating the non-similar boundary layer
flow of nanofluid, both with and without aggregation, over a linearly stretched sheet maintained at a fixed wall temperature. We
specifically aim to understand and address non-similar behaviour. Additionally, our investigation involves an analysis of entropy
production, taking into account the impacts of Joule dissipation and frictional heating. To accomplish this, we derive the boundary
layer equations using the local non-similarity approach up to the second degree of truncation. Subsequently, we employ the gener-
alized differential quadrature method to solve these equations numerically. To compare the numerical outcomes in the presence and
absence of nanoparticle (NP) aggregation, we use the slope linear regression method. Furthermore, we explore heat transfer
enhancement numerically, both with and without NP aggregation.

2. Statement and mathematical formulation

Consider stretching of an elastic stretching sheet in a steady incompressible nanofluid fluid, which leads to the formation of a
boundary layer. As illustrated in Fig. 1, a magnetic field of intensity Hy is applied perpendicular to the surface being stretched. A
constant surface temperature is assumed at the stretching sheet surface, which is denoted by T;. In addition, U" = U, (x) = sox is
supposed to be the velocity of a stretching surface. The following governing equations are based on the previously stated assumptions
[62]
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Eq. (1) presents the continuity equation in differential form for fluid with constant density, illustrating that the net flow of fluid into
or out of a control volume is zero, thereby confirming the principle of mass conservation. Equation (2) is derived from the application
of Newton’s second law of motion to a fluid element. The convective acceleration, which describes the spatial variation of the velocity
component u and v, is respectively captured by the first and second terms on the left-hand side of Equation (2). On the right-hand side,
the first term represents the viscous force, while the final term corresponds to the influence of the applied magnetic field i. e,
incorporating the magnetic field H, as a body force. Eq. (3), referred to as the energy equation, is formulated based on the principle of
energy conservation. The convective components, identified as the initial and subsequent terms on the left-hand side of Equation (3),
elucidate the transfer of energy that arises from the macroscopic movement of the fluid along the x and y axes. These terms elucidate
the mechanism by which temperature is advected through the fluid as it moves with velocity components U" and V". The first term on
the right-hand side of Equation (3) quantifies the rate of heat conduction within the fluid, representing thermal diffusion driven by the
temperature gradient in the y direction. The second term on the right-hand side of Equation (3) accounts for the effects of viscous
dissipation, and the last term represents the Joule heating

Boundary condition 4(a) represents the no-slip velocity condition, which means that the velocity of the fluid layer attached to the
stretched surface is equal to the velocity of the stretching sheet. Condition 4(b) shows that the velocity component along the y— axis is
zero at the surface of the stretched sheet. Condition 4(c) indicates that the surface temperature is maintained at a constant level.
Conditions 5(a) and 5(b) show that the velocity and temperature asymptotically approach the free stream velocity and ambient
temperature, respectively.

Below, we defined the dimensionless variables for the temperature (g), velocity components (dh, ) and normal distance from the

surface of an elastic stretched sheet (h)[48]
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Due to the dependency between the viscous dissipation parameter Ec(x) and the spatial variable x, the problem is not self-similar,
and the transformations in (6) are not applicable. Below is a definition of the space-dependent Eckert number
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As a result, the basic quantities also vary stream-wise. It is, therefore, necessary to define the transformed stream-wise coordinate
x .

£(x) to convert the governing equations into the local non-similar partial differential equations. It can be accomplished by choosing the
local non-similarity variable (transformed stream-wise coordinate) that corresponds to the Eckert number, as given below
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Now, introducing stream-wise transformed coordinate and modifying the relations in (6), we have
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3. Nanofluid thermophysical properties and aggregated nanoparticles

To represent the thermophysical characteristics of nanofluids accurately, it is essential to account for the phenomenon of nano-
particle aggregation. Using aggregation models to TiO»/EG nanofluid, Chen et al. [20] found excellent agreement with experimental
results. A summary of the traditional models that inaccurately predict the thermophysical characteristics of nanofluids and aggregation
models is given in Table 1. A modified Krieger-Dougherty model that considers nanoparticle aggregation provides a more realistic
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estimate of the viscosity of nanofluids (ethylene glycol + titania). As a result, the relative viscosity can be calculated as follows [20,21]

~[e] Om
P _(1_%a . (19)
ﬂf (Dm

Here, ®,, ®,, and [¢] are respectively represent the volume fraction of aggregate, maximum volume fraction and Einstein coefficient.
The expression for @, is as follows [20,21]

3-D
B, — <L> . (20)

Here, @, r,, and r, respectively represent nanoparticle volume fraction, radii of nanoparticles and aggregates. Chen et al. [20] reported
the suitable values for ethylene glycol-based titania nanofluids as given below

Tq

=334

T

e]=25 ) (21)
@, = 0.605

D=18

The Maxwell model (Table 1) is inadequate for predicting the thermal conductivity of nanoliquid with Titania nanoparticles
suspension. Consequently, the model was modified to incorporate nanoparticle aggregation, as explained below
(kq + 2ks) 4 2 (ko — kf)
knp =k¢ ,
(ka + 2ks) — @ (ka — Ky)

(22)

Here k, denotes a thermal conductivity of aggregates, and it can be determined by modifying the Bruggeman model as given below [20,
21]

(3d; — 1):—;+ (3(1-d;)—1)

k,=0.25 0s . (23)
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Here, ®; = (:—:) .

The Bruggeman and Maxwell models, taken together, improved the accuracy of estimating the effective thermal conductivity of EG-
TiO3 nanoliquids. Table 2 presents the thermal characteristics of the working fluid, Ethylene, and TiO2 nanoparticles.

4. Local non-similar approach (two-equation model)

Utilizing local non-similar (LNS) methodology, we solve the local non-similar dimensionless governing equations for nanofluids as
mentioned in Egs. (13) and (14) along with the boundary conditions (15)—(17). To obtain the local similarity model from Egs. (13) and
(14), all the derivatives of f and g with respect to the local non-similarity variable are ignored. As a result, the local similarity model or
one-equation model is obtained as given below

M\ Ef Pf (Of\* (A5 . 0f
— | ==+f=-|=) — | —|H;==0 24
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Table 2
Numerical values of thermophysical characteristics of base fluid and nanoparticles [7,20].
o(Qm)! p(kgm™3) k(W /KgK) (W /mK)
Ethylene glycol (EG) 1.06 x 10-6 1114 0.252 2415
TiO2 2.38 x 10° 4250 8.9538 686.2
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To obtain the two-equation model, we will introduce the two variables as given below
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Because of the introduction of two more independent variables, namely f* and g", we need two more equations (called subsidiary
equations) to solve system (24)—(27). To accomplish this, we differentiated system (24)—(27) with respect to the £ and ignoring the
terms containing the derivative of f* and g" with respect to &, we get
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Equations (24)-(27) and (33)-(36) are referred to as the two-equation model and are solved using a generalized differential
quadrature method. The key steps of the implemented numerical scheme are illustrated in the flowchart shown in Fig. 2.
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5. Second law analysis (entropy generation minimization)

For the current problem, we can compute the rate of entropy generation as follows:
w2 w2 *
EG = ﬂ al + M al + L@Uz )
T2\ dy T \ oy T
Utilizing (13) in (32) we get

2 2
_ EG _ A4 0g 2 A] 62f 2 Ag ()f
*Eco*(g+@)2( h> TR e\onz) TEP N6\ on)

(37)

(38)

Here, Ey shows dimensionless entropy generation, Ego indicates characteristic entropy and © represents the temperature difference

parameter and is given by
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The important irreversibility number, called the Bejan number, is given by

2
72\ oy

By= 3 3 . (40)

kn, g ™ * onfH2U2

(5] ()

Utilizing (13) in (40) we get
2
s (3)

By= . 41)

2 2
i) )

6. Results and discussion

2
(g+ ®)Ec.Pr+ A3(g+ 0) (%) Ec.Pr.H?

The objective of this section is to examine how effective physical flow parameters affect nanofluid velocity f'(h), temperature g(h),
entropy generation number Ey(h) , and Bejan number profiles By(h). Throughout the graphical representation, the dimensionless
parameters &, ¢, Hy,, ® and Pr have default values 0.1,0.02,0.3,1.0 and 150.4583 respectively. To examine graphically the impacts of
flow parameters on quantities of interest, the defined range of the flow parameters are {£ = 0.1,0.15,0.25,0.35}, {¢ = 0.01,0.02,0.03,
0.035}, {H;,=0.1,0.3,0.5,0.7} and {® = 1.0,2.0,3.0,4.0}. Validation of numerical results in a viscous fluid (viscous fluid, excluding
nanofluid and ethylene glycol) were performed using previously published data (see Table 3). Most importantly, we have found a high
degree of agreement between the present results and those of the literature, demonstrating the accuracy and validity of our numerical

VRex
observation reveals that the Nusselt number decreases as the magnitude of H,, and ¢ increase in both cases, with and without ag-
gregation. In comparison, the rate of reduction is notably swifter in the scenario involving nanoparticle aggregation, as opposed to the
case without aggregation. Physically, when the Hartmann number rises, which denotes a strong magnetic field, convective heat
transmission within the fluid can be suppressed. The reason for this suppression is that the fluid motion is restrained by the magnetic
field, which lowers the velocity gradients. As a result, the convective heat transfer rate drops, which lowers the Nusselt number.
Further, a decrement in Nusselt number with ¢ can be explain as, the overall viscosity of a fluid increase when nanoparticles are
present. Increased viscosity causes reduced fluid mobility and increased internal flow resistance. A decrease in the Nusselt number
might result from this increase in viscosity, which can obstruct convective heat transmission. Table 5 outlines the quantitative values of
heat transfer augmentation in relation to the ascending values of ¢. It is found that the heat transfer enhancement increases with ¢ and
is high in the presence of NPs aggregation. Physically, Nanoparticles frequently exhibit thermal conductivities that are notably greater
than those of the working fluid. The adding of nanoparticles results in an enhancement of the effective thermal conductivity of the
mixture. A greater thermal conductivity facilitates the more effective conduction of heat inside the fluid, hence improving the process
of heat transfer. Additionally, the heat transfer rate is high in the case of NPs aggregation because aggregation can create conductive
paths within the nanofluid, enhancing its effective thermal conductivity. This can lead to improved heat transfer rates. We plot graphs
(Figs. 3-14) for two cases, namely, with and without nanoparticle aggregation. The impact of the local non-similarity variable, which
corresponds to the Eckert number, on the temperature profile g(h) is illustrated in Fig. 3. This depiction encompasses two distinct
scenarios: one where nanoparticles (NPs) aggregation is not involved and the other where it is considered. It has been observed that a
rise in £ values will cause a rise in temperature distribution. From a physical perspective, an increase in & will increase the frictional
forces among the fluid layers. Consequently, kinetic energy undergoes conversion into thermal energy, leading to an observable rise in
the temperature profile. The effect of £ on entropy generating in TiO2/EG nanofluid with and without NPs aggregation is shown in
Fig. 4. Entropy generation Ey(h) shows increasing behaviour with rising values of the local non-similarity variable. This is because

simulation. Table 4 presents the Nusselt number <N“* :%AQ%%E)) variations with change in physical flow parameters. An

Table 3
Validation of the numerical results has been performed using existing data for a viscous fluid, excluding the effects of nanofluids and ethylene glycol.
Hp, I3 Pr Results of [62] (Bvp5c) Present Results (GDQM)
0.0 0.5 3.0 0.9940803 0.9940803
0.5 0.5 3.0 0.8915465 0.8915467
1.0 0.5 3.0 0.6219926 0.6219925
1.5 0.5 3.0 0.2517937 0.2517932
1.0 0.1 3.0 1.0570826 1.0570821
1.0 0.2 3.0 1.0026963 1.0026963
1.0 0.3 3.0 0.9120527 0.9120529
1.0 0.4 3.0 0.7851512 0.7851510
1.0 0.5 0.7 0.2337296 0.2337296
1.0 0.5 1.2 0.3466271 0.3466270
1.0 0.5 2.7 0.5842767 0.5842769
1.0 0.5 3.0 0.6219926 0.6219923

10
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Table 4
Variation of Nusselts number with physical flow parameters.
Hp 3 @ Nuy (0,¢) Nuy (0,¢)
— — () E 5 = - (g%
VRex oh VReyx oh
With Aggregation Without Aggregation
0.0 9.411402844 9.302261823
0.5 0.5 0.035 8.583762938 8.698735124
1.0 5.630763025 6.573820046
Sip —3.780 —2.728
0.1 10.19557530 9.914145218
0.7 0.2 0.035 9.883223642 9.682118178
0.3 9.362637541 9.295406444
Stp —4.164 —3.093
0.01 7.877799443 7.980836021
0.7 0.5 0.02 7.804861089 8.013245173
0.03 7.731654112 8.043559354
Sip —7.307 3.136
Table 5

Numerical quantifications pertaining to the augmentation of heat transfer Hyy with and without nanoparticles ag-
gregation at different values of ¢ and by taking H, = 0.7 and ¢ = 0.5.

-~ ‘NuxRe;l/z(nanoﬂuid) — NuyRe;'/? (baseﬂuid)}

H; x 100.%
" ‘ Nu,Re /2 (base fluid) }
¢ With Aggregation Without Aggregation
0.5 % 0.421 % 0.220 %
1.0 % 0.862 % 0.434 %
1.5% 1.317 % 0.641 %
2.0 % 1.780 % 0.842 %
25% 2.244 % 1.036 %
3.0% 2.701 % 1.223 %
3.5% 3.140 % 1.404 %
1
Solid line:  With Agrregation
0.9 Dashed line : Without Aggregation
0.04
- 0.036
0.032
0.028
0 0.024
0.02
0.6 0016
e 0012
6 0.5 0.008
e's} 0.004
0.4 0
03

0.2 0.3 04 0.5 0.6 0.7 0.8 0.9

£=0.1,0.15,0.25,0.35

Pr=150.4583, M =0.3, $ =0.02

0 0.2 04 0.6 0.8 1 12 14 1.6 1.8

h

Fig. 3. The impact of £ on g(h).

viscous dissipation is an irreversible process and leads to enhanced entropy generation. Furthermore, NPs aggregation leads to higher
entropy generation as compared to the without NPs aggregation. Physically speaking, when clusters form as a result of nanoparticle
aggregation, the viscosity of the nanofluid may rise. Increased entropy generation may result from this, as it may cause higher levels of
viscous dissipation inside the boundary layer flow. Bejan number By(h) profile for the different local non-similarity variable is shown

11
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Fig. 4. The impact of £ on Ey(h).
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Fig. 5. The impact of £ on By(h).

in Fig. 5. As shown in Fig. 5, there is a decreasing trend in the Bejan number with an increase in the parameter &.

Fig. 6 illustrates the temperature profile for various volume fractions ¢ of nanoparticles. By adding more TiO, nanoparticles, the
nanofluid becomes more thermally conductive. As a result, the operational nanofluid is more conductive and raises the temperature
profile of the TiO,/EG nanofluid. Fig. 7 illustrates how ¢ influences entropy generation in both cases. An increase in the values of ¢
amplifies entropy generation in both scenarios. This occurs because the existence of nanoparticles adds extra frictional resistance to the
fluid flow. Greater viscosity leads to an amplified dissipation of energy inside the flow, resulting in an elevated generation of entropy.
Additionally, the rate of entropy generation is low in the absence of nanoparticle (NPs) aggregation. In Fig. 8, the results illustrate that
the irreversibility caused by heat transfer at the surface of the stretching sheet is higher in nanofluid with NPs aggregation as compared
to the nanofluid without NPS aggregation. Furthermore, beyond a specific distance from the solid boundary, the Bejan number de-
creases as the values of ¢ increase.

A decrement in the velocity profile f'(h) is noticed with increasing the magnetic parameter H,, as shown in Fig. 9. From a physical

12
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Fig. 6. The impact of ¢ on g(h).
32
Solid line:  With Agrregation
- Dashed line : Without Aggregation
17
24 16
15
20 14
S
<=
N 16
Z
84
12
023 024 025 026 027 028
8
¢=0.01, 0.02, 0.03, 0.035

Pr=150.4583,£=0.1, Hp, =0.3,® = 1.0

h

Fig. 7. The impact of ¢ on Ey(h).

perspective, an increase in H,, implies a stronger magnetic field. In turn, the Lorentz force increases and decelerates the TiO,/ EG
nanofluid. Boosts in the temperature profile are noticed with increasing the magnitude of the applied magnetic field as shown in
Fig. 10. The reason for this outcome is the enhancement of Joule heating with increasing H,,. Additionally, the temperature of the
nanofluid TiO,/EG is higher in presence of nanoparticle (NPs) aggregation. This can be attributed to the superior effective thermal
conductivity associated with NPs aggregation. Due to the resistance provided by the magnetic field and Joule heating, the entropy
production boosts with growing values of Hy, as presented in Fig. 11. As demonstrated in Fig. 12, a decrease in the Bejan number is seen
in conjunction with an increase in the magnetic parameter.

Fig. 13 demonstrates the influence of temperature differences parameter ® on entropy generation. For both cases, with and without
NPs aggregation, the decline in the profile of Ey(h) is observed with the rise in ®. The magnitude of © escalates as the operating
temperature differential, AT, diminishes (refer to Eq. (39)), consequently resulting in a reduction in the heat transfer rate. This
reduction in the heat transfer rate yields a corresponding decline in the quantity of entropy generated within the boundary layer
region. Alternatively, achieving the main goal of second law analysis, which is to minimize entropy generation (EG), can be
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Fig. 8. The impact of ¢ on By(h).
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Fig. 9. The impact of Hy, on f'(h).

accomplished by reducing the operating temperature AT". Fig. 14 displays the profile of the Bejan number for several values of ©.
Escalating values of © indicate a reduction in temperature difference between the stretched surface and ambient fluid. As a result,
thermal irreversibility reduces, as presented in Fig. 14.

7. Concluding remarks
An examination of heat transfer and entropy generation in the local dissipative flow of nanofluid is conducted, considering the
impact of nanoparticle aggregation. The Maxwell-Bruggeman and Kreiger-Dougherty models are used to represent the thermal con-

ductivity and effective viscosity of a nanofluid containing aggregated nanoparticles, respectively. The following are potential con-
clusions drawn from this investigation.
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Fig. 11. The impact of Hy, on Ey(h).
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e Thermal boundary layers over linearly stretched surfaces do not permit similarity transformations in the presence of viscous
dissipation and constant wall temperatures.

e Local non-similarity is caused by viscous dissipation when the temperature remains constant at the solid boundary.

e The rate of heat transfer augmentation increases with the volume fraction of nanoparticles in both situations (with and withzout

aggregation).

e Aggregation increases the rate of heat transmission at a rapid rate.
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Fig. 12. The impact of H, on By(h).
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Fig. 13. The impact of ® on Ey(h).

Nusselt’s number decreases more rapidly with aggregation compared to without aggregation, with increasing values of the
Hartman number and the streamwise transformed coordinate.

Nanofluid velocity decelerated with increasing the Hartman number.

The velocity profile without aggregation is lower than the velocity profile with aggregation.

Temperature and entropy are found to be increasing functions of streamwise transformed coordinate, Hartman number, and
nanoparticles volume fraction

High entropy generation and thermal profile are found with NPs aggregation.

Bejan’s number profile declined with growing streamwise transformed coordinate Hartman number and temperature difference
parameter values.

The decrement in entropy generation and Bejan number is observed with growing values of the temperature difference parameter.
In the future, studying the second law analysis of time-dependent, two-dimensional, local, non-similar flow in conjunction with
nanoparticle aggregation will be quite interesting. The numerous industrial and engineering applications of nanofluids, including
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Fig. 14. The impact of ® on Ey(h).

cancer treatment, implantable nanotherapeutic devices, microelectromechanical systems, and cooling processes, make this work
significant.
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